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linked immunosorbent assays for vascular cell adhesion molecule (VCAM) and hyaluronan. I 

quantified the majority of plasma placental growth factor (PlGF) concentrations using the 

Triage PlGF Test (Quidel, San Diego, CA). I collected pregnancy outcomes for the 

hypertensive groups and some of the control group, performed data monitoring and data 

cleaning.  

I wrote the first draft of the publication arising from Chapter 4, received comments from 

co-authors and submitted it to Hypertension journal. I wrote the first draft of the 

manuscript arising from Chapter 5 which was submitted to Placenta journal and 

subsequently accepted for publication. All chapters of this thesis were written by myself 

and subsequently reviewed by supervisors Professor Lucy Chappell, Professor Mary 

Rutherford and Dr Lisa Story. The work of others is appropriately referenced.  
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ABSTRACT 

The aim of my thesis was to examine the use of placental magnetic resonance imaging in 

preeclampsia and chronic hypertension. Placental magnetic resonance imaging techniques 

are currently in development and there is a paucity of data for their use and application in 

hypertensive disorders of pregnancy.  

The objectives of my research were to firstly optimise placental magnetic resonance 

imaging and associated measures in women with preeclampsia and chronic hypertension 

and to describe potential unexpected findings in magnetic resonance imaging performed 

for research during pregnancy. Secondly, I set out to provide an approach to visual 

assessment of the placenta in uncomplicated pregnancies using T2-weighted imaging. 

Thirdly I investigated placental changes in preeclampsia for an insight into the 

pathophysiology of preeclampsia and then investigated placental changes in chronic 

hypertension for an insight into the heterogeneity of pregnancy outcomes. Lastly, I 

explored changes in associated placental biomarkers Placental Growth Factor (PlGF), 

soluble fms-like tyrosine kinase 1 (sFlt-1), vascular adhesion molecule (VCAM) and 

hyaluronan in women with preeclampsia and chronic hypertension and described them in 

the context of placental T2* values obtained from magnetic resonance imaging.  

These objectives were achieved through performing a prospective, observational study, 

embedded within the National Institutes of Health (NIH) funded Placenta imaging Project, 

which aimed to develop a novel magnetic resonance approach to assess growth and 

development of the human placenta in health and disease. The focus of my project related 

specifically to evaluating placental magnetic resonance imaging in women with chronic 

hypertension and preeclampsia.  

In this thesis, the optimisation and application of advanced magnetic resonance imaging 

techniques have provided detailed placental imaging in women with preeclampsia and 

chronic hypertension. These techniques have enabled qualitative visual assessment and 

quantitative assessment of placental structure and function. Optimised T2-weighted 

imaging sequences have led to the development of a comprehensive approach to visual 

assessment of the placenta in uncomplicated pregnancies and are subsequently used as a 

reference for assessing women with preeclampsia and chronic hypertension. Quantitative 

assessment of the placenta has included the development of T2* mapping and diffusion 

sequences, culminating in an optimised combined diffusion-relaxometry sequence which 

provides regionally matched diffusion and T2* values in a reasonably fast and acceptable 
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scan time compared to conventional sequences. Methods assessing placental T2* maps to 

quantify the visual variation seen are explored and detect variability within such maps. 

These measures include lacunarity as well as histogram derived measures of kurtosis and 

skewness, in addition to mean T2*. 

These advanced sequences of T2-weighted imaging, T2* mapping and diffusion weighted 

imaging have been applied to women with preeclampsia and chronic hypertension in order 

to explore the spectrum of placental phenotypes in these hypertensive disorders of 

pregnancy. In pregnancies complicated by preeclampsia, T2-weighted imaging showed 

substantial areas of low signal intensity, advanced lobularity and high granularity within 

lobules with a reduced entire placental mean T2* for gestational age and higher lacunarity 

values compared to uncomplicated pregnancies. In pregnancies complicated by chronic 

hypertension, T2-weighted imaging showed a varied visual appearance compared to 

gestation matched controls with some showing features similar to those with preeclampsia 

and some indistinguishable from those in the control group. Not all women with mean T2* 

values outside of the normal range developed adverse pregnancy outcomes and conversely 

not all women with normal mean T2* values had uncomplicated pregnancies. This suggest 

a more complex interaction between the placenta and maternal or fetal response, while 

the timing of imaging (in relation to delivery) may be crucial. Finally, T2* mapping was 

explored in conjunction with placental biomarkers of PlGF, sFlt-1, hyaluronan and VCAM to 

further elucidate mechanisms underlying preeclampsia and chronic hypertension. These 

biomarkers have been found to provide complementary mechanistic information of 

placental phenotypes seen with T2* mapping. 
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Chapter 1 INTRODUCTION 

1.1 Hypertensive disorders of pregnancy 

Hypertensive disorders complicate 10% of all pregnancies (Duley 2009) encompassing a 

spectrum of disease that includes chronic hypertension, gestational hypertension, 

preeclampsia and white coat hypertension (Brown et al. 2018). There is considerable 

overlap between the disorders; preeclampsia can occur either de novo or superimposed on 

chronic hypertension or as a progression in severity of gestational hypertension. They are 

all associated with an increase in adverse maternal and neonatal outcome. This work will 

focus on preeclampsia and chronic hypertension. The former is the most severe form of 

pregnancy hypertension and encompasses multi-organ features. Of necessity, the 

introduction covers a breadth of topics and therefore is not exhaustive on any single area.  

1.1.1 Definition of preeclampsia 

Many definitions of preeclampsia exist; however, they are centred around the 

measurements and thresholds of hypertension, maternal organ dysfunction and adverse 

fetal effects. The World Health Organisation acknowledges the varied definitions but 

reports that the general accepted definition includes the onset of a new hypertension 

during pregnancy (with persistent diastolic blood pressure >90mmHg) with the occurrence 

of substantial proteinuria (>0.3g/24 hours) (World Health Organisation 2011). A consensus 

definition allows for a unified approach into studying pregnancy outcomes, understanding 

the pathophysiology, stratifying management and interventions that may improve 

outcomes. However, the components of the definition represent clinical manifestations of 

end-organ disease, rather than upstream pathophysiology.  

The International Society for the Study of Hypertension in Pregnancy have defined 

preeclampsia as follows: 
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Figure 1.1: Definition of preeclampsia, as published by Brown et al., 2018 

 

Fetal growth restriction with new-onset gestational hypertension and no other maternal 

features is classified as preeclampsia by the International Society for the Study of 

Hypertension in Pregnancy (ISSHP) definition (Brown et al. 2018) but not by the American 

College of Obstetricians and Gynecologists (ACOG) definition (Obstetricians and 

Gynecologists 2013). The current hypertension in pregnancy guidelines issued by the 

National Institute for Health and Care Excellence (National Institute for Health and Care 

Excellence 2019) define preeclampsia in line with the above definition proposed by The 

International Society for the Study of Hypertension in Pregnancy (Brown et al. 2018) and 

these were the definitions utilised. 

1.1.2 Prevalence of preeclampsia 

Preeclampsia is estimated to affect 2-8% of all pregnancies (Duley 2009). However, the 

prevalence of preeclampsia depends on the definition used, geographical location and 

population studied. In Northern Europe and Australia, rates have declined from 1997 to 

2007 yet in Massachusetts they are reported to have increased (Roberts et al. 2011). A 

dataset of 61174 singleton pregnancies from three prospective screening studies with 

enrolment from February 2010 until December 2016 in the United Kingdom reported that 

2.9% developed preeclampsia (Tan et al. 2018). 

1.1.3 Definition of chronic hypertension in pregnancy 

Chronic hypertension in pregnancy is defined by the International Society for the Study of 

Hypertension in Pregnancy as hypertension (systolic >140mmHg and/or diastolic blood 
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pressure ≥90mmHg) predating the pregnancy or recognised at less than 20 weeks’ 

gestation (Brown et al. 2018). Prior to pregnancy, women may not have had their blood 

pressure measured within routine care and thus chronic hypertension may be diagnosed at 

their routine antenatal appointment. It is recommended that hypertension is confirmed 

with several readings and ideally with home blood pressure readings in order to distinguish 

between chronic hypertension and white coat hypertension (where blood pressure is 

normal outside of a clinical setting). The diagnosis has implications on antenatal 

management, as well as postnatal follow up, as women with confirmed chronic 

hypertension will require lifelong follow up and management of their cardiovascular risk 

factor. Although some international guidelines (Parati et al. 2008; Kario et al. 2019) 

recommend home or ambulatory blood pressure monitoring in women with hypertension 

prior to 20 weeks’ gestation, the scarce evidence base in pregnancy behind this 

recommendation has meant that it has not been universally adopted, for example into UK 

national guidelines (National Institute for Health and Care Excellence 2019).  

1.1.4 Prevalence of chronic hypertension in pregnancy  

Chronic hypertension complicates an estimated 1-2% of pregnancies, but its prevalence is 

thought to be underestimated as studies often do not capture those women who are 

diagnosed with chronic hypertension in pregnancy (Roberts et al. 2008). The majority of 

women with chronic hypertension have primary hypertension rather than secondary 

hypertension (Bateman et al. 2012) and the prevalence has risen in recent years, suggested 

to be attributable to increasing maternal age and obesity in pregnancy.  

1.1.5 Adverse maternal and perinatal outcomes associated with chronic hypertension  

Adverse maternal pregnancy specific outcomes include superimposed preeclampsia 

amongst those with chronic hypertension (incidence 26%, RR 7.7 (95% CI 5.-10.1) when 

compared to pregnant controls in population studies in the United States (Bramham et al. 

2014). Additionally, women with chronic hypertension have higher risks of end organ 

damage, caesarean section and placental abruption. Data from the United States revealed 

an abruption frequency of 1.6% in chronic hypertension versus 0.58% who were not 

hypertensive between 1995 and 2002 (relative risk 2.4; 95% confidence interval 2.3-2.5) 

(Ananth et al. 2007). This is consistent with previously reported data (Sibai et al. 1998) and 

a Swedish cohort (Zetterström et al. 2008). 

Fetal growth restriction and preterm birth both contribute to adverse perinatal outcome in 

hypertensive disorders of pregnancy. Given the changing definition of fetal growth 
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restriction over time, these reported incidences are difficult to compare. However, a 

systematic review and meta-analysis reported pooled incidences of a birthweight less than 

2500g to be 16.9% (95% confidence interval 21.0-31.5) and preterm delivery less than 37 

weeks’ gestation 28.1% (95% confidence interval 22.6-34.4) with neonatal unit admission 

20.1% (95% confidence interval 15.7-26.4) in women with chronic hypertension (Bramham 

et al. 2014). Pooled incidence of perinatal death for women with chronic hypertension was 

4.0% (Bramham et al. 2014).  

1.1.6 Adverse maternal and perinatal outcomes associated with preeclampsia 

In the context of hypertension in pregnancy, preeclampsia lies at one end of the spectrum 

with the highest associated maternal and neonatal morbidity and mortality. The impact of 

adverse maternal outcomes in pregnancy hypertension is highlighted by a reported 39.5% 

of obstetric admissions to 14 intensive care units in England being secondary to 

hypertensive disorders of pregnancy (Hazelgrove et al. 2001). Women are at increased risk 

of stroke, acute kidney injury, disseminated intravascular coagulopathy, hepatic failure, 

pulmonary oedema and cardiac complications (Mattar and Sibai 2000). 

Preeclampsia has a higher prevalence of fetal growth restriction than those with isolated 

chronic hypertension (Srinivas et al. 2009). Placental abruption risk is higher compared to 

normotensive pregnancies and highest amongst those with pregnancies additionally 

complicated by fetal growth restriction, thus suggesting abruption as a manifestation of a 

chronic placental condition (Ananth et al. 1999; Ananth et al. 2007; Toivonen et al. 2002). 

Hypertensive disorders are associated with maternal and perinatal mortality with variable 

incidences geographically. The proportion of maternal deaths from hypertensive disorders 

of pregnancy was 2% in the United Kingdom between 2015 and 2017 (Knight et al. 2019), 

7.4% in the United States of America between 2011 and 2013 (Creanga et al. 2017) and 

14% globally between 2003 to 2012 (Say et al. 2014). One in 20 stillbirths without 

congenital abnormality occur in women with preeclampsia (Cantwell et al. 2011). 

Following pregnancy and delivery, there remains a lifetime adverse effect on maternal and 

infant health. Infants from pregnancies with preeclampsia have higher blood pressures in 

childhood (Tenhola et al. 2006) and increased risk of stroke during adulthood (Kajantie et 

al. 2009). In a systematic review and meta-analysis, women with preeclampsia had a 

subsequent increased risk of vascular disease, ischaemic heart disease, stroke and venous 

thromboembolism (Bellamy et al. 2007). Preeclampsia complicated by preterm delivery 

further increased the risk of death from cardiovascular causes compared to preeclampsia 
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without preterm delivery (Irgens et al. 2001). Furthermore, in some settings such as a 

contemporaneous South African cohort, only two-thirds of women with acute kidney injury 

in preeclampsia had confirmed renal recovery (Conti-Ramsden et al. 2019). 

 

1.2 Placental structure and function 

Elucidation of the processes involved in placental development have arisen through in vitro 

studies, histological examination and advances in imaging techniques in vivo. Initial in vitro 

studies provided crude simulation of the in vivo environment while histological studies 

were limited in examining early placental development and discerning causation and effect.  

1.2.1 Normal placental development 

Following fertilisation, the zygote undergoes rapid cell division and differentiation into a 

blastocyst. The blastocyst consists of an inner cell mass and outer trophoblastic layer. 

During implantation, underlying maternal endometrial glands support the growing 

conceptus. Through histotrophic nutrition, carbohydrate and lipid rich secretions as well as 

growth factors are delivered (Burton, Jauniaux, and Charnock-Jones 2007). 

The trophoblast cells can be divided into two types: endovascular extravillous trophoblast 

cells and interstitial trophoblast cells. Endovascular extravillous trophoblast cells migrate 

down the lumens of spiral arteries while interstitial trophoblast cells migrate through the 

endometrial stroma, penetrating spiral arteries from the outside (Burton et al. 2009). The 

interstitial trophoblast cells reach the inner third of the myometrium (junctional zone) and 

transform into immotile giant cells by 14-15 weeks (Brosens, Pijnenborg, and Brosens 

2002). 

Trophoblastic invasion of spiral arteries is associated with spiral artery remodelling. In 

normal pregnancy during this process, a loss of smooth muscle cells and elastin from the 

arterial walls is replaced by fibrinoid material (Pijnenborg, Vercruysse, and Hanssens 2006). 

Spiral arteries become flaccid conduits of rich oxygenated blood and the terminal coils of 

spiral arteries dilate to 2-3mm in diameter (Harris and Ramsey 1966). As a result of this 

spiral artery remodelling, spiral arteries have a reduced capacity for vasoconstriction while 

the velocity and pulsatility of maternal flow into the placental intervillous space is reduced 

(Burton et al. 2009). It is thought that this occurs to avoid damage to the fragile 

trophoblastic villi (Brosens et al. 2010). 
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The invasion of spiral arteries by trophoblast cells is initially extensive, resulting in 

trophoblasts plugging the tips of the spiral arteries. This process can be demonstrated using 

in vivo contrast enhanced ultrasound (Roberts et al. 2017). The next stage of unplugging, to 

allow oxygenated maternal blood to flow freely into the intervillous space, completes by 18 

weeks and starts peripherally, moving centrally. The fetoplacental unit therefore develops 

in a low oxygen environment in the first trimester and this is thought to protect the embryo 

from damaging reactive oxygen species and maintain stem cell potential (Burton and 

Jauniaux 2018). 

While spiral artery remodelling occurs, there are also maternal adaptations. The arcuate 

and uterine arteries dilate and by 20 weeks’ gestation, the diameter of arcuate arteries is 

equal to that of the uterine arteries (Burchell 1967). It has been proposed that mediators of 

this process include oestrogens, human chorionic gonadotrophin, placental growth factor 

and an increased nitric oxide production (Burton et al. 2009). 

Trophoblastic villi undergo rapid branching in the first and second trimester to increase 

their surface area in contact with the maternal circulation. Maternal blood in spiral arteries 

enters the central cavity of a lobule that is free of villi, and then disperse radially between 

the villi. The existence of an oxygen concentration gradient across a lobule is supported by 

a high antioxidant enzyme activity in villous tissue sampled from the centre of the lobule 

compared to the periphery (Hempstock et al. 2003). 

While maternal blood passes over the surface of placental villi, a complex exchange process 

occurs for fetal nutrient uptake, gas exchange, elimination of waste products, immunity 

and thermo-regulation. The maternal-fetal interface also has an endocrine function to 

orchestrate maternal adaptations to pregnancy (Burton and Jauniaux 2015). 

1.2.2 Placental dysfunction 

The placenta is central in the aetiology and disease progression of hypertensive disorders 

of pregnancy and its associated adverse outcomes (Brosens et al. 2011; Brosens, 

Pijnenborg, and Brosens 2002; Veerbeek et al. 2016). 

1.2.2.1 Aetiology of hypertensive disorders of pregnancy 

Inadequate spiral artery remodelling is thought to lead to a cascade of events resulting in 

placental dysfunction. The causes of deficient remodelling have been suggested to include 

inadequate histotrophic nutrition in the first few weeks, excessive apoptosis within the 

placental bed (and therefore failure of trophoblasts to invade spiral artery walls as 
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effectively) or an abnormal interaction with uterine natural killer cells (Burton and Jauniaux 

2018). 

Poorly remodelled spiral arteries have several characteristics and consequences. Maternal 

blood flow through them is pulsatile and of high velocity. This results in mechanical damage 

to the fragile placental villi. The vascular smooth muscle in the spiral arteries is retained 

and can vasoconstrict, therefore resulting in intermittent perfusion and ischaemia-

reperfusion injury. Spiral arteries are also prone to acute atherotic changes with 

accumulation of foam cells and further narrowing of the lumen (Burton and Jauniaux 2018). 

Biopsies from pregnancies complicated by hypertensive disorders have absent 

trophoblastic invasion (Pijnenborg et al. 1991) with medial hyperplasia, fibrin deposition, 

endothelial vacuolation and thrombosis, thus supporting these putative mechanisms.  

The timing and pattern of spiral artery unplugging across the placenta may also be crucial 

for placental perfusion.  If this unplugging occurs too early, begins centrally (rather than 

peripherally) or extravillous trophoblast cells do not invade deep enough to form these 

plugs, then oxidative stress and a cascade of events leading to pregnancy failure and pre-

eclampsia may occur (Pijnenborg, Vercruysse, and Hanssens 2006). 

Altered placental perfusion is hypothesised to result in placental oxidative stress and 

excessive generation of reactive oxygen species (ROS). Reactive oxygen species can damage 

proteins, lipids and DNA, thus impairing cell function which can lead to apoptosis. This is 

demonstrated in placental explants where apoptosis and proinflammatory cytokines are 

released during exposure to hypoxia and reoxygenation in vitro (Hung et al. 2002). 

1.2.2.2 Fetal response 

Placental dysfunction results in metabolic and vascular changes in the fetus through a 

diminished oxygen and nutrient supply. This clinically manifests as fetal growth restriction, 

defined as the failure to reach growth potential.  

Metabolic changes include a downregulation of insulin and the insulin-like growth factor-1 

endocrine axis given the reduction in glucose delivery (Reece et al. 1994). Hepatic glucose 

metabolism falls and glycogenolysis occurs, reducing the size of fetal liver. There is an 

increased accumulation of lactate and ketone bodies. Other changes include altered 

protein and lipid metabolism, endocrine changes with upregulation of the adrenocortical 

axis and haematological adaptations. The fetal circulation adapts to a diminished oxygen 

and nutrient supply by preferentially redistributing umbilical venous blood to the 
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myocardium and brain (brain sparing effect). This can be detected clinically as a fall in the 

middle cerebral artery pulsatility index with a rise in the umbilical artery pulsatility index 

leading to absent or reversed end diastolic flow and a fall in the cerebroplacental ratio. 

Other indices of fetal growth restriction include an abdominal circumference or estimated 

fetal weight less than the third centile, a fall in growth velocity more than 2 quartiles on 

growth centiles (Gordijn et al. 2016) and an absent A-wave in the ductus venosus Doppler 

waveform (Lees et al. 2015). 

1.2.2.3 Maternal response 

In the presence of abnormal placentation, factors are released into the maternal circulation 

leading to the hypertensive maternal response and its complications. Factors contributing 

to this response include antiangiogenic soluble fms-like tyrosine kinase 1 (sFlt-1) as well as 

angiogenic factors vascular endothelial growth factor (VEGF) and placental growth factor 

(PlGF). Widespread maternal vascular endothelial dysfunction ensues and results in the 

maternal response that includes hypertension, glomerular endotheliosis (and thus 

proteinuria and renal insufficiency), cerebral oedema (clinically manifesting as headache 

and seizures) as well as HELLP syndrome (haemolysis elevated liver enzymes and low 

platelet count) (Karumanchi et al. 2005). 

1.2.2.4 Fetal growth restriction and preeclampsia 

Both fetal growth restriction and preeclampsia involve abnormal placentation; however, 

fetal growth restriction can occur in the absence of preeclampsia and vice versa. A 

proposed relationship between placental development and preeclampsia is outlined below 

(Figure 1.2). 
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Figure 1.2: Proposed relationship among degree of oxidative stress and placental 
development in normal pregnancies, late-onset preeclampsia (PE), early-onset PE, and 
miscarriage. 
In normal pregnancies onset of maternal circulation in periphery causes local oxidative 
stress, villous regression, and formation of chorion laeve. In miscarriage extravillous 
trophoblast (EVT) is severely deficient, leading to incomplete plugging of spiral arteries, 
premature and disorganized onset of blood flow, and overwhelming oxidative stress. 
Situation is intermediate in PE, being more severe in early-onset form of syndrome 
associated with fetal growth restriction (FGR). (Burton and Jauniaux 2004) 

 

1.3 Principles of magnetic resonance imaging 

Magnetic resonance imaging is based on the magnetisation properties of atomic nuclei. 

MRI scanners have a primary magnet, gradient coils (to generate second magnetic fields) 

and radiofrequency coils (to transmit radiofrequency pulses and receive signals). 

1.3.1 Atomic structure and spin 

Atoms consist of up to three components: electrons, neutrons and protons. Protons and 

neutrons are situated in a central atomic nucleus, while electrons orbit the nucleus. 

Electrons are negatively charged, protons are positively charged and neutrons have no 

charge. Different numbers of each of these components within an atom, give rise to 

different elements and isotopes. 

When the number of protons equals the number of neutrons in an atomic nucleus, there is 

no net spin. In the case of hydrogen atoms, the nucleus consists of one proton without any 

neutrons. They therefore have a net spin. Given the presence of the proton’s positive 

electrical charge and movement, a magnetic field is induced. This can be described as a 

vector. Without an external magnet, the protons will have their magnetic field vectors 
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pointing in random directions, such that a vector sum of a sample of protons equals zero. 

The hydrogen nucleus is used in magnetic resonance imaging as it is abundantly present in 

human tissue (mostly in water) and therefore a strong signal can be produced.  

1.3.2 Applying a magnetic field 

When an external magnet is applied to protons, the vectors of each proton will either align 

with the magnetic field or align opposite to the magnetic field but the net orientation 

vector is in the same direction as the external magnetic field. The external magnetic field 

also produces a secondary spin (or wobble) of the proton’s axis around the magnetic field. 

The axis of the proton will spin around the long axis of the applied magnetic field (known as 

precession). The precession rate is called the Larmor frequency. When protons precess 

together, they are ‘in phase.’ When protons precess separately, they are ‘out of phase.’ The 

precession frequency is proportional to the magnetic field strength and also depends on 

the type of nucleus. It can be described by the Larmor equation. The strong static external 

magnetic field in an MRI scanner is termed B0. 

 

𝜔 = 𝛾𝐵! 
 

𝜔 = precessional frequency 

𝛾 = gyromagnetic ratio 

𝐵!= magnetic field strength 

Figure 1.3: Larmor equation 

 

1.3.3 Application of a radiofrequency pulse and subsequent relaxation 

 Once in the magnetic field, a radiofrequency (RF) pulse is applied. Protons will spin out of 

equilibrium against the pull of the magnetic field. After the radiofrequency field pulse, 

protons realign with the magnetic field. The realignment is termed relaxation, during which 

energy is emitted. The amount of energy released during relaxation and the time it takes to 

realign, depends on the environment and nature of the molecules.  

1.3.3.1 T1 relaxation 

T1 relaxation is the time it takes to restore the axis from perpendicular alignment to the 

magnetic field to a parallel alignment to the magnetic field. It therefore refers to the 

longitudinal relaxation or spin lattice relaxation. While T1 relaxation occurs, energy is 

dissipated into the lattice (the environment surrounding the nucleus). As a result, dark low 

signal areas on T1 weighted images correspond to areas with long T1 values such as water. 
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1.3.3.2 T2 relaxation 

After the application of an radiofrequency pulse, all the spinning protons are in phase. They 

then lose coherence (dephase) as some spin slightly faster and others slower with energy 

exchange. This results in a reduction of the magnetic field vector. T2 relaxation measures 

how fast the spins lose their magnetisation through dephasing (i.e. decay) in a particular xy 

plane. It is also known as the transverse relaxation or spin-spin relaxation.  

In reality, the spins dephase quicker than T2 because of inhomogeneities in the magnetic 

field. The inhomogeneity is because of intrinsic defects in the magnetic field or field 

distortions by the tissue itself. This is exploited to examine oxygenation in tissue as 

deoxyhaemoglobin is paramagnetic. The true T2 together with the magnetic field 

inhomogeneities is termed T2*. T2* weighted sequences can also be used in blood oxygen 

dependent imaging (BOLD) where the absolute BOLD signal is described as follows. 

 

S  µ M0 e(-TE/T2*) 

S = absolute BOLD signal 

M0 = tissue equlibrium magnetisation 

TE = echo time 

Figure 1.4: Blood oxygen level-dependent (BOLD) equation 

 

1.3.4 Displaying an image 

The energy released through relaxation is picked up by a receiver coil in the MRI scanner, 

converted from an analogue signal to a digital signal, stored in the image space (‘K space’), 

sent to a digital processor where Fourier transformation is applied. Fourier transformation 

deconstructs the input signal into its constituent sinusoids of different frequencies. This 

gives rise to an image displayed.  

1.3.5 Diffusion weighted imaging 

Diffusion measures the thermal microscopic translational motion of water molecules by 

applying magnetic field gradients. When water molecules move in the direction of the 

magnetic field gradient, the emitting signal drops. The displacement measured is in the 

order of five to ten µm. 

Without any boundaries, water molecules move randomly and in no preferred direction 

(Brownian motion) and thus are equally spread throughout the medium. This is termed 

isotropic. Conversely, when there are boundaries (e.g. fibres, membranes), water 

preferentially moves parallel to these boundaries rather than perpendicular and this is 

termed anisotropic.   
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The magnitude of these movements can be characterised by the diffusion coefficient. The 

apparent diffusion coefficient (ADC) is principally used in imaging because it assumes a free 

diffusion model, when in reality movement is not isotropic due to the tissue properties 

present.  

1.3.5.1 Diffusion tensor and derived measures 

A diffusion tensor describes the movement of molecules using the x, y and z planes (Neil 

2008). This is represented as a three-dimensional ellipse with three different eigenvectors 

l1, l2 and l3. 

 
 

Figure 1.5: Representation of a diffusion ellipsoid showing the eigenvectors, as published by 

(Neil 2008). 

 

To quantify the shape of the tensors within each voxel, several measures are used derived 

from the eigenvectors. These are the axial diffusivity (AD), radial diffusivity (RD), mean 

diffusivity (MD) and fractional anisotropy (FA). 

Diffusion measure Abbreviation Equation 

Axial diffusivity AD l1 

Radial diffusivity RD (l2 + l3) / 2 

Mean diffusivity MD (l1 + l2 + l3) /3 

Fractional anisotropy FA 
 

Table 1.1: Diffusion measures as derivations of eigenvectors. 

 

Fractional anisotropy can be further described as the fraction of diffusion which is 

anisotropic. 
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1.4 Safety of magnetic resonance imaging in pregnancy 

Magnetic resonance imaging does not utilise ionizing radiation and is considered a safe 

imaging modality (De Wilde, Rivers, and Price 2005). Several clinical practice guidelines 

state that it is considered safe at all trimesters of pregnancy without gadolinium 

administration (Jain 2019; Patenaude et al. 2014). Studies have shown that there are no 

alterations in fetal heart rate during magnetic resonance imaging (Michel et al. 2003; 

Poutamo et al. 1998; Vadeyar et al. 2000) or subsequent fetal growth post imaging (Myers 

et al. 1998). Furthermore, follow up studies show no increase in disease (Baker et al. 1994), 

functional or hearing impairment at preschool age (Bouyssi-Kobar et al. 2015). A study of 

1737 children in Ontario, Canada up to 4 years of age between 2003 to 2015 also showed 

that magnetic resonance imaging in the first trimester was not associated with increased 

risk of harm (Ray et al. 2016). 

On a cellular level, static magnetic fields have not been shown to affect cell growth 

(Miyakoshi 2005) even in the context of repeated exposure (Wiskirchen et al. 1999). In 

contrast, animal studies have been conflicting. Mice exposed to a magnetic field of 4Tesla 

for 9 hours on day 9 and/or day 12 post coitus showed no changes in fetal growth (Magin 

et al. 2000) while chicks exposed to 1.5Tesla for six hours and sacrificed on the sixth day of 

incubation showed a trend towards higher abnormality and mortality rate than controls 

(Yip et al. 1994). However, the duration of magnetic resonance exposure in these studies is 

much greater than those used during clinical imaging and the equivalent period in human 

development during exposure is early in the first trimester.  

The safety of different magnetic field strengths in pregnancy has been limited by 

retrospective studies and a paucity of long term follow up data. In the largest retrospective 

study (Ray et al. 2016) where children were followed up until 4 years of age and there was 

no risk of harm demonstrated, the magnet strength was not documented although it is 

noted that most imaging was carried out at 1.5 Tesla. Outcomes examined included 

stillbirth, congenital anomalies, neoplasm, vision or hearing loss. Comparing imaging at 3 

Tesla and 1.5 Tesla in terms of potential acoustic effects on fetal hearing, there were no 

clinically detectable hearing abnormalities found between the two groups (Jaimes et al. 

2019). To date, no study has found a teratogenic effect at both 1.5Tesla and 3Tesla and 

there are no published studies investigating the safety of pregnancy at 7 Tesla. 

In order to optimise and maintain the safety of pregnant women undergoing magnetic 

resonance imaging, the following potential risks must be considered (Dill 2008): the static 
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magnetic field, pulsed radiofrequency fields, pulsed gradient magnetic fields and maternal 

positioning in the scanner. Additionally, imaging may reveal unexpected findings that may 

cause anxiety for women or require further management. Protocols for unexpected 

findings must therefore be in place when imaging in order to ensure patient safety. 

Patients must also be informed of the potential for unexpected findings as part of the 

consent process in research studies. 

1.4.1 Static magnetic field 

The main safety risk of magnetic resonance imaging is the static magnetic field. Clinical MRI 

scanners are in the order of 1.5 Tesla or 3 Tesla and therefore any ferromagnetic objects 

nearby can move or accelerate towards the scanner magnet causing injury. By comparison, 

the Earth’s magnetic field is 25-65 µTesla. Ferromagnetic objects may present themselves 

in the form of jewellery, surgical implants and clips or within clothing. In order to minimise 

this risk, a safety checklist is carried out twice on the day of imaging by two independent 

MRI trained staff. Women imaged also wear MRI safe hospital clothing. 
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Figure 1.6: MRI safety checklist questions 

 

On a cellular level, static magnetic fields have not been shown to affect cell growth 

(Miyakoshi 2005) even in the context of repeated exposure (Wiskirchen et al. 1999). A 

survey completed by 1915 MRI workers (and therefore repeatedly exposed to static 

magnetic fields) showed no difference in reproductive outcomes of miscarriage, delayed 

conception, preterm delivery or low birthweight (Kanal et al. 1993). 

1.4.2 Pulsed radiofrequency fields  

Pulsed radiofrequency fields have a thermogenic effect that can adversely affect 

pregnancy. Organogenesis of the nervous system is particularly vulnerable and a rise in 

temperature can lead to neural tube defects, cranio-facial defects and microcephaly in 

animal models (Edwards, Saunders, and Shiota 2003). However, the threshold of 

temperature rise and duration of temperature rise vary between species (mouse, rat, 

rabbit, guinea-pig and hamster models) and different strains of the same species.  

 
 

MRI Safety Questionnaire (Non-Cardiac)  
Owner ʹ Joint MR Safety Group 
Version Approved ʹ November 2019                                                                                                                                                                  Page 1 of 2 
                                                                                                                                                                                           © 2019 GƵǇ͛s and Sƚ Thomas͛ NHS FoƵndaƚion TrƵsƚ 

 

MRI Safety Questionnaire                    non-cardiac version  
This must be completed by ALL persons entering the MRI scan room 
Name 
 

Date of Birth Address 
 
 
 

Post code: Height Weight 

SECTION A:  MRI scanning uses strong magnetic fields. For your own safety and the safety of others it is very 
important that you do not go into the MRI scan room with any metal in or on your body or clothing. 

Please answer the following questions carefully, with a black pen and ask if anything is not clear. All information 
is held in the strictest confidence. 

                                                     Please tick your answer ; No Yes If yes, please comment 
1. Do you have a heart pacemaker?  
       These may stop working near the MRI scanner. □ □  
2. Have you ever had any surgery on your heart? □ □  
3. Have you ever had any surgery on your head, brain or eyes? □ □  
4. Have you had any clinical procedure done in the past 6 months? □ □  
5. Do you have any foreign bodies inside you? (e.g. implants, devices, 

shrapnel) Please list. □ □  
6. Have you ever had any metal particles in your eyes? (e.g. from welding or 

metal work) □ □  
7. Could you be pregnant? □ □  
8. Do you wear dentures, a dental plate or a brace? □ □  
9. Have you had blackouts, epilepsy or fits in the past 2 months? □ □  
10. Do you have any tattoos or trans-dermal patches (medicated adhesive 

patches)? □ □  
11. Are you wearing coloured contact lenses? □ □  
12. An MRI contrast agent (dye) is often required to give us the best 

information from your MRI scan.  
Do you consent to an injection of contrast agent (dye) if required? If yes, 
please complete the Section B overleaf 

□ □ 
 

13. Do you suffer from any allergies (e.g. pet, food or drug allergies)? □ □  
14. Before entering the MRI scan you must remove all metal objects, 

including coins, jewellery, body-piercings, hearing aids, dentures 
containing metal, clothing containing any metal, dental braces, artificial 
limbs or callipers. 
Will you remove all of the above before entering the MRI scan room? 

□ □ 
 

15. Is there anything else you think we should know about in relation to your 
MRI scan? □ □  

 

Please continue overleaf...  
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The degree of thermogenesis depends on the sequences deployed as well as patient 

characteristics. The heating potential can be expressed as the specific absorption rate 

(SAR), measured in watts per kilogram. The applied energy is absorbed by the body and 

converted into heat. Estimation of the specific absorption rate in utero of pregnant women 

has been achieved using anatomical models (Hand et al. 2006). International standards (IEC 

60601) state that pulse sequences developed must not cause a body temperature to rise 

above 0.5°C for an MRI normal mode scan, 1°C for a controlled mode scan and 1°C in 

experimental mode. In the context of pregnancy, it is advised that the temperature of the 

woman does not rise by more than 0.5°C and the estimated temperature of the fetus 

should not exceed 38°C in order to avoid adverse fetal effects (Patenaude et al. 2014), 

accounting for fetal temperature being 0.5°C higher than that of the woman. 

1.4.3 Pulsed gradient magnetic fields  

Pulsed gradient magnetic fields have the potential to cause biological effects, acoustic 

noise damage, peripheral nerve stimulation, peripheral muscle stimulation, cardiac 

fibrillation and magnetophosphenes (De Wilde, Rivers, and Price 2005). Biological effects 

and acoustic noise are of relevance to the fetus when imaging in pregnancy. In terms of 

biological effects, studies have shown no measurable effect of magnetic resonance imaging 

on anxiety, spatial memory, long term memory, intelligence quotient, visual acuity, 

reaction time or acute changes in serum melatonin levels (Prato et al. 1992). Early studies 

were performed at 0.15 Tesla, assessing cognition at 3 months in 53 participants following 

exposure, with a sham and control group (Sweetland et al. 1987). Some animal studies did 

not replicate conditions in human imaging as exposure to magnetic fields was for greater 

than 24 hours. 

Acoustic noise arises from the rapidly switching currents in the gradient coils within the 

magnetic field. Studies have suggested that high noise intensities greater than 99dB are 

associated with high frequency hearing loss in newborns, premature birth and fetal growth 

restriction (American Academy of Pediatrics 1997). However, these studies are mostly 

retrospectively conducted with self-reported noise exposure and noise may be a marker for 

other confounding risk factors.  

Reassuringly, studies have shown that the acoustic noise of magnetic resonance imaging in 

the second and third trimester does not lead to substantial cochlear injury or hearing 

impairment in neonates (Reeves et al. 2010) and at three years no hearing deficit related to 

imaging was reported (Baker et al. 1994). The fetus is somewhat protected from 
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environmental noise by attenuation from surrounding amniotic fluid and maternal tissue. 

An estimation of such attenuation has been achieved from a hydrophone swallowed by a 

volunteer, where a 30dB attenuation in intensity was recorded (Glover et al. 1995). It is 

noted that this was not an accurate simulation of an in-utero environment. A recent study 

quantifying the in utero acoustic transmission using a sheep model showed that frequency 

contents above the 10kHz are transmitted into the amniotic sac and that some frequencies 

are attenuated by as little as 3dB (Gélat et al. 2019). 

In view of the potential adverse effects of acoustic noise, the imaging protocols used in this 

study do not exceed 110dB. This cut off is derived from the Occupational Safety and Health 

recommendation of a maximum noise exposure of 90dB for 4 hours a day in the workplace 

(Śliwińska-Kowalska and Zaborowski 2017) and accounts for a 30dB attenuation from 

amniotic fluid and maternal tissue. The maternal hearing is protected using earplugs and 

noise cancelling headphones.  

1.4.4 Positioning   

Routine obstetric ultrasound imaging and conventional imaging of non-pregnant patients 

occurs in the supine position. This can be challenging in pregnant women due to supine 

hypotensive syndrome which clinically manifests with symptoms of dizziness, sweating, 

nausea and signs of pallor, tachycardia and hypotension (Kinsella and Lohmann 1994). It is 

thought to occur secondary to aortocaval compression by the gravid uterus (Lees et al. 

1967); however, recent magnetic resonance imaging has illustrated that it is mainly inferior 

vena cava compression (and not aorta compression) that occurs when lying supine (Higuchi 

et al. 2015).  

The spinal venous plexus and ascending lumbar veins act as collateral pathways to maintain 

vascular homeostasis in pregnant women lying supine (Hughes et al. 2021; Humphries, 

Stone, and Mirjalili 2017). Other studies have shown a reduction in fetal heart rate 

variability in the supine position (Stone et al. 2017) and a fall in global perfusion with 

increasing gestational age in healthy pregnancies when lying supine that is not seen when 

lying in left lateral (Zun et al. 2017). This effect may be as a result of a fall in cardiac output 

and aortic blood flow when supine (Humphries, Stone, and Mirjalili 2017; Humphries et al. 

2019). Using a combined diffusion weighted imaging and T2 relaxometry technique, a study 

has shown that supine position resulted in a fall in oxygen transfer to the fetus and 

reduction in fetal oxygen saturation that was not statistically significant (Couper et al. 

2020). There remain no studies of whether these short-term reversible changes have an 
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impact on neonatal outcome. In addition, positioning a woman in left lateral tilt for a short 

period followed by rotation to supine has been found to increase venous return in the 

inferior vena cava and spinal venous plexus, suggested in part due to a smaller proportion 

of the uterus on the right side of the abdomen (Hughes et al. 2021). Thus, the suggested 

changes seen in supine imaging may be mitigated by placing a woman in left lateral tilt 

prior to rotation to supine for imaging. 

Concerns regarding the supine position have been raised aside from reversible 

symptomatic discomfort. It has been suggested that the supine maternal sleep position is 

an additional risk factor for late pregnancy stillbirth in an already compromised fetus 

(Gordon et al. 2015). In a prospective case control study carried out in 41 maternity units, 

the supine going to sleep after 28 weeks’ gestation had an increased risk of late stillbirth 

compared with the left side (adjusted odds ratio (aOR) 2.31, 95% CI 1.04-5.11) (Heazell et 

al. 2018). An individual-level participant data meta-analysis showed that the supine going-

to-sleep position was associated with increased odds of late stillbirth (aOR 2.63, 95% CI 

1.72-4.04) compared with left side (Cronin et al. 2019). However, the duration of remaining 

supine during sleep is notably longer than that of imaging and the retrospective study is 

subject to bias and reverse causation. Other studies have shown a reduction in fetal heart 

rate variability in the supine position (Stone et al. 2017) and a fall in global perfusion with 

increasing gestational age in healthy pregnancies when lying supine that is not seen when 

lying in left lateral (Zun et al. 2017). There remain no studies of whether these short-term 

reversible changes have an impact on neonatal outcome. 

1.4.5 Claustrophobia 

Claustrophobia presents a challenge in magnetic resonance imaging. In 939 adult patients 

requiring clinically indicated brain imaging, a reported 14.3% required sedation in order to 

tolerate imaging (Murphy and Brunberg 1997). When imaging pregnant women, the effect 

of claustrophobia can be minimised by entering the magnet bore feet first and the use of 

prism glasses that allowing the woman to see outside the scanner into the console room 

behind the magnet bore. 

 

1.5 Current applications of placental MRI 

1.5.1 In clinical practice  

The clinical use of placental MRI remains principally as an investigative tool in the suspicion 

of the placenta accreta spectrum disorder. In this pregnancy complication, there is a 
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disruption in the endometrial-myometrial interface leading to failure of normal 

decidualisation, usually in an area of a uterine scar occurring secondary to a previous 

caesarean section (Jauniaux and Bhide 2017). Trophoblast and villous tissue invade the 

myometrium and surrounding pelvic organs. On placental histology, there is complete or 

partial absence of the decidua basalis. The degree of invasion can be divided into placenta 

creta, increta and percreta.  

 
 

Figure 1.7: Diagram showing accreta, increta and percreta villous tissue, as published by 
Jauniaux et al. 2018. 

 

1.5.1.1 Pregnancy outcomes in placenta accreta spectrum 

Placenta accreta spectrum is associated with adverse maternal and fetal outcomes. 

Maternal risks include life-threatening obstetric haemorrhage, uterine rupture, 

hysterectomy, damage to the urinary tract and admission to intensive care (Balayla and 

Bondarenko 2013). Fetal risks include preterm birth, low birth weight (Balayla and 

Bondarenko 2013) and admission to the neonatal intensive care unit (Farquhar et al. 2017). 

Early accurate antenatal diagnosis enables optimisation of clinical management especially 

with respect to delivery. A planned co-ordinated delivery by elective caesarean section 

before the onset of labor is advised, as it is associated with a reduction in morbidity 

(Jauniaux et al. 2019). Outcomes are further improved if delivery occurs in a 

multidisciplinary setting in a specialist centre with expertise in complex pelvic surgery as 

well as diagnosing and managing invasive placentation (Shamshirsaz et al. 2015).  

1.5.1.2 Features of placenta accreta spectrum on MRI 

Several studies have assessed the predictive value of MRI features in determining placenta 

accreta spectrum. T2-weighted images are often performed in three planes (axial, sagittal 
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and coronal) with at least a partially filled bladder in order to assess bladder involvement in 

placenta percreta. A study where two expert MRI readers (masked to clinical outcome) 

assessed MRI scans from 20 patients, half of whom had a diagnosis of placenta accreta 

spectrum following delivery (Lax et al. 2007) was performed. Features of uterine bulging, 

heterogenous signal intensity within the placenta and dark intraplacental bands were 

found to be the most useful in determining those with and those without placental 

invasion. Other suggested imaging findings include focal interruptions in the myometrial 

wall, tenting of bladder and direct visualisation of the invasion of pelvic structures by 

placental tissue (Baughman, Corteville, and Shah 2008). Assessment of images from 42 

women suspected of having placenta accreta spectrum by MRI readers masked to clinical 

outcome reported uterine bulging as the feature with the best positive predictive value and 

its combination with the presence of dark intraplacental bands further improving the 

predictive value (Riteau et al. 2014).  

1.5.1.3 Screening for placenta accreta spectrum  

In the United Kingdom, all pregnant women are offered an obstetric ultrasound scan as 

part of the National Health Service Fetal Anomaly Screening Programme between 18 to 

20+6 weeks’ gestation (Public Health England 2018) Within this ultrasound scan, the 

placental site is reported. Current clinical guidelines from the Royal College of Obstetrician 

and Gynaecologists advise that those with a previous history of placenta accreta spectrum 

or a previous caesarean section with an anterior low-lying placenta (defined as less than 

20mm from the internal cervical os) or placenta praevia should have a specialist ultrasound 

scan for placenta accreta spectrum. Ultrasound features of placenta accreta spectrum have 

been standardised by the European Working Group on Abnormally Invasive Placenta 

(Collins et al. 2016) and a proforma protocol produced by the international Abnormally 

Invasive Placenta Expert Group (Alfirevic et al. 2016). 

1.5.1.4 Role of magnetic resonance imaging in placenta accreta spectrum 

The use of magnetic resonance imaging in placenta accreta spectrum is controversial and 

operator dependent as it is considered that it does not improve the diagnosis compared to 

ultrasound alone when performed by experts. Systematic reviews and meta-analyses 

comparing the two imaging modalities show similar detection rates of placenta accreta 

spectrum (D'Antonio et al. 2014; Meng, Xie, and Song 2013).  These studies may be limited 

by selection bias as MRI is often only performed when there is already suspicion of 

placenta accreta spectrum from ultrasound. Gadolinium contrast during magnetic 

resonance imaging may improve the detection rate, especially amongst those with limited 
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experience interpreting imaging; however, there are limited gadolinium safety data and it is 

rarely used (Millischer et al. 2017). 

The benefits of magnetic resonance imaging as an imaging modality compared to 

ultrasound include a larger field of view and better soft tissue contrast. In addition, the 

impact of body mass index and placenta location do not have as much as an adverse effect 

on image quality. However, magnetic resonance imaging is currently more costly and 

available only in expert centres with clinical expertise in interpreting imaging. It must also 

be noted that not all women can undergo magnetic resonance imaging due to 

claustrophobia, a restricted scanner bore size or failure of the metal safety checklist, 

commonly due to previous surgical implants or clips.  

In view of the above, the current advice from the Royal College of Obstetrician and 

Gynaecologists is that magnetic resonance imaging may be used to complement ultrasound 

imaging in order to assess depth of invasion and lateral extension of myometrial invasion, 

especially with posterior placentation and or ultrasound signs suggesting parametrial 

invasion (Jauniaux et al. 2019). This is especially useful in surgical planning. Visualising the 

placental margins along with the whole placenta within the same field of view can facilitate 

decisions regarding the abdominal and uterine incision, the latter should avoid the placenta 

often requiring a nontraditional incision. Magnetic resonance imaging can also assist in the 

decision for inserting ureteric stents preoperatively to risk of urinary tract injury and at 

ureteric stent placement, cystoscopic assessment can assess for bladder invasion by the 

placenta (Allen et al. 2018). This advice is in line with the American College of Obstetricians 

and Gynecologists (ACOG 2018). 

1.5.2 In research 

1.5.2.1 T2-weighted imaging  

T2-weighted imaging allows for visualisation of the placental structure in vivo within a large 

field of view. The boundary between the amniotic fluid and placenta can be easily 

visualised while the delineation between the placenta and uterine wall is not as clear. 

Mapping the vascular tree in vivo may assist surgical planning of laser division in twin-twin 

transfusion syndrome (Aughwane et al. 2020). Multislice sets of images can be taken for 

the quantification of placental structure using measures such as placental volume, 

thickness and shape. Despite the challenges presented by interslice motion, varying 

placental location, size, shape and signal intensities in pathology, acquisition and 
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processing techniques have been automated, thus removing the need for time consuming 

manual segmentation (Wang et al. 2016; Wang et al. 2019). 

1.5.2.1.1 Simple visual analysis 

The placenta, with its associated large volume of blood, has a low signal intensity on T1 

weighted images and high signal intensity on T2-weighted imaged (Gowland 2005). In 

uncomplicated pregnancies, with advancing gestation, the placenta appears more 

heterogenous with an increasing lobularity and a reduction in the ratio of placental and 

amniotic fluid signal intensity on T2-weighted imaging (Blaicher et al. 2006). In pregnancies 

complicated by fetal growth restriction, simple visual analysis revealed a thickened globular 

appearance (Damodaram et al. 2010). Other visual features seen on T2-weighted imaging 

include placental haemorrhages (retroplacental haematomas, intervillous thrombi and 

subchorionic haematomas) and ischaemic lesions (Linduska et al. 2009). These have been 

found to correlate with placental histology findings performed postnatally with a median of 

seven days between imaging and delivery (Linduska et al. 2009). However, small 

macroscopic changes associated with perivillous fibrin deposition were not visually 

detected on magnetic resonance imaging in this study, noted to be performed on a 1.5T 

scanner.  

1.5.2.1.2 Quantitative analysis using T2-weighted imaging 

Placental volume and thickness have been explored in several studies, mostly in 

uncomplicated pregnancies and pregnancies complicated by fetal growth restriction. 

Longitudinal data involving women with uncomplicated pregnancies scanned at four-

weekly intervals, showed a linear placental growth throughout the second and third 

trimester (Langhoff et al. 2017). In contrast, examination of 20 pregnancies complicated by 

fetal growth restriction (mean gestation at imaging 26.96, standard deviation 3.6) found a 

reduced placental volume and a high placenta thickness to volume ratio (Damodaram et al. 

2010). In addition to these findings, an abnormal signal intensity consistent with placental 

pathology was found to predict fetal or neonatal death. These findings were consistent 

with another study (Ohgiya et al. 2016) which additionally found that the size of flow voids 

between the uterus and placenta were associated with growth restricted fetuses in a group 

of 50 singleton pregnancies.  

The large field of view in magnetic resonance imaging encompasses the fetal brain which 

may additionally inform prognosis. Placental, global and regional brain volumes were 

calculated in pregnancies complicated by fetal growth restriction (Andescavage et al. 2017). 
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These volumes increased with advancing gestational age but were smaller compared to 

controls. Brain volumes were found to be smallest in growth restricted fetuses with 

abnormal umbilical artery dopplers yet interestingly, brainstem volume remained 

preserved.  

The advent of machine learning has led to the prediction of fetal growth restriction and 

birthweight using placental shape and textural features (Dahdouh et al. 2018). Shape 

features included placental volume, thickness and elongation while textural features 

included mean, variance, kurtosis and skewness of placental grey levels. The T2-weighted 

images were further assessed using gray level co-occurrence and run-length matrices to 

characterise placental homogeneity, symmetry and coarseness. The framework was able to 

distinguish growth restricted fetuses from those normally grown and predict birthweight in 

both groups. 

T2 relaxation times have been calculated in various studies and shown to fall linearly with 

advancing gestation (Derwig, Barker, et al. 2013; Gowland et al. 1998; Wright et al. 2011). 

In one study, 10 out of 14 compromised pregnancies (defined as those complicated by fetal 

growth restriction or preeclampsia) were found to have T2 relaxation times lower than the 

normal linear regression line (Gowland et al. 1998). Only two of these pregnancies were 

complicated by preeclampsia and imaging was performed beyond 35 weeks’ gestation in 

both, thus perhaps representing a less severe clinical phenotype of preeclampsia. A further 

study (Derwig, Barker, et al. 2013) illustrated a decreased T2 relaxation time in small for 

gestational age fetuses that was additionally associated with raised uterine artery 

pulsatility index and lower birthweight percentiles.  

Interpreting the biological correlate of the T2 relaxation time has involved histological 

analysis.  Histological analysis of placentae from women imaged within a week of delivery 

found a positive correlation between fibrin volume density, ratio of fibrin:villlous volume 

densities and T2 relaxation times (Wright et al. 2011). In a mouse model, loss of placental 

blood flow abolished T2 contrast thereby suggesting that T2-weighted imaging may detect 

changes in placental vasculature (Moore et al. 2008). 

Long T2 values occur in tissues with a high intracellular non-membrane bound lipid content 

(Cameron, Ord, and Fullerton 1984). Short T2 values occur in tissues with a greater overall 

surface area that originates from cellular membranes, intracellular or extracellular fibrillar 

macromolecules. The extracellular fluid volume fraction can also influence the T2 
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relaxation time. The reduction in T2 relaxation times with advancing gestational age in 

uncomplicated pregnancies is therefore thought to occur secondary to villous branching.  

1.5.2.2 T2* relaxometry 

Studies have shown a linear reduction in placental mean T2* values in uncomplicated 

pregnancies with increasing gestation (Hutter, Jackson, et al. 2019; Sørensen et al. 2013; 

Sørensen et al. 2020). There remains a paucity of literature examining T2* values in 

hypertensive disorders of pregnancy as most studies have focussed on fetal growth 

restriction.  

Lower mean T2* values have been reported in placentae of pregnancies complicated by 

fetal growth restriction, thus suggesting its clinical application as an indicator of placental 

dysfunction (Ingram et al. 2017; Sinding, Peters, Frøkjaer, et al. 2016). Results of four cases 

of fetal growth restriction at a gestational age range from 25 to 31 weeks (Sinding, Peters, 

Frøkjaer, et al. 2016) were consistent with a larger case-control study (Ingram et al. 2017) 

including 23 cases of fetal growth restriction (gestational age range from 23 to 35 weeks). 

A small study in which T2* values were examined in four women with fetal growth 

restriction, included one woman with co-existing preeclampsia (Sinding, Peters, Frøkjaer, et 

al. 2016). Another study also examined T2* in a mixed cohort of 33 women (reported as 

R2* = 1/T2*) at earlier gestations (prior to 24 weeks’ gestation) included two women with 

fetal growth restriction and one with preeclampsia (Armstrong et al. 2019). Mean R2* 

values in women with fetal growth restriction were similar to those with uncomplicated 

pregnancies. However, these women were imaged during early second trimester and all 

delivered at term thus perhaps suggesting a different disease mechanism in preterm 

preeclampsia, term preeclampsia, early and late fetal growth restriction. R2* may 

additionally remain normal at early second trimester with changes becoming apparent only 

later in pregnancy. 

1.5.2.2.1 Maternal hyperoxia 

In uncomplicated pregnancies, the BOLD signal has been seen to increase and become 

more homogenous within the placenta with maternal hyperoxia (Sørensen et al. 2013). This 

effect is more marked on the fetal side of the placenta. This is consistent with another 

study where R2* (1/T2*) was reported to decrease with hyperoxia (Huen et al. 2013); 

however, interestingly gestational age did not affect R2* changes in these 14 women. 
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The placental response to maternal hyperoxia has been investigated as a potential tool to 

explore placental dysfunction in cases of fetal growth restriction. Animal studies have been 

conflicting. One study showed that ΔT2* increased in cases of fetal growth restriction 

during hyperoxia (Collinot et al. 2018) while another study showed that ΔT2* reduced with 

hyperoxia (Chalouhi and Salomon 2014). In human studies, 13 women with placental 

dysfunction (defined as birthweight <10th centile or pathology consistent vascular 

malperfusion) were imaged with a group of 49 controls (Sinding et al. 2018). Those with 

placental dysfunction had lower baseline T2* values and a high hyperoxic BOLD response. 

The time to plateau during maternal hyperoxia may be of relevance as a study in 

monochorionic twins showed that mean placental time to plateau positively correlated 

with placental pathology (Luo et al. 2017). 

Given the interest in T2* changes in pregnancies complicated by fetal growth restriction, 

the clinical utility in predicting birthweight has been explored in two studies. Firstly, the 

combination of ΔP02, baseline R1 and baseline R2* was found to have high predictive value 

in identifying fetal growth restriction (Ingram et al. 2017). Secondly, the area under the 

receiver operating characteristic curve was higher when using T2* to predict low 

birthweight compared to uterine artery pulsatility index (Sinding et al. 2017). 

1.5.2.2.2 Interpreting T2* values 

T2* values probe placental oxygenation as the paramagnetic properties of 

deoxyhaemoglobin cause magnetic field distortions and a faster T2* decay (i.e. reduced 

transverse relaxation time) than oxyhaemoglobin. Hypoxic tissues therefore have a 

reduced T2* value (Blood Oxygen Level Dependency effect). This is supported by the 

change in T2* values seen with maternal hyperoxia. Although the T2* relaxation time is 

thought to be an indicative measure of oxygenation, it can also be influenced by villous 

density, calcium and the distribution of oxygenated blood. Placental pathological findings 

have been found to be closely related to T2* values (Sinding, Peters, Frøkjaer, et al. 2016). 

Regional differences in T2* values can also be found within the placenta and this must be 

considered when interpreting studies. Contrast enhanced imaging in Rhesus macaques has 

shown local areas of high T2* values in T2* maps correlating with spiral arteries (Schabel et 

al. 2016); a slow spread of signal intensity enhancement from a spiral artery across lobule 

to periphery has been shown in a naturally occurring Rhesus macaque model of fetal 

growth restriction (Lo et al. 2018). Calculations of T2* values should therefore ideally 

encompass the whole placental volume or at least an average of several slices 
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encompassing both the maternal and fetal placental interface. Uterine contractions have 

been found to reduce T2* values (Sinding, Peters, Frøkjær, et al. 2016). T2* values are also 

inherently affected by magnetic field strength and there remains a lack of literature 

reporting mean T2* in uncomplicated pregnancies at 3 Tesla. 

1.5.2.3 Diffusion 

Measures of diffusivity have also been mainly studied in pregnancies complicated by fetal 

growth restriction rather than in hypertensive disorders. Reduced placental apparent 

diffusion coefficient (ADC) values in growth restriction have implicated a phenotype with 

restricted diffusion (Bonel et al. 2010) in a retrospective cohort of 102 singleton 

pregnancies, of whom 33 were classified as having placental insuffiency by ultrasound 

imaging. Another study (Javor et al. 2013) showed maximum diffusivity, mean diffusivity 

and fractional anisotropy values reduced in 14 cases of fetal growth restriction, imaged 

between 22 to 35 weeks gestation. Phase contrast angiography in six cases of preeclampsia 

showed higher mean velocity with a wider range of velocities compaired to controls, 

suggesting the presence of resistance in the fetal villous circulation or altered villous 

branching and villous tone (Dellschaft et al. 2020). 

The effect of gestational age and sampling site has been explored in a study examining only 

uncomplicated pregnancies (Capuani et al. 2017). ADC values were negatively correlated 

with gestational age but only after 30 weeks’ gestation in the peripheral placenta. Prior to 

30 weeks’ gestation the ADC was not dependent on gestational age. There was also a 

positive linear correlation between perfusion fraction and gestational age in the central 

and peripheral placenta after 30 weeks. In a more recent study (Siauve et al. 2019), ADC 

values had a quadratic correlation with gestational age; ADC increased between 16-22 

weeks’ gestation, remained stable and then decreased after 28 weeks’ gestation. These 

results perhaps reflect parenchymal changes with initial placental angiogenesis in the first 

and second trimester, followed by villi maturation, calcium deposition and fibrosis in the 

third trimester. Techniques coupling diffusion with T2 relaxometry (Melbourne et al. 2019; 

Slator et al. 2019) may help to further probe the underlying biological processes. 

1.5.2.3.1 Intravoxel incoherent motion, IVIM 

The placenta is highly vascularised and by varying the gradient fields applied, imaging can 

be sensitive to the microcirculation of blood in the capillary network. With strong 

gradients, the signal loss is due to diffusion, while with weak gradients, the signal loss can 

be secondary to the microcirculation of blood in the capillary network. Intravoxel 
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incoherent motion (IVIM) is a technique which is sensitive to the microscopic movement of 

water due to diffusion as well as capillary perfusion. Studies have shown pregnancies 

complicated by fetal growth restriction have a reduction in IVIM measures of perfusing 

fraction (Derwig, Lythgoe, et al. 2013; Moore et al. 2000; Siauve et al. 2019) 

There are a few studies using IVIM as a technique in women with preeclampsia. One study 

found a reduced fraction of moving blood at the basal plate in those with preeclampsia 

(Moore et al. 2000). Given this area is within the region of spiral arteries, it is suggested 

that this reduction may be secondary to inadequate spiral artery remodelling (and thus 

narrow spiral artery lumen) or fewer spiral arteries transformed. However, early and late 

onset preeclampsia may have a different disease aetiology. In those with early 

preeclampsia, there was a smaller placental perfusion while those with late preeclampsia 

had a larger perfusion fraction compared to normal controls (Sohlberg et al. 2014).  

 

1.6 Placental biomarkers in hypertensive disorders of pregnancy 

1.6.1 Placental growth factor, PlGF 

PlGF is a proangiogenic factor and member of the vascular endothelial growth factor 

(VEGF) family of signalling proteins (De Falco 2012) . This family of proteins is involved in 

angiogenesis and all share biochemical and functional features. During pregnancy, PlGF is 

predominantly expressed in the vasculosyncytial membrane of the villous trophoblast 

(Khaliq et al. 1996), thus suggesting its integral role in placental angiogenesis during 

invasion of the trophoblast into the maternal decidua. Under normal physiological 

conditions, PlGF is expressed in low levels in the heart, lung, thyroid, skeletal muscle and 

adipose tissue (Persico, Vincenti, and DiPalma 1999; Viglietto et al. 1995; Voros et al. 2005). 

PlGF is encoded by the PlGF gene on chromosome 14 (Maglione et al. 1993) and alternative 

splicing gives rise to four different isoforms, PlGF 1-4. PlGF-1 and PlGF-3 are non-heparin 

diffusible isoforms while in contrast, PlGF-2 and PlGF-4 have heparin binding domains and 

are membrane associated (Yang et al. 2003). PlGF exerts its proangiogenic, anticoagulant 

and vasodilatory activity through binding to fms-like tyrosine kinase 1 receptor (flt-1, also 

known as VEGFR-1) on trophoblast membranes (Shore et al. 1997).  

1.6.1.1 PlGF concentrations in pregnancy 

In normal uncomplicated pregnancies, PlGF concentrations in the maternal circulation 

increase until 29-32 weeks and then subsequently decline until delivery (Levine et al. 2004; 
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Romero et al. 2008; Saffer et al. 2013). Given the hypothesized role of PlGF in placentation, 

PlGF concentrations in women with preeclampsia and their potential clinical utility have 

been investigated. Studies have shown low maternal concentrations of PlGF in 

preeclampsia (Livingston et al. 2000; Staff et al. 2013; Wikström et al. 2007) including cases 

of preeclampsia with a background of chronic kidney disease and chronic hypertension 

(Bramham et al. 2016). Reduced PlGF concentrations predict the subsequent development 

of preeclampsia (Levine et al. 2004) and in women presenting with suspected 

preeclampsia, there is high sensitivity and negative predictive value for the development of 

preeclampsia requiring delivery within 14 days (Chappell et al. 2013). The clinical utility of 

PlGF testing has been shown to reduce time to diagnosis of preeclampsia and suggested to 

reduce incidence of maternal adverse outcomes through targeted enhanced surveillance 

with knowledge of PlGF result (Duhig et al. 2019). 

In the context of preeclampsia, factors which may influence PlGF concentrations include 

hypoxia and sFlt-1. The prominent expression of PlGF in cultured trophoblast cells can be 

down regulated by hypoxia (Shore et al. 1997). It therefore suggests that low oxygen levels 

or fluctuations in oxygen may lead to low PlGF production by trophoblast and altered 

release into the maternal circulation. In preeclampsia, this hypoxia is thought to originate 

through abnormal placentation. In addition to flt-1 receptors on the trophoblast 

membrane, PlGF can bind to circulating sFlt-1 which is a soluble variant of flt-1 receptor.  

1.6.2 sFlt-1 

In preeclampsia, it has been suggested that excess placental sFlt-1 binds to circulating PlGF 

(as well as VEGF), resulting in a reduction in the bioavailability of PlGF binding to Flt-1 

membrane receptor. Animal studies have shown that administering sFlt-1 to pregnant rats 

induces a preeclamptic phenotype with hypertension, proteinuria and glomerular 

endotheliosis (Maynard et al. 2003). In human studies (Hertig et al. 2004; Levine et al. 

2004), increasing levels of sFlt-1 can be found five weeks prior to the onset of clinical 

preeclampsia. This is accompanied by a decrease in concentrations of free PlGF and VEGF.  
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Figure 1.8: VEGF signalling and the role of sFlt-1 in maternal endothelial dysfunction as 
illustrated in Karumanchi et al. 2005 

 

The clinical utility of sFlt-1 in combination with PlGF, in women suspected of having 

preeclampsia has been explored in several studies. A high sFlt-1/PlGF ratio in women 

presenting at less than 34 weeks’ gestation with suspected preeclampsia, predicted 

adverse maternal and perinatal outcomes and correlated with duration of pregnancy (Rana 

et al. 2012). The sFlt-1/PlGF ratio had a better performance than either sFlt-1 or PlGF alone. 

A prospective multicentre observational study in a large cohort of 500 women suspected of 

preeclampsia, found that an sFlt-1/PlGF ratio of 38 or lower could predict short term 

absence of preeclampsia (Zeisler et al. 2016).  

1.6.3 Vascular cell adhesion molecule-1, VCAM-1 

The vascular endothelium is lined by a protective layer termed the endothelial glycocalyx. 

This layer affects blood cell to vessel wall interactions and acts as a gatekeeper between 

the endothelial cell surface and blood flow, thus influencing vascular permeability (Reitsma 

et al. 2007). The endothelial glycocalyx incorporates soluble molecules (which are either 

plasma or endothelium derived) to modulate function. Vascular cellular adhesion molecule, 

VCAM-1, is one such molecule and therefore a component of the endothelial glycocalyx. 

The function of VCAM-1 is to mediate leukocyte endothelial adhesion. A study including 

non-pregnant women has shown that the concentrations do not differ from those with 

normal uncomplicated pregnancies (Austgulen et al. 1997). There is also no change in 

VCAM-1 concentration over gestation in those with normal pregnancies (Austgulen et al. 

1997; Krauss et al. 1997). 
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High plasma concentrations of VCAM-1 are hypothesized to represent damage to the 

endothelial glycocalyx. Given the underlying pathology of preeclampsia is thought to 

involve endothelial cell damage, several studies have examined VCAM-1 as a biomarker for 

preeclampsia. These have consistently shown that VCAM-1 concentrations are higher in 

women with preeclampsia (Austgulen et al. 1997; Chaiworapongsa et al. 2002; Kim et al. 

2004; Krauss et al. 1997). Plasma VCAM-1 can additionally distinguish superimposed 

preeclampsia from those without superimposed preeclampsia in women with chronic 

kidney disease (Wiles et al. 2019). Longitudinal profiles showed high levels of VCAM-1 in 

women 5-15 weeks prior to a clinical diagnosis of pre-eclampsia, thus suggesting a role in 

prediction (Krauss et al. 1997). However, this incorporates a large range of time and further 

studies are currently lacking.   

1.6.4 Hyaluronan  

Hyaluronan is a linear polysaccharide with high water binding capacity. It is another 

component of the endothelial glycocalyx where it can be bound to receptor CD44 (Nandi, 

Estess, and Siegelman 2000). Hyaluronan-hyaluronan complexes are thought to have a role 

in stabilising the luminal glycocalyx (Scott and Heatley 1999). In addition, hyaluronan has a 

role in motility, cell-cell and cell-matrix adhesion. Fibroblasts produce hyaluronan as a 

component of the extracellular matrix.  

High plasma hyaluronan concentrations can be found in sepsis, thus indicating a role in 

inflammation (Berg 1997). This relationship is further strengthened by the observation that 

hyaluronan concentrations correlate with sepsis severity and prognosis. It remains 

uncertain whether the high concentrations are secondary to increased production or 

reduced clearance by lymph nodes and liver or both.  

Given the hypothesized roles of this biomarker, hyaluronan in the context of pregnancy and 

hypertensive disorders have been explored. Hyaluronan can be found in mesenchymal villi, 

especially in the first trimester, where the angiogenic, proliferative and differentiative 

processes take place (Marzioni et al. 2001). High concentrations of hyaluronan have been 

found in women with preeclampsia (Matejevic et al. 1999; Berg et al. 2001) and in 

uncomplicated pregnancies hyaluronan has not been found to be gestational dependent 

(Osmers et al. 1998). Interestingly, high concentrations of hyaluronan did not differ 

between early or late onset preeclampsia (Kornacki, Wirstlein, and Wender-Ozegowska 

2019) but could differentiate women with preeclampsia from women with gestational 

hypertension (Romão et al. 2014). A recent study showed that hyaluronan was higher in 
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women with preeclampsia superimposed on chronic kidney disease compared to women 

with chronic kidney disease and no superimposed preeclampsia (Wiles et al. 2019). 

Hyaluronan therefore has the potential to help distinguish those women with preeclampsia 

in groups where diagnosis may be unclear clinically.  

1.6.5 Placental biomarkers in this thesis 

Angiogenesis related biomarkers PlGF and sFlt-1 and endothelial glycocalyx related 

biomarkers VCAM and hyaluronan have shown promise in their use as a predictive and 

diagnostic test for preterm preeclampsia. Measurement of angiogenic and anti-angiogenic 

factors remain the leading commercially available test to aid the short term diagnosis of 

preeclampsia requiring delivery within two weeks (McCarthy, Ryan, and Chappell 2018). 

Additionally, both PlGF and sFlt-1 as a single angiogenesis-related biomarker were found to 

be a useful diagnostic test for women presenting with suspected preterm preeclampsia 

when compared to 47 biomarkers (Duckworth et al. 2016).  

In this exploratory study, VCAM and hyaluronan were additionally measured as the 

development of superimposed preeclampsia in women with chronic hypertension was of 

interest. Both VCAM and hyaluronan distinguished women with chronic kidney disease and 

superimposed preeclampsia from those without superimposed preeclampsia when 

compared with other  plasma biomarkers derived from the endothelial glycocalyx 

(intercellular adhesion molecule, P-selectin, E-selectin) and those derived from 

complement activation (C3a, C5a, complement factor H, C5b-9) (Wiles et al. 2019). The 

literature on superimposed preeclampsia is sparse. Biological plausibility was therefore 

applied to examine the best performing biomarkers, whilst acknowledging that chronic 

kidney disease may have a different pathophysiological pathway compared to chronic 

hypertension. 

 

1.7 Summary 

Preeclampsia and chronic hypertension are both associated with adverse pregnancy 

outcome. MRI offers potential for non-invasive high resolution multimodal direct in vivo 

assessment of the placenta. MRI measures of structure and function may help to 

understand disease aetiology. In combination with placental biomarkers, this may increase 

our understanding of pathophysiological mechanisms.  
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Chapter 2 HYPOTHESES, RESEARCH QUESTIONS AND OBJECTIVES 

The subject of this thesis is the use of placental magnetic resonance imaging in 

preeclampsia and chronic hypertension. The hypotheses, research questions and objectives 

for each workstream are outlined below. 

2.1 Hypotheses 

• Placental magnetic resonance imaging in pregnancy, including imaging those with 

chronic hypertension and preeclampsia, requires bespoke protocols. 

 

• Visual assessment of magnetic resonance imaging provides an insight into gross 

placental structure and aids the development of quantitative analysis. 

 

• In women with preeclampsia and chronic hypertension, magnetic resonance 

imaging identifies a placental phenotype that assists in identification of women and 

fetuses at risk of adverse pregnancy outcome. 

 

• Biomarkers in chronic hypertension and preeclampsia aid understanding of 

placental magnetic resonance imaging measures. 

 

2.2 Research questions and objectives 

 

2.2.1 How can the placenta be optimally visually assessed in vivo using magnetic 

resonance imaging? 

Objective: To optimise magnetic resonance imaging and associated measures in women 

with preeclampsia and chronic hypertension (Chapter 3)  

 

2.2.2 What are the acceptance and unexpected findings rates of magnetic resonance 

imaging in women with preeclampsia and chronic hypertension? 

Objectives: To determine the acceptance rate of magnetic resonance imaging in women 

with preeclampsia and chronic hypertension (Chapter 3) and to describe potential 

unexpected findings in MRI performed for research during pregnancy (Chapter 7). 
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2.2.3 Can advanced techniques of T2* mapping and diffusion elucidate the underlying 

mechanisms of preeclampsia and chronic hypertension? 

Objectives: To investigate cross-sectional placental changes in preeclampsia and thus 

provide an insight into the pathophysiology of preeclampsia (Chapter 4) compared to 

controls and to investigate cross-sectional placental changes in chronic hypertension and 

thus provide an insight into the heterogeneity of pregnancy outcomes (Chapter 5) 

compared to controls. 

 

2.2.4 Do placental biomarkers further our understanding of placental changes observed 

in magnetic resonance imaging? 

Objective: To explore changes in associated placental biomarkers PlGF, sFlt-1, VCAM and 

hyaluronan in women with preeclampsia and chronic hypertension and to describe them in 

the context of placental T2* values obtained from magnetic resonance imaging (Chapter 6). 
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Chapter 3 OPTIMISATION OF METHODS 

This prospective, observational study was embedded within the National Institutes of 

Health (NIH) funded Placenta imaging Project (Structure and function of the placenta from 

implantation to delivery: a next generation MRI approach). The aim of the Placenta imaging 

Project is to develop a novel magnetic resonance approach to assess growth and 

development of the human placenta in health and disease. The project is currently 

recruiting until late 2020 and therefore imaging techniques were continually being 

optimised during this study and remain in development. 

Work for this study commenced in April 2017 with specific ethics approval for the main 

Placental Imaging Project. I led an application for an ethics amendment to include 

recruitment of a group of hypertensive women to the Placenta imaging Project, in addition 

to writing standard operating procedures for maternal blood sampling and processing. I  

created a study database using a REDCap platform for the Placental Imaging Project, 

written following self-training through online resources, and with subsequent support from 

divisional personnel. Variables recorded included maternal characteristics at enrolment, 

pregnancy outcome variables, safety monitoring documentation (maternal blood pressure, 

temperature pre and post imaging), barcodes for blood samples and imaging specific data 

which could be piped into scripts for automatic processing.  

 

3.1 Practicalities of imaging women with hypertension in pregnancy 

Two research scanners were available for this study: a 1.5T Philips Ingenia (with a magnet 

bore size of 70cm) and a 3T Phillips Achieva scanner (with a magnet bore size of 60cm).   

3.1.1 3T Philips Achieva scanner 

Initial optimisation was started on the 3T Phillips Achieva scanner as the high field strength 

confers a greater signal-to-noise ratio. This occurs because the signal generated is 

proportional to the square of the static field strength while noise increases linearly with 

increasing field strength. Generating a signal from gradient-echo sequences used in 

diffusion are especially difficult, thus the higher field strength is especially advantageous.  

The 3T Phillips Achieva scanner in our unit is limited by a bore size of 60 cm and a 

maximum body mass index of 30kg/m2. The body mass index was therefore used as a 

screening tool to assess participant comfort and suitability in the scanner, however; it 

became evident that a high body mass index could have a varied body mass distribution 
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and thus not necessarily reflect abdominal girth contribution. Some women with a body 

mass index greater than 30kg/m2 could therefore be imaged, especially up until the early 

second trimester and if lying supine rather than in left lateral tilt position. I therefore 

designed and constructed a plastic arch to model the size of the scanner bore. It was 

subsequently used when approaching women for the study in the antenatal clinic and 

antenatal ward to assess suitability for the scanner when women were supine. The arch 

also gave women an idea of what to expect in terms of space within the scanner bore.  

 
 

Figure 3.1: Laser cut plastic arch template of 3T scanner bore. 

 

3.1.2 1.5T Philips Ingenia 

Although imaging on the 1.5T Ingenia scanner increases potential applicability by including 

women of a higher body mass index and advanced gestation, there are several factors to 

consider when comparing to imaging at 3T. The reduced field strength of 1.5T results in a 

reduced signal-to-noise ratio. In addition, the increased body habitus introduces noise and 

reduces radiofrequency depth penetration with the receiver coils at an increased distance 

to the placenta, further reducing the signal-to-noise ratio.  

The high signal-to-noise ratio in 3T imaging is exploited to improve image quality (through 

increased in plane resolution) or reduce scan time by reducing slice thickness. However, 

artefacts from maternal respiration and fetal motion may be more prominent in 3T imaging 

and therefore the reduction in signal-to-noise ratio at 1.5T may confer an advantage. 1.5T 

imaging has the additional advantage of a reduced specific absorption rate (as it is 

proportional to the static field squared) and a reduction in acoustic noise with less intense 

gradient switching.  
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3.1.3 Maternal positioning 

In this study, we chose to image women supine rather than in left lateral tilt (see 1.4.4 

regarding safety considerations). MRI scanners, along with their anterior receiver coils, 

were designed for supine imaging to improve the signal to noise ratio and homogeneity of 

signal. Supine imaging therefore confers an advantage in that it enables an improved 

proximity of the receiver coil to the large field of view given by the gravid uterus, and 

therefore an improvement in signal detection compared to left lateral tilt imaging. A high 

signal-to-noise ratio is also advantageous in women with high body mass index and 

posterior placentas as the distance between the placenta and receiver coil are greater. The 

limited bore size can also better accommodate women in the supine rather than left lateral 

tilt  position and consistency in sequence planning is more easily achieved compared to 

inconsistent tilt angles when placing a woman in left lateral. A short period of lying left 

lateral prior to slowly rotating to supine position for imaging can successfully shift the fetal 

position to minimise inferior vena cava compression (Hughes et al. 2016; Hughes et al. 

2021).  

In anticipation of potential effects of lying supine, from both a symptomatic and clinical 

perspective in terms of blood pressure, all women were imaged with the presence and 

support of either a midwife or obstetrician. In addition, women were placed in a left lateral 

tilt prior to rotation to supine for imaging. A blood pressure was taken every 10 minutes 

during imaging with concomitant heart rate and oxygen saturation monitoring. Any fall in 

blood pressure was assessed in conjunction with maternal heart rate and repeated to 

ensure no further clinically significant fall. Verbal communication with the woman was 

maintained throughout and assessed for symptoms on direct questioning. If the blood 

pressure remained stable and the woman reported that she was asymptomatic then 

scanning continued.  

The effect of lying supine on blood pressure was evaluated. Upon lying supine, the systolic 

blood pressure fell from a mean of 105mmHg (95% CI 101-109) to 98mmHg (95% CI 97-

101) in the control group, 139mmHg (95% CI 136-142) to 128 (95%CI 125-132) in the 

preeclamptic group and 125mmHg (95% CI 121-129) to 112mmHg (95%CI 109-115) in the 

chronic hypertensive group. The diastolic blood pressure fell by a smaller degree: from 

64mmHg (95% CI 60-67) to 59mmHg (95%CI 57-61) in the control group, 88mmHg (95%CI 

82-93) to 83mmHg (95%CI 79-86) in the preeclamptic group and 78mmHg (95%CI 75-82) to 

71mmHg (68-74) in the chronic hypertensive group. These findings were consistent with 

clinical variance seen in 24-hour ambulatory blood pressure monitoring of women with 
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hypertensive disorders of pregnancy on treatment (Shawkat et al. 2018) and the variance 

seen in home versus clinic blood pressure readings (Kalafat et al. 2018). 

In order to assess stability of blood pressure during imaging, the standard deviation of 

systolic and diastolic blood pressure readings during imaging were compared between 

groups. The systolic blood pressure was 49% more variable in the preeclamptic group 

versus controls (geometric mean ratio 1.49) and 24% more variable in the chronic 

hypertensive group versus controls (geometric mean ratio 1.24). The diastolic geometric 

mean ratio in the preeclamptic group versus controls was 0.95 and in the chronic 

hypertensive group versus controls 1.02. Maternal lie supine or left lateral, 30 and 7 cases 

respectively, had no significant effect on mean T2* values in our control group (Fisher’s 

exact tests, p = 0.44). 

3.1.4 Recruitment 

Women were eligible for inclusion in the study if they had a singleton pregnancy, were at 

or over 16 years of age and able to give informed consent. Exclusion criteria were as 

follows: under 16 years of age, contraindication for magnetic resonance imaging (e.g. 

implanted electric and electronic devices), intracranial metal clips, metallic bodies in the 

eyes, surgery in the preceding 12 weeks and claustrophobia. Maternity notes were 

screened for eligibility before being approached for the study. 

Women with preeclampsia and chronic hypertension were imaged when clinically stable 

and at a time which minimised disruption from clinical care. In this unit, all women with 

preeclampsia are admitted to the antenatal ward until delivery. They were therefore 

approached in person on the antenatal ward. The optimal time to image them was 

therefore in the late morning following administration of antihypertensive medication, 

cardiotocography monitoring and review by the attending consultant.  

Women with chronic hypertension are seen in a specialist hypertension clinic at St Thomas’ 

Hospital. Given the frequency of antenatal clinic appointments required for management of 

women with chronic hypertension, these women were often imaged on the same day as 

their antenatal clinic appointment in order to avoid repeated travel to and from the 

hospital.  

Participant flow charts for the first six months of recruitment (April 2017 until September 

2017) are shown below (Figure 3.2, Figure 3.3). Initial optimisation work occurred on the 3T 

Philips Achieva. 15 women with chronic hypertension and 4 women with preeclampsia 
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were imaged during this time period. Reasons for a failed metal check included past 

surgical histories of a gastric sleeve operation, patent ductus arteriosus occlude insertion, 

aneurysm coil insertion following renal nephrectomy, orbit reconstruction and clips from 

laparoscopic cholecystectomies. Common reasons for declining the study included 

claustrophobia, duration of imaging, potential for unexpected findings, difficulties in taking 

time off work or finding childcare.  

 

 
Figure 3.2: Participant flow chart for women with chronic hypertension from April 2017 
– September 2017 inclusive. 

 

 
Figure 3.3: Participant flow chart for women with preeclampsia from April 2017 – 
September 2017 inclusive. 
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After initial optimisation work on the 3T Philips Achieva, optimisation work on the 1.5T 

Philips Ingenia followed. The scanner was required given the high prevalence of obesity in 

women with preeclampsia and chronic hypertension. Obesity is an additional risk factor for 

adverse pregnancy outcomes such as preeclampsia, stillbirth and neonatal death (Chu et al. 

2007; Heslehurst et al. 2007) and therefore including these women in the study was of 

particular interest. The larger bore size of the 1.5T Ingenia scanner enabled imaging of 

women with a higher body mass index, greater abdominal girth and at later gestations 

more comfortably. In addition, the Ingenia had a field strength of 1.5T which is more widely 

available in the clinical setting amongst other obstetric units (thus enabling reproducibility 

and applicability) while a variety of implanted devices are compatible in a 1.5T scanner but 

not 3T. The impact of imaging at different field strengths on data produced  is discussed in 

0. 

3.1.5 Claustrophobia and reasons for declining participation 

In this study, 10 out of 49 women (20%) who gave a reason for declining participation cited 

claustrophobia. A video link demonstrating a pregnant woman undergoing magnetic 

resonance imaging was sent to all women who were approached for participation in the 

study and therefore helped to anticipate those with claustrophobia. One out of 62 women 

(2%) in the hypertensive group and five out of 86 women (6%) in the control group were 

unable to complete the imaging protocol due to claustrophobia. Claustrophobia was 

apparent within minutes of trying to enter the magnet bore in all cases. As heart rate and 

blood pressure monitoring was documented at ten-minute intervals and women left the 

scanner when they became claustrophobic, there are no data on potential heart rate or 

blood pressure changes in women with claustrophobia. The woman in the hypertensive 

group, returned as a participant in the study in a subsequent pregnancy a year later. 

Following her previous feedback we implemented additional measures which included 

additional time scheduled for entering the scanner and breaks, removal of pillow, 

minimised padding inside bore, increased communication from radiographer and own 

music playing prior to commencing the imaging protocol. The participant found the new 

measures made the scanning procedure acceptable and was able to complete the imaging 

protocol at 28 weeks and 33 weeks. 

Other reasons for declining participation included 16 women (33%) under the impression 

that they had too many clinic and scan appointments already, 11 women (22%) who 

declined participation in all research (regardless of the study presented), 5 women (10%) 

who were concerned about the safety of magnetic resonance imaging, 3 women (6%) who 
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felt that the appointment for imaging was too long, 2 women (4%) who were concerned 

about the noise of the scanner and 2 women (4%) who were concerned that imaging would 

reveal an unexpected finding. 

3.1.6 Sample size 

No formal sample size was calculated for power of outcome variables as this was an 

exploratory study describing a novel technique in technology development application. 

However, using an optimised protocol, we aimed to enrol 20 women with preeclampsia, 40 

women with chronic hypertension and 60 women as healthy controls as previous studies in 

the literature have used a similar sample size (Damodaram et al. 2010).  

The use of the 1.5T Ingenia commenced in January 2018 and enrolment continued using 

both scanners until April 2019. A total of 55 women with chronic hypertension, 24 with 

preeclampsia and 100 uncomplicated pregnancies were enrolled (Table 3.1). The last 

woman in the study delivered in August 2019. 

 

Table 3.1: Number of woman imaged using optimised protocols. 

 Chronic 

hypertension 

Preeclampsia Control 

Optimised 3T T2-weighted 

and T2* mapping protocol 

30 14 70 

Optimised 1.5T T2-weighted 

and T2* mapping protocol 

13 5 16 

Optimised 3T diffusion 

protocol 

7 3 21 

 

The following sections will now describe placental imaging techniques currently in 

development. As this is an exploratory study that includes optimisation of scanning 

protocols and processing, not all techniques were performed on all women. However, all 

women had a basic core of anatomical T2-weighted imaging of the fetal brain that was 

suitable for clinical reporting and made available to the clinical team. 
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3.2 T2-weighted imaging 

T2-weighted imaging, the core of most antenatal imaging examinations, was optimised to 

improve visual analysis for this study. T2-weighted imaging is achieved through a spin echo 

sequence. In a spin-echo sequence, a pair of radiofrequency pules are applied – a 90° 

radiofrequency pulse followed by 180° radiofrequency pulse. The signal therefore decays 

initially but then has a partial recovery (‘echo’) after the 180° radiofrequency pulse. A 2D 

Turbo Spin Echo (TSE) sequence was chosen for this study as it is fast and the 2D nature of 

the sequence freezes motion during acquisition, thus minimising the effect of fetal and 

maternal breathing motion. Other factors taken into account for the T2-weighted imaging 

sequence parameters were the image contrast, signal-to noise ratio, time taken for image 

acquisition, safety limits and ease of placental localisation post imaging.  

3.2.1 Image contrast in T2-weighted imaging 

In vivo features of placental maturation have been described using ultrasound and MRI. 

Ultrasound assessment of the placenta using the Grannum grading system (Grannum, 

Berkowitz, and Hobbins 1979) correlates weakly with adverse perinatal outcome and has 

poor interobserver agreement (Sau, Seed, and Langford 2004) but is described as follows 

(Figure 3.4). 

 
Figure 3.4: Grannum grading system, as described by Grannum et al., 1979. 

 

A similar grading system using T2-weighted magnetic resonance imaging at 1.5T has been 

proposed but its application to pregnancy complications and adverse pregnancy outcomes 

warrant further investigation (Blaicher et al. 2006)(Figure 3.5).  
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Figure 3.5: Proposed placenta grading system using T2-weighted MRI by Blaicher et al., 2006 
 

Given these descriptors of placental maturation, a T2-weighted imaging sequence was 

modified to provide appropriate contrast sensitive to granularity, lobularity and signal 

intensity heterogeneity within the placenta. This process was undertaken initially at 3T and 

subsequently at 1.5T. 

3.2.1.1 Echo time, TE 

The time between the radiofrequency excitation pulse and when the signal was measured 

(TE, echo time) influences the contrast. The T2 decay time is inherent to the placental 

tissue and thus an appropriate echo time must be chosen to optimise contrast within the 

placenta. Images obtained at longer echo times have a better contrast than images 

obtained at shorter times, which do not allow as much time for T2 decay differences to 

appear. A further constraint of short echo times is that in order to achieve shorter echo 

times, the image acquisition (specifically the read-out) must be accelerated using 

techniques such as SENSE (sensitivity encoding). Their use can in turn reduce the signal-to-

noise ratio.  
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Figure 3.6: Effect of echo time (TE) on contrast. (A) short TE. (B) long TE.  
Note the influence of the higher acceleration factor (SENSE factor) for (A) leading to 
reduced signal-to-noise ratio. 

 

3.2.2 Field strength 

A small number of women were imaged on both scanners to assess whether data quality 

was comparable and to document any systematic differences. Imaging was performed on 

the same day. The T2-weighted images taken on the 1.5T and 3T have comparable image 

quality (Figure 3.7). In both sets of images, placental lobularity, signal intensity 

homogeneity and granularity are visually similar. However, there is a higher signal-to-noise 

ratio and resolution at 3T. In order to achieve imaging on both scanners in the same 

woman, the body mass index was less than 30kg/m2, and thus the impact of signal-to-noise 

ratio at 1.5T may not be as marked in these examples. 

 
Figure 3.7: T2-weighted images taken on the same day of the same woman (A) 3T 
Achieva (B) 1.5T Ingenia 
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Figure 3.8 further illustrates the image quality in T2-weighted imaging at 1.5T. Despite a 

high body mass index of 34kg/m2 and a posteriorly located placenta (the latter of which 

further reduces the signal-to-noise ratio), placental lobularity, granularity and signal 

intensity homogeneity can be visualised. However, the reduction in signal-to-noise ratio is 

more evident in comparison Figure 3.7 (B). 

 
 

Figure 3.8: T2-weighted imaging at 1.5T with a high body mass index and posteriorly 
located placenta 

 

Final parameters chosen were TE = 190ms, TR = 16s, SENSE 2.5, partial Fourier 0.625 for 

imaging on the 3T Phillips Achieva scanner. 

3.2.3 Plane and field of view 

Conventional acquisition protocols use an approach in which slices are positioned 

according to the region of interest. T2-weighted imaging was initially performed parallel to 

the basal plate but was challenging due to varying placental positions which included 

lateral and fundal in addition to posterior and anterior. This resulted in an increase in scan 

times to incorporate image acquisition planning for individual women. 

In order to overcome this, T2-weighted imaging of the whole uterus was acquired both in 

the sagittal and coronal plane, orientated to maternal position and not placental site. A 

consistent maternal-centric approach, rather than placenta centric approach, allowed for 

swift ease of planning and accommodated all placenta locations. Capturing the whole 

uterus in the field of view, ensured that the whole placenta was efficiently visualised. The 

development of motion corrected image reconstruction methods, such as Slice-to-Volume 
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(SVR) (Kuklisova-Murgasova et al. 2012), do not require in-plane acquisitions and thus this 

maternal-centric approach provided data suitable for potential 3D reconstructive purposes.  

 

3.3 T2 relaxometry 

Gradient-echo sequences (in contrast to spin-echo sequences) have a single radiofrequency 

pulse, followed by a gradient to rephase the spins. The gradient does not refocus field 

inhomogeneities and therefore gradient-echo sequences are inherently T2* weighted.  

The sequence chosen to achieve T2* maps of the placenta was a multi-echo, gradient echo, 

echo planar imaging sequence (MEGE EPI). By acquiring subsequent images at increasing 

echo times, the signal decay is sampled and can be consequently fitted to a mono-

exponential decay model as it is assumed that T2* decay occurs mono exponentially. The 

signal intensity can be derived as follows (Figure 3.9). 

 

Echo planar imaging acquires data quickly by obtaining the data required for an entire slice 

within <100ms. This effectively freezes motion within the slice and thus minimizes 

inconsistency effects from motion. The inter-echo spacing was chosen as the optimum 

balance between the need for short acquisition times and safe acoustic noise limits (see 

1.4.3). In order to reduce the effect of inhomogeneities in the magnetic field, an in-house 

image based shimming technique was used after acquiring a B0 map.  

In the optimised protocol for 3T scanning, 5 echo times were used: 13.81ms/ 70.40ms/ 

127.00ms/ 183.60ms/ 240.2ms, TR=3s, SENSE=3, halfscan=0.6 at 3mm3 resolution with the 

whole placenta covered within 60 slices. For 1.5T scanning, 5 echo times were used: 

11.376ms / 57.313ms / 103.249ms / 149.186ms / 195.122ms, TR=14s, no SENSE, no 

halfscan at 2.5mm3 resolution with the whole placenta covered within 90 slices. 

3.3.1 T2* map placenta segmentation  

Studies in the literature using T2* relaxometry have calculated mean T2* within the 

placenta either in a slice, the average of several slices or the whole placenta volume 

 

S(TE) = S0e-(TE/T2*) 
 

S = signal intensity 

TE = echo time 

S0 = signal at TE=0 

Figure 3.9: Formula for calculating signal intensity. 
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(Armstrong et al. 2019; Hutter, Slator, et al. 2019; Ingram et al. 2017; Sinding, Peters, 

Frøkjaer, et al. 2016).   

Our optimised protocol provided full placental coverage to ensure that the derived T2* 

values encompassed the whole placental volume and therefore accounted for the inherent 

heterogeneity within the placenta. This was especially advantageous as upon visual 

inspection of T2* maps, T2* values varied across the placenta both in the coronal and 

sagittal planes (Figure 3.10).  

 

Figure 3.10: T2-weighted imaging in coronal and sagittal plane (left) with T2* map in 
corresponding plane (right) in a woman with preeclampsia. 

 

To produce a T2* map of the placenta , it was initially segmented manually in MRtrix3 using 

the assistance of T2-weighted imaging to confirm placenta location. It was segmented 

conservatively, to ensure that only placental tissue was sampled without including amniotic 

fluid or maternal uterine wall. Non-physiological values of >200ms at 3T imaging (and 

>300ms at 1.5T imaging) were excluded to refine the masks. The dice coefficient of the first 

84 T2* map segmentations was 0.86 between myself and Dr. Jana Hutter, a post doctoral 

researcher in placental imaging. In 10 randomly selected T2* maps, the intra rater 

variability had a dice coefficient of 0.87. 

3.3.2 Quantitative assessment of T2* values in control group 

3.3.2.1 Placental mean T2* 

Prior to assessing values in the preeclamptic and chronic hypertensive groups, we assessed  

T2* data obtained from 68 women with normal pregnancy and outcome in order to explore 

the most appropriate modelling. Previous studies have shown a linear reduction in 

placental mean T2* values in uncomplicated pregnancies with increasing gestation 

(Sørensen et al. 2020). In this study, following pregnancy outcome data collection, normal 
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uncomplicated pregnancies were defined as those women who had no co-morbidities or 

pregnancy complications, delivering a neonate at term with a normal birthweight centile. 

The placental mean T2* was plotted against gestational age at imaging  and a range of 

possible models were explored using the STATA command –xriml- to produce gestation-

adjusted reference ranges. A simple linear model gave a final deviance of 612 while a linear 

funnel model a final deviance of 560 (Figure 3.11). The simple linear model was chosen 

despite a larger final deviance as data from women who were scanned twice during their 

pregnancy in the normal group had parallel reductions in mean T2* values with gestation 

(Figure 3.12).  

A

 
 

B

 

Figure 3.11: Placental mean T2* values against gestational age at imaging. (A) simple linear 
model (B) linear funnel model. Line in red represents 90th centile, grey 50th centile, yellow 10th 
centile and green 5th centile. 

 
Figure 3.12: Scatterplot of mean T2* against gestational age imaged in the control group, with 
lines between points originating from the same woman from serial scans 
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T2* values are inherently affected by magnetic field strength. Given the different field 

strengths of the two scanners in this study, gestation adjusted reference ranges of mean 

T2* values were calculated for each scanner. Similar findings were noted of a linear 

reduction in mean T2* values with increasing gestation from 1.5T imaging, consistent with 

existing literature.  

3.3.2.2 Measures of heterogeneity 

Given visual assessment of T2* maps showed that T2* values did not uniformly decrease 

across the whole placenta, quantitative objective values were sought that also included 

measures of heterogeneity. Furthermore, as data were acquired at two different field 

strengths (1.5T and 3T), resulting in differences in absolute values at any given gestation 

(see above figures), field-strength independent parameters (and thus not absolute T2* 

values) were required to allow for comparisons between women despite being imaged on 

different scanners.    

3.3.2.2.1 Histogram Asymmetry Measure  

To examine the distribution of T2* values within the whole placenta, the fraction of voxels 

greater than 0.9 of the maximum T2* value was calculated and termed ‘Histogram 

Asymmetry Measure.’ In uncomplicated pregnancies, a scatterplot of Histogram 

Asymmetry Measure values against gestational age at imaging showed values close to 1 

until the third trimester, followed by a decline in values (Figure 3.13). This may illustrate 

the biological theory that fetal demand exceeds placental supply in the third trimester and 

after a threshold is reached, labour is initiated.  
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Figure 3.13: Scatterplot of Histogram Asymmetry Measure against gestational age at 
imaging 

 

To explore the utlity of Histogram Asymmetry Measure further, we assessed its 

discriminatory utlity in a wider group of women including those with preeclampsia (Figure 

3.14). An arbitrary cut off of less than 0.9 was taken as a low Histogram Asymmetry 

Measure Value. Ten out of 16 scans in women with preeclampsia had Histogram 

Asymmetry Measure values less than 0.9 and lower than gestation matched controls. In the 

women with preeclampsia, the time from imaging to delivery was 12 days (IQR 5-20) in 

those with a low Histogram Asymmetry Measure value compared to 9 days (IQR 7-20) in 

those with a high Histogram Asymmetry Measure value. The birthweight centile was 6 (IQR 

2-26) in the low Histogram Asymmetry Measure group and also 6 (IQR 2-17) in the high 

Histogram Asymmetry Measure group. Co-morbidities of chronic hypertension and 

gestational diabetes occurred in both groups. The longer interval to delivery time in the low 

Histogram Asymmetry Measure group therefore did not reflect the suggestion that values 

reflect the interplay between fetal demand and placental supply prompting delivery. 

However, the contribution of potential compensatory mechanisms and the maternal 

response to placental dysfunction are not measured and thus these results, in a small 

sample size, were interpreted with caution. 
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Figure 3.14: Scatter plot of Histogram Asymmetry Measure against gestational age at 
imaging including those with preeclampsia. 

 

3.3.2.2.2 Lacunarity 

Lacunarity reflects the spatial distribution of ’gaps’ of a specific size across a region of 

interest and it is often described as a measure of visual texture. Low lacunarity values 

reflect a homogenous image with similarly sized gaps which, when rotated, do not visually 

change (i.e. little rotational variance). In contrast, high lacunarity reflects a heterogenous 

image with many differently sized gaps and high rotational variance (Karperien and Jelinek 

2015)(Figure 3.15). Lacunarity values are calculated by gliding a box of a given size across 

the region of interest and therefore are influenced by box size chosen. In this study, the 

box size chosen was based on the expected size of a lobule in placentas from 

uncomplicated pregnancies, which was 2.5-3cm in diameter.   
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A 

 

B 

 

Figure 3.15: Illustrating influences of lacunarity.(A) Binary images of six spatial features (a) small 
gap pattern, (b) big gap patter, (c) small checker pattern, (d) big checker pattern, (e) small stripe 
patter, (f) random pattern. (B) Lacunarity curves of the six spatial features shown in (A). (Myint 
and Lam 2005) 

 

Lacunarity values increased with advancing gestation in uncomplicated pregnancies (Figure 

3.16). This is likely to reflect the lobularity seen on T2-weighted imaging with advancing 

lobularity. 
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Figure 3.16: Scatterplot of lacunarity measure against gestational age at imaging (box 
size 2.5cm x 2.5cm) 

 

3.3.2.2.3 Skewness and kurtosis  

Skewness and kurtosis of T2* values were explored given the potential variety in illustrative 

histogram shape. Skewness is a measure of the degree of symmetry in the frequency 

distribution while kurtosis measures whether the frequency distribution is heavy-tailed or 

light-tailed relative to a normal distribution.  

 
Figure 3.17: Illustration of skewness and kurtosis. (David, Marshall, and Zanna 2017) 

 

In T2* weighted placental imaging from uncomplicated pregnancies, skewness increased 

with advancing gestation (Figure 3.18) while kurtosis did not (Figure 3.19). 
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Figure 3.18: Scatterplot of skewness in T2* placental data from uncomplcated 
pregnancies against gestational age at imaging 

 

 
 

Figure 3.19: Scatterplot of kurtosis in T2* placental data from uncomplicated 
pregnancies against gestational age at imaging 

 

3.4 Diffusion weighted imaging 

Diffusion weighted imaging was considered potentially useful to investigate the hypothesis 

that the placenta in hypertensive disorders of pregnancy demonstrates inefficient spiral 
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artery remodelling and altered placental perfusion. Optimisation of diffusion weighted 

imaging for the placenta was therefore performed. 

Diffusion weighted imaging is based on a conventional T2-weighted spin-echo sequence. In 

diffusion weighted imaging, two strong magnetic gradients are applied either side of a 180° 

radiofrequency pulse. These gradients are both equal but opposite polarity. The first 

gradient dephases the hydrogen spins while the second gradient rephases the spins. If the 

spins do not move, there is no net phase shift but if the spins do move, there is a net phase 

shift. Apparent diffusion coefficient (ADC) maps are calculated from a minimum of two sets 

of images - the first set of images is from the spin-echo sequence without the diffusion 

gradients (effectively a T2-weighted image) and the second set from the spin-echo with the 

diffusion gradients.  

 
 

Figure 3.20: Measuring water diffusion. RF = radiofrequency pulse. The gradients are both 
positive in the figure as the 180°pulse reverses the direction of precession. (Koh and Collins 
2007) 

 

There are several variables that can affect the sensitivity of the sequence to molecular 

motion. These include the time between applying the two gradients, the duration of 

applying the gradient and the amplitude of the gradient. The strength and duration of the 

diffusion gradient is denoted by the ‘b value.’ With higher b values, differences in a tissue’s 

apparent diffusion coefficient value can be exaggerated i.e. greater contrast (Chilla et al. 

2015).  
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3.4.1 Echo time, TE 

The echo time is ideally as short as possible to measure the resultant signal but is limited by 

time taken up by the diffusion gradient applied following the 180° radiofrequency pulse. 

The effect of echo time on apparent diffusion coefficient values is demonstrated in Figure 

3.21 whereby the second echo time is longer than the first. 

 
Figure 3.21: Placental apparent diffusion coefficient (ADC) values (mm2s-1) in uncomplicated 
pregnancies at two different echo times. 

 

3.4.2 Motion 

Diffusion measures the thermal microscopic translational motion of water molecules; 

therefore, sequences are ideally fast in order to minimise the effect of macroscopic motion. 

Motion correction can be achieved post acquisition to further accurately probe the 

inherent diffusion properties. This is demonstrated in Figure 3.22 where motion correction 

also substantially improves image quality which in turn, improves ease of manual 

segmentation for quantitative values within the placenta. Work on motion correction 

remains ongoing as part of the wider Placenta imaging Project.  
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Figure 3.22: Apparent diffusion coefficient (ADC) map of a placenta (A) pre motion 
correction (B) post motion correction. Note the improvement in image quality. 

 

3.4.3 Optimised diffusion protocol 

The molecular motion that occurs during a diffusion sequence is also affected by T2 decay 

and T2*. To reduce this effect, diffusion measures (such as apparent diffusion coefficient) 

are often calculated from a series of different b values that have been applied.  

During the course of this study, a novel combined diffusion-relaxometry magnetic 

resonance acquisition sequence was designed to further overcome this. In the novel 

sequence, a spin-echo with subsequent gradient echoes are used (Figure 3.23). The 

integrated approach gives a more specific measure of diffusion properties and T2* in a 

reasonably fast scan time within the same imaging space (Hutter et al. 2018; Slator et al. 

2019). This is especially useful when trying to elucidate underlying mechanisms of placental 

dysfunction where T2* values vary across an individual placenta, with gestation and with 

pregnancy complications.  
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Figure 3.23: T2-diffusion sampling. (a) conventional T2-Diffusion sampling in separate scans 
together with the resulting delays. (b) joint T2*-Diffusion sampling. (c) transverse magnetization 
depicted schematically, showing the T2 decay in green and the T2* decay in orange. 

 
 

3.5 Ultrasound 

Ultrasound scans were performed on the same day as magnetic resonance imaging 

wherever possible, or at a maximum within two weeks. Women with pre-eclampsia or 

chronic hypertension had a clinically indicated ultrasound scans performed in line with 

national guidelines (National Institute for Health and Care Excellence 2019). In the control 

group, ultrasound scans were performed on a Philips EPIQ V7 by sonographers following a 

clinical protocol. Fetal measurements included biparietal diameter, head circumference, 

femur length and abdominal circumference which  were used to derive an estimated fetal 

weight using  the Hadlock formula, umbilical artery Doppler pulsatility index (PI), amniotic 

fluid index and maternal uterine artery pulsatility index. The presence of fetal growth 

restriction was established by ultrasonographic assessment using accepted international 

definitions (Gordijn et al. 2016) (Figure 3.24). 
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Figure 3.24: Consensus based definitions for early and late fetal growth restriction in 
the absence of congenital anomalies (Gordijn et al. 2016). 

 

In line with national guidelines, women with chronic hypertension and preeclampsia had 

ultrasound scans performed in the clinical setting. In women with chronic hypertension, 

this was carried out at 28, 32 and 36 weeks’ gestation (National Institute for Health and 

Care Excellence 2019) and included fetal growth and amniotic fluid volume assessment, 

and umbilical artery Doppler velocimetry. In women with preeclampsia, this was carried 

out at the time of diagnosis and every two weeks. Subsequent surveillance and monitoring 

were determined by the findings of these scans. Due to the frequency of ultrasound scans 

performed in both the chronic hypertension and preeclamptic group, additional 

ultrasounds were not performed on the day of magnetic resonance imaging in order to 

minimise additional appointment times for the women, especially as some women declined 

participation in the study due their heavy existing clinical schedules. As this was not 

primarily a study in fetal growth restriction, placental magnetic resonance imaging was not 

timed in accordance with any ultrasound findings indicating fetal growth restriction, 

although this warrants further investigation in future studies. 

Where available, ultrasound findings in women with either chronic hypertension or 

preeclampsia had lower estimated fetal weight centiles. In the control group, median 

estimated fetal weight centile was 54 (IQR 41-70) compared to 48 (IQR 27-70) in the 

chronic hypertensive group and 6 (IQR 3-21) in the preeclamptic group. The umbilical 

artery Doppler pulsatility index was less than the 95th centile in women with chronic 

hypertension while five women with preeclampsia (26%) had values greater than the 95th 

centile. Additionally, one woman with preeclampsia had intermittently reversed end 

diastolic flow in the umbilical artery and two had absent end diastolic flow. An estimated 

fetal weight derived from magnetic resonance imaging values was not investigated as this 

study primarily focussed on placental imaging and optimisation in women with pregnancy 

hypertension. Further work may address this, examining estimated fetal weight centiles 
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derived from magnetic resonance imaging and comparing them with ultrasound derived 

values. 

 

3.6 Histology 

Histological examination of the placenta post delivery can yield insight into aetiology of 

adverse pregnancy outcomes. Current clinical indications for placental histology reporting 

at St Thomas’ Hospital are stillbirth, late miscarriage under 20 weeks’ gestation, 

unexpected admission to the neonatal unit, birthweight under the 3rd centile, preterm 

delivery under 34 weeks’ gestation, suspected placental abruption and request by the fetal 

medicine unit following an ultrasound scan.    

The initial placental histological examination for all placentae, regardless of group, 

occurred in line with local protocols at the Cellular Pathology Department, St Thomas’ 

Hospital. Following delivery, placentae were collected within 48 hours and fixed in 10% 

buffered formalin. The umbilical cord and membranes were trimmed before weighing the 

placenta. The following areas were sampled and then embedded in paraffin: 2 transverse 

sections of the umbilical cord, one roll of membranes (including rupture site), 2 to 3 full-

thickness blocks of the parenchyma away from the placental edge (including fetal and 

maternal surfaces). Paraffin-embedded tissue sections were then cut into 4-micron 

sections, deparaffinized and stained with hematoxylin and eosin before histological 

examination. A clinical report for all placentas submitted was issued, in accordance with 

local hospital reporting guidelines. Clinically relevant findings were reported by 

histopathologists and thus the absence of a mention of a feature, did not confirm the 

absence or presence of that feature. 

3.6.1 Placental histology in hypertensive disorders of pregnancy 

Studies have shown an association of maternal vascular malperfusion lesions with 

hypertensive disorders of pregnancy. Maternal vascular malperfusion lesions were highest 

in women with chronic hypertension and preeclampsia compared to those with gestational 

hypertension or no hypertensive disorder of pregnancy (Kovo et al. 2017). Villous features 

included increased syncytial knots, villous agglutination, increased intervillous fibrin 

deposition and villous infarcts. Placental vascular lesions have been shown to be greater in 

those with preeclampsia diagnosed before 34 weeks’ gestation compared to those 

diagnosed after 34 weeks’ gestation (Nelson et al. 2014) thus suggesting a difference in 

aetiology between early and late onset preeclampsia.  
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Maternal vascular malperfusion features have been reported to be more specific to 

preeclampsia compared to other hypertensive disorders of pregnancy (Bustamante Helfrich 

et al. 2017). In a large study examining 3074 placentae, the adjusted odds ratio of maternal 

vascular malperfusion lesions was highest in those with preeclampsia complicated by 

haemolysis, elevated liver enzymes, low platelet count (HELLP) (aOR 4.90, 95% CI 2.22-

10.83), followed by those with preeclampsia alone (aOR 2.51, 95% CI 2-3.16), then 

preeclampsia superimposed on a background of chronic hypertension (aOR 2.00, 95% CI 

1.38-2.92). Those with chronic hypertension in isolation were not associated with maternal 

vascular malperfusion lesions (aOR 094, 95% CI 0.62-1.41). Although a large study, 

histopathologists were not masked to clinical outcome.  

3.6.2 Optimised histological examination protocol 

Histopathologists that provided a second report of the tissue in this study were masked to 

pregnancy outcome and clinical history in order to reduce bias. There is a reported overlap 

in histological features between uncomplicated and hypertensive pregnancies (Bustamante 

Helfrich et al. 2017; Herman et al. 2020; Kovo et al. 2017). Frequencies of such features 

were smaller in studies masked to clinical history (Falco et al. 2017). 

A second report (in addition to clinical reporting) was issued with assessment of a 

predefined collection of features in this study by histopathologists for consistent reporting. 

Placental features for classification incorporated the 2014 Amsterdam Placental Workshop 

Group criteria (Redline 2015) for a systematic approach in reporting the absence or 

presence of a feature. Three main categories were chosen based on classifications 

suggested by the Perinatal Section of the Society for Pediatric Pathology workshop, who 

considered these categories the most important pathologic processes (Redline et al. 2005). 

These categories were placental features consistent with a) maternal vascular 

malperfusion, b) fetal vascular malperfusion and c) chorioamnionitis. In view of the 

hypertensive group studied that could have co-existing fetal growth restriction, the 

categories of maternal and fetal vascular malperfusion were of particular interest. 

In this study, ex vivo histopathological placental examination was performed by 

histopathologists masked to clinical history and pregnancy outcome, and also reported 

using the above three categories. This reduced bias and provided systematic reporting and 

thus enabled both visual assessment of placental imaging and quantitative imaging derived 

values to be examined in conjunction with histopathological findings to further understand 

potential changes seen. 
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Chapter 4  T2* PLACENTAL MAGNETIC RESONANCE IMAGING IN PRETERM 

PREECLAMPSIA: AN OBSERVATIONAL STUDY  

4.1 Abstract 

Placental dysfunction underlies the aetiology of pregnancies complicated by preeclampsia. 

The use of placental magnetic resonance imaging (MRI) to provide an insight into the 

pathophysiology of preeclampsia and thus assess its potential use to inform prognosis and 

clinical management was explored. In this prospective observational study, 14 women with 

preterm preeclampsia and 48 gestation-matched controls at median of 31.6 weeks 

(interquartile range (IQR) 28.6-34.6) and 32.2 weeks (IQR 28.6-33.8) respectively were 

imaged using 3-Tesla MRI. The acquired data included T2-weighted images and T2* maps of 

the placenta, the latter an indicative measure of placental oxygenation. Placentae in 

women with preeclampsia demonstrated advanced lobulation, varied lobule sizes, high 

granularity and substantial areas of low signal intensity on T2-weighted imaging, with 

reduced entire placental mean T2* values for gestational age (two sample t-test, t=7.49) 

which correlated with a reduction in maternal placental growth factor concentrations 

(PlGF, Spearman’s rank correlation coefficient 0.76) and increased lacunarity values 

(t=3.26). Median mean T2* reduced from 67ms (IQR 54-73) at 26.0-29.8 weeks’ gestation 

to 38ms (IQR 28-40) at 34.0-37.9 weeks’ gestation in the control group. In women with 

preeclampsia, median T2* was 23ms (IQR 20-23) at 26.0-29.8 weeks’ gestation and 

remained low at 22ms (IQR 20-26) at 34.0-37.8 weeks’ gestation). Histological features of 

maternal vascular malperfusion were only found in placentae from women with 

preeclampsia. Placental volume did not differ between the control group and women with 

preeclampsia. Placental MRI allows both objective quantification of placental function in 

vivo and some elucidation of the complex mechanisms underlying preeclampsia 

development. 

 

4.2 Introduction 

Preeclampsia affects approximately 3% of all pregnancies (Hutcheon, Lisonkova, and 

Joseph 2011) with associated maternal complications of renal injury, hepatic injury, stroke, 

haemorrhage and eclampsia as well as fetal complications including growth restriction and 

stillbirth. Half of women with severe preeclampsia deliver preterm and one in twenty 

stillbirths without congenital abnormality occur in women with preeclampsia (Cantwell et 

al. 2011).  
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Placental dysfunction underlies the aetiology of pregnancies complicated by preeclampsia 

and their associated adverse pregnancy outcomes (Hod, Cerdeira, and Karumanchi 2015; 

Kingdom et al. 2018). In vivo assessment of placental function in clinical practice is 

currently limited to indirect assessments as a proxy for placental function including 

measures of fetal growth, and Doppler umbilical artery velocimetry.  

Objective in vivo assessment of placental structure and quantification of function may help 

elucidate the pathophysiology in those pregnancies with established preeclampsia and 

provide a potential tool to inform prognosis. Quantitative non-invasive in vivo assessment 

of the placenta can be achieved with magnetic resonance imaging (MRI). T2* mapping 

probes placental oxygenation as the paramagnetic properties of deoxyhaemoglobin cause 

magnetic field distortions and a faster T2* decay (i.e. reduced transverse relaxation time) 

than oxyhaemoglobin. Hypoxic tissues therefore have a reduced T2* value (Blood Oxygen 

Level Dependency effect). In addition to oxygenation, T2* values are also affected by lipid 

content, calcium content, extracellular fluid volume and surface area, the latter 

contributed by cellular membranes, intracellular or extracellular macromolecules 

(Cameron, Ord, and Fullerton 1984). Studies have shown a linear reduction in mean T2* 

values in uncomplicated pregnancies with increasing gestation (Hutter, Slator, et al. 2019) 

and an increase in placental T2* with maternal hyperoxia (Huen et al. 2013; Sørensen et al. 

2013). Lower mean T2* values have been found in placentae of pregnancies complicated 

by fetal growth restriction (Ingram et al. 2017; Sinding, Peters, Frøkjaer, et al. 2016); 

however, to our knowledge, no published study has reported T2* evaluation in women 

with preeclampsia.  

The aim of this study was to explore the use of placental magnetic resonance imaging to 

provide an insight into the pathophysiology of preeclampsia and thus assess its potential 

use to inform prognosis and clinical management. 

 

4.3 Methods 

The acquisition and processing pipeline for T2* mapping has been published and is freely 

available (Hutter, Slator, et al. 2019).  

4.3.1 Study Design 

This prospective observational study was undertaken at St Thomas’ Hospital, London, a 

tertiary level maternity unit. Women with preeclampsia were approached in person 
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antenatally. Women in the control group were recruited at their routine 20-week anomaly 

scan or self-referred to take part in the study. All women in the study gave written 

informed consent.  

Follow up was until delivery. Prospectively specified data collection included baseline 

demographic characteristics, maternal and neonatal outcomes.  

Women were considered for inclusion in the study if they had a singleton pregnancy, were 

clinically stable, over 16 years of age, not claustrophobic with no contraindication for 

magnetic resonance imaging. They were assessed for our Philips 3T Achieva scanner; given 

the 60cm scanner bore size, women also had to have a body mass index less than 30kg/m2 

and abdominal girth less than 130cm. 

Preeclampsia was prospectively defined using the international consensus definition 

(Brown et al. 2018). This was women who developed gestational hypertension 

accompanied by one or more of the following new-onset conditions at or after 20 weeks’ 

gestation: proteinuria, acute kidney injury, liver involvement, neurological complications, 

haematological complications and uteroplacental dysfunction. Preeclampsia superimposed 

on chronic hypertension was defined as the additional presence of maternal organ 

dysfunction consistent with preeclampsia. PlGF was not used as part of the clinical or 

research definition. Clinical management of hypertensive women were according to 

national guidelines (National Institute for Health and Care Excellence 2019) with 

responsibility under the attending consultant.  

Women in the control group fulfilled the following criteria: no diagnosis of a hypertensive 

disorder at enrolment and until delivery, no significant past medical history, no pregnancy 

complications (including gestational diabetes), delivery at term with birthweight between 

the 3rd and 97th centile (calculated using INTERGROWTH-21st, version 1.3.5)(Villar et al. 

2014) thus excluding potential confounders of placental change (Desoye and Hauguel-de 

Mouzon 2007; Llurba et al. 2014; Salafia et al. 1995). These women were gestation 

matched to women with preeclampsia and selected from a research study (Placenta 

Imaging Project, REC 16/LO/1573, IRAS 201609), the primary objective of which is to 

develop a novel magnetic resonance approach to assess growth and development of the 

human placenta. Gestation matching was achieved masked to values derived from 

magnetic resonance imaging so that three women with uncomplicated pregnancies with 

imaging within two weeks of the gestation at which each woman with preeclampsia was 

imaged were chosen for comparison.  
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No formal sample size was calculated for power of outcome variables as this was an 

exploratory study describing a novel technique in technology development application. The 

study was approved by Fulham Research Ethics Committee, REC 16/LO/1573. 

4.3.2 Magnetic Resonance Imaging 

Magnetic resonance imaging was performed on a clinical Philips 3T Achieva with a 32-

channel cardiac coil. Women underwent magnetic resonance imaging on up to two 

occasions, a minimum of two weeks apart and at any time point between their clinically 

routine anomaly ultrasound scan (at around 18-22 weeks’ gestation) and delivery. Imaging 

was performed supine with supported lower limbs and shoulders after a period of three 

minutes in left lateral. Total imaging time did not exceed one hour, and women were 

offered a break of under 30 minutes halfway through the scan. Maternal assessments 

during imaging included blood pressure measurements every 10 minutes with continuous 

maternal heart rate and oxygen saturation monitoring. All scans had an obstetrician or 

specialist midwife present throughout. No pharmacological sedation was used. 

Image based shimming was achieved using an in-house tool, after acquiring a B0 map, in 

order to reduce the effect of inhomogeneities in the magnetic field. Multi-echo gradient 

echo, echo planar imaging at 3mm3 resolution was performed with free breathing and took 

less than one minute, with the whole placenta covered within 60 slices (5 echo times: 

13.81ms/70.40ms/127.00ms/183.60ms/240.2ms, TR=3s, SENSE=3, halfscan=0.6). One scan 

was performed at 2mm3 resolution. Echo times result from the chosen EPI train 

characteristics. Thereby, the intra-echo spacing was chosen to minimize acoustic noise and 

the inter-echo spacing as the minimal possible spacing. Parameters were kept constant 

between women with preeclampsia and the control group. 

A long TE (180ms) T2-weighted single shot turbo spin echo sequence of the whole uterus 

(thereby including placenta) was acquired in coronal and sagittal planes to the woman with 

TR = 16s, SENSE = 2.5 and partial Fourier 0.625. In-plane resolution was 1.5 mm x 1.5mm, 

slice thickness 2.5mm with an overlap of 0.5mm. The field of view was 300 x 360 x [100-

200] mm (coronal) and 300 x 300 x 340 mm (sagittal) in the FH x RL x AP directions 

respectively. Structural images of the fetal brain were reported and available to the clinical 

team. Data quality was assessed to exclude sequences with uterine contractions. Visual 

analysis examined the signal intensity across the placenta and whether the presence of 

placental lobules and septae were visually apparent. The signal intensity within lobules was 
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visually assessed for granularity with high granularity defined as the presence of both high 

and low signal intensity within individual lobules.  

An in-house Python script by JH produced T2* maps. The placenta was manually 

segmented by an experienced observer [AH] using ITK-SNAP. A further processing step 

calculated mean placental T2*and lacunarity. Lacunarity values reflect the spatial 

distribution of gaps of a specific size within lobules. The acquisition and processing pipeline 

for T2* imaging has been described previously and shown to have good reproducibility with 

a high Dice coefficient between observers who segmented the placenta (Hutter, Slator, et 

al. 2019; Hutter, Jackson, et al. 2019).  

4.3.3 Placental growth factor, PlGF 

Venepuncture blood sampling was performed as close to magnetic resonance imaging as 

feasible, usually on the same day (in 32 out of 43 available samples). Six millilitres of blood 

were drawn into a bottle containing ethylenediamine tetra-acetic acid, transported to the 

laboratory within 1 hour and underwent centrifugation at 1400 x g (rcf) for 10 minutes at 

4˚C. PlGF was quantified using the Triage PlGF Test (Alere, San Diego, CA) according to the 

manufacturer’s instructions while masked to both group and clinical outcome. The clinical 

team did not receive the result; however, in five women with preeclampsia PlGF was 

performed as part of their clinical care as diagnostic workup (National Institute for Health 

and Care Excellence 2019) when preeclampsia was suspected.  

4.3.4 Placental Histology  

Following delivery and where available, placentas underwent histological examination 

according to local protocols at the Cellular Pathology Department, St Thomas’ Hospital. 

Placentas were fixed in 10% buffered formalin and trimmed of both umbilical cord and 

membranes for placenta weight. The following areas were sampled and then embedded in 

paraffin: two transverse sections of the umbilical cord, one roll of membranes (including 

rupture site), two to three full thickness blocks of the placental parenchyma away from the 

placental edge (including fetal and maternal surfaces). Additional areas were sampled 

depending on macroscopic findings. Paraffin embedded tissue sections were then cut into 

four-micron sections, deparaffinized and stained with haemotoxylin and eosin prior to 

histological examination. A clinical report for all placentas submitted was issued, in 

accordance with local hospital reporting guidelines. Histological slides were then re-

examined for features of maternal vascular malperfusion, fetal vascular malperfusion and 

acute chorioamnionitis by histopathologists who were masked to the pregnancy outcome; 
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features were identified and classified using guidelines from the International Placental 

Pathology Consensus Meeting, Amsterdam 2014 (Redline et al. 2005). Any discrepancies 

between reporting histopathologists were re-examined (again masked to the pregnancy 

outcome) and a consensus opinion was reached.  

4.3.5 Statistical methods 

In uncomplicated pregnancies, gestation-adjusted reference ranges for placental mean T2* 

and lacunarity values were established after examining a range of possible models using 

the Stata command -xriml- (Wright and Royston 1996), and 10% to 90% reference range 

established. A two sample t-test was used to compare placental mean T2* and lacunarity (z 

scores) between these groups, using robust standard errors to allow for clustering given 

two women were imaged twice in the preeclamptic group. Multiple regression, adjusting 

for gestation, was used to compare placental volume between uncomplicated pregnancies 

and those with preeclampsia. 

Spearman’s rank correlation coefficient was calculated to evaluate the relationship 

between Placental Growth Factor and placental mean T2*. Women who declined 

venepuncture were not included in the analysis. Birthweight centiles were calculated using 

INTERGROWTH-21st version 1.3.5 (Villar et al. 2014). Pregnancy outcome data was available 

for all women in both groups. Statistical analysis was performed using Stata version 15.1 

(StataCorp, College Station, Texas). 

 

4.4 Results 

Enrolment was between May 2017 and April 2019. Of the 14 women with preeclampsia 

who were recruited, all 14 women were imaged (none of whom had uterine contractions 

during imaging) with 48 gestation-matched controls. Five of 14 women (36%) had 

superimposed preeclampsia on a background of chronic hypertension (Table 4.1). Women 

with preeclampsia had higher blood pressures both prior and during imaging and had lower 

placental growth factor concentrations (Table 4.1). Of women with available data on 

haemoglobin concentrations, the median haemoglobin at booking was 123g/L 

(interquartile range 121-131) and at 28 weeks’ gestation was 117g/L (interquartile range 

113-122; n=37 women). In women with preeclampsia, the median haemoglobin at booking 

was 124g/L (interquartile range 120-131) and at 28 weeks’ gestation was 120g/L 

(interquartile range 110-137; n=10 women). The median number of days between 

diagnosis of preeclampsia and placental magnetic resonance imaging was 6 (IQR 3-15). Out 
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of the 14 women with preeclampsia, 11 (79%) were diagnosed before 34 weeks’ gestation 

and 3 (21%) after 34 weeks’ gestation. 

Table 4.1: Characteristics at booking and enrolment. 

 Booking and enrolment characteristics  Control n=48 Preeclampsia n=14 

At booking   

Maternal age, y, median (IQR) 33 (32-36) 32 (26-37) 

Gestational age on day of MRI, wk, median (IQR) 31.6 (28.6-34.6) 32.2 (28.6-33.8) 

Body mass index, kg/m2, median (IQR) 22 (21-24) 25 (23-25) 

Nulliparous 24 (50) 6 (43) 

White ethnicity 44 (92) 8 (57) 

Black ethnicity 1 (2) 3 (21) 

Asian ethnicity 2 (4) 0 

Chinese 0 3 (21) 

Mixed ethnicity 1 (2) 0 

Current smoking 1 (2) 0 

Quit smoking before pregnancy 4 (8) 4 (29) 

Never smoked 43 (90) 10 (71) 

Previous preeclampsia 0 3 (21) 

Chronic hypertension  0 5 (36) 

Gestational diabetes 0 2 (14) 

Inflammatory bowel disease 0 2 (14) 

Values given as a number (percentage) unles stated otherwise. 
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Table 4.1 (cont) Control n=48 Preeclampsia 

n=14 

Intrahepatic cholestasis of pregnancy 0 1 (7) 

 At enrolment on day of MRI   

Aspirin  4 (8) 8 (57) 

No oral antihypertensive agent 48 (100) 2 (14) 

1 oral antihypertensive agent  0 5 (36) 

2 or more oral antihypertensive agents  0 7 (50) 

   

Placental Growth Factor, pg/mL, median (IQR) 419 (102-815) <12(<12-<12)) 

Placental growth factor <100 pg/mL 7/29 (24) 14/14 (100) 

Placental growth factor <12 pg/mL 0 12/14 (86) 

Sitting blood pressure on day of MRI   

Systolic, mmHg, median (IQR) 103 (99-111) 141 (138-145) 

Diastolic, mmHg, median (IQR) 61 (55-64) 91 (87-98) 

Mean Arterial Pressure, mmHg, median (IQR) 75 (70-80) 108 (104-113) 

Supine blood pressure during MRI   

Systolic, mmHg, median of individual’s median (IQR) 98 (91-103) 127 (124-130) 

Diastolic, mmHg, median of individual’s medians (IQR) 58 (54-64) 80 (77-87) 

Mean Arterial Pressure, mmHg, median of individual’s 

medians (IQR) 

72 (67-76) 94 (93-100) 

Values given as a number (percentage) unless stated otherwise. 
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Time from magnetic resonance imaging to delivery was shorter in women with 

preeclampsia (Table 4.2) In the preeclamptic group, 11 women delivered preterm with 

seven prior to 34 weeks’ gestation (Table 4.2, Supplemental Table S1) while all women in 

the control group delivered after 37 weeks’ gestation. 21 placentae from the control group 

and 12 placentae from the preeclamptic group underwent histological examination, with 

double reading by two histopathologists to standardised protocols, masked to clinical 

outcome (Table 4.3). On assessment, there were no features of maternal vascular 

malperfusion on placental histological examination in the control group whilst ten of 

twelve placentae examined from women with preeclampsia did (Table 4.3). In the two 

placentae from preeclamptic women with no features of maternal vascular malperfusion, 

delivery occurred after 37 weeks’ gestation with normal birthweight centiles. There were 

no features of fetal vascular malperfusion on placental histopathological examination in 

either group.  

Table 4.2: Maternal and neonatal outcomes. 

 Maternal and neonatal outcome variables Control n=48 Preeclampsia n=14 

Time from MRI to delivery, days, median (IQR) 65 (37-84) 10 (6-19) 

Onset of delivery   

Spontaneous 31 (65) 0 

Induction 9 (19) 8 (57) 

Pre labour caesarean  8 (17) 6 (43) 

Primary reason for induction or prelabour caesarean*   

Maternal indication 4/17 (24) 7/14 (50) 

Fetal indication 13/17 (76) 7/14 (50) 

Delivery   

Livebirth 48 (100) 14 (100) 

Gestational age at delivery, weeks, median, IQR 40.4 (39.2-41.1) 34.0 (30.0-36.5) 
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Table 4.2 (cont) Control n=48 Preeclampsia n=14 

Spontaneous vaginal delivery 24 (50) 1 (7) 

Assisted vaginal delivery 9 (19) 1 (7) 

Elective pre-labour caesarean section 7 (15) 0 

Urgent caesarean section 8 (17) 12 (86) 

Preterm birth <37/40 0 11 (79) 

Preterm birth < 34/40 0 7 (50) 

Birthweight, g, median (IQR) 3460 (3109-3726) 1635 (926-2157) 

Birthweight centile, centile, median (IQR) 65 (32-80) 7 (3-17) 

5 minute APGAR score ≥7 47 (98) 13 (93) 

Respiratory support required in delivery room 4 (8) 6 (43) 

Number admitted to neonatal unit for >=48 hours 1 (2) 12 (86) 

Length of stay in intensive care, day, median, IQR 0 8 (1-10) 

Length of stay in high dependency, day, median, IQR 0 1 (0-4) 

Length of stay in special care, day, median, IQR 3 7 (2-16) 

Primary indication for neonatal unit admission   

Prematurity 0 7/12 (58) 

Fetal growth restriction/small for gestational age 0 2/12 (17) 

Respiratory disease 0 1/12 (8) 

Suspected sepsis 0 1/12 (8) 

Hypoglycaemia 0 1/12 (8) 
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Values given as a number (percentage) unless stated otherwise. *Full details given in 

Supplemental Table S1. (at end of chapter)  

Table 4.3: Placental histology findings. 

 Placental histology characteristics Control  Preeclampsia  

Number of placentae assessed  21 12 

Placental weight, g, median (IQR) 454 (403-562) 346 (188-458) 

Fetal-placental birthweight ratio, median (IQR) 7.4 (7.1-7.7) 5.6 (4.8-5.9) 

Maternal vascular malperfusion features 0 10 (83)* 

Fetal vascular malperfusion features 0 0 

Chorioamnionitis features 10 (48) 2 (17) 

Values given as a number (percentage) unless stated otherwise. *2 of the 12 placentas in 

the preeclamptic group did not have maternal vascular malperfusion features and 

delivered at term. 

Example T2-weighted images from the control and preeclamptic groups are shown in 

Figure 4.1, with areas of high signal on T2-weighted imaging corresponding to long T2* and 

low signal on T2-weighted imaging corresponding to short T2* values. In the control group, 

placental lobularity (the visual presence of lobules, i.e. presumed functional units) was 

more apparent with increasing gestational age at imaging. The placental lobules were of 

low granularity (i.e. consistent signal intensity within each lobule). Compared to gestation-

matched controls, the placentae in women with preeclampsia showed more marked 

lobularity (Figure 4.1, with numerical data given in Supplemental Table S2), variable lobule 

size and high granularity with a decline in T2* towards lobule periphery. In addition, the 

placentae in women with preeclampsia had substantial additional areas of low signal 

intensity (Figure 4.1).  
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Figure 4.1: (A) Example T2-weighted placental imaging and T2* maps in coronal and 
sagittal planes across gestation. (B) Features of T2-weighted placental imaging in 
women with preeclampsia.  
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With increasing gestation, placental mean T2* values decreased linearly in the control 

group (Figure 4.2, Supplemental Table S2). In women with preeclampsia, 13 of 14 cases had 

placental mean T2* values lower than the 10th centile of normal values derived from the 

gestation-matched control group (two sample t-test, t=7.49 vs controls). One woman with 

preeclampsia and placental mean T2* value within normal range delivered a baby of 

normal birthweight centile at 37 weeks’ gestation, with normal placental histological 

examination. Women with preeclampsia had higher placental lacunarity values (two 

sample t-test, t=3.83) on T2* and in the control group, lacunarity increased with increasing 

gestation (Figure 4.3A, Supplemental Table S2). Placental mean T2* positively correlated 

(Spearman’s rank correlation coefficient of 0.76) with placental growth factor 

concentration (Figure 4.3B). Placental volume did not differ significantly between women in 

the control group and women with preeclampsia (Supplemental Figure S1). Two women 

with preeclampsia were imaged twice, two weeks apart (as indicated in the participant flow 

diagram in Supplemental Figure S2 at end of chapter).  

 
Figure 4.2: Scatterplot of placental mean T2* against gestational age at imaging, lines 
representing 10th, 50th and 90th centiles.  
Actual placental mean T2* values given in Supplemental Table S2. 
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Figure 4.3: (A) Scatterplot of lacunarity measure (derived from T2* mapping) against 
gestational age at imaging. (B) Scatterplot of Placental Growth Factor (sample taken 
within two weeks of magnetic resonance imaging) against placental mean T2* (derived 
from T2* mapping). 
 

In the preeclampsia group, there was no clear trend between placental volume and 

gestational age at diagnosis of preeclampsia, birthweight or birthweight centile (Figures 

4.4, 4.5 and 4.6). The control group were not included in the scatterplots as the interval 

between imaging and delivery would render such data comparisons as uninformative. 

A

B
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Figure 4.4: Scatterplot of placental volume (derived from T2* map segmentations) 
against gestational age at diagnosis of preeclampsia. 

 

Figure 4.5: Scatterplot of placental volume (derived from T2* map segmentations) 
against birthweight in the preeclampsia group. 
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Figure 4.6: Scatterplot of placental volume (derived from T2* map segmentations) 
against birthweight centile in the preeclampsia group. 

 

In the preeclampsia group, there was no clear trend between lacunarity values and 

gestational age at diagnosis of preeclampsia, birthweight or birthweight centile (Figures 

4.7, 4.8 and 4.9). 

 
 

Figure 4.7:  Scatterplot of lacunarity measure (derived from T2* mapping) against 
gestational age at diagnosis of preeclampsia. 
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Figure 4.8: Scatterplot of lacunarity measure (derived from T2* mapping) against 
birthweight in the preeclampsia group. 
 
 

 

Figure 4.9: Scatterplot of lacunarity measure (derived from T2* mapping) against 
birthweight centile in the preeclampsia group. 

 

In the preeclampsia group, the umbilical artery pulsatility index (categorised into <95th 

centile, >95th centile, absent end diastolic flow and intermittently reversed end diastolic 

flow) did not show a clear relationship with placental mean T2* values (Figure 4.10). For 
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consistency with birthweight centiles, we have used INTERGROWTH umbilical artery 

centiles but this is provided in table form only which allows for categorisation. 

 

Figure 4.10: Scatterplot of placental mean T2* against gestational age at imaging, 
categorised into umbilical artery pulsatility index <95th centile, >95th centile, absent 
end diastolic flow and intermittently reversed end diastolic flow. 

 

Placental volume did not differ significantly between women in the control group and 

women with preeclampsia (Figure 4.11). 
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Figure 4.11: Scatterplot of placental volume against gestational age at imaging. 

 

4.5 Discussion 

4.5.1 Statement of principal findings 

Using a well-tolerated optimised magnetic resonance imaging protocol (Hutter, Jackson, et 

al. 2019) this study has provided a magnetic resonance whole placental phenotype in 

pregnancies complicated by preeclampsia and these findings have been compared to a 

gestation-matched control group.  

On visual inspection of T2-weighted imaging, placentae from women with preeclampsia 

showed substantial areas of low signal intensity, advanced lobularity and high granularity 

within lobules. Objective magnetic resonance quantification of these placentae also 

showed a reduced entire placental mean T2* for gestational age, with higher lacunarity 

values compared with controls. The placental volumes in the preeclamptic group were not 

significantly different to those in the control group.  

4.5.2 Strengths and weaknesses of the study 

A major strength of this study is the novelty of the imaging undertaken in women with 

preeclampsia, particularly assessing placental mean T2* with a measure of texture 
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(lacunarity values) in a group of women with preeclampsia. Visual analysis can be easily 

adopted in clinical practice, without the need for further processing of imaging data. 

However, whilst simple visual analysis of T2-weighted images alone showed characteristic 

features of the placenta in women with preeclampsia, T2* information obtained objective 

quantifiable information allowing comparisons between women, amongst which the whole 

placental mean T2* was the most discriminatory in identifying women with preeclampsia. 

Rapid acquisition of T2* images (in less than one minute) increases potential for clinical 

applicability and used a technique which has been previously demonstrated to be 

reproducible (Hutter, Jackson, et al. 2019). Multi-Echo acquisition was chosen as it freezes 

motion per slice. All data required for the T2* fit per slice was acquired in less than 250ms. 

The motion occurring between slices does not influence the fitting process. 

Our robust safety approach included blood pressure monitoring with continuous maternal 

heart rate and oxygen saturation during imaging. A strength of this study is that we have 

imaged women at a range of gestations (25-37 weeks) in our preeclamptic group with 

anticipated complications, including fetal growth restriction, iatrogenic preterm delivery, 

neonatal unit admission and low birthweight centiles. Limitations included being unable to 

image women with a body mass index greater than 30kg/m2 due to size limitations of our 

3T Achieva scanner bore; however, we have been able to image across the third trimester, 

thus increasing applicability to a clinical context.  

In the scatterplot of placental mean T2* against gestational age at imaging, those women 

who delivered <3rd birthweight centile have an overlap of T2* values with those women 

who delivered >3rd birthweight centile. Given the evolution of fetal growth restriction over 

time and the time points of preeclampsia diagnosis, imaging and delivery, it is challenging 

to dichotomise the preeclampsia group into those with and those without fetal growth 

restriction. Additionally, no estimated fetal weight or indices of fetal growth restriction 

were derived from magnetic resonance imaging. Future research may examine whether the 

co-existence of fetal growth restriction in women with preeclampsia affect magnetic 

resonance imaging derived values. 

4.5.3 Strengths and weaknesses in relation to other studies 

In uncomplicated pregnancies T2-weighted visual analysis shows increasing lobulation with 

widening of the low signal intensity septal areas around lobules. This and previous studies 

have shown that this visual maturation corresponds to a reduction in mean T2* values 

across the placenta (Sinding, Peters, Frøkjaer, et al. 2016; Armstrong et al. 2019; Sinding et 
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al. 2017). Mean T2* values are consistent with previously reported studies; however, 

values are inherently affected by magnetic field strength and there remains a lack of 

literature reporting mean T2* in uncomplicated pregnancies at 3 Tesla (Sørensen et al. 

2020). The placental volume is derived from a conservative manual segmentation of the 

T2* maps to ensure only placental tissue sampled, and thus is smaller than previously 

reported in the literature where volume is derived from T2-weighted imaging (Andescavage 

et al. 2017; Langhoff et al. 2017). The conservative method of segmentation presents a 

limitation. Further studies may address this by using T2 weighted imaging and 3D 

reconstruction techniques that can further aid placental volume segmentation with clearer 

placental boundaries. However, T2* values may provide a more informative functional 

value compared to placental volume. 

Our findings of low placental mean T2* values in pregnancies complicated by preeclampsia 

are consistent with a previous smaller study (Sinding, Peters, Frøkjaer, et al. 2016) in which 

T2* values were examined in four women with fetal growth restriction, one of whom had 

co-existing preeclampsia. Another study also examined T2* in a mixed cohort of 33 women 

(reported as R2* = 1/T2*) at earlier gestations (prior to 24 weeks’ gestation) including two 

women with fetal growth restriction and one with preeclampsia (Armstrong et al. 2019). 

Mean R2* values in women with fetal growth restriction were similar to uncomplicated 

pregnancies. However, these women were imaged during early second trimester and all 

delivered at term thus perhaps suggesting a different disease mechanism in preterm 

preeclampsia and term preeclampsia. In our study, albeit a small sample size, co-existing 

fetal growth restriction in women with preeclampsia did not appear to further impact 

placental mean T2* values. Recent in vivo magnetic resonance imaging in women with 

preeclampsia using a different imaging parameter of placental perfusion fraction (rather 

than T2* mapping) showed a difference between early and late-onset preeclampsia and a 

decreased fraction with increasing gestation in controls correlating to maternal biomarkers 

(Sohlberg et al. 2014; Sohlberg et al. 2015). 

Contrast enhanced imaging in Rhesus macaques, has previously demonstrated a slow 

spread of signal intensity enhancement from a spiral artery across lobule to periphery in a 

naturally occurring fetal growth restriction case (Lo et al. 2018). No contrast was used in 

our study; however, we demonstrated a fall in signal intensity from the centre to the 

periphery of lobules in women with preeclampsia. Previous studies have not included 

maternal biomarker analysis, while we have shown that all women with a placental growth 

factor <12pg/mL had a mean T2* lower than gestation-matched controls. 
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4.5.4 Meaning of the study 

The striking visual differences between women with preeclampsia and our control group on 

T2-weighted imaging and quantitative T2* values provide a magnetic resonance placental 

phenotype in preeclampsia. Marked widening of low signal septal areas and accelerated 

maturation of lobules in the placentae of women with preeclampsia suggests areas of non-

functioning or poorly functioning tissue. This is supported by detailed histological analysis 

which showed that ten of twelve placentae from women with preeclampsia had evidence 

of maternal vascular malperfusion. Areas of low signal intensity on T2-weighted imaging 

therefore likely reflect a poorly perfused and poorly oxygenated placenta with a 

corresponding short T2*, also reflected in low maternal placental growth factor 

concentrations. In a healthy placenta, these low signal intensity areas are consistently 

between lobules and likely to represent normal septae with low oxygenation. In abnormal 

placentae, the areas of low signal intensity on T2 are different in distribution, size and 

shape, suggesting poorly oxygenated areas extending beyond the normal septae. More 

detailed histology to selectively sample these areas would further elucidate any structural 

differences. All women had haemoglobin concentrations within normal limits and thus this 

is unlikely to have substantially affected T2* values. Within lobules, there are regional T2* 

differences with a marked decline in T2* towards the lobule periphery in preeclampsia. 

This could be explained by a reduction in perfusion of the lobule periphery with oxygenated 

blood following ischaemic reperfusion injury from high pressure flow in poorly remodelled 

spiral arteries. The peripheral areas of lobules may be more vulnerable to damage, giving 

rise to the areas of short T2* distal from central arteries. High lacunarity values in women 

with preeclampsia further support the visual phenotype seen on both T2-weighted imaging 

and T2* maps where there is high granularity within individual lobules and heterogeneity 

across the placenta.  

4.5.5 Unanswered questions and future research 

More detailed placental histology, biomarkers relating to placental oxygenation and 

diffusion magnetic resonance imaging may yield further insight into the pathophysiology of 

preeclampsia in conjunction with placental T2* mapping. While the relationship between 

concentration of deoxygenated haemoglobin and T2* values is well established (BOLD 

effect), it does not allow absolute quantification of oxygen concentration. T2* depends 

additionally on geometry, saturation, haemoglobin concentration. 

A larger sample size of women with preeclampsia encompassing those with and without 

co-existing fetal growth restriction and those with early and late onset would be beneficial 
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to examine potential differing mechanisms that result in additional fetal morbidity. 

Placental magnetic resonance imaging may demonstrate different phenotypes in these 

sub-groups, aligned with different placental histological findings, and require further 

elucidation. Further characteristics of interest would include the presence of other co-

morbidities, use of antihypertensive medication and aspirin usage. It would be 

advantageous to image using a wide bore scanner at 3 Tesla to encompass those women in 

whom a high body mass index and girth is more prevalent. Further studies could be useful 

to investigate the potential role of placental growth factor (and other maternal serum 

biomarkers of placental function, alongside conventional ultrasound parameters) for triage 

of clinically higher risk women in whom placental magnetic resonance imaging may be 

beneficial. However, the two modalities (biomarkers and magnetic resonance imaging) may 

be providing complementary predictive and mechanistic information.  

4.6 Perspectives 

Our study using T2-weighted imaging, T2* mapping and maternal placental growth factor 

concentrations has quantitatively demonstrated a placental phenotype in preeclampsia 

that has helped to support prevailing theories of complex mechanisms underlying placental 

dysfunction in preeclampsia. Further studies to determine whether there is a potential role 

for predicting the subsequent development of preterm preeclampsia in high risk groups 

(for example those with chronic hypertension, gestational hypertension) or women 

undergoing a fetal magnetic resonance imaging for other indications (such as fetal 

congenital cardiac abnormalities or fetal growth restriction) would be of interest. Future 

applications of T2* mapping may include monitoring of high-risk pregnancies to aid clinical 

management decisions or measuring effectiveness of new therapies in preeclampsia that 

aim to target underlying oxidative mechanisms. 

4.7 Novelty and Significance  

4.7.1 What Is New? 

• Using in vivo magnetic resonance imaging to quantify placental function, we have 

evaluated and demonstrated a placental phenotype in women with pregnancies 

complicated by preeclampsia. 

• Techniques include T2* mapping as an indicative measure of placental oxygenation 

and the use of lacunarity to quantify the spatial distribution of gaps of a given size 

across a region of interest.  

• The placentae of women with preeclampsia have low mean T2* and high lacunarity 

values. 
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4.7.2 What Is Relevant? 

• Preeclampsia is a hypertensive disorder of pregnancy associated with adverse 

pregnancy outcome. 

• Placental dysfunction underlies the aetiology of these pregnancies. 

• MRI provides objective quantification of placental function in vivo and elucidation 

of complex mechanisms underlying preeclampsia development, thus has potential 

to inform prognosis and clinical management. 

4.8 Summary 

This prospective observational study has used T2-weighted imaging, T2* mapping and 

maternal placental growth factor concentrations to quantitatively demonstrate a placental 

phenotype in preeclampsia. 
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4.9 Supplemental Data 

4.9.1 Supplemental Tables 

Supplemental Table S1: Primary reason for induction or prelabour caesarean (taken from 
clinical notes). 

 Primary reason for induction or prelabour caesarean Control n = 17 Preeclampsia n=14 

Fetal growth restriction 0 5 (36) 

Preeclampsia and reached 37/40 0 3 (21) 

Difficult blood pressure control 0 3 (21) 

Abnormal cardiotocogram 1 (6) 2 (14) 

Randomised to planned delivery within trial 0 1 (7) 

Prelabour rupture of membranes 5 (29) 0 

Post dates 4 (24) 0 

Previous caesarean/uterine surgery 2 (12) 0 

Fetal presentation not cephalic 2 (12) 0 

Maternal request 2 (12) 0 

Placenta praevia 1 (6) 0 

Values given as a number (percentage) unless stated otherwise 
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Supplemental Table S2: Actual placental mean T2*, lacunarity and volume values. 

Placental imaging 

variables 

26-29+6 weeks 30-33+6 weeks 34-37+6 weeks 

Preeclampsia    

Mean T2*, ms, median 

(IQR) 

23 (20-23) 26 (24-27) 22 (20-26) 

Lacunarity, median 

(IQR) 

1.021 (1.019-

1.023) 

1.023 (1.020-

1.029) 

1.026 (1.020-

1.033) 

Placental volume, ml, 

median (IQR) 

499 (342-503) 450 (285-600) 272 (197-428) 

    

Control    

Placental volume, ml, 

median (IQR) 

427 (201-497) 321 (234-438) 385 (263-510) 

Mean T2*, ms, median 

(IQR) 

67 (54-73) 45 (41-56) 38 (28-40) 

Lacunarity, median 

(IQR) 

1.012 (1.010-

1.014) 

1.017 (1.016-

1.019) 

1.017 (1.015-

1.017) 
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4.9.2 Supplemental Figures  

 

 

Supplemental Figure S1: Scatterplot of placental volume against gestational age at 
imaging. 
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Supplemental Figure S2: Flow diagram of participants with preeclampsia. 
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Chapter 5 PLACENTAL MAGNETIC RESONANCE IMAGING IN CHRONIC 

HYPERTENSION: AN OBSERVATIONAL STUDY 

5.1 Introduction 

Chronic hypertension complicates an estimated 3-5% of all pregnancies (Seely and Ecker 

2014) with a rising incidence associated with a global increase in obesity and maternal age. 

Adverse pregnancy outcomes associated with chronic hypertension include superimposed 

preeclampsia, preterm delivery, low birthweight, perinatal death and an increased 

incidence of neonatal admission and caesarean delivery (Bramham et al. 2014), occurring 

independent of the development of superimposed preeclampsia (Sibai et al. 1998). 

Altered placental structure and function may contribute to the pathophysiology of adverse 

pregnancy outcomes. Histological examination of placentae have demonstrated lesions 

related to maternal vascular malperfusion to be more prevalent in women with chronic 

hypertension and preeclampsia compared to those without hypertensive disorders of 

pregnancy (Kovo et al. 2017; Bustamante Helfrich et al. 2017). In pregnancies complicated 

by preeclampsia, altered early placental perfusion is hypothesised to lead to placental 

oxidative stress with cellular damage of fragile villous trees and inflammation. Subsequent 

ischaemia-reperfusion injury alters the balance of placentally expressed antiangiogenic and 

angiogenic compounds which can be detected in the maternal circulation (Levine et al. 

2004). The clinical manifestation of disease is considered to relate to the interaction 

between the release of placentally-derived factors and subsequent maternal responses, 

exacerbated by pre-existing comorbidities characterised by maternal vascular endothelial 

dysfunction (such as chronic hypertension or renal disease) (Redman and Sargent 2010). 

The use of magnetic resonance imaging as a tool to provide in vivo assessment of the 

placenta structure and function is of growing interest. Imaging sequences can be acquired 

within a clinically acceptable time of 15 minutes to acquire comprehensive assessment  

including T2* mapping and diffusion MRI (Slator et al. 2019). Resultant measures of interest 

include the T2* relaxation time (an indicative measure of tissue oxygenation), T1 relaxation 

(related to oxygen tension) and measures of diffusion (assessing the microstructural 

properties through the random thermal microscopic translational motion of molecules). 

Reduced placental T2*(Siauve et al. 2019), mean diffusivity values and reduced mean T1 

relaxation times (Ingram et al. 2017)are reported in pregnancies complicated by fetal 

growth restriction and thus provide a promising indicator of placental dysfunction.  



Student Name: Alison Elizabeth Puiyun Ho 
Student Number: 1761538 

111 
 

To our knowledge, no studies have assessed the use of magnetic resonance imaging to aid 

understanding of the heterogeneity of pregnancy outcomes in women with chronic 

hypertension. The aim of this study was to explore the use of magnetic resonance imaging 

as a tool to elucidate the placental phenotype in women with chronic hypertension.  

 

5.2 Materials and Methods 

5.2.1 Study Design 

This prospective observational study was undertaken at St Thomas’ Hospital, London, a 

tertiary level maternity unit. Women with chronic hypertension attending a consultant led 

specialist antenatal hypertension clinic were approached in person. Women in the control 

group were recruited at their routine 20-week anomaly scan or self-referred to take part in 

the study. All women in the study gave written informed consent (Placenta Imaging Project, 

IRAS 201609). The primary objective of the Placental Imaging Project was to develop a 

novel magnetic resonance imaging approach to assess growth and development of the 

human placenta. Women were considered for inclusion in the study if they had a singleton 

pregnancy, were over 16 years of age, not claustrophobic and had no contraindication for 

magnetic resonance imaging. Chronic hypertension and preeclampsia were prospectively 

defined using the international consensus definition (Brown et al. 2018). Clinical 

management of hypertensive women was according to national guidelines, with 

responsibility under the attending obstetrician. Follow up was until delivery, with the last 

woman enrolled delivering in August 2019. Prospective specified data collection included 

baseline demographic characteristics, maternal and neonatal outcomes. 

Women in the control group fulfilled the following criteria: no diagnosis of hypertensive 

disorder at enrolment and until delivery, no significant past medical history, no pregnancy 

complications (including gestational diabetes), delivery at term with birthweight between 

the 3rd and 97th centile (calculated using INTERGROWTH-21st, version 1.3.5) (Villar et al. 

2014) thus excluding potential confounders of placental change (Desoye and Hauguel-de 

Mouzon 2007; Llurba et al. 2014; Salafia et al. 1995). These women were gestation-

matched (within a two week gestation range) to women with chronic hypertension, 

masked to values derived from magnetic resonance imaging, on a 2:1 basis. 

No formal sample size was calculated for power of outcome variables as this was an 

exploratory study describing a novel technique in technology development application. This 

study was approved by Fulham Research Ethics Committee, REC 16/LO/1573. 
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5.2.2 Magnetic Resonance Imaging 

Magnetic resonance imaging was performed on either a clinical Philips 3T Achieva (60 cm 

bore) or a Philips 1.5T Ingenia (with a wider 70 cm bore). Parameters were kept constant 

between women with chronic hypertension and the control group. Women underwent 

magnetic resonance imaging on up to two occasions, a minimum of two weeks apart and at 

any time point between their clinically routine anomaly ultrasound scan (at around 18-22 

weeks’ gestation) and delivery. Imaging was performed supine with padding to support the 

lower limbs and shoulders, after an initial period of three minutes in left lateral to shift the 

uterus and minimise potential effects of venocaval compression. Total imaging time did not 

exceed one hour, and women were offered a break of up to 30 minutes halfway through 

the scan. Maternal assessments during imaging included continuous maternal heart rate 

and oxygen saturation monitoring with additional blood pressure measurements every 10 

minutes. An obstetrician or midwife was present throughout the scan. No pharmacological 

sedation was used. 

Image based shimming was achieved using an in-house tool, based on a separately 

acquired B0 map, in order to reduce the effect of inhomogeneities in the magnetic field. To 

provide anatomical images of the fetus and placenta and their position within the uterus, a 

T2-weighted single shot turbo spin echo sequence with an echo time (TE) of 180ms of the 

whole uterus (thereby including placenta) was acquired in coronal and sagittal planes to 

the woman with repetition time (TR) = 16s, SENSitivity Encoding (SENSE) = 2.5 and partial 

Fourier 0.625. In-plane resolution was 1.5 mm x 1.5mm, slice thickness 2.5mm with an 

overlap of 0.5mm. The field of view was 300 x 360 x [100-200] mm (coronal) and 300 x 300 

x 340 mm (sagittal) in the foot-head (FH) x right-left (RL) x anterior-posterior (AP) directions 

respectively.  

T2* weighted imaging was acquired using a multi-echo gradient echo, echo planar imaging 

sequence with free breathing and took less than one minute. For 3T scanning, 5 echo times 

were used: 13.81ms/ 70.40ms/ 127.00ms/ 183.60ms/ 240.2ms, TR=3s, SENSE=3, 

halfscan=0.6 at 3mm3 resolution with the whole placenta covered within 60 slices. For 1.5T 

scanning, 5 echo times were used: 11.376ms / 57.313ms / 103.249ms / 149.186ms / 

195.122ms, TR=14s, no SENSE, no halfscan at 2.5mm3 resolution with the whole placenta 

covered within 90 slices. Echo times result from the chosen Echo Planar Imaging (EPI) train 

characteristics. The intra-echo spacing was chosen to minimize acoustic noise and the inter-
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echo spacing as the minimal possible spacing given chosen resolution and field of view. 

Data was acquired in the maternal coronal plane. 

Given the methods development required during the course of this study, a diffusion 

prepared spin echo with subsequent gradient echoes was performed in a subset of 31 

women, imaged at 3 Tesla, for combined diffusion-relaxometry (Hutter et al. 2018). In 

another subset of women, a modified inversion-recovery sequence with a global adiabatic 

inversion pulse and slice shuffling (Ordidge et al. 1990) was also employed with 10 

inversion times to produce T1 maps.  

An in-house Python script was used to produce T2*, T1 and apparent diffusion coefficient 

maps by fitting monoexponentially decay curves. The diffusion data were motion corrected 

using Advanced Normalization Tools, ANTS, a nonrigid template registration (Avants, 

Johnson, and Tustison 2015). The placenta images were manually segmented by two 

experienced observers (AH and JH). Further processing steps calculated mean apparent 

diffusion coefficient values, placental T2*, and kurtosis and skew of T2* histograms, and 

calculation of mean T1. The acquisition and processing pipeline has been described 

previously and shown to have good reproducibility with a high Dice coefficient (0.86) 

between observers who segmented the placenta (Hutter, Jackson, et al. 2019). 

As part of this study, anatomical T2-weighted imaging of the fetal brain was performed in 

three orthogonal planes to the woman suitable for volume reconstruction and clinical 

reporting (Jiang et al. 2007). Fetal brain images were reported and available to the clinical 

team. Visual analysis of the placenta was performed and included assessment of signal 

intensity across the placenta and documentation of the appearance of placental lobules 

and septa. The signal intensity within lobules was visually assessed for granularity with high 

granularity defined as the presence of both high and low signal intensity within individual 

lobules.  

5.2.3 Placental growth factor, PlGF 

Maternal venepuncture was performed as close to magnetic resonance imaging as feasible, 

usually on the same day. Six millilitres of blood were drawn into a bottle containing 

ethylenediamine tetra-acetic acid, transported to the laboratory within 1 hour and 

underwent centrifugation at 1400 x g (rcf) for 10 minutes at 4˚C. PlGF was quantified using 

the Triage PlGF Test (Alere, San Diego, CA) according to the manufacturer’s instructions 

while masked to both group and clinical outcome. The clinical team did not receive the 

result. 
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5.2.4 Ultrasound 

Ultrasound scans were performed on the same day as magnetic resonance imaging 

wherever possible, or within two weeks. Women with pre-eclampsia had a clinically 

indicated ultrasound scan performed in line with national guidelines for management of 

pre-eclampsia (National Institute for Health and Care Excellence 2019). In the control 

group, ultrasound scans were performed on a Philips EPIQ V7 by sonographers following a 

clinical protocol. Fetal measurements included biparietal diameter, head circumference, 

femur length and abdominal circumference which  were used to derive an estimated fetal 

weight using  the Hadlock formula [24], umbilical artery Doppler pulsatility index (PI), 

amniotic fluid index and maternal uterine artery pulsatility index. The presence of fetal 

growth restriction was established by ultrasonographic assessment using accepted 

international definitions (Gordijn et al. 2016). 

5.2.5 Placental Histology  

Following delivery and where available, placentas from women in both groups (chronic 

hypertension and healthy pregnancies) underwent histological examination according to 

local protocols at the Cellular Pathology Department, St Thomas’ Hospital. Placentas were 

fixed in 10% buffered formalin and trimmed of both umbilical cord and membranes for 

placenta weight. The following areas were sampled and then embedded in paraffin: two 

transverse sections of the umbilical cord, one roll of membranes (including rupture site), 

two to three full thickness blocks of the placental parenchyma away from the placental 

edge (including fetal and maternal surfaces). Additional areas were sampled depending on 

macroscopic findings. Paraffin embedded tissue sections were then cut into four-micron 

sections, deparaffinized and stained with haemotoxylin and eosin prior to histological 

examination. A clinical report for all placentas submitted was issued, in accordance with 

local hospital reporting guidelines. Histological slides were then re-examined by a second 

experienced histopathologist (masked to first report and to clinical details) specifically for 

features of maternal vascular malperfusion, fetal vascular malperfusion and acute 

chorioamnionitis; classified using guidelines from the International Placental Pathology 

Consensus Meeting, Amsterdam 2014 (Redline et al. 2005; Redline 2015) Any discrepancies 

between the two  reporting histopathologists were re-examined (again masked to the 

pregnancy outcome) and a consensus opinion was reached.  

5.2.6 Statistical methods 

In uncomplicated pregnancies, gestation-adjusted reference ranges for placental mean T2* 

were established using the Stata command xriml, and the 10% to 90% reference range 
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established. Birthweight centiles were calculated using INTERGROWTH-21st version 1.3.5 

(Villar et al. 2014). Statistical analysis was performed using Stata version 15.1 (StataCorp, 

College Station, Texas). 

 

5.3 Results 

129 women underwent placental imaging: 43 women with chronic hypertension were 

gestation matched to 86 controls (Table 5.1, Supplemental Table S1, Supplemental Figure 

S1). Of these, 30 women with chronic hypertension and 70 controls were imaged on the 3T 

Achieva, while 13 women with chronic hypertension and 16 controls were imaged on the 

1.5T Ingenia. Maternal PlGF concentrations around time of imaging were lower in women 

with chronic hypertension (186pg/mL, IQR 109-321) than the control group (341pg/mL, IQR 

230-656) (Table 5.1). 

There are differences in the demographic findings at booking between the chronic 

hypertensive group and the control group (Table 5.1). Women had a higher median 

maternal age of 37 years (IQR 34-41) in the chronic hypertensive group in conjunction with 

a lower proportion of nulliparity and a higher proportion of black ethnicity women. The 

median maternal age was 34 years (IQR 32-37) in the control group with a higher 

proportion of nulliparity. This reflects the risk factors of maternal age and ethnicity in the 

development of chronic hypertension. 
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Table 5.1: Characteristics at booking and enrolment. 

  Chronic hypertensive 

pregnancies 

Control 

pregnancies 

Number of women 43 86 

At booking   

Maternal age, y, median (IQR) 37 (34-41) 34 (32-37) 

Body mass index, kg/m2, median (IQR) 26 (24-30) 23 (21-25) 

Nulliparous 15 (35) 45 (52) 

White ethnicity 25 (58) 75 (87) 

Black ethnicity 8 (19) 4 (5) 

Other ethnicity 10 (23) 7 (8) 

Current smoking 0 1 (1) 

Quit smoking before pregnancy 1 (2) 4 (5) 

Never smoked 37 (86) 73 (85) 

Previous pre-eclampsia 7 (16) 1 (1) 

Chronic renal disease 6 (14) 0 

Gestational diabetes 2 (5) 0 

 At enrolment on day of MRI   

Gestational age, wk, median (IQR) 27.7 (23.9-32.1) 28.9 (26.1-32.9) 
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Table 5.1 (cont) Chronic hypertensive 

pregnancies 

Control 

pregnancies 

Aspirin  38 (88) 7 (8) 

Ultrasound estimated fetal weight, centile, median 

(IQR) 

48 (27-70) 54 (42-68) 

Placental Growth Factor, pg/mL, median (IQR) 187 (109-321) 341 (230-656) 

Placental growth factor <100 pg/mL 6 (14) 6 (7) 

Placental growth factor <12 pg/mL 1 (2) 0 

Systolic blood pressure, mmHg, median (IQR) 125 (115-133) 108 (102-114) 

Diastolic blood pressure, mmHg, median (IQR) 79 (71-83) 63 (57-74) 

During MRI    

Systolic blood pressure, mmHg, median of individual 

medians (IQR) 

112 (108-115) 99 (95-105) 

Diastolic blood pressure, mmHg, median of 

individual medians (IQR) 

69 (63-74) 59 (55-64) 

Values given as a number (percentage) unless stated otherwise. 

Four out of 43 women (9%) with chronic hypertension developed superimposed 

preeclampsia (Table 5.2, Supplemental Table S2). Nine (21%) of women with chronic 

hypertension delivered prematurely compared with no preterm deliveries in the control 

group (Table 5.2, Supplemental Table S2). 38 (88%) of women with chronic hypertension 

had a planned delivery (pre-labour caesarean section or induction of labour) compared to 

32 (37%) in the control group (Table 5.2, Supplemental Table S2).  

68 placentas were examined after delivery (24 from women with chronic hypertension, 44 

from controls) (Table 5.2). Five out of six placentae with maternal vascular malperfusion 

features on histological examination were from women with chronic hypertension (Table 

5.2)  
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Table 5.2: Maternal and neonatal outcomes. 

  Chronic hypertensive 

pregnancies 

Control pregnancies  

Number of women 43 86 

Time from MRI to delivery, days, median (IQR) 70 (37-96) 84 (53-99) 

Pre-eclampsia 4 (9) 0 

Onset of delivery   

Spontaneous 5 (12) 55 (64) 

Induction 19 (44) 20 (23) 

Pre labour caesarean  19 (44) 12 (14) 

Mode of delivery   

Spontaneous vaginal delivery 9 (21) 47 (55) 

Assisted vaginal delivery 4 (9) 18 (21) 

Elective pre-labour caesarean section 10 (23) 10 (12) 

Urgent caesarean section 20 (47) 11 (13) 

Primary reason for induction or prelabour caesarean*   

Maternal indication 30 (74) 15 (17) 

Fetal indication 8 (19) 16 (19) 

Delivery   

Livebirth 43 (100) 86 (100) 

Gestational age at delivery, weeks, median, IQR 38.3 (37.5-38.9) 40 (39-41) 

Preterm birth <37/40 9 (21) 0 



Student Name: Alison Elizabeth Puiyun Ho 
Student Number: 1761538 

119 
 

Table 5.2 (cont) Chronic hypertensive 

pregnancies 

Control pregnancies  

Birthweight, g, median (IQR) 2965 (2520-3362) 3482 (3229-3721) 

Birthweight centile, centile, median (IQR) 37 (16-70) 68 (32-83) 

Number admitted to neonatal unit for >=48 hours 4 (9) 1 (1) 

Prematurity 2 (5) 0 

Fetal growth restriction/ small for gestational age 0 0 

Respiratory disease 0 1 (1) 

Suspected sepsis 0 0 

Hypoglycaemia 2 (5) 0 

Placental histology findings   

Number of placentae assessed 24 44 

Placental weight, g, median (IQR) 384 (310-467) 474 (409-556) 

Fetal-placental birthweight ratio, median (IQR) 7.2 (6.0-7.9) 7.3 (6.7-7.9) 

Maternal vascular malperfusion features 5 (21) 1 (2) 

Fetal vascular malperfusion features 1 (4) 0 

Chorioamnionitis features 6 (25) 25 (57) 

Values given as a number (percentage) unless stated otherwise. *Full details given in 
Supplementary Table 1. 

 

Visual analysis of placental images demonstrated that in women with chronic hypertension, 

appearances were more varied compared to gestation-matched controls (Figure 5.1). 

Placental images from women with chronic hypertension appeared either appropriate for 

gestation or advanced for gestation, showing increased lobulation, with wider septa and 

more marked heterogeneity than expected for age. This was also apparent when visually 
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assessing the T2* maps. Reflecting this visual analysis, women with chronic hypertension 

showed a greater range of placental mean T2* values for a given gestation compared to the 

control group (Figure 5.2).  

 

Figure 5.1: Example T2-weighted placental imaging and T2* maps in coronal and sagittal 
planes across gestation. 
On the left, the control panel depicts the following from left to right: T2-weighted 
imaging in the coronal plane, T2-weighted imaging in the sagittal plane, T2* map in the 
coronal plane and T2* map in sagittal plane. On the right, the panel depicts images 
from women with chronic hypertension and a placental mean T2* value below the 10th 
centile. Within the panel from left to right, images are in the following order: T2-
weighted imaging in the coronal plane, T2-weighted imaging in the sagittal plane, T2* 
map in the coronal plane and T2* map in sagittal plane. Within the T2* maps, darker 
areas represent low T2* values while brighter orange-yellow areas high T2* values. 
 

 



Student Name: Alison Elizabeth Puiyun Ho 
Student Number: 1761538 

121 
 

 

Figure 5.2: Scatterplot of placental mean T2* against gestational age at imaging, 
subdivided by birthweight centile at subsequent delivery to show appropriate for 
gestational age (AGA) infants, and those small for gestational age (SGA), divided into 
3rd-10th centile, and those <3rd centile (A) in uncomplicated control group and (B) in 
women with chronic hypertension. 

 

Exemplar histograms of T2* values at 27 weeks’ gestation in four different women (Figure 

5.3) visually illustrate further analysis of T2* histograms assessing both kurtosis and 

skewness. This further analysis demonstrated differences in the placenta from those 

chronic hypertension pregnancies with apparently normal mean T2* placental values.  For 

example, when compared to a T2* placental histogram from a control pregnancy (Figure 

5.3A) a lower kurtosis value in the placental signal intensity frequency distribution in a 

pregnancy with chronic hypertension is demonstrated, despite a mean T2* appropriate for 

gestational age (Figure 5.3B).  A lower mean T2* value corresponds to a left shift in the 

histogram (for example, in a woman with chronic hypertension (Figure 5.3C). A left shift 

and higher skewness value (asymmetrical frequency distribution) is seen in a woman with 

preeclampsia superimposed on chronic hypertension (Figure 5.3D).  
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Figure 5.3: Illustrative histogram plot of T2* values at the same gestation (27 weeks’ 
gestation) for one woman from each of the following groups (A) the control group (B) 
with chronic hypertension (CHTN) and normal placental mean T2* (C) with chronic 
hypertension and a placental mean T2* less than the 10th centile for gestation (D) 
CHTN participant who developed superimposed preeclampsia (PE). 

 

Both skewness and kurtosis increased with advancing gestational age at imaging (Figure 

5.4). Visual inspection showed that some women with chronic hypertension who 

developed superimposed pre-eclampsia had higher skewness and kurtosis values, 

compared to the remaining group with chronic hypertension, the majority of whom had 

values within the range of the control group. The women who developed superimposed 

preeclampsia on a background of chronic hypertension with skewness and kurtosis values 

within the range of the control group, delivered at term and of normal birthweight centile. 

For the presentation of results of skewness and kurtosis values, we have included an 

additional dataset of women with preeclampsia imaged at 3T in whom we have previously 

reported enrolment and pregnancy outcome characteristics (Ho et al. 2020). Enrolment 

and pregnancy outcomes of preeclampsia pregnancies imaged at 1.5T are provided in 

Supplemental Table S1.  
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A 

 

B 

 

C 

 

D 

 

 
Figure 5.4: Scatterplot of histogram derived measures of (A) skewness at 3T imaging 
(B) skewness at 1.5T imaging (C) kurtosis at 3T imaging and (D) kurtosis at 1.5T imaging 
against gestational age at scan with i) chronic hypertension ii) chronic hypertension at 
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enrolment who subsequently developed superimposed preeclampsia after imaging iii) 
controls iv) preeclampsia at enrolment. 
For the presentation of results, we have included an additional dataset of women with 
preeclampsia imaged at 3T in whom we have previously reported enrolment and 
pregnancy outcome characteristics (Ho et al. 2020) and women with preeclampsia 
imaged at 1.5T in whom enrolment and pregnancy outcome characteristics are 
provided in Supplemental Table S1 and S2. 

 

When comparing between groups, there was no significant difference in skewness and 

kurtosis values between the chronic hypertension and control group (geometric mean ratio 

for skewness values = 0.82, 95% CI 0.67-1.01, geometric mean ratio for kurtosis values = 

0.83, 95% CI 0.58-1.19). In contrast, women with preeclampsia had higher skewness and 

kurtosis values compared to controls (geometric mean ratio for skewness values = 3.15, 

95% CI 2.39-4.15, geometric mean ratio for kurtosis values = 7.55, 95% CI 4.53-12.58). 

In our subsample, placental apparent diffusion coefficient (ADC) appeared to decline with 

advancing gestational age (Figure 5.5A). There was a positive correlation between ADC 

values and placental mean T2* values (Figure 5.5B). Placental mean T1 also declined with 

advancing gestational age (Figure 5.5C) and positively correlated with mean ADC values 

(Figure 5.5D). Trends in mean ADC values were consistent with data acquired during the 

methods development required during the course of this study (Figure 5.6). 
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D  

Figure 5.5: Scatterplot results from combined diffusion-relaxometry acquisition 
sequence.  
(A) Apparent diffusion coefficient (ADC) against gestational age at imaging (B) ADC 
against placental mean T2* (C) mean T1 against gestational age at imaging (D) ADC 
against mean T1. 
 
 

 

Figure 5.6: Scatterplot results of apparent diffusion coefficient (ADC) against 
gestational age from a diffusion sequence acquired during the initial methods 
development phase of the study and thus prior to acquisition of combined diffusion-
relaxometry data.  
Green circles  indicates women with uncomplicated pregnancies, red crosses those 
with preeclampsia, blue stars those with chronic hypertension. 
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Placental volume did not differ between the chronic hypertensive group and controls 

(Figure 5.7).  

 
 

Figure 5.7: Scatterplot of placental volume (from segmentations performed on T2* 
maps) against gestational age at imaging. 

 

5.4 Discussion 

5.4.1 Statement of principal findings 

This prospective observational study has used magnetic resonance imaging at both 1.5 and 

3 Tesla to acquire T2, T2*, T1 and diffusion weighted imaging of the placenta in a group of 

women with chronic hypertension and shown a varied visual appearance on images in 

women with chronic hypertension when compared to controls. T2* values showed 

expected decrease with gestation in the control groups but a more variable spread of 

values in chronic hypertension. T2* histogram derived measures of kurtosis and skewness 

showed an increase in values with advancing gestation and the majority of women with 

chronic hypertension had values within the range of the control group. 

5.4.2 Strengths and weaknesses of the study 

A strength of this study is that we have quantitively measured the described visual 

variation in placental appearance using mean T2* and further probed the characteristics of 

T2* values across the whole placenta using histogram derived measures of kurtosis and 

skewness and Apparent Diffusion Coefficient. These histogram derived measures are 
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independent of magnetic field strength and therefore enable comparisons between groups 

regardless of the strength of magnetic resonance scanner used to acquire data.    

To further investigate both normal and abnormal placental phenotypes we have used in-

house optimised sequences combining diffusion-relaxometry which provides regionally 

matched diffusion and T2* values in a reasonably fast scan time compared to conventional 

sequences. In the integrated approach, the imaging sequence contains a spin-echo with 

subsequent gradient echoes. Given T2* values vary with gestation and pregnancy 

complications, a sequence which can disentangle the molecular motion secondary to T2* 

values and intrinsic diffusion properties of the placenta is of great benefit when elucidating 

the underlying mechanisms of placental dysfunction. Secondly, motion correction was 

achieved post image acquisition. Given diffusion measures the thermal microscopic 

translational motion of water molecules, any measures which can minimise the effect of 

macroscopic motion are beneficial. Motion correction was successfully performed on all 

women in whom the combined diffusion-relaxometry sequence was deployed.   

The heterogeneity amongst the chronic hypertensive group with regards to enrolment 

characteristics and pregnancy outcome reflect the clinical context in which these women 

are managed. This study additionally demonstrated that imaging was feasible and 

acceptable in a large group of women across a range of gestations amongst a group which 

included those with chronic hypertension.  

Given the wider clinical phenotype of disease in contrast to women with preeclampsia 

(whereby there is a close interval between imaging and delivery by clinical nature and a 

clear placental phenotype previously demonstrated by our group (Ho et al. 2020)), a clear 

placental phenotype remains challenging in women with chronic hypertension. In addition, 

the number of women with chronic hypertension who subsequently developed 

superimposed preeclampsia were small in our study (four women) and the time point at 

which imaging was performed may not capture potential changes that occur with the 

development of fetal growth restriction. Given the limitations of using a case-control study 

in predicting pregnancy outcomes, we have been cautious in our interpretation; however, 

anticipate that future prospective studies will further address this. 

Placental volume did not differ between the chronic hypertensive group and controls, 

although this must be interpreted with caution due to the varying time interval between 

imaging and delivery. Additionally, the placental volume was derived from a conservative 

manual segmentation of the T2* maps to ensure only placental tissue sampled, and 



Student Name: Alison Elizabeth Puiyun Ho 
Student Number: 1761538 

129 
 

therefore the conservative approach presents a limitation. A more accurate placental 

volume may be obtained through T2 weighted imaging and 3D reconstruction techniques 

to further delineate the placental boundaries from surrounding structures. 

5.4.3 Strengths and weaknesses in relation to other studies 

To our knowledge, there are no studies investigating the use of placental magnetic 

resonance imaging in women with chronic hypertension. Our group have previously 

described a placental phenotype in women with preterm preeclampsia, where T2-weighted 

imaging demonstrated advanced lobulation, varied lobule sizes, high granularity and 

substantial areas of low signal intensity with reduced entire placental mean T2* values for 

gestational age (Ho et al. 2020). Other studies have focussed on the prediction of fetal 

growth restriction (Poulsen et al. 2019) and low mean T2* values have been demonstrated 

to occur in pregnancies with fetal growth restriction (Sinding, Peters, Frøkjaer, et al. 2016). 

The use of T2* histogram derived measures of kurtosis and skewness has not been widely 

described. There is a paucity of literature regarding the use of placental diffusivity 

measures in hypertensive disorders as studies have mainly focused on pregnancies 

complicated by fetal growth restriction. Reduced placental ADC values in growth restriction 

have implicated a phenotype with restricted diffusion (Javor et al. 2013; Bonel et al. 2010). 

Our results showing a decline in ADC values in the third trimester in uncomplicated 

pregnancies are consistent with two known studies investigating the relationship between 

ADC values and gestational age (Siauve et al. 2019; Capuani et al. 2017). The use of a novel 

combined diffusion-relaxometry sequence has enabled the addition of T2* to ADC values, 

examined simultaneously for a more accurate evaluation of placental properties. 

Furthermore, these novel sequences have been deployed in pregnancies complicated by 

hypertension; a group not extensively studied before using this technique. 

5.4.4 Meaning of the study 

The placental phenotype in women with chronic hypertension has an overlap with women 

of uncomplicated pregnancies, as demonstrated by mean T2*, kurtosis, skew and ADC 

values. However, when more parameters were employed subtle differences found 

between groups e.g. with variability in histogram measures in the presence of similar T2* 

value. This potentially reflects the heterogeneity in pregnancy outcomes amongst women 

with chronic hypertension. The maternal and neonatal outcomes (namely the development 

of superimposed preeclampsia and birthweight centile) may represent the clinical stability 

of the women who enrolled, as these women would have fewer clinical appointments 

compared to those with maternal or fetal complications and thus the additional time 
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required to take part in research would not be as onerous. The greater range of placental 

mean T2* values for a given gestation within this group accompanied by skewness, kurtosis 

and ADC values within the normal range suggests a more complex interaction between the 

placenta and maternal response determining the development of adverse pregnancy 

outcomes such as superimposed preeclampsia. This contrasts with a clearer placental 

phenotype in women with preterm preeclampsia, previously described by our group (Ho et 

al. 2020). The skewness, kurtosis and mean T2* values within the normal range in women 

with chronic hypertension who subsequently develop superimposed preeclampsia may be 

due to the long interval between imaging and preeclampsia diagnosis as these women 

developed preeclampsia at term, possibly also reflecting varying pathology in term disease. 

A reduction in mean T2* and ADC values with advancing gestation in the third trimester 

perhaps reflects parenchymal changes after initial placental angiogenesis in the first and 

second trimester, followed by villous maturation, calcium deposition and fibrosis in the 

third trimester. A further decrease in T2* and ADC values amongst women with 

superimposed preeclampsia may reflect the histological features seen with hypertensive 

disorders of pregnancy. These include maternal vascular malperfusion lesions such as 

increased syncytial knots, villous agglutination, increase intervillous fibrin deposition and 

villous infarcts.  

5.4.5 Unanswered questions and future research 

Placental imaging offers a window into the placental contribution and mechanisms 

potentially accounting for the heterogeneity in pregnancy outcomes of women with 

chronic hypertension. Future work may focus on evaluating the interaction between the 

placental dysfunction and the varied maternal response that may elucidate development of 

the varying adverse pregnancy outcomes. In this study, the interval between imaging and 

delivery was variable and therefore further large studies would be beneficial in 

investigating the clinical applicability of magnetic resonance imaging as a potential tool to 

monitor high risk women (including identification of those at high risk of fetal growth 

restriction) and aid clinical management decisions around optimal timing of delivery. 

Further technological developments may enable certain steps in processing to be 

automated through machine learning algorithms and increase opportunities for 

implementation in clinical practice.  
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5.5 Supplemental  

Supplemental Table S1: Characteristics at booking and enrolment.  

  Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at 1.5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 

imaged at 1.5T 

n=5 

At booking      

Maternal age, y, 
median (IQR) 

36 (35-40) 34 (32-37) 37 (34-41) 35 (34-37) 3 (30-34) 

Gestational age 
on day of MRI, 
wk, median 
(IQR) 

27.0 (23.7-31.4) 28.7 (26.0-33.0) 29.6 (24.7-32.7) 29.5 (27.2-31.8) 33.0 (32.7-34.6) 

Body mass 
index, kg/m2, 
median (IQR) 

24 (22-26) 22 (21-24) 34 (31-34) 27 (24-32) 32 (30-34) 

Nulliparous 11 (37) 38 (54) 4 (31) 7 (44) 1 (20) 

White ethnicity 20 (67) 62 (89) 5 (38) 13 (81) 1 (20) 

Black ethnicity 3 (10) 1 (1) 5 (38) 3 (19) 3 (60) 

Other ethnicity 7 (23) 7 (10) 3 (23) 0 1 (5) 

Current smoking 0 1 (1) 0 0 0 

Quit smoking 
before 
pregnancy 

0 4 (6) 1 (8) 0 0 

Quit in last 6 
weeks prior to 
booking 

1 (3) 1 (1) 2 (15) 1 (6) 0 

Never smoked 28 (93) 59 (84) 9 (69) 14 (88) 4 (80) 

Unknown 
smoking history 

1 (3) 5 (7) 1 (8) 1 (6) 1 (20) 

Previous pre-
eclampsia 

6 (20) 0 1 (8) 1 (6) 3 (60) 
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Supplemental 
Table S1 (cont) 

Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at 1.5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 

imaged at 1.5T 

n=5 

Chronic renal 
disease 

5 (17) 0 1 (8) 0 0 

Gestational 
diabetes 

1 (3) 0 1 (8) 0 1 (20) 

 At enrolment on 
day of MRI 

     

Aspirin  26 (87) 6 (9) 12 (92) 1 (6) 3 (60) 

Placental 
Growth Factor, 
pg/mL, median 
(IQR) 

195 (111-314) 341 (165-656) 141 (71-259) 329 (274-536) <12 (<12-<12) 

Placental growth 
factor <100 
pg/mL 

4 (13) 5 (7) 2 (15) 1 (6) 2/2 (100) 

Placental growth 
factor <12 
pg/mL 

1 (3) 0 0 0 2/2 (100) 

Prior to MRI, on 
day of MRI 

     

Systolic blood 
pressure, mmHg, 
median (IQR) 

121 (115-132.5) 106 (56-72) 130 (118-133) 110 (107-117) 136 (130-136) 

Diastolic blood 
pressure, mmHg, 
median (IQR) 

76 (71-85) 62 (56-72) 80 (76-82) 72 (61-77) 81 (76-85) 

Mean Arterial 
Pressure, mmHg, 
median (IQR) 

91 (86-100) 76 (71-83) 95 (91-100) 84 (77-89) 101 (90-102) 
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Supplemental 
Table S1 (cont) 

Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at 1.5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 

imaged at 1.5T 

n=5 

During MRI      

Systolic blood 
pressure, mmHg, 
median of 
individual 
medians (IQR) 

112 (108-117) 98 (94-105) 113 (107-115) 103 (101-106) 127(123-132) 

Diastolic blood 
pressure, mmHg, 
median of 
individual 
medians (IQR) 

72 (65-77) 59 (54-64) 65 (63-68) 62 (60-64) 80 (78-84) 

Mean Arterial 
Pressure, mmHg, 
median of 
individual 
medians (IQR) 

85 (79-89) 73 (68-77) 81 (78-85) 76 (74-78) 95 (93-98) 
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Supplemental Table S2: Maternal and neonatal outcomes. 

  Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at .5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 
imaged at 
1.5T n=5 

Time from MRI to 
delivery, days, 
median (IQR) 

76 (39-95) 84 (51-99) 56 (33-97) 82 (60-91) 7 (6-12) 

Onset of delivery      

Spontaneous 3 (10) 45 (64) 2 (15) 10 (63) 0 

Induction 14 (47) 16 (23) 5 (38) 4 (25) 1 (20) 

Pre labour 
caesarean  

13 (43) 9 (13) 6 (3) 3 (19) 4 (80) 

Primary reason for 
induction or 
prelabour 
caesarean* 

     

Maternal 
indication 

22 (73) 13 (19) 8 (62) 2 (13) 3 (60) 

Fetal indication 5 (17) 12 (17) 3 (23) 4 (25) 2(40) 

Delivery      

Livebirth 30 (100) 70 (100) 13 (100) 16 (100) 5 (100) 

Gestational age at 
delivery, weeks, 
median, IQR 

38.4 (37.1-39.0) 40.3 (39-41) 38.2 (38.1-38.6) 40.7 (39.3-41.4) 34.7 (33.7-
36.4) 

Spontaneous 
vaginal delivery 

6 (20) 36 (51) 3 (23) 11 (69) 0 

Assisted vaginal 
delivery 

3 (10) 17 (24) 1 (8) 1 (6) 0 

Elective pre-labour 
caesarean section 

7 (23) 8 (11) 3 (23) 2 (13) 2 (40) 

Urgent caesarean 
section 

14 (47) 9 (13) 6 (46) 2 (13) 3 (60) 
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Supplemental 
Table S2 (cont) 

Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at .5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 
imaged at 
1.5T n=5 

Preterm birth 
<37/40 

7 (23) 0 2 (15) 0 4 (80) 

Birthweight, g, 
median (IQR) 

2875 (2478-
3275) 

3482 (3252-
3709) 

3200 (2670-
3400) 

3480 (3116-
3885) 

1750 (1700-
1880) 

Birthweight 
centile, centile, 
median (IQR) 

26 (15-64) 68 (32-80) 67 (41-75) 70 (34-84) 3 (2-4) 

5 minute Apgar 
score >/=7 

29 (97) 66 (94) 13 (100) 15 (94) 4 (80) 

Respiratory 
support required 
in delivery room 

2 (7) 4 (6) 0 0 2 (40) 

Number admitted 
to neonatal unit 
for >=48 hours 

3 (10) 0 1 (8) 1 (6) 2 (40) 

Length of stay in 
intensive care, 
day, median, IQR 

0 (0-7) 0 0 0 1 (0-1) 

Length of stay in 
high dependency, 
day, median, IQR 

2 (1-14) 0 0 0 6 (3-9) 

Length of stay in 
special care, day, 
median, IQR 

8 (4-19) 0 5 (5-5) 7 (7-7) 16 (13-18) 

Primary indication 
for neonatal unit 
admission 

     

Prematurity 2 (7) 0 0 0 0 

Fetal growth 
restriction/ small 
for gestational age 

0 0 0 0 1 (20) 
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Supplemental 
Table S2 (cont) 

Chronic 
hypertensive 
pregnancies 
imaged at 3T 

n=30 

Control 
pregnancies 
imaged at 3T 

n=70 

Chronic 
hypertensive 
pregnancies 

imaged at .5T 

n=13 

Control 
pregnancies 

imaged at 1.5T 
n=16 

Preeclampsia 
pregnancies 
imaged at 
1.5T n=5 

Respiratory 
disease 

0 0 0 1 (6) 1 (20) 

Suspected sepsis 0 0 0 0 0 

Hypoglycaemia 1 (3) 0 1 (8) 0 0 

Maternal outcome 
from enrolment to 
post delivery 
discharge 

     

Pre-eclampsia 3 (10) 0 1 (8) 0 0 

Gestational 
diabetes  

2 (7) 0 2 (15) 0 0 

Haemolysis, 
elevated liver 
enzymes and low 
platelet count 
(HELLP) 

0 0 0 0 1 (20) 

Values given as a number (percentage) unless stated otherwise.  
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Supplemental Figure S1: Flow diagram of participants with (A) chronic hypertension (B) 
healthy pregnancies 

A 

 

B 
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Chapter 6 BIOMARKERS IN CHRONIC HYPERTENSION AND PREECLAMPSIA WITH 

IMAGING VARIABLES 

6.1 Introduction 

Placental biomarkers have the potential to aid our understanding of the underlying 

mechanisms that give rise to clinical features and adverse pregnancy outcomes in 

hypertensive disorders of pregnancy. Such candidate biomarkers include placental growth 

factor (PlGF), soluble fms-like-tyrosine kinase 1 (sFlt-1), hyaluronan and vascular cell 

adhesion molecule-1 (VCAM-1). 

PlGF is a proangiogenic factor which, in pregnancy, is predominantly expressed in the 

vasculosyncytial membrane of villous trophoblast cells (Khaliq et al. 1996). In normal 

pregnancies, the concentration of PlGF in the maternal circulation rises until 29-32 weeks 

gestation and subsequently declines until delivery (Romero et al. 2008). Low 

concentrations of PlGF have been found in women with preeclampsia, including those with 

a background of chronic hypertension and chronic kidney disease (Bramham et al. 2016; 

Staff et al. 2013). In women with suspected preeclampsia, low PlGF concentrations have a 

high sensitivity and negative predictive value for the development of preeclampsia 

requiring delivery within 14 days (Chappell et al. 2013; Duhig et al. 2019). 

The activity of PlGF is influenced by oxygenation and sFlt-1. PlGF production may be down 

regulated by hypoxia. PlGF exerts its proangiogenic, anticoagulant and vasodilatory activity 

through binding to fms-like tyrosine kinase 1 receptor on the trophoblast membrane (Shore 

et al. 1997). sFlt-1 is a soluble form of the receptor; when bound to circulating PlGF the 

bioavailibility of PlGF binding to flt-1 membrane receptor is reduced. A sFlt-1/PlGF ratio 

greater than 38 has been found to predict the short term absence of preeclampsia (Zeisler 

et al. 2016). 

The vascular endothelium is lined by a protective endothelial glycocalyx layer. Biomarkers 

of endothelial dysfunction include VCAM and hyaluronan. Both biomarkers have been 

found in high concentrations amongst women with preeclampsia (Chaiworapongsa et al. 

2002; Wiles et al. 2019). VCAM mediates leukocyte endothelial adhesion and thus high 

plasma concentrations are thought to signal damage to the endothelial glycocalyx. In 

comparison, hyaluronan is a component of the endothelial glycocalyx itself, with 

hyaluronan-hyaluronan complexes stabilising the luminal glycocalyx and mediating cell-cell 

motility and cell-matrix adhesion (Scott and Heatley 1999). 
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Advances in magnetic resonance imaging techniques have enabled assessment of the 

placenta in vivo. Recent interest in T2* mapping has developed as it is thought to probe 

placental oxygenation given the paramagnetic properties of deoxyhaemoglobin can cause 

magnetic field distortions and faster T2* decay than oxyhaemoglobin. Low placental mean 

T2* values have been found in women with preeclampsia (Ho et al. 2020); however, the 

association of T2* values with placental biomarkers have not been extensively explored. 

To aid understanding of pathophysiological mechanisms which give rise to the clinical 

features of preeclampsia and chronic hypertension in pregnancy, the aim of this study is 

twofold: firstly, to explore placental biomarkers in a group of women with preeclampsia 

and chronic hypertension; secondly, to investigate the association of these biomarkers with 

the MRI measure of mean T2*.  

 

6.2 Methods 

In this prospective observational study, women with preeclampsia and chronic 

hypertension were approached antenatally to participate in a study involving MRI scans 

and blood draws for biomarkers. Preeclampsia and chronic hypertension were defined 

using international consensus definitions (Brown et al. 2018) and they were considered for 

inclusion in the study if they had a singleton pregnancy, over 16 years of age and no 

contraindication for MRI. Women in the control group were approached at their routine 20 

week anomaly scan or self referred to take part. They were considered eligible if they had a 

singleton pregnancy, no diagnosis of a hypertensive disorder at enrolment, no significant 

past medical history and no pregnancy complications (including gestational diabetes 

mellitus). Following delivery, women in this group were divided into those with a normal 

pregnancy outcome (control) and those with an abnormal pregnancy outcome (abnormal 

control). A normal pregnancy outcome was defined as delivering at term with a birthweight 

centile between the 3rd and 97th centile (calculated using International Fetal and Newborn 

Growth Consortium for the 21st Century version 1.3.5 (Villar et al. 2014) with no 

hypertensive disorder or pregnancy complication (including gestational diabetes mellitus). 

Those in the abnormal control group either developed a pregnancy complication, delivered 

preterm or had a birthweight centile less than the 3rd centile or greater than the 97th 

centile. 

All women in this study gave written informed consent to take part in the Placenta Imaging 

Project (REC 16/LO/1573, IRAS 201609), the primary objective of which was to develop a 
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novel magnetic resonance imaging approach to assess growth and development of the 

human placenta. As part of this study, women underwent magnetic resonance imaging and 

venepuncture blood sampling as close to MRI as feasible.  

6.2.1 Assays 

Blood samples were transported to the laboratory within one hour of sampling and 

centrifuged at 1400g (rcf) for 10 minutes at 4°C. The separated supernatant was stored at -

80°C until required for assays. All samples were run masked to both group and clinical 

outcome.  

Plasma PlGF concentrations were quantified using the Triage PlGF Test (Quidel, San Diego, 

CA) according to manufacturer’s instructions. Serum PlGF and serum sFlt-1 were quantified 

using a fully automated electrochemiluminescence immunoassay (Elecsys®, Roche 

diagnostics). Plasma hyaluronan and plasma VCAM were quantified using enzyme linked 

immunosorbent assays (Hyaluronan DHYAL0, R&D Systems® and Human sVCAM-1/CD106 

DVC00, R&D Systems® respectively) and run in duplicate, with intra-assay precision of 

<10%. 

6.2.2 Magnetic Resonance Imaging 

MRI was performed on a clinical Philips 3T Achieva with a 32-channel cardiac coil at any 

time point between their routine clinical anomaly ultrasound scan and delivery. Following 

image-based shimming using an in-house tool, a multi-echo gradient echo, echo planar 

imaging sequence at 3mm3 resolution was performed with free breathing. The imaging 

parameters included 5 echo times 13.81ms/70.40ms/127.00ms/183.60ms/240.2ms with 

repetition time of 3 seconds, SENSitivity Encoding = 3, halfscan=0.6. An in-house Python 

script produced T2* maps. The placenta was manually segmented and a further processing 

step calculated mean placental T2*. Further details can be found in Chapter 3. 

6.2.3 Statistical methods 

A Mann-Whitney test was used to compare biomarker concentrations between the control 

group and hypertensive groups (preeclampsia or chronic hypertension). Statistical analysis 

was performed using R version 3.5.0 (2018). 

 

6.3 Results 

A total of 114 women were enrolled in this study: 53 with uncomplicated pregnancies 

(normal control group), 32 with chronic hypertension and 13 with preeclampsia. 16 women 
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enrolled in the control group were found to subsequently have an abnormal pregnancy 

outcome following delivery (abnormal control group). Their details are listed below (Table 

6.1). 

Table 6.1: Abnormal pregnancy outcome in the abnormal control group. 

n Abnormal pregnancy outcome 

3 Gestational diabetes 

3 Preterm delivery 

2 Gestational diabetes and preterm delivery 

2 Birthweight centile above the 97th 

2 Birthweight centile below the 3rd 

2 Gestational hypertension 

1 Obstetric cholestasis 

1 Preeclampsia 

 

The median gestational age was higher in the preeclampsia group (33.0 weeks, IQR 28.7-

33.7) compared to control (27.9 weeks, IQR 26.0-31.9) and chronic hypertension (26.6 

weeks (23.1-30.6) groups (Table 6.2). Both systolic and diastolic blood pressure were higher 

n the preeclampsia and chronic hypertension groups compared to the controls. A total of 

93 out of 114 (82%) underwent an MRI within two weeks of blood sampling, in addition to 

maternal serum or plasma biomarker analysis. Women who had blood sampling but did not 

undergo magnetic resonance imaging were those who could not tolerate imaging 

(secondary to claustrophobia) or it was found to be unsafe to proceed with imaging 

following enrolment (failed final metal check). 
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Table 6.2: Characteristics at booking and enrolment. 

  Control Chronic 

hypertension 

Preeclampsia Abnormal 

control 

Number of women 53 32 13 16 

At booking     

Maternal age, y, median (IQR) 34 (32-36) 36 (33-40) 31 (27-35) 32 (31-34) 

Body mass index, kg/m2, median (IQR) 23 (21-24) 25 (24-31) 25 (24-30) 26 (23-27) 

Nulliparous 30 (57) 10 (31) 5 (38) 10 (63) 

White ethnicity 46 (87) 20 (63) 8 (62) 14 (88) 

Black ethnicity 3 (6) 5 (16) 4 (31) 1 (6) 

Other ethnicity 4 (8) 7 (22) 1 (8) 1 (6) 

Current smoking 1 (2) 0 0 0 

Quit smoking before pregnancy 2 (4) 4 (13) 3 (23) 3 (19) 

Never smoked 50 (94) 28 (88) 10 (77) 13 (81) 

Previous pre-eclampsia 1 (2) 6 (19) 4 (31) 0 

Chronic renal disease 0 6 (19) 0 0 

Gestational diabetes 0 0 0 0 

 At enrolment      

Gestational age, wk, median (IQR) 27.9 (26.0-31.9) 26.6 (23.1-30.6) 33.0 (28.7-33.7) 24.6 (23.2-28.4) 

Systolic blood pressure, mmHg, median 
(IQR) 

105 (101-109) 122 (115-133) 141 (137-145) 110(110-120) 

Diastolic blood pressure, mmHg, 
median (IQR) 

62 (57-69) 78 (70-83) 89 (84-98) 70 (75-90) 

Number of women who underwent an 
MRI 

47 (89) 20 (63) 11 (85) 15 (94) 

Values given as a number (percentage) unless stated otherwise. 
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The shortest interval between enrollment to delivery was in the preeclampsia group, with 

11 out of 13 women (85%) delivering preterm (Table 6.3). Birthweight centile was highest 

in the control group (69, IQR 32-82) followed by the chronic hypertensive (45, IQR 19-70), 

abnormal control (42, IQR 17-71) and preeclampsia (7, IQR 2-18) groups. 

Table 6.3: Maternal and neonatal outcomes. 

  Control Chronic 

hypertension 

Preeclampsia Abnormal 

control 

Number of women 53 32 13 16 

Time from venepuncture to 

delivery, days, median (IQR) 

87 (61-101) 79 (46-96) 12 (6-20) 93 (77-110) 

Pre-eclampsia 0 4 (13) 13 (100) 1 (6) 

Gestational diabetes 0 3 (9) 0 4 (25) 

Onset of delivery     

Spontaneous 36 (68) 4 (13) 0 8 (50) 

Induction 11 (21) 14 (44) 5 (38) 6 (38) 

Pre labour caesarean  6 (11) 14 (44) 8 (62) 2 (13) 

Mode of delivery     

Spontaneous vaginal delivery 31 (58) 7 (22) 1 (8) 10 (63) 

Assisted vaginal delivery 10 (19) 2 (6) 0 1 (6) 

Elective pre-labour caesarean 

section 

6 (11) 7 (22) 0 3 (19) 

Urgent caesarean section 6 (11) 16 (50) 12 (92) 2 (13) 

Delivery     

Livebirth 53 (100) 32 (100) 13 (100) 16 (100) 
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Table 6.3 (cont) Control Chronic 

hypertension 

Preeclampsia Abnormal control 

Gestational age at delivery, 

weeks, median, IQR 

40.4 (39.6-41.3) 38.0 (37.3-39.0) 34.1 (30.7-36.4) 38.7 (36.9-40.2) 

Preterm birth <37/40 0 7 (22) 11 (85) 5 (31) 

Birthweight, g, median (IQR) 3500 (3260-3725) 2978 (2555-3380) 1700 (1005-2000) 2978 (2559-3570) 

Birthweight centile, centile, 

median (IQR) 

69 (32-82) 45 (19-70) 7 (2-18) 42 (17-71) 

Number admitted to neonatal 

unit for ³48 hours 

1 (2) 3 (9) 4 (31) 2 (13) 

Prematurity 0 0 0 0 

Fetal growth restriction/ small for 

gestational age 

0 0 3 (23) 0 

Respiratory disease 0 1 (3) 0 1 (6) 

Suspected sepsis 1 (2) 0 1 (8) 1 (6) 

Hypoglycaemia 0 2 (6) 0 0 

Values given as a number (percentage) unless stated otherwise. 

 

Both the plasma and serum PlGF concentration (measured using Quidel and Roche assays 

respectively) were lowest in women with preeclampsia compared to controls, while the 

concentrations in women with chronic hypertension overlapped with the control group 

(Figure 6.1 and Figure 6.2).  
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Figure 6.1: Quidel PlGF concentrations in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 
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Control versus preeclampsia p=2.031 x 10 -8 
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Figure 6.2: Roche PlGF concentrations in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 

 

 
Control versus chronic hypertension p=0.04245 

Control versus preeclampsia p=1.369 x 10-9 
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Overall, higher PlGF concentrations were found when using the Roche assay compared to 

the Quidel assay. The PlGF concentration measured using two the different assays (Quidel 

and Roche) were compared in (Figure 6.3). Concentrations measured using Quidel assay 

were lower than those measured using Roche.  

 
Figure 6.3: Scatterplot of Quidel PlGF concentrations against Roche PlGF 
concentrations in the same plasma sample. 
 

 

In women with preeclampsia, the sFlt-1 concentration (Figure 6.4), sFlt-1/PLGF ratio ( 

Figure 6.5), hyaluronan (Figure 6.6) and VCAM (Figure 6.7) concentrations were higher than 

those in the control and chronic hypertension groups. The difference in biomarker 

concentrations between the preeclampsia and control group was greatest for PlGF 

compared to all other biomarkers. Both VCAM and hyaluronan did not vary with 

gestational age (Figure 6.6, Figure 6.7). 
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Figure 6.4: Roche sFlt-1 concentrations in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 

 

 
Control versus chronic hypertension p=0.5051 

Control versus preeclampsia p=6.147 x 10-8 
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Figure 6.5: Roche sFlt-1/PlGF ratio in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 

 

 
Control versus chronic hypertension p=0.1179 

Control versus preeclampsia p=1.492 x 10-8 
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0

200

400

600

800

20 24 28 32 36
Gestational age (weeks)

R
oc

he
 s

Fl
tï

1/
Pl

G
F 

ra
tio

category
abnormal_control

chtn

control

pe

0

200

400

600

800

control chtn pe abnormal_control
category

R
oc

he
 s

Fl
tï

1/
Pl

G
F 

ra
tio

 (p
g/

m
L)



Student Name: Alison Elizabeth Puiyun Ho 
Student Number: 1761538 

150 
 

Figure 6.6: Hyaluronan concentrations in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 

 
 

  
Control versus chronic hypertension p=0.7274 

Control versus preeclampsia p=5.619 x 10-5 
 Control Chronic 

hypertension 
Preeclampsia Abnormal 

control 
Number of samples 51 18 8 16 

Hyaluronan 
concentration ng/ml, 

median (IQR) 

38 (29-76) 39 (25-56) 172 (165-172) 28 (20-54) 
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Figure 6.7: VCAM concentrations in each group (control, chronic hypertension, preeclampsia and 
abnormal control) 
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When comparing biomarkers against placental mean T2* values, the preeclampsia group 

clustered together with low mean T2* values while the chronic hypertensive and abnormal 

control groups fell within the values of the control group (Figures 6.8-6.11). 

A 

 
 

B 

 
Figure 6.8: Scatterplot of (A) Quidel PlGF and (B) Roche PlGF against mean T2* values 
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Figure 6.9: Scatterplot of Roche sFlt-1 against mean T2* values 

 

 
 

Figure 6.10: Scatterplot of Hyaluronan against mean T2* values 
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Figure 6.11: Scatterplot of VCAM against mean T2* values 
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Figure 6.12: Scatterplot of serum PlGF concentration against estimated fetal weight (by 
ultrasound scan) performed within 2 weeks of blood sample taken. 
 

 

 
Figure 6.13: Scatterplot of serum PlGF concentration against estimated fetal weight (by 
ultrasound scan) performed within 2 weeks of blood sample taken. 
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Figure 6.14: Scatterplot of serum sFlt concentration against estimated fetal weight (by 
ultrasound scan) performed within 2 weeks of blood sample taken. 
 

 

 
Figure 6.15: Scatterplot of serum VCAM concentration against estimated fetal weight 
(by ultrasound scan) performed within 2 weeks of blood sample taken 
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Figure 6.16: Scatterplot of serum hyaluronan concentration against estimated fetal 
weight (by ultrasound scan) performed within 2 weeks of blood sample taken 

 

The potential use of placental mean T2* in conjunction with placenta growth factor 

concentrations as a predictor of adverse pregnancy outcomes in women with chronic 
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hypertension was defined as the development of superimposed preeclampsia or delivery 

due to abnormal maternal biochemical concentrations. An abnormal fetal outcome was 

defined as preterm delivery and fetal growth restriction.  
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with a placental growth factor concentration <100pg/ml and uncomplicated pregnancies 
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Figure 6.17: Placental growth factor concentrations and placental mean T2* values in 
uncomplicated pregnancies and those with chronic hypertension, colour coded by 
pregnancy outcome. 

 

To assess whether there was a particular gestational age window in which pregnancy 

outcome could be better predicted using placental growth factor concentration and mean 

T2* values, the same analysis was conducted grouping into gestational age windows of 

under 24, 24-28, 28-34 and greater than 34 weeks’ gestation at imaging Figure 6.18.  
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Figure 6.18: Placental growth factor concentrations and placental mean T2* values in 
pregnancies complicated by chronic hypertension, colour coded by pregnancy outcome 
and grouped by gestational age at imaging. 
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Comparing placental growth factor against placental mean T2* as a predictor of adverse 

outcome was also explored (Figure 6.19). Given the small sample size, these results were 

interpreted with caution. Following a discussion with a medical statistician, the case control 

nature of the study was considered inappropriate for prediction of adverse pregnancy 

outcome as there was a danger of overfitting. Further work, using a cohort study approach, 

would be advantageous to validate any preliminary data.  

 

 
Figure 6.19: Placental growth factor concentration and mean T2* as a predictor of 
adverse pregnancy outcome, divided into gestational age groups <28 and > 28 weeks’ 
gestation 

 

6.4 Discussion 

6.4.1 Statement of principal findings 

In this study, we have explored several biomarkers and compared their association with a 

magnetic resonance imaging parameter of placental mean T2* in a group of women which 

included those with uncomplicated pregnancies, chronic hypertension and preeclampsia. 

Women with preeclampsia had low PlGF concentations accompanied by high sFlt-1, 

sFlt1:PlGF ratio, hyaluronan and VCAM concentrations. Women with chronic hypertension 

had biomarker concentrations which overlapped with those found in the control group. 
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When exploring biomarker results with placental mean T2* values, women with 

preeclampsia were again different to the control group. In comparison, women with 

chronic hypertension had results that overlapped with the control group. 

6.4.2 Strengths and weaknesses of the study 

A strength of this study is that we have explored a range of biomarkers in women with 

chronic hypertension and preeclampsia. Furthermore, PlGF concentrations were measured 

using two different assays thus allowing for intra-assay comparison. Candidate markers 

were chosen based on their hypothesised placental role in hypertensive disorders of 

pregnancy. This has allowed for assessment in conjunction with mean T2* values derived 

from magnetic resonance imaging to explore placental activity using the two modalities of 

biomarker concentration and imaging. 

Follow up was until delivery, thereby ensuring that women who were in the control group 

did not develop a pregnancy complication post enrolment. Additionally, this identified 

women who were low risk clinically at enrolment but subsequently developed a pregnancy 

complication such as gestational diabetes, gestational hypertension, preeclampsia, fetal 

growth restriction or delivered preterm (the abnormal control group). Further subdivision 

of the chronic hypertension and the abnormal control group has not been undertaken in 

view of the small number of women. 

6.4.3 Strengths and weaknesses in relation to other studies 

Low PlGF concentrations, high sFlt-1 ratio, high hyaluronan and high VCAM concentrations 

in women with preeclampsia are consistent with previous studies as discussed in Chapter 

1.6). There is paucity in the literature of studies exploring biomarkers in conjunction with 

magnetic resonance imaging, espcially in women with chronic hypertension. Previous 

studies have focussed on either fetal growth restriction and preeclampsia, the latter of 

which has been previously published by our group. To our knowledge, no study has 

explored the potential use of biomarkers and placental MRI in clinically low risk women to 

predict adverse pregnancy outcome. 

6.4.4 Meaning of the study 

Using biomarker analysis, we have confirmed the placental phenotype described in 

previous chapters whereby women with preterm preeclampsia have a clearer abnormal 

placental phenotype while women with chronic hypertension have an overlap in measures 

with women of uncomplicated pregnancies. The two modalities of biomarkers and 

magnetic resonance imaging provide complementary mechanistic information and an 
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insight into the pathophysiology of these hypertensive disorders. A larger sample size is 

needed to explore the clinical utility of these two modalities.  

In women with preeclampsia, the low PlGF and high sFlt-1 concentrations suggest altered 

angiogenesis while high VCAM and hyaluronan concentrations suggest endothelial damage. 

These results may reflect a mechanistic pathway associated with low placental mean T2* 

values. Of the biomarkers explored, PlGF is the most discriminatory for preterm 

preeclampsia suggesting that the disorder is substantially driven by processes that alter 

PlGF concentrations and its downstream effects. In contrast, the placental phenotype in 

women with chronic hypertension has an overlap with women of uncomplicated 

pregnancies, as shown by biomaker concentrations and mean T2* values. This suggests 

that the maternal response to placental dysfunction may have a key role in determining the 

development of adverse pregnancy outcomes, but further work is needed to explore this. 

The lower concentrations of PlGF measured by the Quidel assay compared to the Roche 

assay may reflect the detection of different PlGF isoforms. However, the two methods of 

measuring PlGF concentrations have been found to perform similarly when using to predict 

the need for delivery within 14 days in women with suspected preeclampsia (McCarthy, 

Ryan, and Chappell 2018). 

6.4.5 Unanswered questions and future research 

The primary aim of this study was to confirm a placental phenotype rather than for 

prediction of adverse pregnancy outcome. In order to achieve the latter, future work would 

include a cohort designed study with a clinically meaningful perinatal outcome. Given the 

considerable heterogeneity in perinatal outcome (for example umbilical cord pH at delivery 

may be related to acute intrapartum events rather than an antenatal imaging measure), it 

may be more realistic to anticipate a surrogate marker such as birthweight centile.  

One approach would be to have a large cohort of women with chronic hypertension and 

examine risk stratification and prediction of adverse pregnancy outcomes with biomarkers 

and magnetic resonance imaging derived values. Repeated measurements may be more 

meaningful as many predictive tools have better performance when repeated. Imaging 

could therefore be performed at fixed time points for the whole cohort, for example at 20, 

28 and 36 weeks’ gestation in line with their clinical growth ultrasound scans. Alternatively, 

imaging may be performed at time of suspected disease to further differentiate 

stratification of care and timing of delivery over and above our existing clinical tools of 

ultrasound Doppler measurements and computerised cardiotocography. Statistically, a net 
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reclassification improvement (NRI) index may be used to compare between different 

predictive models in order to examine the potential additional increments achieved when 

more data is added, for example biomarker concentrations or different imaging derived 

measures.  

An alternative approach would be to have an unselected cohort that includes women with 

chronic hypertension, preeclampsia in a previous pregnancy and clinically low risk control 

women. The challenge in this approach would be the heterogenous incidence of adverse 

outcomes. Additionally, this approach does not mirror clinical practice. 

The complex maternal-placental interaction and its role in influencing pregnancy outcomes 

has yet to be established. Advanced placental imaging sequences (such as diffusivity 

measures) may yield further insights into potential placental changes that may occur in 

association with biomarker concentrations. Future work in a larger group of women may 

further investigate placental changes (indicated by biomarker and placental T2*) in 

clinically low risk women who subsequently develop pregnancy complications, and in larger 

numbers of women with chronic hypertension, thus elucidating the underlying mechanisms 

that give rise to these complications. 
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Chapter 7 UNEXPECTED MATERNAL AND FETAL FINDINGS IN ANTENATAL FETAL 

MAGNETIC RESONANCE IMAGING 

7.1 Introduction 

Clinical indications for magnetic resonance imaging in pregnancy are increasing. The 

enhanced image quality compared to obstetric ultrasound is especially advantageous in the 

context of oligohydramnios and high body mass index while new techniques such as 

motion-corrected 3D image registration can provide high resolution 3D imaging of fetal 

vasculature for improved diagnostic capability (Lloyd et al. 2019). Magnetic resonance 

imaging can further characterise fetal brain, fetal body and placental pathology. Moreover, 

magnetic resonance imaging in pregnancy may be performed for suspected abdominal or 

pelvic pathology given the absence of ionising radiation compared to computerized 

tomography (CT).  

Unexpected findings are a known consequence of imaging. The large field of view in 

obstetric magnetic resonance imaging encompasses several maternal organs including the 

cervix, renal tract and lumbar spine. The inclusion of these anatomical landmarks aids 

orientation but also provides a potential source of unexpected findings. Additionally, 

research studies using magnetic resonance imaging in low risk pregnancies may reveal 

unexpected fetal anomalies that have developed since an unremarkable routine 20 week 

anomaly screening ultrasound scan. Unexpected findings can cause anxiety for women, 

require further investigation and alter management but also, as a consequence, potentially 

improve clinical outcome for patients.  

Current literature and guidelines for unexpected findings focus on non-pregnant adults and 

paediatric patients. These include splenic (Heller et al. 2013), gallbladder (Sebastian et al. 

2013) and adnexal (Patel et al. 2020) unexpected findings when imaging using modalities of 

magnetic resonance and computerised tomography. Maternal and fetal unexpected 

findings have previously been reported in a group of 332 women who underwent magnetic 

resonance imaging for clinical fetal indications (Abdullah, Dietz, and Holm 2016) but there 

are limited data regarding imaging for research studies.  

To aid counselling prior to imaging and inform the design of care pathways following the 

detection of unexpected findings, the aim of this chapter is to describe the incidence of 

maternal and fetal unexpected findings in a group of women undergoing obstetric 

magnetic resonance imaging for either research or clinical indications. 
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7.2 Methods 

This retrospective study was undertaken at St Thomas’ Hospital, a tertiary level unit and 

research centre. The group of women undergoing magnetic resonance imaging as part of 

the Placenta Imaging Project (and therefore the control, chronic hypertensive and 

preeclampsia groups in Chapters 3-7) were merged with a larger group to further enrich 

the study population. This larger group additionally included women imaged for fetal 

clinical indications and those imaged as part of another magnetic resonance imaging 

research study (either as a healthy control or with a known fetal or maternal condition). 

Research studies included the Intelligent Fetal Imaging and Diagnosis project (iFIND, 

www.ifindproject.com) and the Developing Human Connectome Project 

(www.developingconnectome.org). All obstetric magnetic resonance imaging occurred 

between January 2015 until December 2019 (Ethics numbers: 07/H0707/105 16/LO1573 

14/LO1169 14/LO1806 17/LO0282 19/SS0032 19/LO0852).   

As part of the consent process for each research study, women received a written 

information sheet highlighting the potential for maternal and fetal unexpected findings. 

This was then further discussed with them on the day of imaging when written informed 

consent was obtained. For those women imaged for clinical indications, a signed written 

consent form was obtained specifying that data could be used for research purposes. In our 

unit and throughout the course of this study, a standard operating procedure was in place 

to ensure women were informed of unexpected findings and managed through appropriate 

clinical pathways.  

Imaging was performed at either 1.5 Tesla (Philips or Siemens) or 3 Tesla (Philips). All 

women had T2-weighted imaging that included the uterus, adnexal structures, sacral and 

lumbar spine. Depending on gestation, fetal position and maternal habitus, maternal 

kidneys were additionally captured in the field of view. Images were reviewed by a 

specialist perinatal radiologist, the majority of which were double reported. All imaging 

with unexpected findings were double reported.  

Maternal unexpected findings were defined as previously unidentified abnormalities of 

maternal structures (including the maternal cervix) and fetal unexpected findings were 

defined as previously unidentified abnormalities of the fetus, amniotic fluid volume, 

placenta or umbilical cord. All unexpected findings were therefore not previously detected 

on ultrasound imagingTo determine the incidence of fetal unexpected findings, only 

magnetic resonance imaging from healthy women with normal ultrasound fetal anomly 
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scans were assessed. This was because in the presence of a known structural fetal 

abnormality, additional abnormalities could be part of an underlying syndrome rather than 

a true unexpected unexpected finding.  

Unexpected findings were categorized as Level I, II or III in accordance with a previous 

study (Abdullah, Dietz, and Holm 2016) (Table 7.1). Follow up data were included where 

available. In women who underwent multiple scans in the same pregnancy, unexpected 

findings were counted as one instance. 

Table 7.1: Unexpected findings categories as listed by Abdullah, Dietz and Holm 2016 

Level Category description 

I Little or no clinical significance, not requiring further evaluation or treatment 

II Unknown clinical significance but considered potentially clinically relevant 

during pregnancy or require further non-urgent evaluation 

III High clinical significance requiring prompt further evaluation 

 

The classification of unexpected findings was achieved through consensus between a group 

of experts with extensive relevant clinical experience at St Thomas’ Hospital. This included 

a clinical lecturer with subspecialty training in fetal medicine, an Obstetric consultant, a 

Neonatal consultant, a fetal medicine consultant and two radiology consultants with a 

specialist interest in fetal imaging. 

 

7.3 Results  

A total of 2569 magnetic resonance imaging scans were included. 28 women were imaged 

in two separate pregnancies and four women in three separate pregnancies. 1100 

magnetic resonance examinations were in healthy volunteers with uncomplicated 

pregnancies as part of a control group for research (Table 7.2). Reporting was by 14 

different experienced clinicians. 
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Table 7.2: Characteristics of women imaged and indication for imaging 

 Number (percentage) unless otherwise 

stated 

Maternal age, years, mean (SD) 32.8 (5.5) 

Gestational age, wk, mean (SD) 28.8 (4.6) 

1.5 Tesla magnet strength 1388 (54) 

3 Tesla magnet strength 1181 (46) 

Indication for imaging 

Research healthy control 1100 (43) 

Clinical indication (fetal)  

Cardiac anomaly 318 (12.4) 

Central nervous system anomaly 607 (23.6) 

Thoracic anomaly 28 (1.1) 

Gastrointestinal anomaly 35 (1.4) 

Unexplained polyhydramnios 3 (0.1) 

Congenital infection 28 (1.1) 

Urinary tract anomaly 40 (1.6) 

Family history/genetic 45 (1.8) 

Fetal growth restriction 25 (1.0) 

Placental evaluation 36 (1.4) 

Multiple system abnormalities 76 (3.0) 

MCDA twins post IUD of one twin 35 (1.4) 

MCDA twins TTTS/TAPS  26 (1.0) 

Post intrauterine transfusion 2 (0.1) 

Hydrops 4 (0.2) 

Neck/facial mass/micrognathia 17 (0.5) 

Musculoskeletal system abnormality 27 (1.0) 

Cleft lip/palate 5 (0.2) 
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Table 7.2 (cont) Number (percentage) unless otherwise 

stated 

High risk study groups including maternal 

high risk of preterm birth, ADHD, 

depression, trisomy 21, hypertension 

111 (4.3) 

Incomplete ultrasound with suspected 

abnormality 

1 (0.04) 

 

7.3.1 Fetal unexpected findings 

146 fetuses had unexpected findings (eight of which had two abnormalities) giving a total 

of 154 unexpected findings. The fetal unexpected finding rate was 13% in uncomplicated 

low risk pregnancies (Table 7.3).  
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Table 7.3: Fetal unexpected findings in uncomplicated low risk pregnancies, imaged as 
part of research studies. 

Unexpected finding Fetal unexpected findings in 
uncomplicated low risk 

pregnancies (n=154) 
Neurological 
Level 1 
Asymmetry of ventricles >2mm 
Cerebellar vermis upward rotation (tegmento-vermian 
angle >14o) with a normally appearing vermis  
Prominent cisterna magna  (AP) > 10 mm  
Enlarged CSF space  
Abnormal signal intensity in the lentiform nuclei 
(prominent vascular spaces)  
Level II  
Borderline ventriculomegaly (9-11 mm) 
Pseudocysts 
Small transcerebellar diameter (3-5th centile) 
Prominent venous sinus 
Head circumference <5th centile 
Head circumference >97th centile 
Level III  
Polymicrogyria 
Germinal matrix haemorrhage 
Cerebellar haemorrhage 
Subependymal heterotopia 
Bilateral ventriculomegaly > 11 mm 

 
 

15 (9.7) 
2 (1.2) 

 
1 (0.6) 
5 (3.2) 
1 (0.6) 

 
 

18 (11.7) 
14 (9.1) 
2 (1.3) 
1 (0.6) 
1 (0.6) 
6 (3.9) 

 
1 (0.6) 
1 (0.6) 
1 (0.6) 
1 (0.6) 
1 (0.6) 

Genitourinary 
Level 1 
Prominent bladder 
Level II 
Hydrocele 
Renal pelvis prominence  
Level III 

 
 

1 (0.6) 
 

2 (1.3) 
15 (9.7) 

- 
Thorax 
Level 1 
Level II 
Level III 
Congenital Pulmonary Malformation 

 
- 
- 
 

3 (1.9) 
Musculoskeletal 
Level 1 
Level II 
Talipes 
Level III 

 
- 
 

1 (0.6) 
- 

Abdomen 
Level 1 
Level II 
Small stomach 
Abdominal cyst 
Ascites 
Bowel dilatation 

 
- 
 

2 (1.3) 
2 (1.3) 
1 (0.6) 
1 (0.6) 
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Table 7.3 (cont) Fetal unexpected findings in 
uncomplicated low risk 

pregnancies (n=154) 
Level III - 
Umbilical cord/Placenta/Membranes 
Level 1  
Mature placental appearances for gestational age 
2 vessel umbilical cord 
2 loops of umbilical cord around the neck 
Level II 
Low lying placenta 
Amniotic band 
Succenturiate lobe  
Placental infarction 
Level III 

 
 

19 (12.3) 
3 (1) 

5 (1.9) 
 

5 (3.2) 
1 (0.6) 
8 (5.2) 
1 (0.6) 

- 
Miscellaneous 
Level 1 
Large for gestation 
Level II 
Dacrocystocele/nasolacrimal duct cysts  
Polyhydramnios 
Level III 

 
 

1 (0.6) 
 

11 (7.1) 
1 (0.6) 

- 
Total Level 1 findings 
Total Level II findings 
Total Level III findings 

53 (34.4) 
93 (69.3) 

8 (5.2) 
Values given as a number (percentage) 

Five Level III neurological fetal unexpected findings were identified. In two of these cases 

(suspected polymicrogyria and suspected subependymal heterotopia), subsequent second 

reporting or imaging at a later gestation were reassuringly normal. In the case of grade 1 

germinal matrix haemorrhage, there was an uncomplicated neonatal course. The 

identification of bilateral ventriculomegaly (12mm) prompted follow up ultrasound scans in 

the fetal medicine unit where the ventricles were noted to not increase any further. 

Postnatal magnetic resonance imaging showed moderate ventriculomegaly and mild 

diffuse thinning of the corpus callosum for which a long term follow up plan is in place. No 

follow up data were available for the fetus with a cerebellar haemorrhage. 

Level III thorax fetal unexpected findings identified three cases of Congenital Pulmonary 

Malformation (CPAM). In all three cases, subsequent imaging (by either antenatal 

ultrasound scan or postnatal chest X-ray) showed that the lesion was no longer visible. This 

may represent the natural evolution of the condition. 
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7.3.2 Maternal unexpected findings 

459 women had maternal unexpected findings (62 had two additional findings, one had 

three and one had four) giving a total of 524 findings. The maternal unexpected finding rate 

in women undergoing a fetal magnetic resonance imaging was 17% (Table 7.4). 

Table 7.4: Maternal unexpected findings  
Unexpected finding Maternal unexpected findings 

(n=524) 
Genitourinary tract 
Level 1 
Fibroids <6cm  
Nabothian follicles 
Simple ovarian cyst <5cm 
Bartholin’s cyst 
Uterine abnormality 
Polycystic ovaries 
Fluid in vagina (likely physiological) 
Possible funneling but long cervix 
Possible niche at site of C-section scar 
Dilated vaginal veins 
Tortuous ovarian vein 
Small blood clot in the cervix 
Level II 
Short cervix (< 25 mm)  
Simple ovarian cyst >5cm  
Abnormal signal suggestive of adenomyosis 
Complex ovarian cyst 
Fibroids >6cm or in uterine lower segment 
Level III 
Open cervix 
Cord prolapse 

 
 

35 (6.7) 
37 (7.1) 
16 (3.1) 
5 (1.0) 
4 (0.8) 
2 (0.4) 
1 (0.2) 

14 (2.7) 
3 (0.6) 
1 (0.2) 
1 (0.2) 
1 (0.2) 

 
89 (17.0) 

2 (0.4) 
3 (0.6) 
7 (1.3) 

10 (1.9) 
 

5 (1.0) 
1 (0.2) 

Renal Tract 
Level 1 
Mild/moderate hydronephrosis 5-15mm  
Duplex collecting system 
Urethral diverticulum 
Unusual configuration of the bladder 
Malpositioned kidney 
Bladder trabeculations 
Level II 
Severe hydronephrosis >15mm 
Renal cysts 
Level III 

 
 

112 (21.4) 
14 (2.7) 
1 (0.2) 
1 (0.2) 
1 (0.2) 
1 (0.2) 

 
48 (9.2) 
27 (5.2) 

- 
Abdomen 
Level 1 
Abdominal adhesions 
Mesenteric cyst 
Small amount of free fluid noted in abdomen 

 
 

1 (0.2) 
2 (0.4) 
2 (0.4) 
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Table 7.4 (cont) Maternal unexpected findings 
(n=524) 

Abdomen 
Level II 
Gallstones 
Liver cyst 
Splenic cyst 
Hernia  
Level III 
Grossly dilated rectum 

 
 

2 (0.4) 
6 (1.1) 
3 (0.6) 
1 (0.2) 

 
1 (0.2) 

Cutaneous/Musculoskeletal 
Level 1 
Subcutaneous cyst 
Lipoma 
Bone islands on femoral heads 
Cystic lesion femoral head 
Oedematous sacro-iliac joint 
Synovitis 
Perineural cysts 
Level II 
Degenerative changes in lumbar spine 
Level III 

 
 

3 (0.6) 
1 (0.2) 
4 (0.8) 
5 (1.0) 
1 (0.2) 
1 (0.2) 

46 (8.8) 
 

3 (0.6) 
- 

Total Level 1 findings 
Total Level II findings 
Total Level III findings 

316 (60.3) 
201 (38.4) 

7 (1.3) 
 

A short cervix less than 25mm was the most common Level II maternal finding. In this 

group of 89 women, the mean gestational age at imaging was 31 weeks (range 20-38) and 

four were imaged after 37 weeks’ gestation. Gestational age at delivery was available for 

69 women. The mean gestational age at delivery was 38 weeks (range 26-42) with 48 (70%) 

delivering at term and 21 (30%) delivering preterm. In those who delivered preterm, five 

were not considered at risk of preterm delivery at the time of imaging. Iatrogenic delivery 

also occurred in this group with women delivering due to multi-fetal pregnancies, 

preeclampsia, fetal growth restriction or elected termination for fetal abnormalities. 

Delivery information for seven women were not available; however, they were imaged for 

fetal abnormalities and preterm delivery may therefore have occurred secondary to 

elective termination.  

Level III maternal unexpected findings included five women with an open cervix. 

Gestational age at imaging ranged from 19-30 weeks’ gestation. Two of the five women 

had preterm premature rupture of membranes prior to imaging and were enrolled in a 

study investigating women at high risk of preterm birth, one of whom additionally had a 

cord prolapse reported at imaging who delivered at 24 weeks’ gestation for maternal 
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chorioamnionitis. Three women with an open cervix had magnetic resonance imaging for 

clinical indications: two had twin pregnancies (one imaged for fetal cardiac rhabdomyomas, 

the other imaged for fetal ventriculomegaly in one twin) and one underwent fetal cardiac 

magnetic resonance imaging for left atrial isomerism.  

Other Level III maternal unexpected findings included a case of grossly dilated rectum. 

Imaging was performed for suspected fetal brain anomalies; however, the woman was also 

experiencing nausea, vomiting and abdominal pain. Emergency review by colorectal 

surgeons was subsequently organised but symptoms improved spontaneously without 

further intervention. 

7.4 Discussion 

7.4.1 Statement of principal findings 

This study has characterised unexpected findings in a group of women undergoing fetal 

magnetic resonance imaging. The maternal unexpected finding rate was 17%. In women 

with uncomplicated pregnancies undergoing imaging for research studies, there was a fetal 

unexpected finding rate of 13%. 

7.4.2 Strengths and weaknesses of the study 

A strength of this study is that the group of women included those with uncomplicated and 

clinically low risk pregnancies, imaged as part of a research study. Detailed characterisation 

of both maternal and fetal unexpected findings can assist in the counselling of women prior 

to fetal magnetic resonance imaging.  

In accordance with our local protocols, all incidental findings were reported to the 

requesting clinician or clinician involved in the relevant research study where imaging was 

performed for research purposes. This ensured that the women themselves were informed 

of the result and appropriate clinical follow up was arranged. A limitation of this study is 

that details of subsequent management and pregnancy outcome were not available and 

thus future studies may address this to further inform women undergoing antenatal 

magnetic resonance imaging. 

Between January 2015 and December 2019, 14 clinicians reported the scans within this 

study, three of whom were senior radiologists who signed off all reports. The background 

and training may influence detection and classification of findings, and thus double 

reporting was especially beneficial. Classification of abnormal fetal findings could be 

further strengthened using internationally accepted definitions, such as those proposed by 
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the Medical Dictionary for Regulatory Activities (MedDRA). During the course of this study, 

a proposed maternal and fetal adverse event severity grading criteria underwent external 

review by national and international bodies and we await the formal publication.  

In order to confirm the presence of an unexpected finding, all imaging with suspected 

unexpected findings were reported by two clinicians. This is therefore the final confirmed 

unexpected findings result. Where available, subsequent imaging at a later gestation was 

reviewed to investigate whether the unexpected finding persisted. In all three cases of 

congenital pulmonary malformation, imaging at a later gestation was reassuringly normal; 

however, this may represent the evolution of the condition. 

The field of view of imaging varied depending on indication for imaging. Therefore, only 

findings within the field of view of imaging could be reported. Unless explicitly mentioned 

on a referral form for fetal magnetic resonance imaging, it is unclear whether a finding may 

have been known prior to imaging. The overall unexpected finding rate may therefore be 

falsely high. 

7.4.3 Strengths and weaknesses in relation to other studies 

Published studies on fetal unexpected findings are currently lacking. However, maternal 

unexpected findings have been previously reported. The rate of unexpected maternal 

findings is lower than a previous study (Abdullah, Dietz, and Holm 2016) in which 79% of 

332 pregnancies had maternal unexpected findings: 90.5% Level I, 9.2% Level II and 0.4% 

Level III. Unlike our study where clinical reports were reviewed at the time of imaging, 

these authors specifically reviewed images retrospectively for the presence of additional 

findings.   

7.4.4 Meaning of the study 

Level I findings may be of limited clinical significance in isolation but become relevant when 

placed in the wider clinical context. Examples include musculoskeletal findings with pain or 

placental appearances advanced for gestation in the presence of a small for gestational age 

fetus later in pregnancy. Some may require follow up postnatally (for example small simple 

ovarian cysts) and therefore clinicians should inform women of these findings as they may 

become relevant in the future (Royal College of Obstetricians and Gynaecologists 2011).  

Both maternal and fetal unexpected findings may influence pregnancy outcome and 

management. For example large fibroids may pose a risk of postpartum haemhorrhage and 

if in the lower segment may also impact on the mode of delivery (Parazzini, Tozzi, and 
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Bianchi 2016). A maternal unexpected finding of a short cervix may enable monitoring and 

optimal management for preterm delivery. Further antenatal assessment may be required 

to ensure conditions are not progressive or associated with additional features. Examples 

include borderline fetal ventriculomegaly (Tomic et al. 2020), potentially indicating the 

offer of infection screening or chromosomal testing. Further assessment may also be 

indicated antenatally if magnetic resonance imaging was unable to obtain optimal views 

where it was not the focus of the examination (for example prominent fetal renal pelvices). 

Postnatal follow up may be appropriate for other findings such as fetal hydrocele, or 

dacrocystocele (Kim et al. 2015). Long-term neurological follow up may be required, for 

example in the case of bilateral fetal ventriculomegaly confirmed postnatally.   

7.4.5 Unanswered questions and future research 

Published guidance on unexpected findings during antenatal ultrasound or magnetic 

resonance imaging are lacking. Neither the International Society of Ultrasound in Obstetrics 

and Gynecology (ISUOG) nor the Society for Maternal-Fetal medicine have issued a 

consensus statement or guidelines to aid management. In contrast, the American College 

of Radiology Incidental Findings Committee have published several white papers that 

include guidelines and recommendations for management of unexpected findings on CT 

and MRI in non-pregnant adults and paediatric patients (Heller et al. 2013; Sebastian et al. 

2013; Patel et al. 2020). Future work may therefore include building a consensus across the 

fetal medicine community to develop protocols that define unexpected findings and 

provide management protocols. 

Unexpected findings are an inevitable consequence of fetal magnetic resonance imaging. 

Women should be fully informed of the possibility of such prior to imaging as part of the 

consent process. Local protocols, agreed by obstetricians, neonatologists, radiologists and 

general practitioners are essential in the follow up of unexpected findings. These protocols 

should include the following: 

1. Defining what should be reported as an unexpected finding, agreed by 

obstetricians, neonatologists and radiologists. 

2. Who will interpret the unexpected finding in the clinical context. 

3. Who will take responsibility for communicating findings with the woman. 

4. Who will arrange appropriate follow up if required. 

5. Timeframe for reporting and subsequent management. 

6. Where to document adherence to the protocol. 
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These results have helped to shape our local protocols. With these measures in place, one 

can potentially optimise both maternal and fetal outcomes. 
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Chapter 8 CONCLUSIONS AND FUTURE RESEARCH 

8.1 Summary of key findings 

In this thesis, we have optimised and applied advanced magnetic resonance imaging 

techniques to provide detailed placental imaging in women with preeclampsia and chronic 

hypertension. These techniques have enabled qualitative visual assessment and 

quantitative assessment of placental structure and function. Imaging using these developed 

sequences was found to be feasible and acceptable to a large group of women across a 

range of gestations in the second and third trimester. 

Optimised T2-weighted imaging sequences have led to the development of a 

comprehensive approach to visual assessment of the placenta. Features that can be 

visualised include anatomical landmarks to aid orientation, placental shape, variations in 

signal intensity, lobularity and granularity. Transient factors shown to affect imaging 

include fetal movement, gross motion and contractions. Detailed qualitative descriptors for 

visual assessment of placentae in low risk pregnancies in the second and third trimester at 

two magnetic field strengths are provided and subsequently used as a reference for 

assessing women with preeclampsia and chronic hypertension. 

Quantitative assessment of the placenta has included the development of T2* mapping and 

diffusion sequences, culminating in an optimised combined diffusion-relaxometry sequence 

which provides regionally matched diffusion and T2* values in a reasonably fast and 

acceptable scan time compared to conventional sequences. Methods assessing placental 

T2* maps to quantify the visual variation seen are explored and detect variability within 

such maps. These measures include lacunarity as well as histogram derived measures of 

kurtosis and skewness, in addition to mean T2*. 

These advanced sequences of T2-weighted imaging, T2* mapping and diffusion weighted 

imaging have been applied to women with preeclampsia and chronic hypertension in order 

to explore the spectrum of placental phenotypes in these hypertensive disorders of 

pregnancy. In pregnancies complicated by preeclampsia, T2-weighted imaging showed 

substantial areas of low signal intensity, advanced lobularity and high granularity within 

lobules with a reduced entire placental mean T2* for gestational age and higher lacunarity 

values compared to uncomplicated pregnancies. In pregnancies complicated by chronic 

hypertension, T2-weighted imaging showed a varied visual appearance compared to 

gestation matched controls with some showing features similar to those with preeclampsia 

and some indistinguishable from those in the control group. T2* values decrease with 
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gestation in both uncomplicated and pregnancies complicated by chronic hypertension; 

however, the latter group have a more variable spread of values. T2* histogram derived 

measures of kurtosis and skewness increased with advancing gestation with again a more 

widespread range of values in women with chronic hypertension compared to 

uncomplicated pregnancies. Not all women with mean T2* values outside of the normal 

range developed adverse pregnancy outcomes and conversely not all women with normal 

mean T2* values had uncomplicated pregnancies. This suggest a more complex interaction 

between the placenta and maternal or fetal response, while the timing of imaging may be 

crucial.  

Finally, T2* mapping has been explored in conjunction with placental biomarkers of PlGF, 

sFlt-1, hyaluronan and VCAM to further elucidate mechanisms underlying preeclampsia and 

chronic hypertension. These biomarkers have been found to provide complementary 

mechanistic information of placental phenotypes seen with T2* mapping. Low PlGF and 

high sFlt-1 concentrations suggest altered angiogenesis while high VCAM and hyaluronan 

concentrations suggest endothelial damage in women with preeclampsia. These results 

suggest a mechanistic pathway associated with reduced mean T2* values. 

8.2 Strengths and limitations of thesis 

8.2.1 Imaging in women with preeclampsia and chronic hypertension 

A major strength of this thesis is the novelty of magnetic resonance imaging undertaken in 

women with pregnancies complicated by preeclampsia and chronic hypertension, 

particularly conducting visual assessment along with measures derived from T2* mapping 

and diffusion. Furthermore, the addition of placental biomarker analysis has enabled 

further probing of the differences seen in these quantitative imaging variables. Prior to this 

study, placental imaging in the literature focussed on fetal growth restriction and screening 

for placenta accreta spectrum with a paucity in the literature on hypertensive disorders of 

pregnancy.  

8.2.2 Use of 1.5T and 3T imaging  

Sequences were optimised on both a 1.5T and a 3T scanner. This has enabled imaging to 

occur in more women as our 1.5T scanner had a wider magnet bore, thus could 

accommodate women of a higher body mass index and more advanced gestations 

comfortably. Comparable T2-weighted imaging using these two magnetic field strengths 

are shown with multiple imaging examples given the number of women scanned. 

Histogram derived measures of kurtosis and skewness were developed as they are 
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independent of magnetic field strength and therefore enable comparisons between groups 

regardless of the strength of magnetic resonance scanner used to acquire data. 

8.2.3 Methods optimisation 

Given the paucity in the literature surrounding placental magnetic resonance imaging in 

hypertensive disorders of pregnancy, the initial challenge was to optimise and adapt 

imaging techniques to women with pathology. This work required a multidisciplinary 

approach involving physicists, radiographers and clinicians. Although challenging to achieve 

within a short time frame, the resultant optimised sequences have ensured a consistent 

approach to imaging, yielding reproducible results for accurate evaluation of placental 

properties in a safe and acceptable way for women with pregnancies complicated by 

preeclampsia and chronic hypertension. Our robust safety approach included blood 

pressure monitoring with continuous maternal heart rate and oxygen saturation during 

imaging. 

8.3 Meaning and clinical impact 

The use of T2-weighted imaging, T2* mapping and apparent diffusion coefficient (ADC) 

maps in conjunction with biomarker concentrations confirms the placental contribution 

and mechanisms underlying preeclampsia and chronic hypertension through comparison 

with uncomplicated pregnancies. 

In uncomplicated pregnancies, the low signal intensity areas seen on T2-weighted imaging 

are consistently between lobules and become more apparent with increasing gestation. 

These low signal intensity areas are likely to represent normal septae with low oxygenation 

as they have corresponding low mean T2* values. A reduction in placental mean T2* and 

apparent diffusion coefficient values with advancing gestation likely reflects parenchymal 

changes after initial placental angiogenesis in the first and second trimester, followed by 

villous maturation, calcium deposition and fibrosis as documented in previous histological 

studies. 

In women with pregnancies complicated by preterm preeclampsia, a clear placental 

phenotype is seen. T2-weighted imaging reveals marked widening of low signal septal areas 

that extend beyond the normal septae and accelerated maturation of lobules with 

corresponding short T2* values, suggesting areas of non-functioning or poorly functioning 

tissue with impaired oxygenation. High lacunarity, skewness and kurtosis values futher 

support the visual phenotype seen. Low mean apparent diffusion coefficient values suggest 

a disruption in placental microstructure (such that occurs with fibrosis and calcium 
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deposition) or an impairment in placental perfusion consistent with maternal vascular 

malperfusion features seen on histology while low PlGF concentrations, high sFlt-1, VCAM 

and hyaluronan concentrations further support a distinct preeclampatic placental 

phenotype in all cases examined in this study. 

In women with pregnancies complicated by chronic hypertension, the placental phenotype 

has an overlap with women of uncomplicated pregnancies, as demonstrated by visual 

assessment of T2-weighted imaging, quantitatitve T2* and apparent diffusion coefficient 

(ADC) mapping as well as biomarker analysis. This would be expected given the recognised  

variablilty in maternal and fetal outcomes in this high risk group. Further probing of T2* 

maps revealed high skewness and kurtosis values in a small number of women who 

developed superimposed preeclampsia shortly after imaging. A low mean T2* and/or low 

placenta growth factor concentration < 100pg/ml did not necessarily confer an adverse 

pregnancy outcome (defined as development of superimposed preeclampsia, delivery due 

to abnormal maternal biochemical concentrations, preterm delivery and fetal growth 

restriction). This potentially reflects the heterogeneity in pregnancy outcomes amongst 

women with chronic hypertension and a complex interaction between the placenta and 

maternal response that determines the development of adverse pregnancy outcomes. 

However, these findings are limited by a small sample size and the time interval between 

imaging and delivery. 

The potential immediate clinical impact lies in the visual placental assessment developed 

during the course of this study and the ability to perform a T2* protocol with minimal 

addition to imaging time. Exogenous contrast was not used and therefore placental 

features described may be applied in cases where magnetic resonance imaging is 

performed for current clinical indications such as fetal brain or cardiac anomaly; however, 

this clinical impact warrants further investigation.  

8.4 Unanswered questions and future steps 

8.4.1 Clinical groups 

Optimised magnetic resonance imaging sequences of T2-weighted imaging, T2* mapping 

and diffusivity measures have demonstrated different phenotypes in subgroups of women 

with preeclampsia and chronic hypertension, thereby examining potential differing 

mechanisms that result in additional maternal and fetal morbidity. Further groups that 

could be assessed in a similar manner including women with and without co-existing fetal 

growth restriction, gestational diabetes and maternal renal disease. Further work 
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investigating women with early and late onset preeclampsia would additionally be of 

interest. 

8.4.2 Mechanistic insights 

Evaluation of the interaction between placental dysfunction and the varied maternal 

response may further elucidate the underlying mechanisms that lead to varying adverse 

pregnancy outcomes. These include biomarkers involved in placental paracrine and 

endocrine pathways, maternal biochemical parameters and vascular function measures 

such as central aortic pressure, pulse wave velocity, brachial systolic and diastolic blood 

pressure. 

8.4.3 Clinical application 

With the potential identification of placental phenotypes in these hypertensive subgroups, 

further studies could investigate the clinical utility for magnetic resonance imaging in 

assisting the triage and monitoring of clinically ‘high risk’ women such as those with chronic 

hypertension or gestational hypertension. Magnetic resonance imaging may have a role in 

prediction of adverse pregnancy outcomes (such as fetal growth restriction, development 

of superimposed preeclampsia) and thus assist in management decisions such as timing of 

delivery.  

The effectiveness of potential therapies that target underlying placental dysfunction 

mechanisms may be measured using these optimised imaging sequences. Further 

technological developments may enable certain steps in processing these sequences to be 

automated, thereby increasing opportunities for implementation in clicinal practice. The 

development and application of placental magnetic resonance imaging is an exciting field 

that has the potential to be a formidable tool in understanding the mechanisms underlying 

pregnancy complications and assisting the management of pregnancy for improving 

pregnancy outcomes.  
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Placental magnetic resonance imaging in chronic hypertension: A 
case-control study 
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A R T I C L E  I N F O   

Ke!%ords& 
Chronic hypertension 
Placenta 
Magnetic resonance imaging (MRI) 

A B S T R A C T   

Introduction& We aimed to explore the use of magnetic resonance imaging (MRI) in vivo as a tool to elucidate the 
placental phenotype in women with chronic hypertension. 
Methods& In case-control study, women with chronic hypertension and those with uncomplicated pregnancies 
were imaged using either a 3T Achieva or 1.5T Ingenia scanner. T2-weighted images, diffusion weighted and T1/ 
T2* relaxometry data was acquired. Placental T2*, T1 and apparent diffusion coefficient (ADC) maps were 
calculated. 
'esults& 129 women (43 with chronic hypertension and 86 uncomplicated pregnancies) were imaged at a median 
of 27.7 weeks’ gestation (interquartile range (IAR) 23.9–32.1) and 28.9 (IAR 26.1–32.9) respectively. Visual 
analysis of T2-weighted imaging demonstrated placentae to be either appropriate for gestation or to have 
advanced lobulation in women with chronic hypertension, resulting in a greater range of placental mean T2* 
values for a given gestation, compared to gestation-matched controls. Both skew and kurtosis (derived from 
histograms of T2* values across the whole placenta) increased with advancing gestational age at imaging in 
healthy pregnanciesB women with chronic hypertension had values overlapping those in the control group range. 
Cpon visual assessment, the mean ADC declined in the third trimester, with a corresponding decline in placental 
mean T2* values and showed an overlap of values between women with chronic hypertension and the control 
group. 
Discussion& A combined placental MR examination including T2 weighted imaging, T2*, T1 mapping and 
diffusion imaging demonstrates varying placental phenotypes in a cohort of women with chronic hypertension, 
showing overlap with the control group.   

1. Introduction 

Chronic hypertension complicates an estimated 3–5D of all preg-
nancies E1F with a rising incidence associated with a global increase in 
obesity and maternal age. Adverse pregnancy outcomes associated with 
chronic hypertension include superimposed preeclampsia, preterm de-
livery, low birthweight, perinatal death and an increased incidence of 

neonatal admission and caesarean delivery E2F, occurring independent 
of the development of superimposed preeclampsia E3F. 

Altered placental structure and function may contribute to the 
pathophysiology of adverse pregnancy outcomes. Histological exami-
nation of placentae have demonstrated lesions related to maternal 
vascular malperfusion to be more prevalent in women with chronic 
hypertension and preeclampsia compared to those without hypertensive 
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disorders o& pregnancy E=,6F. )n pregnancies complicated by pre-
eclampsia, altered early placental per&usion is hypothesised to lead to 
placental o2idati5e stress 3ith cellular damage o& &ragile 5illous trees 
and inJammation. Subse9uent ischaemia-reper&usion in$ury alters the 
balance o& placentally e2pressed antiangiogenic and angiogenic com-
pounds 3hich can be detected in the maternal circulation E?F. The 
clinical mani&estation o& disease is considered to relate to the interaction 
bet3een the release o& placentally-deri5ed &actors and subse9uent 
maternal responses, e2acerbated by pre-e2isting comorbidities charac-
terised by maternal 5ascular endothelial dys&unction .such as chronic 
hypertension or renal disease/ E@F. 

The use o& magnetic resonance imaging as a tool to pro5ide in �i�o 
assessment o& the placenta structure and &unction is o& gro3ing interest. 
)maging se9uences can be ac9uired 3ithin a clinically acceptable time o& 
'6 min to ac9uire comprehensi5e assessment including T7* mapping 
and di&&usion M%) E>F. %esultant measures o& interest include the T7* 
rela2ation time .an indicati5e measure o& tissue o2ygenation/, T' 
rela2ation .related to o2ygen tension/ and measures o& di&&usion 
.assessing the microstructural properties through the random thermal 
microscopic translational motion o& molecules/. %educed placental T7* 
E<F, mean di&&usi5ity 5alues E'HF and reduced mean T' rela2ation times 
E'HF are reported in pregnancies complicated by &etal gro3th restriction 
and thus pro5ide a promising indicator o& placental dys&unction. 

To our kno3ledge, no studies ha5e assessed the use o& magnetic 
resonance imaging to aid understanding o& the heterogeneity o& preg-
nancy outcomes in 3omen 3ith chronic hypertension. The aim o& this 
study 3as to e2plore the use o& magnetic resonance imaging as a tool to 
elucidate the placental phenotype in 3omen 3ith chronic hypertension. 

2. Materials and methods 

)*+* Stud! desi�n 

This case-control study 3as undertaken at St Thomas’ Hospital, 
London, a tertiary le5el maternity unit. 1omen 3ith chronic hyper-
tension attending a consultant led specialist antenatal hypertension 
clinic 3ere approached in person. 1omen in the control group 3ere 
recruited at their routine 7H-3eek anomaly scan or sel&-re&erred to take 
part in the study. All 3omen in the study .both the hypertensi5e and 
control group/ ga5e 3ritten in&ormed consent &or this speci:c pro$ect 
.Placenta )maging Pro$ect, )%AS 7H'?H</. This study 3as part o& a larger 
body o& 3ork .Placenta )maging Pro$ect, )%AS 7H'?H</ that aimed to 
optimise and de5elop no5el magnetic resonance imaging protocols &or 
placental assessment. Standard core protocols o& imaging in our unit 
3ere adhered to that included patient positioning, monitoring during 
imaging, imaging time and anatomical T7-3eighted imaging o& the &etal 
brain in three orthogonal planes to the 3oman, suitable &or 5olume 
reconstruction and clinical reporting E77F. 

1omen 3ere considered &or inclusion in the study i& they had a 
singleton pregnancy, 3ere o5er '? years o& age, not claustrophobic and 
had no contraindication &or magnetic resonance imaging. (hronic hy-
pertension and preeclampsia 3ere prospecti5ely de:ned using the in-
ternational consensus de:nition E''F. (linical management o& 
hypertensi5e 3omen 3ere according to national guidelines, 3ith re-
sponsibility under the attending obstetrician. ,ollo3 up 3as until de-
li5ery, 3ith the last 3oman enrolled deli5ering in August 7H'<. 
Prospecti5e speci:ed data collection included baseline demographic 
characteristics, maternal and neonatal outcomes. 

1omen in the chronic hypertension and the control group 3ere 
prospecti5ely recruited, all o& 3hom 3ere enrolled in a larger body o& 
3ork .Placenta )maging Pro$ect, )%AS 7H'?H<, %*('?8L-8'6@4/, that 
aimed to optimise and de5elop no5el magnetic resonance imaging pro-
tocols &or placental assessment. 1omen in the control group &ul:lled the 
&ollo3ing prespeci:ed criteria based on pregnancy outcome: no diag-
nosis o& hypertensi5e disorder at enrolment and until deli5ery, no sig-
ni:cant past medical history, no pregnancy complications .including 

gestational diabetes/, deli5ery at term 3ith birth3eight bet3een the 4rd 
and <@th centile .calculated using )+T*%"%-1TH-7'st, 5ersion '.4.6/ 
E'7F thus e2cluding potential con&ounders o& placental change E'4–'?F. 
The de:nition 3as prospecti5ely de:ned as including 3omen 3ith term 
deli5ery only, as preterm deli5ery is typically considered pathological, 
3hether occurring spontaneously or &or iatrogenic reasons. )n order to 
enable meaning&ul comparisons to be made, 3omen in the control group 
3ere identi:ed as meeting these criteria a&ter deli5ery and subse9uently 
gestation-matched .3ithin a t3o 3eek gestation range/ to 3omen 3ith 
chronic hypertension, masked to 5alues deri5ed &rom magnetic reso-
nance imaging, on a 7:' basis. 

+o &ormal sample siKe 3as calculated &or po3er o& outcome 5ariables 
as this 3as an e2ploratory study describing a no5el techni9ue in tech-
nology de5elopment application. This study 3as appro5ed by ,ulham 
%esearch *thics (ommittee, %*( '?8L-8'6@4. 

)*)* �a�netic resonance ima�in� 

Magnetic resonance imaging 3as per&ormed on either a clinical 
Philips 4T Achie5a .?H cm bore/ or a Philips '.6T )ngenia .3ith a 3ider 
@H cm bore/. Parameters 3ere kept constant bet3een 3omen 3ith 
chronic hypertension and the control group. 1omen under3ent mag-
netic resonance imaging on up to t3o occasions, a minimum o& t3o 
3eeks apart and at any time point bet3een their clinically routine 
anomaly ultrasound scan .at around '>–77 3eeks’ gestation/ and de-
li5ery. )maging 3as per&ormed supine 3ith padding to support the lo3er 
limbs and shoulders, a&ter an initial period o& 4 min in le&t lateral to shi&t 
the uterus and minimise potential e&&ects o& 5enoca5al compression. 
Total imaging time did not e2ceed ' h, and 3omen 3ere o&&ered a break 
o& up to 4H min hal&3ay through the scan. Maternal assessments during 
imaging included continuous maternal heart rate and o2ygen saturation 
monitoring 3ith additional blood pressure measurements e5ery 'H min. 
An obstetrician or mid3i&e 3as present throughout the scan. +o phar-
macological sedation 3as used. 

)mage based shimming 3as achie5ed using an in-house tool, based 
on a separately ac9uired 0H map, in order to reduce the e&&ect o& in-
homogeneities in the magnetic :eld. To pro5ide anatomical images o& 
the &etus and placenta and their position 3ithin the uterus, a T7- 
3eighted single shot turbo spin echo se9uence 3ith an echo time .T*/ 
o& '>H ms o& the 3hole uterus .thereby including placenta/ 3as ac9uired 
in coronal and sagittal planes to the mother 3ith repetition time .T%/ =
'?s, S*+Siti5ity *ncoding .S*+S*/ = 7.6 and partial ,ourier H.?76. )n- 
plane resolution 3as '.6 mm × '.6 mm, slice thickness 7.6 mm 3ith an 
o5erlap o& H.6 mm. The :eld o& 5ie3 3as 4HH × 4?H 2 E'HH−7HHF mm 
.coronal/ and 4HH × 4HH × 4=H mm .sagittal/ in the &oot-head .,H/ 2 
right-le&t .%L/ 2 anterior-posterior .AP/ directions respecti5ely. 

T7* 3eighted imaging 3as ac9uired using a multi-echo gradient 
echo, echo planar imaging se9uence 3ith &ree breathing and took less 
than ' min. ,or 4T scanning, 6 echo times 3ere used: '4.>' ms8@H.=H 
ms8'7@.HH ms8'>4.?H ms87=H.7 ms, T% = 4s, S*+S* = 4, hal&scan =
H.? at 4mm4 resolution 3ith the 3hole placenta co5ered 3ithin ?H sli-
ces. ,or '.6T scanning, 6 echo times 3ere used: ''.4@? ms86@.4'4 ms8 
'H4.7=< ms8'=<.'>? ms8'<6.'77 ms, T% = '=s, no S*+S*, no hal&scan 
at 7.6mm4 resolution 3ith the 3hole placenta co5ered 3ithin <H slices. 
*cho times result &rom the chosen *cho Planar )maging .*P)/ train 
characteristics. The intra-echo spacing 3as chosen to minimise acoustic 
noise and the inter-echo spacing as the minimal possible spacing gi5en 
chosen resolution and :eld o& 5ie3. ;ata 3as ac9uired in the maternal 
coronal plane. 

"i5en the methods de5elopment re9uired during the course o& this 
study, a di&&usion prepared spin echo 3ith subse9uent gradient echoes 
3as per&ormed in a subset o& 4' 3omen, imaged at only 4 T, &or com-
bined di&&usion-rela2ometry E'@F. )n another subset o& 3omen, a 
modi:ed in5ersion-reco5ery se9uence 3ith a global adiabatic in5ersion 
pulse and slice shu&Jing E'@,'>F 3as also employed 3ith 'H in5ersion 
times to produce T' maps. 
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An in-house Python script was used to produce T2*, T1 and apparent 
diffusion coefficient maps by fitting monoexponentially decay curves. 
The diffusion data were motion corrected using Advanced NormaliKa-
tion Tools, ANTS, a nonrigid template registration E19F. The placenta 
images were manually segmented by two experienced observers (AH 
and JH). Further processing steps calculated mean apparent diffusion 
coefficient values, placental T2*, and kurtosis and skew of T2* histo-
grams, and calculation of mean T1. The acquisition and processing 
pipeline has been described previously and shown to have good repro-
ducibility with a high Dice coefficient (H.86) between observers who 
segmented the placenta E2H,21F. 

As part of this study, anatomical T2-weighted imaging of the fetal 
brain was performed in three orthogonal planes to the woman suitable 
for volume reconstruction and clinical reporting E22F. Fetal brain im-
ages were reported and available to the clinical team. Visual analysis of 
the placenta was performed and included assessment of signal intensity 
across the placenta and documentation of the appearance of placental 
lobules and septa. The signal intensity within lobules was visually 
assessed for granularity with high granularity defined as the presence of 
both high and low signal intensity within individual lobules. 

Maternal venepuncture was performed as close to magnetic reso-
nance imaging as feasible, usually on the same day. Six millilitres of 
blood were drawn into a bottle containing ethylenediamine tetra-acetic 
acid, transported to the laboratory within 1 h and underwent centrifu-
gation at 14HH×� (rcf) for 1H min at 4 ◦C. PlGF was quantified using the 
Triage PlGF Test (Alere, San Diego, CA) according to the manufacturer’s 
instructions while masked to both cohort and clinical outcome. The 
clinical team did not receive the result. 

)*-* �ltraso�nd 

Cltrasound scans were performed on the same day as magnetic 
resonance imaging wherever possible, or within two weeks. Women 
with pre-eclampsia had a clinically indicated ultrasound scan performed 
in line with national guidelines for management of pre-eclampsia E23F. 
In the control group, ultrasound scans were performed on a Philips EPIA 
V7 by sonographers following a clinical protocol. Fetal measurements 
included biparietal diameter, head circumference, femur length and 
abdominal circumference which were used to derive an estimated fetal 
weight using the Hadlock formula E24F, umbilical artery Doppler pul-
satility index (PI), amniotic Juid index and maternal uterine artery 
pulsatility index. The presence of fetal growth restriction was estab-
lished by ultrasonographic assessment using accepted international 
definitions E25F. 

)*.* "lacental histolo�! 

Following delivery and where available, placentas from women in 
both groups (chronic hypertension and healthy pregnancies) underwent 
histological examination according to local protocols at the Cellular 
Pathology Department, St Thomas’ Hospital. Placentas were fixed in 
1HD buffered formalin and trimmed of both umbilical cord and mem-
branes for placenta weight. The following areas were sampled and then 
embedded in paraffin: two transverse sections of the umbilical cord, one 
roll of membranes (including rupture site), two to three full thickness 
blocks of the placental parenchyma away from the placental edge 
(including fetal and maternal surfaces). Additional areas were sampled 
depending on macroscopic findings. Paraffin embedded tissue sections 
were then cut into four-micron sections, deparaffiniKed and stained with 
haemotoxylin and eosin prior to histological examination. A clinical 
report for all placentas submitted was issued, in accordance with local 
hospital reporting guidelines. Histological slides were then re-examined 
by a second experienced histopathologist (masked to first report and to 
clinical details aside from gestational age at delivery) specifically for 
features of maternal vascular malperfusion, fetal vascular malperfusion 
and acute chorioamnionitisB classified using guidelines from the 

International Placental Pathology Consensus Meeting, Amsterdam 2H14 
E26F. Any discrepancies between the two reporting histopathologists 
were re-examined (again masked to the pregnancy outcome) and a 
consensus opinion was reached. 

)*/* Statistical methods 

In uncomplicated pregnancies, gestation-adjusted reference ranges 
for placental mean T2* were established using the Stata command xriml, 
and the 1HD–9HD reference range established. Birthweight centiles 
were calculated using INTERGROWTH-21st version 1.3.5 E12F. Statis-
tical analysis was performed using Stata version 15.1 (StataCorp, Col-
lege Station, Texas). Results were visually assessed between groups after 
plotting imaging derived measures against gestational age at imaging. A 
two sample t-test was used to compare placental mean T2* values (K 
scores) between women with chronic hypertension and controls. The 
imaging derived values of skewness and kurtosis were transformed (a 
constant added and the value subsequently logged) ensuring that the 
skewness of the data remained the same in order to compare groups by 
geometric mean ratio with adjustment for gestation. 

�. �esults 

129 women underwent placental imaging: 43 women with chronic 
hypertension were gestation matched to 86 controls (Table 1, Supple-
mental Table S1, Supplemental Fig. S1). Of these, 3H women with 
chronic hypertension and 7H controls were imaged on the 3T Achieva, 
while 13 women with chronic hypertension and 16 controls were 
imaged on the 1.5T Ingenia. Maternal PlGF concentrations around time 
of imaging were lower in women with chronic hypertension (186 pg/ 
mL, IAR 1H9–321) than the control group (341 pg/mL, IAR 23H–656) 

�a�le 1 
Characteristics at booking and enrolment.   

Chronic hypertensive 
pregnancies 

Control 
pregnancies 

�u��er o� �o�en 43 86 
�t �oo�in�   
Maternal age, y, median (IAR) 37 (34–41) 34 (32–37) 
Body mass index, kg/m2, median 

(IAR) 
26 (24–3H) 23 (21–25) 

Nulliparous 15 (35) 45 (52) 
White ethnicity 25 (58) 75 (87) 
Black ethnicity 8 (19) 4 (5) 
Other ethnicity 1H (23) 7 (8) 
Current smoking H 1 (1) 
Auit smoking before pregnancy 1 (2) 4 (5) 
Never smoked 37 (86) 73 (8) 
Previous pre-eclampsia 7 (16) 1 (1) 
Chronic renal disease 6 (14) H 
Gestational diabetes 2 (5) H 
�t enrol�ent on da� o� M�I   
Gestational age, wk, median (IAR) 27.7 (23.9–32.1) 28.9 

(26.1–32.9) 
Aspirin 38 (88) 7 (8) 
Cltrasound estimated fetal weight, 

centile, median (IAR) 
48 (27–7H) 54 (42–68) 

Placental Growth Factor, pg/mL, 
median (IAR) 

187 (1H9–321) 341 (23H–656) 

Placental growth factor <1HH pg/mL 6 (14) 6 (7) 
Placental growth factor <12 pg/mL 1 (2) H 
Systolic blood pressure, mmHg, 

median (IAR) 
125 (115–133) 1H8 (1H2–114) 

Diastolic blood pressure, mmHg, 
median (IAR) 

79 (71–83) 63 (57–74) 

 urin� M�I   
Systolic blood pressure, mmHg, 

median of individual medians (IAR) 
112 (1H8–115) 99 (95–1H5) 

Diastolic blood pressure, mmHg, 
median of individual medians (IAR) 

69 (63–74) 59 (55–64) 

Values given as a number (percentage) unless stated otherwise. 
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.Table '/. 
,our out o& =4 3omen .<D/ 3ith chronic hypertension de5eloped 

superimposed preeclampsia .Table 7, Supplemental Table S7/. +ine 
.7'D/ o& 3omen 3ith chronic hypertension deli5ered prematurely 
compared 3ith no preterm deli5eries in the control group .Table 7, 
Supplemental Table S7/. 4> .>>D/ o& 3omen 3ith chronic hypertension 
had a planned deli5ery .pre-labour caesarean section or induction o& 
labour/ compared to 47 .4@D/ in the control group .Table 7, Supple-
mental Table S7/. 

?> placentas 3ere e2amined a&ter deli5ery .7= &rom 3omen 3ith 
chronic hypertension, == &rom controls/ .Table 7/. ,i5e out o& si2 
placentae 3ith maternal 5ascular malper&usion &eatures on histological 
e2amination 3ere &rom 3omen 3ith chronic hypertension .Table 7/. 
-ut o& the si2 cases that had maternal 5ascular malper&usion &eatures on 
histology, three had lo3 mean T7* 5alues and one had high ske3ness 
and kurtosis 5alues 3hen compared to the control group. Median in-
ter5al &rom imaging to deli5ery in cases o& maternal 5ascular malper-
&usion 3as =H days .inter9uartile range 7?–@</. 

-*+* �a�net�� re�onan�e �ma��n� ana�!��� 

#isual analysis o& placental images demonstrated that in 3omen 3ith 

chronic hypertension, appearances 3ere more 5aried compared to 
gestation-matched controls .,ig. '/. Placental images &rom 3omen 3ith 
chronic hypertension appeared either appropriate &or gestation or 
ad5anced &or gestation sho3ing 3ith increased lobulation, 3ith 3ider 
septa and more marked heterogeneity than e2pected &or age. This 3as 
also apparent 3hen 5isually assessing the T7* maps. %eJecting this 5i-
sual analysis, 3omen 3ith chronic hypertension sho3ed a greater range 
o& placental mean T7* 5alues &or a gi5en gestation compared to the 
control group .,ig. 7, Supplemental ,ig. S7/. 1omen 3ith chronic hy-
pertension had lo3er placental mean T7* 5alues compared to controls 
.gestation ad$usted K score mean =−H.>4H, standard de5iation '.4/, that 
3as substantially di&&erent .t3o sample t-test, t = 4.'', p = H.HH4'/. 

*2emplar histograms o& T7* 5alues at 7@ 3eeks’ gestation in &our 
di&&erent 3omen .,ig. 4/ 5isually illustrate &urther analysis o& T7* his-
tograms assessing both kurtosis and ske3ness. This &urther analysis 
demonstrated di&&erences in the placenta &rom those chronic hyperten-
sion pregnancies 3ith apparently normal mean T7* placental 5alues. ,or 
e2ample, 3hen compared to a T7* placental histogram &rom a control 
pregnancy .,ig. 4A/ a lo3er kurtosis 5alue in the placental signal in-
tensity &re9uency distribution in a pregnancy 3ith chronic hypertension 
is demonstrated, despite a mean T7* appropriate &or gestational age 
.,ig. 40/. A lo3er mean T7* 5alue corresponds to a le&t shi&t in the 
histogram .&or e2ample, in a 3oman 3ith chronic hypertension 
.,ig. 4(/. A le&t shi&t and higher ske3ness 5alue .asymmetrical &re-
9uency distribution/ is seen in a 3oman 3ith preeclampsia super-
imposed on chronic hypertension .,ig. 4;/. 0oth ske3ness and kurtosis 
increased 3ith ad5ancing gestational age at imaging .,ig. =/B 5isual 
inspection sho3ed that some 3omen 3ith chronic hypertension 3ho 
de5eloped superimposed pre-eclampsia had higher ske3ness and kur-
tosis 5alues, compared to the remaining group 3ith chronic hyperten-
sion, the ma$ority o& 3hom had 5alues 3ithin the range o& the control 
group. The 3omen 3ho de5eloped superimposed preeclampsia on a 
background o& chronic hypertension 3ith ske3ness and kurtosis 5alues 
3ithin the range o& the control group, deli5ered at term and o& normal 
birth3eight centile. ,or the presentation o& results o& ske3ness and 
kurtosis 5alues, 3e ha5e included an additional dataset o& 3omen 3ith 
preeclampsia imaged at 4T in 3hom 3e ha5e pre5iously reported 
enrolment and pregnancy outcome characteristics E7@F. The ne3 his-
togram deri5ed measures o& ske3ness and kurtosis in this group o& 
3omen 3ith preeclampsia ha5e not pre5iously been reported. *nrol-
ment and pregnancy outcomes o& preeclampsia pregnancies imaged at 
'.6T are pro5ided in Supplemental Table S' and Supplemental Table S7. 
1hen comparing bet3een groups, there 3as no signi:cant di&&erence in 
ske3ness and kurtosis 5alues bet3een the chronic hypertension and 
control group .geometric mean ratio &or ske3ness 5alues = H.>7, <6D () 
H.?@–'.H', geometric mean ratio &or kurtosis 5alues = H.>4, <6D () 
H.6>–'.'</. )n contrast, 3omen 3ith preeclampsia had higher ske3ness 
and kurtosis 5alues compared to controls .geometric mean ratio &or 
ske3ness 5alues = 4.'6, <6D () 7.4<–=.'6, geometric mean ratio &or 
kurtosis 5alues = @.66, <6D () =.64–'7.6>/. Actual placental mean T7*, 
ske3ness and kurtosis 5alues are pro5ided in Supplemental Table S4. 

)n our subsample, placental apparent di&&usion coe&:cient .A;(/ 
appeared to decline 3ith ad5ancing gestational age .Supplemental 
,ig. S4A/. There 3as a positi5e correlation bet3een A;( 5alues and 
placental mean T7* 5alues .Supplemental ,ig. S40/. Placental mean T' 
also declined 3ith ad5ancing gestational age .Supplemental ,ig. S4(/ 
and positi5ely correlated 3ith mean A;( 5alues .Supplemental 
,ig. S4;/. Trends in mean A;( 5alues 3ere consistent 3ith data ac-
9uired during the methods de5elopment re9uired during the course o& 
this study .Supplemental ,ig. S=/. 

!.  iscussion 

This case-control study has used magnetic resonance imaging at both 
'.6 and 4 T to ac9uire T7, T7*, T' and di&&usion 3eighted imaging o& the 
placenta in a group o& 3omen 3ith chronic hypertension and sho3n a 

�a�le 2 
Maternal and neonatal outcomes.   

(hronic hypertensi5e 
pregnancies 

(ontrol 
pregnancies 

�u��er o� �o�en =4 >? 
Time &rom M%) to deli5ery, days, 

median .)A%/ 
@H .4@–<?/ >= .64–<</ 

Pre-eclampsia = .</ H 
"nset o� deli#er�   
Spontaneous 6 .'7/ 66 .?=/ 
)nduction '< .==/ 7H .74/ 
Pre labour caesarean '< .==/ '7 .'=/ 
Mode o� deli#er�   
Spontaneous 5aginal deli5ery < .7'/ =@ .66/ 
Assisted 5aginal deli5ery = .</ '> .7'/ 
*lecti5e pre-labour caesarean section 'H .74/ 'H .'7/ 
Crgent caesarean section 7H .=@/ '' .'4/ 
$ri�ar� reason �or induction or 

%rela�our caesarean&   
Maternal indication 4H .@=/ '6 .'@/ 
,etal indication > .'</ '? .'</ 
 eli#er�   
Li5ebirth =4 .'HH/ >? .'HH/ 
Gestational age at deli5ery, 3eeks, 

median, )A% 
4>.4 .4@.6–4>.</ =H .4<–='/ 

Preterm birth <4@8=H < .7'/ H 
0irth3eight, g, median .)A%/ 7<?6 .767H–44?7/ 4=>7 

.477<–4@7'/ 
0irth3eight centile, centile, median 

.)A%/ 
4@ .'?–@H/ ?> .47–>4/ 

�u��er ad�itted to neonatal unit 
�or ≥ !' � 

= .</ ' .'/ 

Prematurity 7 .6/ H 
,etal gro3th restriction8small &or 

gestational age 
H H 

%espiratory disease H ' .'/ 
Suspected sepsis H H 
Hypoglycaemia 7 .6/ H 
$lacental �istolo�� (ndin�s   
+umber o& placentae assessed 7= == 
Placental 3eight, g, median .)A%/ 4>= .4'H–=?@/ =@= .=H<–66?/ 
,etal-placental birth3eight ratio, 

median .)A%/ 
@.7 .?.H–@.</ @.4 .?.@–@.</ 

Maternal 5ascular malper&usion 
&eatures 

6 .7'/ ' .7/ 

,etal 5ascular malper&usion &eatures ' .=/ H 
(horioamnionitis &eatures ? .76/ 76 .6@/ 

#alues gi5en as a number .percentage/ unless stated other3ise. *,ull details 
gi5en in Supplementary Table '. 
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5aried 5isual appearance on images in 3omen 3ith chronic hyperten-
sion 3hen compared to controls. T7* 5alues sho3ed e2pected decrease 
3ith gestation in the control group .consistent 3ith pre5iously reported 
5alues in the literature .Sorenson et al., 7H'</ but a more 5ariable 
spread of 5alues in chronic hypertension. T7* histogram deri5ed mea-
sures of kurtosis and ske3ness sho3ed an increase in 5alues 3ith 
ad5ancing gestation and the majority of 3omen 3ith chronic 

hypertension had 5alues 3ithin the range of the control group. 1e found 
no direct correlation bet3een placental histology :ndings and imaging 
deri5ed measures. Ho3e5er, these results may be a feature of the time 
inter5al bet3een imaging and deli5ery. 

A strength of this study is that 3e ha5e 9uantiti5ely measured the 
described 5isual 5ariation in placental appearance using mean T7* and 
further probed the characteristics of T7* 5alues across the 3hole 

)i�. 1. *2ample T7 3eighted imaging and T7* maps 
in coronal and sagittal planes across gestation. -n the 
left, the control panel depicts the follo3ing from left 
to right: T7-3eighted imaging in the coronal plane, 
T7-3eighted imaging in the sagittal plane, T7* map in 
the coronal plane and T7* map in sagittal plane. -n 
the right, the panel depicts images from 3omen 3ith 
chronic hypertension and a placental mean T7* 5alue 
belo3 the 'Hth centile. 1ithin the panel from left to 
right, images are in the follo3ing order: T7-3eighted 
imaging in the coronal plane, T7 3eighted imaging in 
the sagittal plane, T7* map in the coronal plane and 
T7* map in sagittal plane. 1ithin the T7* maps, 
darker areas represent lo3 T7* 5alues 3hile brighter 
orange-yello3 areas high T7* 5alues.   

)i�. 
. Scatterplot of placental mean T7* at 4 T against gestational age at imaging, subdi5ided by birth3eight centile at subse9uent deli5ery to sho3 Appropriate for 
Gestational Age .AGA/ infants, and those Small for Gestational Age, di5ided into 4rd-'Hth centile, and those <4rd centile .A/ in uncomplicated control group and .0/ 
in 3omen 3ith chronic hypertension. 
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placenta using histogram deri5ed measures of kurtosis and ske3ness and 
Apparent ;iffusion (oef:cient. These histogram deri5ed measures are 
independent of magnetic :eld strength and therefore enable 

comparisons bet3een groups regardless of the strength of MR scanner 
used to ac9uire data. )maging in 3omen 3ith chronic hypertension has 
not .to our kno3ledge/ been pre5iously published. The e2tent of the 

)i�. 3. )llustrati5e histogram plot of T7* 5alues at the same gestation .7@ 3eeks’ gestation/ for one 3oman from each of the follo3ing groups .A/ the control group 
.0/ 3ith chronic hypertension .(HT+/ and normal placental mean T7* .(/ 3ith chronic hypertension and a placental mean T7* less than the 1Hth centile for 
gestation .;/ (HT+ participant 3ho de5eloped superimposed preeclampsia .P*/. 

)i�. !. Scatterplot of histogram deri5ed measures of .A/ ske3ness at 4T imaging, .0/ ske3ness at 1.6T imaging, .(/ kurtosis at 4T imaging and .;/ kurtosis at 1.6T 
imaging against gestational age at scan 3ith i/ chronic hypertension ii/ chronic hypertension at enrolment 3ho subse9uently de5eloped superimposed preeclampsia 
after imaging iii/ controls i5/ preeclampsia at enrolment. ,or the presentation of results, 3e ha5e included an additional dataset of 3omen 3ith preeclampsia imaged 
at 4T in 3hom 3e ha5e pre5iously reported enrolment and pregnancy outcome characteristics E7@F and 3omen 3ith preeclampsia imaged at 1.6T in 3hom 
enrolment and pregnancy outcome characteristics are pro5ided in Supplemental Tables S1 and S7. 
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di5erse phenotype seen 3as there&ore uncertain prior to conducting the 
study. 

To &urther in5estigate both normal and abnormal placental pheno-
types 3e ha5e used in-house optimised se9uences combining di&&usion- 
rela2ometry 3hich pro5ides regionally matched di&&usion and T7* 
5alues in a reasonably &ast scan time compared to con5entional se-
9uences. )n the integrated approach, the imaging se9uence contains a 
spin-echo 3ith subse9uent gradient echoes. "i5en T7* 5alues 5ary 3ith 
gestation and pregnancy complications, a se9uence 3hich can disen-
tangle the molecular motion secondary to T7* 5alues and intrinsic 
di&&usion properties o& the placenta is o& great bene:t 3hen elucidating 
the underlying mechanisms o& placental dys&unction. Secondly, motion 
correction 3as achie5ed post image ac9uisition. "i5en di&&usion mea-
sures the thermal microscopic translational motion o& 3ater molecules, 
any measures 3hich can minimise the e&&ect o& macroscopic motion are 
bene:cial. Motion correction 3as success&ully per&ormed on all 3omen 
in 3hom the combined di&&usion-rela2ometry se9uence 3as deployed. 

The heterogeneity amongst the chronic hypertensi5e group 3ith 
regards to enrolment characteristics and pregnancy outcome reJect the 
clinical conte2t in 3hich these 3omen are managed. This study 3as 
inclusi5e in order to lay the &oundation &or assessment as a potential tool 
in a clinical setting. The use o& scanners at t3o magnetic :eld strengths 
.'.6 T and 4 T/ &urther increases clinical applicability gi5en their use in 
di&&erent hospital centres and the 3ider bore o& our '.6 T scanner 
enabled 3omen o& a greater abdominal girth and body mass inde2 to be 
imaged. The addition o& combined di&&usion rela2ometry e2amination 
protocols in 3omen enrolled later in the study reJects the imaging 
methods de5elopment re9uired during the course o& this study. This 
study additionally demonstrated that imaging 3as &easible and accept-
able in a large cohort o& 3omen across a range o& gestations amongst a 
group 3hich included those 3ith chronic hypertension. "i5en the 3ider 
clinical phenotype o& disease in contrast to 3omen 3ith preeclampsia 
.3hereby there is a close inter5al bet3een imaging and deli5ery by 
clinical nature and a clear placental phenotype pre5iously demonstrated 
by our group .Ho et al., 7H7H/, a clear placental phenotype remains 
challenging in 3omen 3ith chronic hypertension. 

To our kno3ledge, there are no studies in5estigating the use o& 
placental magnetic resonance imaging in 3omen 3ith chronic hyper-
tension. -ur group ha5e pre5iously described a placental phenotype in 
3omen 3ith preterm preeclampsia, 3here T7-3eighted imaging 
demonstrated ad5anced lobulation, 5aried lobule siKes, high granularity 
and substantial areas o& lo3 signal intensity 3ith reduced entire 
placental mean T7* 5alues &or gestational age E7@F. -ther studies ha5e 
&ocussed on the prediction o& &etal gro3th restriction E7>F and lo3 mean 
T7* 5alues ha5e been demonstrated to occur in pregnancies 3ith &etal 
gro3th restriction E7<F. The use o& T7* histogram deri5ed measures o& 
kurtosis and ske3ness has not been 3idely described. There is a paucity 
o& literature regarding the use o& placental di&&usi5ity measures in hy-
pertensi5e disorders as studies ha5e mainly &ocused on pregnancies 
complicated by &etal gro3th restriction. %educed placental A;( 5alues 
in gro3th restriction ha5e implicated a phenotype 3ith restricted 
di&&usion E4H,4'F. -ur results sho3ing a decline in A;( 5alues in the 
third trimester in uncomplicated pregnancies are consistent 3ith t3o 
kno3n studies in5estigating the relationship bet3een A;( 5alues and 
gestational age E<,47F. Ho3e5er, there is a paucity in the literature &or 
these measures at 4 T. The use o& a no5el combined 
di&&usion-rela2ometry se9uence has enabled the addition o& T7* to A;( 
5alues, e2amined simultaneously &or a more accurate e5aluation o& 
placental properties. ,urthermore, these no5el se9uences ha5e been 
deployed in pregnancies complicated by hypertensionB a group not 
e2tensi5ely studied be&ore using this techni9ue. 

The placental phenotype in 3omen 3ith chronic hypertension has an 
o5erlap 3ith 3omen o& uncomplicated pregnancies, as demonstrated by 
mean T7*, kurtosis, ske3 and A;( 5alues. Ho3e5er, 3hen more pa-
rameters 3ere employed subtle di&&erences &ound bet3een groups e.g. 
3ith histogram measures in the presence o& same T7* 5alue. This 

potentially reJects the heterogeneity in pregnancy outcomes amongst 
3omen 3ith chronic hypertension. The greater range o& placental mean 
T7* 5alues &or a gi5en gestation 3ithin this group accompanied by 
ske3ness, kurtosis and A;( 5alues 3ithin the normal range suggests a 
more comple2 interaction bet3een the placenta and maternal response 
determining the de5elopment o& ad5erse pregnancy outcomes such as 
superimposed preeclampsia. This contrasts 3ith a clearer placental 
phenotype in 3omen 3ith preterm preeclampsia, pre5iously described 
by our group E7@F. The ske3ness, kurtosis and mean T7* 5alues 3ithin 
the normal range in 3omen 3ith chronic hypertension 3ho de5elop 
superimposed preeclampsia may be due to the long inter5al bet3een 
imaging and preeclampsia diagnosis as these 3omen de5eloped pre-
eclampsia at term. 1e e5aluated ne3 measures .ske3ness and kurtosis/ 
in 3omen 3ith preeclampsia, that had not pre5iously been reported to 
enable the chronic hypertensi5e group results to be interpreted in 
conte2t. )n addition, the number o& 3omen 3ith chronic hypertension 
3ho subse9uently de5eloped superimposed preeclampsia 3ere small in 
our study .&our 3omen/. "i5en the limitations o& using a case-control 
study in predicting pregnancy outcomes, 3e ha5e been cautious in our 
interpretationB ho3e5er, anticipate that &uture prospecti5e studies 3ill 
&urther address this. 

A reduction in mean T7* and A;( 5alues 3ith ad5ancing gestation in 
the third trimester perhaps reJects parenchymal changes a&ter initial 
placental angiogenesis in the :rst and second trimester, &ollo3ed by 
5illous maturation, calcium deposition and :brosis in the third 
trimester. ;ecreased T7* and A;( 5alues amongst 3omen 3ith pre-
eclampsia may reJect the histological &eatures seen 3ith hypertensi5e 
disorders o& pregnancy. These include maternal 5ascular malper&usion 
lesions such as increased syncytial knots, 5illous agglutination, increase 
inter5illous :brin deposition and 5illous in&arcts. 

"i5en the e2ploratory nature o& the study, describing a no5el tech-
ni9ue in technology de5elopment application, 5isual assessment o& re-
sults 3as carried out. This is .to our kno3ledge/ the :rst study o& 
magnetic resonance imaging in 3omen 3ith pregnancies complicated by 
chronic hypertension and there&ore anticipate that this study 3ill use-
&ully de:ne &urther research directions. A larger data set imaging 3oman 
3ith uncomplicated pregnancies 3ould enable robust deri5ation o& 
normal ranges o5er gestation &or comparison against groups o& interest. 
,uture 3ork may &ocus on deri5ing gestation ad$usted normal ranges &or 
each imaging measure. This 3ould assist in calculating multiple o& 
median .MoM/ 5alues in order &or group comparisons. Although this is 
one o& the largest magnetic resonance imaging studies in the literature, 
3e ha5e been cautious in direct group comparisons to a5oid being 
potentially misleading. Typically, a minimum o& o5er 7HH measurements 
.Sa&&er et al., 7H'4/ e9ually spaced across 7H–=H 3eeks’ gestational age 
are re9uired to robustly deri5e normal ranges. )n addition, 3omen 
enrolled as control pregnancies 3ould re9uire con:rmation o& a normal 
pregnancy outcome and a non-linear trend o& imaging deri5ed 5alues 
3ith gestational age 3ould &urther complicate this. 

Placental imaging o&&ers a 3indo3 into the placental contribution 
and mechanisms potentially accounting &or the heterogeneity in preg-
nancy outcomes o& 3omen 3ith chronic hypertension. ,uture 3ork may 
&ocus on e5aluating the interaction bet3een the placental dys&unction 
and the 5aried maternal response that may elucidate de5elopment o& the 
5arying ad5erse pregnancy outcomes. )n this study, the inter5al bet3een 
imaging and deli5ery 3as 5ariable and there&ore &urther large studies 
3ould be bene:cial in in5estigating the clinical applicability o& mag-
netic resonance imaging as a potential tool to monitor high risk 3omen 
and aid clinical management decisions around optimal timing o& de-
li5ery. ,urther technological de5elopments may enable certain steps in 
processing to be automated through machine learning algorithms and 
increase opportunities &or implementation in clinical practice. 
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