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ABSTRACT 
 

Appropriate placental vascular development is crucial of placental function as it is a key 

determinant for the transfer of nutrients, oxygen and waste between mother and fetus. This 

placental support is essential for fetal development and subsequent health outcomes in 

postnatal life. Substantial evidence shows that glucocorticoid (GC) overexposure during 

pregnancy can lead to a poor intrauterine environment, resulting in placental insufficiency 

and thus fetal growth restriction (FGR). Underpinning FGR, in part, is alteration in the 

structure of the fetal side of the placental vasculature (herein referred to as feto-placental 

vasculature) which is critical for maternal-fetal exchange and is particularly sensitive to 

environmental stressors. However, the effects of maternal GC overexposure on placental 

vascular development and associated functional consequences are not well understood. In 

particular, how specific feto-placental vascular regions respond to excess GCs and how this 

may align with fetal development across gestation remain to be elucidated. For example, 

an improved understanding of how in vivo placental oxygenation aligns with feto-placental 

vascular morphology and fetal growth may be crucial for developing future diagnostic 

approaches in clinical settings. Therefore, the major aims of this thesis were to quantify the 

impact of excess GCs in a rodent model of FGR on (i) the three dimensional (3D) ex vivo 

feto-placental vascular structure; and (ii) in vivo placental oxygenation as an index of 

placental function. To achieve these aims, it was first necessary to develop two novel 

methodologies, namely micro-computed tomography (micro-CT) and magnetic resonance 

imaging (MRI). 

 

The initial experimental chapter in this thesis involved development and validation of an 

end-to-end, ex vivo micro-CT methodology. Previously published micro-CT methods were 

limited by the absence of auto-segmentation tools and a limited capacity for quantitative 

characterisation. Development of this novel methodology involved four key steps: (i) 

vascular casting with Microfil®, a radio-opaque contrast agent; (ii) 3D ex vivo micro-CT 

scan and image reconstruction; (iii) automatic segmentation; and (iv) visualisation and 

quantitative characterisation. It was also necessary to develop new measurement 

parameters and associated software; specifically: (i) a novel algorithm for auto-

segmentation of the vascular CT images using Amira®; (ii) custom-written Matlab® scripts 

for vascular branch ordering (based on Strahler order) and extraction of seven quantitative 
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features (volume, length, diameter, number of segments, branching number, tortuosity 

ratio, and branching angle). This initial development study demonstrated the efficacy of 

this novel methodology to reveal detailed information on feto-placental vascular structure.  

 

The second study in this thesis applied the novel micro-CT methodology to quantitatively 

characterise feto-placental vascular casts from mouse and rat pregnancies. This involved 

comparison of 3D feto-placental vascularity at proportionally-similar gestational ages in 

Wistar rats (at E21) and C57BL/6J mice (at E18). The key observation was that the rat 

placenta exhibits a more complex branching pattern and tree dimensions compared to the 

mouse placenta. Accordingly, the rat is an ideal model to investigate impacts of GC 

overexposure on 3D feto-placental vascularity. 

 

The third study in this thesis tested the hypotheses that (i) maternal GC overexposure 

compromises placental development, specifically reducing feto-placental vascularity and 

the complexity of its branching patterns; and (ii) these adverse effects of excess GCs are 

particularly strong at the level of arterioles. Time-mated Wistar rats were treated with either 

vehicle (Veh; n=21) or 0.5 μg/mL dexamethasone acetate (Dex; n=21) in drinking water 

from E13 until the end of the experiment (E15, E18 or E21). Dex treatment (i) lowered 

maternal weight gain (22%), (ii) reduced fetal weight at E18 (16%) and E21 (21%) only, 

(iii) resulted in smaller fetal length at E21 (10%), (iv) reduced placental weight at E18 

(35%) and E21 (34%) only, and (v) decreased placental diameter at E21 (14%) (p<0.05 in 

all cases). Feto-placental arterial casts were generated with Microfil® and analysed using 

the 3D micro-CT methodology. This clearly demonstrated qualitative differences in the 

complexity of feto-placental arterial branching between Veh and Dex-treated pregnancies 

at both E18 and E21. Quantitative analyses at E21 were conducted at two levels – the entire 

placenta and for subsets of vessels (based on either Strahler order or vessel category). At 

the level of the entire placenta, Dex treatment reduced feto-placental vascular volume, an 

effect associated with reductions in total vessel length, number of vessel segments and 

branches, and branching angle. At the level of vessel subsets, analysis of Strahler order 

showed that Dex treatment affected the vasculature in a site-specific manner, with only 

Orders 1 to 4 being affected by reductions in vessel volume, length, segments, and 

branches. Analysis by vessel category (i.e., arterioles, intraplacental arteries, and chorionic 

plate arteries) revealed that Dex reduced the length and number of segments of the 

arterioles, and decreased the volume, length and number of branches of intraplacental 
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arteries. Overall, the smallest vessels were most adversely affected, with reductions in 

arteriole length and segment number due to reduced branching of intraplacental arteries. 

The lower order vessels (intraplacental arteries and arterioles) are functionally the most 

important given they are directly involved in feto-maternal exchange. Interestingly, the 

branching angle for the entire placenta was decreased in the Dex-treated placentas. This 

may increase blood flow, leading to impaired efficiency of feto-maternal exchange. Thus, 

the disturbances to placental vasculature contribute to the growing notion that the placenta 

is a large mediator of fetal growth and is highly responsive to its environment.  

 

The fourth study initially focused on development of an appropriate in vivo MRI 

methodology to assess placental oxygenation. Based on limitations of previously published 

work, the approach involved three key strategies: (i) fetal position selection; (ii) an oxygen 

challenge paradigm; and (iii) 3D placental regions-of-interest (ROIs) for quantitative T2* 

measurements. The in vivo MRI was performed using a 9.4 T MRI under an oxygen 

challenge paradigm (100% oxygen vs 21% oxygen). The MRI data acquisition was 

performed by using a 3D multi-gradient-echo sequence to obtain 3D maps of the T2* MR 

signal relaxation time constant, which provides insight on placental blood oxygenation. 

T2* maps were calculated for manually defined 3D ROIs with custom Matlab® 

software using the SQEXP algorithm, which is better suited for low signal to noise data 

than standard algorithms. In untreated Wistar rats, this MRI development showed a strong 

negative correlation between the placental T2* values and gestational age, corresponding 

to a decrease in oxygen saturation. This is in line with the findings of direct measurements 

of oxygenation in the intervillous space human pregnancy, which indicate placental 

oxygenation decreases as gestation advances. These results demonstrated the efficacy of 

this novel methodology for assessing how placental oxygenation corresponds with 

placental and fetal outcomes.  

 

The second part of this experimental chapter applied this novel MRI methodology to 

evaluate the impact of Dex treatment on placental oxygenation in FGR rats. Veh (n=11) 

and Dex-treated (n=11) pregnant Wistar rats were serially scanned at E15, E18, and E21, 

then euthanised for tissue collection and to confirm the number and ordering of feto-

placental units. Fetal and placental growth at E21 were assessed using morphometric 

measures (weight, length, etc.), which confirmed FGR after Dex treatment. Similar to the 

previous study, at E21 Dex reduced maternal weight gain (31%), fetal weight (16%), fetal 
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length (7%), placental weight (37%), placental diameter (11%) and umbilical length (12%) 

(p<0.05 in all cases). The in vivo MRI T2* approach revealed significant dynamic 

alterations in placental function with reduced capacity to respond to an oxygen challenge 

(as indicated by relative DT2* values) in maternal Dex treated rats. At all three timepoints 

(E15, E18, and E21), lower whole placental relative DT2* values were detected in Dex-

treated rats when compared with Veh rats, with increasingly larger effect sizes as gestation 

progressed (38%, 46%, and 73%, respectively; p<0.05). Moreover, separate analysis of 

labyrinth (LZ) and junctional zones (JZ) of Dex-treated placentas at E21 also showed 

significant reductions in relative DT2* compared to Veh (61% and 63% lower in LZ and 

JZ, respectively; p<0.05). Thus, placental oxygenation reduction in the Dex treated rats 

was detected as early as E15, and this effect became more pronounced as gestation 

progressed. These findings show reduced placental capacity to respond to changes in 

oxygenation from E15 onward as a consequence of Dex exposure.  

 

In conclusion, this thesis provides two novel 3D approaches to reveal feto-placental 

vascularity and placental oxygenation. Application of these methods identified new 

mechanisms by which GC excess results in FGR. In the rat model of FGR, reductions in 

placental and fetal weight were not seen until E18, yet placental oxygenation was adversely 

affected at E15. Therefore, placental dysfunction precedes weight changes and subsequent 

adverse effects on placental and fetal growth. To further understand the progression of this, 

it would be of interest to analyse vascular structures at earlier time points. The outcomes 

of this thesis establish application not only to other experimental models but also 

potentially to new approaches for predicting and diagnosing human FGR. 
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CHAPTER 1 

INTRODUCTION 
 

 

The placenta is critical for fetal development and maternal adaptation due to its dynamic 

role in regulation of nutrient and waste transfer, endocrine function, and immunological 

response. Therefore, optimal placental function is a crucial consideration for fetal health 

outcomes. Placental dysfunction can result in poor fetal outcomes such as fetal growth 

restriction (FGR), which affects 5%-10% of pregnancies and is a strong risk factor for 

stillbirth (Gardosi et al., 2013). However, the ramifications of inadequate placental function 

extend far beyond short-term health outcomes. Epidemiological studies show that reduced 

placental weight and surface area are associated with low birth weight and an increased risk 

of hypertension, heart failure, coronary heart disease and sudden cardiac death in adult life 

(Barker et al., 2010; Thornburg et al., 2010; Barker et al., 2013). Yet despite the critical 

importance of the placenta, its structural and functional integrity, as well as its response to 

environmental challenges remains under-researched and poorly understood.  

 

One of the key functions of the placenta is to transfer nutrients and waste between the 

mother and the fetus. Underpinning this exchange function is the architecture of the 

placental vasculature. The human placenta is haemochorial, with the fetal (feto-placental) 

vasculature surrounded by trophoblast and bathed in maternal (utero-placental) blood. An 

elaborate feto-placental vascular tree is critical for optimal fetal growth, yet this elaboration 

is particularly sensitive to environmental stressors, resulting in FGR (Burton et al., 2016). 

The most common cause underlying FGR is placental vascular insufficiency (Wadsack et 

al., 2012), confirming the placenta as a key mediator of FGR. 

 

Environmental stressors (e.g., malnutrition, hypoxia, and psychological stress) are 

associated with FGR. Underlying these stressors is frequently an increase in stress 

hormones, in particular glucocorticoids (GCs). Normally, GCs are essential for fetal 

maturation and thus preparation of the fetus for postnatal life. However, overexposure of 

GCs can be detrimental to fetal development and growth. Animal models have been critical 

in determining the effects of GC overexposure and the underlying mechanisms. The most 

commonly used models involve increased GC exposure by administration of exogenous 
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GCs (e.g., dexamethasone, corticosterone, or betamethasone) during pregnancy. Other 

models use pharmacological or genetic manipulation to interfere with the placenta’s 

capacity to regulate feto-placental exposure to endogenous GCs.  

 

In order to understand the role of the placenta in fetal growth and health, it is imperative 

that placental vascular development and function across pregnancy are properly 

characterised. In particular, understanding the role of feto-placental vascular complexity 

and how this aligns with oxygen and substrate transfer could provide crucial information 

on mechanisms underlying FGR. Experimental approaches have been hindered by 

limitations in imaging and analysis modalities. Therefore, this thesis used a well-

established rodent model of GC-induced FGR to assess variations in three dimensional 

(3D) feto-placental vascular structure and placental oxygenation across gestation. In doing 

so, two novel methodologies were established: (1) an ex vivo micro-computed tomography 

(micro-CT) method for 3D feto-placental vascular imaging and automated structural 

analysis, and (2) an in vivo magnetic resonance imaging (MRI) method for assessing 

placental blood oxygenation. 

 

In total, four major studies were undertaken in this thesis (Chapters 5-8). In the first 

experimental chapter (Chapter 5), a new method for quantitative characterisation of 3D 

rat and mouse feto-placental vasculature was established. The methodology consisted of 

four steps: feto-placental vascular cast generation, micro-CT scanning and reconstruction, 

auto-segmentation, and quantitative characterisation. A novel algorithm for automatically 

segmenting and characterising the vasculature was developed to provide researchers in the 

field a straightforward and objective approach to analyse vascular networks. The second 

experiment (Chapter 6) focused on comparison of 3D feto-placental arterial 

characterisations between rats and mice by using the established methodology from 

Chapter 5. The third study (Chapter 7) utilised the methodology from Chapter 5 to 

characterise the 3D feto-placental arterial architecture in a rat model of FGR throughout 

gestation with a particular focus on feto-placental vessel branching complexity and 

tortuosity. The fourth experimental section (Chapter 8) focused on (i) developing an 

appropriate MRI methodology to assess placental blood oxygenation, and (ii) investigating 

the longitudinal impact of GCs on placental blood oxygenation across gestation in the rat 

model of FGR.   
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Finally, in Chapter 9, findings are summarised and the association between components 

of placental vascular structure and functional outcomes are discussed. These findings 

provide the basic framework to understand the significance of feto-placental vasculature in 

normal and FGR rat pregnancy. As such, this knowledge could ultimately be translated into 

clinical applications through diagnostic and therapeutic research in humans. 
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CHAPTER 2 

LITERATURE REVIEW 
 

 

Preface: 

 

This chapter is modified and extended from a review entitled “Advances in imaging feto-

placental vasculature: new tools to elucidate the early life origins of health and disease”, 

that was co-authored with Dr Caitlin Wyrwoll (Tongpob and Wyrwoll, 2020) (see 

Appendix A for full version of the review). 

 

For the review, I, Yutthapong Tongpob, was responsible for gathering sources of 

knowledge, evaluating information and articles, developing argument, criticising literature, 

and synthesising observations. I was also largely responsible (90%) for writing and 

submitting the manuscript. 

 

In Chapter 2, the background information necessary for understanding the experimental 

chapters is described in six parts. The first part introduces fetal growth restriction (FGR) 

and later-life disease. The second part is dedicated to structural and physiological aspects 

of the placenta (in both human and rodent) including feto-placental vascular structure and 

function. The third part describes glucocorticoids (GCs) and their crucial roles in 

pregnancy, while the fourth part describes the effects of GC overexposure on fetal and 

placental outcomes in human and animal models. Next, the fifth part summarises the 

current methods for feto-placental vascular imaging ex vivo and in vivo in human and 

experimental models, their advantages and limitations, and how these provide insight into 

placental function and fetal outcomes. This part describes six imaging approaches 

including: stereology, electron microscopy, confocal microscopy, light-sheet microscopy, 

ultrasonography, and micro-computed tomography (micro-CT). Finally, the sixth part 

describes the fundamentals of magnetic resonance imaging (MRI) with oxygen challenge, 

followed by an overview of the literature previously published on this methodology. 
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2.1 FETAL GROWTH RESTRICTION AND HEALTH OUTCOMES 

 

The intrauterine environment is a fundamental determinant of fetal growth and 

development as well as the developmental origins of health and disease (DOHaD) 

(Reynolds et al., 2010; Reynolds et al., 2019). Disruptions to the intrauterine environment 

(e.g., maternal stress, hypoxia, maternal malnutrition, oxidative stress, smoking, or 

infection) can perturb fetal growth and development, leading to fetal growth restriction 

(FGR) (Romo et al., 2009; Gardosi et al., 2013; Sharma et al., 2016). FGR occurs when the 

fetus fails to reach its genetic growth potential (Figueras and Gardosi, 2011), and is defined 

specifically as an estimated fetal weight below the fifth percentile for gestational age . FGR 

is associated with increased perinatal morbidity and mortality (Lausman et al., 2013; Kreko 

et al., 2019; Pels et al., 2020).  

 

There is strong evidence of an association between FGR and increased risk of numerous 

pregnancy complications, including stillbirth and cardiometabolic and neuropsychiatric 

diseases in adult life (Langley-Evans, 2006; Barker et al., 2010; Thornburg et al., 2010; 

Barker et al., 2013; Reynolds, 2013). Moreover, epidemiological studies of inappropriate 

intrauterine environment show growth-restricted offspring are predisposed to hypertension, 

coronary heart disease, obesity, insulin resistance and depression and anxiety later in life 

(Lindsay et al., 1996b; Nyirenda et al., 1998; Hadoke et al., 2006; Holmes et al., 2006; 

Owen and Matthews, 2007; Wyrwoll et al., 2009; Dunn et al., 2010; Painter et al., 2012; 

Wyrwoll and Holmes, 2012; Zeng et al., 2015; Sun et al., 2016; Lan et al., 2017; Moisiadis 

et al., 2017; Lajic et al., 2018; Constantinof et al., 2019).  

 

FGR is commonly classified as symmetric or asymmetric growth restriction depending on 

its aetiology, time of onset, , and various clinical features. Symmetrically growth-restricted 

infants are born small for their gestational age (SGA) with a proportional reduction in the 

size of the whole body (Sharma et al., 2016). Symmetrical FGR accounts for 20%-30% of 

all cases of FGR and is usually caused by early disruption of fetal development  

(e.g., genetic disorder, teratogenic exposure, and infection), leading to poor prognosis 

(Resnik, 2002; Sharma et al., 2016). In asymmetric growth restriction, infants are also SGA 

but head size is disproportionately large relative to body size (Wollmann, 1998). More 

specifically, asymmetrically growth restricted infants have normal head dimension but 

small abdominal circumference (involving decreased liver size), scrawny limbs (due to 
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decreased muscular tissues) and a skinny body (due to diminished adipose deposit) (Peleg 

et al., 1998). This indicates that in asymmetric FGR, energy is shifted to maintain growth 

of the brain at the expense of the rest of the body (Brodsky and Christou, 2004). Incidence 

of asymmetrical FGR is 70%-80% of total FGR cases and is frequently associated with 

utero-placental insufficiency in late gestation (Sharma et al., 2016; Nardozza et al., 2017). 

Placental insufficiency results from abnormalities of the placental structures (i.e., reduced 

surface area for maternal-fetal exchange), causing undernourishment of the fetus (Burton 

and Jauniaux, 2018). 

 

 

2.2 PLACENTA 

 

2.2.1 Introduction 

 

The placenta is a complex and vital organ that plays a crucial role in fetal growth and 

development. Thus, the placenta is a key factor underlying FGR and adult health outcomes. 

The placenta acts as a physical connection between the fetus and the mother, ensuring the 

transfer of nutrients and waste as well as having endocrine, exocrine, and immunological 

functions (Kingdom et al., 2000; Burton et al., 2016). Appropriate placental function is 

vital for ensuring healthy development of the fetus. Underpinning placental function is the 

formation and establishment of an intricate vascular network that contains two separate 

circulations: the maternal circulation (also known as utero-placental circulation), and the 

fetal circulation (also known as feto-placental circulation). The feto-placental vascular 

network is comprised of an elaborate branching tree-like structure. Its complexity 

determines villous development and thus exchange surface area. As such, the feto-placental 

vasculature is a crucial determining factor for placental nutrient and waste exchange, and 

thus fetal growth (Wang and Zhao, 2010). Additionally, the feto-placental vascular 

structure seems particularly sensitive to environmental stressors. This is of key importance 

because optimal fetal growth is critical not just for short-term fetal health but also for long-

term health outcomes of offspring.   
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2.2.2 The human placenta 

 

The human placenta is classified as a discoid, haemochorial structure, thus maternal blood 

is in direct contact with the cells of the fetal portion of the placenta (Acharya et al., 2016). 

This allows for efficient exchange between maternal and fetal circulations (Wang and Zhao, 

2010). The human placenta is comprised of two distinct compartments: the maternal (utero-

placental) portion, and the fetal (feto-placental) portion (Figure 2.1). The maternal and fetal 

circulations are physically separated by a membrane consisting of three layers: the vascular 

fetal endothelium, connective tissue, and villous syncytiotrophoblast (Sastry, 1999).  

 

Fetal blood is conveyed to the placenta via the umbilical arteries, which upon reaching the 

placental surface diverge and branch into large vessels known as chorionic plate arteries 

(Burton et al., 2016). These vessels radiate across the fetal surface of the placenta, before 

plunging into the placenta where they divide again into multiple, elaborately branched 

villous trees (Burton et al., 2016) (Figure 2.1). Several villous trees may occupy a lobe (also 

known as a cotyledon) which is distinguished by septa on the maternal side of the placenta. 

The finest branches of the villous trees, known as terminal villi, form grape-like structures 

(Kaufmann et al., 1985). The walls of these terminal villi are extremely thin, making them 

ideal for maternal-fetal exchange (Kaufmann et al., 1979; Sen et al., 1979). By term, the 

terminal villi make up almost 40% of the villous volume of the placenta with the feto-

placental capillary network greater than 500 km in length and 12-14 m2 in surface area 

(Burton and Fowden, 2015). Once the fetal blood has travelled through the capillary 

networks within villi, fetal blood is drained through a venule at the base of each villus; 

these venules then converge into the umbilical vein which returns blood to the fetal 

circulation (Wang and Zhao, 2010; Burton and Fowden, 2015). 

 

Given the inherent ethical and logistical issues of obtaining and imaging human placentas 

across gestation, it is imperative that experimental models are utilised to increase our 

understanding of placental development and function and consequences for later health 

outcomes. No commonly used animal model is a perfect model for human placentation, 

and excellent extensive reviews on comparative placentation have been published by others 

(Leiser and Kaufmann, 1994; Wooding and Burton, 2008; Furukawa et al., 2014). This 

thesis focuses on rodent placentas as a model for understanding the human placenta.   
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Figure 2.1: Basic vascular structure of the human placenta.  

The human placenta consists of fetal and maternal portions. The functional unit of the 

placenta is the chorionic villus, a tree-like structures containing a highly branched network 

of fetal blood vessels. The chorionic villi are bathed in maternal blood which flows into the 

intervillous space through spiral arteries. Adapted from Faas et al. (2014). 
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2.2.3 The rodent placenta 

 

Like the human, the placenta of both the mouse and rat is a discoid, haemochorial organ 

(Georgiades et al., 2002; Vercruysse et al., 2006), with the rat placenta more invasive 

compared to that of the mouse (Pijnenborg and Vercruysse, 2003; Vercruysse et al., 2006). 

The rodent placenta consists of three distinct regions: (i) the maternal portion (the decidua 

basalis and underlying myometrium), (ii) junctional zone (JZ), and (iii) labyrinth zone (LZ) 

(Figure 2.2). The junctional zone (equivalent to the human basal plate) consists of 

spongiotrophoblast and trophoblast giant cells, which synthesise hormones crucial for fetal 

development and maternal adaptations to pregnancy (Matt and Macdonald, 1985; Rossant 

and Cross, 2001; Georgiades et al., 2002). The labyrinth zone is the site of maternal-fetal 

exchange and the labyrinth vasculature is argued to be analogous to a single chorionic villus 

in the human placenta (Pijnenborg et al., 1981; Rossant and Cross, 2001; Adamson et al., 

2002; Georgiades et al., 2002; Soares et al., 2012). In rodents, arterioles from the umbilical 

artery divide and branch before travelling to the maternal border of the labyrinth zone 

where they form a dense capillary bed (Adamson et al., 2002; Wang and Zhao, 2010).  
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Figure 2.2: Comparison of the human and the rodent placental structures.  

The placentas of both species are haemochorial, where maternal blood is in direct contact 

with the fetal placenta but maternal and fetal blood do not mix. The fetal portion of the 

human placenta consists of the chorionic villous zone, in a single, disk-like structure. The 

rodent placenta, however, is divided into two distinct regions: the junctional zone 

(maternal-placental interface) and the labyrinth zone (feto-placental interface). The 

labyrinth zone contains the complex branching network of feto-placental vascular 

structures surrounded by maternal blood spaces, and is the site of substrate and waste 

exchange. Adapted from Adams et al. (2020). 
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2.2.4 Feto-placental vascular development 

 

Optimal feto-placental vascularisation is crucial for placental function and thus, fetal 

development. Both macro- and micro-structures of placental vasculature - indexed by 

volume, length, segmentation, branching, tortuosity and capillary integrity - are thought to 

be key indicators of favourable placental development (for a review see (Burton et al., 

2016)). As the fetus grows, it exerts increasing demands upon the placenta and therefore 

fetal growth is highly dependent on placental development and increased functional 

efficiency.  

 

The development of feto-placental vascular structure consists of two essential processes: 

(i) vasculogenesis and (ii) angiogenesis. Vasculogenesis is the formation of capillaries 

involving the differentiation and migration of haemangiogenic stem cells (Risau and 

Flamme, 1995; Charnock-Jones et al., 2004; Kaufmann et al., 2004; Mayhew et al., 2004). 

Following vasculogenesis, the process of angiogenesis takes place whereby new blood 

vessels are formed from existing vessels (Charnock-Jones, 2002; Demir et al., 2004). Both 

genetic and environmental factors determine placental vascular patterning. Among the 

various factors known to be important for placental development, vascular endothelial 

growth factor A (VEGF-A), placental growth factor (PlGF), and kinase insert domain 

receptor (a type III receptor tyrosine kinase; KDR) are critical for driving angiogenesis and 

vasculogenesis, as each promotes the migration, maintenance and formation of endothelial 

cells (Demir et al., 2004; Olsson et al., 2006; Audette et al., 2014). Peroxisome proliferator-

activated receptor gamma (PPARγ) also plays an important role in the early stages of 

placental vascularisation, trophoblast differentiation and invasion (Tarrade et al., 2001a; 

Tarrade et al., 2001b; Fournier et al., 2002). Moreover, branching angiogenesis is regulated 

by the counter-balance of genes that promote branching (i.e., Gremlin1 (Grem1) and Wnt4) 

(Basson et al., 1992; Shi et al., 2001) and those that inhibit branching (i.e., transforming 

growth factor beta 1 (Tgfb1) and bone morphogenetic protein 4 (Bmp4)) (Hogan, 1996; 

Dickinson et al., 2007). Many of these genes have been shown to be altered in the placenta 

by environmental factors such as hypoxia and glucocorticoid (GC) exposure (Cao et al., 

1996; Mayhew, 2003; Hewitt et al., 2006a; Hewitt et al., 2006b; Wyrwoll et al., 2009). 

Therefore, genetic-environmental interactions ultimately determine structural and 

functional properties of the feto-placental circulation (Rennie et al., 2014).   
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2.2.5 The placenta and fetal growth restriction 

 

Placental insufficiency compromises fetal growth and development, leading to FGR as well 

as programming of adverse health outcomes in later life (Bernstein et al., 2000; Chaddha 

et al., 2004; Lecarpentier et al., 2012; Liu et al., 2014; Reamon-Buettner et al., 2014). 

Reduced placental vascular complexity has implications beyond impaired nutrient and 

waste exchange, and it is emerging that poor placental vascularity alters how blood flows 

to the developing heart and fetal vascular system (for review see (Thornburg et al., 2010; 

Burton et al., 2016)). These changes in blood flow (haemodynamics) alter the mechanical 

forces exerted on endothelial cells, thus altering endothelial cell function and blood vessel 

remodelling (Davies, 1995; Langille, 1996; Fisher et al., 2001).  

 

Moreover, because the developing heart beats directly against the resistance of the placental 

vascular bed (Rudolph, 1983), changes in mechanical signals can have potent and enduring 

effects on cardiac development and structure (Courchaine et al., 2018). Recent 

recharacterisation of mouse mutants known to be lethal in gestation have revealed striking, 

and previously unappreciated, placental defects (Perez-Garcia et al., 2018). Notably, strong 

correlations between placental defects (many of which involved feto-placental vascular 

malformation) and heart pathology or abnormal fetal vascular development were observed 

(Perez-Garcia et al., 2018). Other genetically modified mouse experimental models (which 

include ablation of genes such as Pparγ, Wnt, Haematopoietically expressed homeobox 

(Hex), HOXA13, and Islet-1) have also demonstrated the necessity of an elaborate feto-

placental vasculature for optimal fetal heart development, although none have established 

the consequences for later cardiovascular health (Barak et al., 1999; Adams et al., 2000; 

Hemberger and Cross, 2001; Shaut et al., 2008; Gessert and Kuhl, 2010; Linask, 2013; 

Shen et al., 2015; Wyrwoll et al., 2016; Camm et al., 2018; Crispi et al., 2018; Maslen, 

2018). Furthermore, severe placental insufficiency in humans results in increased loading 

of the right ventricle (Kiserud et al., 2006). However, how alterations in feto-placental 

vascular structure associate with adult cardiovascular health remains relatively unexplored.  

 

Several animal models have been used to study the mechanisms underlying FGR, including 

genetically modified mouse models e.g., ablation of genes such as Vegf, endothelial nitric 

oxide synthase (eNOS), placental specific insulin-like growth factor II (Igf2), extracellular 

signal‐regulated kinase 3 (Erk3), and 11β-hydroxysteroid dehydrogenase type II  
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(11β-HSD2) (Carmeliet et al., 1996; Constancia et al., 2002; Klinger et al., 2009; Wyrwoll 

et al., 2009; Kusinski et al., 2012). Other experimental rodent models of FGR include 

uterine artery occlusion and ligation (Tanaka et al., 1994; Chalouhi et al., 2013), l-

nitroarginine methyl ester (l-NAME) manipulation (Nassar et al., 2012), maternal hypoxia 

(Tapanainen et al., 1994; Schwartz et al., 1998), chronic maternal undernutrition (Woodall 

et al., 1996), maternal protein restriction (Lesage et al., 2001; Cottrell et al., 2012; Chisaka 

et al., 2016), toxin and alcohol exposure (Williams and Ross, 2007; Glover, 2011), and 

synthetic GC administration (Benediktsson et al., 1993; Hewitt et al., 2006a). Intriguingly, 

a common feature of these animal models of FGR appears to be an increase in feto-placental 

exposure to endogenous or exogenous GCs (Neumann et al., 2005). This suggests that 

excess GCs may be a key mechanism that drives FGR.  

 

 

2.3 GLUCOCORTICOIDS AND PREGNANCY  

 

2.3.1 Synthesis and actions 

 

GCs are essential steroid hormones that play fundamental roles in metabolism 

(Vegiopoulos and Herzig, 2007), the stress response (for a review see (Sapolsky et al., 

2000)), cardiovascular function (Goodwin, 2015), immunity (Cruz-Topete and Cidlowski, 

2015), and reproduction (Whirledge and Cidlowski, 2013, 2017). GCs are also released in 

response to environmental stressors (Reynolds, 2013). GCs are synthesised and released by 

the adrenal cortex as part of the hypothalamic-pituitary-adrenal (HPA) axis with a typical 

endocrine negative-feedback loop (Baxter and Rousseau, 1979; Vale et al., 1981; Chrousos 

and Gold, 1992; Tsigos and Chrousos, 1994; Drake et al., 2007; Jellyman et al., 2015; 

Timmermans et al., 2019). Corticotropin-releasing hormone (CRH) is released from the 

hypothalamus in response to stress, circadian signals, or low GC levels (Baxter and 

Rousseau, 1979; Vale et al., 1981). CRH then stimulates the release of adrenocorticotropin 

hormone (ACTH) from the anterior pituitary. ACTH then stimulates the release of cortisol 

and corticosterone (the active form of GCs in humans and rodents respectively) from the 

adrenal cortex (Baxter and Rousseau, 1979; Vale et al., 1981; Chrousos and Gold, 1992; 

Tsigos and Chrousos, 1994; Drake et al., 2007; Jellyman et al., 2015; Timmermans et al., 

2019).  
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2.3.2 GCs during pregnancy 

 

Due to upregulation of the maternal HPA axis in healthy human pregnancy, maternal GC 

levels increase progressively across gestation, and reach maximal levels near term. These 

changes are thought to promote appropriate maternal physiological adaptations (Murphy, 

1983; Jung et al., 2011). During pregnancy the maternal adrenal cortex is the major source 

of the GCs, with the fetal adrenal glands commencing GC synthesis by week 22 of 

pregnancy in humans (Mesiano and Jaffe, 1997; Johnston et al., 2018). As in humans, levels 

of maternal plasma corticosterone rise gradually from mid-gestation to a maximum in late 

gestation in both the rat and mouse. (Atkinson and Waddell, 1995; Wharfe et al., 2016). 

 

Optimal maternal GC levels during pregnancy are essential regulatory signals for fetal 

growth, development, and maturation (Speirs et al., 2004; Seckl and Holmes, 2007; 

Fowden and Forhead, 2015). Specifically, elevated GC levels enable the mother to meet 

the growing metabolic demands of the fetus. GCs are also important for fetal organ 

maturation as they cause cells to change from a proliferative state to a mature, differentiated 

state (Brown and Seckl, 2005). Accordingly, fetal GC levels rise dramatically late in 

gestation to promote the maturation of several organs necessary for adaptation to 

extrauterine life (Mendelson and Boggaram, 1991; Ward, 1994). Specifically, GCs 

stimulate lung maturation including increased surfactant production, and promote the 

development of axons and dendrites to support brain maturation (Yehuda et al., 1989). GCs 

also enhance myocardial development and glomerular function, thereby promoting normal 

homeostasis and blood pressure regulation (Mangos et al., 2003). GCs are also involved in 

energy generation through the stimulation of hepatic glucose production (Hanson and 

Reshef, 1997). Additional organs like the adrenal glands, immune system, and adipose 

tissue also respond to GCs late in fetal life (Hauner et al., 1989; Redei et al., 1993; Celsi et 

al., 1998).  

 

In the clinical setting, human pregnancies at risk for preterm delivery are usually treated 

with synthetic GCs (e.g., dexamethasone and betamethasone) to enhance fetal organ 

development, especially fetal lung maturation (Crowther et al., 2015; Roberts et al., 2017) 

and thus increase neonatal survival. However, early or excess exposure to GCs restricts 

fetal growth and can lead to adverse health outcomes in postnatal life (Seckl, 2004; 

Reynolds, 2013). 
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2.3.3 GCs and the placenta  

 

Classically, GCs are thought to be able to readily diffuse across the placenta because they 

are highly lipophilic. However, it has been recently postulated that this diffusion capacity 

may be limited in the human placenta due to the water-filled villous stroma (Stirrat et al., 

2018). To maintain appropriate levels of fetal GCs, the placenta acts as ‘barrier’, thereby 

protecting the fetus from the detrimental consequences of inappropriate GC levels. This 

‘enzymatic barrier’ is regulated by two placental isoenzymes; 11β-hydroxysteroid 

dehydrogenase type I (11β-HSD1) and type II (11β-HSD2) (Brown et al., 1996; Burton and 

Waddell, 1999). Placental 11β-HSD1 converts inactive GCs (cortisone and 11-

dehydrocorticosterone) to their active forms (cortisol and corticosterone) (Thompson et al., 

2002). Conversely, placental 11β-HSD2 converts active GCs to their inactive forms 

(Brown et al., 1996; Benediktsson et al., 1997; Stirrat et al., 2018; Zhu et al., 2019). The 

activity of placental 11β-HSD2 increases with advancing gestation as maternal cortisol 

levels rise (Brown et al., 1996; Sandman et al., 2006). In contrast, placental 11β-HSD2 

expression falls dramatically late in gestation in rodents, increasing transplacental passage 

of active GCs (Burton and Waddell, 1999). Moreover, 11β-HSD1 expression increases 

substantially towards the end of pregnancy (in both humans and rodents), presumably to 

facilitate fetal maturation by delivery of more active GCs from the mother (Speirs et al., 

2004; Sloboda et al., 2008). 

 

Although GCs are essential for intrauterine fetal development and have been widely used 

as a treatment in pregnancy, GC overexposure has harmful consequences for fetal growth 

and development (Seckl, 2004). Numerous studies have shown that fetal GC overexposure 

decreases birth weight in human and animal models (Benediktsson et al., 1993; Seckl, 

2004; Hewitt et al., 2006c, 2006b; Seckl and Holmes, 2007), indicative of FGR. Moreover, 

epidemiological studies have demonstrated that growth restricted offspring are predisposed 

to metabolic, neuroendocrine, cardiovascular, and psychiatric disorders later in life 

(Lindsay et al., 1996b; Nyirenda et al., 1998; Hadoke et al., 2006; Holmes et al., 2006; 

Owen and Matthews, 2007; Dunn et al., 2010; Painter et al., 2012; Wyrwoll and Holmes, 

2012; Zeng et al., 2015; Sun et al., 2016; Lan et al., 2017; Moisiadis et al., 2017; Lajic et 

al., 2018; Constantinof et al., 2019).  
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2.4 EFFECTS OF OVEREXPOSURE TO GLUCOCORTICOIDS  

 

As described above, appropriate levels of GCs prepare the fetus for postnatal life, whereas 

excess GCs have detrimental effects on fetal development and growth. Hence, animal 

models are critical in determining the effects of GC excess and the mechanisms underlying 

these effects.  

 

2.4.1 Animal models of GC overexposure 

 

Most commonly, animal models of GC overexposure involve administration of exogenous 

GC (e.g., corticosterone, betamethasone, or dexamethasone) during pregnancy. The 

alternative approach is to inhibit the placental GC barrier through either pharmacological 

or genetic manipulation. Table 2.1 provides a summary of key GC overexposure studies 

and their effects. Oral administration of dexamethasone (Dex; 0.5-1 μg/mL) in rats from 

day 13 of gestation to term also showed a 22%-31% reduction in birth weight (Waddell et 

al., 2000; Hewitt et al., 2006c, 2006b; Wyrwoll et al., 2006; Zulkafli et al., 2013), consistent 

with the reduced birth weight observed in human FGR. Knockout mouse models have also 

been used to eliminate the expression of 11β-HSD2, resulting in feto-placental GC 

overexposure and a reduction in fetal weight of up to 12% (Wyrwoll et al., 2009). Similarly, 

administration of Dex (200 μg/kg subcutaneous injection, or 1-10 mg/kg intraperitoneal 

injection) in rats and mice reduced birth weight in a dose-dependent fashion (6%-36%) 

(Ozmen et al., 2011; Lee et al., 2012; Zhang et al., 2015). Corticosterone administration 

(200 μg/mL orally) in the mouse resulted in a 16% reduction in fetal weight at E19 

(Vaughan et al., 2012). Increased feto-placental GC exposure has also been achieved by 

administration of pharmacological agents (e.g., carbenoxolone) that inhibit 11β-HSD2 

(Seckl, 1997). Carbenoxolone administration (12.5 mg/day in 0.1 mL saline subcutaneous 

injection) in rats showed a 20% reduction in birth weight (Lindsay et al., 1996a).  
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2.4.2 GC effects on placental vascularity  

 

Feto-placental vascular development is compromised in rodent models of GC overexposure 

(Hewitt et al., 2006b; Wyrwoll et al., 2009; Lee et al., 2012; Zhang et al., 2015) (see Table 

2.1 for summary of major effects). Specifically, Dex treatment of pregnant rats has been 

shown to reduce in feto-placental vascular volume, density, surface area, length and 

diameter, although not maternal blood spaces (Hewitt et al., 2006b). Consistent with this 

reduced vascularity, maternal Dex also prevented the normal increase in placental 

expression of the angiogenic factor, Vegf (Hewitt et al., 2006b). Similar alterations in feto-

placental vascularisation have been observed in mouse studies of GC excess (Lee et al., 

2012; Vaughan et al., 2012; Vaughan et al., 2013; Zhang et al., 2015; Zhou et al., 2015). 

Additionally, studies on the placentas of 11β-hydroxysteroid dehydrogenase 2 knockout 

(11β-HSD2-/-) mice (which increases feto-placental GC exposure) have shown considerable 

alterations in feto-placental vascularisation including a decrease in fetal capillary volume, 

surface area density, length and diameter, and reduced fetal cardiac function (Wyrwoll et 

al., 2009; Wyrwoll et al., 2016). Interestingly, administration of pravastatin to  

11β-HSD2-/- fetuses stimulated placental Vegfa and enhanced feto-placental angiogenesis 

and ameliorated fetal cardiac dysfunction (Wyrwoll et al., 2016). These observations 

highlight the likely direct influence of feto-placental vascular structure on fetal heart 

development (Wyrwoll et al., 2009; Wyrwoll et al., 2016).  

 

 



 

 

Table 2.1: Summary of excess glucocorticoid effect on fetal and placental outcomes, and placental vascularity in animal models.  
Arrows indicate increased (↑), decreased (↓), and unchanged (↔) results. (Dex) indicates dexamethasone treatment, and (%) indicates the amount 
the structure has decreased by. E = Embryonic day, PW = placental weight, FW = fetal weight, LZ = Labyrinth zone, JZ = Junctional zone. 
 
Manipulation Treated  

from 
Model 
(species) 

Placental outcome Placental vascularity Fetal outcome Reference 

Dex (1 μg/mL 
(drinking water) 

E13-E22 Wistar rat ↓ placental growth 
↓ LZ Ctnnb1 (42%) 
↑ Sfrp4  

- - Hewitt et al. 
(2006a) 

Dex (1 μg/mL 
(drinking water) 

E13-E22 Wistar rat ↓ LZ weight (35%) 
↓ LZ Vegf120 (40%) 
↓ LZ Vegf188 (64%) 
↔ LZ Vegf164 

↓ vessel density (37%)  
↓ vessel volume (51%)  
↓ surface area (30%)  
↓ capillary length (66%)  
↓ capillary size (12%) 

↓ E22 FW (22%) Hewitt et al. 
(2006b) 

Dex (1 μg/mL 
(drinking water) 

E13-E22 Wistar rat ↓ PW (44%) 
↓ LZ Ppar-γ (37%) 
 

- ↓ E22 FW (31%) Hewitt et al. 
(2006c) 

11β-HSD2-
knockout  

E15 or E18 Mouse ↓ E15 PW (11%)  
↓ E18 PW (6%) 
↓ Vegfa at E18 
↓ Pparγ at E18 

↓ capillary volume (58%)  
↓ surface area density (34%)  
↓ capillary length (12%) 
↓ capillary diameter (11%) 

↓ E18 FW (12%) Wyrwoll et 
al. (2009) 

Dex (200 μg/kg 
subcutaneous 
injection) in 5 
different groups 

E10-E12, or 
E12-E14, or 
E12-E16, or 
E12-E18, or 
E12-E20 

Wistar rat ↓ E14 PW (18%)  
↓ E16 PW (19%) 
↓ E18 PW (12%)  
↓ E20 PW (18%) 
↓ ERK1/2  
↓ Akt 

- ↓ E20 FW (17%) Ozmen et al. 
(2011) 

Dex (200 μg/kg 
subcutaneous 
injection) in 5 
different groups 

E11-E13, or 
E13-E15, or 
E13-E17, or 
E13-E19, or 
E13-E21 

Wistar rat ↓ PCNA 
↓ Ki67 
↑ p27 
↑ p57 

- - Unek et al. 
(2012) 
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Table 2.1 (continued) 
 
Manipulation Treated  

from 
Model 
(species) 

Placental outcome Placental vascularity Fetal outcome Reference 

Dex (3x1 mg/kg 
or 3x10 mg/kg 
intraperitoneal 
injection) 

E7.5, E8.5, E9.5-
E11.5, or 
E7.5, E8.5, E9.5-
E18.5 

CD1 
mouse 

↓ E11.5 PW (26%) 
↑ E18.5 PW (27-47%) 
↓ Vegf 

↓ vessel density ↓ E11.5 FW (15%) 
↓ E18.5 FW (6%) 

Lee et al. 
(2012) 

Corticosterone 
(200 μg/mL 
orally) 

E11-E16, or 
E14-E19 

C57BL/6J 
mouse 

↓ E16 PW (7%) 
↓ E19 PW (11%) 
↑ E19 placental Hsd11b2 

↓ capillary volume (55%)  
   at E16 and E19 

↓ E16 FW (7%) 
↓ E19 FW (16%) 
 

Vaughan et 
al. (2012) 

Dex (1 μg/mL 
orally or 200 
μg/kg/day 
subcutaneous 
injection) 

E11-E16, or 
E14-E19 

C57BL/6J 
mouse 

↓ E16 PW (10%) 
↓ E19 PW (10%) 
↑ E19 placental Hsd11b2 
↔ Vegfa at E16 or E19 

↓ LZ volume at E19 
↓ capillary volume at E16 
↔ JZ volume 
 

↓ E19 FW  
 

Vaughan et 
al. (2013) 

Dex (100 
μg/kg/day 
subcutaneous 
injection) 

E13-E17 C57BL/6J 
mouse 

↓ E18 PW (18%)  
↓ placental diameter (15%) 
↓ Vegfa (44%)  
↓ Vegfc (22%)  
↓ Pgf (51%) 

↓ LZ volume (30%)  
↓ JZ volume (22%)  
↓ vessel density (23%) 

↓ E18 FW (36%) Zhang et al. 
(2015) 

Dex (100 
μg/kg/day 
subcutaneous 
injection) 

E13-E17 C57BL/6J 
mouse 

↓ E18 PW  
↓ placental diameter  

↓ cell migration ↓ E18 FW Zhou et al. 
(2015) 

11β-HSD2-
knockout 

E15 or E18 Mouse ↓ E18 PW  
↓ Vegfa at E18 
↓ Pparγ at E18 

↓ capillary volume 
↔ LZ fraction (% total 
placental volume) 

↓ E18 FW Wyrwoll et 
al. (2016) 20 
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2.5 IMAGING FETO-PLACENTAL VASCULAR STRUCTURE 

 

This section comes from the published review “Advances in imaging feto-placental 

vasculature: new tools to elucidate the early life origins of health and disease” (Tongpob 

and Wyrwoll, 2020). Due to the intricate structure of the feto-placental vasculature, it is 

imperative that imaging approaches capture the correct context for the experimental 

hypothesis. Biological imaging approaches are diverse and are developing at a rapid rate to 

provide previously unimaginable perspectives. Analysis of feto-placental vasculature in 

both human pregnancy and experimental animal models has been carried out through a 

range of two dimensional (2D) and three dimensional (3D) imaging techniques both ex vivo 

and in vivo. These imaging approaches include stereology, electron microscopy, confocal 

microscopy, light-sheet microscopy, ultrasonography and micro-computed tomography 

(micro-CT). Each of these approaches provides benefits and limitations for understanding 

how feto-placental vascular structure informs placental and fetal development and thus, 

future health outcomes. 

 

2.5.1 Stereology 

 

Stereology enables 3D interpretation based on 2D sections of tissue. In essence, random 

systematic sampling and measurement of tissue cross sections can provide unbiased and 

quantitative data of 3D structures such as volume, surface area, length, and number. 

Undoubtedly, stereology has been a prevalent imaging technique to characterise placental 

structure, particularly in the rodent. Stereology has been used to assess placental 

morphology in humans (Jackson et al., 1992; Burton et al., 1996; Mayhew, 1997; Mayhew 

et al., 2003; Mayhew et al., 2007; Higgins et al., 2011), mice (Coan et al., 2004; Sibley et 

al., 2004; Coan et al., 2005; Rutland et al., 2007; Coan et al., 2008a; Coan et al., 2008b; 

Veras et al., 2008; Wyrwoll et al., 2009; Coan et al., 2010; Rennie et al., 2012; Vaughan et 

al., 2013; Higgins et al., 2016; Sferruzzi-Perri et al., 2016; Wyrwoll et al., 2016; Nuzzo et 

al., 2018), and rats (Hewitt et al., 2006b; Serman et al., 2015; Napso et al., 2019). The use 

of unbiased randomised sampling of 2D histological images enables structures of interest 

to be quantitated and mathematically extrapolated to infer 3D structure. In the placenta, 

stereology is commonly used not only to evaluate information of placental vascular length, 

diameter, surface area, volume, and density (Mayhew et al., 2003; Hewitt et al., 2006b; 

Mayhew et al., 2007; Wyrwoll et al., 2009; Higgins et al., 2011; Serman et al., 2015; 
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Wyrwoll et al., 2016), but also to estimate its theoretical diffusion capacity by measuring 

capillary interhaemal membrane thickness and volumes of placental components (i.e., 

labyrinth zone, spongiotrophoblast, and decidual volumes) (Coan et al., 2004, 2005; Coan 

et al., 2008a; Wyrwoll et al., 2009; Coan et al., 2010). 

 

Stereology has also been used to assess placental structure in human pregnancy 

complicated by FGR, pre-eclampsia and diabetes (Mayhew et al., 2003; Mayhew et al., 

2007; Higgins et al., 2011). FGR placentas exhibited thicker trophoblastic epithelium, a 

reduction in peripheral villous surface areas, and reduced volume of peripheral villi and 

intervillous space (Mayhew et al., 2007). In contrast, placentas from pre-eclamptic 

pregnancies showed no significant differences in the volumes of the intervillous space or 

any types of villi (Mayhew et al., 2003; Mayhew et al., 2007). Collectively, these studies 

support the notion that feto-placental vascular complexity is an important determinant of 

fetal growth.  

 

The early elegant stereological assessments by Coan and colleagues established the 

developmental dynamics of placental morphology in the C57BL/6J mouse (Coan et al., 

2004, 2005). Maternal blood spaces were shown to expand rapidly between E14.5 and 

E16.5, whereas fetal capillary development continuously increased in volume and surface 

area right up to late gestation (Coan et al., 2004). These findings highlight the importance 

of feto-placental capillary expansion to meet increased fetal demand for nutrients in late 

gestation when fetal growth is rapid. These initial assessments have been extended to 

different mouse strains, revealing differences in feto-placental structure including growth 

of capillaries and interhaemal membrane thickness (Rennie et al., 2012). Such variation is 

an important consideration for the selection of experimental animal models. Stereology has 

also been used to show changes in placental vascular morphology in well-established 

mouse models of DOHaD such as maternal protein restriction (Rutland et al., 2007) and 

maternal undernutrition (Coan et al., 2010). Moreover, stereological investigations of 

knockout-mouse models have provided important insights into the dynamic nature of 

placental function, notably the co-ordination of maternal and fetal signals to partially 

compensate for an adverse environment in utero (Sibley et al., 2004; Coan et al., 2008b; 

Higgins et al., 2016; Sferruzzi-Perri et al., 2016; Nuzzo et al., 2018; Napso et al., 2019). 

Stereological analysis of placental structural development in rats has revealed a greater 

feto-placental complexity in comparison to mice (Hewitt et al., 2006b; Serman et al., 2015). 
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Similar stereological outcomes have been obtained in other mouse studies of GC excess 

(Vaughan et al., 2013) including the 11β-HSD2 knockout mouse (Wyrwoll et al., 2009; 

Wyrwoll et al., 2016). 

 

Stereology is a well-established and low-cost method, albeit laborious, with the advantage 

of encompassing the entire placental vasculature. Stereology has also yielded important 

insights into placental vascular morphology in human, mouse and rat alike. However, 

stereology approaches necessitate dismembering the structural integrity and connectivity 

of placental vascular networks. Thus, this approach cannot be used to evaluate placental 

vascular tree topology. To overcome these limitations, high-resolution, contrast-enhanced 

micro-computed tomography (discussed in Section 2.5.6 below) may well replace 

stereology in years to come. 

  

2.5.2 Electron microscopy 

 

Electron microscopy is a 2D imaging technique which includes transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). TEM creates high-resolution 

and high magnification images of fine structural characteristics by passing electron beams 

through tissues. However, TEM destroys the connectivity of the placental vascular 

networks due to the necessity for tissue-sectioning during sample preparation. SEM scans 

the surface of a tissue specimen and also generates a 2D image of a 3D surface via 

interaction of high-energy electron beam with a prepared specimen. However, SEM 

approaches prevent follow up investigations as the tissue is destroyed due to the 

requirements of sample preparation and the high energy electron beams used. 

 

In 1955, Wislocki and Dempsey used electron microscopy to investigate placental 

morphology in rats (Wislocki and Dempsey, 1955b), pigs (Dempsey et al., 1955), and 

humans (Wislocki and Dempsey, 1955a). Thereafter, electron microscopy has been used 

by other investigators to delineate fine detail in the placental vasculature of monkeys (Lee 

and Yeh, 1983), minks (Krebs et al., 1997; Pfarrer et al., 1999), horses (Macdonald et al., 

2000), rodents (Adamson et al., 2002; Coan et al., 2005; Whiteley et al., 2006; Detmar et 

al., 2008; Rennie et al., 2012; Cahill et al., 2018), and humans (Lee and Yeh, 1983; Burton, 

1986; Lee and Yeh, 1986b, 1986a; Burton, 1987; Demir et al., 1995; Krebs et al., 1996; 

Leiser et al., 1997; Sooranna et al., 1999; Baykal et al., 2004; Bobinski et al., 2017; 
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Cronqvist et al., 2017; Palaiologou et al., 2019). Demir and colleagues (1995) used TEM 

to investigate the development of feto-placental villous trees during the early period of 

ectopic human pregnancy and compared this to normal pregnancy. A decade later, Coan 

and colleagues (2005) investigated the mouse placental exchange region, which included 

characterising cytoplasmic bridges attached to several areas of the interhaemal membrane. 

This was the first study that combined TEM and SEM to determine ultrastructural 

characteristics of mouse placental development (Coan et al., 2005). Additionally, TEM has 

contributed to the understanding of placental cellular mechanisms in gas exchange 

surrounding capillaries (Sooranna et al., 1999; Coan et al., 2005), as well as the interior of 

feto-placental endothelial cells (Cronqvist et al., 2017). Moreover, TEM has been used to 

inspect the maldevelopment of the trophoblast and placental terminal villous compartment 

in human preterm growth-restricted (Krebs et al., 1996) and preeclamptic pregnancies 

(Abdel Salam, 2015). These studies illustrated irregular trophoblast surface and elongated 

villi in preterm FGR (Krebs et al., 1996), and excessive villous arborisation with attenuated 

villi in pre-eclampsia (Abdel Salam, 2015). 

 

Vascular corrosion casting of feto-placental vasculature can be visualised using SEM 

(Leiser et al., 1997; Adamson et al., 2002; Whiteley et al., 2006). Briefly, a vascular cast is 

generated with a polymer (e.g., Batson’s casting compound) and after polymerisation, the 

surrounding tissue is removed with a corrosive agent to reveal the surface of the vascular 

cast (Bamroongwong et al., 1991; Leiser et al., 1997; Adamson et al., 2002; Whiteley et 

al., 2006; Sricharoenvej et al., 2007). SEM has been utilised to reveal the intricate 

connectivity of feto-placental vasculature of healthy pregnancies (Burton, 1986, 1987; 

Detmar et al., 2008), and complicated pregnancies such as FGR, whereby pronounced 

variations in placental surface features were observed (Detmar et al., 2008; Bobinski et al., 

2017). SEM has also been used to provide anatomical comparisons between humans and 

rodents, as well as a deeper understanding of how placental structure associates with fetal 

outcomes (Krebs et al., 1996; Adamson et al., 2002; Baykal et al., 2004; Whiteley et al., 

2006; Detmar et al., 2008; Rennie et al., 2012; Bobinski et al., 2017; Cahill et al., 2018). 

For example, SEM has revealed that the human placentas of FGR pregnancies exhibit 

abnormalities in their terminal villi compartments, including reductions in numbers of 

capillary loops, branches, and coiled vessels (Krebs et al., 1996). SEM has been applied to 

image the transition from arterioles to capillaries in the mouse feto-placental tree and 

revealed that expansion of the feto-placental vasculature in late gestation is strain-
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dependent (Rennie et al., 2012). Moreover, SEM revealed that chronic hypoxia during 

pregnancy in mice caused expansion of the feto-placental capillary bed and thinning of the 

interhaemal membrane (Cahill et al., 2018), possibly as a compensatory adaptation to 

ensure maternal-fetal exchange.  

 

Even though electron microscopy has obvious advantages, especially visualising the feto-

placental vasculature (particularly capillary and terminal villi) at extremely high resolution 

its value is limited by the provision of only 2D images and also a very restricted field of 

view of a small segment over the entire vascular network. Moreover, each examination 

requires demanding sample preparation which destroys the connectivity of the placental 

vascular networks and the surrounding tissue. Other 3D imaging modalities such as 

confocal microscopy, light-sheet microscopy and micro-CT may overcome these 

limitations. 

 

2.5.3 Confocal microscopy 

 

The development of 3D imaging techniques has greatly enhanced the capacity to study 

microvasculature with accuracy and precision. Confocal microscopy relies on point 

illumination; the technique utilises a confocal pinhole and a photomultiplier detector to 

exclude out-of-focus light surrounding the focal plane. This generates a series of 2D optical 

sections with enhanced contrast, precision and definition. These 2D optical sections can 

then be combined and reconstructed into a 3D representation to provide high-contrast and 

high-resolution images (Liu and Chiang, 2003). 

 

Confocal microscopy has been applied to the human placentas to visualise the architecture 

of chorionic villous vascularisation in the first trimester (Lisman et al., 2007), second 

trimester (Merz et al., 2017), and at term (Cronqvist et al., 2017; Perazzolo et al., 2017; 

Palaiologou et al., 2019; Plitman Mayo et al., 2019). It has also been used to examine the 

spatial arrangement of the capillary bed (Jirkovska et al., 2008; Plitman Mayo et al., 2016) 

and the distribution of villous capillaries in human diabetic placentas, including the surface 

and volume ratios between the fetal capillaries and the villus. It has also been used to 

provide a structural basis for computational modelling of oxygen flux in human placenta 

(Jirkovska et al., 2012; Plitman Mayo et al., 2016).  
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A major limitation of confocal microscopy is that its maximum depth of focus is only 

~1mm3 (Merz et al., 2017). As such, it cannot provide full-specimen coverage of the 

placental vasculature. Nonetheless, 3D confocal microscopy remains a useful approach for 

quantifying the fine details of placental structure. 

 

2.5.4 Light-sheet microscopy  

 

Light-sheet microscopy is an imaging technique with a combination of two optical paths: 

light-sheet illumination with a thin sheet of laser light, and wide-field detection (a unique 

optical arrangement in light-sheet microscopy) (Weber et al., 2014). Light-sheet 

microscopy has the potential to be a powerful tool for investigating feto-placental 

vasculature at a macro and micro scale, using either contrast agents or antibodies. However, 

to our knowledge, little work has been published on light-sheet microscopy with regard to 

the placenta. Light-sheet microscopes are traditionally built in-house, require significant 

computing power for visualisation of the images, and optical clearing of the tissue (for a 

comprehensive review see (Reynaud et al., 2015; Power and Huisken, 2017)). Optical 

clearance can be challenging for a structure such as the mouse labyrinth zone which is 

dense with blood vessels. Light-sheet microscopes also traditionally have a relatively small 

field of view. Nevertheless, there have been recent exciting developments in tissue 

clearance techniques and the use of light-sheet microscopy in whole mice (Cai et al., 2019), 

mouse eyes (Henning et al., 2019), mouse hearts (Ding et al., 2018), mouse colons (Li et 

al., 2019), mouse uterine wall and placenta (Kagami et al., 2017), human brains (Mano et 

al., 2018), and human fetal urogenital organs (Isaacson et al., 2019), as well as comparison 

between different tissue types (i.e., bone, muscle and brain) (Buytaert et al., 2014). With 

these recent developments comes demands for new ways to visualise and quantitate these 

images. This method is a rapidly emerging field and it also has high potential to add 

substantially to our understanding of placental vascular development. 
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2.5.5 Ultrasonography 

 

None of the imaging modalities discussed thus far are able to assess the feto-placental unit 

in real-time. Indeed, a key challenge for placental research is the ability to accurately 

monitor placental blood flow in real time, and in particular feto-placental blood flow in 

vivo with sufficient resolution to yield predictive and diagnostic data. Conventional 2D 

ultrasonography has been widely used as a primary imaging modality for the assessment of 

human placental structure and haemodynamics during pregnancy (Abramowicz and 

Sheiner, 2008a, 2008b; Kingdom et al., 2018). Utero-placental vasculature can be identified 

towards the end of the first trimester (Collins et al., 2012), and there have been recent 

striking developments in 3D ultrasonography to obtain human placental volumes and 

overlaying power Doppler ultrasound of the major vasculature (Mathewlynn and Collins, 

2019). Moreover, 3D ultrasound has been used to reveal placental volume and vascularity 

(Costa et al., 2010; Hata et al., 2011; Looney et al., 2018; Stevenson et al., 2018; Mulcahy 

et al., 2019). These approaches provide not only the opportunity for a screening test for 

growth restriction, but also novel insight into how placental vasculature informs future 

health outcomes.  

 

With regard to experimental models, preclinical micro-ultrasound has provided useful 

insight into placental haemodynamics in models commonly used to understand early life 

origins of adult disease (Morris et al., 2011; Rennie et al., 2011; Rennie et al., 2012; 

Hernandez-Andrade et al., 2014; Lopez-Tello et al., 2015; Rennie et al., 2015; Yu et al., 

2015; Lin et al., 2016; Wyrwoll et al., 2016; Lo et al., 2017; Rahman et al., 2017; Salati et 

al., 2019). For example, using preclinical high-resolution ultrasound, there is evidence for 

perturbed umbilical cord blood flow and velocity in 11β-HSD2-/- mice (Wyrwoll et al., 

2016). Current resolution of the conventional 2D ultrasound is not adequate for evaluating 

3D vascular complexity and fine branching structure. Therefore, the technique cannot 

investigate the entire extent to which vascular networks are altered in FGR and the 

downstream effects on fetal outcomes. However, colour Doppler and photoacoustics, are 

emerging as valuable tools to understand placental haemodynamic changes and structure 

in real time. At E14.5 in mouse pregnancy, the utero-placental and feto-placental blood 

supply can be visualised including chorionic plate vessels and intra-placental arterioles 

(Foster et al., 2011). Moreover, these assessments can be taken in conjunction with Doppler 

measures of fetal heart and other aspects of the fetal circulation including the aorta, inferior 
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vena cava, ductus arteriosus, ductus venosus, inferior vena cava, carotid and pulmonary 

arteries (Foster et al., 2011). Recently, photoacoustic technology has been utilised to image 

the human placenta in normal and pathologic pregnancy (Yamaleyeva et al., 2018; Maneas 

et al., 2019) including maternal hypoxia and hyperoxygenation (Arthuis et al., 2017), and 

pre-eclampsia (Lawrence et al., 2019). These approaches will provide invaluable insight 

into whether placental and fetal haemodynamic parameters in early life associate with and 

inform adult cardiovascular outcomes. 

 

2.5.6 Micro-computed tomography (micro-CT)  

 

In recent decades, X-ray micro-CT has become a valuable and increasingly popular 

technique for non-destructive ex vivo imaging, and has been used extensively to visualise 

placental vasculature in 3D (Langheinrich et al., 2004; Detmar et al., 2008; Langheinrich 

et al., 2008; Yang et al., 2010; Rennie et al., 2011; Rennie et al., 2012; Conroy et al., 2013; 

Junaid et al., 2014; Rennie et al., 2015; Bappoo et al., 2017; Chi et al., 2017; Junaid et al., 

2017; Pratt et al., 2017; Rennie et al., 2017; Cahill et al., 2018; Mohammadi et al., 2018; 

Aughwane et al., 2019; De Clercq et al., 2019), as well as other organs including brain 

(Chugh et al., 2009; Vasquez et al., 2011; Ghanavati et al., 2014; Hong et al., 2020), heart 

(Jorgensen et al., 1998; Vasquez et al., 2011), lung (Yang et al., 2010; Vasquez et al., 2011; 

Kampschulte et al., 2013), liver (Ananda et al., 2006; Op Den Buijs et al., 2006; Kline et 

al., 2011), and kidney (Garcia-Sanz et al., 1998; Jorgensen et al., 1998; Bentley et al., 2002; 

Marxen et al., 2004; Nordsletten et al., 2006; Vasquez et al., 2011). While micro-CT 

scanning is clearly suitable for imaging bone, blood vessels with low-inherent contrast 

properties cannot be directly visualised. To overcome this issue, a radio-opaque compound 

- such as Microfil® (Flow Tech Inc., Carver, MA, USA), Batson’s No.17 (Polysciences Inc, 

Germany), BriteVu® (Scarlet Imaging, Murray, Utah, USA) or barium sulphate, is perfused 

into blood vessels to heighten the contrast of the vessel lumen against surrounding tissues. 

This delineates the vascular structures for qualitative and quantitative analysis (Bentley et 

al., 2002; Junaid et al., 2014; Junaid et al., 2017). In recent years, this approach has been 

successfully applied to examine placental vascular integrity in mice (Detmar et al., 2008; 

Yang et al., 2010; Rennie et al., 2011; Rennie et al., 2012; Conroy et al., 2013; Rennie et 

al., 2015; Chi et al., 2017; Rennie et al., 2017; Cahill et al., 2018; Mohammadi et al., 2018; 

De Clercq et al., 2019), rats (Bappoo et al., 2017), and humans (Langheinrich et al., 2004; 

Langheinrich et al., 2008; Junaid et al., 2014; Junaid et al., 2017; Pratt et al., 2017; 
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Aughwane et al., 2019). Briefly, ex vivo micro-CT of vasculature consists of four main 

steps: (i) generation of vascular casts using a radio-opaque compound; (ii) ex vivo micro-

CT scanning and 3D image reconstruction; (iii) vascular network segmentation; and (iv) 

visualisation and characterisation of vascular network. Importantly, the field of view using 

micro-CT is sufficiently large to capture the entire span of feto-placental vasculature in 

rodents and humans. Moreover, casting approaches for micro-CT can be modified to 

distinguish arterial and venous networks within the placenta, and the non-destructive nature 

of the imaging means the same sample can be preserved for follow-up histological 

assessments. 

 

In mice, the innovative work of Rennie and colleagues using Microfil® and micro-CT has 

added considerable depth of understanding in the structural changes of feto-placental 

vasculature (Rennie et al., 2011; Rennie et al., 2012; Rennie et al., 2015; Rennie et al., 

2017). The developmental course of mouse feto-placental vasculature has been captured 

(Rennie et al., 2011; Rennie et al., 2012; Rennie et al., 2015; Rennie et al., 2017), and 

comparison between mouse feto-placental arterial and venous trees has been drawn (Rennie 

et al., 2017). Again, mouse strain differences have been revealed using this technique, such 

as differences in the expansion of the feto-placental arterial and capillary vasculature in late 

gestation (Rennie et al., 2012). Experimental models have also been characterised using 

this technique. As such, endothelial nitric oxide synthase deficiency was shown to reduce 

feto-placental vascular diameter and lengths in peripheral vessels (Rennie et al., 2015). 

Also, maternal chronic hypoxic mice showed a significant reduction in the absolute volume 

of feto-placental arterial vasculature and the total number of vessel branches (-44% and -

30% respectively), when compared to controls (Cahill et al., 2018). Moreover, exposure of 

pregnant C57Bl/6J mice to polycyclic aromatic hydrocarbons, an environmental pollutant, 

reduced the volume and surface area of the feto-placental arterial vasculature (Detmar et 

al., 2008), and increased feto-placental arterial vascular tortuosity (Rennie et al., 2011). 

These alterations can cause reduced placental blood flow, leading to ineffective maternal-

fetal exchange as well as potentially impaired fetal development and outcomes. Recently, 

(Bappoo et al., 2017) established a comprehensive 3D computational fluid dynamics model 

of a substructure of the rat feto-placental arterial network to investigate the influence of 

viscosity on wall shear stress.  
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In humans, Pratt and colleagues (2017) have evaluated different methodologies in placental 

preparation and imaging in micro-CT. They attempted to optimise the application of 

contrast agent, perfusion pressure, perfusion location and perfusion vessel in tissue 

preparation (Pratt et al., 2017). As such, they found the quality of the feto-placental cast 

from Microfil® superior to barium sulphate as well as the contrast injection through 

umbilical artery more effective than via the umbilical vein or chorionic vessels (Pratt et al., 

2017). Aughwane and colleagues (2019) recently investigated the degree of heterogeneity 

in human feto-placental vasculature using multiscale micro-CT and histological analysis. 

They found that the vascular density varied throughout individual placentas, and that the 

patterns of vascular branching differed across a number of normal placentas (Aughwane et 

al., 2019). Langheinrich and colleagues (2004) have also analysed the vascular density and 

surface area of human feto-placental vasculature using micro-CT with barium sulphate 

perfusion. They also quantitated feto-placental vasculature in FGR and found arterial 

vascular volume in FGR was significantly lower than healthy controls (Langheinrich et al., 

2008). Junaid and colleagues (2014; 2017) combined two techniques [corrosion casting 

(Batson’s No.17) and micro-CT] to image the whole human placental vascular morphology 

in FGR. This study showed that altered chorionic arterial branching patterns, a reduced 

capillary network density (Junaid et al., 2014), and shorter median vessel length density in 

arteries but longer median vessel length density in veins (Junaid et al., 2017).  

 

Beyond assessing the broad expanse of the feto-placental vascular tree, higher resolution 

scans with a narrower field of view can potentially reveal the capillary structure of the 

placenta. Thus, micro-CT approaches may be able to replace electron microscopy and 

enable investigators a non-destructive way to image capillary networks in their 

experimental models. Moreover, contrast-enhanced micro-CT can provide potential novel 

opportunities to visualise greater detailed structures in placental vascular architecture. 

Iodine (Zhou et al., 2014) and zirconium-substituted Keggin polyoxometalate (De Clercq 

et al., 2019) have also been used on mouse placenta to clearly visualise gross structures. 

However, further developmental work is needed to explore the full potential of contrast-

enhanced micro-CT techniques for assessing placental vasculature. 

 

Micro-CT is a quantitative 3D imaging technique that is advantageous for investigating 3D 

placental vascular networks. Evidently, the combination of the contrast agent casting 

technique and the micro-CT scanning can generate striking images of feto-placental 
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vascular geometry and connectivity in 3D. Despite the excellent work of others, 

quantitation of these vascular trees has been limited by costly software needed for such 

analyses. Indeed, Aughwane and colleagues (2019) recently also highlighted these 

methodological issues and barriers in the analysis of human feto-placental vasculature. 

Nevertheless, the micro-CT methodology does involve technical challenges: the casting 

technique can be exceedingly difficult, visualisation of data requires considerable 

computing power, and 3D segmentation of data and its quantitative characterisation can be 

challenging. Therefore, this thesis focuses on developing an end-to-end micro-CT 

methodology for quantitative 3D characterisation of placental vascular networks in rodents. 

 

 

2.6 MAGNETIC RESONANCE IMAGING (MRI) 

 

While micro-CT imaging of the placental vasculature provides important structural 

information, the approach is invasive and only provides a single snapshot in time. To truly 

understand placental function, placental blood flow and nutrient transfer need to be studied 

in a dynamic manner. Accordingly, several research groups have recently invested 

significant time to evaluate and demonstrate the utility of MRI for studying the placenta. 

MRI has advanced over the past few years to enable assessment of placental structure, 

blood flow and oxygenation. MRI is a non-invasive, in vivo 3D imaging modality that has 

been used for fetal and placental investigations and is emerging as a possible clinical tool. 

For instance, MRI has been used in obstetrics to assess human placental abnormalities 

(Allen and Leyendecker, 2013; Otake et al., 2019) and to predict fetal volume and birth 

weight (Damodaram et al., 2010; Damodaram et al., 2012; Sinding et al., 2017). 

Additionally, MRI has been used to investigate several pregnancy complications in 

animals, such as neurodevelopmental abnormalities in rats (Palanisamy et al., 2020; Patten 

et al., 2020). MRI has the advantage of capturing a large field of view, which in rodent 

models is suitable for investigating multiple placentas (Avni et al., 2012; Solomon et al., 

2014; Avni et al., 2015; Avni et al., 2016). 

 

Experimentally, MRI can be used to reveal placental and fetal development across 

gestation. Importantly, the MRI signal is sensitive to changes in deoxyhaemoglobin 

concentration, and so blood oxygen level dependent MRI (BOLD-MRI) can be used to 

evaluate changes in feto-placental oxygenation (e.g., during a respiration challenge). For 
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example, BOLD-MRI (or T2*-weighted imaging; see explanation below) has been used to 

investigate the placental oxygen environment in both human (Huen et al., 2013; Sorensen 

et al., 2013a; Sorensen et al., 2013b; Sorensen et al., 2015; Sinding et al., 2016a; Sinding 

et al., 2016b; Ingram et al., 2017; Luo et al., 2017; Sinding et al., 2017; Yurttutan et al., 

2017; Sinding et al., 2018; Armstrong et al., 2019; Hutter et al., 2019; Ho et al., 2020) and 

non-human pregnancies (Wedegartner et al., 2006; Girsh et al., 2007; Aimot-Macron et al., 

2013; Chalouhi et al., 2013; Avni et al., 2016; Schabel et al., 2016; Lo et al., 2018). 

Therefore, BOLD-MRI was a crucial development for non-invasive, in vivo studies aimed 

at understanding placental function and fetal development.  

 

2.6.1 MRI fundamentals 

 

MRI is a non-invasive technique that relies on the fundamental magnetic properties of 

certain nuclei. One of the most important nuclei is hydrogen due to its high natural 

abundance in all tissues and favourable nuclear spin properties (Harris et al., 2002). The 

hydrogen nucleus consists of a single proton with a nuclear spin quantum number, I = ½, 

and possesses intrinsic angular momentum or “spin”, creating its own small intrinsic 

magnetic field (known as a magnetic dipole moment). In the absence of an externally- 

applied magnetic field, the spin of the proton is oriented randomly. However, in the 

presence of an external magnetic field, such as the static field in the MRI scanner (known 

as B0; taken to be oriented along the Z-direction), the spin of the proton aligns with B0. 

Consequently, the B0 then induces another spin of the proton around the axis of B0 that is 

known as ‘precession’. A net magnetisation (M) will then be produced parallel to B0  

(Figure 2.3) Pooley (2005); Currie et al. (2013). 
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Figure 2.3: Basic MRI fundamentals.  

(A) Illustration of two spins of the proton on the coordinate system: intrinsic spin (around 

its axis) and precession (spin around B0). The B0 is aligned with the Z-axis in a longitudinal 

direction, while the perpendicular plane to B0 direction is called transverse (XY) plane.  

(B) Spinning directions of hydrogen protons (H+) are oriented randomly in the absence of 

B0. (C) When the protons are placed in B0, the spinning protons align parallelly with B0 

along the longitudinal direction. For a proton with I = ½ in the presence of a magnetic field, 

the two allowed states mI = ½ and mI = -½ are no longer equal in energy – this is the up 

and down arrows representing “spin up and spin down”. The net magnetisation (M) results 

from the exceedingly small excess population of spin up and spin down. Adapted from 

Pooley (2005); Currie et al. (2013).  
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In MRI, a radiofrequency (RF) pulse is a rapid change in the amplitude of a RF signal 

around the baseline. The RF pulse ranges as it has to match the Larmor frequency, which 

is related to the magnetic dipole moment, nuclear spin, and B0. The Larmor frequency is 

the rate of precession of the magnetic moment of the proton around the external magnetic 

field. Applying the RF pulse at the Larmor frequency causes perturbation in the orientation 

of proton spinning which moves away from the B0, resulting in a secondary magnetic field 

(B1) which exerts a torque on the net magnetisation (M). This torque pulls M toward the 

same plane as B1, which is in the transverse plane for a 90° pulse and a 180° pulse puts M 

along -Z. So now that M is not along Z (which has the very large B0), the RF coil detects a 

small oscillating signal (voltage) due to the precession of M in the transverse plane. The 

spin relaxation is represented by the decay of the signal intensity as a function of time. 

There are two types of spin relaxation: longitudinal or spin-lattice relaxation (known as 

T1), and transverse or spin-spin relaxation (known as T2). Depending on the duration of 

the RF pulse, the alignment of the net magnetisation from B0, is known as the flip angle. 

The flip angle is arbitrary and can range from 0° to 360°. The image generated has contrast 

based on the T1 and T2 relaxation times whereby T1 characterises the return to thermal 

equilibrium and T2 characterises the loss of coherence. 
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T1 relaxation involves the loss of energy from the RF into surrounding tissues (lattice), 

and determines the time taken for the spins to realign with B0. Thus, T1 is the time constant 

for the alignment of the magnetisation to return from the flip angle back to B0 alignment 

(Figure 2.4 A-C). T1 relaxation times also depend on the density of hydrogen protons in 

different tissues; for example, T1 in brain is longer than that in lung. The T1 relaxation 

time (given in ms) is defined as the time when the longitudinal magnetisation rises to 63% 

(Figure 2.5A) (Pooley, 2005; Currie et al., 2013; Vassiliou et al., 2018). 

 

T2 relaxation involves a loss of phase coherence between the individual spins and 

determines how quickly the signal is lost. T2 relaxation time is the time taken for the 

precessing protons to lose coherence state after the RF pulse. Immediately after an RF 

pulse, all spins had a phase angle of 0°, the phase angles basically characterise how much 

“de-phasing” have occurred (Figure 2.4D-F). De-phasing occurs due to localised proton 

interaction, altering their phase angles, leading to T2 relaxation times. The T2 relaxation 

time (given in millisecond; ms) is defined as the time when the transverse magnetisation 

has reduced to 37% (Figure 2.5B) (Pooley, 2005; Currie et al., 2013; Vassiliou et al., 2018).  

 

T2* relaxation: Immediately after application of a 90° RF pulse, the transverse signal is 

maximised. It then begins to de-phase due to several processes, such as magnetic field 

inhomogeneities, magnetic susceptibility, spin-spin interactions, and chemical shift effects. 

The signal decay loss of phase angle coherence and is represented by the projection of the 

de-phased signals along one axis where the signal is detected, resulting in the M vector 

slowly decreasing in length (Figure 2.4D-F). The combined effect of T2 relaxation and 

relaxation due to the several processes is called the ‘T2* decay’, which is also known as 

‘T2* relaxation’ (Figure 2.5C). Due to several processes, the T2* relaxation is shorter than 

the T2 relaxation (Chavhan et al., 2009). The relation between T2* relaxation and T2 

relaxation can be calculated by the following equation:  

 

in which T2# is the relaxation caused by the several processes including magnetic field 

inhomogeneities.  
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Figure 2.4: Applying the RF pulse at the Larmor frequency causes perturbation in 

the orientation of proton spinning.  

(A) Before an RF pulse in B0, the net coherent magnetisation (M; a blue arrow) is aligned 

parallel to B0. (B) An RF pulse exerts a torque on the net magnetisation (M) perturbing the 

orientation of proton spinning, thus causing the M to move away from the B0 (Z-axis). (C) 

The transverse signal is maximised immediately after application of a 90° RF pulse. (D-F) 

The signal loss of phase angle coherence and relaxation (de-phasing) happens due to small 

perturbations in the local magnetic field, leading to T2 relaxation times. Adapted from 

Pooley (2005); Currie et al. (2013); Vassiliou et al. (2018). 



 

 

 

 

 

 

 

 

 

 

Figure 2.5: MRI relaxation times.  
(A) T1 relaxation, (B) T2 relaxation, and (C) T2* relaxation (dashed line) is shorter than the T2 relaxation (solid line). ms = millisecond 
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During relaxation, the decay of the transverse component of magnetisation according to 

T2* is known as a Free Induction Decay (FID). MR scanners measure the signal 

immediately after application of the pulse, but it is still not yet an image as there is no 

spatial information in FID signals. Therefore, this magnetisation is typically measured after 

applying spatial encoding gradients and enhancing the signal with an echo. In order to 

enhance the signal, a refocusing gradient (gradient recalled-echo; GRE) MRI (Figure 2.6), 

or a 180° refocusing RF pulse (spin-echo; SE) MRI can be applied, which refocuses the 

magnetisation creating an echo of the signal. Moreover, the relaxation times (T1, T2, and 

T2*) are tissue specific constants, which is a primary source of tissue contrast in an MR 

image. The MR image contrast relies on three main sequence parameters that are: (1) 

Repetition time (TR) is the time between two consecutive RF excitation pulses. A short TR 

increases the T1-weighting in the MR image. (2) Echo time (TE) is the time between an 

RF excitation pulse and the peak of the echo. When the TE is longer, the T2- and T2*-

weighting in the MR image is increased, and (3) Flip angle (FA) is the amount of rotation 

of the magnetic vector from B0 (or Z-axis), and it can vary between 0 and 180° in MRI 

sequences depending on the magnitude and duration of the RF excitation pulse.  

 

 

 
Figure 2.6: Gradient recalled-echo MRI.  
RF = radiofrequency pulse, FID = free induction decay, GRE = gradient recalled-echo,  

TR = repetition time, TE = echo time.   
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2.6.2 T2*-weighted MR imaging  
 

In 1936, Pauling and Coryell (1936) first discovered basic biophysical properties of 

deoxyhemoglobin (i.e., paramagnetic molecules containing unpaired electrons). As such, 

the magnetic properties of blood depend on the amount of blood oxygenation. In 1990, 

Ogawa et al. (1990b) showed that T2* relaxation time depends on the degree of 

deoxyhaemoglobin concentration in venous blood vessels (or haemoglobin saturation), 

which is known as the blood oxygen level dependent (BOLD) effect (Ogawa et al., 1990a). 

Briefly, this T2* relaxation signal is based on the different magnetic properties of 

deoxyhemoglobin and oxyhemoglobin (diamagnetic molecules with no unpaired electrons) 

in blood. The presence of deoxyhaemoglobin reduces the T2* signal by creating local 

magnetic field inhomogeneities, as deoxyhaemoglobin is a paramagnetic molecule 

(Logothetis and Wandell, 2004; Chavhan et al., 2009). Hence, T2*-relaxation time is 

sensitive to haemoglobin saturation. For that reason, T2* signals increase under hyperoxic 

conditions, since the amount of deoxyhaemoglobin is reduced, which prolongs the T2* 

decay. In contrast, T2* signals decrease during hypoxic conditions, because of an increase 

in deoxyhaemoglobin concentration, shortening the T2* decay. As a result of these 

different magnetic properties, deoxyhaemoglobin can be regarded as an endogenous 

contrast agent (Wright et al., 1991). T2*-weighted imaging can be used for quantifying 

changes in oxygen saturation using deoxyhaemoglobin as an endogenous contrast agent. 

 

However, the T2* relaxation time can also be affected by additional extraneous factors 

(e.g., motion), leading to disturbances in magnetic field homogeneity (Uludag et al., 2006). 

In particular, the T2* signal of the placenta is affected by several extraneous factors 

including respiratory motion, maternal movement, fetal mobility, and fetal positioning 

(Cameron et al., 1984; Sinding et al., 2018). These factors need to be considered when 

interpreting placental T2*-weighted signals. Therefore, the measured absolute T2* signal 

from the placenta cannot be directly represented as an absolute value of placental 

oxygenation. 
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2.6.3 Oxygen challenge paradigm and placental T2*-weighted MRI 
 

In general, there are three levels of oxygen concentration: normoxia (21% oxygen), hypoxia 

(less than 21% oxygen), and hyperoxia (more than 21% oxygen). An oxygen challenge is 

a condition of change in the amount of oxygen (oxygen concentration) in the breathing air. 

Oxygen challenges can be categorised into two types: ‘hypoxic’ and ‘hyperoxic’. A 

hypoxic challenge is a condition of reduced oxygen concentration (e.g., normoxia-to-

hypoxia or hyperoxia-to-normoxia). In contrast, a hyperoxic challenge is a condition of 

increased oxygen concentration (e.g., normoxia-to-hyperoxia, or hypoxia-to-normoxia). 

The oxygen challenge can be performed during T2*-weighted MRI scanning to measure 

an increase in T2* signal, relating to a decrease in deoxyhaemoglobin (Ogawa et al., 

1990b). 

 

As described above, the differences in T2* signals during an oxygen-challenge condition 

can be used as an alternative strategy, reflecting absolute changes in placental 

oxygenation independent of baseline conditions. Also, the value of baseline T2* and the 

changes in T2* values can be used to yield a relative change to represent the placental 

response to the oxygen challenge. During a maternal oxygen-challenge, any differences in 

the placental T2* signal across the placental membrane reflect the blood oxygen 

concentration gradient, and thus oxygen transfer across the placenta (Jackson et al., 1987; 

Carter, 1989).  

 
2.6.4 Placental T2*-weighted MRI 

 

In humans, placental T2*-weighted imaging has been used to investigate changes in the 

placental response to maternal oxygen challenge (Huen et al., 2013; Sorensen et al., 2013a; 

Sorensen et al., 2013b; Sorensen et al., 2015; Sinding et al., 2016b; Sinding et al., 2017; 

Sinding et al., 2018; Armstrong et al., 2019). Studies in healthy pregnancies have shown a 

decrease in mean placental T2* across gestation (Sinding et al., 2016a, 2017; Yurttutan et 

al., 2017; Armstrong et al., 2019; Hutter et al., 2019; Ho et al., 2020). The placental T2* 

value in healthy pregnancies increased during maternal hyperoxia, indicative of increased 

placental blood oxygen saturation (Huen et al., 2013; Sorensen et al., 2013a; Sorensen et 

al., 2013b). In contrast, the placental T2* signal decreased in complicated human 

pregnancies, including FGR placentas (Sinding et al., 2016a; Ingram et al., 2017; 
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Armstrong et al., 2019). Interestingly, different publications have shown quite different 

outcomes for placental T2* values in pre-eclamptic pregnancies, with either no change in 

T2* (Hutter et al., 2019), an increase in T2* (Yurttutan et al., 2017; Armstrong et al., 2019), 

or a decrease in T2* in pre-eclamptic relative to control placentas (Ho et al., 2020). 

Placental T2*-weighted imaging has also been used to predict low birth weight (Sinding et 

al., 2017) and to quantify placental insufficiency in monozygotic twin pairs (Luo et al., 

2017). For a comprehensive summary on the studies in human pregnancies mentioned, refer 

to Table 2.2. 

 

In animal studies, T2*-weighted imaging has previously been applied in models under 

different maternal oxygen challenges to assess placental oxygenation in sheep 

(Wedegartner et al., 2006), mice (Avni et al., 2016), rats (Girsh et al., 2007; Aimot-Macron 

et al., 2013; Chalouhi et al., 2013), and monkeys (Schabel et al., 2016; Lo et al., 2018). 

Placental T2* decreased (29%) in hypoxic ewes in late gestation due to increased 

deoxyhaemoglobin (Wedegartner et al., 2006). Similar to observations in humans, the 

placental T2* decreased over gestation (by 18%) in normal mice from E14.5 to E17.5 (Avni 

et al., 2016). Moreover, there was a reduction in changes in BOLD signal intensity of rodent 

placentas during normoxic-to-hypercapnia (Ginosar et al., 2018). Placental T2* has also 

been shown to fall in animals with pregnancy complications; specifically, this change has 

been observed in an IUGR monkey model (Lo et al., 2018), chronically ethanol-treated 

monkeys (Lo et al., 2017), and cloprostenol-induced hypoxic placental rats (Girsh et al., 

2007). In a mouse model of pre-eclampsia, changes in T2* was increased for both LZ and 

JZ compared to controls (Collinot et al., 2018), and in a rat model of IUGR (induced by 

uterine artery ligation), there was a lower feto-placental response to maternal 

hyperoxygenation (Aimot-Macron et al., 2013; Chalouhi et al., 2013). For a comprehensive 

summary on the animal studies mentioned, refer to Table 2.3. 

 

Most previous studies on the placental T2* have focused on 2D datasets or multiple 2D 

slices rather than 3D images and analysis of the entire placenta (Girsh et al., 2007; Aimot-

Macron et al., 2013; Chalouhi et al., 2013; Huen et al., 2013; Sorensen et al., 2013a; 

Sorensen et al., 2013b; Chalouhi and Salomon, 2014; Sorensen et al., 2015; Sinding et al., 

2016a; Sinding et al., 2016b; Ingram et al., 2017; Luo et al., 2017; Sinding et al., 2017; 

Yurttutan et al., 2017; Sinding et al., 2018). The assumption was that the data derived from 

the single 2D slice (or three slices) from the central compartment would be representative 
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of the entire placenta. This assumption has remained hitherto unvalidated despite the high 

likelihood of regional and subregional functional variations across the placenta. These may 

include topographical differences with regard to the same function and topographical 

differences with regard to different functions.  



 

 

Table 2.2: Summary of previous studies on human placental T2* MR imaging. 
Arrows indicate increased (↑) and decreased (↓). Δ indicates different. BOLD = Blood oxygen level dependent, FA = flip angle, FPU = feto-
placental unit, GA = gestational age, GRE = gradient recalled-echo sequence, FGR = fetal growth restriction, ROIs = regions of interest, SI = 
Signal intensity, TR = repetition time, TE = echo time, EPI = echo planar imaging, R2* = 1/T2*. 
 
 

Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

ROIs and T2* analysis Placental T2* outcome Reference 

Healthy (n=14) 
 

• 1.5T MRI, T2* mapping: Multi-echo EPI 
with 10 TEs (5-50ms), TR=60ms, FA=40°, 
TR=8s 
• T2* maps using two-parameter voxel-by-

voxel fit of magnitude data; median R2* 
(=1/T2*) used for statistical analysis 
• normoxia à hyperoxia (100% O2) 

• 2D-ROIs  
• 1 slice per subject in a central 

slice chosen from structural 
multi-slice scan  
• median R2* of each ROI used 

for analysis 
 

• Mean T2* = 54.6 ± 15.9 ms 
• R2* decreases between normoxia 

and hyperoxia.  
• ΔR2*=-4.30 ± 1.82 ms 
• No correlation between GA and T2* 
• No correlation between GA and 

ΔR2* 

Huen et al. 
(2013) 
 
 

Healthy (n=8) 
 

• 1.5T MRI at GA28-36wk 
• BOLD MRI during maternal hyperoxia (12 

L O2/min) 
• EPI, TR=8s, TE(effective)=50ms, FA=90°, 

22 slices, slice thickness=6mm with 6mm 
gap, resolution=3.6x3.6mm 

• 2D-ROIs  
• 3 slices in the centre of the 

placenta, ROIs covering whole 
placenta, fetal side, and 
maternal side of placenta 
• BOLD signal normalised using 

the mean BOLD signal of the 
initial 3 min of normoxia 

• ↑ BOLD signal during hyperoxia  
• ΔBOLD during hyperoxia in normal 

= 15.2 ± 3.2% 
• ΔBOLD in fetal side of placentas 

was higher than maternal side of 
placentas (32.1 ± 9.3% vs  
5.4 ± 3.5%)  

Sorensen 
et al. 
(2013a) 

Healthy (n=8) 
 

• 1.5T MRI at GA28-34wk 
• BOLD MRI during maternal hyperoxia 

(60% O2) 
• EPI, TR=1.8s, TE=39.4ms, NEX=3, 

FA=30°, 15 slices, slice thickness=6mm 
thick, resolution=2.8x2.8mm 

• 2D-ROIs  
• 1 slice 
• simple ROI signal 

(normalised) 

• ↑ BOLD signal during hyperoxia  
• ΔBOLD during hyperoxia in normal 

= 6.5 ± 1.6% 

Sorensen 
et al. 
(2013b) 
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Table 2.2 (continued) 
 

Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

ROIs and T2* analysis Placental T2* outcome Reference 

Healthy 
(n=21), 
FGR (n=4) 
 

• 1.5T MRI at GA24-40wk 
• BOLD MRI: EPI, TR=8s, 

TE(effective)=50ms, FA=90°, 22 slices, slice 
thickness=6mm, resolution=3.6x3.6mm, 90 
dynamics 
• normoxia à hyperoxia (100% O2) 
 

• 2D-ROIs  
• 3 central slices covering the 

whole placenta 
• BOLD signal calculated as the 

average of the 3 ROIs and 
ΔBOLD as percentage of 
normoxic signal 

 

• ↑ BOLD signal during hyperoxia  
• ΔBOLD during hyperoxia in normal 

= 12.6 ± 5.4% 
• Inconsistent findings in ΔBOLD 

during hyperoxia in FGR when 
compared to controls: normal 
response (13.4%, n=1), hypo-
response (0.1%, n=1), and hyper-
response (26.8%, 29.5%, n=2) 

Sorensen 
et al. 
(2015) 

Healthy 
(n=56) 
 

• 1.5T MRI at GA23-40wk 
• 5-minute dynamic BOLD MRI 
• GRE, TR=8s; TE=50ms; FOV=360x360mm, 

matrix=128x128, in-plane, resolution=3.6 
x3.6mm, 6mm slices with slice gap=6mm 
• During the initial 5-min BOLD scan, each 

slice was repeated every 8s leaving 
approximately 38 frames of each slice 

• 2D-ROIs  
• 3 central slices covering entire 

placenta 
• BOLD signal averaged over 

slices, normalised to steady-state 
period of 1 min, recorded for 
each frame and plotted vs time 

• ↓ 17 ± 5% placental BOLD signal 
during subclinical uterine 
contractions (n=8) 

 
 

Sinding et 
al. (2016a) 
 
 

Healthy 
(n=24) 
FGR (n=4) 
 

• 1.5T MRI at GA24-40wk 
• Placental T2* weighted MRI: multi-echo 

gradient echo, TR=70.9ms, TE(16):3-
67.5ms, FA=30°, FOV=350x350mm, 
matrix=265x128, resolution=1.37x2.73mm, 
two 8-mm slices with a gap of 2 cm in the 
centre of the placenta 

• 2D-ROIs  
• 2 slices within each ROI 

(covering entire placenta in the 
transversal orientation) 
• Signals within ROIs averaged to 

get T2* curve and then 
monoexponential fitting using 
SD of ROIs as weighting factor 

• Strong negative correlation between 
GA and T2* 
• ↓ Placental T2* in FGR, compared to 

controls (z-score range: -5.24 to -
0.34 ms) 

 
 

Sinding et 
al. (2016b) 
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Table 2.2 (continued) 
 

 

Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

ROIs and T2* analysis Placental T2* outcome Reference 

Healthy (n=28) 
FGR (n=23) 

• 1.5T MRI at GA21-38wk 
• Multi-echo GRE single shot, 

TR=8000ms, TE(10)=5-50ms, 
FA=40°, FOV=450x450mm, 
Matrix=128x128, Slice 
thickness=10mm 
• normoxia à hyperoxia  

• 2D-ROIs  
• 1 slice 
• R2* mapping: voxel-wise fitting 

within one ROI, then mean for 
comparison 

• ↓ Mean baseline placental T2* 
(normoxia) in FGR, compared to 
controls 
• No correlation between GA and T2* 
• ↔ ΔR2* between FGR and control 

placentas 

Ingram et 
al. (2017) 

Monozygotic 
twins (n=7) 
 
fetuses born 
appropriate-for-
gestational age 
(AGA) vs those 
born small-for-
gestational age 
(SGA) 

• 3T MRI at GA29-34wk 
• BOLD MRI during maternal 

hyperoxia (100% O2) 
• Single-shot GE-EPI, TE=32-38ms 

and TR=5-8s, FA=90°, slice 
thickness=3mm, resolution=3x3mm2 
• Image processing: motion, bias field 

corrections 
 
 

• ROIs of the placenta in the reference 
frame were manually delineated 
using ITK-SNAP, and propagated to 
all time frames  
• R2* time series in placental tissue 

were fit to a gamma function 
convolved with the oxygen paradigm 
using Least-Squares to get Time-to-
Plateau (TTP) maps 

• ↓ ΔR2* during hyperoxia in SGA 
placentas, compared to AGA 
placentas 
• ↑ Mean placental TTP in SGA 

placentas 

Luo et al. 
(2017) 

Mixed 
population 
(n=100) 
 
 

• 1.5T MRI at GA20-40wk 
• Placental T2* weighted MRI: multi-

echo gradient echo, TR=70.9ms, 
TE(16):3-67.5ms, FA=30°, 
FOV=350x350mm, matrix=265x128, 
resolution=1.37x2.73mm, slice 
thickness=8mm 

• 2D-ROIs  
• 3 slices within each ROI (covering 

entire placenta in the transversal 
orientation) was averaged and fitted 
with mono-exponential decay.  
• placenta T2* was calculated by 

averaging T2* from the 3 slices 

• Positive correlation between birth 
weight and both placental T2*, 
suggesting placental T2* was a 
strong predictor of low birth weight 

 

Sinding et 
al. (2017)  
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Table 2.2 (continued) 
 
Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

Pregnancy  
condition 

Healthy (n=22), 
Pre-eclampsia 
(n=20) 
 
 

• 1.5T MRI at GA23-36wk 
• Placental T2* weighted MRI: multi-

echo gradient echo, TR=5.4ms, 
TE(6):0.9-4.4ms, FA=5°, 
FOV=250x250mm, matrix=128x128, 
slice thickness=3mm 

• A small 2D-ROIs (mean 500 
mm2) from four fields to prevent 
over-sensitivity to artefacts where 
the maximum homogeneity 

• ↑ Placental T2* in pre-eclampsia  
 

Yurttutan 
et al. 
(2017) 

Healthy (n=49), 
FGR (n=13) 
 

• 1.5T MRI at GA16-41wk 
• BOLD MRI during maternal 

hyperoxia (100% O2) with dynamic 
single-echo GRE-EPI, TR=8s, 
TE=50ms, FA=90°, FOV=360x360, 
slice thickness 6 mm, 
resolution=3.6x3.6mm 
• T2* measurement using multi-echo 

GRE multishot, TR=70.9ms, 
TE(16)=3–67.5ms, FA= 30°, 
FOV=350x350mm, matrix=256x128, 
resolution=1.37x2.73mm, slice 
thickness=8mm  

• 2D-ROIs drawn in each of the 3 
slices covering the entire placenta 
• Signal averaged over ROI and 

fitted with mono-exponential, 
then T2* average over three 
slices; ΔT2* = hyperoxic T2* - 
baseline T2* 
• ΔBOLD = [(hyperoxic BOLD – 

baseline BOLD)/ baseline 
BOLD]x100; mean BOLD signal 
of the three slices vs time 

 

Normal pregnancies: 
• ↑ Relative placental ΔBOLD response 

during gestation  
• Positive correlation between GA and 

ΔBOLD 
• Strong negative correlation between GA 

and baseline T2* 
• Strong positive correlation between GA 

and ΔT2*  
 
FGR pregnancies: 
• ↑ Relative placental ΔBOLD response in 

FGR, compared to controls 
• ↓ Mean baseline placental T2* 

(normoxia) in FGR, compared to 
controls 
• No different in ΔT2* between both 

groups 

Sinding et 
al. (2018) 
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Table 2.2 (continued) 
 
Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

Pregnancy  
condition 

MRI acquisition and 
Oxygen challenges 

Pregnancy  
condition 

Healthy (n=30),  
FGR (n=2), 
Pre-eclampsia 
(n=1) 

• 3T MRI at GA14-23wk 
• Multi-echo GRE, 3D stack-of-radial 

trajectory (FB radial), TR=15.9ms, 
TE(12)=1.23-14.76ms, FA=5°, 
FOV=380x380, Matrix=224x224, 
Slice thickness 4mm 

• T2* based on 3D model 
• R2* mapping for the entire placenta 
 

• ↓ Mean R2* of placental volume in 
pre-eclampsia compared to controls 
 

 

Armstrong 
et al. 
(2019) 
 

Healthy (n=22),  
Pre-eclampsia 
(n=2) 

• 3T MRI at GA20-40wk 
• Multi-echo GRE multishot, 

TR=56.6ms, TE(5)=13.8-240.2ms, 
FOV=300x360mm, 
Matrix=150x180, Slice thickness 
=2.5mm 

• T2* based on 3D model 
• ROIs were manually segmented 

using ITK-SNAP, and then calculate 
T2* and ‘lacunarity measure’ 
• ‘Lacunarity measure’ is 

quantification of the spatial 
distribution of gaps of a given size 
across a ROI 

• Strong negative correlation between 
GA and T2* in healthy pregnancies 
• No different in T2* between both 

groups 
 

Hutter et 
al. (2019) 

Healthy (n=48),  
Pre-eclampsia 
(n=14) 

• 3T MRI at GA26-38wk 
• Multi-echo GRE multishot, TR=3s, 

TE(5)=13.8-240.2ms, 
resolution=3x3x3mm 

 

• T2* based on 3D model 
• ROIs were manually segmented 

using ITK-SNAP, and then calculate 
T2* and ‘lacunarity measure’ 
 

• ↓ Placental T2* in pre-eclampsia  
• ↑ Placental lacunarity values in pre-

eclampsia 
• Strong negative correlation between 

GA and T2* in normal cases 

Ho et al. 
(2020) 
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Table 2.3: Summary of previous studies on animal placental T2* MR imaging. 

Arrows indicate increased (↑), decreased (↓), and unchanged (↔) results. Δ indicates different. BOLD = Blood oxygen level dependent, FA = 
flip angle, FPU = feto-placental unit, GA = gestational age, GRE = gradient echo sequence, FGR = fetal growth restriction, ROIs = regions of 
interest, SI = Signal intensity, TR = repetition time, TE = echo time, EPI = echo planar imaging, R2* = 1/T2*. 

Model 
(species) 

Manipulation  
 

MRI acquisition and 
Respiratory challenges 

ROIs and T2* analysis Placental T2* 
outcome 

Reference 

Sheep 
 

Healthy (n=6) • in vivo BOLD MRI 
• between E117-125 (term=E145) 
• 3T MRI, T2*-weighted single-

shot GRE, TR=8ms, TE=45ms, 
section thickness=5mm, FA=90° 
• Hypoxia: 100%-70% oxygen 

• ROI placement at least one cotyledon  
• ROIs were placed to include the 

whole, central, or surrounding region 
• Normalised SI during hypoxia 

presented as a percentage of the mean 
control values 

• ↓ 29% ΔBOLD SI 
during hypoxia in 
cotyledon 
• Positive correlation 

between cotyledon 
ΔBOLD and fetal 
oxygen saturation  

Wedegartner 
et al. (2006) 
 
 

Wistar rat  
 

Cloprostenol-
induced hypoxic 
placenta (n=4), 
control (n=4)  

• in vivo BOLD MRI at E16 
• 4.7T MRI, GRE,  

TR 230ms, TE=10ms 
• 5 images before injection of 

cloprostenol and 18 images after 
injection 

• 2D-ROIs on FPUs 
• 1-3 slices/FPU 
• SI calculated as ratio of after/before 

of the cloprostenol injection 

• ↓ FPU oxygenation 
(ΔSI) in 
cloprostenol-
induced rats, 
compared to 
controls  

Girsh et al. 
(2007) 
 
 

Sprague-
Dawley rat  
 

An IUGR rat 
model induced 
by ligation of 
left vascular 
uterine pedicle 
at E16 (n=18) 

• in vivo BOLD MRI  
• at E19 
• 1.5T MRI, TR=7ms, TE=2ms, 10 

coronal slices with thickness 
3.5mm, 16 averages, FA=60° 
• Maternal normoxia à hyperoxia 

• Oval 2D-ROIs (made as large as 
possible on FPUs) 
• 1 slice/placenta (the largest section of 

the placenta)  
• Normalised SI evaluated as the 

changes (%) of SI before and after 
maternal hyperoxygenation in FPUs 

• ↓ Placental 
response to 
maternal 
hyperoxygenation 
in FGR, compared 
to controls (6.5% 
vs 21%) 

Aimot-
Macron et 
al. (2013) 
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Table 2.3 (continued) 
 
Model 
(species) 

Manipulation  
 

MRI acquisition and 
Respiratory challenges 

  ROIs and T2* analysis Placental T2* 
outcome 

Reference 

Sprague-
Dawley rat  
 

An IUGR rat 
model induced 
by ligating left 
uterine artery at 
E17 (n=16) 

• in vivo BOLD MRI 
• at E19 
• 4.7T MRI, multi-echo GRE with 

20 TEs (1.8-50ms), TR=800ms, 
FA=80°, 11 contiguous 2mm thick 
coronal slices 
• Maternal normoxia à hyperoxia 

• 2D-ROIs drawn on anatomical images 
and transposed to BOLD images, only 
placentas with LZ and JZ visible in 
sagittal plane 
• 1 slice/placenta 
• Analysed with change in T2* 

(hyperoxia and normoxia) 

• ↓ ΔT2* of FGR 
placentas, 
compared to 
controls (5.25 ms 
vs 11.25 ms) 
 

Chalouhi et 
al. (2013) 
 
 

Mouse  
 

Healthy at 
E14.5 (n=8), 
E17.5 (n=21) 

• in vivo BOLD MRI 
• at E14.5 and E17.5 
• 9.4T MRI, 3D-GRE T2*-

weighted, TR=20ms, TE= 8.5ms 
and 3ms, FA=15°, 
FOV=5.5x5.5x3.2 cm3; 
matrix=128x128x64, zero filled to 
256x256x64 
• R2* (=1/T2*) maps from the dual-

echo images with the analytical 
formula 
• Respiration challenges: 

(i) 100% O2-10% O2,  
(ii) 20% O2-100% O2,  
(iii) constant hyperoxia (100% O2) 

• 2D-ROIs manually drawn for the 
entire placenta. 
• Multiple 2D-ROIs selected in several 

sections and each volume sequence 
was individually registered on the 
basis of intensity and geometric 
features derived from the anatomic 
images.  
• T2* maps were calculated from the 

registered images 

 

• ↓ 18% in mean 
placental apparent 
P50 (oxygen 
tension at which 
haemoglobin is 
50% saturated) 
values from E14.5 
to E17.5 

 

Avni et al. 
(2016) 
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Table 2.3 (continued) 
 
Model 
(species) 

Manipulation  
 

MRI acquisition and 
Respiratory challenges 

  ROIs and T2* analysis Placental T2* 
outcome 

Reference 

Rhesus 
macaques 
monkey 

Healthy (n=3)  • in vivo BOLD MRI 
• at 110 days gestation (term=165 days) 
• 3T MRI, 2D multislice spoiled GRE, 

TR=418ms; FA=30°, matrix=256x72; 
96 slices; isotropic spatial 
resolution=1.5mm, 6 echo times 
• R2* maps from their own algorithm in 

Matlab® that reduces our 3D 
measurements of R2* to a single 
effective dimension 

• 2D-ROIs drawn on anatomical 
images and transposed to T2* 
maps 
• Manually exclude regions of 

amniotic fluid and uterine wall 
from these ROIs 
 

• Range of median 
R2* = 11.5 – 15.4 
s-1 and endogenous 
BOLD contrast can 
be used for 
assessment of 
placental function 
• R2* is strongly 

correlated to the 
distance to the 
spiral artery 

Schabel et 
al. (2016) 
 
 

Rhesus 
macaques 
monkey 

Prenatal alcohol 
exposure with 
1.5 g/kg/d of a 
4% ethanol 
(n=6), and 
normal (n=6) 

• in vivo BOLD MRI 
• at 110 or 135 days gestation 

(term=168 days) 
• 3T MRI, 2D multislice spoiled GRE, 

TR=418ms; FA=30°, matrix=256x72; 
96 slices; isotropic spatial 
resolution=1.5mm, 6 echo times 

• 2D-ROIs drawn on anatomical 
images and transposed to T2* 
maps 
• Manually exclude regions of 

amniotic fluid and uterine wall 
from these ROIs 

• ↓ Placental T2* of 
prenatal alcohol 
exposure monkeys 
at 110 days 
gestation, 
compared to 
control ones  

Lo et al. 
(2017) 
 
 

Rhesus 
macaques 
monkey 

Spontaneous 
IUGR (n=1), 
and normal 
(n=3) 
 

• in vivo BOLD MRI 
• at 135 days gestation (term=168 days) 
• 3T MRI, 2D multislice spoiled GRE, 

TR=418ms; FA=30°, matrix=256x72; 
96 slices; isotropic spatial 
resolution=1.5mm, 6 echo times 

• 2D-ROIs drawn on quantitative 
T2* maps by visual identification 
on each image slice, and all data 
were combined into 3D volume 

• ↓ Overall 
distribution of 
placental T2* 
values in IUGR 
compared to 
control animals 

Lo et al. 
(2018) 
 
 

50 



 

 

Table 2.3 (continued) 
 
Model 
(species) 

Manipulation  
 

MRI acquisition and 
Respiratory challenges 

ROIs and T2* analysis Placental T2* 
outcome 

Reference 

Rodents 
 

Wistar rat (n=6), 
ICR (Institute 
for Cancer 
Research) 
mouse (n=6) 
 

• in vivo coronal T2*-weighted MRI 
at E18 
• 4.7T MRI, GRE, TR=147ms, 

TE=10ms, FOV=5.4x5.4cm, 
resolution=256x256, slice 
thickness=1mm 
• Maternal CO2 challenge: 

- normoxia (21% O2, 79% N2),  
- hypercapnia (5% CO2, 21% O2, 

74% N2), 
- carbogen (5% CO2, 95% O2) 

• 2D-ROIs drawn on anatomical 
images using a program developed in 
our laboratory based on IDL software 
• Calculated change in BOLD SI  

 

Both rat and mouse 
placentas: 
• ↓ 44% ΔBOLD SI 

during normoxic-
to-hypercapnia 
• ↑ 83% ΔBOLD SI 

during 
hypercapnia-to-
carbogen 

Ginosar et 
al. (2018) 

Knockout 
mouse 

Pre-eclampsia 
(TgSTOX13) 
(n=15), 
Wild-type 
(n=12) 
 

• in vivo BOLD MRI 
• at E18.5 
• 4.7T MRI, Multi-echo GRE, 

TR=714, TE(42)=1.8-83.8ms, 
FA=80°, FOV:4 x 3.22 cm, 
Matrix=256x256, Slice 
thickness=1mm 
• Maternal normoxia à hyperoxia 

• 2D-ROIs (LZ and JZ) drawn on 
anatomical images and transposed to 
T2* maps 

 

• ↔ Mean T2* 
under normoxia 
between pre-
eclampsia and 
control, mean T2* 
in LZ is higher 
than JZ 
↑ ΔT2* (both LZ 
and JZ) in 
preeclamptic 
placentas, 
compared to 
control 

Collinot et 
al. (2018) 
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CHAPTER 3 

EXPERIMENTAL OBJECTIVES 
 

 

The overall aim of the studies presented in this thesis was to investigate three dimensional 

(3D) feto-placental vascular structure, placental function (oxygenation), and fetal 

development in a rat model of fetal growth restriction (FGR) induced with glucocorticoid 

(GC) overexposure. To achieve this aim, it was necessary to develop novel imaging and 

analysis methodologies for both micro-CT and MRI. Thus, this thesis required two novel 

methodologies to be developed: 

 

1. An end-to-end ex vivo methodology for quantitative 3D characterisation of feto-

placental vascular networks in rodents using micro-CT, with a particular focus on 

feto-placental arterial branching complexity and branching angle. 

2. An effective in vivo MRI protocol for investigation of rat placental vascular 

function, including measuring placental blood oxygenation under hyperoxic 

challenge (via T2* relaxation). This was crucial for non-invasive, in vivo studies 

toward understanding placental function and fetal development.  

 

The first half of this thesis focuses on micro-CT and the second half focuses on MRI 

methodologies to assess the effects of excess GC exposure on rodent feto-placental 

vasculature morphology, placental function and fetal development. Therefore, the overall 

aim of this thesis was to test the hypothesis that excess maternal GC exposure during 

pregnancy compromises the development of feto-placental vascular networks throughout 

gestation, and disturbs placental oxygenation. 
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Broadly, this thesis presents four separate studies. The specific experimental objectives of 

each are outlined below: 

 

Study 1: Quantitative characterisation of rodent feto-placental vasculature 

morphology in micro-CT images (Chapter 5) 
 

The objective of this study was to establish a new protocol for 3D characterisation of the 

feto-placental vasculature in rodents: an end-to-end methodology. It included 4 main steps: 

(1) sample preparation and Microfil® casting of the vasculature; (2) ex vivo micro-CT 

scanning and image reconstruction; (3) automatic segmentation; and (4) quantitative 

characterisation of the vascular network in terms of its branching characteristics. The latter 

included branching hierarchy and vessel volume, length, diameter, number of segments, 

branching number, tortuosity ratio, and branching angle. Implementation of this 

methodology were provided in Amira® (for segmentation) and Matlab® (for 

characterisation), and these demonstrated its application to both the mouse and rat fetal 

arterial component of the placental vasculature. 

 

Study 2: 3D quantitative structural comparison of feto-placental arterial vasculature 

between rat and mouse using micro-CT with vascular casting (Chapter 6) 
 

This study aimed to quantitatively compare feto-placental vascular structure and to analyse, 

in depth, the vascular morphology of mouse and rat placenta in late gestation using the 

established methodology from Study 1. 

 

Study 3: Effect of maternal GC excess on the feto-placental vasculature:  

A quantitative analysis in a rat model of FGR (Chapter 7) 
 

The aim of this study was to quantitatively analyse the 3D feto-placental vascular structure 

arising from maternal chronic dexamethasone (Dex; a synthetic GC) overexposure in rats 

throughout gestation (at E15, E18 and E21) with a particular focus on feto-placental vessel 

branching complexity and branching angle. In order to achieve the goal, this experimental 

study utilised the novel combination method of our established micro-CT and Microfil® 

vascular casting technique (from Study 1).  

 



 

 

55 

Study 4: Detection of reduced oxygenation in 3D placental volumes by MRI in a rat 

model of FGR (Chapter 8) 
 

This study aimed to develop an in vivo MRI methodology and analysis in 3D to assess 

placental function including placental blood oxygenation (via T2* relaxation). This was 

achieved by firstly defining the optimum MRI scanning schedule for rat pregnancies in 

order to obtain the maximum amount of information on placental blood flow and oxygen 

transfer; and secondly, by using established MRI methods to characterise the development 

of placental dysfunction (via changes in the placental T2* at E15, E18 and E21) in the 

experimental model of FGR in which blood vessel structure in the placenta was known to 

be altered (from Study 3).   
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CHAPTER 4 

MATERIALS AND METHODS 
 

 

4.1 ANIMALS  

 
4.1.1 Animal maintenance  

 

All experimental procedures involving the use of animals were conducted after approval 

by the Animal Ethics Committee of the University of Western Australia (UWA) (AEC 

number RA/3/100/1300, RA/3/100/1393, RA/3/100/1499 and RA/3/100/1600) and Harry 

Perkins Institute of Medical Research Animal Ethics Committee (AE073/2017). All work 

was conducted in accordance with the UWA animal care guidelines to optimise animal 

welfare. This study used two rodent models: albino Wistar rats (n=75) and C57BL/6J mice 

(n=5) (see Table 4.1 for summary of sample size). For all experimental chapters except 

Chapter 5, n = number of pregnancies within which multiple fetal and placental measures 

were taken. In Chapter 5, a single mouse and rat placenta was used to develop the analysis 

technique. Animals aged between 6 and 8 weeks were obtained from the Animal Resources 

Centre (Murdoch, WA, Australia). The animals were housed two per cage in a room under 

controlled conditions with a mean temperature of 22 ± 1.0 °C, a mean relative humidity of 

40 ± 10.0 %, on a 12-hour light and 12-hour dark cycle with lights on at 7 am, and ad 

libitum access to standard chow and water. 

 

4.1.2 Oestrous cycle assessment 

 

The stages of the oestrous cycle were identified by measuring vaginal wall electrical 

impedance (Bartos, 1977; Ramos et al., 2001; Zulkafli et al., 2013), and/or cytological 

examination of vaginal smears (Karim et al., 2003; Hubscher et al., 2005; Goldman et al., 

2007; Byers et al., 2012; Cora et al., 2015; Heykants and Mahabir, 2016). 
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Table 4.1: Summary of sample size in each study. 

Study / cohort Time-mated animals / 

treatment 

Timepoint Sample 

size 

1. Development of micro-CT 

method to reveal feto-placental 

vascularity (Chapter 5) 

- An unthreated mouse 

- An unthreated rat 

E18 

E21 

n=1* 

n=1 

2. Comparison between mouse 

and rat feto-placental vascularity 

(Chapter 6) 

- Unthreated mice 

- Vehicle rats 

E18 

E21 

n=5 

n=9# 

3. Effect of marenal GC 

overexposure on feto-placental 

vascular network (Chapter 7) 

- Vehicle rats 

 

 

 

- Dex-treatment rats 

E15 

E18 

E21 

 

E15 

E18 

E21 

n=4  

n=7  

n=10 

 

n=4  

n=7  

n=10 

4. Development of MRI method 

to reveal placental oxygenation 

(Chapter 8) 

- Unthreated rats 

 

E21 n=10 

5. Effect of maternal GC 

overexposure on placental 

oxygenation (Chapter 8) 

- Vehicle rats 

- Dex-treatment rats 

E21 

E21 

n=11 

n=11 

* An untreated mouse (n=1), which was used for Chapter 6. 
# Vehicle rats (n=9), which were control rats from Chapter 7. 
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4.1.2.1 Rat oestrous cycle assessment 

 

Following a week of acclimatisation, identification of rat oestrous stages was determined 

daily using the vaginal electrical impedance measurement and cotton-bud vaginal 

smearing. The EC40 Estrus Cycle Monitor (Fine Science Tools, North Vancouver, Canada) 

was used to measure electrical impedance of the epithelial cell layer of vaginal mucosa. 

Before use, the vaginal probe of the EC40 Estrus Cycle Monitor was cleaned with 70% 

alcohol. The females were immobilised in a prone position to expose the external genitalia. 

The probe was gently inserted into the vagina without urine contamination, and impedance 

was measured (measuring range is 1,000 – 19,999 ohms). An impedance reading of 1,000 

ohms represents the inherent electrical resistance of the vaginal wall. In proestrus, the 

impedance values increase to above 4,000 ohms (Bartos, 1977) and this was used to select 

animals for mating. However, the monitor was found to not always be reliable, so the 

readings were accompanied by vaginal smearing. Prior to individual smearing, a sterile 

cotton-tipped swab (tip size: 2 mm x 10 mm) was lightly moistened with ambient 

temperature 0.9% sodium chloride (normal saline; NaCl). The swab was inserted very 

gently into the vaginal opening of the rat to a depth of around 5 mm, and then rotated gently 

to collect vaginal epithelial cells. After the swab was carefully removed, the vaginal cells 

were transferred onto a clean glass slide by rolling the swab across the slide. The slide with 

collected vaginal cells was dried at room temperature and processed using the Fronine 

Quick Dip stain kit according to manufacturer’s instructions (Thermo Fisher Scientific 

Australia, Riverstone, NSW, Australia). Briefly, slides were dipped three times into a series 

of solutions to fix and stain the smears. Excess fluid was allowed to drain off in between 

solutions, and the slide was finally rinsed in water and dried. The stained vaginal smears 

were inspected under a light microscope and the relative proportions of nucleated epithelial 

cells, cornified epithelial cells and leukocytes were used to identify oestrous cycle stage 

(Karim et al., 2003; Hubscher et al., 2005; Byers et al., 2012; Cora et al., 2015; Heykants 

and Mahabir, 2016). Proestrus was identified by the presence of mainly nucleated epithelial 

cells and some cornified epithelial cells (Byers et al., 2012; Heykants and Mahabir, 2016), 

with a few leukocytes possibly found at the early proestrus stage (Karim et al., 2003; 

Hubscher et al., 2005; Cora et al., 2015). Rats that were identified as being in proestrus in 

the morning were considered ready for mating the following night.  
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4.1.2.2 Mouse oestrous cycle assessment 

 

After a week of acclimatisation, the stage of the mouse oestrous cycle was identified by 

morning daily vaginal smearing with the Fronine Quick Dip stain kit according to 

manufacturer’s instructions (Thermo Fisher Scientific Australia, Riverstone, NSW, 

Australia). Each female mouse was held by the scruff of the neck and immobilised by 

turning it over with its ventral abdomen facing up. A blunt-end pipette tip was then inserted 

into the vagina and 5 μL of 0.9% NaCl was ejected into the vagina and withdrawn three 

times in order to collect vaginal epithelial cells. One drop of the fluid containing vaginal 

cells was placed onto a glass slide, and the slide dried at room temperature. The slide was 

then fixed and stained and viewed under a light microscope to determine oestrous cycle 

stage (as described above for the rat oestrous cycle).  

 

4.1.3 Mating and pregnancy determination  

 

Female animals in proestrus were mated overnight by being placed into a cage with a male 

from 6 pm to 6 am. Pregnancy was confirmed through the presence of vaginal copulation 

plugs and/or spermatozoa in the vaginal smears the following morning, which was 

designated as the first day of pregnancy (embryonic day 1 (E1)). If it eventuated that an 

animal was not pregnant, it underwent up to three more rounds of oestrous cycle monitoring 

and mating. Pregnant animals were then caged individually to allow nesting behaviours to 

progress, ensuring optimal pregnancy conditions (Molet et al., 2014; Moussaoui et al., 

2016). Dams were fed the same standard rodent chow diet ad libitum and maintained on 

their respective drinking water throughout pregnancy. And maternal weight was recorded 

daily throughout gestation. 

 

4.1.4 An animal model of fetal growth restriction  

 

Time-mated female rats were arbitrarily assigned to two experimental groups: (i) vehicle 

(Veh) or (ii) excess glucocorticoid (GC) treatment. GC excess was achieved via 

administration of dexamethasone-21-acetate (Dex) (Sigma-Aldrich, St. Louis, MO, USA) 

in drinking water from day 13 to day 21 of pregnancy (E13-E21) as previously described 

(Hewitt et al., 2006c, 2006b; Wyrwoll et al., 2006; Waddell et al., 2010; Zulkafli et al., 

2013). The Dex was first dissolved in ethanol and this solution was added to drinking water 
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(0.5%) for a final concentration of 0.5 μg/mL. The Dex solution was prepared in 2 L glass 

containers wrapped in aluminium foil and stored at room temperature. Animals in the Veh 

group were given an equivalent dose of ethanol (0.5%) in standard drinking water over the 

same period of gestation. Maternal body weight was recorded from E1 until the day of 

tissue collection. 

 

 

4.2 TISSUE COLLECTIONS 

 

There were three main animal cohorts used for this study. The first cohort was used to 

compare term placental arterial structures between the mouse and rat. As the gestation 

period in the mouse is 19-20 days (Hedrich et al., 2012) and in the rat is 22-23 days 

(Ypsilantis et al., 2009), placentas were collected at E18 and E21, respectively, in the two 

models. The second cohort of animals was for quantitative analyses of placental vascular 

morphology in a rat model of FGR throughout gestation. For this cohort, placentas were 

collected from Dex and Veh rats at E15, E18 or E21. These timepoints represent three key 

periods of placental development (Ypsilantis et al., 2009; Furukawa et al., 2013). The third 

cohort of animals were used in a longitudinal study of placental function across gestation 

(measured by MRI at E15, E18 and E21) in Veh and Dex rats. Due to the longitudinal 

nature of this study, tissues were collected from those rats only at the E21 timepoint. 

 

On the morning of the tissue collection day (approximately 8.00 am for both casting and 

MRI studies), dams were deeply anaesthetised via inhalation of isoflurane (3%-5% for 

induction, 2%-3% for maintenance) in a mixture of oxygen (0.2 L/min) and nitrous oxide 

(0.8 L/min). Anaesthesia was initiated in an induction box for around 5 min, and maintained 

throughout the procedure with a nose-cone after placing the rat on the dissecting tray in a 

supine position. After the depth of anaesthesia was confirmed by a lack of pedal reflex, the 

abdomen was sprayed with 70% ethanol and the ventral abdominal skin and underlying 

muscle layers were incised and opened by blunt dissection. The location and number of 

feto-placental units and resorptions were recorded. The whole uterus, including intact feto-

placental units, was then removed and immersed immediately into ice-cold (2°C-4°C) 

phosphate-buffered saline (PBS) for 20 min to induce hypothermia and anaesthesia in the 

fetuses (Phifer and Terry, 1986; Whiteley et al., 2006). During the hysterectomy, the fetuses 

were still under the influence of the maternally administered anaesthetic. The anaesthetised 
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dam was euthanised by opening the thoracic cavity via the diaphragm and severing the 

heart.  

 

Following immersion in ice-cold PBS, individual implantation sites were randomly 

selected and dissected from their surrounding membranes. The intact feto-placental units 

were divided into two groups randomly: (i) for vascular casting (see detail in Section 4.5), 

and (ii) for pregnancy outcomes (i.e., placental and fetal weight, morphology, etc.; see 

detail in Section 4.3), and fetal sex identification (see detail in Section 4.4). Briefly, the 

fetuses and placentas were weighed and photographed for size measurement. The entire 

placentas were then dissected into two zones: labyrinth (LZ; the site of maternal-fetal 

exchange) and junctional (JZ; the region in direct contact with the maternal decidua) zones 

by sharp scissors. Each zone was then weighed individually, snap frozen in liquid nitrogen 

and stored at -80oC for other studies conducted by the research group. Fetal tails were also 

collected and frozen at -80oC until subsequent sex-typing. 
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4.3 FETAL AND PLACENTAL MORPHOMETRIC MEASUREMENTS 

 

Each individual feto-placental unit, with the umbilical cord intact, was dissected at E15, 

E18, or E21 of rat pregnancy and digitally photographed on a scale-dissecting board  

(Figure 4.1). Morphometric information was determined using a digital caliper (Fiji 

ImageJ® software). Vertex-to-nose distance, vertex-to-rump length, shoulder-to-rump 

length, and vertex-to-shoulder distance were measured to identify any changes in the size 

and proportions of the fetal head and body (Figure 4.2). Additionally, diameters of each 

whole placenta (WP) and LZ were determined as the average of three randomly-selected, 

border-to-border measurements (Figure 4.2).  

 

 

Figure 4.1: A photograph of a rat feto-placental unit on a 10 mm by 10 mm grid 

dissecting board.  
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Figure 4.2: Feto-placental morphometric measurements.  

(A) LZ diameter was determined as the average of three randomly-selected border-to-

border measurements (a1-a3; blue lines); (B) similarly, WP diameter was determined as 

the average of three randomly-selected, border-to-border measurements (b1-b3; red lines); 

(C) Umbilical cord length was measured between the proximal and distal ends of umbilical 

cord; (D) Vertex-to-nose distance was measured from the tip of the snout to the highest 

point of the head called ‘vertex’; (E) Vertex-to-rump length (Crown-to-rump length) was 

measured from the highest point of the head to the lowest point of the rump at the base of 

tail; (F) Shoulder-to-rump length (Neck-to-rump length) was measured from the shoulder 

joint to the lowest point of the rump at the base of tail; and (G) Vertex-to-shoulder distance 

(crown-to-neck length) was calculated by subtracting F from E. 
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4.4 RODENT SEX-TYPING  

 

E21 fetal sex was identified visually by examination of anogenital distance 

(Stylianopoulou, 1983). As the E15 and E18 fetuses are not sexually dimorphic visually 

yet, the fetal sex was determined by testing for the presence of the sex-determining region 

Y (Sry) gene from fetal tails by quantitative reverse transcription polymerase chain reaction 

(PCR) (Jones et al., 2013). The Sry gene is found on the Y chromosome which is 

responsible for the initiation of male sex determination and for the development of male 

sexual characteristics (An et al., 1997). 

 

Genomic deoxyribonucleic acid (DNA) isolation:  

Fetal tails were incubated at 55°C overnight in lysis buffer (50 mM Tris/Hydrochloride pH 

8.0, 100 mM ethylenediaminetetraacetic acid [EDTA], 100 mM sodium chloride and 1% 

sodium dodecyl sulfate [SDS]; Sigma-Aldrich, Sydney, NSW, Australia) and proteinase K 

(20 mg/mL; Promega, Alexandria, NSW, Australia). The following morning, DNA was 

extracted from the lysate by isopropanol precipitation and centrifugation. After removal of 

the isopropanol, the DNA pellet was washed with 70% ethanol, air dried for 30 min, then 

resuspended in 30 µL double-distilled water (ddH2O) and stored at -20°C until required. 

Genomic DNA quality and quantity were assessed using the Nanodrop-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). DNA was diluted 

where necessary with nuclease-free H2O to obtain a reading < 100 ng/mL.  

 

Sry gene amplification:  

Sry gene from tail tissue was amplified via PCR. The prepared mastermix contained (per 

sample) 3.25 μL of JumpStartTM-REDTaq®-ReadyMixTM PCR Reaction Mix (Sigma-

Aldrich, Sydney, NSW, Australia) and 2 μL nuclease-free H2O. Aliquots (0.25 μL each) of 

Sry-forward and Sry-reverse primers (F: 5’TTG TCT AGA GAG CGA GGG CCA TGT 

CA-3’; R: 5’-CCA CTC TGT GCT TTA GCC CTC CG-3’) (GeneWorks, Thebarton, SA, 

Australia) were added to the mastermix. The resultant mixture was aliquoted (5.75 μL per 

sample) into tubes and combined with 0.5 μL of sample DNA solution. In addition, 0.5 µL 

of a confirmed male DNA solution was included as a positive control, and 0.5 µL of ddH2O 

was included as a negative control. The PCR was run in the PTC-100TM Programmable 

Thermal Controller (MJ Research, St Bruno, QC, Canada). The mastermix/DNA samples 
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underwent 35 cycles of denaturation (95°C for 30 s), primer annealing (58°C for 30 s) and 

extension (72°C for 60 s).  

 

Gel electrophoresis:  

Each sample was pipetted into an individual lane of a 2% agarose gel (Promega, 

Alexandria, NSW, Australia) stained with SYBR® Safe (Invitrogen, Scoresby, VIC, 

Australia) and was run at 110V for 30 min. The gel was imaged using the ChemiDocTM 

MP Imaging System (BioRad Laboratories Inc., Gladesville, NSW, Australia). Male sex 

was confirmed by the presence of a band in the same location as the male positive control 

(273 base pairs). Any data from samples with inconclusive sex-typing results (that could 

not be resolved by repeating the PCR) were excluded from sex-related analyses but 

included in subsequent analyses if no sex differences were detected.  
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4.5 PLACENTAL VASCULARITY ANALYSIS USING MICRO-CT 

 

To characterise feto-placental vasculature, four main steps were required: (i) vascular 

sample preparation and generation of the vascular casts; (ii) ex vivo micro-CT scanning and 

three dimensional (3D) image reconstruction; (iii) automatic segmentation (i.e., labelling) 

of the vascular network; and (iv) visualisation and quantitative characterisation of the feto-

placental vascular tree (Figure 4.3). The third and fourth steps were novel methodologies 

developed for this field and are detailed specifically in Chapter 5. 
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Figure 4.3: Experimental design of placental vascular analysis.  

Feto-placental casts were generated with Microfil® in mouse (at E18) and rat (either E15, 

E18, or E21). The casts were scanned with a micro-CT scanner and 3D image 

reconstruction was performed. The reconstructed images of the vascular network were then 

auto-segmented (including the steps of image filtering, binarisation and skeleton 

extraction) using a custom workflow in Amira®. Finally, the feto-placental vascular 

network was visualised in 3D using Amira®, and ordered (Strahler order) and quantitatively 

characterised using a custom-written Matlab® program.  
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4.5.1 Feto-placental casting  

 

After tissue collection and fetal anaesthesia in ice-cold PBS (Section 4.2), the intact feto-

placental units were dissected from their membranes under a stereomicroscope to expose 

the umbilical cords. The intact feto-placental units were warmed to revive the fetuses and 

resume fetal cardiac function. This was achieved by placing a heating pad underneath the 

surgery area and dripping warm PBS (40°C-45°C) over the fetuses and the placentas. Once 

fetal heartbeat was detected, the umbilical vessels were distinguished by identifying the 

bright red colour of the umbilical vein, and pulsation of the umbilical artery. After dropping 

warm 4% formalin (40°C-45°C) onto the umbilical vessels to prevent vasospasm, the 

umbilical artery was incised horizontally for cannula insertion and arterial perfusion, and 

the umbilical vein was cut completely for blood flow drainage. The incision sites were then 

kept open using drops of warm 4% formalin. A glass micropipette was prepared from a 

GC120F-15 borosilicate glass capillary with filament from Warner Instruments LLC, 

Hamden, CT, USA, using a Micropipette Puller P-2000 (Sutter Instrument Co., Novato, 

CA, USA) with the following settings: heat = 450, filament = 15, velocity = 25, delay = 

150, and pull = 100. The micropipette was inserted into the umbilical artery toward the 

placenta and used to infuse warm perfusate solution comprised of warm 2% xylocaine 

(Troy Laboratories, Glendenning, NSW, Australia) and 100 IU heparin/mL (Pfizer, West 

Ryde, NSW, Australia) in 0.9% NaCl (Baxter, Deerfield, IL, USA) (Whiteley et al., 2006). 

Use of this perfusate solution ensured blood was cleared from the feto-placental vasculature 

in preparation for infusion of the casting compound. The micropipette was kept in place, 

along with the saline syringe in order to maintain pressure and avoid air bubble in the 

perfusion system. A new syringe containing the Microfil®, a radio-opaque yellow silicone 

rubber contrast agent (FlowTech Inc., Carver, MA, USA) was then connected to the 

perfusion system via a three-way stopcock (Sarstedt AG & Co., Nümbrecht, Germany). 

After ensuring no air bubbles were present, the stopcock was turned to block the saline 

syringe and allow perfusion of Microfil®. 

 

The feto-placental arterial networks were then cast with Microfil®. The Microfil® was 

prepared using a mixture of 1 mL of MV-122 compound with 2.5 mL of MV diluent and 

112.5 µL of curing agent. The injection rate of the Microfil® (approximately 10 mL/h) was 

regulated by using an infusion pump (Fresenius Batterie-Injectomat, Hesse, Germany) 

based on our previously developed method (Bappoo et al., 2017). Warm PBS was dripped 
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continuously over the placenta and the fetus during the casting procedure. The Microfil® 

injections were deemed to be complete once the yellow Microfil® reached the capillary bed 

and appeared at the marginal zone of placenta. The umbilical cord was ligated with a 7’0’ 

silk string (between the placenta and the incision sites) to maintain pressure within the 

placenta and thus allow Microfil® polymerisation to occur. The umbilical cord was then cut 

and the fetus immediately decapitated using sharp scissors. The casts were wrapped with 

aluminium foil and stored at 4°C overnight to polymerise and solidify. The casts were then 

fixed in 10% buffered formalin phosphate at 4°C overnight. After polymerisation and 

fixation, the individual cast was stored at 4°C in PBS and stabilised with Styrofoam boards 

in a plastic vial for scanning (Bappoo et al., 2017). 

 

4.5.2 Ex vivo micro-CT scanning, 3D reconstruction, auto-segmentation, visualisation, 

and quantitative characterisation 

 
3D datasets of Microfil®-perfused specimens were acquired using state-of-the-art high-

resolution 3D micro-CT imaging. Feto-placental casts from rat and mouse pregnancies 

were scanned using the Skyscan 1176 micro-CT scanner (Bruker-microCT, Kontich, 

Belgium). The sample preparation, scan parameters and methodology, image 

reconstruction and 3D auto-segmentation, visualisation, and quantitative characterisation 

are all explained in detail in Chapter 5.  
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4.6 PLACENTAL FUNCTIONAL ANALYSIS USING MRI 

 
4.6.1 Experimental design for accessing placental function 

 

There were two key experimental interventions proposed in this project.  

 

Study 1: Establishment of methodology to quantify rat placental oxygenation across 

gestation. Ten time-mated Wistar rats underwent in vivo MRI scans at E15, E18, and E21, 

and one session of dynamic contrast enhanced (DCE) MRI at E21. DCE-MRI is a 

combination of MRI and perfusion of a gadolinium-based contrast bolus that can be used 

to quantify perfusion parameters (both uptake and wash-out) of the contrast passing through 

tissue. These imaging sessions were used to establish an efficient and effective series of 

MRI scans. After the final scan session (E21), dams were euthanised immediately for tissue 

collection. 

 

Study 2: Assessment of placental oxygenation changes across pregnancy in a rat 

model of FGR (see Figure 4.4). Twenty-two time-mated Wistar rats (Veh; n=11 and Dex; 

n=11) underwent the series of MRI scans established in the first study (E15, E18, E21) with 

DCE-MRI at E21; dams were euthanised immediately for tissue collection. 

 

4.6.2 Transfer of animals to the Bioimaging Facility 

 

Animals were housed, time-mated, and treated with Dex as detailed in Section 4.1. At E13 

(two days before the first imaging procedure at E15), rats were transferred directly to the 

Bioimaging Facility for acclimatisation. The pregnant rats were housed individually in 

GR900 cages (Tecniplast Australia Pty Ltd, NSW, Australia) and maintained under 

controlled conditions in a Tecniplast individually ventilated cage trolley.  
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Figure 4.4: The flow diagram outlining the experimental design of the investigation of 

the impact of Dex on placental function. 
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4.6.3 MRI preparation and animal anaesthesia  

 

In the MRI preparation room, individual pregnant rats were anaesthetised using an 

induction chamber which ensured isoflurane liquid did not physically contact the rat. The 

anaesthetised rat was then placed in prone position on a heat pad to maintain body 

temperature. Medical oxygen (100% oxygen concentration) was supplied at 1.5 L/min, and 

the anaesthetic vaporiser commenced at 0.5% isoflurane and gradually increased to 4% 

over a period of 1 min to induce moderate/deep anaesthesia. The anaesthetised rat was then 

transferred to the imaging cradle in the MRI operation room in a supine position, and the 

snout was placed in the nose cone supplied with 1%-2.5% isoflurane in 100% medical 

oxygen at 1 L/min to maintain anaesthesia. Ophthalmic ointment was applied to both eyes 

to protect the corneas while under anaesthesia. A fibre optic rectal temperature probe with 

disposable lubricated sleeve was inserted to monitor core body temperature. A pneumatic 

pillow was placed appropriately to monitor respiration. The animal core body temperature 

was stabilised by circulation of warmed water through water pipes under the cradle. The 

animal was immobilised using medical tape around the thoracic and abdominal regions 

(Figure 4.5). From this step, the animal’s temperature and respiration rate were monitored 

using a PC-SAM Small Animal Monitor (SA instruments Inc., 1030 System). 
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Figure 4.5: Animal setup for MRI scan.  

Anaesthetised pregnant rats were placed in a supine position on the imaging cradle. Core 

body temperature was monitored via a fibre optic rectal temperature probe and respiration 

was monitored by a pneumatic pillow. 
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4.6.4 Tail vein cannulation procedure for MR contrast injection at E21 

 

After the depth of animal anaesthesia was confirmed by toe pinch reflex, the lateral tail 

veins were dilated using a heat lamp. The tail was then wiped with 70% ethanol and kept 

straight. A 24G catheter with BD Vialon Biomaterial (Provet Pty Ltd, WA, Australia) was 

then inserted gently toward the base of the tail, and almost parallel to the vein at an ~10° 

angle (Figure 4.6). Once a flash of blood into the needle hub was visible, the catheter was 

gently advanced into the tail vein (approximately 2 cm). The catheter was then secured to 

the tail with medical tape (Figure 4.6F) followed by manual injection with 0.2 mL 

heparinised saline (5 U heparin/mL; Pfizer, West Ryde, NSW, Australia) in 0.9% NaCl 

(Baxter, Deerfield, IL, USA), to prevent blood clotting. Keeping the same catheter in place, 

the saline syringe was replaced with a syringe containing the gadolinium-based MR 

contrast media (Gadovist®, Bayer Schering Pharma AG, Berlin, Germany) diluted 1:10 in 

0.9% NaCl that was connected to our established non-magnetic extension tubing (detail in 

Figure 4.7). After the DCE-MRI scan had run for 120 s, the Gadovist® was injected. The 

injection rate of the Gadovist® (3 mL/min) was regulated by an injection pump (KD 

Scientific Inc., Holliston, MA, USA) with the following settings: Mode = Infuse only; 

Syringe = BD plastic, 5 mL; Force level = 50%; Target = 0.8-2.0 mL (dependent on body 

weight); and Infusion time = 20 s. During MRI imaging, the animal was monitored as 

described in Section 4.6.3. 
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Figure 4.6: Tail vein cannulation procedure. 

(A) Needle insertion into the lateral tail vein. (B) Once a flash of blood was apparent in the 

needle hub, (C) the plastic catheter was advanced. (D) The catheter was then secured to the 

tail with medical tape. (E) The tail vein was flushed with heparinised saline to prevent 

blood clotting. (F) The catheter was connected to the non-magnetic extension tube and 

secured to the tail with medical tape in preparation for contrast injection. 
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Figure 4.7: Preparation of non-magnetic extension tubing with medical tubing and 

connectors.  

(A) 24G catheter (Provet Pty Ltd, WA, Australia); (B) a portion of a 200 μl plastic pipette 

tip; (C) TYGON AC004U tubing, internal diameter (ID)=3/32 inches (in), outer diameter 

(OD)=5/32 in, wall thickness=1/32 in, length 15 mm; (D) TYGON 39768 tubing, ID=1/32 

in, OD=1/8 in, wall thickness=1/32 in, length 10 mm; (E) tubing (Dow Corning 

Corporation, USA), ID=0.040 in, OD=0.085 in, length 10 mm; (F) BTCOEX-25 PE/PVC 

tubing (Walker Scientific, WA, Australia), ID=0.017 in, OD=0.051 in, length 6000 mm; 

(G) a Terumo Surflo® butterfly needle winged infusion set 25Gx3/4 in, 0.50x19mm; and 

(H) a 5 mL syringe with a Luer-Lock tip.  
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4.6.5 MRI data acquisition  

 

MRI scans were completed at 9.4 Tesla (T) (Bruker BioSpec 94/30 US/R magnet) with 

BGA-12SHP gradients, AVANCE III HD console, ParaVision 6.0.1 software, and 86 mm 

ID quadrature H-1 volume coil. All MRI scans were performed under general anaesthesia 

and the animal’s temperature and respiration rate were monitored using a PC-SAM Small 

Animal Monitor. The temperature of the cradle and the anaesthetic gas mixture were 

adjustable during the MRI scan if required to maintain stable physiology. Specific details 

of in vivo MRI data acquisition are provided Chapter 8 (Section 8.2.3 and Table 8.1).  

 

4.6.6 Procedure following the MRI Scan 

 

At the completion of imaging, the temperature probe was removed, anaesthetic gas was 

discontinued, and the animal was removed from the imaging cradle. At E15 and E18, 

animals were placed alone in an observation cage, which partially sat on a heating pad and 

continually monitored until fully mobile. Following recovery, the animal was returned to 

its original cages.  

 

Following completion of the E21 MRI scan protocol, the dams were placed under terminal 

anaesthetic, their abdomens were opened, and hearts were excised. The number and 

ordering of feto-placental units were confirmed. Tissue collection and morphometric 

measurements of fetuses and placentas were performed as described in Sections 4.2 and 

4.3, respectively. 

 

  



 

 

79 

4.6.7 Placental T2* analysis 

 

The MRI datasets were visualised using ParaVision 6.0.1 software before exporting to 

Digital Imaging and Communications in Medicine (DICOM) files 

(https://www.dicomstandard.org) (Bidgood et al., 1997). The DICOM files were then 

imported into Matlab® Release 2016a (The MathWorks, Inc., Natick, Massachusetts, 

USA). 3D regions-of-interest (ROIs) (whole placentas at each gestational age and LZ and 

JZ at E21), were drawn manually on the images from the T2* 3D-multi-gradient-echo 

sequence with the oxygen-challenge using custom-written Matlab® scripts (see details on 

Chapter 8, Section 8.2.5). The placental T2*-values were calculated for the manually 

defined 3D-ROIs using a custom-written Matlab® script based on the SQEXP model for 

curve fitting (Figure 4.8) (Raya et al., 2010). The SQEXP model is better suited for low 

signal to noise data than standard methods such as fitting the signal decay to a simple 

exponential (Feng et al., 2013; Yokoo et al., 2015) (see details on Chapter 8, Section 8.2.6). 

 
 

  



 

 

80 

 

 

 

 

 

Figure 4.8: Placental T2* relaxation mapping.  

Analysis example of an oxygen-challenge scan at E21: 3D coronal T2* imaging under (A) 

hyperoxic condition (100% oxygen) versus (B) normoxic condition (21% oxygen) via 

Medical air. (C) Manually defined 3D-ROIs at E21 with custom-made Matlab® software: 

labyrinth zone (red), junctional zone (green), and whole placenta (yellow line). Calculation 

of placental T2* using the SQEXP algorithm: (D) labyrinth zone, (E) junctional zone, and 

(F) whole placenta. The colour bar represents the range of T2* values in ms. Scale bar = 

10 mm.   
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4.7 STATISTICAL ANALYSIS 

 

Statistical analyses were performed using GraphPad Prism® 8 (GraphPad Software, La 

Jolla, CA, USA). Additionally, statistical analyses of placental oxygenation were 

performed using Estimation statistics (available at https://www.estimationstats.com) (Ho 

et al., 2019). In all analyses, the threshold of statistical significance was set at a P-value 

less than 0.05 (p<0.05). 

 

4.7.1 Pregnancy outcomes 

 

The data of pregnancy outcomes are presented as the mean ± standard error of the mean 

(SEM; n = 4-21 per group, see more details in each chapter). In each group, n = 1 

represented pooled data from one litter (or from all males/females in one litter) because 

data from individual fetuses and placentas from the same litter were not independent 

(Hashima, 1956; Ryan and Vandenbergh, 2002). 

 

Maternal weight gain was analysed by two-way analysis of variance (ANOVA) with factors 

‘Stage of Pregnancy’ and ‘Treatment’. Following a treatment effect, Sidak’s post-hoc test 

was used to identify days where maternal weight gain differed significantly between 

treatment groups. Repeated measures ANOVA was not used because the weight of each 

dam was not recorded on every day of gestation. Number of fetuses per dam (also known 

as litter size) and number of resorptions per dam were analysed between treatment groups 

using unpaired t-tests.  

 

The measurement of both fetal and placental growth (by weight and morphometry) were 

assessed separately for males and females for each litter where possible. These data were 

analysed by three-way ANOVAs with factors ‘Sex’, ‘Stage of Pregnancy’ and ‘Treatment’. 

If there was a significant effect of ‘Sex’, or interaction between the factors, Sidak’s post-

hoc test was used to identify differences between treatment groups. If there were no sex 

differences, male and female data were combined and analysed using a two-way ANOVA 

with the factors ‘Stage of Pregnancy’ and ‘Treatment’. Following a treatment effect, 

Sidak’s post-hoc test was used to identify timepoints where fetal and/or placental measures 

differed significantly between treatment groups.  
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Additionally, Dilworth et al. (2011) recently suggested a novel standardised and clinically 

relevant approach by constructing growth curves to define FGR in animal models. 

Representing the data in this manner more closely mirrors the definition of human FGR 

weight criteria. In this study, therefore, fetal and placental weights (n = 14-51 per group) 

were also assessed by construction of growth distribution curves and a non-linear 

regression (Gaussian distribution). The fifth percentile weight was calculated (Zar, 1984), 

as thresholds commonly used clinically to define FGR is the fifth percentile fetal weight 

(Dilworth et al., 2011; Charnock et al., 2016; McKelvey et al., 2016; Beards et al., 2017; 

Cureton et al., 2017). Peaks of weight distribution curves between both groups at each 

timepoint were also analysed by unpaired t-tests. 

 

4.7.2 Feto-placental arterial characterisation 

 

All data for feto-placental vascularity are expressed as the mean ± SEM (n = 5-9 per group, 

where 1 = 1 placenta from each litter). The selection of placentas for analysis was based on 

technical merit (i.e. complete filling of only the arterial vasculature). Placentas for analysis 

were selected for technical merit based on complete filling of the arterial vasculature only 

(see Chapters 5-7 for specific details). 

 

Feto-placental vascularity of the mice and rats was quantitatively analysed only at the late 

gestation timepoint (E18 in mice and E21 in rats). Comparisons for the entire placenta were 

conducted using unpaired t-tests. Differences in Strahler ordering and branching 

generations were analysed using two-way ANOVAs, with the factors ‘Order’ and ‘Species’ 

or ‘Category’ and ‘Species’, respectively (see Chapter 5 for specific details). 

 

For comparisons between Dex and Veh rats, the feto-placental vascular casts were 

quantitatively analysed at the E21 timepoint only. The entire placental analyses between 

groups were performed using unpaired t-tests. Differences in Strahler ordering and 

branching generations were analysed using two-way ANOVAs, with the factors ‘Order’ 

and ‘Treatment’ or ‘Category’ and ‘Treatment’, respectively (see Chapters 6-7 for specific 

details). 
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4.7.3 Placental function 

 
Placental oxygenation data are presented as the mean ± SEM (n = 12-23 per group, where 

1 = 1 placenta). Relative DT2* of Veh placentas (2D vs 3D) was analysed using paired  

t-tests to identify differences within the same animal. Placental T2* values (normoxia vs 

hyperoxia) were analysed using paired t-tests. Relative DT2* (Veh vs Dex) was analysed 

using Estimation statistics (Ho et al., 2019) and two-way ANOVAs with the factors ‘Stage 

of Pregnancy’ and ‘Treatment’. Following a significant treatment effect, Sidak’s post-hoc 

test was used to identify timepoints where a change in placental T2* differed significantly 

between treatment groups. Pearson’s correlation test was used to analyse correlation 

between the percentage of changes in placental T2* and gestation length (see Chapter 8 for 

specific details). 
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CHAPTER 5 

QUANTITATIVE CHARACTERISATION OF RODENT 
FETO-PLACENTAL VASCULATURE MORPHOLOGY 

IN MICRO-COMPUTED TOMOGRAPHY IMAGES 
 

 

Preface: 

 

The major objectives of this chapter were (i) to present an algorithm for automatically 

segmenting the vasculature in a 3D micro-CT image of a rodent placental cast, (ii) to 

present a methodology for quantitatively characterising the vasculature based on features 

computed from a rooted-tree representation and (iii) to demonstrate the efficacy of the 

proposed methodology for quantitative characterisation of both a mouse and a rat placental 

cast. 

 

This chapter is based on our previous publication entitled “Quantitative characterization of 

rodent feto-placental vasculature morphology in micro-computed tomography images”, 

that was co-authored with Shushan Xia, Caitlin Wyrwoll, and Andrew Mehnert (Tongpob 

et al., 2019) (See appendix B for full version of the published article). To maintain 

consistency with the rest of the thesis, the published work has been altered in formatting 

and spelling only. Conclusion (Section 5.7) has also been added to place this chapter in the 

context of the thesis. 

 

For the publication, I, Yutthapong Tongpob, performed all animal work, sample 

preparation, casting generation, micro-CT scanning, image reconstruction in 3D, 

visualisation, quantitative characterisation. Shushan Xia was responsible for writing and 

refining the Matlab® code, with feedback from me. Additionally, I was responsible for all 

analyses, reporting 100% of the laboratory work. I was also largely responsible (90%) for 

writing and submitting the manuscript. 
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5.1 ABSTRACT 

 

Background and Objective: Optimal development of placental vasculature is critical for 

fetal growth and health outcomes. Many studies characterising the vascular structure of the 

fetal side of the placenta have utilised a range of two dimensional (2D) and three 

dimensional (3D) imaging techniques including X-ray micro-computed tomography 

(micro-CT) following perfusion of the vasculature with a radio-opaque compound. The CT 

approach has been used to study feto-placental vasculature in rodents and humans. Its 

inherent advantage is that it reveals the 3D structure in high resolution without destroying 

the sample. This permits both multiple scanning of the sample and follow-up histological 

investigations in the same sample. Nevertheless, the applicability of the approach is 

hampered both by the challenging segmentation of the vasculature and a lack of 

straightforward methodology to quantitate the feto-placental vascular network. This study 

addresses these challenges. Methods: An end-to-end ex vivo methodology is presented for 

automatically segmenting the vasculature; obtaining a Strahler-ordered rooted-tree 

representation and extracting quantitative features from its nodes, segments and branches 

(including volume, length, tortuosity and branching angles). The methodology is 

demonstrated for rat and mouse placentas at the end of gestation, perfused with Microfil® 

and imaged using two different micro-CT scanners. Results: The 3D visualisations of the 

resulting vascular trees clearly demonstrate differences between the branching complexity, 

tree span and tree depth of the mouse and rat placentas. The quantitative characterisations 

of these trees include not only the fundamental features that have been utilised in other 

studies of feto-placental vasculature but also several additional features. Boxplots of 

several of these—tortuosity, number of side branches, number of offspring per branch and 

branch volume—computed at each Strahler order are presented and interpreted. 

Differences and similarities between the mouse and rat casts are readily detected. 

Conclusion: The proposed end-to-end ex vivo methodology, and the implementation 

presented using a combination of Amira® and Matlab®, offers researchers in the field of 

placental vasculature characterisation a straightforward and objective approach for 

quantifying micro-CT vascular datasets.   
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5.2 INTRODUCTION 

 

Healthy vascular development of the human placenta is crucial for meeting the metabolic 

needs of the fetus during pregnancy. Thus, placental dysfunction results in poor fetal 

outcomes, such as fetal growth restriction (FGR), and leads to adverse long-term health 

outcomes (Barker et al., 2010; Barker et al., 2013). Within the placenta are two physically 

separate circulations in close proximity: the maternal (utero-placental) and fetal (feto-

placental) vasculature. An elaborate feto-placental vascular tree is critical for optimal fetal 

growth. In FGR fetuses, there are significant reductions in vascular volume extending from 

the chorionic plate through to the capillaries (Langheinrich et al., 2008). Furthermore, 

marked structural changes along the vasculature have been observed, with upstream mature 

villi being thinner, elongated and poorly branched, while downstream capillary networks 

are reduced in volume and surface area, with individual capillaries being less coiled and 

branched (Junaid et al., 2014; Junaid et al., 2017).  

 

As human placentas are difficult to obtain during pregnancy, rodent (mouse and rat) models 

are frequently used as experimental models. Previous quantitative studies of feto-placental 

vascular structure have utilised a range of two dimensional (2D) and three dimensional 

(3D) imaging techniques including ultrasound (Costa et al., 2010), stereological techniques 

on systematic uniform random sections (Coan et al., 2004; Hewitt et al., 2006a; Hewitt et 

al., 2006c), electron microscopy (Baykal et al., 2004), confocal microscopy (Resta et al., 

2006), and more recent perfusion of a radio-opaque compound and subsequent X-ray 

microtomography (micro-CT) (Bappoo et al., 2017; Junaid et al., 2017; Pratt et al., 2017; 

Rennie et al., 2017; Cahill et al., 2018). The CT approach is particularly attractive because 

it reveals the 3D structure non-destructively and with high resolution; it has been used to 

visualise and characterise 3D feto-placental vasculature to ~30-50 μm diameter in mouse 

(Yang et al., 2010; Rennie et al., 2011; Bainbridge et al., 2012; Rennie et al., 2012; Rennie 

et al., 2015; Rennie et al., 2017; Cahill et al., 2018), rat (Bappoo et al., 2017) and human 

placentas (Langheinrich et al., 2008; Junaid et al., 2017; Pratt et al., 2017). Nevertheless, 

the applicability of the technique is hampered by two main factors: (i) segmentation of the 

vascular network in the reconstructed images; and (ii) quantitative characterisation of this 

network.  

 

 



 

 

88 

5.3 OBJECTIVE 

 

The overall aim of this chapter was to develop and validate the efficacy of an end-to-end, 

ex vivo micro-CT methodology for quantitative 3D characterisation of mouse and rat feto-

placental vascular casts. The quantitative characterisation methodology is implemented 

using a combination of Amira® and Matlab® software. 

 

 

5.4 METHODOLOGY 

 

There are four main steps of this methodology: (i) sample preparation and casting of the 

vasculature; (ii) micro-CT scanning and image reconstruction; (iii) automatic 

segmentation; and (iv) quantitative characterisation of the vessel tree. The first two steps 

are explained in detail below, however, the key features of this methodology in this chapter 

are that the resulting CT volume has cubic voxels and that the intensity units are calibrated.  

 

5.4.1 Procedure for sample preparation and casting of the vasculature 

 

The casting procedure has previously been described in Bappoo et al. (2017) and is a 

modification of that described by Rennie et al. (2014). In brief it involves the following 

steps:  

1. Dam and fetal anesthetisation and uterus collection: The uterus is collected from 

the anaesthetised dam (pregnant rodent) and then immediately placed into cold 

phosphate buffered saline (PBS) to anesthetise the fetuses and prevent blood 

clotting.  

2. Dissection of feto-placental units: The feto-placental units are then dissected 

individually under a stereomicroscope. Once cleaned and exposed, the feto-

placental unit is warmed. When the circulation has recommenced, the umbilical 

artery and vein are incised and an appropriate glass micropipette (e.g., created using 

the Micropipette Puller P-2000, Sutter Instrument Co., Novato, CA, USA) is 

inserted gently into the umbilical artery or vein as desired. 

3. Blood clearing of individual feto-placental vascular trees: Warm perfusate 

solution is infused into either the umbilical artery or vein in order to flush residual 

blood from the vasculature. 
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4. Perfusion of Microfil®, a radio-opaque polymer casting compound: The 

individual vessel trees are then cast with Microfil® (FlowTech Inc., Carver, MA, 

USA), which is a radio-opaque yellow silicone rubber contrast agent. The injection 

rate of the contrast agent is regulated using an infusion pump (e.g., the Fresenius 

Batterie-Injectomat, Hesse, Germany). Each Microfil® injection is considered 

complete when the yellow Microfil reaches and fills the marginal zone of the 

placenta as visualised. The umbilical cord is then tied off with a 7’0’ silk tie to 

maintain pressure in the placenta while polymerisation occurs. 

5. Polymerisation and fixation of Microfil®: The feto-placental vasculature cast is 

left to polymerise at 4°C overnight. Once solidified, the cast is immersed in 10% 

buffered formalin phosphate at 4°C overnight for fixing, and then stored in PBS.  

 

5.4.2 Micro-CT scanning and image reconstruction 

 

Sample preparation for scanning: When the sample is to be placed on a vertical pin-vice 

mounting stand, the cast should be immersed in a suitably-sized plastic vial of PBS and 

stabilised with Styrofoam boards above and below. When the sample is to be placed on a 

scanning bed, the cast should be wrapped with a thin tissue lightly soaked with PBS and 

placed inside a suitably-sized plastic tube and sealed.  

 

Scan parameters and methodology: The choice of scan parameters and methodology is 

instrument- and sample-specific but should be chosen to robustly acquire the complete 

vascular tree with vessels resolved down to the desired diameter. The reader is also referred 

to Rennie et al. (2014). 

 

Image reconstruction: To facilitate subsequent segmentation, reconstructed images 

should have both cubic voxels and calibrated intensities. Intensity calibration ensures that 

the polymer casts have the same intensity range in different samples. One approach is to 

perform intensity scaling during reconstruction. Another is to calibrate intensities to 

Hounsfield units (HU). 
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5.4.3 Algorithm for automatic segmentation of the vessel tree 

 

The automated segmentation procedure has three inputs: CT volume (cubic voxels), radius 

r in voxels (defines the minimum size of the vessels to keep) and threshold t (intensity 

value that separates the cast from the background). It comprises the following steps: 

1. Apply a 3 × 3 × 3 median filter. 

2. Apply an alternating sequential filter (ASF) (Sternberg, 1986; Soille, 2013) 

comprising a sequence of an opening followed by closing with binary spheres of 

increasing radii from 1 up to radius r voxels. Note: A sphere of radius r voxels 

corresponds to a neighbourhood of (2% + 1) × (2% + 1) × (2% + 1). 
3. Apply a morphological opening by a binary sphere of radius r. 

4. Apply the threshold * such that all values greater than or equal to this value are set 

to binary 1 (vascular cast) and all other values set to 0 (background). 

5. Fill holes in the foreground (binary 1). 

6. Apply the binary version of the ASF in step 2. 

7. Retain the largest connected component. 

8. Extract the skeleton (Pudney, 1998), recording for each voxel its shortest distance 

to the background. 

 

The value r defines the radius of the maximal sphere in steps 2 and 6, and also the sphere 

in step 3. It dictates the size of the smallest vessels that will be retained after filtering 

(vessels/objects that do not admit this sphere will be removed). The value t should be 

chosen such that the threshold in step 4 isolates the vascular cast from the background. The 

behaviour of the ASF in step 2 is best understood as the grayscale generalisation of the 

binary ASF used in step 6. In the case of the binary ASF, each opening operation 

conceptually involves sliding a sphere within the foreground (binary 1) and retaining only 

those portions that admit the sphere. Each closing operation conceptually involves sliding 

a sphere within the background (binary 0) and retaining only those portions that admit the 

sphere. The effect is to progressively attenuate larger peaks and troughs in the surface of 

the vascular cast; this is conceptually a dewrinkling of the surface. The opening at step 3 

serves to attenuate vessels smaller than the sphere. Each voxel in the skeleton at step 8 is 

conceptually the centre of a maximally inscribed sphere. The radius of this sphere is a 

measure of the vessel thickness at that voxel.  
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5.4.4 Quantitative characterisation of the vessel tree 

 

The skeleton can be represented as a spatial graph + = (-, /) comprising a non-empty set 

-(+)  of nodes (vertices) and a finite set /(+)  of distinct unordered pairs of distinct 

elements of -(+). The elements of / are called segments (edges). The nodes are taken to 

be the end points and branch points of the skeleton. The former is called terminal nodes. 

The segments denote connectivity between nodes (Figure 5.1). Node attributes include 3D 

coordinates and a thickness value. Segment attributes include the list of skeleton points that 

connect the unordered pair of nodes. 

 

Hereinafter we assume that the vessel network represented by the spatial graph has a tree-

like topology; i.e., it possesses a unique terminal node called the root and contains no loops. 

In our experience this is true in general for arterial vasculature but less so for venous 

vasculature. Our quantitative characterisation methodology comprises the following three 

steps: 

1. Reduction of the spatial graph to a rooted tree; 

2. Ordering of the nodes in the tree according to Strahler order; and 

3. Quantitative characterisation of the vessel tree both globally and for the various 

Strahler orders; e.g., in terms of branch lengths, diameters, volumes, tortuosities, 

branching patterns and branching angles. 

 

5.4.4.1 Reduce the spatial graph to a rooted tree 

 

The conversion of the spatial graph to a rooted tree involves: 

1. Identifying the terminal node corresponding to the start of the umbilical vessel. This 

is labelled the root node; and 

2. Performing a depth-first search from the root node, with backtracking, to identify 

loops. Each loop is automatically broken by eliminating the segment with the 

smallest thickness (determined from the mean of the thicknesses of the points 

belonging to it). Other criteria for breaking loops are of course possible. 
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In a rooted tree, a non-root terminal node is called a leaf (Figure 5.1B). A path between 

two nodes consists of a sequence of segments and nodes joining one to the other. The length 

of the path is the number of segments in the path. A connected set of nodes is a set of nodes 

such that any two nodes are connected by a path. Nodes possess a natural ordering with 

respect to the root node. Given two connected nodes, the node that is closest to the root 

node (shortest path to the root node) is called the parent whilst the other is called an 

offspring. The degree of a node is defined to be the number of offspring that it has. 

 

5.4.4.2 Order the nodes according to Strahler ordering 

 

Strahler ordering (Strahler, 1952; Strahler, 1957) is a hierarchical ordering of the nodes in 

a tree. The Strahler number of the root node is a measure of the branching complexity of 

the tree. The ordering scheme was originally devised to characterise the branching 

complexity of river networks. In this context first order streams merge to become a second 

order stream, second order streams merge to become a third order stream and so on. Where 

streams of lower order merge with a higher order stream the order remains that of the higher 

order stream. Conceptually Strahler ordering of the nodes in a tree (see Figure 5.1) is 

achieved by successively labelling and pruning nodes and segments as follows: (i) assign 

the label 1 to all leaf nodes and remove these nodes and their rootward segments and (ii) in 

each successive stage, increment the label, assign it to all leaf nodes and nodes of degree-

one connected to them, and prune these nodes and their rootward segments. 

 

A branch in this ordered tree is defined to be a connected set 0 of nodes of the same Strahler 

order such that there is no other set 1 ⊃ 0 of connected nodes of the same order, together 

with the parental segments of the nodes in S. The most leafward node of a branch is called 

the branch terminal node. All other nodes of a branch are called continuation nodes. A side-

branch is a branch that is an offspring of a continuation node in another branch (Figure 

5.1C).  
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Figure 5.1: Quantitative characterisation of the vessel tree.  

(A) Segmented vessel tree; (B) representation of its skeleton as a rooted tree comprising 

nodes (root and leaf terminal nodes) and segments (edges); (C) the Strahler-ordered tree 

comprising nodes (root, continuation, branch terminal, and leaf nodes) and branches 

(ordinary and side); and (D) vessel tree colourised according to Strahler order. 
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5.4.4.3 Quantitative characterisation of the vessel tree 

 

The Strahler-ordered tree can be quantified in terms of quantitative features derived from 

its nodes, segments and branches. Node attributes include node type (root, leaf, terminal, 

non-terminal, continuation, branch terminal), degree (number of offspring), Strahler order, 

the attributes (thickness and coordinates) of the associated skeleton point, statistics derived 

from the angles between the offspring segments (taken pairwise) and statistics derived from 

the angles between each offspring segment and the rootward segment of the node. The 

numeric attributes can be used directly as features. Segment attributes include features 

derived from the nodes it connects (e.g., maximum Strahler order) and features derived 

from the skeleton points associated with it. The latter features include chord length 

(Euclidean distance between the start point and end point), curvilinear path length (length 

of the path between the start point and end point), tortuosity (curvilinear path length divided 

by chord length), and statistics and derived measures from the thickness attribute of the 

points (e.g., mean thickness and volume). Branch attributes include type (ordinary or side) 

and statistics and derived features from the constituent nodes (e.g., number of nodes, 

number of continuation nodes, Strahler order), segments (e.g., number of segments, sum of 

segment paths, tortuosity), side branches (e.g., mean per continuation node) and skeleton 

points (e.g., total volume). Statistics and derived measures from this collective set of 

features can then be used to quantify the tree as a whole or its subtrees (e.g., the subtrees at 

each Strahler order). Tree features include: 

● Strahler order of the root node, which is a measure of branching complexity; 

● Statistics of the longest curvilinear path from the root node to a leaf; 

● Statistics of the main stem defined as the path of highest Strahler sum from the root 

node to a leaf; 

● Statistics of the node features (e.g., number of nodes of each type, mean degree, 

mean of the mean angle between offspring segments and the parent segment 

containing the node); 

● Statistics of segment features (e.g., mean segment curvilinear path length, mean 

tortuosity, sum of volumes); 

● Statistics of branch features (e.g., mean number of continuation nodes, mean 

number of side branches, mean number of constituent segments, mean branch path 

length, mean tortuosity). 
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Curvilinear path length measurement: This is estimated for a curvilinear path of skeleton 

voxels {4!, . . . , 4"}	by summing the Euclidean distance between each pair of voxels (4# , 4$) 
in turn along the path. Other methods can of course be used such as the B-spline approach 

of Suhadolnik and colleagues (Suhadolnik et al., 2010). 

 

Angle measurements: For each offspring segment of a node, a straight-line is fitted (in a 

least square sense) through up to the first 7 leafward skeleton points. Each is taken to be a 

vector pointing leafward. The angle between a pair of offspring segments is taken to be the 

planar angle between the corresponding vectors. If a node has 8 offspring segments, then 
nC2 angles will be calculated; one for each unique pair of offspring segments (Figure 5.2).  

 

The angle between an offspring segment and the rootward segment of a node is computed 

in a similar fashion, except that the leafward pointing vector corresponding to the rootward 

segment is derived from its most leafward skeleton points (up to 7 of these).  

 

 

Figure 5.2: The angle measurements of the vessel tree.  

The angle between a pair of branch segments is taken to be the planar angle between the 

corresponding leafward-pointing vectors. There are three types of angle: (a) angle between 

a side-branch segment and the rootward segment of a node, (b) angle between a pair of 

offspring segments, and (c) angle between an offspring segment and the rootward segment 

of a node. 
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Volume measurement: This is estimated for a path of skeleton voxels {4!, . . . , 4"} by 

summing the volumes of individual truncated right circular cones (frustums) defined by 

each pair of voxels (4# , 4$) in turn along the path. If the voxels are spaced ℎ units apart with 

thickness attributes (radii) %# and %$ units respectively, the volume of the frustum (Figure 

5.3) is given by  

 

- = :ℎ
3 ;%#% + %#%$ + %$%<. 

 

 

 
 

Figure 5.3: The volume measurement of the vessel tree.  

Frustum of a cone used to calculate the volume between two successive voxels in a branch. 

 

 

 

5.5 EXPERIMENT 

 

The methodology described in the previous section was applied to two timed-mated 

pregnant rodent models: a Wistar rat and a C57BL/6J mouse (n=1 placenta per species). 

The animals were obtained from the Animal Resources Centre (Murdoch, Australia) and 

maintained under controlled conditions as described previously (Bappoo et al., 2017). 

Animal experimental procedures were approved by the Animal Ethics Committee of the 

University of Western Australia (UWA): approval numbers RA/3/100/1300 and 

RA/3/100/1393.   
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5.5.1 Preparation of vascular casts  

 

The specific details in relation to the preparation of the mouse and rat casts used in the 

experiment are provided in Table 5.1. 

 

Table 5.1: Specific details of the sample preparation and casting. 

Gestational day at casting  Rat: E21 
Mouse: E18 

Dam anaesthesia  Inhalation of isoflurane (induction, 4%; maintenance, 
2%) in a mixture of oxygen (0.2 L/min) and nitrous 
oxide (0.8 L/min) 

Fetal anaesthesia 2-4 °C phosphate-buffered saline (PBS) 

Micropipette  • GC120F-15 borosilicate glass capillaries with 
filament (Warner Instruments LLC, Hamden, CT, 
USA) were pulled into glass micropipettes by the 
Micropipette Puller P-2000 (Sutter Instrument Co., 
Novato, CA, USA) with a following setting: heat = 
450, filament = 15, velocity = 25, delay = 150, and 
pull = 100. 

Blood clearing solution Mixture of warm 2% xylocaine (Troy Laboratories, 
Glendenning, NSW, Australia) and 100 IU 
heparin/mL (Pfizer, West Ryde, NSW, Australia) in 
0.9% sodium chloride (Baxter, Deerfield, IL, USA) 

Microfil® (FlowTech Inc.,  
Carver, MA, USA) 
preparation 

Mixture of 1 mL of MV-122 compound with 2.5 mL 
of MV diluent, and then added 112.5 µL of curing 
agent. Mixed with pipette and by swirling 

Injection rate 10 mL/h 

Microfil® fixation 10% buffered formalin phosphate at 4°C overnight  
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5.5.2 Scanning and image reconstruction 

 

The specific details of the scanning and image reconstruction used in this experiment are 

provided in Table 5.2. 

 

Table 5.2: Scanning and image reconstruction. 

 Rat  Mouse 

Micro-CT 
scanner 

Xradia Versa 520 X-ray 
microscope (ZEISS, 
Oberkochen, Germany)  
 

Skyscan 1176 micro-CT 
scanner (Bruker-microCT, 
Kontich, Belgium)  

Sample 
preparation  

Vertical pin-vice mounting Horizontal bed mounting 

Scan  
settings 
 
 
 
 
 
 
 
 
 
 
 

- Wide field mode (WFM) 
to accommodate the size 
and discoid shape of the 
rat placenta in a single 
field-of-view (FOV). This 
achieves a lateral FOV 
approximately twice that 
of standard mode  

- Source voltage: 50 kV 
- Source power: 4 W 
- Source current of 80 μA 
- LE3 filter 
- Exposure time: 7 s 
- 0.4× objective 

magnification lens 
- 3201 projection images  
- Scan rotation: 360°  
- FOV pixel size: 7.06017 

μm 
- Scanning time: 15 hour 

 

- Source voltage: 40 kV 
- Source current: 600 μA 
- No filter 
- Exposure time: 630 ms  
- 801 projection images 
- Scan rotation: 360°  
- Rotation step: 0.5°  
- FOV pixel size: 8.89881 

µm 
- Frame averaging: 2 
- Scanning time: 40 min 

Reconstruction 
software 

XMReconstructor 10.7.3679 
(ZEISS, Oberkochen, 
Germany) 
 

NRecon® (Bruker, Kontich, 
Belgium) 
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Table 5.2 (continued) 

 Rat  Mouse 

Reconstruction 
parameters 

- Recon Filter: Smooth 0.7 
- Beam Hardening Const: 

0.5 
- Calibration: Byte scaling 

- Smoothing: 2 
- Ring-artifact reduction: 8 
- Beam-hardening 

correction: 30% 
- Calibration: Hounsfield 

units 
 

Reconstructed 
volume 

- Size: 1884×1904×984 
voxels 

- 16-bit unsigned grayscale 
- Physical size: 

13.2943µm×13.4355µm× 
6.94014µm  

- Voxel size: 7.06017× 
7.06017×7.06017 µm3 
 

- Size: 1432×1432×1067 
voxels 

- 16-bit unsigned grayscale 
- Physical size: 

12734.2µm×12734.2µm×
9486.12µm 

- Voxel size: 8.89881× 
8.89881×8.89881 µm3 
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5.5.3 Segmentation and skeleton extraction 

 

The algorithm of Section 5.4.3 was implemented in Amira® 6.2.0 (Thermo Fisher 

Scientific, Hillsboro, Oregon, USA) using the following modules: Median Filter 

(Interpretation=3D, Neighbourhood=26, Iterations=1); Opening (Type=ball, 

Interpretation=3D, Precision=Precise); Closing (Type=ball, Interpretation=3D, 

Precision=Precise); Arithmetic (Result type=input A, Result channel=1 value (label), 

Expression= A>t); Fill Holes (Interpretation=3D, Neighbourhood=6); Filter by Measure 

(Interpretation=3D, Measure=Volume3D, Measure filter=Highest Values, Number of 

Objects=1); Auto Skeleton (Smoothing: On; Coefficients: Smooth=0.5; Attach to the 

data=0.25; Number of Iterations=10, Output options: Thinned data, Show spatial graph).  

 

The algorithm was applied to the rat CT volume (see Figure 5.4) with % = 3 (defining a 

sphere of diameter 7 voxels or ≈ 49.42 μm) and * = 20000, and to the mouse CT volume 

with % = 2 (defining a sphere of diameter 5 voxels or ≈ 44.49 μm) and * = 24000. The 

radii were chosen to be ~ 50 μm consistent with that reported in (Rennie et al., 2011; 

Bainbridge et al., 2012; Rennie et al., 2012; Rennie et al., 2015).  

 

In each case the Export to spreadsheet option in the Auto Skeleton module was used to 

export the resulting spatial graph to a Microsoft Excel (Microsoft Office Professional Plus 

2013, Microsoft Corporation, Version 15.0.4569.1506) XML spreadsheet (.xml file 

extension). Excel was then used to save each spreadsheet to XLS format (.xls file 

extension). The spreadsheet describes the nodes, segments and points (including the point 

thickness attribute) corresponding to the skeleton.  
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Figure 5.4: Segmentation and skeleton extraction for the rat data.  

From top-left to bottom-right: (A) Volume rendering of the original CT data, (B) result at 

Step 4 of the algorithm, (C) result at Step 7, and (D) the skeleton. 

  

A B 

C D 
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5.5.4 Quantitative characterisation of the vessel tree 

 

The method of Section 5.4.4 was implemented in Matlab® Release 2016a (The MathWorks, 

Inc., Natick, Massachusetts, USA). The online version of the code that had been used in 

this study is also available at https://data.mendeley.com/datasets/nr4nj2s5d5/1. The 

program provides a simple graphics user interface (GUI) that enables the user to (see Figure 

5.5): 

1. Load in the XLS spreadsheet produced in the segmentation and skeletonisation step; 

2. Interactively select the root node; 

3. Apply automatic de-looping (each loop is broken by eliminating the segment with 

the smallest thickness as described in Section 5.4.4.1); 

4. Apply Strahler ordering (the code additionally assigns to each point in a branch the 

Strahler order of its terminal node); 

5. View the original spatial graph (skeleton), the segments eliminated after de-looping 

and the Strahler-ordered tree; 

6. Export the results in 3 ways: 

i. As a detailed XLS spreadsheet containing quantitative features derived from 

its nodes, segments and branches (Section 5.4.4.1). 

ii. A summary XLS spreadsheet containing statistics and derived measures for 

the tree as a whole and for the subtrees at each Strahler order; and 

iii. An Amira® lineset file containing the statistics and derived measures from 

ii. 

The program was used to quantitatively characterise the rat CT vessel tree and the mouse 

CT vessel tree. 

 

5.5.5 Visualisation 

 

The resulting Strahler-ordered trees were visualised in Amira® using the Lineset-View 

module: Colouring (Colour mode=Data1, No alpha, Per vertex, Colourmap=labels.am); 

Line shape (Shape=Lines, Scale mode=Constant, Scale factor=0.1); Point shape 

(Spheres=Data0, Sphere scale=2, Sphere colour=Data1, No alpha; Sphere 

complexity=0.2). This renders each point in the Strahler tree as a sphere with radius equal 

to the thickness attribute of the point, and colour corresponding to the Strahler-order 

attribute of the point.  
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Figure 5.5: The Matlab® graphics user interface (GUI).  

Top-row: Interactive selection of the root node. Bottom-row: Strahler-ordered tree (left) 

and segments deleted during de-looping (right).   
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5.6 RESULTS AND DISCUSSION 

 

Visualisations of the Strahler-ordered vessel trees for the rat and mouse are shown in  

Figure 5.6. It is immediately evident that the rat vessel tree is wider, deeper and denser. 

The Strahler number of 8 for the rat tree versus 7 for the mouse tree quantitatively reflects 

this difference in complexity. Tree span (Rennie et al., 2011; Rennie et al., 2012; Rennie et 

al., 2017) and tree depth (Rennie et al., 2011; Rennie et al., 2012; Chi et al., 2017; Rennie 

et al., 2017) can be estimated from judiciously chosen 2D projections or viewpoints; e.g., 

using the measure tool in Amira®. Detailed quantitative characterisations of these trees, 

produced by our Matlab® code, are provided in the spreadsheets (see examples in Appendix 

C, or online full version via https://data.mendeley.com/datasets/nr4nj2s5d5/1). From these, 

one can derive the features that have been utilised in other studies of feto-placental 

vasculature to date. These include: 
 

Global (whole tree) features 

1. Tree volume (Rennie et al., 2007; Detmar et al., 2008; Rennie et al., 2012; Rennie 

et al., 2015; Rennie et al., 2017; Cahill et al., 2018) 

2. Tortuosity ratio for each curvilinear path from the root node to a leaf node (Rennie 

et al., 2011; Rennie et al., 2012; Chi et al., 2017)  

3. Number of segments in total and by specified diameter ranges (Rennie et al., 2011; 

Rennie et al., 2012; Cahill et al., 2018)  

4. Number of leaf terminal nodes (number of terminal vessels) (Rennie et al., 2011) 

5. Diameter of the umbilical vessel (umbilical vascular diameter) (Rennie et al., 2007; 

Detmar et al., 2008; Rennie et al., 2011; Rennie et al., 2012; Rennie et al., 2015; 

Rennie et al., 2017; Cahill et al., 2018) 

6. Total length of tree (Rennie et al., 2012) 

7. Vascular surface area (Rennie et al., 2007; Detmar et al., 2008) 

8. Strahler number of the tree, i.e., the Strahler number of its root node (Rennie et al., 

2015; Rennie et al., 2017)  
 

Features by Strahler order 

1. Number of segments (Rennie et al., 2017) and branches (Rennie et al., 2015)  

2. Mean branch diameter (Rennie et al., 2015; Chi et al., 2017; Rennie et al., 2017) 

3. Mean branch (curvilinear) path length (Rennie et al., 2015; Rennie et al., 2017) 

4. Length per diameter ratio (Rennie et al., 2017)   
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Figure 5.6: Visualisations of the Strahler-ordered vessel trees for the rat and mouse.  

Volume renderings of the feto-placental arterial vascular trees for the rat (left) and the 

mouse (right) with branches colour-coded according to Strahler order. Each rendering was 

generated from the corresponding skeleton by rendering a sphere at each point with a radius 

reflecting the vessel thickness and a colour representing the Strahler order. Scale bar = 2000 

μm.   

Rat Mouse 
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However, one can also derive a plethora of additional features—e.g., branch tortuosity, 

branching angles, statistics of side-branches, statistics of offspring—as described in Section 

5.4.4.3. Figures 5.7-5.10 presented several interesting examples of features (derived at each 

Strahler order) computed from the experimental data. In summary:  

(i) In the case of tortuosity, Figure 5.7 showed that the median at each order 

below Order 6 is greater for the rat than the mouse; Order 6 represents the 

order in which the mouse tree initially branches from the root. It also showed 

that the median and interquartile range (IQR) of the tortuosities at the lowest 

order are remarkably similar for both the mouse and rat.  

(ii) In the case of the number of side branches, Figure 5.8 showed that the 

median and IQR of the number of side branches is very similar for both 

mouse and rat after the initial branching from the root, and that the median 

for the mouse is greater than or equal to that for the rat for all lower orders.  

(iii) In the case of the number of offsprings per branch, Figure 5.9 showed that 

the median value is two (bifurcation) for all orders except the lowest (no 

offspring). The figure also demonstrated instances with three offspring in 

both the rat and mouse (between Orders 2 and 6) and with four offspring 

only in the rat (Orders 2 and 3).  

(iv) Finally, in the case of branch volume, Figure 5.10 showed that the median 

decreases for both rat and mouse after the initial branching from the root.  

In summary this demonstrates that the novel ex vivo methodology can readily quantify 

differences and similarities between the mouse and rat feto-placental casts (n=1 placenta 

per species). In practice, of course, such characterisations need to be performed using 

multiple rodent placentas, which is beyond the remit of this study. Of note, when applying 

the methodology to vascular CT datasets from multiple animals (same species, and 

acquired using the same instrument and settings), the threshold value t needs to be 

determined for only one because the intensity units have been calibrated. 

  



 

 

Figure 5.7: Boxplots of feto-placental vascular tortuosity by Strahler order in the mouse (white) versus the rat (grey). 
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Figure 5.8: Boxplots of side branches in feto-placental vascular network by Strahler order in the mouse (white) versus the rat (grey). 
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Figure 5.9: Boxplots of offsprings in feto-placental vascular network by Strahler order in the mouse (white) versus the rat (grey). 
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Figure 5.10: Boxplots of feto-placental vascular volume by Strahler order in the mouse (white) versus the rat (grey).  
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5.7 CONCLUSION 

 

The end-to-end methodology reported here permits automated segmentation and 

quantitative characterisation of micro-CT feto-placental vascular datasets obtained using a 

standardised procedure for sample preparation, casting, scanning and image reconstruction. 

These datasets have cubic voxels and calibrated intensity units. The methodology requires 

a priori specification of a threshold value that separates the vascular cast from the 

background, and a radius value that effectively defines the size of the smallest radius 

vessels to be retained. Quantitative characterisation of the segmented cast is achieved by 

reducing its spatial graph to a Strahler-ordered rooted-tree and extracting quantitative 

features from its nodes, segments and branches. The methodology can be used to extract 

features that have been utilised in other studies of feto-placental vasculature to date as well 

as a plethora of additional features. This study in this chapter demonstrated the efficacy of 

the methodology using vascular casts from two rodent species with clear differences in 

complexity. The methodology, and the implementation presented using a combination of 

Amira® and Matlab®, offers researchers in the field of placental vasculature 

characterisation a straightforward and objective approach for quantifying micro-CT feto-

placental vascular datasets. Furthermore, the methodology is also likely to be of interest to 

researchers seeking to characterise vascular networks in other organs such as the kidney 

and lung. The focus of the next chapter (Chapter 6) is quantitative comparison feto-

placental arterial networks between rat and mouse models.  
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CHAPTER 6 

3D QUANTITATIVE STRUCTURAL COMPARISON OF 
FETO-PLACENTAL ARTERIAL VASCULATURE BETWEEN 

RAT AND MOUSE USING MICRO-COMPUTED TOMOGRAPHY 
WITH VASCULAR CASTING 

 

 

6.1 INTRODUCTION 

 

Adequate feto-placental vascularisation is crucial for placental function, thus ensuring 

appropriate fetal development and health outcomes in later life. In order to meet the 

increasing demands of the growing fetus, the feto-placental vascular network develops an 

expansive villous structure consisting of elaborate, branching, tree-like structures. This 

increase in vascular complexity is a critical determinant of the surface area for maternal-

fetal exchange (Wang and Zhao, 2010). Both macro- and micro-structures of placental 

vasculature, as indexed by vessel volume, length, diameter, segments, branching, 

tortuosity, and angle, as well as capillary integrity, are thought to be key indicators of 

favourable placental development and associated fetal growth and development.  

 

Given the ethical and logistical limitations of studying placental function in human 

pregnancy, animal models are commonly used. Placentas of both mouse and rat share 

similarities with the human placenta; they are both single discoid and haemochorial, and 

have strong structural and cellular similarities (Adamson et al., 2002; Georgiades et al., 

2002; Cross et al., 2003; Vercruysse et al., 2006) (as discussed in 2.2.3). Specifically, the 

vasculature of the rodent labyrinth zone, which is the site of maternal-fetal exchange, has 

been proposed to be analogous to that of a single chorionic villus in the human placenta 

(Pijnenborg et al., 1981; Rossant and Cross, 2001; Adamson et al., 2002; Georgiades et al., 

2002; Cross et al., 2003; Soares et al., 2012). In rodents, arterioles from the umbilical artery 

divide and branch before travelling to the maternal border of the labyrinth zone where they 

form a dense capillary bed (Adamson et al., 2002; Wang and Zhao, 2010).  

 

The majority of research on feto-placental vascular structure in experimental models has 

been conducted on mice (Detmar et al., 2008; Yang et al., 2010; Rennie et al., 2011; Rennie 
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et al., 2012; Conroy et al., 2013; Rennie et al., 2015; Chi et al., 2017; Rennie et al., 2017; 

Cahill et al., 2018; Mohammadi et al., 2018; De Clercq et al., 2019), likely due in part to 

the potential for experimental genetic modification in this species. Yet, the rat placenta has 

been shown a greater depth of both endovascular and interstitial trophoblast invasion 

(Pijnenborg and Vercruysse, 2003; Vercruysse et al., 2006), suggesting that it may be a 

better experimental model for understanding the human placenta (Soares et al., 2012).  

To date, one published study has imaged rat feto-placental vasculature in three dimensions 

(Bappoo et al., 2017) but this did not include detailed structural analysis. Therefore, the 

focus of this chapter was to make a 3D quantitative comparison of feto-placental arterial 

networks between C57BL/6J mouse and Wistar rat models to aid in understanding of 

experimental models. 

 

 

6.2 OBJECTIVE AND HYPOTHESIS 

 

Chapter 5 provided an end-to-end micro-CT methodology for quantitative 3D 

characterisation of placental vascular networks in rodents. The present chapter applies this 

methodology to quantitatively compare feto-placental vascular structure and to analyse, in 

depth, placental vascular morphology in late gestation of the C57BL/6J mouse (E18) and 

the Wistar rat (E21). It was hypothesised that feto-placental vascularity in the rat is more 

complex in branching patterns and dimensions than in the mouse. 

 

 

6.3 MATERIALS AND METHODS 

 

6.3.1 Animal pregnancy assessment  

 

This study used two rodent species: C57BL/6J female mice (n=5) and Wistar female rats 

(n=9), which were control rats from Chapter 7. All animals were mated (see Section 4.1.3) 

and time-mated rodents were then housed individually under controlled conditions (see 

Section 4.1.1). 
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6.3.2 Tissue collection, morphometric measurements and sex-typing 

 

In order to investigate fetal and placental development at late gestation, feto-placental units 

were collected on their assigned gestational day (E18 in mouse and E21 in rat). At tissue 

collection, the dam was sacrificed via cardiac excision and major tissues were collected 

(see Section 4.2). Fetuses and placentas were weighed and photographed for morphometric 

measurements using digital caliper via Fiji ImageJ® software (see Section 4.3). Fetal tails 

were also collected for sex-typing determined by the presence or absence of the sex-

determining region Y (Sry) gene (see Section 4.4). 

 

6.3.3 Feto-placental vascularity analysis using micro-CT 

 

Micro-CT analysis of the feto-placental vasculature consisted of four main steps: (i) 

placentas were cast with Microfil® at E18 in mice (term = 19-20 days) and at E21 in rats 

(term = 22-23 days) (see Section 4.5.1); (ii) all placental vascular casts were scanned ex 

vivo using Skyscan 1176 micro-CT scanner and then the images were reconstructed into 

3D datasets using NRecon® (see Section 5.5.2); (iii) 3D automatic segmentation of the 

vascular network was achieved using Amira® (see Section 5.5.3); and (iv) 3D visualisation 

(see Section 5.5.5) and quantitative characterisation of the feto-placental vascular tree was 

achieved using Amira® and Matlab® (see Section 5.5.4). For a summary of the experimental 

design of feto-placental vascularity analysis using micro-CT, see Figure 4.3. 

 

6.3.4 Categories of parameter analyses  

 

Parameter analyses were performed in three categories: (i) entire feto-placental arterial 

network; (ii) Strahler order grouping; and (iii) categories of placental vascular branching 

generations. The umbilical artery was not included in the analysis (with the exception of 

diameter), because it was not possible to control for the position of the silk string during 

the casting procedure. As a result, umbilical artery length was highly variable among casts. 

 

Specific details of the various analyses are as follows: 

(i) Entire feto-placental arterial network 

Parameters analysed included total vessel volume, total vessel length (summation 

of all vessel lengths), total number of segments, average vessel diameter, average 
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tortuosity (a measure of the curvature of the vessel path, calculated by curvilinear 

vessel path length divided by the vessel chord length), total number of branches, 

and average leafward angle. Collectively, tortuosity, number of branches and 

average leafward angle provide a measure of branching complexity.  

 

(ii) Strahler order grouping 

In order to measure branching generations, Strahler order grouping was performed 

based on the categories of placental vessels. This enabled the branching complexity 

of vessels within the placenta to be characterised at each generation of branching. 

The smallest vessels (each corresponding to a leaf terminal node) were allocated as  

Order 1, and parent vessels were assigned working upstream (Figure 6.1). Briefly, 

vessels with Order 1 merge to become Order 2, then Order 2 merge to become 

Order 3 and so on until the highest order (also known as the most root terminal 

node) is reached, which in this case was the umbilical artery. Where vessels of lower 

order merge with a higher order vessel the order remains that of the higher order 

vessel (see more detail in Section 5.4.4.2). Figure 6.1B illustrates the important 

terminology of Strahler ordering characterisation of the vessel tree: (i) node is an 

endpoint of each vessel segment (there are two types of terminal node: root and 

leaf); (ii) ‘vascular segment’ is a tubular structure between two nodes; and (iii) 

‘vascular branch’ is a connected set of segments of the same Strahler order. 

 

(iii) Categories of placental vascular branching generations 

Branching generations can vary amongst placentas, making them difficult to 

directly compare. To account for this, the feto-placental vascular branching 

generations were also divided into three groups based on the Strahler order number: 

(i) ‘chorionic plate’ was a summation of the highest two orders (excluding the 

umbilical artery) as it was consistently observed that these two orders spanned the 

extent of the placental diameter; (ii) ‘intraplacental arteries’ were a summation of 

the middle three/four orders; and (iii) ‘arterioles’ were the lowest order (Order 1) 

only.  
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Figure 6.1: Strahler order characterisation of the vessel tree.  

(A) Segmented vessel tree colourised according to Strahler order. (B) The Strahler-ordered 

tree representation of its skeleton as a rooted tree comprising nodes (including root and leaf 

terminal nodes) and segments (tubular structure connecting one node to another); and 

branches (a connected set of segments of the same Strahler order). 
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6.3.5 Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism® 8 (GraphPad Software, La 

Jolla, CA, USA). In all analyses, the threshold of statistical significance was set at a P-

value less than 0.05 (p<0.05). Data for pregnancy characteristics (including maternal, 

placental and fetal outcomes) are presented as the mean ± SEM (n = 5-9 per group) with 

each litter representing an n of one, and were analysed by t-tests. Feto-placental vascular 

networks (entire placenta) of mouse (E18) and rat (E21) were compared using unpaired  

t-tests. Differences in Strahler ordering and branching generations were analysed using 

two-way ANOVAs, with variance attributed to the factors ‘Order’ and ‘Species’. Data for 

feto-placental vascularity are expressed as the mean ± SEM (n = 5-9 per group, where n = 

1 placenta). Placentas were selected for analysis on the basis of technical merit (i.e., 

complete filling of the arterial vasculature). 

 

 

6.4 RESULTS 

 

6.4.1 General data relating to pregnancy outcomes 

 

Pregnancy outcomes for the mice and rats used in this study are presented in Table 6.1. 

Maternal weight gain (%) was similar in mouse and rat pregnancy, but the % of maternal 

weight gain per pup was higher (87%) in rats compared to mice (p<0.0001). Litter size was 

also larger in rats (36%; p<0.01), but there were no significant differences in number of 

resorptions (Table 6.1A). Fetal characteristics showed the expected differences between 

the species: fetal weight was higher in rats (77%; p<0.0001), and fetal length was larger in 

rats (49%; p<0.0001; Table 6.1B). Similarly, placental weight (86% larger; p<0.0001), 

placental diameter (42%; p<0.0001), and placental depth (48%; p<0.0001) were all much 

greater in rats (Table 6.1C). In contrast, the fetal weight : placental weight ratio was 62% 

larger in mice compared to rats (p<0.0001; Table 6.1C). 
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Table 6.1: General pregnancy characteristics of C57BL/6J mice (at E18) and Wistar 

rats (at E21).  

(A) maternal, (B) fetal, and (C) placental characteristics in the mouse and rat pregnancy. 

All data are presented as the mean ± SEM, (n = 5-9 per group). Statistical comparisons 

were made between values for mouse and rat using unpaired t-tests. 

 
 

Parameters Mouse n Rat n P-value 

 

[A] Maternal characteristics 

     

 Gestational age (E) at casting E18 5 E21 9 - 

 Maternal weight gain (%E1)        79 ± 4 5      76 ± 3 9 NS 

 Litter size          8 ± 1 5      12 ± 1 9 <0.01 

 Resorption (%)          2 ± 2 5        0 ± 0 9 NS 

 Maternal weight gain per pup (g) 

 

         2 ± 0 5      14 ± 1 9 <0.0001 

 

[B] Fetal characteristics 

     

 Fetal wet weight (mg)      821 ± 16 5   3541 ± 91 8 <0.0001 

 Fetal length (mm) 

 

       18 ± 1 5       35 ± 0 9 <0.0001 

 

[C] Placental characteristics 

     

 Placental wet weight (mg)        78 ± 1 5     550 ± 15 8 <0.0001 

 Whole placental diameter (mm)       8.1 ± 0.1 5    13.9 ± 0.5 9 <0.0001 

 Whole placental depth (mm)       2.4 ± 0.1 5      4.7 ± 0.1 9 <0.0001 

 Fetal-placental weight ratio 

 

    10.5 ± 0.6 5      6.5 ± 0.2 8 <0.0001 
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6.4.2 Qualitative assessments of mouse and rat feto-placental vascular casts 

 

Representative visualisations of the Strahler-ordered vessel trees for late gestation mouse 

and rat placentas are shown in Figure 6.2. Qualitative examinations of the casts in this study 

revealed marked differences in the feto-placental arterial vasculature between mouse and 

rat placentas, with the latter exhibiting far greater branching complexity, vascular tree span, 

and tree depth (Figure 6.2). The feto-placental arterial tree span of the mouse and rat 

vascular casts were 6.6 ± 0.1 mm and 11.5 ± 0.3 mm, respectively. Moreover, the tree depth 

was 1.5 ± 0.1 mm in mouse and 3.4 ± 0.1 mm in the rat. Thus, these quantitative analyses 

revealed that the rat had a larger tree span (43%; p<0.0001) and tree depth (55%; p<0.0001) 

relative to those of the mouse. 
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Figure 6.2: Visualisation of feto-placental arterial networks of an E18 mouse (left), 

and an E21 rat (right).  

Colour rendering represents different Strahler orders of the feto-placental vascular tree. 

Top row = superior view; Bottom row = lateral view; Scale bar = 2000 μm.  

  

Rat Mouse 
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6.4.3 Quantitative characterisation of the entire feto-placental vascular networks 

 

Overall, the feto-placental arterial vasculature of the late gestation mouse was considerably 

smaller and less complex than that of the rat. Specifically, E18 mouse placentas had a 

smaller total arterial volume (72%; p<0.001; Figure 6.3A), shorter total arterial vascular 

length (58%; p<0.01; Figure 6.3B), and a smaller umbilical arterial diameter (36%; p<0.01; 

Figure 6.3D) in comparison to E21 rat placentas. However, numbers of arterial vascular 

segments and branches were similar in mouse and rat placentas, as were the average arterial 

vascular diameter and tortuosity (Figure 6.3C, E-G). In contrast, leafward branching angle 

was larger in mouse arterial networks compared to rat (3.07o difference; p<0.01; Figure 

6.3H).  
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Figure 6.3: Quantitative outcomes of the entire feto-placental arterial vasculature 

from E21 rat (blue) and E18 mouse (red) pregnancies.  

(A) Feto-placental total arterial vascular volume; (B) feto-placental total arterial vascular 

length; (C) feto-placental total arterial vascular segments; (D) umbilical artery diameter; 

(E) feto-placental arterial vascular diameter; (F) feto-placental average arterial vascular 

tortuosity; (G) feto-placental total arterial vascular branches; (H) feto-placental leafward 

angle. Values are presented as the mean ± SEM (n = 5-9 per group), and individual data 

points are shown as circles (Rat) and triangles (Mouse). ** p<0.01, *** p<0.001, rat 

compared to mouse (unpaired t-tests).  
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6.4.4 Quantitative characterisation of Strahler-ordered feto-placental vasculature 

 

The total number of branching orders differed in rat and mouse placentas; in rats, the 

number of Strahler orders ranged from six to eight (four with six orders, four with seven 

orders, and one with eight orders). While in mouse placentas it ranged from six to seven 

(three with six orders, and two with seven orders). As with the analysis of entire feto-

placental arterial network, the inherent variation in umbilical artery parameters (excepting 

its diameter) meant it had to be excluded from analysis of Strahler ordered data. 

 

Similar to observations in the entire placenta, vessel volumes were significantly smaller in 

mouse compared to rat placentas at Order 1 (63% smaller; p<0.0001), Order 2 (62% 

smaller; p<0.0001), Order 3 (71% smaller; p<0.0001), Order 4 (70% smaller; p<0.0001), 

and Order 5 (66% smaller; p<0.01), but did not differ at Order 6 (Figure 6.4A). Arterial 

length decreased across the orders in both species, but there was a significant ‘Strahler 

order’ x ‘Species’ interaction (p<0.001). Thus, vessel length was shorter in mouse 

compared to rat placentas at Order 1 (51% shorter; p<0.0001), Order 2 (57% shorter; 

p<0.001), and Order 3 (71% shorter; p<0.01), but not at Orders 4, 5 or 6 (Figure 6.4B). 

The number of arterial segments decreased across orders in both mouse and rat placentas, 

but there was no interaction between ‘Strahler order’ and ‘Species’. There were, however, 

significantly less arterial segments in placentas of mice compared to rats at Order 1 (43% 

less; p<0.01; Figure 6.4C). Arterial diameter increased across the orders in both species, 

and although there was no overall ‘Strahler order’ x ‘Species’ interaction, arterial diameter 

at Order 6 was lower in mice (28%; p<0.01; Figure 6.4D). The number of arterial branches 

decreased across the orders in both species, but again there was no ‘Strahler order’ x 

‘Species’ interaction. The number of branches at Order 2, however, was lower in mouse 

compared to rat placentas (44%; p<0.05; Figure 6.4F). Arterial tortuosity and leafward 

branching angle did not differ between the species at any Strahler order (Figure 6.4E,G). 
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Figure 6.4: Quantitative outcomes of Strahler-ordered feto-placental vasculature 

between E18 mice and E21 rats.  

(A) Feto-placental total vascular volume; (B) feto-placental total vascular length; (C) feto-
placental total vascular segments; (D) feto-placental average vascular diameter; (E) feto-
placental average vascular tortuosity; (F) feto-placental total vascular branches; (G) feto-
placental average leafward angle. Values are the mean ± SEM (n = 5-9 per group).* p<0.05, 
** p<0.01, *** p<0.001, **** p<0.0001, Rat compared to Mouse (two-way ANOVA and 
Sidak’s post-hoc analysis, following a significant ‘Strahler order’ x ‘Species’ interaction).  
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6.4.5 Quantitative characterisation of feto-placental vessel categories 

 

Vascular branching complexity was further characterised for rat and mouse placentas in 

relation to blood vessel category. Specifically, arterial vessels were defined as either (i) 

arteriole, (ii) intraplacental or (iii) chorionic plate arteries. This categorisation provides a 

more physiological basis for each branching level and also removes the confounding effects 

of variable Strahler orders between placentas.  

 

By this categorical analysis, total arterial volume varied with both ‘Vessel category’ and 

‘Species’, and there was a significant ‘Vessel category’ x ‘Species’ interaction (p<0.001). 

Thus, the volume of intraplacental arteries was lower in mouse compared to rat placentas 

(70%; p<0.0001), as was the volume of chorionic plate arteries (65%; p<0.01; Figure 

6.5A). Arterial length also varied with ‘Vessel category’ and ‘Species’, and again there was 

a significant ‘Vessel category’ x ‘Species’ interaction (p<0.01). Thus, mouse placentas 

exhibited shorter arterioles (51%; p<0.01) and intraplacental arteries (65%; p<0.0001; 

Figure 6.5B) than rat placentas, but chorionic plate arteries did not differ in length between 

species. The number of segments varied with ‘Vessel category’ and ‘Species’; most 

notably, the number of segments was 43% lower in arterioles of mice (p<0.05, Figure 

6.5C). Arterial diameter increased across the categories, and there was a significant ‘Vessel 

category’ x ‘Species’ interaction (p<0.05). Thus, the species difference in arterial diameter 

was evident only in chorionic plate arteries (22% smaller in mouse, p<0.01; Figure 6.5D). 

The number of branches decreased dramatically from intraplacental arteries to chorionic 

plate arteries, but there was no interaction between ‘Vessel category’ x ‘Species’. Thus, 

mouse placentas had 47% fewer branches in the intraplacental arteries compared to rat 

placentas (p<0.05; Figure 6.5F). Finally, neither arterial tortuosity nor leafward branching 

angle varied by ‘Species’ (Figure 6.5E,G).  
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Figure 6.5: Quantitative outcomes of feto-placental arterial vasculature analysed by 

vessel category in E18 mice and E21 rats.  

(A) Feto-placental total vascular volume; (B) feto-placental total vascular length; (C) feto-
placental total vascular segments; (D) feto-placental average vascular diameter; (E) feto-
placental average vascular tortuosity; (F) feto-placental total vascular branches; (G) feto-
placental average leafward angle. Values are the mean ± SEM (n = 5-9 per group).  
* p<0.05, ** p<0.01, **** p<0.0001, Rat compared to Mouse (two-way ANOVA and 
Sidak’s post-hoc analysis, following a significant ‘Vessel category’ x ‘Species’ interaction). 
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6.5 DISCUSSION  

 

The aim of this study was to compare the feto-placental vascularity of mice (C57BL/6J) 

and rats (Wistar) in late gestation using the novel quantitative methodology developed in 

Chapter 5. The findings are discussed at two main levels. Firstly, the vascular structural 

comparison between rat and mouse is considered at the level of the entire placenta and then 

within specific sub-regions of the feto-placental vasculature (by Strahler order and by 

vessel categorisation). Secondly, vascular structural data from mice in the present study are 

compared with data from previously published reports. 

 

6.5.1 Feto-placental vascular structural comparisons 

 

The combination of the Microfil® vascular casting and micro-CT technique enabled 

quantitative comparisons to be made between the feto-placental arterial vascular networks 

in mouse and rat. From an overall perspective, the feto-placental vascular networks of 

mouse and rat appeared to be broadly analogous, consistent with the structural and 

developmental similarities between these species. For example, the mouse and rat placenta 

is a discoid and haemochorial organ, which consists of three distinct regions; the maternal 

portion, JZ and LZ (Georgiades et al., 2002). The vasculature of the LZ (feto-placental 

vascular tree) in both the mouse and rat is the site of maternal-fetal exchange, which 

surrounded by trophoblast is analogous in morphology and function to a single chorionic 

villus in the human placenta (Pijnenborg et al., 1981; Rossant and Cross, 2001; Adamson 

et al., 2002; Georgiades et al., 2002; Cross et al., 2003; Soares et al., 2012). The umbilical 

artery in both the mouse and rat enters the placenta approximately at its centre, then 

branches extensively into chorionic plate arteries, intraplacental arteries, arterioles, and 

then form a dense bed of capillaries (Adamson et al., 2002; Georgiades et al., 2002; Wang 

and Zhao, 2010). Despite these overall similarities in general structure of the placenta, the 

feto-placental vascular networks are quite different in mouse and rat. Specifically, the rat 

feto-placental vascular network is larger and more complex than that of the mouse, 

particularly with respect to total vascular volume, total length, leafward angle, and 

umbilical arterial diameter.  

 

Strahler ordering was used to investigate the detailed vascular structure in more specific 

regions of feto-placental arterial casts. This approach revealed that the rat placenta had 
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higher hierarchical orders than that of the mouse, and also identified significant, site-

specific differences among the different orders of the feto-placental vasculature. Thus, the 

rat placenta exhibited increased branching at Order 2 (the intraplacental artery level), 

leading to an increased number of downstream segments at Order 1 (the arteriole level) 

and increased total volume across Orders 1-5. Moreover, the rat feto-placental arterial 

network has increased total length over Orders 1-3 and increased average vessel diameter 

at Order 6 (the chorionic plate artery level). These findings clearly indicate that the rat 

placenta has greater branching complexity of the entire placenta compared to the mouse. 

This greater feto-placental vascular complexity may have implications for consideration of 

the rat placenta as a better model for understanding human feto-placental vascular changes. 

However, far more work is required to establish how rat and human feto-placental 

vasculature compares and the consequent ramifications for blood flow and oxygen transfer. 

 

Of note, this study has shown for the first time that the average branching angle of the entire 

feto-placental arterial network in the rat is smaller than that observed in mouse. Several 

previous reports have shown that the branching angle can affect blood flow (Clark et al., 

2015; Beier et al., 2016; Lin et al., 2016; Yang et al., 2016; Plitman Mayo, 2018). For 

example, Yang et al. (2016) used a simple mathematical bifurcation model to measure the 

effect of vessel angles (between 30o, 60o, 90o and 120o) on microvascular blood flow. They 

found that increasing the branching angle increased flow resistance and viscosity, leading 

to a reduction in blood flow. Moreover, Zamir (1978) and Kloosterman et al. (2014) 

demonstrated that the optimal vascular branching angle for efficient exchange is 

approximately 90o, which is based on the theory for both optimal symmetrical and non-

symmetrical branching. This optimal angle is remarkably close to the branching angle of 

the entire placenta in this study (89o in rats versus 92o in mice). 

 

6.5.2 Comparison of mouse feto-placental vascular structure with previous studies 

 
Although there have been no comparable previous studies on rat placental vasculature, 

there are several reports on the mouse feto-placental vasculature (Rennie et al., 2007; 

Detmar et al., 2008; Rennie et al., 2011; Rennie et al., 2012; Chi et al., 2017; Rennie et al., 

2017; Cahill et al., 2018). These studies quantified the entire placental arterial volume, 

length, number of segments, diameter, branching and tree tortuosity. By application of the 

advances presented in Chapter 5 of this thesis, the present work extends these previous 
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analyses. Specifically, additional features such as branching angle, branch tortuosity, 

branch volume and number of branches per node were able to be derived. 

 

Overall, there was broad consistency between the measures common to both the present 

work and previous reports for the mouse placenta. For example, the entire arterial volume 

of the mouse placenta in this study was similar to that measured in two previous reports on 

the late gestation (E17.5) of C57BL/6J mouse (present work: 2.90 mm3 ; previous studies: 

2.74 mm3) (Rennie et al., 2012; Rennie et al., 2015). The arterial tree span and depth in this 

study (6.62 and 1.52 mm, respectively), are also consistent with previous reports in mice at 

E15.5-E17.5 (i.e., C57BL/6J, CD-1, G9afl/+ strains), which ranged 6.40-6.80 mm of tree 

span, and ranged 0.98-2.10 mm of tree depth (Rennie et al., 2011; Rennie et al., 2012; 

Rennie et al., 2015; Chi et al., 2017; Rennie et al., 2017; Cahill et al., 2018). The umbilical 

artery diameter in our study (314-458 μm), is also consistent with previous reports (410-

520 μm) (Detmar et al., 2008; Rennie et al., 2011; Rennie et al., 2012; Rennie et al., 2015; 

Mohammadi et al., 2017), as is the total arterial length (present study: 307 mm; previous 

studies: 324-332 mm) (Rennie et al., 2012; Rennie et al., 2015).  

 

In contrast, previous studies in the CD-1 mouse in late gestation (E17.5 - E18.5) reported 

a placental arterial volume of 7.0-7.9 mm3 (Rennie et al., 2007; Cahill et al., 2018), which 

is twice the volume measured in the present study (2.90 mm3). This substantial difference 

in arterial volume may arise from (i) the difference strain of mouse, and/or (ii) the inclusion 

of vessel diameters below 35 μm, lower than the 45 μm limit used in this study. Our 

tortuosity ratio for the entire feto-placental arterial network (1.14) was also lower than that 

reported in previous studies at E15.5 (1.62 in the G9afl/+ mouse (Chi et al., 2017); and 1.64 

in the C57BL/6J mouse (Rennie et al., 2011)). These inconsistencies likely reflect 

differences in the way the tortuosity ratio was derived. Thus, while in each case the same 

formula was used (i.e. tortuosity ratio = curvilinear vessel path length / vessel chord length), 

in the present study this ratio was calculated separately for each individual Strahler order 

branch, and then these values averaged to provide an overall representative tortuosity ratio 

for the entire placental network. In contrast, Rennie et al. (2011) and Chi et al. (2017) 

measured this ratio for the entire placental network directly. While this latter approach may 

provide a more accurate tortuosity ratio for the entire placental network, the approach used 

in this study provides information on individual Strahler order branches and gives an 

account of variation in tortuosity across the specific vascular regions. The number of 
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arterial segments measured in the present study (666) also differed from those reported 

previously for the mouse placenta (range 1164-6900 segments) (Rennie et al., 2011; Rennie 

et al., 2012; Rennie et al., 2015; Chi et al., 2017; Rennie et al., 2017; Cahill et al., 2018). 

This discrepancy may have arisen from (i) the difference strain of mouse used in each study 

(i.e., C57BL/6J, CD-1, G9afl/+ strains), (ii) the difference in gestational age (range E15.5- 

E17.5), and/or (iii) the different inclusion thresholds of vessel diameter (present study: 45 

μm ; previous studies: 35-50 μm). Therefore, further studies that control for these variables 

are required to account for this variance in segment number. 

 
Only three previous studies have used the Strahler ordering approach to characterise the 

mouse feto-placental arterial network (Rennie et al., 2015; Chi et al., 2017; Rennie et al., 

2017). In each, four parameters were measured in each Strahler order: (i) number of 

segments (Rennie et al., 2015; Rennie et al., 2017); (ii) average vessel diameter (Rennie et 

al., 2015; Chi et al., 2017; Rennie et al., 2017); (iii) average vessel length (Rennie et al., 

2015; Rennie et al., 2017); and (iv) length per diameter ratio (Rennie et al., 2017). Each of 

these parameters was also used in the present work. In Strahler ordering analysis, there is 

often high degree of variability in orders across different placentas, as shown in this chapter 

and previous studies (Rennie et al., 2015; Chi et al., 2017; Rennie et al., 2017). In C57BL/6J 

mouse placentas of the present study the number of orders ranged from six to seven, similar 

to the seven orders reported for the same mouse strain at E17.5 (Rennie et al., 2015). In 

placentas from the G9afl/+ mouse at E15.5, the number of orders ranged from seven to eight 

(six having seven orders and one having eight orders) (Chi et al., 2017), while placentas 

from the CD-1 mouse at E15.5 had eight or nine orders (Rennie et al., 2017). The variability 

in order number within (i.e. inter-cast) and between studies could arise from insufficient 

perfusion when casting, resulting in some of the smallest vessels being unperfused and thus 

missed. Alternatively, it potentially reflects actual anatomical variability across placental 

units. Regardless of its source, this degree of variation in Strahler order number makes it 

very difficult to compare data among studies. 

 

To overcome the confounding effects of variability in Strahler order number, another 

approach has been developed to characterise the feto-placental vascular branching 

complexity according to vessel classification (Rennie et al., 2011; Bainbridge et al., 2012; 

Rennie et al., 2012; Rennie et al., 2015; Cahill et al., 2018). Specifically, this involves 

compression of the branching into three categories based on vessel diameters: (i) arterioles, 
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(ii) intraplacental arteries and (iii) chorionic plate arteries. This classification by vessel 

category arguably provides a more physiological approach on each branching level. 

However, thresholds of vessel diameters for categorisation are variable among research 

groups, with each group tending to innovate its own vessel diameter criteria. Thus, Rennie 

et al. (2011) studied on C57BL/6J mice at E15.5 by utilising two thresholds of vessel 

diameters to categorise three groups: (i) arterioles as 50-100 μm, (ii) intraplacental arteries 

as 100-180 μm, and (iii) chorionic plate arteries as >180 μm. More recently, however, 

Rennie’s group (2012; 2015) studied the C57BL/6J mouse placenta at E17.5 using revised 

thresholds: (i) arterioles as 50-75 μm, (ii) intraplacental arteries as 75-150 μm, and (iii) 

chorionic plate arteries as >200 μm. A study by Cahill et al. (2018) on CD-1 mice at E17.5 

further modified the new thresholds from Rennie’s group: (i) arterioles as 35-75 μm, (ii) 

intraplacental arteries as 75-150 μm, and (iii) chorionic plate arteries as >200 μm. 

Bainbridge et al. (2012) used yet another set of thresholds in E15.5 CD-1 mice: (i) arterioles 

as 50-100 μm, (ii) intraplacental arteries as 100-300 μm, and (iii) chorionic plate arteries 

as >300 μm.  

 

The current study categorised vessels based on Strahler order number that resulted in three 

groups: (i) arterioles (Order 1 vessels); (ii) intra-placental arteries (middle order vessels); 

and (iii) chorionic plate arteries (two highest orders). Although the calculation of vessel 

diameter can be done using the Amira® software, this could be subjected to human errors 

as the choice of size thresholds is subjective. Instead, this study categorised vessels based 

on Strahler order number. Due to time constraints, it was beyond the scope of this thesis 

to explore the validity of this grouping, and whether other grouping strategies could have 

yielded a more meaningful partitioning of the Strahler ordering. Thus, further analysis of 

the data against an external variable would be valuable to cross-check the validity of this 

classification. In any event, our classification approach showed that there were less vessel 

segments in the C57BL/6J mouse placenta at all three levels (461 at arterioles, 191 at 

intraplacental arteries, and 12 at chorionic plate arteries), when compared to previous 

studies in the same mouse strain (710-1100 at arterioles, 270-560 at intraplacental arteries, 

and 20 at chorionic plate arteries) (Rennie et al., 2011; Rennie et al., 2012; Rennie et al., 

2015). Similarly, the CD-1 mouse placenta had many more segments at each level 

compared to our study (1200-6000, 200-860, 6.5 respectively) (Bainbridge et al., 2012; 

Cahill et al., 2018). In contrast, arterial vascular length at each level in the present study 

was consistent with previous reports: (i) arterioles: 155 μm (this study) vs 135-240 μm 
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(previous studies), (ii) intraplacental arteries: 133 μm vs 68-150 μm, and (iii) chorionic 

plate arteries: 15 μm vs 4-18 μm (Bainbridge et al., 2012; Rennie et al., 2012). Overall, 

therefore, the findings of this study suggest that our micro-CT method is reliable and 

consistent with data presented in most previous reports. Notably, this study demonstrates, 

for the first time, that the following parameters can be quantitatively characterised at each 

Strahler order and vessel diameter level: (i) feto-placental total vascular volume; (ii) 

average vascular diameter; (iii) average vascular tortuosity; (iv) total vascular branches; (v) 

average leafward angle (as described in Section 6.4.4 and 6.4.5). 

 

 

6.6 CONCLUSION 

 

This chapter presents the first quantitative comparison of 3D feto-placental vascularity 

between rat and mouse pregnancy. By using the end-to-end micro-CT method from Chapter 

5 combined with the Microfil® vascular casting technique, the results of the present study 

show that the mouse feto-placental vascular structure (both micro- and macro-levels) is 

simpler in branching patterns and 3D complexity than the rat placenta. Moreover, the 

analysis developed in Chapter 5, when applied to mouse placenta yielded comparable 

results to previous studies. 
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CHAPTER 7 

EFFECT OF MATERNAL GLUCOCORTICOID 
EXCESS ON THE FETO-PLACENTAL VASCULATURE: 

A QUANTITATIVE ANALYSIS IN A RAT MODEL 
OF FETAL GROWTH RESTRICTION 

 

 

7.1 INTRODUCTION 

 

Placental insufficiency compromises fetal growth and development, causing fetal growth 

restriction (FGR) (Wadsack et al., 2012). FGR results in failure of the fetus to reach its 

growth potential and is associated with programming of adverse health outcomes in later 

life (Bernstein et al., 2000; Chaddha et al., 2004; Barker et al., 2010; Thornburg et al., 2010; 

Lecarpentier et al., 2012; Barker et al., 2013; Gardosi et al., 2013; Liu et al., 2014; Reamon-

Buettner et al., 2014). One of the key issues underlying placental insufficiency is excess 

exposure to glucocorticoids (GCs). GCs are known to perturb the placental vasculature and 

thereby reduce the surface area for nutrient and waste exchange. Exactly how the placental 

vasculature is compromised by excess GCs is not well understood, particularly in relation 

to how alterations in specific vascular regions may align with FGR across gestation. Animal 

models have been critical in determining the effects and underlying mechanisms of GC 

overexposure, with chronic dexamethasone (Dex; a synthetic GC) administration in rodent 

pregnancy commonly used.  

 

Studies of placentas from rodent models of GC overexposure have shown that feto-

placental vascular development is compromised with reductions in vascular volume, 

density and surface area, but no alteration in the maternal (utero-placental) portion (Hewitt 

et al., 2006b; Wyrwoll et al., 2009; Lee et al., 2012; Vaughan et al., 2012; Vaughan et al., 

2013; Zhang et al., 2015; Zhou et al., 2015). These reductions in placental vascularity are 

consistent with associated falls in placental expression of angiogenic factors, including 

Vegf, Pparγ, and Pgf (Hewitt et al., 2006b, 2006c; Wyrwoll et al., 2009; Lee et al., 2012; 

Zhang et al., 2015; Wyrwoll et al., 2016) (as discussed in Section 2.4.2). 
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Despite the clear effects of maternal GC overexposure on the feto-placental vasculature, 

these observations are limited to two dimensional (2D) analyses. Moreover, little is known 

about how these effects change over gestation, and how they align with fetal growth and 

subsequent postnatal health outcomes. For these reasons, the combination of the contrast 

agent casting technique and micro-computed tomography (micro-CT) is a valuable imaging 

technique to investigate three dimensional (3D) placental vascular networks (as discussed 

in Section 2.5.6). However, no studies have assessed how 3D feto-placental vascular 

structures are affected by excess GCs in the rat placenta, or how such effects vary among 

specific vascular regions. In Chapter 5 of this thesis, a successful end-to-end micro-CT 

methodology for 3D feto-placental vascularity analysis was developed and validated. 

Chapter 6 demonstrated that rat placenta exhibits a more complex branching pattern and 

tree dimensions compared to the mouse placenta. Therefore, the present chapter applied the 

end-to-end ex vivo micro-CT methodology for quantitative 3D characterisation of feto-

placental vascular networks in a rat model of FGR. 

 

 

7.2 OBJECTIVES AND HYPOTHESES 

 

Two specific hypotheses were tested in this study: (i) excess GC exposure during pregnancy 

compromises placental development, specifically reducing placental vascularity and the 

complexity of its branching patterns; and (ii) these adverse effects of excess GCs are 

particularly strong at the level of arterioles. 

 

To address these hypotheses, the two aims of this chapter were: (i) to quantitatively analyse 

the impact of maternal Dex treatment on the 3D feto-placental vascular structure across 

mid to late gestation gestation (at E15, E18 and E21) with a particular focus on feto-

placental vessel branching complexity; and (ii) to determine if specific regions of the feto-

placental vascular structure are differentially affected by GC excess. To achieve these aims, 

this study utilised the established micro-CT and Microfil® vascular casting technique.  
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7.3 MATERIALS AND METHODS 

 
7.3.1 Rat pregnancy assessment and a rat model of FGR 

 

Forty-two female Wistar rats were time-mated (see Section 4.1.3) and then housed 

separately during pregnancy under standard conditions (see Section 4.1.1). Pregnant rats 

were randomly assigned to one of two groups: vehicle (Veh) or GC overexposure via 

administration of dexamethasone-21-acetate (Dex). Dex was administered from E13 of 

pregnancy until the day of tissue collection (see Section 4.1.4). Tissue collection timepoints 

were E15, E18 and E21. Gestation length in rats is 22-23 days (Ypsilantis et al., 2009), and 

these timepoints were selected to gain insight into how the feto-placental vasculature 

expands over gestation.  

 

Of the forty-two pregnant rats (Veh=21, Dex=21) used in this study: 

- eight were allocated to E15 (Veh = 4, Dex = 4),  

- fourteen to E18 (Veh = 7, Dex = 7), and  

- twenty to E21 (Veh = 10, Dex = 10).  

 

7.3.2 Tissue collection, morphometric measurements and sex-typing 

 

On the day of tissue collection the dam was anaesthetised via inhalation of isoflurane (see 

Section 4.2) and sacrificed via cardiac excision and major tissues were collected (see 

Section 4.2). Fetuses and placentas were weighed and photographed for morphometric 

measurements using digital calibre via Fiji ImageJ® software (see Section 4.3). Fetal tails 

were also collected for sex-typing by measuring the presence of sex-determining region Y 

(Sry) gene (see Section 4.4). 

 

7.3.3 Feto-placental vascularity analysis using micro-CT 

 

Characterisation of feto-placental vasculature consists of four main steps: (i) placental 

vascular sample preparation and generation of the Microfil® vascular casts on their assigned 

gestational day (E15, E18, or E21) (see Section 4.5.1); (ii) ex vivo scanning of vascular 

casts using the micro-CT scanner and reconstruction of the images into 3D datasets (see 

Section 5.5.2); (iii) 3D automatic segmentation of the vascular network by using Amira® 
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(see Section 5.5.3); and (iv) 3D visualisation (see Section 5.5.5) and quantitative 

characterisation of the feto-placental vascular tree using Amira® and Matlab® (see Section 

5.5.4). A summary of this vascularity analysis is presented in Figure 4.3. Of note, during 

the casting, the placement of the silk string was unable to be controlled for, meaning the 

umbilical artery length was highly variable. This subsequently led to the exclusion of the 

umbilical artery from any further analysis with the exception of diameter, as it would not 

be an accurate representation of the morphological parameters. Parameter analyses were 

performed in three categories: entire feto-placental arterial network; Strahler order 

grouping; and categories of placental vascular branching generations (as previously 

described in Section 6.3.4).  

 

7.3.4 Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism® 8 (GraphPad Software, La 

Jolla, CA, USA). In all analyses, the threshold of statistical significance was set at a P-

value less than 0.05 (p<0.05). Data for pregnancy outcomes (maternal, placental and fetal) 

are presented as the mean ± SEM (n = 4-21 per group) with each litter representing an n of 

one. All variables were analysed by t-tests or ANOVAs (two- or three-way as appropriate 

to account for variation due to ‘Sex’, ‘Treatment’ and ‘Stage of Pregnancy’) followed by 

Sidak’s post-hoc tests. When significant interaction terms were found by ANOVA, 

analyses of subsets of the data were performed (see Results for specific applications). 

Moreover, fetal and placental weights (n = 14-17 per group) were analysed by constructing 

growth distribution curves to define FGR in animal models (Dilworth et al., 2011; 

Charnock et al., 2016; McKelvey et al., 2016; Beards et al., 2017; Cureton et al., 2017). 

Differences in the peak of the weight distribution curves between groups were analysed at 

each timepoint by unpaired t-tests (see Section 4.7.1) 

 

The feto-placental vascular casts were quantitatively analysed at the E21 timepoint only, 

with differences between groups for the entire placenta assessed by unpaired t-tests. 

Differences in Strahler ordering and branching generations were analysed using two-way 

ANOVAs, with the factors ‘Order’ and ‘Treatment’ or ‘Category’ and ‘Treatment’, 

respectively. All data for feto-placental vascularity are expressed as the mean ± SEM  

(n = 8-9 per group, where each n = 1 placenta). The selection of placentas for analysis was 

based on technical merit (i.e. complete filling of only the arterial vasculature).  
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7.4 RESULTS  

 
7.4.1 Gestational outcomes: maternal Dex exposure from E13 results in fetal and 

placental growth restriction at E18 and E21, but not at E15 

 

7.4.1.1 Maternal characteristics  

 
Both Veh and Dex-treated dams showed increased body weight during treatment. Maternal 

weight was similar between groups from E1 to E13 but then diverged after E13, with 

maternal weight gain reduced in Dex-treated rats (p<0.0001; Figure 7.1). There was a 

‘Treatment’ and ‘Stage of Pregnancy’ interaction, with Dex dams gaining body weight at 

an increasingly lower rate between E16 and E21 (p<0.0001; Figure 7.1). Thus, by E21 the 

relative maternal weight gain (%E1) of Dex treated animals was 22% less than that of Veh 

dams (p<0.0001; Figure 7.1). Despite these differences in maternal weight gain, litter size 

and resorption rate were unaffected by Dex treatment (Figure 7.2A-B). 
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Figure 7.1: Maternal weight in Veh (blue) and Dex-treated (red) rats across gestation.  

Weight gain from E13 to E21 was considerably reduced in response to Dex treatment. All 

data are expressed as the mean ± SEM (n = 10-21 per group). The two groups have the 

same number in them at the beginning (E1; n=21 per group) and the animals were 

euthenised at E15 (n=4 per group), E18 (n=7 per group), and E21 (n=10 per group).  

** p<0.01, **** p<0.0001, Dex compared to Veh (two-way ANOVA and Sidak’s post-

hoc analysis).  
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Figure 7.2: Litter characteristics for Veh (blue) and Dex-treated (red) pregnant rats.  

(A) Number of fetuses per litter. (B) Number of fetal resorptions per litter. All data are 

expressed as the mean ± SEM (n = 4-9 per group), and individual data points are shown as 

circles (Veh) and triangles (Dex).  
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7.4.1.2 Fetal characteristics: FGR following maternal Dex exposure 

 
There were no sex effects on fetal outcomes at all three timepoints. Fetal weight increased 

from E15 to E18 and then further from E18 to E21 in both Veh and Dex-treated pregnancies 

(p<0.0001; Figure 7.3). There was, however, a significant ‘Treatment’ x ‘Stage of 

Pregnancy’ interaction for fetal weight (p<0.01). Thus, while there was no difference in 

fetal weight between Veh and Dex groups at either E15 or E18, it was substantially reduced 

(18%) in Dex-treated pregnancies at E21 (p<0.001; Figure 7.3A).  

 

Fetal weights were also analysed by a frequency distribution approach, with a non-linear 

regression performed with Gaussian distribution (Dilworth et al., 2011). Compared to Veh 

at the same timepoint, Dex treatment increased the number of fetuses that fell below the 

fifth centile of the Veh weight, a threshold commonly used clinically to define FGR. 

Specifically, at E18, 29% of Dex-treated fetuses were below the fifth centile (<646 mg) of 

Veh weights (Figures 7.3C). By E21, 75% (fifth centile <3063 mg) of Dex fetuses were 

below this fifth centile threshold (Figure 7.3D). Importantly, this distribution analysis also 

showed that individual fetal weights were reduced in Dex-treated pregnancies at E18 (16%; 

p<0.01; Figure 7.3C) and E21 (21%; p<0.0001; Figure 7.3D), but not at E15. 
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Figure 7.3: Effect of Dex treatment on fetal weights at E15, E18 and E21 analysed by 

comparison of frequency distribution curves. 

(A) Values are the mean ± SEM (n = 4-9 per group) and individual data points are shown 

as circles (Veh) and triangles (Dex). *** p<0.001, Dex compared to Veh (two-way 

ANOVA and Sidak’s post-hoc analysis). (B-D) Fetal weight population frequency 

distribution curves for Veh (solid curve) and Dex (dashed curve) groups at E15 (B; n = 15 

per group), E18 (C; n = 14-17 per group) and E21 (D; n = 16 per group). Vertical blue 

dashed lines in B, C and D represent the fifth centile of Veh fetal weights (E15 = 0.1009 g, 

E18 = 0.6458 g, and E21 = 3.0634 g). ** p<0.01, **** p<0.0001, Dex compared to Veh 

(unpaired t-tests).  
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7.4.1.3 Fetal morphometric measurements: reduction in fetal length at E21 following 

maternal Dex treatment 

 

There were no sex effects on fetal size at all three timepoints. Gross comparison of fetal 

size at E21 clearly showed that Dex fetuses were remarkably smaller than Veh fetuses 

(Figure 7.4). The quantitative analysis of fetal morphometric measures confirmed FGR 

after maternal Dex treatment at E21, with Dex fetuses having reduced fetal (crown-to-

rump) length compared to Veh fetuses (10% decrease; p<0.05; Figure 7.5A). However, 

there were no significant changes in relative bregma-to-nose distance, relative neck-to-

rump length, or relative crown-to-neck length between the groups at E15, E18 or E21 

(Figure 7.5B-D). These latter observations show that Dex-induced growth restriction was 

symmetrical. 

 

Figure 7.4: Photographs of feto-placental units on a scaled dissecting board.  

Compare between Veh (left column) and Dex (right column) groups at E15 (A-B),  

E18 (C-D) and E21 (E-F). Scale bars = 10 mm.  
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Figure 7.5: Effect of Dex treatment on fetal morphometry at E15, E18 and E21.  

(A) Fetal length; (B) Bregma-to-nose distance; (C) Neck-to-rump length; (D) Crown-to-

neck length. Values are the mean ± SEM (n = 4-9 per group) and individual data points are 

shown as circles (Veh) and triangles (Dex). * p<0.05 Dex compared to Veh (two-way 

ANOVA and Sidak’s post-hoc analysis following a significant ‘Treatment’ x ‘Stage of 

Pregnancy’ interaction).  
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7.4.1.4 Placental characteristics: Dex-induced placental growth restriction at E18 and 

E21 

 
There were no sex effects on placental outcomes at all three timepoints. Gross comparison 

of placental size at E21 clearly showed a Dex-induced reduction in whole placental 

diameter (Figure 7.4C). Accordingly, quantitative analysis of placental morphometry 

showed that Dex treatment reduced placental diameter at E21 (14% decrease; p<0.05; 

Figure 7.6B). The placenta presented a similar growth pattern to that of the fetus, with an 

increase in weight across gestation in both the Veh and Dex groups (p<0.0001). Placental 

weight did not differ between the groups at E15, but was lower in the Dex group at E18 

(35%; p<0.05) and at E21 (34%; p<0.001) (Figure 7.6A). These weight reductions applied 

to both placental zones, with LZ weight lower in the Dex group at E18 (41%; p<0.05; 

Figure 7.6C) and E21 (34%; p<0.001; Figure 7.6C), and JZ weight reduced at E21 (31%; 

p<0.05; Figure 7.6D). Relative weights of LZ and JZ (as a proportion of whole placental 

weight) were unaffected by Dex treatment at E15, E18 and E21 (Figure 7.6E-F). Thus, the 

growth of the two zones appeared to be similarly affected by Dex exposure. Placental 

growth restriction following Dex treatment was also clearly evident from analysis of 

frequency distribution curves at both E18 (40% lower; p<0.0001; Figure 7.7B) and E21 

(36% lower; p<0.0001; Figure 7.7C), but not at E15. 
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Figure 7.6: Effect of Dex treatment on placental morphometry at E15, E18 and E21.  

(A) Placental weight; (B) Placental diameter; (C) Labyrinth zone weight; (D) Junctional 

zone weight; (E) Relative labyrinth zone weight (as a proportion of whole placental weight; 

(F) Relative junctional zone weight. Values are the mean ± SEM (n = 4-9 per group), and 

individual data points are shown as circles (Veh) and triangles (Dex). * p<0.05,  

*** p<0.001, Dex compared to Veh (two-way ANOVA and Sidak’s post-hoc analysis 

following a significant ‘Treatment’ x ‘Stage of Pregnancy’ interaction).  



 

 
 

 

 

 

 

 
 
 
 

 
 
 
 

 
Figure 7.7: Effect of Dex treatment on placental weights analysed by comparison of frequency distribution curves.  

(A, B, C) Placental weight distribution curves are shown for Veh (solid curve) and Dex (dashed curve) groups at E15 (A), E18 (B) and E21 (C). 

**** p<0.0001, Dex compared to Veh (unpaired t-tests). 

 

146 



 

 
 

149 

7.4.2 Feto-placental vascularity  

 

7.4.2.1 Summary of feto-placental vascular casts 

 
Examination of the Microfil® perfused casts revealed marked differences in the placental 

vasculature between Veh and Dex animals at E18 and E21. However, at E15 the umbilical 

vessels of rat fetuses were too immature to distinguish and did not resume blood flow, 

despite warming and stimulation. This meant the E15 feto-placental vascular networks 

were not able to be perfused and cast. One hundred and sixty-five placental casts at E18 

(n=39) and E21 (n=126) were scanned and reconstructed. Casts were excluded from 

analysis for the following reasons: (i) large bursts (ruptures) in the small vessels (Figure 

7.8A); (ii) disconnects in the vessels (Figure 7.8B); (iii) both arterial and venous 

circulations of the vasculature had been cast (Figure 7.8C); (iv) complete areas had not 

been perfused (Figure 7.8D); (v) the umbilical artery was not visible; or (vi) the cast had 

not reached the level of the capillary bed (Figure 7.8E). Although the E18 placentas were 

able to be cast, upon reconstruction they were prone to minor bursts and required a greater 

amount of technical refining. Due to limitations in computing power and availability, as 

well as the labour-intensive process associated with analysis, only 17 casts (Veh=9 vs 

Dex=8) were quantitatively analysed for this thesis, all of which were arterial casts from 

the E21 timepoint.  

 
7.4.2.2 Qualitative assessment of E18 feto-placental vascular casts 

 
NRecon® images of feto-placental arterial casts at E18 revealed the branching patterns of 

placentas from the Veh and the Dex-treated pregnancies. The umbilical artery diameter 

appeared similar in Veh (Figure 7.9A) and Dex (Figure 7.9E) placentas, and in both cases 

it branched into approximately 6-8 main vessels (at the chorionic plate) and arteries 

continued to branch into smaller vessels. Comparison of Figures 7.9A (Veh) and 7.9E-F 

(Dex) reveals the smaller size of the vascular network of Dex placentas. This may suggest 

Dex treatment adversely affected placental vascular development as early as E18. 

However, to confirm this qualitative analysis, casts will be subject to quantitative analysis 

in future studies. 
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Figure 7.8: Examples of common defects in placental casts at E21 that resulted in 

them being excluded from analysis.  

(A) Large bursts in the network, indicated by stars; (B) large disconnects in the network, 

indicated by arrows; (C) casting of both the arterial and venous circulations; (D) insufficient 

filling of the vasculature; and (E) invisible umbilical artery, indicated by an arrowhead. 

Scale bar = 2 mm.  
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Figure 7.9: Example images of feto-placental arterial casts at E18 in Veh (top row) 

and Dex-treated (bottom row) pregnancies.  

Images were generated in NRecon®, and are shown for Veh (A to D) and Dex-treated (E to 

H) mothers. The key features of each image are as follows: (A and B) Arterial structure is 

well developed, with many vessels branching at the arteriole level. (C) Large bursts seen 

on the top of the placenta exclude it from analysis. (D) Large bursts and disconnects in the 

network. (E-F) Smaller size of the vascular network of Dex placentas. (G) Structure density 

appears uneven between the large and small vessels, indicating that micro-CT scanning 

was not optimal for this specimen. (H) Large disconnects present in the network and 

heterogeneous Microfil® perfusion meant this specimen could not be reconstructed. Stars 

indicate bursts, arrows indicate vessel disconnects. Scale bar = 3 mm. 
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7.4.2.3 Qualitative assessment of the E21 feto-placental vascular casts: remarkable 

reduction in size and complexity after Dex treatment 

 
Qualitative analysis of the entire feto-placental arterial vascular network revealed 

remarkable differences between Veh and Dex-treated rats. In comparison to Veh, feto-

placental vascular arterial networks of Dex-treated rats appeared smaller in size, with less 

vascular density, and reduced branching of finer vessels (Figure 7.10). These findings 

suggested maternal Dex treatment impaired development of the feto-placental arterial 

vascular network. 
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Figure 7.10: Visualisation of representative feto-placental arterial networks in Veh 

(left) and Dex-treated rats (right) in late gestation (E21).  

Colour rendering represents different levels of the feto-placental vascular tree. Top row = 

superior view; Bottom row = lateral view; Scale bar = 2000 μm. 

  

Dex Veh 
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7.4.2.4 Quantitative characterisations of the entire feto-placental vascular network at 

E21: reduced branching complexity of the entire feto-placental vasculature in Dex 

treatment at late gestation 

 

Overall, arterial vascular development was markedly impaired by Dex treatment over the 

final third of gestation. Notably, the total volume of the arterial feto-placental vasculature 

was 50% lower (p<0.01; Figure 7.11A) in placentas of Dex-treated dams, and there was a 

45% decrease in total arterial vascular length (p<0.01; Figure 7.11B). The arterial networks 

were particularly susceptible to the detrimental effects of Dex, with reductions in total 

arterial vascular segments (57% reduction; p<0.05; Figure 7.11C), total arterial vascular 

branches (58% reduction; p<0.05; Figure 7.11G), and average leafward angle (2.87o 

decrease; p<0.05; Figure 7.11H). However, these reductions were not attributed to changes 

in the entire average arterial vascular diameter, nor to variations in average arterial vascular 

tortuosity, since both of these parameters were similar in Veh and Dex-treated pregnancies 

(Figure 7.11E-F). Umbilical artery diameter was also similar in the two groups (Figure 

7.11D). 
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Figure 7.11: Quantitative outcomes of the entire feto-placental arterial vasculature 

from Veh (blue) and Dex-treated rats (red) at E21.  

(A) Feto-placental total arterial vascular volume; (B) feto-placental total arterial vascular 

length; (C) feto-placental total arterial vascular segments; (D) umbilical artery diameter; 

(E) feto-placental arterial vascular diameter; (F) feto-placental average arterial vascular 

tortuosity; (G) feto-placental total arterial vascular branches; (H) feto-placental leafward 

angle. Values are presented as the mean ± SEM (n = 8-9 per group), and individual data 

points are shown as circles (Veh) and triangles (Dex). (* p<0.05, ** p<0.01, Dex compared 

to Veh (unpaired t-tests). 
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7.4.2.5 Quantitative characterisation of Strahler-ordered feto-placental vasculature 

at E21: specific regions of feto-placental arterial vascular structure (Orders 1-4) are 

differentially altered by maternal Dex treatment 

 
The branching complexity of vessels within the placenta was characterised using the 

Strahler ordering scheme at each generation of branching. The smallest vessels were 

defined as Order 1, and parent vessels were assigned increasing values working upstream 

(see Figure 6.1). 

 

The total number of branching orders varied among placentas in both the Veh and Dex 

groups. Specifically, order number in Veh placentas ranged from six to eight (four with six 

orders, four with seven orders, and one with eight orders), while in Dex placentas order 

number was either six or seven (four with six orders and four with seven). As with the 

analysis of the entire feto-placental arterial network, the inherent variation in umbilical 

artery parameters (excepting diameter) required that it be excluded from this analysis. 

 

Similar to the entire placenta, vessel volumes were substantially reduced in Dex-treated 

rats at Order 1 (37% decrease; p<0.05), Order 2 (47% decrease; p<0.0001), Order 3 (47% 

decrease; p<0.0001), and Order 4 (44% decrease; p<0.01, Figure 7.12A). The total arterial 

length decreased across the orders, with a significant ‘Strahler order’ x ‘Treatment’ 

interaction (p<0.01). There were significant reductions in vessel length of Dex-treated rats 

at Order 1 (39% decrease; p<0.0001), Order 2 (41% decrease; p<0.01), and Order 3 (55% 

decrease; p<0.05, Figure 7.12B). There was also a significant ‘Strahler order’ x 

‘Treatment’ interaction (p<0.001) with respect to the number of segments, which was 

reduced by Dex treatment only at Order 1 (58%; p<0.0001; Figure 7.12C). The number of 

branches decreased across orders, and there was a significant ‘Strahler order’ x 

‘Treatment’ interaction (p<0.01) such that branching was reduced by Dex only at Order 2 

(59%; p<0.0001; Figure 7.12F). The leafward branching angle increased across the orders, 

with a significant Dex treatment effect (p<0.05; Figure 7.12G). Dex treatment did not 

significantly affect arterial diameter or tortuosity in any Strahler order (Figure 7.12D,E). 
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Figure 7.12: Quantitative outcomes of Strahler-ordered feto-placental vasculature 
analyses at E21.  
(A) Feto-placental total vascular volume; (B) feto-placental total vascular length; (C) feto-
placental total vascular segments; (D) feto-placental average vascular diameter; (E) feto-
placental average vascular tortuosity; (F) feto-placental total vascular branches; (G) feto-
placental average leafward angle. Values are the mean ± SEM (n = 8-9 per group).  
* p<0.05, ** p<0.01, **** p<0.0001, Dex compared to Veh (two-way ANOVA and 
Sidak’s post-hoc analysis).  
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7.4.2.6 Quantitative characterisation of feto-placental vessel categories at E21: 

placental arterioles are the most vulnerable to maternal Dex treatment 

 

Feto-placental vascular branching complexity was further characterised in relation to blood 

vessel category. Specifically, vessels were defined as either (i) arteriole, (ii) intraplacental 

or (iii) chorionic plate. This categorisation provides a more physiological basis for each 

branching level and also removes the confounding effects of variable Strahler orders 

between placentas (as discussed in Chapter 6). 

 

There was an significant overall Dex effect on feto-placental arterial volume, length, 

segment number, branch number and leafward angle (see Figure 7.13). Importantly, 

however, apart from leafward angle, all of these Dex effects were dependent on vessel 

category, with significant ‘Vessel category’ x ‘Treatment’ interactions evident for arterial 

volume (p<0.01), length (p<0.05), segment number (p<0.05) and branch number (p<0.01). 

The key Dex effects for each of these vascular indices were as follows: 

(i) arterial volume: reduced by Dex only in intraplacental arteries (50%; 

p<0.0001; Figure 7.13A); 

(ii) arterial length: reduced by Dex in arterioles (39% decrease; p<0.05) and in 

intraplacental arteries (50% decrease; p<0.001; Figure 7.13B); 

(iii) segment number: reduced by Dex only in arterioles (58%; p<0.001; Figure 

7.13C); 

(iv) branch number: reduced by Dex only in intraplacental arteries (60%; 

p<0.001; Figure 7.13F). 

Arterial diameter increased across the three categories but there was no effect of Dex in 

any category (Figure 7.13D). There was a significant Dex treatment effect on leafward 

branching angle (p<0.05; Figure 7.13G). Dex treatment did not significantly effect arterial 

tortuosity in any vessel category (Figure 7.13E).  

 

 



 

 
 

159 

 
 

Figure 7.13: Quantitative outcomes of feto-placental arterial vasculature analysed by 
vessel category at E21.  
(A) Feto-placental total vascular volume; (B) feto-placental total vascular length; (C) feto-
placental total vascular segments; (D) feto-placental average vascular diameter; (E) feto-
placental average vascular tortuosity; (F) feto-placental total vascular branches; (G) feto-
placental average leafward angle. Values are the mean ± SEM (n = 8-9 per group).  
*** p<0.001, **** p<0.0001, Dex compared to Veh (two-way ANOVA and Sidak’s post-
hoc analysis following a significant ‘Vessel Category’ x ‘Treatment’ interaction).
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7.5 DISCUSSION  

 
This chapter aimed to investigate the impact of maternal GC overexposure during 

pregnancy on the development of rat placental vascular structure in the context of fetal 

weight reduction. The rat model of GC excess involved administration of 0.5 μg/mL Dex 

in drinking water from E13 to collection day, which is either E15, E18 or E21. The findings 

are discussed at two levels. The first relates to gross anatomical changes, ascertained by 

visual inspection and dimensional measurements (including weight). The second relates to 

structural changes in the feto-placental vasculature, ascertained by the analysis described 

in Chapter 5.  

 

The morphological investigations demonstrated that maternal Dex exposure had no visible 

effects on fetal and placental weight and size at E15; thereafter, however, significant 

changes in fetal and placental development were observed in Dex-treated relative to Veh 

pregnancies (at E18 and E21). At the vascular structure level, the novel approach of the 

established micro-CT and Microfil® vascular casting technique revealed, for the first time, 

that maternal Dex exposure negatively impacted placental vasculature in two critical ways: 

(i) broad changes distributed across the entire placental network, and (ii) alterations in the 

Strahler orders and vessel category of placental arterial vascular structures, with a bias 

towards the smallest vessels.  

 

7.5.1 Fetal and placental weight and morphology changes 

 

Fetal weight was analysed by two different approaches in this study: (i) average individual 

fetal weight and (ii) frequency distribution curves derived from individual fetal weights 

(Dilworth et al., 2011). The first approach showed that maternal Dex exposure resulted in 

FGR with an 18% reduction in fetal weight at E21 compared to Veh. The second approach 

showed 16% and 21% reductions, respectively, in fetal weights of Dex-treated rats at E18 

and E21. These observations are consistent with previous reports showing that excess 

prenatal GC exposure, via oral administration of Dex (0.5-1 μg/mL) in rats, decreased fetal 

weight (E21-22) and birth weight by 21%-31% (Smith and Waddell, 2000; Waddell et al., 

2000; Hewitt et al., 2006b, 2006c; Wyrwoll et al., 2006; Jones et al., 2010; Mark et al., 

2013; Zulkafli et al., 2013). Our data are also broadly consistent with other rodent models 

that employed a range of GC exposures and showed reductions in fetal weight of 6%-36% 
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(Wyrwoll et al., 2009; Ozmen et al., 2011; Lee et al., 2012; Vaughan et al., 2012; Zhang et 

al., 2015). The reduced fetal growth observed in our and other rodent models are in line 

with the low birth weight observed in human clinical FGR (Roberts and Lancaster, 1999; 

Dobbins et al., 2012; Vayssiere et al., 2015; Gordijn et al., 2016). 

 

The second approach used to identify FGR in this study involved comparison of frequency 

distribution curves. Specifically, FGR was defined by the percentage of Dex fetuses with a 

weight below the fifth centile of the Veh fetal weight, a threshold commonly used as a 

clinical definition of FGR (Dilworth et al., 2011; Charnock et al., 2016; McKelvey et al., 

2016; Beards et al., 2017; Cureton et al., 2017). There was clear evidence of FGR in Dex-

treated pregnancies, with 29% of fetal weights below the 5% Veh threshold at E18, and 

75% below this threshold at E21. Given its alignment with the definition of human FGR, 

this ‘frequency distribution curve’ approach arguably provides a better insight into the 

progression of FGR in our rat model.  

 

This study also showed that Dex markedly reduced placental weight at E18 and E21 (-35% 

and -34%, respectively) compared to Veh, and similar reductions were observed by the 

distribution curve approach (-40% and -36%, respectively). These effects of Dex are 

consistent with previous studies of oral administration of Dex (1 μg/mL) in rats from E13 

to E22, which showed a 32% to 44% reduction in placental weight (Hewitt et al., 2006c; 

Mark et al., 2013). In rodents, the labyrinth zone (LZ) contains dense capillary beds 

(Adamson et al., 2002; Wang and Zhao, 2010; Soares et al., 2012), consistent with its 

primary role of facilitating maternal-fetal exchange. Accordingly, it was predicted that the 

LZ would be particularly susceptible to the effects of Dex. While the absolute weight (raw 

wet weight) of the LZ was reduced (at E18 and E21), its relative weight (in relation to the 

whole placenta) was unaffected. The marked reductions in both fetal and placental weight 

at E18 and E21 suggest these structures are responsive to chronic Dex exposure. 

Interestingly, our study also found that only the full exposure to Dex (E13-E21) resulted in 

reduced fetal length (-10%) and placental diameter (-14%), with no effect on these 

endpoints at E18 despite reduced fetal and placental weights. The precise mechanism 

underlying this apparent disparity remains unknown and will be considered in the context 

of the vascular structure findings (see Section 7.5.2).  
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The absence of any apparent effect of Dex on fetal and placental development at E15 would 

suggest two pertinent placental properties after a short exposure window.  

- First, the placenta itself may embody some degrees of resilience in protecting itself 

from environmental insults. This suggests that the brief Dex exposure period  

(2 days) may have been insufficient to elicit a response. In contrast, Ozmen et al. 

(2011) showed that Dex treatment in rats (200 μg/kg subcutaneous injection for 2 

days) reduced placental (but not fetal) weight by 18% at E14. Moreover, Mark et 

al. (2013) reported a 13% reduction in fetal (but not placental) weight at E16 in 

Dex-treated rats (1 μg/mL from E13). Most recently, Panting et al. (2019) showed 

that Dex administration (500 μg/kg i.p.) at E13.5 of mouse pregnancy reduced fetal 

(but not placental) growth (8%) and altered fetal cardiovascular function within 24 

hours.  

- Second, the placenta may act a buffer to protect the fetus by acting as a physical 

barrier and as a physiological barrier in metabolising and neutralising excess GCs. 

While it is possible that these inconsistencies simply reflect dose and/or species 

differences, the absence of a Dex effect on fetal and placental weight at E15 in the 

present study could reflect placental compensatory mechanisms acting to mitigate 

the negative effects of excess GCs. For example, upregulation of nutrient transfer 

capacity i.e., amino acids, fatty acid and glucose (Wyrwoll et al., 2009; Broad and 

Keverne, 2011; Chassen et al., 2020).  

As this study did not evaluate placental vessel development at the earlier timepoints before 

E15, or vary the dosage or the length of exposure window, this study cannot examine both 

the aforementioned postulations; and future studies may target these new research 

questions with appropriate experimental designs. 

 

7.5.2 Feto-placental vascular structural changes 

 

The first major aim of this study was to closely examine the effects of Dex on the feto-

placental vasculature, given its vital role in determining placental transport capacity for 

exchange of nutrients and wastes (Waddell et al., 2000; Fowden et al., 2006b; Burton and 

Fowden, 2015). Through the combined use of vascular casting and micro-CT technique, 

several key observations were made. Most notably, maternal Dex treatment adversely 

affected the entire feto-placental vasculature, with marked reductions evident for: (i) total 
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volume; (ii) total length; (iii) total number of branches; (iv) total number of segments; and 

(v) average branching angle. The second major aim was to determine whether any specific 

regions of feto-placental vasculature were particularly vulnerable to the adverse effects of 

Dex. Accordingly, Strahler ordering was applied to reveal and classify the detailed vascular 

structure in the reconstructed vessels. This approach showed, for the first time, that Dex 

treatment affected the feto-placental vasculature in a site-specific manner, with only Orders 

1 to 4 being affected. These lower order vessels are functionally the most important given 

they determine the density of the capillary bed which is crucial for feto-maternal exchange. 

The key implications of these findings are considered separately below. 

 

(i) Dex effects on the entire placental vascular network 

Overall, the entire placental volume was reduced by Dex treatment, consistent with the 

alterations to blood vessel volume that have previously been reported for Dex-treated rats 

using the stereological approach (Hewitt et al., 2006b). Underlying this reduction in total 

volume in the Dex-treated placentas was a marked depletion in vessel length, number of 

branches, and number of segments. There was also a reduction in branching angle, which 

may have blood flow implications. Overall vascular complexity is substantially reduced, 

with less intricacy in branching patterns and noticeably sparser distribution of vessels due 

to Dex-treatment. These changes likely reduce the efficiency of feto-maternal exchange, 

which in turn will lead to disturbances in fetal growth and development.  

 

(ii) Dex treatment predominantly impacts lower-order vessels in the feto-placental 

arterial vasculature 

Placentas from Dex-treated pregnancies showed reductions in total volume at Orders 1-4, 

and in total length at Orders 1-3, and also had less arteriole segments. Additionally, Strahler 

ordering revealed that branching was reduced at Order 2 and fewer branches at this level 

explains why at Order 1 (the arterioles), displayed fewer segments. These changes have 

physiological significance since the arterioles directly branch into capillaries that facilitate 

maternal-fetal exchange (Georgiades et al., 2002). Therefore, reductions in segment 

number at this arteriole level mean fewer total vessels will be available for feto-placental 

exchange, thereby contributing to FGR.  
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It is established that blood vessel development in the human and rat placenta begins by 

laying down the large chorionic plate arteries. Over time, angiogenesis and capillarisation 

increase the network complexity (Takata et al., 1997; Wang and Zhao, 2010; Soares et al., 

2012), and placental arteriole vessel development is further upregulated in the final third 

of rat gestation (Soares et al., 2012). This suggests that a primitive vascular network is 

established earlier in gestation with branching and vessel maturation occurring later as 

pregnancy progresses. Indeed, the proliferation of smaller vessels increases the complexity 

of the network to meet the increasing demands of the fetus as pregnancy progresses. Thus, 

vulnerability of these vessels in late gestation would have crucial implications for fetal 

growth, and the findings of this chapter suggest that the smaller and newer vessels are most 

vulnerable to insults. Previous human studies of placentas from maternal smoking showed 

similar site-specific effects on the placental vasculature (Jauniaux and Burton, 1992; Demir 

et al., 1994; Bush et al., 2000; Larsen et al., 2002; Ashfaq et al., 2003). Collectively, these 

findings are consistent with the proposal that the cellular integrities of smaller and younger 

vessels are more susceptible to genetic damages and alterations induced by environmental 

insults (Rennie et al., 2011; Rennie et al., 2015; Cahill et al., 2018). 

 

The characterisation of feto-placental casts at E15 and E18 could not be quantified in this 

study due to (i) the immature umbilical vessels and (ii) technical challenges of the casting 

technique (as discussed in Section 7.4.2.1). The latter included vessel bursting, 

disconnections in the filled vessels, and insufficient filling of the vasculature. Even though 

thirty-nine placental casts at E18 were scanned and reconstructed, many casts were 

excluded from analysis due to these issues (as discussed in Section 7.4.2.2). Nevertheless, 

some feto-placental arterial casts from E18 revealed qualitative differences in the placental 

branching patterns and tree dimensions. Both groups had a similarly-sized, single umbilical 

artery, and this branched extensively at the surface of the placenta into 6-8 main chorionic 

arteries. These arteries further branched into intraplacental arteries, and then into smaller 

arterioles and capillaries. Moreover, 3D qualitative investigation showed a smaller size of 

the E18 feto-placental network of Dex-treated rats. Future quantitative analysis of E18 

placental casts is needed to confirm the qualitative analysis. Importantly, the nature of the 

casting difficulties suggest that they can be overcome, and so quantitative characterisation 

of placental casts at E18 should be possible (see detail in Section 7.5.3 and Section 9.4).  
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Vascular endothelial growth factor (VEGF) is a member of the family of genes modulating 

placental angiogenesis (on both the maternal and the fetal sides of the placenta) (Regnault 

et al. (2002). VEGF stimulates and maintains the feto-placental exchange network, and its 

expression is reduced in pathologies associated with placental insufficiencies and FGR 

(Hewitt et al., 2006b; Wyrwoll et al., 2009; Andraweera et al., 2012; Lee et al., 2012; Zhang 

et al., 2015; Wyrwoll et al., 2016). Our findings show that Dex treatment reduced branching 

numbers in the placenta, specifically at Order 2 as well as the significant reductions in 

arteriole segment numbers (Order 1). All of these findings indicate Dex alters structures 

responsible for network complexity, not the initial core structures. Although placental 

VEGF expression was not measured in this study, the known relationship between excess 

GCs and decreased VEGF in rats is well established (Hewitt et al., 2006b, 2006c). 

Therefore, Dex suppression of the Vegfa gene expression (Hewitt et al., 2006b) may explain 

the mechanism by which blood vessel development was altered by late gestation in our 

study. It would be interesting to characterise Dex effects on VEGF, as well as the 

angiopoietins (Angpt1 and Angpt2) throughout gestation. 

 

The reduction in vessel branching (Order 2) observed after Dex treatment suggests that, in 

addition to poor vascular development, vascular sprouting may be susceptible to Dex. 

Vessel branching is regulated by specific branching genes, with the balance of promotors 

and inhibitors of branching playing a crucial role in stimulating the development of new 

branching from existing vessels (Madri et al., 1992; Shi et al., 2001). As such, these genes 

can enhance the complexity and intricacy of the feto-placental exchange network. A recent 

report shows that Dex reduces the placental expression of GREM1 and WNT4 (both key 

branching promotors) in a mouse model (O'Connell et al., 2013). Analysis of branching 

genes in the Dex model could provide valuable insight into the mechanisms underlying 

Dex inhibition of vessel branching.  

 

7.5.3 Challenges of methodology and further considerations  

  

As already mentioned, smaller vessels are liable to burst during perfusions and this could 

potentially increase the number of suboptimal placental casts compromising the quality of 

micro-CT data. This study therefore had to discard a considerable proportion of placentas, 

as demonstrated by the fact that only 17 casts were quantitively analysed out of 165 casts 
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harvested. Further developments in the laboratory since the analysis of these casts, have 

overcome some of these imaging issues meaning a greater proportion of the placental casts 

can be analysed in the future. To increase sample size especially at E18, it may be possible 

to analyse only a perfect quarter of the existing cast to represent the entire placental cast. 

In a study conducted by Bappoo et al. (2017), only one segment was used from the perfused 

placenta to run haemodynamic modelling in the rat model. The methodology, which was 

similar to the one discussed here, was able to be translated mathematically to represent 

vascular flow in the entire placenta. Therefore, the approach adapted by Bappoo et al. 

(2017) could increase the data yield derived from imperfect casts. Future studies to re-

analyse the casts could explore the potential yield of this ‘part-placenta analysis approach’ 

in comparison to the more stringent approach utilised in this thesis. This could provide an 

opportunity to investigate placental vascularity across gestation to see if these structural 

changes arise at a certain timepoint. 

 

 

7.6 CONCLUSION  

 

FGR is a significant global health problem and placental insufficiency caused by excess 

GCs is a contributing factor (Hewitt et al., 2006b; Wadsack et al., 2012). FGR infants are 

at risk of short-term and long-term complications with strongly links to developmental 

programming of adult disease (Reynolds, 2013). The results of the present study consistent 

with the previously stereological approach in Dex-treated rats, moreover, the findings of 

this study also contribute to significant new knowledge on how excess GCs affect placental 

vasculature. By creating high resolution 3D images of whole placental blood vessels, the 

methodological development permits data to be extracted and analysed with finer detail 

than before, and this new knowledge can potentially be used to extrapolate improved 

understanding of how chronic maternal stress can affect the placenta and fetus in human 

pregnancy. The research in this chapter highlights the susceptibility of placental vascular 

volume, length, number of segments and branching angles to environmental insults - with 

the most profound impacts on the lower-order vessels. These findings therefore provide 

new insights into the mechanisms by which excess GCs impact nutrient transfer and hinder 

fetal growth. 
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