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Abstract 

New Zealand and international research has shown that there is an association between going to 

sleep in the supine position in late pregnancy and an increased risk of stillbirth. Lying supine in 

late pregnancy results in a significant decrease in maternal cardiac output and blood flow through 

the abdominal aorta and the inferior vena cava. These changes in blood flow are partially 

compensated for by an increase in blood flow through the azygos vein, but this does not fully 

explain the physiological mechanisms behind maintenance of blood flow. This thesis aimed to 

describe maternal cardiovascular autonomic responses while resting in different positions 

throughout a normal healthy pregnancy and post-partum. This information would help to 

determine normal cardiovascular autonomic activity in response to acute physiological stressors. 

A cohort of pregnant women was studied longitudinally throughout their pregnancy and once post-

partum. A control group of nulligravid women was also assessed. Non-invasive cardiovascular 

autonomic assessments included measurement of heart rate and blood pressure responses in the 

left lateral, right lateral, and supine positions, as well as in response to a deep breathing and an 

orthostatic manoeuvre. The standardised methodology used in this research as well as inclusion of 

numerous recumbent positions and a nulligravid control group has contributed novel data to the 

existing knowledge base. 

Maternal cardiovascular autonomic responses, assessed by changes in heart rate and blood 

pressure, were significantly affected by gestation. Gestational effects began in early pregnancy. 

Cardiovascular autonomic responses to physiological stressors (e.g. the standing position, and the 

supine position in late pregnancy) became significantly different with advancing gestation. These 

changes largely resolved by 6 weeks post-partum. In addition, a sub-group of women were 

identified who had an unstable heart rate pattern while standing in late pregnancy. Preliminary 

analysis of these women concluded that there were statistically significant differences in blood 

pressure and sample entropy between the two groups.  

Further analysis of women with unstable heart rate patterns while standing in late pregnancy has 

been identified as an important future direction. It is recommended that nulligravid women are 

used as controls in future research.  
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Introduction 

 

1 

1 Introduction 

1.1 Background 

The overarching aim of this thesis was to investigate maternal cardiovascular autonomic function 

throughout pregnancy to help determine how altered function may contribute to stillbirth. 

Stillbirth, the death of a baby after a defined gestational age but before delivery, is a global tragedy 

that is often overlooked in favour of focusing on survival of live babies (Lawn et al., 2011). In 

2015, more than 2.5 million babies worldwide were born with no signs of life at or after 28 weeks 

gestation (Blencowe et al., 2016). To add to the distress of stillbirth, the classification of stillbirth 

is not consistent across the globe, or even within organisations. According to the World Health 

Organisation (WHO) International Classification of Diseases (11th revision), “antepartum foetal 

[sic] death (stillbirth) refers to a foetus [sic] that has suffered an intrauterine death after the 24th 

week of gestation and before the onset of labour” (World Health Organisation, 2018). However, 

the WHO also defines stillbirth for international comparison as “a baby born with no signs of life 

at or after 28 weeks' gestation” (World Health Organisation, 2020). The discrepancy between these 

international definitions contributes to the countless stillbirths that occur prior to 28 weeks and are 

not reported, particularly in low income countries (Lawn et al., 2011). In New Zealand, stillbirth 

is defined by the New Zealand Perinatal and Maternal Mortality Review Committee (PMMRC) 

and Perinatal Society of Australia and New Zealand guidelines as the death of a fetus ≥ 20 weeks 

gestation or weighing at least 400g if gestation is unknown (Flenady et al., 2018; PMMRC, 2019). 

Of the 60,454 babies born in New Zealand in 2017, 288 were stillborn; a rate of 4.8/1000 births 

(PMMRC, 2019). The definition of stillbirth in this thesis is consistent with New Zealand 

guidelines and international comparisons. Early stillbirth is defined as death of the fetus between 

20-27 weeks gestation, and late stillbirth is defined as death of the fetus ≥ 28 weeks gestation. 

The significant emotional, psychological and financial burdens for countless families and 

communities impacted by stillbirth needs be recognised (Ateva et al., 2018). Stillbirth is associated 

with profound grief and negative effects on relationships and mental health in mothers and fathers, 

and also in siblings (Murphy & Cacciatore, 2017; Ogwulu et al., 2015). Financial effects on 

families and the economy are not limited to funeral and health service costs, but also related to the 

employment of parents, ability to return to work, and productivity when at work (Heazell et al., 

2016; Murphy & Cacciatore, 2017). Quality care, empowerment of women, implementation of 

interventions, and identification of crucial knowledge gaps will help end preventable stillbirths 

(Ateva et al., 2018). Improving knowledge surrounding potentially modifiable risk factors of 

stillbirth is a valuable tool to help prevent stillbirth.  
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Several factors that contribute to stillbirth in high income countries are avoidable, for example 

maternal obesity and smoking (Flenady et al., 2011) and some congenital abnormalities such as 

neural tube defects are preventable (Lawn et al., 2016). As discussed below, maternal sleep 

position is also a modifiable risk factor (McCowan et al., 2017). However, not all factors 

contributing to stillbirth are modifiable. Genetic abnormalities (e.g. trisomy 21, 18, 13) account 

for 9% of stillbirths in New Zealand and < 10% internationally, though the numbers may be 

conservative due to karyotyping difficulties and variable diagnostic quality in some countries 

(Lawn et al., 2016; PMMRC, 2019; Reddy et al., 2012). Where termination of pregnancies is 

illegal, the proportion of congenital abnormalities in stillbirth is much higher (20%) (Lawn et al., 

2016). Genetic abnormalities are associated with fetal growth restriction (FGR) (Gardosi et al., 

2005; Silver, 2018).  

In New Zealand, the leading cause of stillbirth at 29.3% is “unexplained antepartum death” (for 

unknown reasons) (PMMRC, 2019). However, as discussed below, there is good evidence most 

apparently unexplained cases of stillbirth are related to adverse conditions in utero such as hypoxia 

and causative pathways that involve fetal oxygen deficit (e.g. placental insufficiency) (Goldenberg 

et al., 2016). Broadly speaking, reduced fetal oxygenation can result from three pathways: pre-

placental hypoxia, where maternal blood oxygen content is reduced (e.g. high altitude); 

uteroplacental hypoxia, where there is under-perfusion of the placental intervillous space by 

normoxic maternal circulation; and post-placental hypoxia, where maternal perfusion and 

uteroplacental perfusion are normal but fetoplacental perfusion is defective (Kingdom & 

Kaufmann, 1997; Pinar & Carpenter, 2010). Placental insufficiency is strongly related to stillbirth 

even when other forms of compromise (e.g. fetal abnormalities) are identified (McPherson, 2020). 

Abnormal placental structure, abnormal umbilical structure, or compromised maternal circulation 

can lead to placental insufficiency and uteroplacental hypoxia and underpin fetal hypoxia (Pinar 

& Carpenter, 2010).  

While the fetus is normally capable of protecting itself from hypoxia (see section 1.2.3) (Bennet, 

2017; Giussani, 2016; Lear et al., 2018), some hypoxic challenges may be sufficiently severe that 

the fetus can no longer adequately adapt and become compromised (e.g. FGR). FGR is one of the 

most important risk factors for stillbirth (Lawn et al., 2016; Silver, 2018). A compromised fetus 

may be at greater risk of death during hypoxic challenge, even from less severe insults that would 

otherwise be tolerated in a healthy fetus (see section 1.2.4) (Bennet et al., 2005; Wassink et al., 

2013).  

A triple risk model has been proposed for unexplained stillbirth, where stillbirth arises from an 

interaction between maternal factors (e.g. obesity, smoking), fetal or placental compromise (e.g. 
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FGR) and fetal stressors (e.g. reduced maternal perfusion) (Warland & Mitchell, 2014). Reduced 

maternal oxygenation due to high altitude (hypobaric hypoxia) causes placental adaptations and 

exposes the fetus to chronic hypoxia (Carter, 2015; Moore et al., 2004). As discussed later, less 

well appreciated maternal circulatory issues that may impact upon placental oxygenation and the 

fetus include the hypoxia-reoxygenation of sleep disordered breathing (Pamidi et al., 2016) and 

chronic maternal hypotension (Zubrow et al., 1988). Reduced placental perfusion resulting from 

aortocaval compression during maternal supine sleep has been proposed as a fetal stressor 

(Warland & Mitchell, 2014). New Zealand and international studies have found a relationship 

between maternal supine going-to-sleep position and increased risk of late-term fetal death (Cronin 

et al., 2019; Gordon et al., 2015; Heazell et al., 2018a; McCowan et al., 2017; Owusu et al., 2013; 

Stacey et al., 2011a). The 2019 meta-analysis by Cronin and colleagues indicates the maternal 

suping going-to-sleep position may increase have an increased odds of stillbirth risk of over 2.6 

compared with the left lateral position (Cronin et al., 2019). Going to sleep in the supine position 

not only has a biologically plausible link to stillbirth (McCowan et al., 2017), changing sleep 

position to benefit the baby is a modifiable risk factor (Cronin et al., 2017).  

The focus of this thesis is on how the maternal cardiovascular autonomic nervous system, assessed 

by changes in heart rate and blood pressure in response to position change, adapts during 

pregnancy in order to maintain adequate placental perfusion and fetal oxygenation. The next 

section outlines the potential for fetal hypoxia to be causal in stillbirth and how placental and 

maternal oxygenation of the placenta can be contributing factors. This is followed by a section on 

the normal fetal adaptations to hypoxia and those of a compromised fetus. The discussion then 

returns to maternal circulatory control.  

1.2 Fetal oxygenation and the risk of stillbirth 

As the placenta is the site of gas exchange in the fetus (rather than the lung), the key determinant 

of oxygen delivery to the fetus is placental perfusion (Bennet, 2017; Giussani, 2016; Wilkening et 

al., 1982). As such, factors affecting placental oxygenation (e.g. decreased maternal oxygenation) 

or placental perfusion (e.g. placental dysfunction) affect fetal oxygenation. Utero-placental 

hypoxia is associated with pathological changes to the placenta and stillbirth (Pinar & Carpenter, 

2010).  In this section, how maternal oxygenation and placental dysfunction relate to fetal hypoxia 

is discussed. Fetal responses to hypoxia are then described before moving to a description of the 

vulnerable fetus that may not be able to adequately tolerate a hypoxic challenge. Finally, evidence 

of hypoxic damage in stillbirth is outlined.  
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1.2.1 Maternal oxygenation of the placenta and fetal hypoxia 

As discussed below, reduced maternal oxygenation of the placenta can occur via several pathways. 

Maternal hypoxia (e.g. at high altitude) and intermittent maternal hypoxia (e.g. during sleep 

disordered breathing) reduce the oxygen content in maternal blood and therefore also the oxygen 

delivered to the placenta. Maternal circulatory issues (e.g. aortocaval compression reducing uterine 

perfusion) and reduced perfusion due to maternal vascular under-perfusion (e.g. hypertension, pre-

eclampsia) can also contribute to utero-placental hypoxia.  

Pregnancy at high-altitude reduces maternal oxygenation, exposing the fetus to chronic hypoxia 

(Carter, 2015; Moore et al., 2004) and reducing uteroplacental artery remodelling (Tissot van Patot 

et al., 2003) and uterine arterial flow (Zamudio et al., 1995) compared to lower-altitude pregnancy. 

As with other forms of chronic fetal hypoxia, high altitude pregnancy is associated with reduced 

birthweight compared to low-altitude pregnancy independent of maternal economic status 

(Giussani et al., 2001). However, populations that have been long-term residents of high altitude 

locations have increased birthweight compared to populations of shorter residence (Mayhew et al., 

1990; Moore et al., 2004). Long-term residents of high altitude locations have developed 

adaptations such as improved placental diffusing capacity (Mayhew et al., 1990) and increased 

uterine arterial blood flow (Julian et al., 2009) that improve fetal oxygenation compared to shorter-

term residents. Maternal hyperventilation (Moore et al., 1982), and increased placental villous 

capillary density (Tissot van Patot et al., 2003) also assist in improving fetal oxygenation at high 

altitude. However, these adaptations do not necessarily fully compensate for the effects of chronic 

hypoxia as is demonstrated in the differences of fetal birthweight between babies born at high 

compared with lower altitudes.  

Maternal sleep disordered breathing that results in frequent recurring obstructive apnoeas causes 

sleep disruption and a maternal version of hypoxia-reoxygenation (Pamidi et al., 2016). For a 

review, see Warland, Dorrian, Morrison et. al. (2018). Maternal sleep disordered breathing 

increases the risk of fetuses who are small for their gestational age (SGA) (Pamidi et al., 2016) 

and born preterm (Brown et al., 2018). Sheep studies have demonstrated that the fluctuations in 

maternal oxygen saturations seen in obstructive sleep apnoea are mitigated to some extent by the 

placenta, however fluctuations in fetal oxygen are still seen (Almendros et al., 2019). Fetal rat 

studies have demonstrated a reduction in birthweight with chronic intermittent maternal hypoxia 

(Iqbal & Ciriello, 2013) in keeping with decreased birthweight seen in maternal sleep disordered 

breathing. Obstructive sleep apnoea is estimated to occur in 15 – 45% of pregnancies and, aside 

from fetal effects described above, is also associated with increased risk of gestational 

hypertension and pre-eclampsia (Liu et al., 2019; Pamidi & Kimoff, 2018). Women with sleep 
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disordered breathing (Pamidi et al., 2014) or symptomatic of sleep disordered breathing (Bourjeily 

et al., 2010) in pregnancy are also at increased risk of gestational hypertension and/or pre-

eclampsia. Treatment of overnight airflow limitation with continuous positive airway pressure in 

women with pre-eclampsia reduces nocturnal blood pressure increases (Edwards et al., 2000). 

However, risk factors associated with sleep disordered breathing (e.g. decreased airway size, 

increased neck circumference) are more common in women with pre-eclampsia (Izci et al., 2003), 

which may predispose them to sleep disordered breathing (Bourjeily et al., 2010).  

Maternal hypotension, defined as consistent mean arterial blood pressure (MAP) of 73 mmHg - 

83 mmHg or diastolic arterial blood pressure of 60 – 75 mmHg depending on the study, has been 

linked to increased risk of stillbirth (Friedman & Neff, 1978; Steer et al., 2004; Warland et al., 

2008). Interestingly, Warland and colleagues found that extreme hypotension (MAP ≤ 73 mmHg) 

and hypertension (MAP ≥ 103 mmHg) was associated with decreased risk of stillbirth, with the 

explanation that these women may have been identified as at risk and thus receive increased care 

(Warland et al., 2008). Maternal hypotension has also been associated with early birth (Ng & 

Walters, 1992), low birth weight babies and neonatal death (Friedman & Neff, 1978; Steer et al., 

2004). Often women with hypotension have other risk factors, for example younger age and lower 

weight that once taken into consideration reduces the association with pre-term birth and low 

birthweight (Zhang & Klebanoff, 2001) and accounting for gestational age diminishes the 

association with perinatal death (Chen & Basso, 2007).  

In fetal sheep studies, chemically induced maternal hypotension has little effect on uteroplacental 

flow when maternal MAP remains above 50-60mmHg; however, when blood pressure falls 

further, uteroplacental vascular resistance increases and flow decreases without significant fetal 

heart rate and blood-gas changes (Nuwayhid et al., 1975). Fetal sheep respond to maternal 

chemically induced hypotension with the release of vasopressin, renin, and norepinephrine to help 

maintain fetal cardiovascular homeostasis in response to uteroplacental hypoperfusion, which are 

likely sensitive indicators of a compromised fetus with otherwise unremarkable heart rate and 

blood-gas changes (Zubrow et al., 1988). Fetal sheep exposed to hypoxic-ischaemia and severe 

hypotension due to umbilical artery occlusion also demonstrate elevated vasopressin levels, which 

may indicate its worth as marker of previous fetal hypotensive injury (Lear et al., 2020). Though 

there may be little clinical indication of fetal response to maternal hypotension, it is clear that 

maternal hypotension is associated with poor fetal and neonatal outcomes.   

As mentioned above, lying supine in late pregnancy (> 34 weeks gestation) is linked to stillbirth 

and is associated with maternal physiological changes due to the weight of the gravid uterus 

causing maternal aortocaval compression and a reduction in placental perfusion (Humphries et al., 
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2018; Kerr et al., 1964). In women between 34-38 weeks gestation, lying supine results in an 85% 

reduction in blood flow through the inferior vena cava at its origin, a 16% reduction in cardiac 

output, and a 32% decrease in blood flow through the abdominal aorta at the level of the bifurcation 

(Humphries et al., 2018). Reduced maternal cardiac output while supine in late pregnancy is 

partially compensated for by increased blood flow through the collateral venous system 

(Humphries et al., 2018). However, the compensation cannot be 100% efficient as cardiac output 

and abdominal aortic blood flow remain reduced. In addition, the uterine artery originates from 

below the aortic bifurcation (where aortic flow is reduced by 32%) (Humphries et al., 2018). 

Uterine arterial blood flow decreases by 34% in the supine position compared to left lateral in late 

pregnancy, associated with a decrease in diameter resulting from vasoconstriction that is at or near 

maximal response (Jeffreys et al., 2006).  

Fetal behaviour indicates that the fetus is also affected by maternal position. In awake late gestation 

mothers, the fetus is more likely to be in a state of quiescence (1F – quiet or non-rapid eye 

movement (NREM) sleep) when the mother is in the supine position, compared to when the mother 

is in the left lateral position (Stone et al., 2017a). Experimental and clinical data show that 1F is 

associated with reduced cerebral oxidative metabolism (i.e. reduced energy consumption) 

(Richardson et al., 1985; Shono et al., 2000) and it is a neural state that the fetus shifts to with 

mild-moderate hypoxia (Boddy et al., 1974). Though there was no evidence of significant fetal 

bradycardia, an indicator of a fetal hypoxia (Giussani, 2016), the switch to 1F suggested a fetal 

response to a potential mild oxygenation challenge which requires adoption of energy conservation 

measures (Stone et al., 2017a).  In addition, overnight studies in late gestation similarly 

demonstrated that the fetus was most active while the mother was lying lateral and least active 

while supine, on top of normal circadian patterns (Stone et al., 2017b). Thus, it is plausible, both 

from a maternal haemodynamic and fetal behavioural perspective, that the supine position in late 

pregnancy may affect oxygen delivery to the fetus. Later, section 1.2.3 provides a general overview 

of fetal responses to hypoxia and discusses why some fetuses become compromised.  

Maternal blood pressure drops significantly overnight due to a normal circadian rhythm (Halligan 

et al., 1993). Thus, a reduction of uterine flow by 34% while supine in late pregnancy (Jeffreys et 

al., 2006) may feasibly combine with additional decreases in maternal blood pressure overnight to 

further reduce uterine blood flow. As uterine artery vasoconstriction in the supine position is 

already at or near maximal response (Jeffreys et al., 2006), it is unlikely that decreased uterine 

blood pressure would be counteracted with further increased maternal vasoconstriction. A normal 

circadian drop in maternal blood pressure overnight, combined with reduced utero-placental flow 

while supine (particularly for an extended duration as may happen during sleep) may result in a 
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challenge to fetal oxygenation. Pregnant mothers do spend time lying supine overnight (McIntyre 

et al., 2016; O’Brien et al., 2019; Stone et al., 2017b). Despite significant changes in cardiac output 

and placental blood flow, the majority of mothers go on to deliver a live baby. However, a fetal 

hypoxic episode, while the mother is supine, may be injurious to more vulnerable fetuses. 

The stillbirth risk increases with gestational age after 32 weeks, with the highest risk at term and 

particularly > 40 weeks gestation (Muglu et al., 2019; Reddy et al., 2006; Rosenstein et al., 2012). 

Gestational age may in part relate to fetal survival during hypoxia, as younger fetuses are more 

tolerant of hypoxia (as reviewed in Bennet, 2017). Fetal sheep studies have demonstrated that there 

is a marked change in the chemoreflex response to hypoxia with advancing fetal maturation 

(Fletcher et al., 2006). This more robust defence is in response to the greater homeostatic threat 

hypoxia poses to the more mature, metabolically demanding fetus (Bennet, 2017). Additionally, 

as the weight of the gravid uterus increases closer to term, the degree of aortocaval compression 

may increase, further reducing uterine flow and increasing any challenge to fetal oxygenation. 

Combined with reduced anaerobic tolerance to hypoxia (compared to a pre-term fetus), a term 

fetus may exhaust its adaptive capacity during a prolonged severe hypoxic event (e.g. resulting 

from maternal supine sleep) and die. 

Sustained or augmented decreases in maternal cardiac output while supine may contribute to 

persistent suboptimal placental perfusion, exposing even a normal fetus to an acute hypoxic 

challenge. The key focus of this thesis is how maternal heart rate and blood pressure responses (as 

representative of maternal cardiovascular autonomic function) change throughout gestation and 

how these may be related to maintenance of cardiac output under acute physiological stress (e.g. 

while supine). These concepts will be expanded on in section 1.4. The next step in the pathway to 

fetal oxygenation (or oxygenation challenge) will now be discussed: the placenta. 

1.2.2 Placental dysfunction and fetal hypoxia 

Placental villi are formed within the first few weeks post-conception in a low-oxygen environment 

and undergo profound remodelling with gestation, particularly so late in the first trimester when 

the maternal circulation opens widely into the intervillous space and oxygenation increases 

(Burton et al., 2010; Kingdom et al., 2000). Pregnancy complications associated with placental 

insufficiency have their roots in early pregnancy and the inappropriate transition in placental 

development between first and second trimester that later leads to poor fetal growth (Burton et al., 

2010). Deficient spiral artery remodelling results in high maternal blood flow velocity, causing 

placental damage and vascular smooth muscle retention that results in intermittent placental 

perfusion due to spontaneous vasoconstriction and decreased lumen size (Burton & Jauniaux, 
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2018). While some ischaemia-reperfusion is found in normal placental function (Jauniaux et al., 

2006), recurrent malperfusion causes hypoxia-reoxygenation, leading to oxidative stress and 

decreased protein synthesis that decreases villous surface area and impacts upon nutrient transfer 

(Burton & Jauniaux, 2018). Placental dysfunction in pre-eclampsia stems from deficient 

remodelling of the spiral arteries into low-resistance vessels leading to smooth muscle retention, 

increased ischaemia-reperfusion and oxidative stress cell damage (Jauniaux et al., 2006).  

While stillbirth is not always associated with abnormal growth, placental abnormalities are 

common (Bukowski et al., 2017; Pacora et al., 2018). Placental dysfunction and insufficiency leads 

to decreased placental nutrient and oxygen transfer to the fetus, resulting not least in chronic fetal 

hypoxia (Gagnon, 2003). Surgically induced placental insufficiency in sheep results in fetal growth 

restriction, hypoxia, and fetal cardiac changes (Morrison et al., 2007). It is difficult to separate 

poor oxygenation and poor nutritional effects on growth of the human fetus, but it has been 

demonstrated in the chick embryo that hypoxia results in low birthweight independent of maternal 

nutrition (Giussani et al., 2007).  

Many steps on the path of fetal oxygenation can contribute to a hypoxic challenge. However, not 

every fetus dies, even those growing in challenging conditions. So how does the fetus survive? 

The following section discusses how the fetus detects and responds to a hypoxic challenge.  

1.2.3 Fetal responses to hypoxia 

The human fetus can detect and defend itself against hypoxia, as seen acutely during labour or as 

associated with chronic conditions such as placental insufficiency (for reviews see Giussani et al., 

(1994) and Lear et al., (2018)). Fetal sheep demonstrate responses such as bradycardia and 

increased peripheral vascular resistance in response to hypoxaemia from as early as 0.3 gestation 

(Kiserud et al., 2001). While pre-term and term fetuses are capable of mounting qualitatively 

similar responses, the healthy pre-term fetus can tolerate a hypoxic challenge for longer (Bennet, 

2017). 

Aortic arch and carotid artery peripheral chemoreceptors detect changes in arterial blood gas 

concentrations (Blanco et al., 1984; Giussani et al., 1993; Itskovitz et al., 1991). Fetal sheep studies 

indicate that the initial cardiovascular chemoreflex response to moderate hypoxia is initiated via 

carotid chemoreceptors (Bartelds et al., 1993; Giussani et al., 1993; Giussani, 2016; Itskovitz et 

al., 1991). In more severe insults the relative roles of carotid and aortic chemoreceptors are less 

clear (Jensen & Hanson, 1995). 
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While peripheral chemoreceptors play an important role in the respiratory response to hypoxia 

post-natally, they do not modulate fetal breathing movement responses to hypoxia (Giussani et al., 

1993; Jansen & Chernick, 1991; Koos et al., 1987). Unlike the adult response to hypoxia of 

increased respiratory activity the fetus displays a reduction or cessation of breathing movements, 

consistent with the role of the placenta being the site of gas exchange rather than the lung 

(Giussani, 2016; Koos & Rajaee, 2014). Central chemoreceptors are found in brain locations such 

as the lateral pons, nucleus tractus solitarius and thalamus that are sensitive to carbon dioxide and 

oxygen and mediate additional fetal responses (Breen et al., 1997; Giussani, 2016; Hohimer et al., 

1983; Koos et al., 2000; Walker, 1984). Those found in the lateral pons are key to regulating fetal 

breathing movements during hypoxia (Gluckman & Johnston, 1987; Jansen & Chernick, 1991; 

Koos et al., 1987). 

The fetal chemoreflex response to hypoxia is graded and depends on the extent of the insult 

(Bennet & Gunn, 2009), any pre-existing hypoxia (Giussani, 2016; Gunn & Bennet, 2009), and 

the stage of fetal maturation and the relative challenge of homeostasis (Bennet, 2017). Fetal sheep 

studies have shown that near-term and term sheep fetuses demonstrate more pronounced and 

sustained fetal cardiovascular responses to hypoxia with age, theoretically a result of maturation 

of the chemoreflex pathway (Fletcher et al., 2006). However, this theory is inconsistent with 

Wassink and colleagues who demonstrate qualitatively similar chemoreflex responses to a severe 

insult in the preterm fetus compared to the term fetus (Wassink et al., 2007). While a pre-term 

fetus may not have the same response to a moderate hypoxic challenge as a near-term fetus, 

responses to a more severe insult are similar, indicating it is the degree of the challenge that dictates 

the fetal response, not age (Bennet, 2017; Giussani, 2016).  

The primary fetal cardiovascular defence responses to an acute hypoxic challenge is redistribution 

of blood towards central organs (e.g. heart and brain) via sympathetically mediated peripheral 

vasoconstriction and vagally mediated bradycardia (Bennet, 2017; Giussani, 2016; Sheldon et al., 

1979). Peripheral vasoconstriction, primarily via α-adrenergic receptors, maintains blood pressure 

and ensures perfusion is redistributed to key organs (Giussani, 2016; Lear et al., 2016). The fetal 

adrenal glands are independently sensitive to hypoxia and can contribute to sympathetic fetal 

responses to hypoxia without neural input (Comline & Silver, 1961). Bradycardia prolongs cardiac 

filling, slowing peripheral blood flow, improving gas exchange, and helping to maintain cardiac 

output while reducing cardiac work and consequently metabolic demand (Giussani, 2016; Lear et 

al., 2016). Fetal heart rate during a severe hypoxic insult markedly decreases and continues to fall 

(Lear et al., 2016). 
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During moderate hypoxia, blood flow to the brain increases, mediated primarily by the vasodilator 

nitric oxide (Green et al., 1996; Hunter et al., 2003). During a more severe insult, increased 

cerebral vascular resistance results in maintenance of cerebral perfusion at baseline (rather than 

increased), though flow eventually decreases when blood pressure falls (Bennet, 2017). 

Redistribution of blood flow within the brain supports essential structures such as the brain stem 

(Jensen et al., 1987). As cerebral vasoconstriction is associated with suppression of brain activity, 

maintenance of perfusion is in fact sufficient to meet the reduced metabolic demand, in part due 

to adenosine increasing oxygen delivery and decreasing metabolic rate (Blood et al., 2003; Jensen 

et al., 2010). Initially, peripheral blood flow reduces to near zero to maintain blood pressure, which 

is then followed by some loss of vasoconstriction if hypoxia is maintained, leading to partial 

reperfusion of key organs – at this time, blood pressure falls further (Bennet, 2017). 

At the start of a severe insult (e.g. umbilical cord occlusion) there is a short period of 4-5 minutes 

when the fetus will make sharp body movements as if attempting to free itself from the obstruction, 

but is then followed by atonia (Bennet, 2017). This has been observed in response to umbilical 

cord clamping in fetal sheep (Bennet, 2017) and other animals including fetal rats (Smotherman 

& Robinson, 1988). A single episode of unusually vigorous movement is also associated with 

increased risk of stillbirth (Stacey et al., 2011b; Whitehead et al., 2019). Potentially these episodes 

of unusually vigorous movement may be those of episodic fetal jerking associated with acute fetal 

hypoxia.  

Though the fetus does adapt to a hypoxic challenge, eventually fetal defences to hypoxia fail – 

though, compared to the adult tolerance to hypoxia, the time is remarkably long and helped by 

high levels of fetal anaerobic reserves such as cardiac glycogen (Bennet, 2017; Lear et al., 2018; 

Shelley, 1961). Anaerobic reserves are particularly helpful for younger fetuses in surviving 

profound insults (Bennet, 2017) and continuing development, but with potential brain injury as 

discussed below. Following asphyxia, the fetus may develop further pathophysiological changes 

during recovery, including peripheral and cerebral hypoperfusion and seizures as commonly seen 

in the first 24 hours after severe hypoxia (Bennet et al., 2018; Dhillon et al., 2018; Wassink et al., 

2013). Cessation of movement is common after severe hypoxia (Bennet, 2017), but abrupt body 

movements have been observed in the pre-term sheep in the first few minutes following complete 

umbilical cord occlusion (George et al., 2004). Seizures have been reported in human fetuses 

(Westgate et al., 1999) and may be a cause of the increased fetal movements that are reported by 

some mothers prior to stillbirth (Heazell et al., 2018b; Whitehead et al., 2019).  

As described above, the fetus can detect hypoxia and mount a co-ordinated defence to a hypoxic 

challenge with most fetuses coping well and surviving (as reviewed (Lear et al., 2018)). However, 
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there are some fetuses that may be more vulnerable and are unable to sustain – or even mount – a 

coordinated response to a life-threatening hypoxic challenge. The next section describes the 

vulnerable fetus.  

1.2.4 The vulnerable fetus 

As discussed earlier, chronic fetal hypoxia can occur in a variety of ways. A vulnerable fetus, such 

as one with pre-existing placental insufficiency, may have impaired responses to a hypoxic 

challenge. Most fetuses can tolerate moderate hypoxia for prolonged periods though tolerance of 

severe hypoxia is finite. As pregnancy progresses there may be a point at which there is no longer 

a capacity to deliver sufficient oxygen to the fetus, and any factors that impact perfusion will 

further reduce that capacity (for review see Lear et al., (2016)). Repeated labour-like umbilical 

cord occlusion in fetal sheep demonstrate that a normal healthy fetus can adequately compensate 

to the challenge without hypotension and only mild acidosis (Bennet et al., 2005). Chronically 

(pre-existing) hypoxic sheep fetuses similarly exposed to brief repeated asphyxia induced by 

labour-like umbilical cord occlusion have earlier circulatory centralisation (Wibbens et al., 2007) 

and EEG suppression (Wassink et al., 2013), but decompensate earlier (Westgate et al., 2005) and 

become severely compromised (Wassink et al., 2013; Westgate et al., 2005). After 5 days chronic 

hypoxia, fetal sheep have a greater fall in heart rate in response to repeated asphyxia induced by 

umbilical cord occlusion, greater hypotension, and greater suppression of brain activity at the end 

of the series of occlusions (Pulgar et al., 2007). Chronically hypoxic sheep fetuses have a blunted 

response to moderate isocapnic hypoxia, with a reduced capacity to induce peripheral 

vasoconstriction and maintain perfusion (Herrera et al., 2016). Chronic hypoxia and placental 

insufficiency have major impacts on the developing fetus, not least of which is FGR or reduced 

birthweight as the fetus reduces growth in an attempt to reduce metabolic demands (Carter, 2015; 

Gagnon, 2003; Lackman et al., 2001). 

The above experimental evidence provides a physiological basis for the increased stillbirth risk in 

SGA babies (Pritchard et al., 2020; Stacey et al., 2012). SGA babies are defined as those who 

weigh less than the 10th percentile for the population – centiles can be customised for maternal 

height, weight, parity, and ethnicity (Anderson et al., 2012). In New Zealand, SGA affects 11.6% 

of pregnancies, though Maori (14.5%) and Pacific (13.5%) communities have disproportionately 

higher rates (using customised centiles) (Anderson et al., 2016). FGR is also significant risk factor 

for stillbirth (Lawn et al., 2016; Silver, 2018) and accounts for 11.5% of stillbirths in New Zealand 

(PMMRC, 2019). Though SGA and FGR are often used interchangeably, they are different 

conditions but with significant crossover. SGA fetuses are physiologically small but can be 
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healthy; FGR fetuses may have a low estimated weight but are also pathologically small due to 

placental insufficiency (Gordijn et al., 2016; McCowan et al., 2018). Careful surveillance of 

growth restricted fetuses is required to reduce risk (Baschat, 2018) though studies suggest that a 

large proportion of SGA and FGR cases are undetected before birth (Gardosi et al., 2005; 

McCowan et al., 2018; Stacey et al., 2012). Undetected SGA and FGR fetuses are at further 

increased risk of stillbirth (Pritchard et al., 2020; Stacey et al., 2012) and adverse outcomes 

(Lindqvist & Molin, 2005) than those who are known to be small or growth restricted, which may 

in part be due to the effect of antenatal care (Lindqvist & Molin, 2005; Stacey et al., 2012).  

The pathogenesis of FGR is multifactorial, but impaired oxygen and nutrient transfer to the fetus 

and impaired placental structural development are key (Burton & Jauniaux, 2018; Hendrix et al., 

2019; Silver, 2018). As detailed earlier (see section 1.2), placental insufficiency can result in 

chronic fetal hypoxia that reduces a fetuses ability to respond appropriately to acute episodes of 

hypoxia. Next, the evidence of hypoxia in utero and the link to stillbirth is described. 

1.2.1 Histological evidence of hypoxia in utero and the link to stillbirth 

While the fetus has well adapted defences against hypoxia, a vulnerable fetus is at risk of 

inadequate compensation. Vulnerable fetuses that have associated placental insufficiency (e.g. 

FGR) are at heightened risk of poor outcomes, and evidence suggests a large proportion of 

stillbirths are associated with causative pathways that involve fetal oxygen deficit (Goldenberg et 

al., 2016). Brain damage is commonly observed in stillbirth cohort studies (Becher et al., 2006; 

Ernst et al., 2016; Grafe, 1994) even in fetuses that are structurally normal (Pacora et al., 2018). 

Evidence of chronic and acute hypoxia is seen (Ernst et al., 2016; Grafe, 1994; Pacora et al., 2018) 

though inflammation or infection may also contribute (Blackwell, 2015; Chang et al., 2011). 

Evidence suggests that acute-on-chronic hypoxia is associated with stillbirth (Ernst et al., 2016). 

A recent small study of stillbirths found that evidence of hypoxia was present in 88% of cases, of 

which 91% were associated with brain or cardiac injury, or both (Pacora et al., 2018). Evidence of 

placental dysfunction was found in 74% of hypoxic cases (Pacora et al., 2018). These fetuses were 

normally grown, suggesting fetuses reached a tipping point where they could no longer 

compensate for hypoxia, or there was an additional stressor. Other researchers have shown 

evidence of placental pathology or dysfunction in stillbirth (Chang et al., 2011; McPherson, 2020) 

and altered fetoplacental blood flow is associated with hypoxic-ischaemic fetal brain injury in 

stillbirth (Ernst et al., 2016). While the fetus has well adapted defences against hypoxia, 

compensation is not infinite and a vulnerable fetus is at further risk of decompensation during 

hypoxic challenge. Clearly, hypoxia sufficient to cause neural injury is common in stillbirth. 
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However, hypoxia in utero is not unusual, for example during labour, and fetuses are capable of 

defending against a hypoxic challenge.  

An area that needs exploration is how normal maternal blood pressure control may contribute to a 

fetal hypoxic challenge. Sufficient maternal oxygenation of the placenta is key to maintaining fetal 

oxygenation, and disruptions in the maternal circulation (e.g. supine sleep) or oxygenation (e.g. 

high altitude) impacts upon the fetus. Maternal autonomic control of blood pressure is key to 

maintaining sufficient blood flow to the body and to the placenta. However, comprehensive 

understanding of maternal cardiovascular autonomic control, particularly under acute 

physiological challenge such as reduced venous return resulting from aortocaval compression 

while lying supine in late pregnancy is poorly understood. 

Before describing normal maternal haemodynamic changes in pregnancy and how these affect 

blood flow, the short-term regulation of blood pressure in a non-pregnant state and the human 

cardiovascular autonomic nervous system is explored.   

1.3 Short-term cardiovascular autonomic regulation of blood pressure 

Control of arterial pressure involves a combination of rapidly responding (within seconds) 

baroreceptors and chemoreceptors, capillary fluid shift and renin-angiotensin-vasoconstriction 

pathways that respond within minutes, and long term body fluid regulation (Guyton, 1991). 

Together, these systems ensure arterial pressure remains within a physiologically acceptable range 

depending on physical state (for example exercise) that normally remains <120 mmHg (systolic 

blood pressure) and <80mmHg (diastolic blood pressure) (Guyton, 1991; Whelton et al., 2018). 

The major pathways in blood pressure regulation are summarised below before the focus moves 

to short-term baroreceptor control of blood pressure as relevant to the investigation of short-term 

heart rate and blood pressure responses in this thesis.  

Long term control of blood pressure is important in pregnancy as blood volume and vascular 

resistance change as part of the physiological adaptation to pregnancy (see section 1.4). Long term 

regulation of blood pressure is predominantly via the renal body fluid system which, unlike rapidly 

acting baro- and chemoreceptors, takes hours to days to respond (Brooks & Osborn, 1995; Guyton, 

1991). Pressure-natriuresis (the relationship between blood pressure and renal sodium excretion) 

is a key component of long term blood pressure control, though involvement of the central and 

sympathetic nervous systems is also important (Guyenet, 2006; Osborn & Foss, 2017). Efferent 

sympathetic renal innervation contributes to long-term regulation of blood pressure through a 

combination of effects on sodium reabsorption, renin secretion, and renal vascular resistance 

(Osborn & Foss, 2017). There is evidence of high sympathetic activity in most forms of 
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hypertension (Esler, 2000; Guyenet, 2006; Schlaich et al., 2004), and baroreflexes may play a role 

in inhibition of sympathetic pathways under chronic hypertension (Barrett et al., 2003; Barrett et 

al., 2005).  

Intermediate blood pressure regulation includes the shorter acting renin-angiotensin-aldosterone 

system, fluid shift, and stress relaxation of blood vessels (Guyton, 1991). Reduced renal blood 

flow triggers release of renin which, through a hormonal cascade, results in vasoconstriction and 

increased sodium reabsorption, increasing blood volume and pressure (Cowley Jr., 1992; Guyton, 

1991). Changes in vascular resistance, particularly in the peripheral circulation, are important for 

maintenance of blood pressure. The vascular endothelium acts as both a barrier to fluids between 

the capillaries and interstitial space while also allowing transfer of gases and solutes, and mediates 

changes in blood volume or pressure through fluid shift between the interstitial space and the 

circulation (Jacob et al., 2016; Mehta et al., 2014). When exposed to high pressure blood vessels 

begin to stretch in a process known as stress relaxation (Guyton, 1991). Stress relaxation decreases 

vascular resistance and returns cardiac output and mean arterial pressure to baseline values within 

two hours of increased blood volume (Prather et al., 1969) or 10 minutes with smaller volumes 

(Aya et al., 2016). 

Chemo and baroreflexes are important in immediate responses to perturbations in blood pressure 

and respond within seconds. Peripheral and central chemoreceptors primarily respond to hypoxia 

and hypercapnia respectively by stimulating ventilation, sympathetic nerve activity and heart rate 

resulting in increased blood pressure, with combined hypoxia/hypercapnia producing a greater 

effect (Kara et al., 2003; Somers et al., 1989). Interestingly, activation of the baroreflex has an 

inhibitory effect on peripheral sympathetic chemoreflexes during hypoxia (but not during 

hypercapnia), suggesting impairment of baroreflex inhibition to sympathetic activity may have 

some involvement in sympathetic hyper-responsiveness to hypoxia in borderline hypertensives 

(Somers et al., 1991). While each of the above pathways have an important role in blood pressure 

control, the focus of this thesis is maternal short-term heart rate and blood pressure responses to 

position change as an assessment of short-term maternal cardiovascular autonomic control of 

blood pressure. Thus, the remainder of this overview is limited to acute baroreflex control of blood 

pressure.  

1.3.1 Baroreceptors 

Autonomic neural reflexes via baroreflex pathways control acute blood pressure fluctuations 

through the sympathetic and parasympathetic nervous systems. The role of sympathetic and 

parasympathetic systems in short-term cardiovascular autonomic control largely mediated by 
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baroreflex pathways are summarised below (see Figure 1.1 prepared by Hanna Fontinha with 

information from Hall (2016b); Thomas 2011). 

 

 

Figure 1.1. Overview of sympathetic and parasympathetic function and control of the circulation. 

Baroreceptors are mechanosensitive nerve endings that detect and respond to changes in blood 

pressure via mechanical and pressure related deformation of vessels walls (Brown, 1980). As 

baroreceptors respond to deformation rather than pressure directly, changes in vessel wall 

compliance (e.g. related to aging or disease) can affect baroreceptor function (Chapleau, 2012). 

Baroreceptor resetting occurs when there is a change in the threshold required for activation of the 

baroreceptor, which can occur in as short a time as the cardiac cycle as well as with chronic 

conditions (Chapleau et al., 1988). Baroreflex sensitivity is related to carotid artery wall elasticity 

in healthy subjects (Bonyhay et al., 1996). Increased arterial stiffness in chronic haemodialysis 

patients (Chesterton et al., 2005) and older adults (Mattace-Raso et al., 2007) reduces baroreflex 

sensitivity. Major arterial baroreceptors are located in the carotid sinus and the aortic arch and 

regulate blood pressure through sympathetic and parasympathetic effects (Figure 1.2 prepared by 

Hanna Fontinha with information from Chapleau, 2012; Wehrwein & Joyner 2013).  
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Figure 1.2. Summary of control of blood pressure through carotid sinus and aortic arch 

baroreceptors. The effects are reversed with a decrease in blood pressure.  

Cardiac and pulmonary baroreceptors receptors, (often referred to as cardiopulmonary 

baroreceptors) are found within the atria, ventricles, and the coronary and pulmonary arteries and 

have distinct responses (Hainsworth, 2014). Early cardiac studies demonstrated reflex tachycardia 

in response to increased venous filling by either fast or slow infusion of fluid (Bainbridge, 1915). 

Further animal studies established the location of atrial afferent receptors at the junctions between 

the veins (pulmonary and vena cava) and the atria, which are triggered by atrial filling that, in part, 

is dependent on blood volume (Coleridge et al., 1957; Hainsworth, 2014). Stimulation of left atrial 

receptors results in tachycardia via afferent vagal pathways (Ledsome & Linden, 1964) and 

efferent cardiac sympathetic pathways. Inhibition of sympathetic renal nerve impulses also occurs, 

but there is little effect on peripheral sympathetic vasoconstriction (Karim et al., 1972). Effects of 

atrial distension on cardiac and renal nerve activity suggests that these receptors function as 

volume receptors and support optimum diastolic filling (Hainsworth, 2014). 

In a summary of animal studies by Hainsworth (1991), vagal afferent ventricular receptors are 

dispersed across the left, and to a lesser extent the right ventricles, and have some degree of 

sensitivity to chemical and mechanical stimulation. Chemical stimulation of ventricular 

chemosensitive receptors by bradykinin in dogs stimulates vasodilation and bradycardia, 

(Kaufman et al., 1980) with similar effects from chemicals such as capsaicin and nicotine 

(Hainsworth, 1995). Ventricular mechanoreceptors require a large pressure increase before a 
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significant response is elicited, indicating these receptors are likely protective against gross 

distension rather than involved in homeostatic regulatory control (Wright et al., 2000).  

Coronary arterial baroreceptors use negative-feedback blood pressure control comparable to 

carotid and aortic baroreceptors, however, they operate at a lower range with activation between 

hypo- and normotension (Hainsworth, 2014; Hainsworth, 1995; Wright et al., 2000). Animal 

studies have shown that activation of the coronary artery baroreflex is likely protective against 

hypotension as activation between hypo- and normotension results in powerful vascular responses, 

but with little response to pressure change above normal (McMahon et al., 1996). Activation of 

coronary baroreceptors results in modulation of sympathetic effects on vascular resistance, with 

minimal effects on heart rate (Chapleau, 2012; Hainsworth, 2014; Wright et al., 2000). Increased 

coronary arterial pressure results in rapid decrease in systemic arterial pressure, whereas decreased 

coronary arterial pressure causes a delayed increase in systemic arterial pressure (Al‐Timman et 

al., 1993; Drinkhill et al., 1996; McMahon et al., 1996). The majority of experimental studies on 

coronary arterial baroreceptors have been in animals, however, humans likely have a similar 

coronary arterial baroreflex response (Kincaid et al., 2005).  

Pulmonary baroreceptor activation results in a feed-forward increase in systemic vasoconstriction, 

renal sympathetic nerve activity and respiratory drive (McMahon et al., 2000; Moore et al., 2004; 

Moore et al., 2011). Pulmonary baroreceptors interact with carotid baroreceptors, and pressure 

change in the carotid sinus can acutely reset the pulmonary baroreflex, for example, cardiac sinus 

hypotension decreases pulmonary baroreceptor thresholds (Moore et al., 2011). It is hypothesised 

that this interaction is important during prolonged periods of hypotensive stress and decreased 

venous return (e.g. orthostasis) to help maintain blood pressure (Moore et al., 2004; Moore et al., 

2011). Baroreceptor and cardiovascular autonomic function during pregnancy is described in 

section 1.4 and in Chapter 2. 

1.3.2 Cardiovascular autonomic control of blood pressure under acute challenge 

The cardiovascular autonomic nervous system buffers the effects of physiological stress through 

complex sympathetic and parasympathetic nervous system interactions to maintain sufficient 

blood flow to tissues. The physical movement from lying to standing is an example of a normal 

physiological challenge that stimulates a cardiovascular autonomic response. Standing up results 

in an immediate increase in heart rate resulting from cardiovagal inhibition via central 

cardiovascular motor centres and mechanoreflexes from skeletal muscle contraction (Wieling et 

al., 2007). Blood pressure decreases on standing in conjunction with decreased peripheral 

resistance (Tanaka et al., 1996). Activation of the cardiopulmonary baroreflex may contribute to 
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decreased peripheral resistance due to increased venous return from skeletal muscle and abdominal 

contraction increasing atrial distension (Tanaka et al., 1996; Wieling et al., 2007). Decreased blood 

pressure activates the arterial baroreflex and removes inhibition of the vasomotor centre, 

increasing sympathetic activity and further attenuating vagal activity (Wieling et al., 2007; Wieling 

& Groothuis, 2012). Interestingly, this fall in blood pressure is significantly smaller during passive 

head-up tilt (Tanaka et al., 1996; Wieling et al., 2007). The baroreflex further increases heart rate 

as well as cardiac contractility and vascular tone, rapidly restoring blood pressure and removing 

cardiovagal inhibition, and heart rate consequently reduces (Wieling et al., 2007; Wieling & 

Groothuis, 2012). However, when challenged, autonomic control may fail (Freeman et al., 2011; 

Wieling et al., 2007). For example, impaired cardiovascular responses to standing can include: 

 Transient (initial) orthostatic hypotension (potentially resulting from inappropriate 

cardiopulmonary reflex responses)  

 Orthostatic hypotension (defective vasoconstrictor mechanisms) 

 Neurally mediated syncope (reversal of normal autonomic outflow, pathways and central 

mechanisms unknown) 

Abnormal conditions such as haemorrhage also require a cardiovascular autonomic response to 

maintain blood pressure whilst venous return and cardiac output decreases (Cooke et al., 2004). 

Lower body negative pressure can be used to simulate haemorrhage (or microgravity) by causing 

pooling of blood in the lower body and reducing venous return to the heart, resulting in hypotensive 

activation of baroreceptors (Goswami et al., 2019). Studies using lower body negative pressure 

have found that sympathetic activation is essential to maintain blood pressure, with cardiovascular 

collapse occurring with sympathetic withdrawal (Cooke et al., 2004; Goswami et al., 2019). 

As outlined above, the human body has mechanisms to ensure circulatory homeostasis under 

chronic and acute challenges, and that failure of these responses can be seen in, or result in, 

pathological conditions. Pregnancy is a particular challenge to the cardiovascular system to ensure 

that the maternal circulation, as well as that to the growing fetus and placenta, is adequate. Next, 

maternal haemodynamic and cardiovascular adaptations to pregnancy are reviewed, and how 

maladaptation to pregnancy may result in gestational abnormalities that place the fetus in a 

vulnerable state. 

1.4 Maternal cardiovascular changes during pregnancy 

The maternal body makes a number of adaptations to meet the physiological demands of 

pregnancy and the growing fetus, including uterine, cardiovascular, and haematological changes 

(Broughton Pipkin, 2018). Cardiovascular adaptation to pregnancy is largely summarised as the 
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development of a high-flow low-resistance circuit induced by adaptations in cardiovascular and 

volume regulation receptors (Peeters, 2018). This thesis focuses on short-term maternal heart rate 

and blood pressure changes to position change as an assessment of cardiovascular autonomic 

responses during pregnancy. The following discussion provides an overview of maternal 

cardiovascular and autonomic adaptations throughout gestation as a background to short-term 

maternal cardiovascular autonomic responses, the focus of this thesis. A narrative review of 

existing literature investigating non-invasive short-term maternal cardiovascular autonomic 

responses provides a detailed explanation of the current knowledge base in Chapter 2. 

Physiological preparation for pregnancy occurs monthly with the menstrual cycle (Hall, 2016a) 

with mid-luteal changes in systemic and renal haemodynamics similar to those seen in early 

pregnancy (Chapman et al., 1997). Plasma progesterone and estradiol are significantly increased 

in the luteal phase of the female menstrual cycle compared with the follicular phase (Chapman et 

al., 1997). Progesterone in particular is an important hormone in the preparation for pregnancy, 

and is known to promote uterine quiescence (Broughton Pipkin, 2018). These pre-fertilisation 

preparations for pregnancy suggest an involvement of the ovarian corpus luteum in early 

pregnancy adaptations (Chapman et al., 1997). Post-fertilisation adaptations begin early in the first 

trimester (Broughton Pipkin, 2018). Maternal adaptations to pregnancy produce a state of a 

hyperdynamic circulation which is initiated from pregnancy induced vascular relaxation and 

volume expansion (see Figure 1.3 prepared by Hanna Fontinha with information from Peeters, 

2018). Maternal heart rate, cardiac output, and peripheral vascular resistance return to pre-

conception values by 3-4 months post-partum, though systolic blood pressure can take longer 

(Mahendru et al., 2014). 
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Figure 1.3. Summary of initial effects of pregnancy on the cardiovascular system resulting in a 

‘hyperdynamic’ circulation.  

General maternal cardiovascular adaptations to pregnancy include a 40% increase in cardiac output 

by mid-gestation that is related to increased maternal heart rate (~15 bpm) and stroke volume (~1.5 

L/min) and decreased systolic blood pressure (~5 mmHg) (Peeters, 2018). Red blood cell mass 

increases in pregnancy, though as plasma volume increases more rapidly through early and mid-

pregnancy before plateauing in late pregnancy, ‘physiological anaemia’ results (for detailed 

reviews see (Costantine, 2014; Dallmann et al., 2017; Fu, 2018; Ouzounian & Elkayam, 2012; 

Sanghavi & Rutherford, 2014). Consequently, haematocrit is decreased in pregnancy reaching a 

nadir at approximately 32 weeks gestation before increasing slightly but remaining below pre-

pregnancy levels (Dallmann et al., 2017; Ouzounian & Elkayam, 2012). Physiological anaemia 

and haemodilution is advantageous for uteroplacental perfusion and oxygen delivery due to 

reduced blood viscosity improving maternal perfusion in and through the intervillous space 

(Costantine, 2014; Zondervan et al., 1985). Elevated blood viscosity is associated with FGR 

(Zondervan et al., 1985) and placental infarction (Koller, 1982).  

Anatomically, the maternal heart is displaced upwards and forwards with pregnancy (Chard & 

Lilford, 1998) and cardiac remodelling (e.g. gestational hypertrophy) occurs as a result of 

increased cardiac work (Chard & Lilford, 1998; Peeters, 2018; Robson et al., 1989). Myocardial 

contractility is difficult to measure during pregnancy, and may fall (Mone et al., 1996), increase 

(Robson et al., 1989) or stay unchanged (Poppas et al., 1997). The maternal electrocardiogram 

(ECG) can demonstrate changes in rhythm due to changes in sympathetic tone and sensitivity 
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(Gowda et al., 2003) or aggravation of underlying cardiovascular dysfunction (Gowda et al., 2003). 

Cardiovascular and autonomic changes in early, mid, and late pregnancy are described below. 

1.4.1 Cardiovascular changes with progression of gestation  

Maternal systemic vascular resistance decreases in early pregnancy (< 6 weeks gestation) 

(Chapman et al., 1998) with a concurrent increase in vascular compliance (Spaanderman et al., 

2000). As these changes occur prior to placentation, maternal rather than placental factors are 

likely to initiate these changes (Chapman et al., 1998). Initial changes in systemic vascular 

resistance are thought to be due to increased nitric oxide as the significantly increased oestrogen 

levels found in early pregnancy (Jarvis et al., 2012) upregulates nitric oxide (Weiner et al., 1994), 

which has a vasodilatory effect (Haynes et al., 1993). However, there are conflicting reports of 

nitric oxide mediated vasodilation in early pregnancy which suggest nitric oxide is either increased 

(measured in the hand) between 9 and 15 weeks gestation (Williams et al., 1997) or unaltered 

(measured in the forearm) at 10 weeks gestation (Langenfeld et al., 2003). Of note, 9/10 of the 

participants in the study by Williams and colleagues were smokers. Smoking decreases 

vasodilatory function and nitric oxide availability (Ambrose & Barua, 2004), suggesting that if the 

effect seen by Williams and colleagues is real, it is in fact underestimated. In addition, the hormone 

relaxin (secreted by the corpus luteum pre-pregnancy) increases after conception, peaking in first 

trimester (Conrad & Davison, 2014; Szlachter et al., 1982). Relaxin is associated with vasodilation 

in non-pregnant rats that mimics pregnancy, and human studies also observe vasodilatory effects 

(for review see Conrad, 2011). Prostacyclin metabolites are increased in pregnant women 

compared to non-pregnant women (Bird et al., 2003; Lewis et al., 1980), supporting additional 

prostacyclin related vasodilatory effects in pregnancy (Boeldt & Bird, 2017). 

In contrast to the decrease in arterial blood pressure and peripheral resistance, muscle sympathetic 

nerve activity (MSNA) is increased at 6 weeks gestation compared to pre-pregnancy, though 

vascular transduction of sympathetic outflow is blunted (Hissen et al., 2017; Jarvis et al., 2012). 

MSNA measures the activity in post-ganglionic sympathetic nerve fibres innervating the smooth 

muscle of vasculature within skeletal muscle (White et al., 2015). The renin-angiotensin-system is 

activated in early pregnancy (Chapman et al., 1998) with increased renin concentrations supporting 

increased sympathetic renal activity contributing to increased blood volume in pregnancy (Jarvis 

et al., 2012). Though plasma volume was not significantly different from pre-pregnancy measures 

at 6 weeks gestation, total blood volume begins to increase (Jarvis et al., 2012). Renal vasodilation 

with increased renal plasma flow and decreased filtration fraction occurs in association with 

peripheral vasodilation (Chapman et al., 1998). Systolic, mean, and diastolic arterial blood 
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pressure is decreased by 6 weeks gestation and heart rate is increased, though cardiac output and 

stroke volume at this stage are unchanged (Mahendru et al., 2014).  

1.4.1.1 Cardiovascular changes in mid and late pregnancy 

Nitric oxide in late pregnancy is significantly increased in the maternal circulation compared to 

non-pregnant (Shaamash et al., 2000) due in part to placental production (Buttery et al., 1994). 

Though levels of relaxin decline compared to early pregnancy (Szlachter et al., 1982), they remain 

higher than seen during the menstrual cycle (Conrad, 2011). Systemic vascular resistance remains 

lower than pre-pregnancy values for the remainder of pregnancy but increases slightly in third 

trimester with an associated compensatory increase in cardiac output that is maximal in mid-

pregnancy (Chapman et al., 1998; Mahendru et al., 2014).  Increased cardiac output results largely 

from continuous increases in heart rate throughout gestation with only slight changes in stroke 

volume (Mahendru et al., 2014). Plasma volume and red cell mass continues to increase with 

progression of gestation (Taylor & Lind, 1979) with plasma volume reaching a maximum in late 

gestation (Chapman et al., 1998). Haematocrit either increases slightly compared to early 

pregnancy (Dallmann et al., 2017) or reduces (Whittaker et al., 1996), but remains lower than non-

pregnant (Dallmann et al., 2017; Whittaker et al., 1996).  Systolic, mean, and diastolic arterial 

blood pressure reaches a nadir in mid-pregnancy with a maximum increase in cardiac output at 

around the same stage (Mahendru et al., 2014). Increased vascular compliance in pregnancy may 

affect changes in baroreceptor set-points, contributing to falls in blood pressure (Peeters, 2018). 

Kidney filtration rate remains increased throughout gestation, though is decreased in hypertensive 

pregnancies (Lopes van Balen et al., 2019).  

Increased sympathetic nervous system activity seen in early pregnancy remains elevated at levels 

50-150% higher than non-pregnant (Reyes, Usselman, Davenport et al., 2018). Increased MSNA 

is supported by increased plasma norepinephrine levels in pregnancy, contributing to increased 

sympathetic nerve firing (Reyes, Usselman, Davenport et al., 2018). Under normal conditions 

increased sympathetic activity increases vascular resistance. However, in pregnancy, this 

relationship becomes dissociated, likely due to decreased neurovascular transduction (the 

effectiveness of sympathetic activity to increase vascular resistance) (Reyes, Usselman, Davenport 

et al., 2018; Reyes, Usselman, Skow et al., 2018; Steinback et al., 2019). Vascular responsiveness 

to norepinephrine / α-adrenergic stimulation (Leduc et al., 1991; Nisell et al., 1985) and 

angiotensin II (Benjamin et al., 1991; Gant et al., 1973) is blunted compared to non-pregnant 

controls.  

Though there is some inconsistency between studies (Hissen et al., 2017), sympathetic baroreflex 

function is likely attenuated in pregnancy (Reyes, Usselman, Davenport et al., 2018). Changes in 
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cardiovagal baroreflex sensitivity are controversial (Fu, 2018; Reyes, Usselman, Davenport et al., 

2018) and are reviewed further in Chapter 2. However, despite changes in spontaneous baroreflex 

sensitivity, under periods of acute hypotension such as orthostatic stress baroreceptor response is 

maintained (Reyes, Usselman, Davenport et al., 2018). Non-invasive cardiovascular autonomic 

responses have been investigated in addition to muscle sympathetic nerve and plasma 

norepinephrine studies in pregnancy. As non-invasive maternal cardiovascular autonomic function 

as measured by heart rate and blood pressure is the focus of this thesis, current knowledge of 

maternal cardiovascular autonomic tests function is reviewed in detail in Chapter 2. 

The maternal cardiovascular system undergoes significant adaptations throughout gestation, and, 

as discussed next, improper maternal cardiovascular adaptations can lead to pregnancy 

complications. There is evidence that some forms of atypical maternal cardiovascular function 

may originate from abnormal cardiovascular autonomic function.  

1.4.2 The vulnerable pregnancy  

As described above, normal maternal haemodynamic adaptations to pregnancy produce a high 

output, low resistance ‘hyperdynamic’ circulation. Maternal maladaptation to pregnancy resulting 

in a maternal circulation which is not high output and low resistance is associated with pregnancy 

complications that impact upon the growing fetus. For example, pregnancies complicated by FGR 

have reduced cardiac output and increased peripheral resistance compared to uncomplicated 

pregnancies (Bamfo et al., 2006). Pregnancies complicated by FGR are associated with failure of 

the maternal cardiovascular system to produce sufficient vasodilation and increased blood volume 

as seen in a normal pregnancy, instead producing a high-resistance, low output circulatory state 

that remains constant throughout gestation (Rang et al., 2008; Stott et al., 2017). 

Pre-eclampsia, diagnosed as new-onset hypertension > 20 weeks gestation with proteinuria and/or 

organ or uteroplacental dysfunction (Tranquilli et al., 2014), is associated with atypical 

cardiovascular adaptations prior to clinical diagnosis. Women who go on to develop pre-eclampsia 

demonstrate differences in cardiovascular function pre-conception, demonstrating decreased 

cardiac output, increased total peripheral resistance (Foo et al., 2018) and increased blood pressure 

(Foo et al., 2018; Magnussen et al., 2007) compared to women who do not develop pre-eclampsia. 

In early pregnancy, prior to a clinical diagnosis, women who go on to develop pre-eclampsia 

demonstrate slightly decreased blood pressure (Foo et al., 2018) and increased cardiac output 

compared to women with a normal pregnancy (Bosio et al., 1999; Easterling et al., 1990).  

There is evidence that maladaptation of the maternal cardiovascular system to pregnancy and 

resulting pregnancy complications such as pre-eclampsia are associated with abnormal 
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cardiovascular autonomic control (Yousif et al., 2019). Resting MSNA in women with pre-

eclampsia is significantly higher than normotensive pregnant women that is not explained by 

significant differences in heart rate (Schobel et al., 1996). Resting MSNA is also higher in 

gestational hypertension than normotensive pregnancy (Greenwood et al., 1998; Greenwood et al., 

2001), though reflex heart rate and sympathetic responses to stimuli (for example the cold pressor 

test) were similar between the two groups (Greenwood et al., 1998). Interestingly, plasma 

norepinephrine is elevated in pre-eclampsia compared to normotensive controls (Kaaja et al., 

1999) but similar between women with gestational hypertension and normotensive pregnant 

women (Nisell et al., 1985). However, vascular responsiveness to norepinephrine (Nisell et al., 

1985) and angiotensin II (Gant et al., 1973) is increased in gestational hypertension 

(responsiveness is blunted in normotensive pregnancy compared to non-pregnant controls). 

Interestingly, Bosio and colleagues found a different progression of cardiac output and peripheral 

resistance throughout pregnancy in women with gestational hypertension compared to women 

with pre-eclampsia (Bosio et al., 1999) supporting the theory of different pathological aetiology 

of the disorders. 

Abnormal cardiovascular and cardiovascular autonomic adaptations to pregnancy can lead to 

complications that impact upon uteroplacental perfusion and the fetus (Figure 1.4). However, as 

discussed in the next section, there is evidence that inappropriate maternal cardiovascular 

autonomic responses are not limited to abnormal adaptations within a pregnancy.   
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Figure 1.4. The vulnerable pregnancy: abnormal maternal cardiovascular autonomic adaptations 

to pregnancy that may contribute to uteroplacental insufficiency and a vulnerable fetus.  

1.4.3 The vulnerable mother? 

Maternal cardiovascular and cardiovascular autonomic responses seen normally in pregnancy may 

be considered abnormal compared to what is expected in the non-pregnant state. Experimental 

studies have shown that while animals in mid-gestation are able to maintain arterial pressure in 

initial response to haemorrhage (Brooks et al., 1998), animals in late pregnancy have inadequate 

maintenance of arterial pressure (Brooks & Keil, 1994; Brooks et al., 1995; Humphreys & Joels, 

1985). This response in late pregnancy demonstrates a reduced tolerance of hypovolemic challenge 

(Brooks et al., 1998) due to both an inability to maintain cardiac output (inadequate increase in 

heart rate and reduced stroke volume) and insufficient vasoconstriction (Clow et al., 2003). Rabbits 

in late pregnancy also demonstrate decreased baroreflex set point and reduced gain (Brooks et al., 

2001; Daubert et al., 2007) and reduced sympathetic response to baroreflex (Brooks et al., 1998). 

Changes in baroreflex gain are not likely to be mediated through elevated nitric oxide or 

angiotensin II (Brooks et al., 2001; Daubert et al., 2007).  

Reductions in sympathetic baroreflex gain seen in normal human pregnancy may stem from a 

change in the baroreceptor itself (Usselman et al., 2015), a plausible suggestion given the changes 

in vascular compliance with pregnancy (Peeters, 2018; Spaanderman et al., 2000). Interestingly, 
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symptoms of syncope are more common in pregnancy (Jarvis et al., 2012). Women in late 

pregnancy demonstrate blunted increases in systemic vascular resistance on standing despite 

similar falls in cardiac output to non-pregnant women (Easterling et al., 1988) suggesting 

decreased orthostatic tolerance. The ‘normal’ cardiovascular autonomic response in pregnancy 

suggests all mothers may be vulnerable to an inadequate response to a cardiovascular challenge. 

An orthostatic manoeuvre (moving from lying to standing) is not the only body position that causes 

reduced venous return in late pregnancy. Lying supine in late pregnancy also results in a significant 

reduction in venous return and cardiac output (Humphries et al., 2018), reduced maternal leg blood 

flow (below the level of aortocaval compression) (Drummond et al., 1974), and reduced uterine 

flow (Jeffreys et al., 2006) compared to left lateral. There is a relationship between going to sleep 

in the supine position in late pregnancy and an increased risk of stillbirth (see section 1.1). 

Inappropriate maternal cardiovascular autonomic responses to acute reductions in venous return 

and cardiac output may have a knock-on effect to uteroplacental perfusion. Reduced placental 

perfusion can lead to uteroplacental hypoxia and, depending on the length and severity of the 

insult, place both a vulnerable fetus and a healthy fetus at increased risk of stillbirth.  

Evidence of inadequate compensation for reduced venous return in late pregnancy, for example 

while lying supine and standing, questions whether maternal cardiovascular autonomic responses 

are sufficient under such circumstances. Robust knowledge regarding normal maternal 

cardiovascular autonomic function throughout gestation and how that may (or may not) change in 

response to acute physiological stress is important to understand how maternal blood flow to the 

placenta is maintained. However, as will be discussed in Chapter 2, there is a significant gap in 

knowledge about how the maternal cardiovascular autonomic nervous system responds to acute 

physiological stresses such as lying supine in late pregnancy, particularly using non-invasive 

methodology. Before this area can be investigated, how maternal cardiovascular autonomic 

function can be assessed using non-invasive heart rate and blood pressure measurements must first 

be understood.  

1.5 Non-invasive cardiovascular autonomic nervous system testing and analysis  

Cardiovascular autonomic control involves multiple pathways and various neurotransmitter and 

receptor interactions. A healthy heart operates in an irregular, complex, and non-linear rhythm that 

allows the heart to rapidly adapt to environmental changes (Shaffer et al., 2014; Shaffer & 

Ginsberg, 2017). A thorough assessment of autonomic function cannot be achieved by a single 

test, and instead involves a variety of methods (Mathias et al., 2013). Non-invasive resting 

measurements of heart rate variability (HRV) and cardiac reflexes in response to a stimulus (e.g. 
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standing) can be used to assess cardiac autonomic function in health and disease (e.g. diabetic 

neuropathy, myocardial infarction) (Acharya et al., 2006; Billman, 2011; Ewing, 1978; Kleiger et 

al., 1987; Task force of the European Society of Cardiology and the North American Society of 

Pacing and Electrophysiology [ESC/NASPE], 1996).  

1.5.1 Resting heart rate variability (HRV) analysis  

HRV describes the variability in heart rate or RR intervals (the time interval between R waves 

from adjacent QRS complexes) over time (Task force of the ESC/NASPE, 1996). See Figure 1.5 

below for an example of a RR interval (figure prepared by Hanna Fontinha). The term ‘NN’ 

(normal-to-normal) is used instead of ‘RR’ in some analysis methods. HRV reflects the capacity 

of sympathetic and parasympathetic cardiac systems to respond to stress (Shaffer et al., 2014). 

HRV is in part dependent on heart rate itself, a relationship known as cycle length dependence 

(McCraty & Shaffer, 2015). Large RR intervals at low heart rates allow more time for variability 

than at higher heart rates, when there is less time between heart beats and less time for RR intervals 

to vary (McCraty & Shaffer, 2015). Resting heart rate should be reported with HRV measures to 

allow assessment of the effects of cycle length dependence (McCraty & Shaffer, 2015). 

 

Figure 1.5. Two adjacent QRS complexes and the interval between adjacent R waves depicting an 

RR interval.  

 Standardised short term (five minutes) and long term (24 hour) recordings can be used to assess 

HRV (Task force of the ESC/NASPE, 1996). Short term recordings are most appropriate to assess 

acute maternal cardiovascular responses to position change. Thus, the analysis techniques 

described below are limited to those appropriate to use in short-term recordings.  

A major contributor to normal variation in resting heart rate is respiratory sinus arrhythmia (RSA), 

(Billman, 2011). RSA is generated from a combination of mechanisms including baroreflexes, 

pulmonary stretch receptors, tonic cardiac tone, and phasic input from central rhythm generators 

located in the brainstem (Berntson et al., 1993; Berntson et al., 1997; Grossman & Taylor, 2007; 

Grossman et al., 1991). Central rhythm generators inhibit vagal activity and stimulate sympathetic 
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activity during inspiration, resulting in increased heart rate, with milder reverse effects during 

expiration (Berntson et al., 1993). In addition, lung inflation activates pulmonary stretch receptors 

that indirectly inhibit vagal outflow though modulation of reflex sensitivity and transmission, 

resulting in increased heart rate (Berntson et al., 1993).   

Beat-to-beat variation in heart rate is largely regulated by the parasympathetic nervous system 

(Acharya et al., 2006; Page & Watkins, 1977). Vagal (parasympathetic) pathways have a 

maximum response and return to baseline in less than one second (Berntson et al., 1997; Spear et 

al., 1979). Sympathetic pathways respond more slowly, with a delay of approximately one second 

before a maximum effect at four seconds and a return to baseline in 20 seconds (Berntson et al., 

1997; Spear et al., 1979). Overall variability reflects the complex interaction of sympathetic and 

parasympathetic effects on the heart (Acharya et al., 2006; Billman, 2011). HRV and RSA reflect 

the integrity of cardiovascular autonomic regulation (Billman, 2011; Shen & Zipes, 2014). HRV 

is not a direct quantitative measure of autonomic activity on the heart but instead represents a 

qualitative assessment of variation in cardiac autonomic regulation (Billman, 2011). The main 

methods of HRV analysis are time and frequency domain techniques (Billman, 2011), though non-

linear techniques such as sample entropy and detrended fluctuation analysis (DFA) (see section 

1.5.1.3 below) are also increasingly being investigated (Sassi et al., 2015). 

1.5.1.1 Time domain analysis 

Short term time domain analysis assesses variation in RR intervals using statistical methods. Many 

short term time domain measures correlate closely, so to avoid repetitive results, time domain 

analysis for this research is limited to two of the most informative and commonly reported short 

term time domain measures: SDNN (standard deviation of all normal RR intervals in the 

recording) and RMSSD (the square root of the mean of the sum of the squares of the differences 

between successive RR intervals in the recording) (Shaffer et al., 2014; Task force of the 

ESC/NASPE, 1996). 

SDNN estimates the overall variability in RR (NN) intervals, which is primarily sourced from 

parasympathetically driven RSA in short term recordings (Shaffer et al., 2014). RMSSD reflects 

the variability between individual RR intervals and largely represents parasympathetic modulation 

of heart rate (Kleiger et al., 2005; Parati et al., 2013; Shaffer et al., 2014). Pharmacological studies 

in human males show that SDNN and RMSSD are highly correlated with vagal cardiac control 

over ten minutes (Hayano et al., 1991). 

As time domain calculations are standardised, measures can be compared between studies as long 

as the conditions of data collection and recording lengths are the same (Shaffer et al., 2014). While 
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time domain analysis is useful to describe the distribution of RR intervals, it cannot separate 

different types of variation that contribute to HRV (Berntson et al., 1997; Billman, 2011; Shaffer 

et al., 2014). To better assess contributions to HRV, further analysis is required.  

1.5.1.2 Frequency domain analysis 

Frequency domain analysis uses Fast Fourier Transformation (FFT) or autoregressive modelling 

to split different rhythmical components of HRV into frequency bands (Shaffer & Ginsberg, 2017; 

Task force of the ESC/NASPE, 1996). While the two techniques use different methods to calculate 

frequency estimates, they essentially produce similar results (Berntson et al., 1997). To avoid 

unnecessary repetitive analysis, only FFT is used in this thesis as it is simple, fast, and computes 

estimates from all available data (Acharya et al., 2006; Berntson et al., 1997; Parati et al., 2013).  

Standardisation of short term frequency domain recordings requires division of the frequency 

spectrum into very low frequency (VLF), low frequency (LF), and high frequency (HF) measures, 

represented by frequencies of ≤ 0.04 Hz, 0.04-0.15 Hz, and 0.15-0.4 Hz respectively (Task force 

of the ESC/NASPE, 1996). Total power includes all frequency contributions (VLF + LF + HF). 

The variability within each frequency band is expressed as absolute power and is measured in ms2 

(Shaffer & Ginsberg, 2017). LF and HF can be ‘normalised’ by dividing the absolute power of the 

given frequency band by the total power or the sum of LF+HF and is measured in normalised units 

(nu). (Heathers, 2014; Task force of the ESC/NASPE, 1996). Using total power to normalise HF 

and LF removes the linear relationship between HF (nu) and LF (nu) that occurs when using 

LF+HF (Heathers, 2014) and allows interpretation of normalised changes as a function of the 

entire spectrum. Normalised measures can be used to compare between different subjects, despite 

wide inter-individual variation (Shaffer & Ginsberg, 2017).   

The HF band reflects HRV resulting from modulations in vagal input such as RSA (under normal 

resting conditions) (Berntson et al., 1997; McCraty & Shaffer, 2015; Shaffer & Ginsberg, 2017). 

Pharmacological vagal blockage essentially eliminates HF fluctuations (Hayano et al., 1991; 

Pomeranz et al., 1985). A shift in HF power suggests modulation in vagal control of heart rate 

(Shaffer et al., 2014) but does not directly reflect vagal tone (Berntson et al., 1997; Shaffer & 

Ginsberg, 2017). 

Historically, LF rhythms were thought to reflect modulations in sympathetic function (Malliani, 

2005; Pagani et al., 1997). However, this theory is controversial (Billman, 2011; Heathers, 2014; 

Parati et al., 1995b) as LF power can be influenced by parasympathetic and sympathetic autonomic 

activity, RSA at slow respiratory frequencies, and oscillations associated with vagally mediated 

baroreflex responses (Berntson et al., 1997; Heathers, 2014; Parati et al., 1995b; Shaffer et al., 
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2014). Delay in the feedback loop between the baroreflex and brain produces an oscillation within 

the LF band (Shaffer et al., 2014). In short-term resting recordings, LF power predominantly 

reflects vagally mediated short term blood pressure control (Shaffer et al., 2014) 

The ratio of LF/HF has been considered to reflect the ‘sympathovagal’ balance (Pagani et al., 

1986). However, the implication that sympathetic and parasympathetic contributions to heart rate 

are based on a reciprocal arrangement (Malliani, 2005) is an oversimplification of the complex 

non-linear interaction between sympathetic and parasympathetic systems (Berntson et al., 1997; 

Billman, 2011; Hall, 2016b; Shaffer et al., 2014). Additionally, describing LF/HF as a measure of 

‘sympathovagal balance’ does not take into account the vagal contributions within LF power as 

described above. Aside from the controversy of what it describes, LF/HF is not used for this 

research to avoid repetition of results that can be interpreted from normalised LF and HF measures.  

The physiological correlates of VLF power are poorly defined (Kleiger et al., 2005; Shaffer et al., 

2014). Generally, it is thought the renin-angiotensin system (Bonaduce et al., 1994; Taylor et al., 

1998) and parasympathetic nervous system (Taylor et al., 1998) influence VLF RR interval 

fluctuations. VLF requires a recording of at least five minutes but is best recorded over 24 hours 

(Shaffer & Ginsberg, 2017). Over 24 hour recordings, decreased VLF is associated with and is 

predictive of infection post-stroke (Brämer et al., 2019) and cardiac events in congestive heart 

failure patients (Hadase et al., 2004). In a five minute recording, the upper region of the VLF band 

(0.04 Hz) would include 12 cycles, however the majority of the remaining cycles (<0.04 Hz) will 

be under sampled as recommendations require at least ten cycles (Task force of the ESC/NASPE, 

1996). Thus, VLF power is not interpreted in this research due to the potential for inaccuracies due 

to under sampling and poorly defined physiological correlates in five minute recordings. 

Frequency domain and time domain analysis techniques are limited by the irregularity of beats, in 

that very different recordings can produce similar results once analysed (Malik, 1996). Non-linear 

techniques can provide additional information that is lacking in traditional methods, as discussed 

in the next section.  

1.5.1.3 Non-linear analysis 

Non-linear techniques have been further developed and increasingly used in modern HRV analysis 

and describe the irregularity or self-similarity of RR intervals within a given time frame (Sassi et 

al., 2015). Entropy measurements, DFA and Poincaré plots are examples of common non-linear 

techniques (Huikuri et al., 2003).   

Entropy is a measure of the complexity, or disorder, found in a system (Sassi et al., 2015). A 

system’s entropy lowers (becomes more predictable) as responsiveness to change decreases (Sassi 
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et al., 2015). High entropy is found in random processes (Richman, 2007). Entropy measurements 

in HRV include approximate and sample methods (Richman, 2007). Approximate entropy was 

developed to suit short, noisy physiological processes (Pincus, 1991; Richman, 2007) and was then 

adapted into sample entropy, a more accurate and consistent measure of physiological complexity 

(Richman & Moorman, 2000; Richman, 2007). Sample entropy and approximate entropy are 

sensitive to parameter choices such as sample length, thus samples of at least 200 data points are 

recommended (Acharya et al., 2006; Yentes et al., 2013). Despite having similar results with large 

sample sizes, sample entropy is less dependent on record length and more consistent than 

approximate entropy (Acharya et al., 2006; Richman & Moorman, 2000; Yentes et al., 2013). 

Thus, sample entropy is the choice for complexity measurement for this research. Short term HRV 

is more complex (entropy increases) when under combined parasympathetic and sympathetic 

modulation, rather than under sympathetic predominance (Porta et al., 2007). Sample entropy 

decreases under conditions of sympathetic predominance related to sympathetic activation and 

parasympathetic withdrawal (e.g. head-up tilt) (Porta et al., 2007). 

DFA is a type of fractal analysis that quantifies the fractal (non-stationary / irregular) behaviour 

of HRV and estimates how the variance changes with the length of the recording (Sassi et al., 

2015). DFA calculates short term (α1) and long-term (α2) exponents (Peng et al., 1995).  Short 

term α1 is calculated from short time components (4 ≤ n ≤ 16), where n = the number of beats 

included in the observation; α2 is calculated from long time components (16 ≤ n ≤ 64) (Peng et al., 

1995).  An α value of 0.5 indicates an unpredictable time series (white noise) suggesting one beat 

is completely uncorrelated with any previously in the series (Goldberger et al., 2002; Peng et al., 

1995). Values increasing towards 1 reflect increasing correlations, for example a large RR interval 

is increasingly likely be followed by another large RR interval (Peng et al., 1995). A value of 1.5 

represents the integration of white noise and a smoother time series (Peng et al., 1995). A normal 

pattern of α1 > α2 is found in healthy subjects (Peng et al., 1995). Strongly correlated or 

uncorrelated recordings are found in diseased states (Goldberger et al., 2002). Short term measure 

α1 is particularly useful to assess sympathetic and vagal interactions, decreasing during 

sympathovagal coactivation under cold-face immersion but increasing under sympathetic 

enhancement during cold-hand immersion (Tulppo et al., 2005) and during parasympathetic 

pharmacological blockage (Perkiomaki et al., 2002). DFA is useful when interpreted in 

combination with time and frequency domain methods to broaden understanding of heart rate 

dynamics (Sassi et al., 2015). 

Poincaré plots display the current R-R interval against the next R-R interval on a scatterplot 

(Brennan et al., 2001). In healthy subjects, Poincaré plots show a characteristic cluster pattern 



Introduction 

 

32 

indicating increasing beat-to-beat variability with increasing R-R interval (Woo et al., 1992). 

Abnormal heart rate recordings show a pattern qualitatively distinct from normal results (Woo et 

al., 1992). However, Poincaré measures are essentially summary statistics of the distribution of 

RR intervals which are already assessed using existing time domain measures, thus are of limited 

additional value (Brennan et al., 2001; Sassi et al., 2015) and were not included in this thesis. Non-

linear measures of HRV were limited to sample entropy and DFA.  

1.5.2 Spontaneous (resting) baroreflex sensitivity 

Baroreflex sensitivity assesses sympathetic and parasympathetic actions on the heart resulting 

from baroreflex pathways (Chapleau, 2012; La Rovere et al., 2008). A simple and non-invasive 

method is spontaneous baroreflex sensitivity, which assesses spontaneous beat-to-beat heart rate 

and blood pressure fluctuations under resting conditions using sequence (time domain) or spectral 

(frequency domain) methods (La Rovere et al., 2008).  

Sequence methods identify spontaneous increases or decreases in blood pressure (≥ 1mmHg) 

associated with matched RR interval fluctuations (≥ 6ms), over three or more consecutive beats 

(La Rovere et al., 2008; Parati et al., 1988; Parati et al., 1995a). The regression slopes are computed 

and averaged to give a measure of spontaneous baroreflex sensitivity (La Rovere et al., 2008) 

measured in ms/mmHg. Spectral methods use Fourier transformations to present spontaneous 

baroreflex sensitivity as a function of frequency (DeBoer et al., 1987), similar to HRV. Agreement 

between the methods is variable and they are not interchangeable (Laude et al., 2004; Parati et al., 

2000; Tank et al., 2000).  

Spectral techniques require minimum sample lengths of stationary data, are sensitive to irregular 

rhythms, and only identify heart rate and blood pressure fluctuations at specific frequencies, which 

limits interpretation to only modulations seen at those frequencies (Parati et al., 2000; Pinna et al., 

2005). The sequence method is less affected by minimum sample lengths than spectral techniques, 

has high specificity, gives a global view of the baroreflex and, if required, can distinguish between 

baroreceptor stimulation and deactivation (La Rovere et al., 2008; Parati et al., 2000). Spontaneous 

baroreflex sensitivity in this research is analysed using the sequence method.  

Animal studies have shown that spontaneous baroreflex sensitivity measured by the sequence 

method essentially disappears following baroreceptor denervation (Bertinieri et al., 1988). 

Baroreflex sensitivity decreases while standing compared to supine, (Laude et al., 2004), in 

autonomic failure (Parati et al., 2013), and also in hypertensive subjects in 24 hour recordings 

(Parati et al., 1988). Age related reductions in spontaneous baroreflex sensitivity (Tank et al., 2000) 

are related to decreased arterial compliance (Chapleau, 2012).  
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Assessment of baroreflex sensitivity can involve invasive pharmacological studies, non-invasive 

mechanical manipulation (e.g. neck chamber) and reflex tests (e.g. Valsalva manoeuvre), all of 

which require an external stimulus (La Rovere et al., 2008; Parati et al., 2000; Wieling & 

Karemaker, 2012). Invasive techniques were not considered for this study due to maternal and 

fetal safety reasons. The Valsalva manoeuvre lacks specificity, and the neck chamber method may 

not reflect real-life modulation of baroreflex sensitivity (Parati et al., 2000). 

The techniques described above are well established methods of HRV analysis and spontaneous 

baroreflex sensitivity and represent a comprehensive set of non-invasive assessments of 

cardiovascular autonomic function. As an alternative to measurements taken while at rest, 

physiological challenges can also be used to assess cardiovascular autonomic reflex responses. 

1.5.3 Cardiovascular autonomic reflexes in response to a stimulus 

Assessment of cardiovascular autonomic reflexes in response to a stimulus can be invasive (e.g. 

microneurography and pharmacological studies) (Freeman, 2006) or non-invasive (e.g. heart rate 

responses to deep breathing and standing) (Mathias et al., 2013). Invasive cardiovascular reflex 

tests were not used for this research to minimise any risks to mother and baby. Non-invasive tests 

are safe under standard laboratory precautions (Mathias et al., 2013) and predominantly include 

heart rate and blood pressure responses to posture change (orthostatic manoeuvre) and deep 

breathing (Ewing et al., 1985; Mathias et al., 2013). The Valsalva manoeuvre, isometric exercise 

(sustained handgrip), and pressor tests can also be used. However, these tests have limitations 

regarding standardisation and reproducibility (the Valsalva manoeuvre) (Ewing et al., 1985; Low 

et al., 2013) and sensitivity and specificity (isometric exercise, cold pressor, and mental stress 

tests) (Freeman, 2006). To ensure targeted and reliable analysis techniques throughout gestation, 

deep breathing and active standing (orthostatic manoeuvre) were selected to be the standardised 

cardiovascular autonomic reflex tests for this research.  

1.5.3.1 Cardiovascular autonomic reflexes to deep (paced) breathing 

As described earlier (section 1.5.1), normal respiration is associated with RSA. As both depth and 

frequency of respiration impact upon RSA (Hirsch & Bishop, 1981), breathing frequency can be 

standardised to minimise fluctuations in heart rate and autonomic activity (Grossman & Taylor, 

2007). Deep (or paced) breathing is a standardised cardiovascular autonomic reflex test where the 

subject inspires and expires maximally at a rate of 6 breaths per minute (Ewing, 1978; Wheeler & 

Watkins, 1973), resulting in an exaggerated beat-to-beat variation in heart rate as compared to 

resting breathing (Wheeler & Watkins, 1973). The mean difference in maximum and minimum 

heart rate during successive breathing cycles is a common analysis of the deep breathing 
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manoeuvre (Ewing et al., 1985; Freeman, 2006) and is useful to assess the amplitude and presence 

of RSA but does not provide information on vagal activity (Shaffer & Ginsberg, 2017). In addition, 

descriptive measures of heart rate during deep breathing have already been described in pregnancy 

(see Chapter 2). Thus, it was determined that the methods of deep breathing analysis in this thesis 

would be limited to more informative techniques using measures of HRV. Time domain measures 

SDNN and RMSSD can be used to assess deep breathing (Freeman, 2006) and provide information 

on parasympathetically driven beat-to-beat contributions to HRV (Shaffer et al., 2014). Frequency 

domain analysis requires a time measurement at least ten times greater than the lower limit of the 

frequency band being used for analysis (Task force of the ESC/NASPE, 1996). Considering the 

assessment of deep breathing is standardised at six complete ten-second breathing cycles, the 

recording time of 60 seconds is insufficient to use LF power and does not allow adequate sampling 

for the entirety of the HF band. In addition, the inability to calculate normalised values without LF 

power limits the utility of frequency domain analysis of deep breathing and therefore was not 

performed. Sampling for short-term DFA measure α1 and spontaneous baroreflex sensitivity 

would not be limited by the 60 second recording time and can be used for analysis of deep 

breathing. Sample entropy and DFA measure α2 typically require a larger sample than can be 

obtained within 60 seconds (see section 1.5.1.3), thus were not included. 

1.5.3.2 Cardiovascular autonomic reflexes to standing 

As described earlier in section 1.3.2, moving from lying to standing stimulates the baroreflex, 

which leads to increased sympathetic activity and attenuated vagal activity. Thus, an orthostatic 

manoeuvre provides an assessment of baroreflex integrity (Wieling & Karemaker, 2012). Tilt-

table tests are an alternative to active standing (Freeman, 2006), and have the advantage of 

standardising movement and allowing rapid return to horizontal if necessary (Mathias et al., 2013). 

However, despite evidence of similar outcomes (Smith et al., 1994), the initial response to head-

up tilt differs from standing due to the involvement of different physiological pathways, such as 

muscle contraction during active standing (Wieling & Karemaker, 2012). For this research, active 

standing was used instead of tilt as it more accurately reflects the integrity of the initial baroreflex 

under real-life conditions. An orthostatic reflex test usually starts with a supine rest period of five 

minutes, followed by a rapid movement to standing, and then remaining standing for two minutes 

or more (Wieling & Karemaker, 2012). Orthostatic reflexes can be assessed as initial (first 30 

seconds), early (one to two minutes) and prolonged (five to ten minutes) cardiovascular responses 

to standing (Wieling & Karemaker, 2012). For this thesis, the initial reflex was used to assess the 

efferent cardiovagal baroreflex response to standing (Wieling & Karemaker, 2012).  
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The initial cardiac orthostatic reflex involves a maximum increase in heart rate approximately 12 

seconds after standing before decreasing back to equilibrium within approximately 30 seconds 

(Ewing et al., 1978; Ewing et al., 1980; Smith et al., 1994; Wieling & Karemaker, 2012). The 

initial increase in heart rate (IIHR) from baseline to maximum, and the ratio of maximum heart 

rate to minimum heart rate within 30 seconds of standing (max/min), can be used to quantify the 

orthostatic reflex response and assess integrity of the vagal baroreflex (Wieling & Karemaker, 

2012; Wieling et al., 1982). A time limit is used to calculate max/min (Wieling & Karemaker, 

2012; Wieling et al., 1982) rather than specific beats (Ewing et al., 1978) due to high inter-subject 

variability and potential for erroneous readings when using specific beat numbers. Sympathetic 

baroreflex sensitivity can be measured in the initial response to standing, however this requires 

measurement of MSNA as well as cardiovascular changes (Fu et al., 2006). Measurement of 

MSNA by microneurography involves piercing the skin with a microelectrode and adjusting the 

placement (Gunnar Wallin, 2012). As only non-invasive techniques were used in this research, 

sympathetic baroreflex sensitivity was not assessed. Further assessment of the cardiovascular 

autonomic response during standing was carried out using resting analysis techniques described 

above. 

1.6 Structure of this thesis 

As gestation advances, adaptations in maternal cardiovascular autonomic responses are required 

in order to maintain sufficient maternal blood pressure and uteroplacental perfusion in the face of 

significant cardiovascular adaptations to pregnancy. Maternal maladaptation to long-term 

haemodynamic stressors (pregnancy itself) can produce uteroplacental and fetal complications. 

Day-to-day life involves perturbations to the cardiovascular system that requires an autonomic 

response to maintain homeostasis – an example is the movement from lying to standing. However, 

pregnancy itself creates unique stressors. Lying in the supine position in late pregnancy is an 

example of acute maternal physiological stress due to reduced venous return and cardiac output 

that the maternal body must cope with. Going to sleep in the supine position in late pregnancy is 

associated with increased risk of stillbirth (see section 1.1). Reduced uteroplacental perfusion can 

result in a hypoxic challenge to the fetus, and evidence of hypoxic injury is common in stillbirth. 

But, despite most mothers spending some time on their back, most fetuses do not die. So what 

acute maternal cardiovascular autonomic responses help to maintain maternal cardiac output under 

acute physiological stress? How does the maternal cardiovascular autonomic system adapt to acute 

haemodynamic stressors throughout gestation and compared to the non-pregnant state?  
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To answer these questions, this thesis is structured into two main parts. First, the existing literature 

was reviewed to understand current knowledge base and provide the framework for the 

experimental study: 

Literature review: A narrative review of the existing literature on non-invasive measurements of 

maternal cardiovascular autonomic function throughout gestation was conducted. The review 

identified large variation in methods, data collection, and data analysis. The identification of 

heterogeneity and knowledge gaps in the existing literature helped to develop the superior 

methodology used in this thesis. 

After reviewing the literature, the methodology used in the experimental study for this thesis is 

described before moving onto the results of the experimental study. 

Experimental study: Quantification of the maternal cardiovascular autonomic responses in awake 

women as they lie in different positions throughout a normal healthy pregnancy. The results from 

the experimental study were split into three sub-studies: 

1. Maternal cardiovascular autonomic responses in early pregnancy (10-14 weeks gestation) 

were compared to nulligravid women to assess the initial effects of pregnancy on maternal 

cardiovascular autonomic function.  

2. Maternal cardiovascular responses in mid (23-27 weeks gestation) and late pregnancy (36-

40 weeks gestation) were compared to early pregnancy to assess the effects of advancing 

gestation on maternal cardiovascular autonomic function.  

3. Cardiovascular autonomic responses were also assessed in the early post-partum period (4-

8 weeks post-partum) compared to nulligravid women to assess whether cardiovascular 

autonomic function returned to a non-pregnant state within the post-partum period. 

1.6.1 Thesis aims 

The overarching aim of this thesis was to investigate maternal cardiovascular autonomic responses 

in different recumbent positions and while standing throughout a normal healthy pregnancy and 

post-partum to determine normal cardiovascular autonomic activity in response to acute 

physiological stressors. Acute cardiovascular physiological stress in this thesis is defined as 

position change from a left lateral referent position. Position change included right and supine and 

an orthostatic manoeuvre. These position changes may result in a physiological challenge (or 

“acute physiological stress”) – for example, an orthostatic manoeuvre, or lying supine in late 

pregnancy. Responses in early pregnancy and post-partum were compared to those of a non-

pregnant (nulligravid) cohort. Increased knowledge regarding normal maternal cardiovascular 
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autonomic responses to acute physiological stresses throughout gestation will help explain whether 

the late-gestation mother mounts an appropriate autonomic response to maintain blood pressure 

and hence uteroplacental blood flow when challenged with reduced venous return (i.e. supine and 

standing positions). Or, whether an inappropriate response places all mothers in late pregnancy at 

risk of reduced cardiac output and placental perfusion when faced with an acute physiological 

challenge, contributing to the association between supine sleep and stillbirth.  

Specific literature review aim: Determine the level of existing knowledge of non-invasive 

measurements of maternal cardiovascular autonomic function throughout pregnancy.  

Specific experimental study aims:  

1. To determine whether maternal cardiovascular autonomic responses to acute 

cardiovascular stress (measured by non-invasive methods) in early pregnancy are different 

from non-pregnant responses. 

2. To determine how maternal cardiovascular autonomic responses to acute haemodynamic 

stress (measured by non-invasive methods) change with progression of gestation. 

3. To determine whether maternal cardiovascular autonomic responses to acute 

haemodynamic stress (measured by non-invasive methods) return to a non-pregnant state 

by 6 weeks post-partum. 
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2 Narrative review of the literature  

This chapter reviews published peer-reviewed journal articles investigating short-term (≤ 30 

minutes) maternal cardiovascular autonomic responses during deep breathing and when resting in 

different positions throughout pregnancy measured by non-invasive methods. The aim of this 

chapter is to determine the existing knowledge base of short-term maternal cardiovascular 

autonomic responses measured by non-invasive methods. There are three main sections, consistent 

with the aims of this thesis: 

1. Women in early pregnancy compared to non-pregnant women; 

2. Comparison of women throughout gestation (early, mid, and late pregnancy); 

3. Women in the post-partum period compared to non-pregnant women 

It was initially intended that this review of the literature would provide a pooled summary of short-

term maternal cardiovascular autonomic function in normal pregnancy using non-invasive 

methodology. However, assessment of the included articles highlighted inconsistencies in 

methodology, a concern that has been commented on by previous reviewers (Ekholm & Erkkola, 

1996; Fu & Levine, 2009; Fu, 2018; Rang et al., 2002). It was decided that the quality and design 

of the included studies were too heterogeneous to allow merging of results. Thus, this review of 

the literature is presented predominantly as a narrative review. A small number of studies were 

identified as having comparable methodologies which have been broken down and evaluated in a 

‘full study comparison’. The remaining studies from the narrative review are then appraised under 

‘partial study comparison’ before the results are integrated with further articles investigating short-

term maternal cardiovascular autonomic function in a final summary. The final summary includes 

studies that may have been excluded from the original search (e.g. invasive studies) but where 

results contribute to understanding of short-term maternal cardiovascular autonomic responses.  

2.1 Methodology  

2.1.1 Search strategy 

Scopus, Google Scholar, Medline, and Embase databases were searched using the keywords 

‘maternal or pregnan*’, ‘autonomic or "heart rate variability"’, and ‘rest* or reflex*’. These terms 

were limited to ‘English’ language and ‘human’, except Google Scholar, which excluded ‘rat’ and 

‘animal’ in the title only. Google scholar was limited to the first 10 pages (100 results). There were 

no limits on year.  
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Inclusion criteria: Non-invasive recordings of 30 minutes or less that matched the three subs-

studies for this thesis: early pregnancy compared to non-pregnant; comparison of early, mid, and 

late pregnancy; post-partum compared to non-pregnant. Non-pregnant measurements included 

those taken pre-pregnancy or post-partum. Comparisons throughout pregnancy could be 

longitudinal or cross sectional but needed to include at least two of the three pregnancy stages (i.e. 

early and mid-pregnancy, early and late pregnancy, or mid and late pregnancy). Studies also 

needed to include measurements taken during deep breathing, while resting in recumbent 

positions, or while standing. Studies identified from reference lists, citations, or from database 

searches subsequent to the initial search until January 2020 were retrospectively included. 

Exclusion criteria: Animal, fetal, or infant research, invasive studies, individual case studies, 

reviews, recordings > 30 minutes, and articles irrelevant to short-term maternal cardiovascular 

autonomic function. Studies that were conducted during labour or exercise, or only included 

participants with pregnancy complications were excluded.  

Studies that did not meet inclusion criteria but were identified as relevant during the search (e.g. 

reviews, invasive studies) and provided contributory information to short-term maternal 

cardiovascular autonomic function may be included within the summary of each section.  
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Figure 2.1. Flow diagram detailing the systematic literature search strategy resulting in 33 studies 

used for full and partial study comparisons. 

2.1.2 Participants 

Pregnant: Gestation was rounded down to completed weeks. Where multiple gestations were 

measured, selected gestations were chosen as representative of pregnancy stage (early, mid, late) 

and limits were chosen to be as inclusive as possible to longitudinal studies. 

Non-pregnant: Non-pregnant controls, including pre-pregnancy and post-partum measurements 

if that was the chosen comparison for the study. 

Early pregnancy: Early pregnancy was defined as ≤ 16 completed weeks gestation.  Blake et al. 

(2000) and Speranza et al. (1998) defined the gestations of 16 weeks (Blake et al., 2000) and 14 

completed weeks (Speranza et al., 1998) as ‘early pregnancy’ in their studies.  

Mid pregnancy: Mid pregnancy was defined as 16 < x < 30 completed weeks gestation 

Late pregnancy: Late pregnancy was defined as ≥ 30 completed weeks gestation 

Post-partum: Women defined as ‘post-partum’ in the article without an upper limit. 
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2.1.3 Criteria for full study comparison 

Evaluating studies with comparable methodologies provides an accurate assessment of short-term 

maternal cardiovascular autonomic function in normal pregnancy. However, due to the 

heterogeneous methodologies of the literature reviewed only a limited number of studies were 

identified as being comparable. Criteria for the full study comparison are outlined below in three 

main sections: analysis techniques, positions, and results. The studies were then assessed for bias 

using criteria defined below (see 2.1.3.4). The results of comparable studies were summarised in 

tables and described in the relevant section below.  

2.1.3.1 Analysis techniques 

As analysis methods varied considerably between studies, a pre-determined set of methods were 

chosen (Table 2.1) as inclusion criteria for full study comparisons, based on the analysis methods 

reviewed earlier in section 1.5. Methods that used similar analysis techniques, but a different style 

of reporting were included. For example, the dual sequence method of spontaneous baroreflex 

sensitivity. Results calculated using different analysis techniques were not included as results may 

not be comparable.  

Table 2.1. Analysis methods chosen for review 

 

Heart rate and systolic blood pressure

Mean heart rate (bpm)

Mean systolic blood pressure (mmHg)

Time domain measures of HRV

RR mean (ms)

SDNN (ms)

RMSSD (ms)

Frequency domain measures of HRV (Fast Fourier analysis)

Absolute high frequency power (HF log)

Normalised high frequency power (HF nu)

Absolute low frequency power (LF log)

Normalised low frequency power (LF nu)

Non-linear measures of HRV

Sample entropy

Detrended flucutation measure α1

Detrended flucutation measure α2

Spontaneous baroreflex sensitivity (sequence method)

Spontaneous BRS

Position change reflexes

IIHR (bpm)

Max/min

bpm = beats per minute; mmHg = millimetres of mercury; ms = milliseconds; HRV = heart 

rate variaiblity; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD = 

square root of the mean of the sum of all the squares of differences between adjacent normal 

RR intervals; log = logarithmic; nu = normalised units; BRS = baroreflex sensitivity; IIHR = 

initial increase in heart rate; max/min = maximum/minimum
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2.1.3.2 Resting positions 

As discussed in Chapter 1, left lateral and supine are key resting positions for assessment of 

maternal cardiovascular autonomic function with right lateral included for completeness. Deep 

breathing and an orthostatic manoeuvre were also identified in Chapter 1 as important standardised 

cardiovascular autonomic reflex tests that can assess maternal cardiovascular autonomic integrity. 

Thus, for inclusion in the full study comparison, studies had to be performed while the subject was 

in left lateral, right lateral, supine, or standing, or during deep breathing. Studies where positions 

that were not clearly defined (e.g. resting) or defined as seated or semi-recumbent were not 

included in the full study comparison as they could not be assigned to a specific position.  

Left lateral: All studies where the subject was stated to be in left lateral were included. For 

consistency, studies performed in 15° left lateral, 30° left lateral, and left half-lateral were included 

in left lateral (rather than supine). Those that did not distinguish between lateral positions but 

stated it was consistent with previous studies that used left lateral were included in left lateral.  

Right lateral: Defined as right lateral by the authors. 

Supine: Subjects that were not in full supine (e.g. 45° reclined supine), were not included under 

supine due to unknown effects on aortocaval compression in late pregnancy.  

Standing: Studies where the subjects were not actively standing (e.g. tilt-table) were not included 

in the standing group as use of a tilt-table produces a different response (see section 1.5.3.2). Heart 

rate reflexes to the orthostatic manoeuvre were included regardless of recumbent baseline position. 

Comparisons between positions: Left lateral was defined as the accepted referent position for 

position comparisons at every time point for consistency and due to potential confounding effects 

of aortocaval compression in supine and semi-recumbent positions with advancing gestation. If 

comparisons of position used a different referent position (e.g. supine to standing; Blake et al., 

2000) the study could be included in the summary but not in the full study comparison.   

2.1.3.3 Results 

Articles included in the full study comparisons needed to include results tables to enable 

interpretation of the data and inclusion in the full study comparison tables. 

2.1.3.4 Definitions of full study comparison bias table criteria  

The methodological quality of the studies included in the full study comparison were assessed for 

bias based on the criteria outlined by Downs and Black (1998) (see below). These measures were 

used as they are well cited and have been used extensively in similar physiological studies. 
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1. Is the objective of the study clearly described? 

2. Have the inclusion / exclusion criteria of the participants been clearly described? 

3. Does testing criteria meet standardised guidelines? 

a. For example, five-minute short-term recording standardisation criteria for short 

term HRV, individual variables controlled (e.g. caffeine intake) or otherwise 

justified  

4. Was the sample size ≥ 20 subjects for each group? 

a. Based on the power calculation of Kuo and colleagues (Kuo et al., 2000) and to 

help avoid negative influences of violation of statistical normality assumptions (in 

samples > 25) (Schmider et al., 2010). 

5. Has the reason for choosing the position/s been described?  

a. Section 2: Have effects of aortocaval compression in the position/s been considered 

for studies that include late pregnancy?  

6. Have the subject’s demographic criteria been described? 

a. For example: age, ethnicity, weight, height, parity. 

7. Are the participants appropriate? 

a. Section 1: Were the control values used ‘non-pregnant’ (not post-partum)? 

b. Section 2: Was drop-out described for longitudinal studies or were populations 

comparable for cross sectional studies (e.g. age, pre-pregnancy BMI)? 

c. Section 3: Has the gravidity or parity status of non-pregnant controls been 

described? 

8. Are the main findings of the study clearly reported? 

9. Have accurate probabilities (p values) been reported? 

10. Are the statistical results informative? 

 

2.2 Maternal cardiovascular autonomic function in early pregnancy compared to non-

pregnant women 

This section summarises literature investigating short-term maternal cardiovascular autonomic 

function in early pregnancy compared to non-pregnant women in different positions measured by 

non-invasive methods. Studies identified in the systematic literature search are divided into two 

sections for evaluation: articles with comparable methodologies described under ‘full study 

comparison’ and the remaining studies described under ‘partial study comparison’. Articles that 
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did not meet the criteria for the systematic review but are relevant to short-term maternal 

cardiovascular autonomic function are included for discussion in the summary section.  

2.2.1 Full study comparison 

Eight studies were identified as having comparable methodologies when investigating short-term 

cardiovascular autonomic function in early pregnancy compared to non-pregnant women (Blake 

et al., 2000; D'Silva et al., 2014; Ekholm et al., 1994; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 

2000; Sawane et al., 2018; Speranza et al., 1998; Visontai et al., 2002). Summary tables containing 

heart rate, systolic blood pressure, HRV, spontaneous baroreflex sensitivity, and position change 

reflex results in early pregnancy compared to non-pregnant women in left lateral, right lateral, 

supine, and standing are included under each position summary.   

2.2.1.1 Deep breathing 

Descriptive measures of heart rate during deep breathing in early pregnancy were similar to pre-

pregnancy and post-partum measurements, but without further statistical information (Ekholm et 

al., 1994). 

2.2.1.2 Left lateral position 

Four studies investigated maternal cardiovascular autonomic function in early pregnancy 

compared to non-pregnant women the left lateral position. Two studies used post-partum 

measurements as non-pregnant controls (range = one to six months post-partum) (Kolovetsiou-

Kreiner et al., 2018; Visontai et al., 2002), and two studies used non-pregnant controls (Kuo et al., 

2000; Speranza et al., 1998). Overall, results were similar between women in early pregnancy and 

non-pregnant women in left lateral. Speranza and colleagues reported significantly higher heart 

rate and significantly lower SDNN in early pregnancy compared to non-pregnant controls 

(Speranza et al., 1998), though that was the only study to do so. Kolovetsiou-Kreiner and 

colleagues reported a significant decrease in absolute low frequency power (LF abs) in early 

pregnancy compared to post-partum measurements (Kolovetsiou-Kreiner et al., 2018). However, 

this was not supported by Kuo and colleagues (Kuo et al., 2000) and may instead reflect changes 

in post-partum controls, rather than changes in early pregnancy. Non-linear measures of HRV were 

not investigated. Spontaneous baroreflex sensitivity was not significantly different between early 

pregnancy and post-partum controls (Kolovetsiou-Kreiner et al., 2018; Visontai et al., 2002). 
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Table 2.2. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early pregnancy compared to non-pregnant women while lying in the left 

lateral position. 

 

 

2.2.1.3 Right lateral position 

A single study investigated cardiovascular autonomic function in early pregnancy and non-

pregnant women in the right lateral position and found no significant differences between the 

Left

Variable First Author Year
time 

(min)
n state mean

SD 

[range]
n Gest

SD 

[range
mean

SD 

[range]
change p

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 72 12 18 -- [11-13] 75 9 2 -- ns

Visontai 2002 10 11 3-6 months PP 83 5 23 12 2 82 7 -1 -- ns

Speranza 1998 6-8 8 NP 70 10 8 14 2 79 9 10 -- ?

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 110 14 18 -- [11-13] 104 11 -6 -- ns

Visontai 2002 10 11 3-6 months PP 120 8 23 12 2 120 9 0 -- ns

Speranza 1998 6-8 8 NP 106 11 8 14 2 109 11 3 -- ?

RR mean (ms) Kuo 2000 * 20 NP 861 45 23 11 0 852 49 -9 -- ns

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 60.1 28.6 18 -- [11-13] 50.4 20.9 -9.7 -- ns

Speranza 1998 6-8 8 NP 42.5 14.4 8 14 2 21.3 8.3 -21.2 -- ?

Kuo 2000 * 20 NP 40.9 5.8 23 11 0 41.5 7.1 0.6 -- ns

RMSSD (ms)
Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 42.3 27.9 18 [11-13] 42.4 29.8 0.1 -- ns

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 5.8 1.4 18 -- [11-13] 6.0 1.3 0.2 -- ns

Kuo 2000 * 20 NP 343.0 115.2 23 11 0 366.4 156.0 23.4 -- ns

HF (nu) Kuo 2000 * 20 NP 41.3 9.6 23 11 0 46.5 6.6 5.2 -- ns

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 6.9 1.0 18 -- [11-13] 6.2 0.7 -0.8 ↓ significant

Kuo 2000 * 20 NP 170.8 80.8 23 11 0 182.9 65.0 12.1 -- ns

LF (nu) Kuo 2000 * 20 NP 27.2 4.6 23 11 0 25.8 3.3 -1.4 -- ns

Sample entropy

α1

α2

Kolovetsiou-

Kreiner
2018 5 18 6 weeks PP 17.8 11.5 18 -- [11-13] 19.8 11.5 2.0 -- ns

Visontai 2002 10 11 3-6 months PP 8.2 3.0 23 12 2 10.1 2.9 1.9 -- ns

ns = reported as not significant but no p value stated

Spontaneous baroreflex sensitivity

Gest = gestation; NP = non-pregnant; PP = post-partum; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms 

= milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of 

differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = normalised units; 

LF = low frequency; BRS: baroreflex sensitivity

Note: gestation is rounded down to completed weeks. Where multiple gestations are measured, selected gestations were chosen as 

representative of trimesters and consistent with other studies in this summary

? = no p value specified for the comparison

Early pregnancyNon-pregnant

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

* = 512 beats were analysed rather than a specified time interval

Mean heart rate 

(bpm)

Mean SBP (mmHg)

SDNN 

(ms)

Spontaneous BRS

LF (log / abs)

HF (log / abs)

Frequency domain measures of heart rate variaiblity

Non-linear measures of heart rate variaiblity
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groups in time domain or frequency domain measures (Kuo et al., 2000). Heart rate, systolic blood 

pressure, non-linear measures of HRV, and spontaneous baroreflex sensitivity were not reported.  

Right lateral compared to left lateral: Within early pregnancy, Kuo and colleagues reported 

effects of position for RR mean, SDNN, and LF power (abs and nu) (p < 0.005) (Kuo et al., 2000). 

However, positions included left, right, and supine with no direct comparison between left and 

right provided. Thus, no statistically significant effect of right compared to left can be concluded, 

though generally measures of HRV were lower in right lateral compared to left lateral. Interactions 

between position and group were not investigated. 

Table 2.3. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early pregnancy compared to non-pregnant women while lying in the 

right lateral position. 
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2.2.1.4 Supine position 

Five studies investigated cardiovascular autonomic function in early pregnancy and non-pregnant 

women while in the supine position using a mix of non-pregnant, pre-pregnancy, and post-partum 

(range = 6 – 17 weeks) control measurements (Blake et al., 2000; Ekholm et al., 1994; Kuo et al., 

2000; Sawane et al., 2018; Speranza et al., 1998). Speranza and colleagues again reported 

significantly higher heart rate and significantly lower SDNN in early pregnancy compared to non-

pregnant controls (Speranza et al., 1998), but were the only study to do so. Kuo and colleagues 

report normalised high frequency power (HF nu) as increased in early pregnancy compared to non-

pregnant women (Kuo et al., 2000). Though no other study reported statistically significant 

differences in HRV measures between the groups, the general pattern of the data does show lower 

time domain measures of HRV in early pregnancy with a redistribution of normalised power which 

is not seen as clearly in other positions. However, the overarching indication is that women in 

early pregnancy do not demonstrate statistically different results from non-pregnant women in the 

supine position. Often there was insufficient statistical analysis provided to draw conclusions. 

Sample entropy in the supine position was the only non-linear measure of HRV investigated in 

early pregnancy compared to non-pregnant women and demonstrated no significant difference 

between the groups (Sawane et al., 2018). Spontaneous baroreflex sensitivity was not investigated.  

Supine compared to left lateral: As with right lateral, Kuo and colleagues reported effects of 

position within early pregnancy for RR mean, SDNN, and LF power (abs and nu) (p < 0.005) (Kuo 

et al., 2000). However, positions included left, supine, and right with no specific comparison 

between left and supine positions. A linear regression between the percentage change in HF (nu) 

between supine and left lateral in early pregnancy demonstrated no statistically significant effect 

(p = 0.06). Speranza et al., (1998) reported a significant position effect between left lateral and 

supine on heart rate across gestation (p < 0.01) but with no information specific to early pregnancy. 

Interactions between position and group were not reported. 
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Table 2.4. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early pregnancy compared to non-pregnant women while lying in the 

supine position. 
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2.2.1.5 Standing position 

Three studies investigated cardiovascular autonomic function in early pregnancy and non-pregnant 

women while standing, again using mix of non-pregnant, pre-pregnancy, and post-partum (range 

= 6 – 17 weeks) control measurements (Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 

1994). Ekholm and colleagues demonstrated a statistically significant increase in heart rate in early 

pregnancy compared to non-pregnant (pre-pregnancy) women (Ekholm et al., 1994) that was not 

seen when post-partum values were used (D'Silva et al., 2014). Blake and colleagues reported an 

increase in HF (nu) in early pregnancy compared to women 6 weeks post-partum but did not report 

the statistical significance of a similar change compared to non-pregnant controls (Blake et al., 

2000). Conversely, D’Silva and colleagues found no significant difference in HF (nu) between 

early pregnancy and women 14 weeks post-partum (D'Silva et al., 2014). A single study 

investigated reflex changes in heart rate in response to an orthostatic manoeuvre (Ekholm et al., 

1994). The initial increase in heart rate (IIHR) was not statistically different in early pregnancy 

compared to non-pregnant women, but there as a significant decrease in max/min ratio in early 

pregnancy. Non-linear measure of HRV and spontaneous baroreflex sensitivity were not reported 

in the reviewed literature. Overall, women in early pregnancy and non-pregnant women had 

similar results while standing. However, the results were variable depending on the control values 

used and the level of statistical reporting. 

Standing compared to left lateral: None of the studies included in the full study comparison 

compared left lateral and standing positions.  
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Table 2.5. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early pregnancy compared to non-pregnant women while standing. 

 

 

Standing

Variable
First 

Author
Year

time 

(min)
n state mean

SD 

[range]
n Gest

SD 

[range]
mean

SD 

[range]
change p

D'Silva 2014 6 28 14 weeks PP 88 2 28 15 2 94 2 6 -- ns

Ekholm 1994 3 18 NP 90 11 18 11 2 99 10 7 ↑ 0.03

Ekholm 1994 3 18 17 weeks PP 92 8 18 11 2 99 10 7 -- --

Blake 2000 5 16 6 weeks PP 115 19 16 16 [11-18] 116 10 1 -- ns

Blake 2000 5 16 NP 124 9 16 16 [11-18] 116 10 -8 -- --

D'Silva 2014 6 18 14 weeks PP 112 2 28 15 2 114 2 2 -- ns

Blake 2000 5 16 6 weeks PP 659 83 16 16 [11-18] 659 75 0 -- ns

Blake 2000 5 16 NP 725 70 16 16 [11-18] 659 75 -66 -- --

SDNN (ms) D'Silva 2014 6 28 14 weeks PP 59.8 4.2 28 15 2 49.1 3.5 -10.7 -- ns

RMSSD (ms) D'Silva 2014 6 28 14 weeks PP 27.7 2.4 28 15 2 23.5 2.8 -4.2 -- ns

Blake^ 2000 5 16 6 weeks PP 97 [17-302] 16 16 [11-18] 82 [40-492] -15 -- ns

Blake^ 2000 5 16 NP 119 [44-460] 16 16 [11-18] 82 [40-492] -37 -- --

Blake^ 2000 5 16 6 weeks PP 8 [3-20] 16 16 [11-18] 13 [6-40] 5 ↑ <0.01

Blake^ 2000 5 16 NP 9 [2-26] 16 16 [11-18] 13 [6-40] 4 -- --

D'Silva 2014 6 28 14 weeks PP 0.3 0 28 15 2 0.3 0 0.0 -- ns

Blake^ 2000 5 16 6 weeks PP 725 [169-2649] 16 16 [11-18] 304 [136-2771] -421 -- ns

Blake^ 2000 5 16 NP 815 [305-2417] 16 16 [11-18] 304 [136-2771] -511 -- --

Blake^ 2000 5 16 6 weeks PP 59 [35-76] 16 16 [11-18] 49 [35-76] -10 -- ns

Blake^ 2000 5 16 NP 55 [37-79] 16 16 [11-18] 49 [35-76] -6 -- --

D'Silva 2014 6 28 14 weeks PP 0.5 0 28 15 2 0.5 0 -0.1 -- ns

Sample entropy

α1

α2

Spontaneous BRS

Ekholm 1994 -- 18 NP 36 8 18 11 [2] 39 7 3 -- ns

Ekholm 1994 -- 18 17 weeks PP 36 8 18 11 [2] 39 7 3 -- --

Ekholm 1994 -- 18 NP 1.44 0.21 18 11 [2] 1.33 0.18 -0.11 ↓ 0.04

Ekholm 1994 -- 18 17 weeks PP 1.41 0.26 18 11 [2] 1.33 0.18 -0.08 -- --

HF (nu)

Early pregnancy

Mean heart rate 

(bpm)

Mean SBP (mmHg)

RR mean (ms)

HF (log / abs)

non-pregnant

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity

LF (log / abs)

LF (nu)

^ = median values and interquartile range used

IIHR

ns = reported as not significant but no p value stated

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity

Postiion change reflexes

Note: gestation is rounded down to completed weeks. Where multiple gestations are measured, selected gestations were chosen as 

representative of trimesters and consistent with other studies in this summary

Gest = gestation; NP = non-pregnant; PP = post-partum; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; 

ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of 

differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = normalised 

units; LF = low frequency; BRS: baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

max/min
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2.2.1.6 Summary of full study comparison 

Increased heart rate in early pregnancy compared to non-pregnant women is demonstrated by two 

studies, one while recumbent (Speranza et al., 1998) and one while standing (Ekholm et al., 1994). 

Increased HF (nu) in early pregnancy compared to non-pregnant women was also demonstrated 

by two studies, one in the supine position (Kuo et al., 2000) and one while standing (Blake et al., 

2000). Otherwise, there were no consistently (supported by more than one study) or statistically 

significant differences between early pregnancy and non-pregnant women in heart rate, systolic 

blood pressure, and a remaining HRV measures. However, as mentioned above, non-pregnant 

control values were a mix of non-pregnant, pre-pregnancy, and post-partum control measurements, 

with results often varying depending on the type of control values used. Additionally, the level of 

statistical reporting, the sample sizes used, and the variability in left lateral positioning makes it 

difficult to form an overarching conclusion (Table 2.6). There is also a lack of comparisons of 

cardiovascular autonomic responses in different positions to assess acute physiological responses. 

Further investigation with improved methods (e.g. nulligravid controls) would be beneficial. 

Table 2.6. Assessment of bias table in studies meeting the criteria for full study comparison and 

investigated women in early pregnancy compared to non-pregnant women.  

For definitions of each measure see below table or section 2.1.3.4 above. 

 

 

1 2 3 4 5 6 7 8 9 10

Objective
Inclusion / 

exclusion

Standard-

isation

Sample 

size

Position 

justification

Demo-

graphics
Controls Reporting

Accurate p 

values
Statistics

Blake 2000 yes yes yes no yes yes yes yes no yes

D'Silva 2014 yes yes ~ yes no yes no yes no ~
Ekholm 1994 yes ~ no no no ~ yes yes yes ~

Kolovetsiou-

Kreiner
2018 yes yes ~ no yes yes no yes no yes

Kuo 2000 yes yes yes yes ~ ~ yes yes no ~
Sawane 2018 yes yes yes yes no ~ yes yes yes yes

Speranza 1998 yes ~ ~ no yes ~ yes yes no ~
Visontai 2002 yes ~ yes no no ~ no yes no ~

First Author Year

 ~  = unclear / partial information 
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Definitions of full study comparison bias table criteria: 

1. Is the objective of the study clearly described? 

2. Have the inclusion / exclusion criteria of the participants been clearly described? 

3. Does testing criteria meet standardised guidelines? 

4. Was the sample size ≥ 20 subjects for each group? 

5. Has the reason for choosing the position/s been described?  

6. Have the subject’s demographic criteria been described? 

7. Were the control values used ‘non-pregnant’ (not post-partum)? 

8. Are the main findings of the study clearly reported? 

9. Have accurate probabilities (p values) been reported? 

10. Are the statistical results informative? 

2.2.2 Partial study comparison 

Seven additional studies were identified during the literature search that did not meet the criteria 

for full study comparisons but were relevant for the partial study comparison (Antonazzo et al., 

2004; Balajewicz-Nowak et al., 2016; Carpenter et al., 2015; Khlybova et al., 2008; Miyake et al., 

2002; Rang et al., 2004; Vikhe et al., 2019) (Table 2.7). 

Table 2.7. Studies that met criteria for narrative review but did not meet criteria for full study 

comparison and investigated women in early pregnancy compared to non-pregnant women.  

For definitions of each measure see below table or section 2.1.3 above. 

 

First Author Year
Analysis 

techniques
Positions Results 

Antonazzo 2004 no no yes

Balajewicz-Nowak 2016 yes no yes

Carpenter 2015 ~ ~ ~
Khylbova 2008 ~ ~ yes

Miyake 2002 no yes no

Rang 2004 ~ yes no

Vikhe 2019 no no yes

 ~  = unclear / partial information 
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1. Analysis techniques: Did the study meet the pre-determined set of analysis methods 

described in section 2.1.3.1? 

2. Positions: Did the study meet the criteria for left lateral, right lateral, supine, or standing 

positions described in section 2.1.3.2? 

3. Results: Did the study include results tables? 

Vikhe and colleagues reported a reduction in heart rate response to deep breathing (expiratory to 

inspiratory ratio) in early pregnancy compared to non-pregnant women (Vikhe et al., 2019). 

Frequency domain measures of HRV have also been assessed during deep breathing, with no 

significant difference demonstrated between women in early pregnancy and non-pregnancy 

women (Balajewicz-Nowak et al., 2016; Rang et al., 2004). 

Antonazzo and colleagues found an increase in normalised high-frequency power (HF nu) in 

normal early pregnancy but otherwise, women in first trimester had similar autonomic modulation 

of heart rate compared to non-pregnant women while seated semi-supine (Antonazzo et al., 2004). 

Balajewicz-Nowak and colleagues found that baroreflex sensitivity and the majority of frequency 

domain measures of HRV were similar between women in first trimester and non-pregnant women 

during rest and deep breathing, aside from HF (nu) which was significantly higher in early 

pregnancy at rest (Balajewicz-Nowak et al., 2016). Carpenter and colleagues demonstrated HRV 

is reduced (RR mean, SDNN, RMSSD, HF nu, and absolute high and low frequency power) in 

early pregnancy compared to non-pregnant women while semi-recumbent (Carpenter et al., 2015). 

Khlybova and colleagues found that SDNN, HF and LF power were significantly lower in women 

in early pregnancy when lying on their right compared to non-pregnant controls lying supine. 

Miyake and colleagues state their results demonstrate increased baroreflex gain in early pregnancy, 

though limited statistical information and raw results make it difficult to verify (Miyake et al., 

2002). Rang and colleagues state that frequency domain analysis of HRV was not influenced by 

pregnancy, with limited information on remaining measures – though the comparison between 

normal early pregnancy and non-pregnant controls is not the focus of the study (Rang et al., 2004).  

2.2.3 Summary 

While some studies suggest HRV decreases in early pregnancy compared to non-pregnant women, 

most studies indicate that there is no significant difference between the groups in a range of 

positions (Table 2.8).  
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Table 2.8. Summary of short-term maternal cardiovascular autonomic responses in early 

pregnancy compared to non-pregnant women. Measurements were taken using non-invasive 

methods and while subjects were resting in a variety of positions. 

 

 

Direction of 

change

Number of 

studies
References

↑ 2 Carpenter et al., 2015*; Ekholm et al., 1994

~ 3 Miyake et al., 2002*; Rang et al., 2004*; Speranza et al., 1998

NS 5
Balajewicz-Nowak et al., 2016*; D'Silva et al., 2014; Ekholm et al., 1994; 

Kolovetsiou-Kreiner et al., 2018; Visontai et al., 2002

~ 2 Miyake et al., 2002*; Speranza et al., 1998

NS 7
Balajewicz-Nowak et al., 2016*; Blake et al., 2000; Carpenter et al., 2015*; 

D'Silva et al., 2014; Ekholm et al., 1994; Kolovetsiou-Kreiner et al., 2018; 

↓ 2 Carpenter et al., 2015*, Khlybova et al., 2008*

NS 3 Antonazzo et al., 2004*; Blake et al., 2000; Kuo et al., 2000

↓ 2 Carpenter et al., 2015*; Khlybova et al., 2008*

~ 1 Speranza et al., 1998

NS 4
D'Silva et al., 2014; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000; Sawane et 

al., 2018

↓ 1 Carpenter et al., 2015*

NS 3 D'Silva et al., 2014; Kolovetsiou-Kreiner et al., 2018; Sawane et al., 2018

↓ 2 Carpenter et al., 2015*; Khlybova et al., 2008*

~ 1 Miyake et al., 2002*

NS 6
Balajewicz-Nowak et al., 2016*; Blake et al., 2000; Kolovetsiou-Kreiner et al., 

2018; Kuo et al., 2000; Rang et al., 2004*; Sawane et al., 2018

↑ 4
Antonazzo et al., 2004*; Blake et al., 2000; Balajewicz-Nowak et al., 2016*; Kuo 

et al., 2000

↓ 1 Carpenter et al., 2015*

NS 5
Blake et al., 2000; D'Silva et al., 2014; Khlybova et al., 2008*; Kuo et al., 2000; 

Sawane et al., 2018

↓ 3 Carpenter et al., 2015*; Khlybova et al., 2008*; Kolovetsiou-Kreiner et al., 2018

NS 5
Balajewicz-Nowak et al., 2016*; Blake et al., 2000; Kuo et al., 2000; Rang et al., 

2004*; Sawane et al., 2018

↑ 1 Carpenter et al., 2015*

NS 7
Antonazzo et al., 2004*; Balajewicz-Nowak et al., 2016*; Blake et al., 2000; 

D'Silva et al., 2014; Khlybova et al., 2008*; Kuo et al., 2000; Sawane et al., 2018

Sample entropy NS 1 Sawane et al., 2018

α1 -- -- --

α2 -- -- --

~ 1 Rang et al., 2004*

NS 3
Balajewicz-Nowak et al., 2016*; Kolovetsiou-Kreiner et al., 2018; Visontai et al., 

2002

* = did not meet criteria for individual study comparison

 ~  = unclear / partial information 

NS = no statistically signficant change

LF (nu)

Heart rate and systolic blood pressure 

Mean heart rate 

(bpm)

Mean SBP 

(mmHg)

Time domain measures of heart rate variaiblity

RR mean (ms)

SDNN (ms)

RMSSD (ms)

Frequency domain measures of heart rate variaiblity

HF (log / abs)

HF (nu)

LF (log / abs)

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR 

interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the differences 

between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = 

normalised units; LF = low frequency; BRS: baroreflex sensitivity

NOTE: where author name appears more than once within one variable, the variable was measured in different positions and 

produced different results

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity

Spontaneous 

BRS
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There is large methodological variation between studies, not least in analysis techniques, sample 

size, and standardisation of testing, likely contributing to the large variation in results. For 

example, normalised HF power (nu) is reported to be increased in early pregnancy compared to 

non-pregnant women (Antonazzo et al., 2004; Balajewicz-Nowak et al., 2016; Blake et al., 2000; 

Kuo et al., 2000), but not is consistently changed across multiple positions within the same study 

(Blake et al., 2000; Kuo et al., 2000) or between studies (Carpenter et al., 2015; D'Silva et al., 

2014; Sawane et al., 2018). Additionally, changes in normalised measures of HRV need to be 

interpreted in the context of both normalised HF and LF parameters. For example, despite lower 

measurements of LF (nu) in early pregnancy compared to non-pregnant controls, the difference 

consistently does not reach statistical significance across multiple studies (Antonazzo et al., 2004; 

Balajewicz-Nowak et al., 2016; Blake et al., 2000; D'Silva et al., 2014; Kuo et al., 2000; Sawane 

et al., 2018) and can even be statistically increased (Carpenter et al., 2015).  

Spontaneous baroreflex sensitivity in early pregnancy is also variable, demonstrating results that 

are either similar to non-pregnant (Balajewicz-Nowak et al., 2016; Blake et al., 2000) and post-

partum women (Kolovetsiou-Kreiner et al., 2018; Visontai et al., 2002), or increased (Hissen et 

al., 2017; Miyake et al., 2002).  The variable results may be due to differences in gestational ages 

ranging from 5 weeks (Hissen et al., 2017) to 16 weeks (Blake et al., 2000), different analysis 

methods (Miyake et al., 2002) or potentially impacted by a single-participant case study (Hissen 

et al., 2017). Reduced arterial compliance decreases cardiovagal baroreflex sensitivity (Monahan 

et al., 2001). Thus, it is plausible that increased compliance seen in very early pregnancy (5-7 

weeks amenorrhea) (Spaanderman et al., 2000) in conjunction with a decrease in systemic vascular 

resistance (Chapman et al., 1998) increases baroreflex sensitivity in early pregnancy (Hissen et al., 

2017). As discussed later in section 2.3, spontaneous baroreflex sensitivity decreases with 

gestation. Measurements taken at a later gestational age (Blake et al., 2000) are likely to produce 

a different result from those taken in very early pregnancy.  

It would be of interest to incorporate a targeted assessment of parasympathetic contributions to 

heart rate in early pregnancy, such as deep breathing. Descriptive heart rate responses to deep 

breathing have been investigated in early pregnancy compared to non-pregnant women (Ekholm 

et al., 1994; Vikhe et al., 2019). However, the analysis methods provide information on the 

presence of respiratory sinus arrhythmia (RSA), but not vagal activity (Shaffer & Ginsberg, 2017). 

Frequency domain measures of HRV have also been assessed (Balajewicz-Nowak et al., 2016; 

Rang et al., 2004), though the length of the recording is unlikely to be sufficient for accurate 

assessment of LF and HF power (Task force of the ESC/NASPE, 1996) and should be interpreted 

with caution. Analysis of heart rate responses to deep breathing using further analysis techniques, 
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such as RMSSD and SDNN, would be useful to assess maternal cardiovagal autonomic responses 

in early pregnancy.  

When comparing cardiovascular autonomic responses in different recumbent positions (i.e. left 

lateral, right lateral, supine), women in early pregnancy demonstrate a slightly different response 

to non-pregnant women, though statistical information is limited (Kuo et al., 2000; Speranza et al., 

1998). In a comparison of a recumbent position (i.e. supine or 45° reclined supine) to standing, 

women in early pregnancy demonstrate similar HRV responses to non-pregnant (Blake et al., 

2000; Rang et al., 2004) and post-partum women (Blake et al., 2000; D'Silva et al., 2014), but 

decreased max/min reflexes (Ekholm et al., 1994). Haemodynamic orthostatic responses in early 

pregnancy are also similar to non-pregnant women (Easterling et al., 1988; Hohmann & Kunzel, 

1991). 

2.2.3.1 Conclusion 

Sympathetic activity is markedly enhanced in early pregnancy compared to non-pregnant (Jarvis 

et al., 2012), and well established changes in maternal haemodynamics in early pregnancy (see 

section 1.4) support associated adaptations in cardiovascular autonomic activity. However, the 

above literature review has been unable to establish what short-term maternal cardiovascular 

autonomic changes occur in early pregnancy compared to non-pregnant women, largely due to 

heterogeneous methodologies and results. There is also a lack of information comparing responses 

in different positions, inclusion of non-linear measures of HRV, and appropriate cardiac autonomic 

assessments during deep breathing. Incorporation of non-linear measures of HRV, which are 

currently limited to one study (Sawane et al., 2018), would provide further information on trends 

(DFA) and complexity (sample entropy) in heart rate that may be hidden by traditional methods. 

Non-linear measures can better reflect sympathovagal interactions (Porta et al., 2007; Tulppo et 

al., 2005) than traditional measures (e.g. time domain) that predominantly reflect vagal function. 

Furthermore, there is a real-world interest in establishing how the maternal cardiovascular 

autonomic nervous system responds to an acute physiological challenge, for example while resting 

in different positions. Further investigation using standardised methodology, informative 

statistical analysis, and inclusion of multiple positions to assess short-term maternal cardiovascular 

autonomic to acute physiological stress will provide valuable novel data to the existing knowledge 

base.  

2.3  Maternal cardiovascular autonomic function in early, mid, and late pregnancy  

This section summarises literature investigating short-term maternal cardiovascular autonomic 

function in early, mid, and late pregnancy in different positions measured by non-invasive 
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methods. Studies identified in the systematic literature search are split into two sections for 

evaluation: articles with comparable methodologies described under ‘full study comparison’ and 

the remaining studies described under ‘partial study comparison’. Articles that did not meet the 

criteria for the narrative review but are relevant to short-term maternal cardiovascular autonomic 

function are included for discussion in the summary section.  

2.3.1 Full study comparison 

Fourteen studies were identified as having comparable methodologies when investigating short-

term cardiovascular autonomic function in early, mid, and late pregnancy (Baumert et al., 2012; 

Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 1994; Garg et al., 2020; Kolovetsiou-Kreiner 

et al., 2018; Kuo et al., 2000; Lucini et al., 1999; Moertl et al., 2013; Sawane et al., 2018; Speranza 

et al., 1998; Visontai et al., 2002; Voss et al., 2000; Walther et al., 2005). Summary tables 

containing detailed heart rate, systolic blood pressure, measure of HRV, spontaneous baroreflex 

sensitivity, and position change reflex results in women in early, mid, and late pregnancy in left 

lateral, right lateral, supine, and standing are included under each position summary.  

2.3.1.1 Deep breathing 

The mean difference between maximum and minimum heart rate during each respiratory cycle 

progressively reduces with advancing gestation while supine (Ekholm et al., 1994).  

2.3.1.2 Left lateral position 

Seven studies investigated maternal cardiovascular autonomic function in early, mid, and late 

pregnancy in the left lateral position (Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000; Moertl et 

al., 2013; Speranza et al., 1998; Visontai et al., 2002; Voss et al., 2000; Walther et al., 2005). Heart 

rate increases with progression of gestation (Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; 

Visontai et al., 2002). Systolic blood pressure was found to either increase significantly with 

progression of gestation (Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; Speranza et al., 

1998) or remain statistically unchanged with progression of gestation (Visontai et al., 2002; Voss 

et al., 2000).  

Statistically significant decreases in time domain measures (Kolovetsiou-Kreiner et al., 2018; Kuo 

et al., 2000; Moertl et al., 2013; Walther et al., 2005) and HF power (abs and nu) (Kolovetsiou-

Kreiner et al., 2018; Kuo et al., 2000; Moertl et al., 2013) were generally reported with progression 

of gestation, though not always (Voss et al., 2000; Walther et al., 2005). Change in LF power (abs 

and nu) with progression of gestation was variable. A single study demonstrated a statistically 

significant decrease in absolute LF power with progression of gestation (Moertl et al., 2013) with 

the remainder showing either no change (Voss et al., 2000), a non-significant decrease 
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(Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000), or a non-significant increase (Walther et al., 

2005). LF (nu) either slightly increases with progression of gestation (Walther et al., 2005) or does 

not change (Kuo et al., 2000; Voss et al., 2000). Non-linear measures of HRV with progression of 

gestation were not investigated in the left lateral position. The majority of studies that investigated 

spontaneous baroreflex sensitivity throughout pregnancy demonstrated a statistically significant 

decrease with progression of gestation (Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; 

Visontai et al., 2002). 
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Table 2.9. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early, mid, and late pregnancy while lying in the left lateral position. 

 

 

Left

Variable First Author Year type
time 

(min)
n Gest

SD 

[range]
mean

SD 

[range]
n Gest

SD 

[range]
mean

SD 

[range]
n Gest

SD, 

[range]
mean

SD 

[range]
change p

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 75 9 18 -- [24-27] 82 9 18 -- [33-36] 84 11 ↑ <0.01$

Moertl 2013 L 5 36 12 [11-14] 76 9 36 25 [23-27] 84 9 36 35 [33-37] 86 11 ↑ <0.001$

Speranza 1998 CS 6-8 8 14 2 79 9 8 22 2 84 9 8 36 1 88 11 -- ?

Visontai 2002 L 10 23 12 2 82 7 23 22 2 88 7 23 32 2 96 5 ↑ <0.001%

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 104 11 18 -- [24-27] 101 14 18 -- [33-36] 109 14 ↑ <0.001$

Moertl 2013 L 5 36 12 [11-14] 105 11 36 25 [23-27] 103 15 36 35 [33-37] 108 12 ↑ <0.001$

Speranza 1998 CS 6-8 8 14 2 109 11 8 22 2 114 14 8 36 1 122 15 -- ?

Visontai 2002 L 10 23 12 2 120 9 23 22 2 120 8 23 32 2 118 9 -- ns

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 113 14 -- -- [33-40] 100 9 -- 0.2

Kuo 2000 CS * 23 11 0 852 49 23 21 2 754 28 21 36 2 735 28 ↓ <0.05%

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 709 91 -- -- [33-40] 770 124 -- ns

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 689 [639-744] 27 -- [35-40] 663 [576-691] ↓ <0.001

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 50.4 20.9 18 -- [24-27] 36.1 12.6 18 -- [33-36] 39.8 15.6 -- < 0.08$

Kuo 2000 CS * 23 11 0 41.5 7.1 23 21 2 32.2 4.4 21 36 2 30.2 5.1 -- ns%

Moertl 2013 L 5 36 12 [11-14] 47.6 20.2 36 25 [23-27] 39.9 13.4 36 35 [33-37] 36.8 19.2 ↓ <0.001$

Speranza 1998 CS 6-8 8 14 2 21.3 8.3 8 22 2 16.2 9.2 8 36 1 20.2 11.0 -- ?

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 43.0 10.0 -- -- [33-40] 46.0 18.0 -- ns

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 36.0 [27-44] 27 -- [35-40] 44.0 [33-49] -- ns

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 42.4 29.8 18 -- [24-27] 21.3 11.9 18 -- [33-36] 20.0 10.7 ↓ <0.05$

Moertl 2013 L 5 36 12 [11-14] 37.5 23.4 36 25 [23-27] 20.9 9.9 36 35 [33-37] 19.8 14.0 ↓ <0.001$

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 26.0 9.0 -- -- [33-40] 25.0 8.0 -- ns

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 20.0 [10-24] 27 -- [35-40] 13.0 [9-20] ↓ 0.01

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 6.0 1.3 18 -- [24-27] 4.9 1.0 18 -- [33-36] 4.8 1.1 ↓ <0.002$

Kuo 2000 CS * 23 11 0 366.4 156.0 23 21 2 152.7 58.2 21 36 2 113.4 55.2 ↓ <0.05%

Moertl 2013 L 5 36 12 [11-14] 8.8 1.1 36 25 [23-27] 5.0 0.9 36 35 [33-37] 4.7 1.1 ↓ <0.001$

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 0.1 0.0 -- -- [33-40] 0.1 0.1 -- ns

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 57.0 [28-167] 27 -- [35-40] 49.0 [30-127] -- ns

HF (nu) Kuo 2000 CS * 23 11 0 46.5 6.6 23 21 [2] 36.3 5.6 21 36 2 30.0 6.2 ↓ <0.05%

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 6.2 0.7 18 -- [24-27] 5.7 0.7 18 -- [33-36] 5.8 0.8 -- 0.08$

Kuo 2000 CS * 23 11 0 182.9 65.0 23 21 2 126.5 48.1 21 36 2 100.7 41.7 -- ns%

Moertl 2013 L 5 36 12 [11-14] 6.0 1.1 36 25 [23-27] 5.6 0.7 36 35 [33-37] 5.5 0.9 ↓ <0.001$

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 0.1 0.1 -- -- [33-40] 0.1 0.1 -- ns

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 93.0 [59-162] 27 -- [35-40] 134.0 [106-185] -- ns

Voss 2000 CS 30 -- -- -- -- -- -- -- [21-32] 0.6 0.1 -- -- [33-40] 0.6 0.1 -- ns

Kuo 2000 CS * 23 11 0 25.8 3.3 23 21 2 31.1 4.2 21 36 2 31.7 4.3 -- ns%

Walther^ 2005 L 30 -- -- -- -- -- 33 -- [23-26] 0.6 [0.48-0.70] 27 -- [35-40] 0.7 [0.67-0.78] ↑ <0.001

Sample entropy

α1

α2

Kolovetsiou-Kreiner 2018 L 5 18 -- [11-13] 19.8 11.5 18 -- [24-27] 12.0 5.6 18 -- [33-36] 10.2 5.2 ↓ <0.01$

Moertl 2013 L 5 36 12 [11-14] 18.4 9.0 36 25 [23-27] 11.9 5.2 36 35 [33-37] 10.1 5.4 ↓ <0.001$

Visontai 2002 L 10 23 12 2 10.1 2.9 23 22 2 5.9 2.5 23 32 2.0 5.7 1.8 ↓ <0.001%

Voss 2000 CS 30 -- -- -- -- -- -- -- 21-32 13.0 3.0 -- -- 33-40 11.0 4.0 -- ns

Voss 2000 CS 30 -- -- -- -- -- -- -- 21-32 14.0 3.0 -- -- 33-40 12.0 4.0 -- ns

* = 512 beats were analysed rather than a specified time interval

^ results reported as median and interquartile range

% = early pregnancy vs late pregnancy

$ = linear trend throughout gestation

Early pregnancy Mid pregnancy Late pregnancy

Spontaneous BRS

HF (log / abs)

LF (log / abs)

LF (nu)

Mean heart rate 

(bpm)

Mean SBP 

(mmHg)

RR mean (ms)

SDNN 

(ms)

RMSSD (ms)

Heart rate and systolic blood pressure 

Spontaneous baroreflex sensitivity

? = no p value specified for the comparison

ns = reported as not significant but no p value stated

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity

Non-linear measures of heart rate variaiblity

Note: gestation is rounded down to completed weeks. Where multiple gestations are measured, selected gestations were chosen as representative of trimesters and consistent with other 

studies in this summary

Gest = gestation; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD 

=square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = normalised 

units; LF = low frequency; BRS: baroreflex sensitivity
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2.3.1.3 Right lateral position 

A single study investigated short-term maternal cardiovascular autonomic function in early, mid, 

and late pregnancy in the right lateral position (Kuo et al., 2000). The authors reported significant 

decreases in RR mean and HF power (abs and nu) with progression gestation, and a significant 

increase in LF (nu). There was no significant change in SDNN or LF (abs). Heart rate, systolic 

blood pressure, RMSSD, non-linear measures of HRV, and spontaneous baroreflex sensitivity 

were not reported.  

Right lateral compared to left lateral: Effects of position are reported for some measures of 

HRV within early, mid, and late pregnancy (Kuo et al., 2000). However, as statistical analysis of 

effects of position included left, right, and supine positions, the effect of right compared to left 

cannot be concluded. In addition, interactions between position and gestation were not reported. 

Thus, how any effect of position varies with gestation cannot be concluded.  

Table 2.10. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early, mid, and late pregnancy while lying in the right lateral position. 
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2.3.1.4 Supine position 

Seven studies investigated maternal cardiovascular autonomic function in early, mid, and late 

pregnancy in the supine position (Baumert et al., 2012; Blake et al., 2000; Ekholm et al., 1994; 

Garg et al., 2020; Kuo et al., 2000; Sawane et al., 2018; Speranza et al., 1998). Three studies 

investigated heart rate throughout gestation in the supine position (Ekholm et al., 1994; Garg et 

al., 2020; Speranza et al., 1998). However, the study by Speranza and colleagues includes left and 

supine but does not distinguish results between the two positions (Speranza et al., 1998). Ekholm 

and colleagues alters the resting position in third trimester (Ekholm et al., 1994), consequently, 

only first and second trimester results are included under supine. While heart rate does increase 

between first and second trimester, the statistical significance between these two measurements is 

unknown (Ekholm et al., 1994). The third study demonstrates a statistically significant increase in 

heart rate with gestation (Garg et al., 2020). Systolic blood pressure is reported to either decrease 

significantly with progression of gestation (Garg et al., 2020), remain unchanged (Blake et al., 

2000) or increase significantly (Speranza et al., 1998). However, again, the results reported by 

Speranza and colleagues do not distinguish between positions (left and supine). 

RR mean decreases with progression of gestation while in the supine position, reflecting changes 

in heart rate (Baumert et al., 2012; Blake et al., 2000; Kuo et al., 2000). SDNN likely decreases 

significantly throughout pregnancy (Garg et al., 2020; Sawane et al., 2018), supported by a non-

significant decrease in a third study (Kuo et al., 2000) and a decrease with unclear statistical 

significance (Speranza et al., 1998).  RMSSD decreases with progression of gestation (Sawane et 

al., 2018). Absolute and normalised HF power (abs, nu) decrease with progression of gestation 

(Blake et al., 2000; Garg et al., 2020; Kuo et al., 2000; Sawane et al., 2018). Absolute LF power 

also decreases significantly throughout pregnancy (Garg et al., 2020; Kuo et al., 2000) supported 

by non-significant decreases (Blake et al., 2000; Sawane et al., 2018). LF (nu) increases 

significantly with progression of gestation (Garg et al., 2020; Sawane et al., 2018) supported by 

non-significant increases (Blake et al., 2000; Kuo et al., 2000), reflecting decreases seen in HF 

(nu). Non-linear measures of HRV in the supine position were investigated by two studies, which 

demonstrate sample entropy (Sawane et al., 2018) and multiscale entropy (using sample entropy) 

(Baumert et al., 2012) decreases throughout pregnancy. Detrended fluctuation (DFA) measures α1 

and α2 increase with progression of gestation (Baumert et al., 2012). Spontaneous baroreflex 

sensitivity decreased with progression of gestation (Garg et al., 2020). 

Supine compared to left lateral: Two studies investigated both left lateral and supine throughout 

gestation (Kuo et al., 2000; Speranza et al., 1998). Speranza and colleagues reported a significant 

position effect on heart rate across gestation (p < 0.01) with supine heart rate consistently higher 
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than left lateral (Speranza et al., 1998). As described earlier in 2.3.1.3, Kuo and colleagues reported 

effects of position across multiple gestations (Kuo et al., 2000).  However, effects of position 

included left, right, and supine positions. Thus, the effect of position cannot be limited to supine 

compared to left. Interactions between position and gestation were not reported for either study 

(Kuo et al., 2000; Speranza et al., 1998) therefore, how effects of position vary with progression 

of gestation cannot be determined.  
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Table 2.11. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early, mid, and late pregnancy while lying in the supine position. 

   

 

Supine

Variable First Author Year type
time 

(min)
n Gest

SD 

[range

]

mean SD [range] n Gest
SD 

[range]
mean SD [range] n Gest

SD 

[range]
mean SD [range] change p

Ekholm 1994 L 5 18 11 2 75 8 18 23 1 80 9 -- -- -- -- -- ↑ 0.03

Garg^ 2020 L 5 70 T1 [11-13] 85 [75-90] 70 T2 [20-22] 86 [78-95] 70 T3 [30-32] 94 [88-101] ↑ <0.001%

Speranza 1998 CS 6-8 8 14 2 81 11 8 22 2 88 14 8 36 1 90 7 -- ?

Blake 2000 L 5 16 16 [11-18] 104 13 16 27 [26-29] 96 12 16 36 [34-40] 99 15 -- ns%

Ekholm 1994 L 5 18 11 2 102 8 18 23 1 103 7 -- -- -- -- -- -- 0.3

Garg^ 2020 L 5 70 T1 [11-13] 110 [106-116] 70 T2 [20-22] 104 [98-112] 70 T3 [30-32] 104 [98-110] ↓ <0.001%

Speranza 1998 CS 6-8 8 14 2 110 9 8 22 2 121 14 8 36 1 124 14 -- ?

Baumert 2012 L 30 -- -- -- -- -- 32 20 [18-22] 722 72 32 36 [35-40] 635 74 ↓ <0.001

Blake 2000 L 5 16 16 [11-18] 845 91 16 27 [26-29] 753 94 16 36 [34-40] 721 63 ↓ <0.01%

Kuo 2000 CS * 23 11 0 804 39 23 21 2 709 31 21 36 2 681 35 ↓ <0.05%

Baumert 2012 L 30 -- -- -- -- -- 32 20 [18-22] 37.0 12.0 32 36 [35-40] 41 14 -- ns

Garg^ 2020 L 5 66 T1 [11-13] 40.8 [27.1–52.7] 66 T2 [20-22] 33.1 [22.7-41.9] 66 T3 [30-32] 27.0 [22.5-40.6] ↓ <0.001%

Kuo 2000 CS * 23 11 0 37.8 5.7 23 21 2 32.7 5.2 21 36 2 29 5.3 -- ns%

Sawane 2018 L 10 22 T1 [12-14] 51.8 4.8 -- -- -- -- -- 22 T3 [32-34] 45.5 5.35 ↓ 0.01%

Speranza 1998 CS 6-8 8 14 2 24.0 6.7 8 22 2 18.0 8.6 8 36 1 17.9 5.9 -- ?

RMSSD (ms) Sawane^^^ 2018 L 10 22 T1 [12-14] 37.5 2.6 -- -- -- -- -- 22 T3 [32-34] 24.8 3.59 ↓ <0.001%

Blake^ 2000 L 5 16 16 [11-18] 981.0 [91-2480] 16 27 [26-29] 318.0 [8-1431] 16 36 [34-40] 181.0 [23-847] ↓ <0.01%

Garg^ 2020 L 5 66 T1 [11-13] 465.7 [225.1-1140] 66 T2 [20-22] 220.2 [89.8-656.4] 66 T3 [30-32] 126.9 [64.4-346.8] ↓ <0.001%

Kuo 2000 CS * 23 11 0 258.7 100.2 23 21 2 114.1 65.9 21 36 2 59.4 30.9 ↓ <0.05%

Sawane^^^ 2018 L 10 22 T1 [12-14] 437.4 79.1 -- -- -- -- -- 22 T3 [32-34] 261.3 60.6 ↓ <0.001%

Blake^ 2000 L 5 16 16 [11-18] 41.0 [9-64] 16 27 [26-29] 25.0 [1-59] 16 36 [34-40] 25.0 [3-47] -- ns%

Garg^ 2020 L 5 66 T1 [11-13] 55.9 [40.8-68.7] 66 T2 [20-22] 43.6 [29.4-57.8] 66 T3 [30-32] 45.7 [26.7-53.4] ↓ <0.001%

Kuo 2000 CS * 23 11 0 42.2 5.4 23 21 2 27.3 6.7 21 36 2 21.8 6.0 ↓ <0.05%

Sawane^^^ 2018 L 10 22 T1 [12-14] 44.4 3.1 -- -- -- -- -- 22 T3 [32-34] 37.2 4.0 ↓ <0.001%

Blake^ 2000 L 5 16 16 [11-18] 653.0 [302-1653] 16 27 [26-29] 287.0 [103-4032] 16 36 [34-40] 334.0 [121-1798] -- ns%

Garg^ 2020 L 5 66 T1 [11-13] 360.3[170.7-627.4] 66 T2 [20-22] 229.1[117.3-534.1] 66 T3 [30-32] 160.8 [89.8-301.4] ↓ <0.001%

Kuo 2000 CS * 23 11 0 149.8 55.9 23 21 2 99.6 39.3 21 36 2 76.3 31.1 ↓ <0.05%

Sawane^^^ 2018 L 10 22 T1 [12-14] 500.1 79.9 -- -- -- -- -- 22 T3 [32-34] 413.5 82.1 -- 0.16%

Blake^ 2000 L 5 16 16 [11-18] 32.0 [16-65] 16 27 [26-29] 35.0 [16-58] 16 36 [34-40] 36.0 [18-64] -- ns%

Garg^ 2020 L 5 66 T1 [11-13] 35.4 [23.9-48.0] 66 T2 [20-22] 43.3 [31.8-59.3] 66 T3 [30-32] 42.3 [31.9-59.46] ↑ <0.001%

Kuo 2000 CS * 23 11 0 27.4 5.1 23 21 2 29.1 4.0 21 36 2 29.8 2.7 -- ns%

Sawane^^^ 2018 L 10 22 T1 [12-14] 55.6 3.1 -- -- -- -- -- 22 T3 [32-34] 62.8 4.0 ↑ <0.001%

Baumert^^ 2012 L 30 -- -- -- -- -- 32 20 [18-22] -- -- 32 36 [35-40] -- -- ↓ <0.001

Sawane^^^ 2018 L 10 22 T1 [12-14] 1.7 0.1 -- -- -- -- -- 22 T3 [32-34] 1.5 0.1 ↓ <0.001%

α1 Baumert 2012 L 30 -- -- -- -- -- 32 20 [18-22] -- -- 32 36 [35-40] -- -- ↑ <0.001

α2 Baumert 2012 L 30 -- -- -- -- -- 32 20 [18-22] -- -- 32 36 [35-40] -- -- ↑ <0.001

Spontaneous 

BRS
Garg^ 2020 L 5 66 T1 [11-13] 16.3 [11.0-23.1] 66 T2 [20-22] 11.4 [8.5-19.5] 66 T3 [30-32] 8.8 [7.2-12.5] ↓ <0.05%

Mean heart rate 

(bpm)

Sample entropy

LF (nu)

LF (log / abs)

HF (nu)

HF (log / abs)

% = early pregnancy vs late pregnancy

NOTE: gestation is rounded down to completed weeks. Where multiple gestations are measured, selected gestations were chosen as representative of trimesters and consistent with 

other studies in this summary

NOTE: only first and second trimester heart rate and systolic blood pressure results have been included in the summary table for Ekholm (Ekholm et. al., 1994) as third trimester 

results were recorded in "left half lateral" which does not meet criteria for supine in this review. 

* = 512 beats were analysed rather than a specified time interval

^^^ = standard error of the mean reported

? = no comparison available

ns = reported as not significant but no p value stated

Early pregnancy Mid pregnancy Late pregnancy

SDNN (ms)

RR mean (ms)

Mean SBP 

(mmHg)

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity

Gest = gestation; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; 

RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-

transformed); nu = normalised units; LF = low frequency; BRS: baroreflex sensitivity; T1 = first trimester, mean gestation not stated; T2 = second trimester, mean gestation not stated; T3 = third 

trimester, mean gestation not stated

^ = median values used

^^ = multiscale entopy (using sample entropy)
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2.3.1.5 Standing position 

Four studies investigated maternal cardiovascular autonomic function in early, mid, and late 

pregnancy while standing (Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 1994; Lucini et 

al., 1999). Heart rate while standing either does not change with progression of gestation (D'Silva 

et al., 2014) or increases slightly and significantly (Ekholm et al., 1994). There was no significant 

change in systolic blood pressure while standing throughout gestation (Blake et al., 2000; D'Silva 

et al., 2014; Lucini et al., 1999). One study demonstrated a decrease in RR mean with progression 

of gestation while standing (Lucini et al., 1999), otherwise there was no change in RR mean, 

SDNN, or RMSSD (Blake et al., 2000; D'Silva et al., 2014). HF power (abs and nu) and LF (abs) 

also demonstrated no significant change throughout pregnancy while standing (Blake et al., 2000; 

D'Silva et al., 2014; Lucini et al., 1999). Two studies (Blake et al., 2000; Lucini et al., 1999) 

demonstrated LF (nu) decreased significantly throughout gestation, however, this was not 

supported by a third study (D'Silva et al., 2014). Non-linear measures of HRV and spontaneous 

baroreflex sensitivity throughout pregnancy were not investigated while standing. 

A single study (Ekholm et al., 1994) investigated position change reflexes and found no change in 

the measure equivalent to initial increase in heart rate (IIHR), but a significant increase in max/min 

ratio with gestation. However, the orthostatic manoeuvre was compared to the supine position in 

early and mid-pregnancy, but the left-half lateral position in late pregnancy. Inconsistency in 

referent positions may cause different results at different stages of gestation.  

Standing compared to left lateral: None of the studies included in the full study comparison that 

investigated short-term maternal cardiovascular autonomic responses throughout pregnancy 

compared left lateral and standing positions. 
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Table 2.12. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in early, mid, and late pregnancy while standing. 

 

 

2.3.1.6 Summary of full study comparison 

Short-term maternal cardiovascular autonomic measurements vary with progression of gestation 

and also depending on the position that they are measured in. Heart rate increases while resting in 

recumbent positions (left and supine) with progression of gestation. Heart rate while standing also 

increases slightly throughout pregnancy but is relatively stable compared to recumbent 

measurements. Systolic blood pressure with progression of gestation is variable and depends on 

the position that it is measured in. Systolic blood pressure measured in the left lateral position 

either increases or remains unchanged with progression of gestation. Measurements taken in the 

supine position either increase, decrease, or remain unchanged. Measurements taken while 

standing remain statistically unchanged throughout pregnancy.  

Standing

Variable
First 

Author
Year type time (min) n Gest

SD 

[range]
mean

SD 

[range]
n Gest

SD 

[range]
mean

SD 

[range]
n Gest

SD 

[range]
mean

SD 

[range]
change p

D'Silva 2014 L 6 28 -- [12-16] 94 2 28 -- [26-28] 98 2 28 -- [36-34] 99 2 -- ns%

Ekholm 1994 L 3 18 11 2 99 10 18 23 1 95 11 18 36 0 102 14 ↑ <0.001

Blake 2000 L 5 16 16 [11-18] 116 10 16 27 [26-29] 119 16 16 36 [34-40] 122 12 -- ns%

D'Silva 2014 L 6 28 -- [12-16] 114 2 28 -- ['26-28] 112 2 28 -- [36-34] 117 2 -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 104 3 -- -- -- -- -- 14 -- [32-34] 104 9 -- ns%

Blake 2000 L 5 16 16 [11-18] 659 75 16 27 [26-29] 639 82 16 36 [34-40] 633 56 -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 711 19 -- -- -- -- -- 14 -- [32-34] 643 19 ↓ <0.02

SDNN (ms) D'Silva 2014 L 6 28 -- [12-16] 49.1 3.5 28 -- [26-28] 45.6 3.1 28 -- [36-34] 51.3 2.7 -- ns%

RMSSD (ms) D'Silva 2014 L 6 28 -- [12-16] 23.5 2.8 28 -- [26-28] 19.1 1.7 28 -- [36-34] 21.0 2.6 -- ns%

Blake^ 2000 L 5 16 16 [11-18] 82.0 [40-492] 16 27 [26-29] 113.0 [21-486] 16 36 [34-40] 211.0 [59-559] -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 181.0 74.0 -- -- -- -- -- 14 -- [32-34] 119.0 44.0 -- ns%

Blake^ 2000 L 5 16 16 [11-18] 13.0 [6-40] 16 27 [26-29] 11.0 [3-22] 16 36 [34-40] 13.0 [4-27] -- ns%

D'Silva 2014 L 6 28 -- [12-16] 0.3 0.0 28 -- [26-28] 0.3 0.0 28 -- [36-34] 0.3 0.0 -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 18.8 4.3 -- -- -- -- -- 14 -- [32-34] 27.5 4.9 -- ns%

Blake^ 2000 L 5 16 16 [11-18] 304.0 [136-2771] 16 27 [26-29] 404.0 [95-1882] 16 36 [34-40] 544.0 [86-1496] -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 712.0 2.5 -- -- -- -- -- 14 -- [32-34] 246.0 64.0 -- ns%

Blake^ 2000 L 5 16 16 [11-18] 49.0 [35-76] 16 27 [26-29] 43.0 [12-77] 16 36 [34-40] 34.0 [9-69] ↓ <0.01%

D'Silva 2014 L 6 28 -- [12-16] 0.5 0.0 28 -- [26-28] 0.5 0.0 28 -- [36-34] 0.5 0.0 -- ns%

Lucinî ^ 1999 L 7 14 <6 -- 75.6 5.0 -- -- -- -- -- 14 -- [32-34] 59.8 6.0 ↓ <0.02

Sample entropy

α1

α2

Spontaneous BRS

IIHR Ekholm 1994 L -- 18 11 2 39.0 7.0 18 23 1 35.0 6.0 18 36 0 32.0 7.0 -- 0.14

max/min Ekholm 1994 L -- 18 11 2 1.3 0.2 18 23 1 1.3 0.2 18 36 0 1.4 0.2 ↑ 0.03

^^ = mean and standard error of the mean used

ns = reported as not significant but no p value stated

Position change reflexes

Spontaneous baroreflex sensitivity

Non-linear measures of heart rate variaiblity

Gest = gestation; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR 

intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute 

(not log-transformed); nu = normalised units; LF = low frequency; BRS: baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

^ = median values and interquartile range used

% = early pregnancy vs late pregnancy

Frequency domain measures of heart rate variaiblity

Early pregnancy Mid pregnancy Late pregnancy

Mean heart rate 

(bpm)

RR mean (ms)

Mean SBP 

(mmHg)

Time domain measures of heart rate variaiblity

Heart rate and systolic blood pressure 

HF (log / abs)

HF (nu)

LF (log / abs)

LF (nu)

Note: gestation is rounded down to completed weeks. Where multiple gestations are measured, selected gestations were chosen as representative of trimesters and 

consistent with other studies in this summary
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Most (but not all) studies demonstrate decreased time domain measures of HRV with progression 

of gestation in recumbent positions, but relatively consistent measures throughout gestation while 

standing. Similarly, while most studies demonstrate absolute and normalised HF power decreases 

with progression of gestation in recumbent positions, measures are stable throughout pregnancy 

while standing. Statistically significant changes in LF power are more variable. However, 

generally, in recumbent positions absolute LF power tends to decrease with progression of 

gestation whereas normalised LF power increases, reflecting changes in normalised HF power. 

Though again, standing demonstrates different results, with normalised LF power decreasing with 

progression of gestation. Non-linear measures of HRV throughout pregnancy are under-

represented with only two studies reporting measurements, both taken in the supine position 

(Baumert et al., 2012; Sawane et al., 2018). Results reflect decreased complexity and increased 

correlation of RR intervals in the recording. Spontaneous baroreflex sensitivity decreases with 

progression of gestation in left lateral and supine positions. 

While there were certainly similarities in results between studies, there were also discrepancies. 

Not all results are consistent, reflecting differences in methodological approaches such as 

recording length (range 5 – 30 minutes), sample size (range 8 – 66), and cross sectional versus 

longitudinal studies. As demonstrated in Table 2.13 below, many studies did not reference the 

potential effects of aortocaval compression on the gravid uterus as pregnancy progressed. Only 

two studies compared more than one position and included left lateral to reduce potential effects 

of aortocaval compression (Kuo et al., 2000; Speranza et al., 1998). However, statistical analysis 

provided in both studies was limited and did not include detailed information on position 

comparisons or effects of position at different gestations. As reported above, short-term maternal 

cardiovascular autonomic responses vary depending on the position in which they are measured, 

particularly as seen between recumbent and standing positions. Effects of gestation are layered 

upon effects of position, which has not been described sufficiently in the available literature. It is 

important to understand the effects of different positions, some of which may have different effects 

on aortocaval compression at different gestations, if the influence of short-term maternal 

cardiovascular autonomic responses on maintenance of blood flow is to be accurately assessed. In 

this respect, there is a significant knowledge gap in the existing literature. 
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Table 2.13. Assessment of bias table in studies meeting the criteria for full study comparison and 

investigated women in early pregnancy, mid pregnancy, and late pregnancy. 

 For definitions of each measure see below table or section 2.1.3.4. 

 

1 2 3 4 5 6 7 8 9 10

Objective
Inclusion / 

exclusion

Standard-

isation
Sample size Position

Demo-

graphics

Partici-

pants
Reporting

Accurate p 

values
Statistics

Baumert 2012 yes yes ~ yes no ~ no ~ no yes

Blake 2000 yes yes yes no no yes yes yes no yes

D'Silva 2014 yes yes ~ yes no yes no yes no ~
Ekholm 1994 yes ~ no no yes ~ yes yes yes ~

Garg 2020 yes yes yes yes no yes yes yes no yes

Kolovetsiou-

Kreiner
2018 yes yes ~ no yes yes yes yes no yes

Kuo 2000 yes yes yes yes yes ~ ~ yes no ~
Lucini 1999 yes ~ ~ no ~ yes no yes no ~
Moertl 2013 yes yes ~ yes ~ yes no yes yes yes

Sawane 2018 yes yes yes yes no ~ yes yes yes yes

Speranza 1998 yes ~ ~ no yes ~ ~ yes no ~
Visontai 2002 yes ~ yes no no ~ yes yes no ~

Voss 2000 yes yes ~ no no ~ ~ yes no yes

Walther 2005 yes ~ ~ yes no ~ ~ yes no ~

First Author Year

 ~  = unclear / partial information 
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Definitions of full study comparison bias table criteria: 

1. Is the objective of the study clearly described? 

2. Have the inclusion / exclusion criteria of the participants been clearly described? 

3. Does testing criteria meet standardised guidelines? 

4. Was the sample size ≥ 20 subjects for each group?  

5. Have effects of aortocaval compression in the position/s been considered for studies that 

include late pregnancy?  

6. Have the subject’s demographic criteria been described? 

7. Was drop-out described for longitudinal studies or were populations comparable for cross 

sectional studies (e.g. age, pre-pregnancy BMI)? 

8. Are the main findings of the study clearly reported? 

9. Have accurate probabilities (p values) been reported? 

10. Are the statistical results informative? 

2.3.2 Partial study comparison 

Thirteen additional studies were identified during the literature search that did not meet the criteria 

for full study comparisons but were relevant for the partial study comparison (Airaksinen et al., 

1987; Balajewicz-Nowak et al., 2016; Ghuge et al., 2011; Jayawardana, 2001; Khlybova et al., 

2008; Miyake et al., 2002; Moertl et al., 2009; Pena et al., 2011; Rang et al., 2004; Veerabhadrappa 

et al., 2013; Veerabhadrappa et al., 2015; Vikhe et al., 2019; Voss et al., 2006) (Table 2.14). 
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Table 2.14. Studies that met criteria for narrative review but did not meet criteria for full study 

comparison investigated women in early pregnancy, mid pregnancy, and late pregnancy. For 

definitions of each measure see below table or section 2.1.3. 

 

1. Analysis techniques: Did the study meet the pre-determined set of analysis methods 

described in section 2.1.3.1? 

2. Positions: Did the study meet the criteria for left lateral, right lateral, supine, or standing 

positions described in section 2.1.3.2? 

3. Results: Did the study include results tables? 

Four studies investigated deep breathing throughout gestation: while resting (Vikhe et al., 2019); 

while supine (Airaksinen et al., 1987); while supine in early pregnancy but in left lateral 30° tilt in 

mid and late pregnancy (Rang et al., 2004); and in an unknown position (Balajewicz-Nowak et al., 

2016). The difference between maximal and minimal heart rate (Airaksinen et al., 1987) and the 

expiratory to inspiratory ratio of heart rate both decrease with progression of gestation (Airaksinen 

et al., 1987; Balajewicz-Nowak et al., 2016; Vikhe et al., 2019), suggesting diminishing tonic vagal 

cardiac activity (Airaksinen et al., 1987). Frequency domain measures of HRV measured during 

deep breathing either decrease (Balajewicz-Nowak et al., 2016) or do not change with progression 
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of gestation (Rang et al., 2004). However, the one minute sample time is too short to accurately 

estimate LF power and borderline for HF power (Task force of the ESC/NASPE, 1996), thus 

frequency domain measurements during deep breathing are interpreted with caution. Other 

measures of HRV that are less time dependent (e.g. SDNN, RMSSD) would be more appropriate. 

Airaksinen and colleagues also investigated heart rate reflexes in response to standing and found 

the max/min ratio did not change significantly throughout pregnancy (Airaksinen et al., 1987).  

Reflecting the variability in methodologies, time domain measures of HRV either significantly 

decrease with progression of gestation (Pena et al., 2011; Voss et al., 2006) or are only affected 

between early and mid-pregnancy but not between mid and late pregnancy (Khlybova et al., 2008). 

Similarly, frequency domain measures of HRV were found to be either unaffected by progression 

gestation (Khlybova et al., 2008; Rang et al., 2004), only affected between early and mid-

pregnancy but not between mid and late pregnancy (Khlybova et al., 2008), or in the case of 

normalised LF power, increase with gestation (Voss et al., 2006). HF power reported by Miyake 

and colleagues appears to remain stable throughout gestation, however, without raw data or 

statistical results, any conclusions are limited and without statistical support (Miyake et al., 2002). 

Pena and colleagues (Pena et al., 2011) found α1 (mag) (a measure of non-linear properties of a 

recording (Ashkenazy et al., 2001; Pena et al., 2011)), increased with progression of pregnancy, 

RMSSD reduced, and α1 did not change. The authors suggest their results indicate stable short-

term heart rate control throughout gestation with an increase in complexity of cardiac regulation 

(α1 (mag)), despite reduced HRV and unchanged α1. While baroreflex sensitivity generally decreases 

with progression of gestation (Miyake et al., 2002; Rang et al., 2004; Voss et al., 2006), 

Jayawardana (2001) found baroreflex sensitivity increased between mid and late pregnancy. Non-

standardised calculations of spectral baroreflex sensitivity in mid and high frequency band ranges 

by Jayawardana (2001) potentially contributes to the conflicting results.   

Surprisingly, a number of authors did not specify how long they recorded their measurements for. 

While the measurement techniques and methodology descriptions indicate they are likely short 

term recordings, these articles cannot be definitely included under ‘short term’ (< 30 minutes) 

maternal cardiovascular autonomic function. However, the results are still briefly commented on 

for completeness. Similar to the variable results described above, frequency domain measures of 

HRV were found to be either significantly affected by progression of gestation (Balajewicz-Nowak 

et al., 2016) or unaffected by progression of gestation (Moertl et al., 2009; Veerabhadrappa et al., 

2015). Veerabhadrappa and colleagues state their method of bi-spectrum frequency domain 

analysis also varies with gestation, reportedly demonstrating increased sympathetic activity and 

decreased parasympathetic activity with progression of gestation, (Veerabhadrappa et al., 2013; 
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Veerabhadrappa et al., 2015). However, it is unclear how their analysis technique correlates with 

autonomic function or with standardised frequency domain techniques. Baroreflex sensitivity is 

reported to decrease with progression of gestation by Moertl and colleagues (Moertl et al., 2009). 

Finally, Ghuge and colleagues measured blood pressure response to standing throughout 

pregnancy (Ghuge et al., 2011). The findings have been separated from the above summary largely 

due to methodological concerns. The authors did not define what type of blood pressure was 

recorded (i.e. systolic, mean, or diastolic), did not report raw data (mean and standard deviation) 

and did not state the units of measurement for their reported results. In addition, their methodology 

is unclear without detailed explanations of equipment, recording techniques (e.g. method of blood 

pressure measurement), analysis methods, or resting position. The authors state their results reflect 

sympathetic function is decreased in first and second trimester before returning to pre-pregnancy 

levels in late pregnancy, though no pre-pregnancy results were reported. Relevant findings cannot 

be reliably interpreted from the information provided.  

2.3.3 Summary 

The position that participants are resting in when short-term maternal cardiovascular autonomic 

measurements are taken in is clearly important when assessing changes with progression of 

gestation. As indicated in the full study comparison above, the effect of gestation is different 

between recumbent and standing positions. Numerous studies lacked clarity of resting position 

resulting in unknown effects of aortocaval compression on short-term maternal cardiovascular 

autonomic function, particularly in late pregnancy. The importance of resting position is supported 

by the particularly variable results seen when position is not defined. However, even when specific 

positions are assessed, results are not always consistent between studies, reflecting the 

heterogeneous methodological approaches. It is important to understand that different methods of 

data collection and analysis can result in variability in short-term maternal cardiovascular 

measurements throughout pregnancy.  

Left lateral, supine, and standing positions are the predominant resting positions for assessment of 

short-term maternal cardiovascular responses throughout pregnancy with only one study assessing 

right lateral (Kuo et al., 2000). Overall, results demonstrate heart rate increases with progression 

of gestation, though systolic blood pressure is variable. Variable effects of gestation on systolic 

blood pressure between studies likely results from inter-study variability in position (e.g. left or 

supine), degree positional tilt (lateral decubitus, 15° or 30°), and method of measurement (e.g. 

continuous blood pressure using Finapres / Portapres monitors, or a standard auscultatory method).  
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Assessed as a whole, short-term maternal cardiovascular responses are significantly affected by 

progression of gestation (Table 2.15).  
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Table 2.15. Summary of short-term maternal cardiovascular autonomic responses in early, mid, 

and late pregnancy. Measurements were taken using non-invasive methods and while subjects 

were resting in a variety of positions. 

 

Direction of 

change

Number of 

studies
References

↑ 7
Balajewicz-Nowak et al., 2016*; Ekholm et al., 1994; Garg et al., 2020; Kolovetsiou-

Kreiner et al., 2018; Moertl et al., 2009*; Moertl et al., 2013; Visontai et al., 2002

~ 3 Miyake et al., 2002*; Rang et al., 2004*; Speranza et al., 1998

NS 1 D'Silva et al., 2014

↑ 3 Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2009*; Moertl et al., 2013 

↓ 1 Garg et al., 2020

~ 3 Miyake et al., 2002*; Rang et al., 2004*; Speranza et al., 1998

NS 8
Balajewicz-Nowak et al., 2016*; Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 

1994; Lucini et al., 1999; Visontai et al., 2002; Voss et al., 2000; Voss et al., 2006*

↓ 8
Baumert et al., 2012; Blake et al., 2000; Khlybova et al., 2008*; Kuo et al., 2000; Lucini 

et al., 1999; Pena et al., 2011*; Voss et al., 2006*; Walther et al., 2005

NS 2 Blake et al., 2000; Voss et al., 2000

↓ 5
Garg et al., 2020; Khlybova et al., 2008*; Moertl et al., 2013; Pena et al., 2011*; Sawane 

et al., 2018
~ 1 Speranza et al., 1998

NS 7
Baumert et al., 2012; D'Silva et al., 2014; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 

2000; Voss et al., 2000; Voss et al., 2006*; Walther et al., 2005

↓ 5
Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; Sawane et al., 2018; Voss et al., 

2006*; Walther et al., 2005
NS 2 D'Silva et al., 2014; Voss et al., 2000

↓ 8

Balajewicz-Nowak et al., 2016*; Blake et al., 2000; Garg et al., 2020; Khlybova et al., 

2008*; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000; Moertl et al., 2013; Sawane et 

al., 2018
~ 1 Miyake et al., 2002*

NS 5
Blake et al., 2000; Lucini et al., 1999; Rang et al., 2004*; Voss et al., 2000; Walther et al., 

2005

↓ 4 Balajewicz-Nowak et al., 2016*; Garg et al., 2020; Kuo et al., 2000; Sawane et al., 2018

NS 5
Blake et al., 2000; D'Silva et al., 2014; Khlybova et al., 2008*; Lucini et al., 1999; Moertl 

et al., 2009*

↓ 4 Garg et al., 2020; Khlybova et al., 2008*; Kuo et al., 2000; Moertl et al., 2013

NS 9

Balajewicz-Nowak et al., 2016*; Blake et al., 2000; Kolovetsiou-Kreiner et al., 2018; Kuo 

et al., 2000; Lucini et al., 1999; Rang et al., 2004*; Sawane et al., 2018; Voss et al., 2000; 

Walther et al., 2005

↑ 6
Balajewicz-Nowak et al., 2016*; Garg et al., 2020; Kuo et al., 2000; Sawane et al., 2018; 

Voss et al., 2006; Walther et al., 2005

↓ 2 Blake et al., 2000; Lucini et al., 1999

NS 6
Blake et al., 2000; D'Silva et al., 2014; Khlybova et al., 2008*; Kuo et al., 2000; Moertl et 

al., 2009*; Voss et al., 2000

Sample entropy ↑ 2 Baumert et al., 2012; Sawane et al., 2018

↑ 1 Baumert et al., 2012

NS 1 Pena et al., 2011

α2 ↑ 1 Baumert et al., 2012

↑ 1 Jayawardana, 2001*

↓ 7
Balajewicz-Nowak et al., 2016*; Garg et al., 2020; Kolovetsiou-Kreiner et al., 2018; 

Moertl et al., 2009*; Moertl et al., 2013; Visontai et al., 2002; Voss et al., 2006*

~ 1 Rang et al., 2004*

NS 1 Voss et al., 2000

* = did not meet criteria for individual study comparison

 ~  = unclear / partial information 

NS = no statistically signficant change

LF (nu)

Heart rate and systolic blood pressure 

Mean heart rate 

(bpm)

Mean SBP 

(mmHg)

Time domain measures of heart rate variaiblity

RR mean (ms)

SDNN (ms)

RMSSD (ms)

Frequency domain measures of heart rate variaiblity

HF (log / abs)

HF (nu)

LF (log / abs)

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN 

= standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all differences between adjacent normal RR 

intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = normalised units; LF = low frequency; 

BRS: baroreflex sensitivity

NOTE: where author name appears more than once within one variable, the variable was measured in different positions and produced 

different results

Non-linear measures of heart rate variaiblity

α1

Spontaneous baroreflex sensitivity

Spontaneous 

BRS
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Time domain measures of HRV decrease with increasing gestation, likely reflecting attenuated 

parasympathetic cardiac effects (Hayano et al., 1991; Kleiger et al., 2005; Parati et al., 2013; 

Shaffer et al., 2014) as well as increasing heart rate (McCraty & Shaffer, 2015). Reduced cardiac 

parasympathetic effects is consistent with increased sympathetic activity seen with increasing 

gestation (Okada et al., 2015), supported by increased sympathetic activity in late pregnancy 

compared with non-pregnant controls (Greenwood et al., 2001; Usselman et al., 2015). As 

explained earlier (see section 1.4.1), decreased neurovascular transduction and blunted vascular 

responsiveness in pregnancy compared to non-pregnant controls helps to offset vascular effects of 

increased sympathetic activity.  

Baroreflex sensitivity decreases with progression of gestation (Blake et al., 2000; Garg et al., 2020; 

Kolovetsiou-Kreiner et al., 2018; Lucini et al., 1999; Miyake et al., 2002; Moertl et al., 2013; Rang 

et al., 2004; Visontai et al., 2002; Voss et al., 2006) assessed in various positions and using various 

methodological approaches. This is consistent with reduced cardiovagal baroreflex sensitivity in 

third trimester women compared to non-pregnant women (Greenwood et al., 2001; Silver et al., 

2001). Decreased baroreflex sensitivity reflects decreased HRV and attenuated vagal cardiac 

activity (Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; Voss et al., 2000). Though the 

cardiovagal baroreflex and the sympathetic baroreflex are typically unrelated in normal humans, 

when assessed exclusively within females there is an association in sensitivity between the two 

baroreflex arms (Dutoit et al., 2010). While pregnancy adds another layer of complexity, it is of 

interest that spontaneous sympathetic baroreflex gain (measured by microneurography) is also 

reduced in third trimester women compared to non-pregnant controls (Usselman et al., 2015). 

However, cardiovagal baroreflex sensitivity is not always decreased in pregnancy compared to 

non-pregnant women (Usselman et al., 2015). Changes in third trimester women are particularly 

variable if compared to post-partum women, when baroreflex sensitivity may be increased (Leduc 

et al., 1991), decreased (Heiskanen et al., 2011), or unchanged (Heiskanen et al., 2008). This 

highlights the importance of true ‘non-pregnant’ control values to assess changes compared to 

pregnancy. 

Only two studies investigated the effects of position on short-term maternal cardiovascular 

autonomic responses throughout pregnancy and included a position that may produce an acute 

physiological stress (e.g. supine) compared to left lateral (Kuo et al., 2000; Speranza et al., 1998). 

As mentioned earlier, statistical analysis in these studies is limited and did not include position 

comparisons or effects of position at different gestations. Further studies have assessed maternal 

cardiovascular autonomic responses to an orthostatic manoeuvre using a range of referent positions 

including supine (Blake et al., 2000; Miyake et al., 2002), 15° reclined supine (Lucini et al., 1999), 
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45° reclined supine (D'Silva et al., 2014), or supine in early pregnancy that changes to left lateral 

tilt from mid (Rang et al., 2004) or late pregnancy (Ekholm et al., 1994). While maternal 

cardiovascular responses to an orthostatic manoeuvre are reported to be affected by gestation, 

results again are difficult to cohesively interpret due to inconsistent reporting and heterogeneous 

methodologies, not least in the referent position used.  

2.3.3.1 Conclusion 

Short-term maternal cardiovascular autonomic function measured by non-invasive methods is 

affected by gestation in recumbent positions, and to a lesser extent while standing. However, 

results are inconsistent between studies reflecting heterogeneous methodologies. Data collection 

throughout pregnancy included a mix of longitudinal and cross sectional methods as well as 

recording times that were inconsistent between studies and statistical methods that were often not 

fully informative. Non-linear methods of HRV analysis and information on change between 

positions were largely missing. Utilising advances in analysis techniques, standardising resting 

positions, and using longitudinal measurements to assess effects of gestation will assist in 

improving data collection. Assessment of short-term maternal cardiovascular autonomic function 

in response to acute physiological stress, for example while supine or standing, should be 

referenced to a left lateral decubitus position to minimise effects on aortocaval compression. 

Assessing interactions between effects of position and effects of gestation would provide valuable 

information on how maternal cardiovascular autonomic responses vary with progression of 

gestation, and responses to progression of aortocaval compression. The development of reliable 

and comprehensive measures of short-term maternal cardiovascular autonomic function 

throughout pregnancy would significantly contribute to and improve the existing knowledge base. 

2.4 Cardiovascular autonomic function in post-partum women compared to non-pregnant 

women 

This section summarises literature investigating short-term maternal cardiovascular autonomic 

function in the early post-partum period compared to non-pregnant women in different positions 

measured by non-invasive methods. Studies identified in the systematic literature search are split 

into two sections for evaluation: articles with comparable methodologies described under ‘full 

study comparison’ and the remaining studies described under ‘partial study comparison’. Articles 

that did not meet the criteria for the narrative review but are relevant to short-term maternal 

cardiovascular autonomic function are included for discussion in the summary section.  
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2.4.1 Full study comparison 

Four studies were identified as having comparable methodologies when investigating short-term 

cardiovascular autonomic function in post-partum women compared to non-pregnant women 

(Blake et al., 2000; Chen et al., 1999; Walther et al., 2014; Yeh et al., 2009). Summary tables 

containing detailed heart rate, systolic blood pressure, measure of HRV, spontaneous baroreflex 

sensitivity, and position change reflex results in women in the early post-partum period compared 

to non-pregnant women in left lateral, right lateral, supine, and standing are included in under each 

position summary.  

2.4.1.1 Deep breathing 

None of the studies included in the full study comparison investigated deep breathing responses 

between post-partum and non-pregnant women.  

2.4.1.2 Left lateral position 

Two studies investigated non-invasive short term maternal cardiovascular autonomic function in 

the left lateral position in women either 4 days (Walther et al., 2014) or 3 months post-partum 

(Chen et al., 1999) compared to non-pregnant women. Walther and colleagues demonstrated that 

systolic blood pressure was significantly increased and time domain measures (RR mean, SDNN, 

RMSSD) were significantly decreased in women 4 days post-partum compared to non-pregnant 

controls. Frequency domain measures were also different between the two groups, with absolute 

high frequency (HF abs) and low frequency (LF abs) power decreased and normalised LF (nu) 

power increased in the early post-partum period (Walther et al., 2014). However, by 3 months 

post-partum, there were no statistically significant differences in RR mean, SDNN, and normalised 

HF and LF power between the two groups (Chen et al., 1999).  
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Table 2.16. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in post-partum women compared to non-pregnant women while lying in the 

left lateral position. 

 

 

2.4.1.3 Right lateral position 

A single study investigated short-term maternal cardiovascular autonomic function using non-

invasive methods in post-partum women (3 months) and non-pregnant women in right lateral 

(Chen, et al. 1999). The authors do not report any statistically significant differences in RR mean, 

SDNN, HF (nu) or LF (nu) between the two groups, and state autonomic activity returns to normal 

after delivery. Heart rate, systolic blood pressure, non-linear analyses of HRV, and spontaneous 

baroreflex sensitivity were not investigated. 

Right lateral compared to left lateral: Both post-partum women and non-pregnant women 

demonstrated a statistically lower RR mean in right lateral compared to left lateral, but no 

Left

Variable
First 

Author
Year time (min) n mean

SD 

[range]
n duration mean

SD 

[range]
change p

Mean heart rate (bpm)

Mean SBP (mmHg) Walther 2014 30 14 112 105-119 14 4 days 131 127-139 19 ↑ <0.001

Walther 2014 30 14 831 779-1015 14 4 days 725 681-756 -106 ↓ <0.001

Chen 1999 * 20 858 97 15 3 months 891 213 33 -- ns

Walther 2014 30 14 87.0 105-119 14 4 days 38.0 127-139 -49.0 ↓ <0.001

Chen 1999 * 20 40.3 12.5 15 3 months 50.2 23.8 9.9 -- ns

RMSSD (ms) Walther 2014 30 14 63.0 55-83 14 4 days 17.0 15-30 -46.0 ↓ <0.001

HF (log / abs) Walther 2014 30 14 0.4 0.16-0.59 14 4 days 0.1 0.04-0.18 -0.3 ↓ <0.001

HF (nu) Chen 1999 * 20 42.8 19.9 15 3 months 40.0 16.6 -2.8 -- ns

LF (log / abs) Walther 2014 30 14 0.5 0.13-0.77 14 4 days 0.2 0.14-0.29 -0.3 ↓ <0.05

Walther 2014 30 14 0.5 0.43-0.58 14 4 days 0.7 0.62-0.84 0.2 ↑ <0.01

Chen 1999 * 20 26.7 9.7 15 3 months 25.9 9.2 -0.8 -- ns

Sample entropy

α1

α2

Walther 2014 30 14 17.7 13.4-22.6 14 4 days 8.6 7.2-10.7 -9.1 ↓ <0.01

Walther 2014 30 14 23.5 18.2-25.1 14 4 days 8.5 7.2-9.6 -15.0 ↓ <0.001

Spontaneous baroreflex sensitivity

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN = 

standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal 

RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = normalised units; LF = low frequency; BRS: 
* = 512 beats were analysed rather than a specified time interval

ns = reported as not significant but no p value stated

Post-partum

Spontaneous BRS

RR mean (ms)

SDNN 

(ms)

LF (nu)

Non-pregnant

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity

Non-linear measures of heart rate variaiblity
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significant differences in SDNN HF (nu), or LF (nu). Interactions between group and position 

were not reported. 

Table 2.17. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in post-partum women compared to non-pregnant women while lying in the 

right lateral position. 

 

 

2.4.1.4 Supine position 

Three studies investigated non-invasive short-term maternal cardiovascular autonomic function in 

the supine position in women 6 weeks (Blake et al., 2000) and 3 months post-partum (Chen et al., 

1999; Yeh et al., 2009) compared to non-pregnant women. There were no significant differences 

in mean systolic blood pressure, RR mean, SDNN, RMSSD, HF power (abs and nu), LF power 

(abs and nu), or DFA measures between the two groups. Heart rate, sample entropy, and 

spontaneous baroreflex sensitivity were not reported.  
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Supine compared to left lateral: One study compared supine to left lateral and found RR mean 

was significantly lower in the supine position in both post-partum and non-pregnant women, but 

no difference in SDNN or normalised HF or LF power (Chen et al., 1999). Interactions between 

group and position were not assessed. 

Table 2.18. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in post-partum women compared to non-pregnant women while lying in the 

supine position. 

 

 

Supine

Variable
First 

Author
Year

time 

(min)
n mean

SD 

[range]
n duration mean

SD 

[range]
change p

Mean heart rate (bpm)

Mean SBP (mmHg) Blake 2000 5 16 110 13 16 6 weeks 101 16 -9 -- ns

Blake 2000 5 16 902 121 16 6 weeks 875 80 -27 -- ns

Chen 1999 * 20 823 70 15 3 months 829 146 6 -- ns

Yeh 2009 ** 16 839 78 16 3 months 784 102 -55 -- ns

Chen 1999 * 20 40.5 12.5 15 3 months 38.9 17.2 -1.6 -- ns

Yeh 2009 ** 16 44.2 14.5 16 3 months 40.4 20.4 -3.8 -- ns

RMSSD (ms) Yeh 2009 ** 16 37.3 15.9 16 3 months 28.7 14.8 -8.5 -- ns

Blake^ 2000 5 16 695.0 [272-2515] 16 6 weeks 720.0 [165-2955] 25.0 -- ns

Yeh 2009 ** 16 315.4 228.0 16 3 months 195.5 147.8 -119.9 -- ns

Blake^ 2000 5 16 31.0 [10-48] 16 6 weeks 36.0 [8-52] 5.0 -- ns

Chen 1999 * 20 34.6 12.3 15 3 months 39.0 18.9 4.4 -- ns

Yeh 2009 ** 16 38.4 15.3 16 3 months 35.7 17.9 -2.7 -- ns

Blake^ 2000 5 16 1092.0 [491-3025] 16 6 weeks 805.0 [116-2803] -287.0 -- ns

Yeh 2009 ** 16 240.1 223.5 16 3 months 148.6 121.2 -91.5 -- ns

Blake^ 2000 5 16 39.0 [24-85] 16 6 weeks 36.0 17-53 -3.0 -- ns

Chen 1999 * 20 30.0 8.1 15 3 months 29.4 8.8 -0.6 -- ns

Yeh 2009 ** 16 28.9 7.4 16 3 months 30.0 8.9 1.2 -- ns

Sample entropy

α1 Yeh 2009 ** 16 0.9 0.2 16 3 months 0.9 0.2 0.0 -- ns

α2 Yeh 2009 ** 16 0.7 0.1 16 3 months 0.7 0.1 0.0 -- ns

Spontaneous BRS

* = 512 beats were analysed rather than a specified time interval

**660 beats were analysed rather than a specified time interval

^ = median values and interquartile range used

ns = reported as not significant but no p value stated

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR 

interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of 

differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-

transformed); nu = normalised units; LF = low frequency; BRS: baroreflex sensitivity

RR mean (ms)

SDNN (ms)

HF (log / abs)

HF (nu)

LF (log / abs)

LF (nu)

post-partumnon-pregnant

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity
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2.4.1.5 Standing 

One study investigated non-invasive short-term maternal cardiovascular autonomic function in 

women 6 weeks post-partum and non-pregnant women while standing (Blake et al., 2000). Systolic 

blood pressure, RR mean, HF power (abs and nu) or LF power (abs and nu) were not significantly 

different between the two groups. Heart rate, SDNN, RMSSD, non-linear measures of HRV, 

spontaneous baroreflex sensitivity, and position change reflexes were not investigated. The authors 

did not investigate standing compared to left lateral. 

Table 2.19. Summary of studies investigating short-term cardiovascular autonomic function using 

non-invasive methods in post-partum women compared to non-pregnant women while standing. 

 

 

Standing

Variable
First 

Author
Year

time 

(min)
n mean

SD 

[range]
n duration mean

SD 

[range]
change p

Mean heart rate (bpm)

Mean SBP (mmHg) Blake 2000 5 16 124 9 16 6 weeks PP 115 19 -9 -- ns

RR mean (ms) Blake 2000 5 16 725 70 16 6 weeks PP 659 83 -66 -- ns

SDNN (ms)

RMSSD (ms)

HF (log / abs) Blake^ 2000 5 16 119 [44-460] 16 6 weeks PP 97 [17-302] -22 -- ns

HF (nu) Blake^ 2000 5 16 9 [2-26] 16 6 weeks PP 8 [3-20] -1 -- ns

LF (log / abs) Blake^ 2000 5 16 815 [305-2417] 16 6 weeks PP 725 [169-2649] -90 -- ns

LF (nu) Blake^ 2000 5 16 55 [37-79] 16 6 weeks PP 59 [35-76] 4 -- ns

Sample entropy

α1

α2

Spontaneous BRS

IIHR

max/min

ns = reported as not significant but no p value stated

Post-partumNon-pregnant

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

Frequency domain measures of heart rate variaiblity

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; 

SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences 

between adjacent normal RR intervals; HF = high frequency; log = logarithmic; abs = absolute (not log-transformed); nu = 

normalised units; LF = low frequency; BRS: baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = 

maximum/minimum

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity

Position change reflexes

^ = median values and interquartile range used
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2.4.1.6 Summary of full study comparison 

At 4 days post-partum, maternal cardiovascular autonomic responses had not returned to a non-

pregnant state (Walther et al., 2014). However, by ≥ 6 weeks post-partum there were no 

statistically significant differences in systolic blood pressure, time domain, frequency domain or 

DFA measures of HRV compared to non-pregnant women (Blake et al., 2000; Chen et al., 1999; 

Yeh et al., 2009). Heart rate, sample entropy, spontaneous baroreflex sensitivity, and heart rate 

reflexes were not investigated. Assessment of different recumbent positions was limited to one 

study (Chen et al., 1999). Chen and colleagues found heart rate responses in post-partum women 

and non-pregnant women were similar in left lateral, right lateral, and supine positions. RR mean 

was reduced in right and supine positions compared with left lateral in both post-partum and non-

pregnant women. No study assessed standing compared to left lateral. However, Blake and 

colleagues did compare standing to supine, which will be discussed below in the summary section 

(Blake et al., 2000). While overall the studies were well conducted, improvement of descriptions 

of the standardisation of the protocol and the parity / gravidity status of non-pregnant controls 

would be useful (Table 2.20). 

Table 2.20. Assessment of bias table in studies meeting the criteria for full study comparison and 

investigated post-partum women compared to non-pregnant women. For definitions of each measure 

see below table (or section 2.1.3.4 above). 
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Definitions of full study comparison bias table criteria: 

1. Is the objective of the study clearly described? 

2. Have the inclusion / exclusion criteria of the participants been clearly described? 

3. Does testing criteria meet standardised guidelines? 

4. Was the sample size ≥ 20 subjects for each group? 

5. Has the reason for choosing the position/s been described?  

6. Have the subject’s demographic criteria been described? 

7. Has the gravidity or parity status of non-pregnant controls been described? 

8. Are the main findings of the study clearly reported? 

9. Have accurate probabilities (p values) been reported? 

10. Are the statistical results informative? 

2.4.2 Partial study comparison 

One additional study was identified during the literature search that did not meet the criteria for 

full study comparisons but were relevant for the partial study comparison (Table 2.21) (Murphy et 

al., 2015).  

Table 2.21. A single study that met criteria for narrative review but did not meet criteria for full 

study comparison and investigated post-partum women compared to non-pregnant women. For 

definitions of each measure see below table (or section 2.1.3 above). 

 

1. Analysis techniques: Did the study meet the pre-determined set of analysis methods 

described in section 2.1.3.1? 

2. Positions: Did the study meet the criteria for left lateral, right lateral, supine, or standing 

positions described in section 2.1.3.2? 

3. Results: Did the study include results tables? 

Murphy and colleagues studied women in the early (five to ten weeks) and late (six to eight 

months) post-partum period compared to never-pregnant (nulligravid) women while resting in a 

semi-supine position (Murphy et al., 2015). Time domain measures (RR mean, SDNN, RMSSD) 

returned to levels similar to non-pregnant women by six to eight months post-partum, though RR 

First Author Year
Analysis 

techniques
Positions Results 

Murphy 2015 yes no ~
 ~  = unclear / partial information 
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mean and SDNN appeared to also return to non-pregnant measurements by the early post-partum 

period. LF (nu) is similar between nulligravid women and women in the early post-partum period, 

however, by the late post-partum period LF (nu) becomes significantly higher than nulligravid 

women.  

2.4.3 Summary 

The above studies indicate that under resting conditions, short term maternal cardiovascular 

autonomic function measured with non-invasive methods generally returns to a non-pregnant state 

by ≥ 6 weeks post-partum, though is significantly different from non-pregnant women if measured 

within the first few days post-birth (Table 2.22).  
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Table 2.22. Summary of short-term maternal cardiovascular autonomic responses in post-partum 

women compared to non-pregnant women. Measurements were taken using non-invasive methods 

and while subjects were resting in a variety of positions. 

 

 

Assessment of cardiovascular autonomic responses in different recumbent positions in post-

partum and non-pregnant women is limited to a single study that compared left lateral, right lateral, 

and supine (Chen et al., 1999). There were no comparisons between left lateral and standing. Blake 

Direction of 

change

Number of 

studies
References

Mean heart rate (bpm) -- -- --

↑ 1 Walther et al., 2014

NS 1 Blake et al., 2000

↓ 1 Walther et al., 2014

NS 4
Blake et al., 2000; Chen et al., 1999; Murphy et al., 

2015*; Yeh et al., 2009

↓ 1 Walther et al., 2014

NS 3 Chen et al., 1999; Murphy et al., 2015*; Yeh et al., 2009

↓ 2 Murphy et al., 2015*; Walther et al., 2014

NS 2 Murphy et al., 2015*; Yeh et al., 2009

↓ 1 Walther et al., 2014

NS 2 Blake et al., 2000; Yeh et al., 2009

HF (nu) NS 3 Blake et al., 2000; Chen et al., 1999; Yeh et al., 2009

↓ 1 Walther et al., 2014

NS 2 Blake et al., 2000; Yeh et al., 2009

↑ 2 Murphy et al., 2015*; Walther et al., 2014

NS 4
Blake et al., 2000; Chen et al., 1999; Murphy et al., 

2015*; Yeh et al., 2009

Sample entropy -- -- --

α1 NS 1 Yeh et al., 2009

α2 NS 1 Yeh et al., 2009

Spontaneous BRS ↓ 1 Walther et al., 2014

* = did not meet criteria for individual study comparison

 ~  = unclear / partial information 

NS = no statistically signficant change

Heart rate and systolic blood pressure 

Time domain measures of heart rate variaiblity

RMSSD (ms)

SDNN 

(ms)

RR mean (ms)

Mean SBP (mmHg)

Frequency domain measures of heart rate variaiblity

NOTE: where author name appears more than once within one variable, the variable was measured in 

different positions and produced different results

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = 

milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the 

mean of the sum of all the differences between adjacent normal RR intervals; HF = high frequency; log = 

logarithmic; abs = absolute (not log-transformed); nu = normalised units; LF = low frequency; BRS: 

baroreflex sensitivity

LF (nu)

LF (log / abs)

HF (log / abs)

Non-linear measures of heart rate variaiblity

Spontaneous baroreflex sensitivity
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and colleagues compared standing to supine, and reported similar heart rate, HRV, and 

spontaneous baroreflex sensitivity responses in women six weeks post-partum compared to non-

pregnant women (Blake et al., 2000).  

Similar non-invasive short-term cardiovascular autonomic function in women ≥ 6 post-partum and 

non-pregnant women as reported above is supported by similar MSNA in women ≥ 6 weeks post-

partum and in non-pregnant controls (Greenwood et al., 2001; Reyes, Usselman, Davenport et al., 

2018). However, there is evidence that haemodynamic and cardiovascular changes last beyond 

pregnancy (Parikh et al., 2012; Vaidya et al., 2014). Parity is associated with increased risk of 

cardiovascular disease later in life (Catov et al., 2008) compared to nulliparous women, and 

increasing parity is associated with increased left ventricular mass (Parikh et al., 2012) and 

increased atrial conduction time (Parikh et al., 2018). Gravidity and parity are also associated with 

lower carotid artery distensibility compared to nulligravid and nulliparous respectively (Vaidya et 

al., 2014). Use of nulligravid women as non-pregnant controls would circumvent any variability 

arising from gravidity or parity status. Comparison of post-partum women and nulligravid women 

in different recumbent positions and in response to standing would contribute new information to 

the existing knowledge base.  

2.4.3.1 Conclusion 

It would be of interest to add to the understanding of short-term maternal cardiovascular autonomic 

function assessing post-partum measurements compared to nulligravid women, filling the 

knowledge gap left by the existing literature described above. Investigating sample entropy, 

spontaneous baroreflex sensitivity, and heart rate reflexes in the early post-partum period (6 

weeks) compared to nulligravid control women, along with traditional time and frequency domain 

measures of HRV, would add novel findings. Using nulligravid women as the control group would 

remove any potential variability associated with lasting haemodynamic and cardiovascular 

changes beyond the post-partum period and give a true non-pregnant comparison. Finally, 

incorporating an acute physiological challenge such as an orthostatic manoeuvre and multiple 

recumbent positions (some of which may have been physiologically challenging during late 

pregnancy) would provide a comprehensive overview of the ‘return to normal’ post-partum. 

Inclusion of statistical analysis of interactions between effects of position and effects of group 

(post-partum and nulligravid women) would provide additional knowledge of whether the effect 

of position varies depending on the group.  
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2.5 Critique 

There were numerous inconsistencies in the methods used by articles investigating short-term 

cardiovascular autonomic responses throughout pregnancy, despite publication of standardised 

methods (Sassi et al., 2015; Task force of the ESC/NASPE, 1996). Length of recording is variable 

between studies, and often does not follow the standardised 5-minute recording criteria for short-

term analysis of HRV (Task force of the ESC/NASPE, 1996). For example, recordings of 6 

minutes (D'Silva et al., 2014), 10 minutes (Moertl et al., 2013), 15 minutes (Antonazzo et al., 2004; 

Kuo et al., 2000) and 30 minutes (Voss et al., 2000; Walther et al., 2005) have been used, or may 

not be stated at all (Balajewicz-Nowak et al., 2016; Moertl et al., 2009). 

Resting positions were also variable, even within single position such as left lateral. For example, 

left lateral can include 15° left lateral (Kolovetsiou-Kreiner et al., 2018), left side with 30° tilt 

(Voss et al., 2000), left half lateral (Ekholm et al., 1994), or left semi lateral (Jayawardana, 2001). 

Sometimes, the position subjects were resting in is not stated at all (Balajewicz-Nowak et al., 

2016). Positions can also vary between gestations, even within longitudinal studies (Ekholm et al., 

1994). It is understandable why resting positions may change with increasing gestation to reduce 

aortocaval compression while supine. However, inconsistency causes difficulty when comparing 

between and even within studies due to the variable and often undefined effect of aortocaval 

compression on maternal cardiovascular autonomic function at different gestations. Despite the 

effects of aortocaval compression, numerous studies compare the orthostatic manoeuvre to a 

supine referent position. However, the definition of ‘supine’ is also highly variable and can range 

from supine (Blake et al., 2000; Miyake et al., 2002) to 15° reclined supine (Lucini et al., 1999) or 

45° reclined supine (D'Silva et al., 2014). 

Articles examining the effects of gestation can be either cross sectional (Kuo et al., 2000; Speranza 

et al., 1998) or longitudinal (Kolovetsiou-Kreiner et al., 2018; Moertl et al., 2013; Visontai et al., 

2002). Using different participants at different stages of pregnancy (i.e. cross sectional studies) 

may obscure gestational changes due to potential variances in subject characteristics within each 

cohort, though may be useful if longitudinal data is difficult to gain.  

Studies occasionally failed to adequately describe subject characteristics (e.g. age) (Moertl et al., 

2009). HRV declines with age (Shaffer & Ginsberg, 2017), which may impact interpretation of 

results. Units of measurement, within frequency domain analysis for example, can also vary 

between studies. Variable units of measurement may mean results from different studies cannot 

be compared.  Research was often done in comparison to complicated pregnancies, exercise, or in 
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labour (not included in this review) which again, may make it difficult to compare results from 

different studies.  

2.6 Conclusion 

As detailed above, there were several criticisms and inconsistencies in methodology in the existing 

literature that leave a lack of detailed information about short-term maternal cardiovascular 

autonomic responses throughout a normal healthy pregnancy and compared to true non-pregnant 

(nulligravid) controls. Existing reviews of maternal cardiovascular autonomic function indicate 

that wide inter-individual variability limits conclusions (Ekholm & Erkkola, 1996; Fu & Levine, 

2009; Fu, 2018; Rang et al., 2002) and recommend the use of longitudinal studies that include 

post-partum measurements and continuous blood pressure measurement (Ekholm & Erkkola, 

1996). In addition, there was a lack of non-linear measures in the existing literature, limiting 

interpretation of heart rate complexity and correlations that, along with traditional measures of 

HRV, describe the characteristics of the cardiovascular autonomic system. Informative statistical 

analysis comparing different resting positions that may (or may not) cause acute physiological 

stress, on top of the progressive physiological stress of pregnancy, would provide novel 

information.  

Complicated pregnancies, for example those with hypertensive disorders, are associated with 

further attenuated baroreflex sensitivity compared with normotensive pregnancies (Molino et al., 

1999). While results may vary depending on the type of hypertensive disorder (Faber et al., 2004) 

(supporting different pathological aetiologies of the disorders), having inconsistent methodologies 

between studies further adds to any variation in results. As described in section 1.4.2, abnormal 

cardiovascular and cardiovascular autonomic adaptations to pregnancy are related to pregnancy 

complications that may result in a detrimental uteroplacental and fetal environment. Altered 

maternal cardiovascular autonomic control in complicated pregnancies further highlights the need 

to have a thorough understanding of normal maternal cardiovascular autonomic control. 

Further research incorporating standardised methodology, strict inclusion and exclusion criteria, 

multiple positions, and robust informative statistical reporting would provide valuable novel 

information regarding short-term maternal cardiovascular autonomic responses. Short-term 

responses, as opposed to 24 hours recordings for example, are important to understand how the 

maternal cardiovascular autonomic nervous system maintains cardiovascular homeostasis when 

faced with acute challenges such as reduced venous return while lying supine in late pregnancy or 

upon standing. Ultimately, understanding how the maternal cardiovascular autonomic nervous 

system maintains cardiac output and blood pressure over the short-term is key to understanding 
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how the maternal body protects the uteroplacental circulation and fetal oxygenation when under 

normal acute physiological stress – and how this protection may fail.   
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3 Methodology 

This chapter describes the methodology used in the experimental study of this thesis. The aim of 

this thesis was to investigate maternal cardiovascular autonomic responses in different recumbent 

positions and while standing throughout a normal healthy pregnancy and post-partum to determine 

normal cardiovascular autonomic activity in response to acute physiological stressors. The 

protocol used in this thesis was formed using the knowledge gaps identified in Chapter 2. 

3.1 Experimental study method  

Assessing maternal cardiovascular autonomic responses to position change over gestation required 

a study design where participants are monitored and tested repeatedly over time. Thus, this 

research was primarily designed as prospective, longitudinal, quantitative cohort study. A cohort 

study design is able to describe the progression of a condition in a population and requires a large 

sample size followed over a long period of time with minimum drop-out rate (Peat, 2002).  This 

research was also designed to compare responses from the pregnant cohort to responses in non-

pregnant women. A case-control study allows comparisons of characteristics between groups 

(Peat, 2002). A control group of nulligravid women were recruited to allow examination of 

cardiovascular autonomic responses between nulligravid women and women who are in the early 

stages of their pregnancy or who are in the early post-partum period. The post-partum state was 

used to reflect the pregnant participant’s non-pregnant state, and to identify physiological 

differences (if any) between women who have and have not been pregnant. Cardiovascular 

autonomic testing was limited to non-invasive methods that were easily performed and safe for the 

mother and fetus (Mathias et al., 2013). Using both resting conditions and position-change reflexes 

allows assessment of adaptations under real-life conditions.   

Left lateral is the referent position for this research due to a decreased risk of stillbirth and is 

consistent with previous research from our department (Cronin et al., 2019; Humphries et al., 2018; 

Humphries, Thompson et al., 2020; Stone et al., 2017a; Stone et al., 2017b). As described in 

Chapter 1, the supine position in late pregnancy is an acute physiological stressor that causes 

decreased venous return due to aortocaval compression by the gravid uterus. Right lateral is 

included as initial findings from the Auckland Stillbirth Study suggested that, along with supine 

sleep, right lateral sleep may also have increased risk of stillbirth compared to left (Stacey et al., 

2011a). While further analysis refutes increased risk of stillbirth in right lateral (Cronin et al., 

2019) and maternal cardiac output is similar in the two positions (Humphries et al., 2020), it would 

be useful to determine if any differences in non-invasive maternal cardiovascular autonomic 

function exist. Standing was included as an acute physiological stress that results in reduced 
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venous return in both pregnant and non-pregnant women. The orthostatic manoeuvre is also a 

recognised test to assess autonomic reflexes in both healthy populations and those with 

comorbidities (Ewing et al., 1978). An assessment of cardiovascular autonomic responses to deep 

breathing was also included to evaluate normal cardiovagal responses during a standardised test 

of enhanced respiratory sinus arrhythmia (RSA) (see section 1.5.3.1).  

3.1.1 Ethical approval 

Ethical approval for this study was approved by Health and Disability Ethics Committees New 

Zealand (HDEC 17/NTB/184), Auckland District Health Board (ADHB) Research Office 

(A+7803), and Waitematā and ADHB Māori Research Committee. All studies approved by the 

HDEC meet ethical standards by the National Ethics Advisory Committee in accordance with 

international guidelines such as the World Medical Association Declaration of Helsinki (National 

Ethics Advisory Committee, 2012).  Written informed consent was gained from all subjects prior 

to entering the study (Appendix 1, section 7.1). Participation was entirely voluntary, and 

participants could withdraw from the study at any time without giving a reason. This research was 

separate from the participant’s standard clinical care and did not impact upon the clinical care 

subjects receive whether or not they participated in the study. Participant results were coded so 

that individual participants were not associated with results. 

3.1.2 Participants 

3.1.2.1 Pregnant group 

Women aged 18 years or older and in the first trimester of a healthy singleton pregnancy were 

recruited to the main cohort for this research (for demographics see Chapter 4, section 4.1). 

Gestation was based on menstrual dates and confirmed by early pregnancy ultrasound.  As 

discussed in Chapter 2, sample size for maternal cardiovascular autonomic function in the existing 

literature is highly variable. This study aimed for 60 women to complete all three pregnancy visits, 

equivalent to one of the largest longitudinal studies of maternal cardiovascular autonomic function 

(Garg et al., 2020). To take into account an 80% successful follow-up rate (Peat, 2002), the 

recruitment aim was 75 women in total. Successful post-partum follow-up was estimated to be 

30% of the original recruitment number due to difficulties surrounding childcare and transport 

with a new-born baby, anticipating 23 women would complete the post-partum visit. Recruitment 

occurred via advertising through midwifery, obstetric, general practice, and ultrasound practices, 

fertility clinics, community and social media advertising.  

Inclusion criteria required women to be current non-smokers who had a pre-pregnancy body mass 

index (BMI) <30 kg/m2. Pre-pregnancy BMI was calculated from measured height and self-
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reported pre-pregnancy weight. Exclusion criteria were consistent with previous studies (Stone et 

al., 2017a), excluding women with known comorbidities such as diabetes, hypertension, 

cardiovascular issues, and renal or respiratory disorders, and alcohol use. If participants developed 

comorbidities (pregnancy complications) after recruitment but before their last study visit, they 

remained in the study unless they wished to withdraw. Along with knowledge from literature, 

obstetric recommendations were sought to determine whether the development of any new 

comorbidities or pregnancy complications would impact the maternal cardiovascular autonomic 

nervous system. Women who developed gestational diabetes, having had a normal first trimester 

haemoglobin A1c serum, were not excluded from the study. Well managed gestational diabetes 

does not impact non-invasive maternal cardiovascular autonomic function (Heiskanen et al., 2010) 

thus was not considered an exclusion criterion. Subjects who developed preeclampsia or who had 

a miscarriage or termination for medical reasons were excluded. Preeclampsia has variable effects 

on cardiovascular autonomic function (Rang et al., 2004; Yang et al., 2000) thus was considered 

an exclusion criterion.  

Due to the study design, all women who had a miscarriage or termination after recruitment did so 

in the second trimester of pregnancy. There is a substantial body of evidence that women who 

miscarry in the second trimester have a high risk of an adverse pregnancy outcome in subsequent 

pregnancies (Field & Murphy, 2015; Linehan et al., 2019), which may be an indicator of 

underlying undiagnosed abnormalities. A study from a large recurrent miscarriage clinic found 

newly diagnosed endocrine abnormalities including thyroid disease and diabetes as well as a 

higher rate of antinuclear and related autoantibodies than expected in a normal population (Yang 

et al., 2006). The heterogeneity of the aetiology of early pregnancy loss (Pinar et al., 2018) suggests 

that exclusion of women who miscarried after the first study assessment would reduce the chance 

that the data obtained was confounded by the effect of an undiagnosed condition which may have 

affected the woman’s autonomic responses to the pregnancy. Fetal chromosomal abnormalities, 

including common trisomy’s and also triploidy (Anev et al., 2011), trisomy 18, (Rosa et al., 2011) 

and variants of Chromosome 16 (Sparks et al., 2017) may be associated with preeclampsia. 

Uncomplicated trisomy 21 does not appear to be associated with an increased risk of preeclampsia, 

(Defant et al., 2010) but this may not be the case should the trisomic fetus develop complications 

such as hydrops fetalis. As the nature of the chromosomal abnormalities were not known at the 

time of study, miscarriage or termination after recruitment was considered an exclusion criterion.  

3.1.2.2 Nulligravid group (control) 

Healthy self-reported nulligravid women aged 18 – 40 years old who had a BMI < 30 kg/m2 and 

were current non-smokers were recruited to the control group via community advertising. The 
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recruitment target for the control group was 25 nulligravid women to approximately match the 

estimated number of post-partum study visits. Inclusion criteria aimed to ensure comparable age 

and BMI to the pregnant cohort. Exclusion criteria were consistent with the cohort group, 

excluding women with known comorbidities such as diabetes, hypertension, cardiovascular issues, 

and renal or respiratory disorders. Information on menstrual cycle and use of hormonal 

contraception was self-reported by nulligravid participants. Stage of menstrual cycle was not 

controlled for as heart rate, mean arterial blood pressure, and cardiovagal baroreflex sensitivity are 

not significantly different between low and high oestrogen and progesterone phases (Minson et 

al., 2000). Types of hormonal contraception were not considered an exclusion criterion as despite 

oral contraceptive being associated with a slight increase blood pressure, there is no effect on heart 

rate, systemic haemodynamics, muscle sympathetic nerve activity (MSNA) (Harvey et al., 2015), 

or HRV (Schueller et al., 2006). In addition, hormonal versus non-hormonal contraceptive use 

does not affect vagal baroreflex function (Silver et al., 2001).   

3.1.3 Equipment 

Heart rate, respiratory flow, and blood pressure data were collected and analysed via a personal 

computer (PC) using customised software developed using LabVIEW® (National Instruments, 

Austin, Texas, USA) software. Continuous heart rate was recorded using an electrocardiogram 

(ECG) with a sampling rate of 250 Hz via three electrodes placed in a modified Einthoven triangle.  

Continuous non-invasive blood pressure was measured at the fingers using the volume clamp 

method via a CNAP® monitor (CNSystems Medizintechnik AG) placed on the right index and 

middle fingers with a self-inflating sphygmomanometer cuff on the right upper arm for calibration. 

Recordings from the CNAP® are a clinically acceptable alternative to an invasive intra-arterial 

catheter during stable conditions but are less accurate in unstable conditions (Ilies et al., 2012; 

Jeleazcov et al., 2010). For this reason, blood pressure recordings were only analysed during 

resting conditions and not during position change. The right arm was placed in a sling to restrict 

movement of the arm and hand during position changes and keep the right hand at the level of the 

heart. The CNAP® was recalibrated after each position change due to movement artefact and 

hydrostatic pressure differences as a result of lying in different positions. Recalibrated blood 

pressure was used to create a calibration factor to correct previous measurements in the same 

position. Only corrected systolic blood pressure is reported as diastolic blood pressure was 

frequently affected by significant noise and artefact and was unable to be corrected. Standardised 

post-measurement correction factors were applied in lateral positions to account for hydrostatic 

effects while the cuff was not at heart level (Kinsella, 2006; Wieling & Karemaker, 2012) (left: 
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+10mmHg, right: -10mmHg). Hydrostatic pressure correction factors were not required in supine 

or standing positions as the cuff and fingers were approximately at heart level. The direction of 

respiratory flow was measured using a pressure transducer connected to nasal cannula and was 

monitored in real-time to ensure breathing rate remained within a normal range, consistent with 

short-term HRV monitoring guidelines (Shaffer & Ginsberg, 2017). 

Continuous fetal ECG during the second and third trimesters, maternal ECG, and uterine activity 

via maternal electrohysterogram were recorded using a Monica AN24TM ambulatory 

transabdominal fetal ECG device and Monica VS software for real-time monitoring (Monica 

Healthcare, Nottingham, UK). The AN24TM was attached via five electrodes on the maternal 

abdomen with skin preparation and placement according to manufacturer instructions. Data 

recorded on the Monica AN24TM were downloaded and analysed using Monica DK software via 

a PC (Monica Healthcare, Nottingham, UK). Continuous fetal ECG was recorded for safety and 

assessed by an obstetrician immediately post-recording, but otherwise was not a component of this 

research and recordings were not analysed further in this thesis. Maternal ECG from the Monica 

AN24TM was available for use as back-up to the maternal ECG recorded from the thorax, however, 

data were not required and not analysed in this research. Uterine activity was used to assess the 

frequency of uterine contractures and was only used for preliminary analysis of women with 

unstable heart rate in third trimester while standing (see section 3.5).  Maternal ECG and uterine 

activity were exported as PDF file (PDF Creator Version 0.9.6).  

3.1.3.1 Data acquisition 

Data were collected and analysed using customised LabVIEW® software customised to enable 

data collection following our specific protocol. Deep breathing, first left resting, and each position 

change were recorded separately to allow for individual analysis of tests. Software allowed for 

consistent placement of start of test, end of test, start of baseline, end of baseline, and markers for 

immediate heart rate and blood pressure reflex response to position-change. Post-analysis data 

were exported in Microsoft Excel (Microsoft Office 365 ProPlus Version 1902). 

3.2 Data collection protocol 

Maternal cardiovascular autonomic responses were measured in first (12 weeks +/- 2 weeks), 

second (25 weeks +/- 2 weeks), and third trimesters (38 weeks +/- 2 weeks) and at 6 weeks post-

partum (+/- 2 weeks). The control group (nulligravid) participants had one visit. Participant 

demographics were collected at the first visit and a participant ID was allocated using letters to 

identify the study group (POP: pregnant group; PONO: control group) and three numbers to 

identify the participant (e.g. POP001).  
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Testing conditions and individual factors can affect cardiovascular autonomic responses and 

function. For example, laboratory conditions such as the room, room temperature, time of day, 

testing and analysis equipment, staff, and protocol should be standardised to allow comparisons 

between results (Mathias et al., 2013; Wieling & Karemaker, 2012). The condition of the subject 

should also be standardised where possible, for example regarding food intake, coffee, smoking, 

medications, and bladder emptying (Wieling & Karemaker, 2012). Thus, data collection occurred 

at the Clinical Physiology Laboratory at Greenlane Clinical Centre in the same room with an 

ambient temperature of 20-22 degrees Celsius between 12.00pm and 4.00pm on weekdays. All 

participants abstained from caffeine intake (including caffeinated food and beverages), exercise, 

and heavy meals for two hours prior to testing, and were requested to void their bladder prior to 

testing to minimise any impacts on the cardiovascular autonomic nervous system.  

Testing involved one deep breathing manoeuvre and resting in four positions (left lateral, right 

lateral, supine, and standing) with seven position changes (Figure 3.1). As left lateral decubitus 

was the referent position the participant started in left lateral and returned to left after each position 

change. Deep breathing was always measured first to allow continuity of position change 

measurements. Breathing was spontaneous for the remainder of measurements. Supine and right 

were randomised to first and second positions for each participant at each visit to minimise any 

position order effect. Standing was always performed as the last position to minimise artefact, as 

it is was the position movement most likely to interfere with or dislodge equipment and may 

require a longer period to return to equilibrium. 

 

Figure 3.1. Data collection protocol used in each study visit, with right and supine positions 

randomised to reduce any order effect.  

Participants had a minimum of ten minutes quiet rest before testing began, during which time pre-

test questionnaires were completed (see section 3.2.1 below) and Monica AN24TM was set up 

(pregnant participants only). Testing began with the subject lying in the left lateral decubitus 

position on a flat bed with one pillow. There was a minimum five minute acclimatisation period 

in left lateral before starting the protocol, during which time the CNAP® was initially calibrated. 

Subjects were first asked to perform a deep breathing manoeuvre, fully inhaling and exhaling to a 

maximum in time with a visual metronome set at a frequency of 0.1 Hz. Frequency and flow were 



Methodology 

 

95 

confirmed via recordings from nasal cannula. Volume was not recorded or integrated from flow. 

A minimum of eight full breaths were recorded with the last 6 full breaths used for analysis. The 

first two breaths were used as practice to help eliminate any artefact from learning the procedure. 

A seven minute baseline measurement in left lateral was then recorded. This was to allow two 

minutes recovery post-paced breathing (Wieling & Karemaker, 2012) before five minutes resting 

recording. For each position change, a one minute baseline was recorded before the subject was 

asked to move as swiftly and as smoothly as possible to the new position. After five minutes of 

continuous blood pressure recording the CNAP® was recalibrated, with further post-calibration 

systolic blood pressure recording for a total duration of eight minutes. Post-calibration 

measurements were used to correct pre-calibration systolic blood pressure data recorded in the 

same position. Continuous heart rate was recorded for the entirety of the eight minutes but only 

the last 5 minutes was used in HRV analysis, consistent with short-term HRV standardisation 

(Task force of the ESC/NASPE, 1996). A three minute recovery post-position change was kept 

consistent across all positions and ensured heart rate had stabilised following initial and early-

stage responses, as seen following an orthostatic manoeuvre. Time was standardised across all 

positions to ensure analyses were comparable, as length of time resting prior to manoeuvres may 

affect immediate cardiovascular reflexes (Ten Harkel et al., 1990). 

3.2.1 Qualitative data collection 

At each visit subjects completed a pre-test and post-test questionnaire. Questionnaires were self-

administered unless the participant requested help from the researcher. The pre-test questionnaire 

assessed recent experiences of lying supine, any symptoms of supine hypotension, and recent 

going-to-sleep positions (Appendix 1, section 7.2). Symptoms of supine hypotension were based 

on the participant’s experiences over the previous two weeks. Participants sleeping habits were 

based on their answers to preferred going-to-sleep position over the last two and one weeks. 

Typical sleeping positions over the previous two weeks and one week were analysed to give an 

overview of participants sleeping habits.  

The post-test questionnaire assessed participants comfort or discomfort in recumbent positions 

during the experimental protocol (Appendix 1, section 7.3). Recumbent position preferences (most 

and least comfortable), and any reasons for discomfort were based on the participants experience 

during testing. The post-testing questionnaire was completed after recordings had finished and 

equipment had been removed from the participant 

At the end of the final longitudinal study visit participants were invited to give feedback and 

answer questions about ease of testing, number of visits, and length of time of the visits. 
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3.3 Data analysis 

Automatic RR interval and systolic blood pressure via customised LabVIEW® analysis was 

manually checked and edited for artefact and noise. Data from each referent and position were 

analysed individually as five minute segments within each position recording and reflex responses 

between each position (Figure 3.2). 

 

Figure 3.2. Data analysis techniques used within each resting position and reflex responses measured 

between each position (during position change).  

The non-invasive cardiovascular autonomic testing and analysis techniques used in this thesis were 

chosen to comprehensively describe cardiovascular autonomic function without being repetitive 

(Table 3.1). Methods include both resting analysis techniques and assessment of cardiovascular 

autonomic reflexes in response to a stimulus.  
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Table 3.1. Summary of heart rate, blood pressure, measures of HRV, spontaneous baroreflex 

sensitivity, and position change reflexes used. 

 

3.3.1 Methods of analysis during rest 

Mean heart rate and mean systolic blood pressure, measures of HRV, and spontaneous baroreflex 

sensitivity were calculated from 5 minutes of resting data in each position. As many time domain 

measures correlate closely, reported time domain measures for this research were limited to two 

commonly reported short-term measures SDNN and RMSSD (see section 1.5.1.1) which were 

calculated according to published guidelines (Task force of the ESC/NASPE, 1996). Fast Fourier 

Transformation analysis was used to assess frequency domain components of HRV (Task force of 

the ESC/NASPE, 1996). Both absolute and normalised LF and HF frequency domain measures 

are included. Absolute values can be reported using natural logarithmic transformations due to 

non-normal distribution (Kolovetsiou-Kreiner et al., 2018; Shaffer & Ginsberg, 2017). Sample 

entropy and detrended fluctuation analysis (DFA) (α1 and α2) were included as non-linear 

techniques and were analysed using published criteria (Peng et al., 1995; Richman & Moorman, 

2000). Spontaneous baroreflex sensitivity was calculated using sequence analysis according to 

published criteria (Parati et al., 2000). 

Heart rate and systolic blood pressure

Mean heart rate (bpm)

Mean systolic blood pressure (mmHg)

Time domain measures of HRV

RR mean (ms)

SDNN (ms)

RMSSD (ms)

Frequency domain measures of HRV (Fast Fourier analysis)

Absolute high frequency power (HF log)

Normalised high frequency power (HF nu)

Absolute low frequency power (LF log)

Normalised low frequency power (LF nu)

Non-linear measures of HRV

Sample entropy

Detrended flucutation measure α1

Detrended flucutation measure α2

Spontaneous baroreflex sensitivity (sequence method)

Spontaneous BRS

Position change reflexes

IIHR (bpm)

Max/min

bpm = beats per minute; mmHg = millimetres of mercury; ms = milliseconds; HRV = heart 

rate variaiblity; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD = 

square root of the mean of the sum of all the squares of differences between adjacent normal 

RR intervals; log = logarithmic; nu = normalised units; BRS = baroreflex sensitivity; IIHR = 

initial increase in heart rate; max/min = maximum/minimum
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3.3.2 Methods of analysis in response to a stimulus 

3.3.2.1 Deep breathing 

Analysis of deep breathing included mean heart rate and systolic blood pressure, as well as time 

domain (RR mean, RMSSD, and SDNN) and a non-linear (α1) method of HRV, and spontaneous 

baroreflex sensitivity. Remaining measures of HRV were not used as the recording time for deep 

breathing may be insufficient for adequate sampling (Acharya et al., 2006; Task force of the 

ESC/NASPE 1996; Yentes et al., 2013).  

3.3.2.2 Position change reflex analysis 

The initial increase in heart rate from baseline mean to maximum heart rate during position change 

(IIHR) (Wieling et al., 1991) and the ratio of maximum heart rate at position change to minimum 

heart rate within 30 seconds of position change (max/min) were used to assess the immediate 

cardiovascular reflexes to position change. Time limits were used to calculate max/min due to 

improved accuracy when assessing vagal control of heart rate, as compared to using a standardised 

beat number (Wieling et al., 1982). Blood pressure changes during position changes were not 

analysed due to artefact in CNAP® measures during movement, and because the baroreflex works 

to minimise blood pressure changes during postural change (Parati et al., 2000). 

3.4 Statistical analysis  

Data distribution and outliers were assessed through visual methods (histogram and box plot). 

Excluding frequency domain analysis, which typically reports logarithmic transformed data, any 

remaining non-normal distributions were not transformed to be comparable to the existing 

literature. Sample sizes of 25 per group in ANOVA is considered sufficient to circumvent possible 

negative influences of violations of normality assumptions (Schmider et al., 2010). 

3.4.1 Subject characteristics  

Continuous subject characteristic variables were analysed using an independent samples t-test with 

results considered to be statistically significant at p < 0.05. Categorical qualitative results were 

analysed using Pearson Chi Square again with statistical significance defined as p < 0.05. 

3.4.2 Referent positions 

Referent positions were analysed to assess the effect of order and the effect of preceding positions 

on subsequent referent positions. The second and third referent position according to the study 

protocol (left 2 and left 3) were compared to the first left referent (left 1) to assess whether there 

was an order effect on referent measurements (see Figure 3.1 above). The left referent position 
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following standing according to the study protocol (left 4) was compared to the left referent 

position preceding standing (left 3) to assess whether there was an effect of the preceding position 

on referent position measurements. Left 3 and left 4 were chosen as standing represents the biggest 

intervention and left 4 will not be impacted by a subsequent position. Referent positions were 

analysed across gestation (early, mid, and late pregnancy) to assess the effect of gestation. 

A multivariable linear model with main factors gestation and position, with an interaction 

(gestation*position), was used to analyse the first three left referent positions (left 1, left 2, and 

left 3) in early, mid, and late pregnancy. Statistical significance was defined as p < 0.05.  

3.4.3 Cross sectional analysis 

Cross sectional analysis was completed between the control (nulligravid) group and the pregnant 

cohort in early pregnancy (visit 1), and the control (nulligravid) group and the pregnant cohort in 

the early post-partum period (visit 4). Deep breathing and the first left referent position (left 1) 

were used to assess between group effects. The first left position was chosen for analysis to reduce 

any time or order effects that may be seen if using subsequent referent positions.  Right, supine, 

and standing were assessed for effects of group and position, and interaction effects. Right, supine 

and standing positions were compared to the left referent immediately prior to the position to 

reduce any time or order effects (see section 4.2).  

3.4.3.1 Statistical analysis 

A univariable linear model with main factor of pregnancy was used to assess women in early 

pregnancy or the early post-partum period compared to nulligravid women during deep breathing 

and left 1. A multivariable linear model with main factors pregnancy and position with an 

interaction (pregnancy*position) was used to analyse the results of women in early pregnancy or 

the early post-partum period compared to nulligravid women (pregnancy), and of right, supine, 

and standing compared to left (position). Statistical significance was defined as p < 0.05 

Categorical qualitative results were analysed using Pearson Chi Square or Fisher’s Exact Test 

when cell counts were less than 5, with significance defined as p < 0.05. Symptoms of supine 

hypotension and orthostatic hypotension were further analysed using a crosstabs analysis with 

Pearson Chi Square with a significance level of p < 0.05. 

3.4.4 Longitudinal analysis 

Effects of gestation in the pregnancy group was assessed across early (visit 1) mid (visit 2) and 

late (visit 3) pregnancy. Deep breathing and the first left referent position (left 1) were used to 

assess within gestation effects (mid and late pregnancy compared to early pregnancy). The first 
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left position was chosen for analysis to reduce any time or order effects that may be seen if using 

subsequent referent positions.  Right, supine, and standing were assessed for effects of gestation 

and position, and interaction effects. Right, supine and standing positions were compared to the 

left referent immediately prior to the position to reduce any time or order effects (see section 4.2). 

3.4.4.1 Statistical analysis 

A univariable linear model with main factor of gestation was used to assess women mid and late 

pregnancy compared to early pregnancy (gestation) during deep breathing and left 1. A 

multivariable linear model with main factors gestation and position with an interaction 

(gestation*position), was used to analyse the results of women in mid and late pregnancy 

compared to early pregnancy (gestation), and of right, supine, and standing compared to left 

(position). Statistical significance was determined as p < 0.05. 

Categorical qualitative results were analysed using Pearson Chi Square or Fisher’s Exact Test 

when cell counts were less than 5, with significance accepted as p < 0.05. Symptoms of supine 

hypotension and orthostatic hypotension were further analysed using a crosstabs analysis with 

Pearson Chi Square with significance accepted as p < 0.05. 

3.5 Preliminary analysis: Instability in heart rate while standing in third trimester  

During data collection it became apparent that there was a group of women who, whilst standing 

in third trimester, displayed instability in heart rate recordings. This is consistent with previous 

reports of oscillating heart rate during standing in late pregnancy (Schneider et al., 1984).  As such, 

it was decided to classify women in third trimester into two groups based on qualitative visual 

analysis of heart rate recordings and perform further preliminary analysis. 

3.5.1.1 Methodology 

A prospective scoring system was used with defined rules, independent of quantitative analytical 

processing of heart rate recordings. The scoring of visual differences during standing were agreed 

by two researchers, one with comprehensive prior knowledge of the research for this thesis and 

one with limited knowledge of the research for this thesis and independent of data collection. If a 

difference in scoring occurred, the researchers met to discuss the results and a final score was 

agreed. If a discrepancy was unable to be resolved, a third observer re-scored using the rules, and 

the third observer’s judgement was taken as the scoring outcome. All heart rate recordings were 

scored for women who completed an orthostatic manoeuvre in third trimester. 
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3.5.1.2 Scoring rules 

One minute post-standing was allowed for heart rate to stabilise before scoring commenced. The 

last 7 minutes of the recording was assessed.  

A stable response was defined as a heart rate equilibrium during standing (heart rate fluctuations 

≤ 20 beats per minute across the recording). An abnormal response was defined as an unstable 

heart rate during standing that did not meet the criteria for a stable response (i.e. heart rate 

fluctuations > 20 beats per minute). 

3.5.1.3 Data analysis 

Subject characteristics, mean heart rate, mean systolic blood pressure, measures of HRV, 

spontaneous baroreflex sensitivity, and position change reflexes were analysed between the two 

groups.  

The number of uterine contractures per position was used to assess the relationship between uterine 

activity and heart rate oscillations. Uterine activity during standing were assessed quantitatively 

by counting discrete uterine muscle movements registered by the Monica AN24TM 

electrohysterogram in each position. Contractures within one minute of a position change 

movement were excluded to minimise assessment of muscle activity associated with moving. 

Contractures were counted as the total deflections per 7-minute electrohysterogram recording that 

were large enough to exceed the first line of the Y axis to exclude deflections that may arise from 

non-uterine muscle activity (Figure 3.3). Contractures were counted by two researchers who were 

not involved in data collection. Any discrepancies were discussed, and a final number was agreed. 

If a discrepancy was unable to be resolved, a third observer counted contractures, and the third 

observer’s judgement was taken as the outcome. 
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Figure 3.3. Example of maternal heart rate and uterine activity recording with deflections in the 

maternal electrohysterogram that do and do not meet criteria. Data recorded for this thesis using the 

Monica AN24TM and downloaded using Monica DK software (Monica Healthcare, Nottingham, UK). 

  

3.5.1.4 Statistical analysis 

A Kappa Statistic was used to assess inter-observer reliability. An independent sample t-test 

between groups was used to assess differences between women with a stable heart rate and women 

with an unstable heart rate while standing in third trimester. Levene's Test for Equality of 

Variances was used to assess variances between groups, and where variances did not meet the 

equality assumptions the Satterthwaite t-test for unequal variances was used. Statistical 

significance was determined as p < 0.05. 

Categorical qualitative results were analysed using Pearson Chi Square or Fisher’s Exact Test 

when cell counts were less than five, with significance p < 0.05. Symptoms of supine hypotension 

and orthostatic hypotension were further analysed using a crosstabs analysis with Pearson Chi 

Square with significance p < 0.05.  
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4 Results 

Sixty-eight women met inclusion criteria for the pregnant cohort. Three women were 

retrospectively excluded due to late miscarriage. One woman was retrospectively excluded due to 

termination of the pregnancy for medical reasons. One woman was retrospectively excluded due 

to development of early pre-eclampsia, HELLP (haemolysis, elevated liver enzymes, and a low 

platelet count), and pre-term birth at 30 weeks. Thus, sixty-three pregnant women were included 

in analysis, of which 49 women completed all three pregnancy visits and 29 women completed all 

four visits (Figure 4.1). Twenty-five women met inclusion and exclusion criteria for the nulligravid 

(control) cohort and were included in analysis. 

 

Figure 4.1. Flow-chart of women in the pregnant cohort demonstrating the number of women who 

completed study visits and visit drop-out. 
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4.1 Subject characteristics 

Pregnant women had a median gravidity of 1 (range 1-5) and a median parity of 0 (range 0-3). 

Nulligravid control women were younger than pregnant women at recruitment (p < 0.001), 

however, there was no statistically significant difference in height or non-pregnant BMI (Table 

4.1). 

Table 4.1. Continuous subject characteristics describing age, height, non-pregnant BMI, gravidity, 

and parity at recruitment. 

 

 

Ethnicity (p = 0.51) and country of birth (p = 0.76) were not significantly different between 

pregnant women and nulligravid controls (Table 4.2). 

Table 4.2. Categorical pregnant and non-pregnant control characteristics describing distribution of 

ethnicity and country of birth. 

 

Mean SD Mean SD p

Age (years) 28 4 32 4  < 0.001

Height (cm) 166 7 167 8 0.67

Non-pregnant BMI (kg/m
2
) 23 3 23 3 0.67

Control group Pregnant group

n = 25 n = 63

Frequency % Frequency % p

Chinese 2 8 5 8

Indian 0 0 2 3

Māori 1 4 0 0

NZ European 15 60 38 60

Other 7 28 18 29

Australia 1 4 2 3

Hong Kong 0 0 3 5

New Zealand 16 64 31 49

Other 4 16 14 22

South Africa 2 8 6 10

United Kingdom 2 8 7 11

Control group Pregnant group

n = 25 n = 63

0.51

0.76
Country of 

birth

Ethnicity
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Most pregnant women identified as New Zealand European ethnicity (60%), with 8% identifying 

as Chinese and 3% identifying as Indian. None identified as Māori ethnicity. Other ethnicities 

(29%) in the pregnant group included three British and one each of American, Australian 

European, Canadian French, Caucasian white, English, European, Finnish, Korean, Latvian, 

Persian, South African / European, South Korean, Vietnamese. Similarly, most control 

(nulligravid) identified as New Zealand European ethnicity (60%). Two women identified as 

Chinese and one as Māori. Other ethnicities (28%) in the control group included one each of Asian 

Philippines, Australian, European, German, Korean, Other European, and Russian.  

Most pregnant women (49%) were born in New Zealand, followed by the United Kingdom (11%), 

South Africa (10%), Hong Kong (5%) and Australia (3%). Other countries of birth where two or 

less pregnant women were born (22%) included two in United States of America, and one each in 

Brazil, Canada, China, Cyprus, Fiji India, Finland, Hungary, Islamic Republic of Iran, Nigeria, 

Paraguay, Republic of Korea, and Taiwan. The majority of control women (64%) were born also 

in New Zealand. Of the remaining control women, two were born in South Africa, two were born 

in the United Kingdom, and one each in Australia, Germany, Philippines, Republic of Korea, and 

Russia.  

Non-pregnant controls were approximately evenly distributed between using hormonal 

contraception (52%) and not. The non-pregnant women who were not using contraception were 

approximately evenly distributed between follicular phase (6 women) and luteal phase (5 women) 

of their menstrual cycle.  

4.1.1 Pregnant group: birth outcomes 

Of the 63 women included in this study, 34 gave birth to male babies (54%), with 34 (54%) born 

via vaginal delivery with the remaining being born via caesarean section. Of the vaginal deliveries, 

three women reported an induced labour. Of the caesarean section deliveries, 55% (16) were 

elective, with the remainder being emergency. Average gestation at birth was 277 days (SD = 7) 

or 39 completed weeks. Average birthweight was 3497g (SD = 493g) and average birth length was 

52cm (SD = 2cm). All babies born were reported as normally formed and without NICU (neonatal 

intensive care unit) admission. There were no stillbirths. 
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4.2 The effect of testing on referent positions 

Heart rate, systolic blood pressure, measures of heart rate variability (HRV) and spontaneous 

baroreflex sensitivity in the left lateral decubitus referent positions throughout gestation are 

summarised below. The first three left referent positions (left 1, left 2, and left 3) according to the 

study protocol are first compared to assess if there is an effect of order. The last two left referent 

positions (Left 3 and Left 4) are then compared to assess whether there is an effect from the largest 

intervention (standing) on the subsequent referent position. The decision of which left referent 

position to use for subsequent analyses of right, supine and standing is then justified. 

Sixty-three women completed the early pregnant visit, 55 women completed the mid-pregnancy 

visit, and 52 women completed the late pregnancy visit. Gestation in completed weeks was 12 

weeks (SD = 1.1) for visit 1, 25 weeks (SD = 1.2) for visit 2, and 37 weeks (SD = 0.8) for visit 3.  

4.2.1 Does order affect the referent measurements? 

The mean and SD of variables measured during the first three left lateral decubitus referents (left 

1, left 2, and left 3) can be found in Table 4.3. Included are main effects of gestation and effects 

of the order of the referents (‘order’), and interaction between gestation and order. Effect sizes 

from the multivariable model are estimated for mid and late pregnancy compared to early 

pregnancy (gestation effect), as well as left 2 and left 3 compared to left 1 (order effect). Order 

effects and interactions are commented on to assess whether the referents differ depending on 

where in the protocol they are measured, and whether order effects vary by gestation. Effects of 

gestation are only commented on in relation to interactions as main effects of gestation in left 

lateral are discussed later in section 4.4.2.  
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Table 4.3. Effect of order on the referent positions: Left 2 and 3 compared to left 1 in mid and late 

pregnancy compared to early pregnancy. Results include heart rate, systolic blood pressure, 

measures of HRV, and spontaneous baroreflex sensitivity.  

 

 

4.2.1.1 Heart rate and systolic blood pressure 

Mean heart rate was statistically significantly lower in left 2 (MD = -2, 95% CI = (-3, -2)) and left 

3 (MD = -2, 95% CI = (-3, -2)) compared to left 1. There was no effect of order on mean systolic 

blood pressure (p = 0.28). Neither mean heart rate (p = 0.55) nor mean systolic blood pressure 

demonstrated a significant interaction between order and gestation (p = 0.69).  

Interaction

mean SD mean SD mean SD T2 - T1 T3 - T1 L2 - L1 L3 - L1

Mean heart rate (bpm)

Left 1 (L1) 66 7 72 7 73 10

Left 2 (L2) 64 7 70 7 71 10

Left 3 (L3) 64 7 69 8 70 10

Mean SBP (mmHg)

Left 1 (L1) 99 10 97 11 99 11

Left 2 (L2) 98 9 96 10 100 9

Left 3 (L3) 100 11 96 9 100 9

RR mean (ms)

Left 1 (L1) 921 104 842 80 837 127

Left 2 (L2) 945 105 872 90 871 133

Left 3 (L3) 948 112 879 101 878 134

SDNN 
(ms)

Left 1 (L1) 55 26 46 18 46 25

Left 2 (L2) 57 28 46 22 48 26

Left 3 (L3) 61 30 51 25 52 31

RMSSD (ms)

Left 1 (L1) 52 35 38 24 38 33

Left 2 (L2) 59 41 41 29 45 41

Left 3 (L3) 63 42 49 37 48 49

HF log 
(ms)

Left 1 (L1) 2.9 0.6 2.6 0.6 2.5 0.6

Left 2 (L2) 3.0 0.6 2.7 0.6 2.6 0.7

Left 3 (L3) 3.0 0.5 2.8 0.6 2.7 0.6

HF (nu)

Left 1 (L1) 48 20 42 22 41 22

Left 2 (L2) 51 19 38 18 40 22

Left 3 (L3) 50 17 42 19 37 21

LF log 
(ms)

Left 1 (L1) 2.7 0.5 2.6 0.5 2.4 0.6

Left 2 (L2) 2.7 0.4 2.7 0.5 2.6 0.4

Left 3 (L3) 2.8 0.5 2.7 0.5 2.7 0.4

LF (nu)

Left 1 (L1) 33 16 35 16 31 16

Left 2 (L2) 29 13 36 15 32 12

Left 3 (L3) 30 13 33 12 35 15

Sample entropy

Left 1 (L1) 1.55 0.28 1.41 0.38 1.47 0.37

Left 2 (L2) 1.69 0.28 1.61 0.33 1.56 0.34

Left 3 (L3) 1.60 0.28 1.55 0.41 1.48 0.35

α1

Left 1 (L1) 0.89 0.26 0.98 0.28 1.00 0.33

Left 2 (L2) 0.79 0.25 0.97 0.27 0.94 0.31

Left 3 (L3) 0.79 0.24 0.92 0.29 0.96 0.32

α2

Left 1 (L1) 0.79 0.20 0.85 0.24 0.91 0.22

Left 2 (L2) 0.82 0.20 0.84 0.19 0.87 0.21

Left 3 (L3) 0.79 0.19 0.84 0.23 0.85 0.23

Sponaneous BRS

Left 1 (L1) 0.32 0.24 0.27 0.22 0.36 0.38

Left 2 (L2) 0.35 0.26 0.37 0.37 0.38 0.31

Left 3 (L3) 0.31 0.28 0.43 0.37 0.36 0.34

NOTE: Left 1, Left 2, and Left 3 referent positions occur in chronological order according to the study protocol 

0.29

Effect of gestation Effect of order

0.28

< 0.001

< 0.001

< 0.001

< 0.001

0.98

< 0.001

0.86

< 0.001

Mean difference (95% CI)

< 0.001 -2 (-3, -2) -2 (-3, -2)

-3 (-5, -1) 1 (-1, 3) < 0.001

-72 (-84, -61) -80 (-93, -66)

-9 (-13, -6)

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation 

of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = 

normalised units; LF = low frequency; BRS: baroreflex sensitivity

-0.08 (-0.13, -0.02)

0.12 (0.08, 0.16)

0.03 (0.00, 0.07)

-0.1 (-0.2, 0.0)

4 (1, 6)

0.14 (0.08, 0.19) 0.06 (0.00, 0.11) 0.51

0.1 (0.1, 0.2)

0 (-3, 2)

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

0.44 0.05 (-0.01, 0.10) 0.03 (-0.03, 0.09) 0.220.03 (-0.03, 0.09) 0.04 (-0.03, 0.11)

0.08 (0.04, 0.11)

Early 

pregnancy

Mid- 

pregnancy

Late 

pregnancy

5 (4, 6) 7 (5, 8)

 (T1)  (T2)  (T3) 

Heart rate and systolic blood pressure 

0.55

Mean difference (95% CI)
p pp

< 0.001

-9 (-13, -6)

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

-10 (-13, -7)

-15 (-20, -10)

-0.3 (-0.3, -0.2) -0.4 (-0.5, -0.3) < 0.001

-14 (-18, -9)

-8 (-10, -5)

0.01

-0.2 (-0.3, -0.1)

2 (0, 4)

0.69

0.81

0.97

0.89

0.76

0.03

0.03

0.003

Time domain measures of HRV

Frequency domain measures of HRV

-1 (-2, 1) 0 (-1, 2)

28 (20, 36) 34 (26, 41)

1 (-1, 4) 6 (4, 8)

6 (2, 9) 11 (7, 15)

0.1 (0.0, 0.2) 0.2 (0.1, 0.2)

0 (-3, 3) 0 (-2, 3)

0.1 (0.0, 0.1)

-1 (-3, 2)

-0.11 (-0.17, -0.05) 0.001

< 0.001 0.00 (-0.04, 0.03) -0.02 (-0.06, 0.01) 0.44

0.15 (0.11, 0.19) < 0.001 -0.07 (-0.10, -0.03) -0.07 (-0.11, -0.03) 0.21< 0.001

0.36
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4.2.1.2 Measures of HRV 

Time domain analyses: All time domain measures (RR mean, SDNN, and RMSSD) demonstrated 

statistically significant effects of order (p < 0.001). Compared to left 1, RR mean and SDNN 

increased in left 2, and all measures increased in left 3. There were no statistically significant 

interactions between order and gestation (RR mean, p = 0.81; SDNN, p = 0.97; RMSSD, p = 0.89) 

indicating the effects of order demonstrated by time domain analyses of HRV did not vary with 

gestation. 

Frequency domain analyses: Absolute high frequency power (HF log) showed a statistically 

significant effect of order, increasing in left 3 compared to left 1 (MD = 0.2, 95% CI = (0.1, 0.2)). 

The three remaining frequency domain measures normalised high frequency power (HF nu), 

absolute low frequency lower (LF log) and normalised low frequency power (LF nu) all 

demonstrated significant interactions (HF nu, p = 0.03; LF log, p = 0.03; LF nu, p = 0.003). 

Significant interactions indicate that effects of order varied with gestation, as shown in Figure 4.2. 

HF (nu) demonstrated a significantly different response in left 2 compared to left 1 in mid-

pregnancy relative to the same comparison in early pregnancy (p = 0.01), and in left 3 compared 

to left 1 in late pregnancy compared to the same comparison in early pregnancy (p = 0.04). 

However, main effects of gestation (p < 0.001) with no significant effect of order (p = 0.98) appear 

to be the overriding effects. LF (log) in late pregnancy demonstrated a significant difference in left 

2 (p = 0.03) and left 3 (p = 0.003) compared to left 1, compared to the response in early pregnancy, 

which demonstrated no difference (left 2, p = 0.92; left 3, p = 0.35). The overriding effect is that 

of gestation (p < 0.001) with clear effects of order in late pregnancy. LF (nu) demonstrates different 

effects of order in mid (left 2, p = 0.03; left 3, p = 0.34) and late pregnancy (left 2, p = 0.03; left 

3, p = 0.001) compared to early pregnancy (left 2, p = 0.02; left 3, p = 0.05). 
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 a. Normalised high frequency power (HF nu) 

 

 

c. Normalised low frequency power (LF nu) 

 

b. Absolute low frequency power (LF log) 

Figure 4.2. Statistically significant interactions between order of the referent positions (left 1, left 

2, left 3) and gestation (early, mid, and late pregnancy) in three frequency domain measures. 

Measures include HF power (nu) LF power (log and nu). Error bars: 95% CI 

Non-linear analyses: Sample entropy demonstrated a statistically significant overall effect of 

order (p < 0.001), increasing significantly in left 2 compared to left 1 (MD = 0.14, 95% CI = (0.08, 

0.19)). Detrended fluctuation analysis (DFA) measure α1 decreased significantly in left 2 (MD = 

-0.07, 95% CI = (-0.10, -0.03)) and left 3 (MD = -0.07, 95% CI = (-0.11, -0.03)) compared to left 

1, though α2 showed no effect of order (p = 0.36). Interactions were not demonstrated in any non-

linear measure (sample entropy, p = 0.51; α1, p = 0.21; α2, p = 0.44).  

4.2.1.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not show an effect of order (p = 0.29) nor an interaction 

between gestation and order (p = 0.22).  

4.2.2 Does standing have an effect on the subsequent left lateral referent position?  

Standing is expected to have the greatest effect on maternal cardiovascular autonomic responses. 

Therefore, the assessment of whether the preceding position has an impact upon on the subsequent 
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referent position was assessed using the left referent position preceding standing (left 3) and the 

left referent position following standing (left 4). The mean and SD of variables measured during 

the last two left lateral decubitus referent positions (left 3 and left 4) in early, mid, and late 

pregnancy can be found in Table 4.4. Included are main effects of gestation and main effects of 

standing, and interactions between gestation and standing. Estimates of effect size from the 

multivariable model are included for mid and late pregnancy compared to early pregnancy and left 

4 compared to left 3. Effects of standing and interactions are commented on to assess the effect of 

the preceding position on the subsequent referent position. Effects of gestation are only 

commented on in relation to interactions, as main effects of gestation in left lateral are discussed 

later in section 4.4.2. 
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Table 4.4. Effect of standing on the subsequent referent: Left 4 compared to left 3 in mid and late 

pregnancy compared to early pregnancy. Results include heart rate, systolic blood pressure, 

measures of HRV, and spontaneous baroreflex sensitivity. 

 

4.2.2.1 Heart rate and systolic blood pressure 

Mean heart rate was statistically significantly lower in left 4 compared to left 3 (MD = -2, 95% CI 

= (-3, -1)), though the effect size was small. Mean systolic blood pressure demonstrated a 

significant interaction between effects of gestation and standing (p < 0.001) (Figure 4.3). Mean 

systolic blood pressure did not demonstrate a statistically significant change between the two 

Interaction

Mean difference (95% CI)

mean SD mean SD mean SD T2 - T1 T3 - T1 p L4 - L3 p p

Mean heart rate (bpm)

Left 3 (L3) 64 7 69 8 70 10

Left 4 (L4) 63 7 67 7 69 10

Mean SBP (mmHg)

Left 3 (L3) 100 11 96 9 100 9

Left 4 (L4) 101 8 97 9 93 9

RR mean (ms)

Left 3 (L3) 948 112 879 101 878 134

Left 4 (L4) 974 121 907 100 894 145

SDNN (ms)

Left 3 (L3) 61 30 51 25 52 31

Left 4 (L4) 60 31 56 25 55 30

RMSSD (ms)

Left 3 (L3) 63 42 49 37 48 49

Left 4 (L4) 63 46 53 37 47 43

HF log (ms)

Left 3 (L3) 3.0 0.5 2.8 0.6 2.7 0.6

Left 4 (L4) 3.0 0.5 2.9 0.5 2.6 0.6

HF (nu)

Left 3 (L3) 50 17 42 19 37 21

Left 4 (L4) 49 20 42 20 39 20

LF log (ms)

Left 3 (L3) 2.8 0.5 2.7 0.5 2.7 0.4

Left 4 (L4) 2.8 0.5 2.8 0.5 2.6 0.5

LF (nu)

Left 3 (L3) 30 13 33 12 35 15

Left 4 (L4) 31 17 34 16 32 13

SampEnt

Left 3 (L3) 1.60 0.28 1.55 0.41 1.48 0.35

Left 4 (L4) 1.61 0.25 1.52 0.33 1.47 0.37

α1

Left 3 (L3) 0.79 0.24 0.92 0.29 0.96 0.32

Left 4 (L4) 0.75 0.24 0.89 0.29 0.93 0.31

α2

Left 3 (L3) 0.79 0.19 0.84 0.23 0.85 0.23

Left 4 (L4) 0.82 0.21 0.84 0.23 0.93 0.19

Spontaneous BRS

Left 3 (L3) 0.31 0.28 0.43 0.37 0.36 0.34

Left 4 (L4) 0.31 0.24 0.39 0.36 0.47 0.36

Effect of standing

Note: Left 3 (L3) and left 4 (L4) referent positions occur as third left and last left according to the study protocol 

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = 

standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high 

frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity

< 0.001

0.005

< 0.001

0.04

0.14

0.61

0.93

0.50

Spontaneous baroreflex sensitivity

0.08 (0, 0.17) 0.11 (0.03, 0.19) 0.01 0.02 (-0.06, 0.1) 0.170.63

0.03 (-0.02, 0.08) 0.08 (0.03, 0.13) 0.005 0.03 (0, 0.07) 0.290.06

0.12 (0.07, 0.17) 0.18 (0.13, 0.23) < 0.001 -0.03 (-0.07, 0) 0.930.07

Non-linear measures of HRV

-0.07 (-0.14, 0.01) -0.14 (-0.22, -0.06) 0.004 -0.01 (-0.07, 0.05) 0.890.74

3 (0, 6) 4 (1, 7) 0.05 -1 (-3, 2) 0.320.56

-0.1 (-0.2, 0) -0.2 (-0.3, -0.1) 0.003 0 (0, 0.1) 0.04

-6 (-10, -3) -12 (-15, -8) < 0.001 0 (-3, 3) 0.72

Frequency domain measures of HRV

-0.2 (-0.3, -0.1) -0.4 (-0.5, -0.3) < 0.001 0 (0, 0.1) 0.21

-13 (-19, -6) -18 (-24, -11) < 0.001 3 (-1, 6) 0.65

-7 (-12, -3) -9 (-13, -4) 0.001 3 (0, 6) 0.54

Time domain measures of HRV

-71 (-87, -56) -84 (-101, -67) < 0.001 29 (19, 39) 0.55

-2 (-3, -1) < 0.001

Heart rate and systolic blood pressure 

5 (4, 6) 6 (5, 8) < 0.001 -2 (-3, -1) 0.56

Early 

pregnancy

Mid-

pregnancy

Late 

pregnancy

T1 T2 T3 Mean difference (95% CI)

Effect of gestation

-4 (-6, -2) -4 (-6, -2) < 0.001
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referent positions in early pregnancy (p = 0.36) with a similar response in mid pregnancy (p = 

0.96). However, in late pregnancy, there is a significantly different response (p < 0.001).  

 

 

Figure 4.3. Statistically significant interaction between the effect of standing (left 3 and left 4) and 

gestation (early, mid, and late pregnancy) in mean systolic blood pressure (SBP). Error bars: 95% 

CI 

4.2.2.2 Measures of HRV 

Time domain analyses: RR mean and SDNN demonstrated significant effects of standing, 

increasing in left 4 compared to left 3 (RR mean, MD = 29, 95% CI = (19, 39); SDNN, MD = 3, 

95% CI = (0, 6)), though there was no statistically significant change between the two referent 

positions in RMSSD (p = 0.14). There were no significant interactions (RR mean, p = 0.55; SDNN, 

p = 0.54; RMSSD, p = 0.65).  

Frequency domain analyses: There were no significant effects of standing in absolute (HF log, 

p = 0.61) or normalised (HF nu, p = 0.93) high frequency power, or normalised low frequency 

power (LF nu, p = 0.56). Absolute low frequency power (LF log) was the single measure of HRV 

to demonstrate a significant interaction between effects of standing and gestation (p = 0.04) (Figure 

4.4), however, there were no statistically significant differences in responses within gestations or 

between the two referent positions. Interpreting both statistical results and the estimated 

differences from the multivariable model, the effect of standing on LF (log) was considered 

negligible.  
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Figure 4.4. Statistically significant interaction between the effect of standing (left 3 and left 4) and 

gestation (early, mid, and late pregnancy) in LF power (log). Error bars: 95% CI 

Non-linear analyses: There were no significant effects of standing (sample entropy, p = 0.74; α1, 

p = 0.07; α2, p = 0.06) or interaction between effects of standing and gestation (sample entropy, p 

= 0.89; α1, p = 0.93; α2, p = 0.29) for any non-linear measure. 

4.2.2.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not demonstrate an effect of standing (p = 0.63) or an 

interaction between effects of standing and gestation (p = 0.17).  

4.2.3 Summary of the effect of testing on referent positions 

Mean heart rate and numerous measures of HRV (RR mean, SDNN, RMSSD, HF log, sample 

entropy, and α1) demonstrated significant changes in left 2 and/or left 3 compared to left 1. HF 

(nu), LF log, and LF (nu) demonstrated interactions between order and gestation, where the effects 

of order varied with gestation. Left lateral decubitus results varied significantly depending on the 

order in which they are taken.   

Analysis of the impact of standing on the subsequent referent position demonstrated no significant 

difference in the majority of variables. Though heart rate, RR mean, and SDNN demonstrated 

significant changes between left 3 and left 4, the magnitude of the differences were slight (heart 

rate, -3%; RR mean, 3%; SDNN, 5%). Mean systolic blood pressure demonstrated significant 

effects of standing only in late pregnancy. Though effects of the preceding position on subsequent 

referent position measurements cannot be entirely refuted, the results suggest that the statistically 

significant order effect found between the left referent positions is more likely to arise from the 

progression of time rather than an impact of the preceding position.   
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To account for the effect of order on the referent position measurements, the position comparisons 

for the remaining results (i.e. right, supine, and standing positions) are compared to the left referent 

position immediately preceding the position. Right and supine positions were randomised 

according to the study protocol, meaning any difference in effects of supine and right as the 

preceding position would be minimised. The first left referent position (left 1) is used for analysis 

when left is studied as a single position to minimise effects of order or preceding position. 
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4.3 Comparison of women in early pregnancy and nulligravid women 

Heart rate, systolic blood pressure, measures of HRV, and spontaneous baroreflex sensitivity in 

early pregnancy compared to nulligravid women are summarised below. Deep breathing is 

described first, followed by the first left referent position (Left 1) according to the study protocol. 

Position comparisons are then examined, comparing right lateral decubitus, supine, and standing 

results to the left lateral decubitus referent preceding the position.  

The nulligravid group consisted of 25 women. The early pregnant cohort consisted of 63 women 

with a mean gestation of 12 completed weeks (SD = 1.1). Age and non-pregnant BMI were used 

as covariates to adjust for any potential confounding effects. 

4.3.1 Deep breathing 

The mean and SD of variables measured during deep breathing are presented in Table 4.5 along 

with the overall effect and estimates of effect sizes in early pregnancy compared to nulligravid. 

Deep breathing was performed in the left lateral decubitus position. HRV measures are limited to 

those that are appropriate to use for ≤ 1 minute recordings (RR mean, SDNN, RMSSD, and α1).  
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Table 4.5. Effect of pregnancy (early pregnancy compared to nulligravid) on cardiovascular 

autonomic responses to deep breathing. Results include heart rate, systolic blood pressure, measures 

of HRV, and spontaneous baroreflex sensitivity. Age and non-pregnant BMI used as covariates. 

 

4.3.1.1 Heart rate and systolic blood pressure 

Compared to nulligravid women, women in early pregnancy did not have a significantly different 

mean heart rate during deep breathing (p = 0.46), however, mean systolic blood pressure was 

significantly reduced (MD = -7, 95% CI = (-14, -1)).  

4.3.1.2 Measures of HRV 

Time domain analyses: There was no change in RR mean between nulligravid women and 

women in early pregnancy during deep breathing (p = 0.23) reflecting the heart rate results. The 

remaining time domain measures SDNN and RMSSD both decreased significantly in women in 

early pregnancy compared to nulligravid women (SDNN, MD = -32, 95% CI = (-53, -10); 

RMSSD, MD = -30, 95% CI = (-50, -9)).   

Non-linear analyses: DFA measure α1 was increased in women in early pregnancy compared to 

nulligravid women (p = 0.05).  

Mean difference (95% CI)

mean SD mean SD T1 - N p

Mean heart rate (bpm) 65 9 68 7 2 (-3, 6) 0.46

Mean SBP (mmHg) 110 16 101 10 -7 (-14, -1) 0.02

RR mean (ms) 950 145 903 106 -38 (-100, 24) 0.23

SDNN (ms) 114 48 82 38 -32 (-53, -10) 0.005

RMSSD (ms) 91 50 58 34 -30 (-50, -9) 0.005

α1 1.39 0.18 1.48 0.20 0.10 (0.00, 0.21) 0.05

Spontaneous BRS 0.65 0.66 0.60 0.53 0.07 (-0.30, 0.44) 0.72

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms 

= milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the 

sum of all the squares of differences between adjacent normal RR intervals; BRS = baroreflex sensitivity

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Effect of pregnancy

Note: Deep breathing performed in left lateral decubitus

(N) (T1)
Deep breathing

Nulligravid
Early 

pregnancy

Heart rate and systolic blood pressure 

Time domain measures of HRV
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4.3.1.3 Spontaneous baroreflex sensitivity 

There was no significant change in spontaneous baroreflex sensitivity between the two groups (p 

= 0.72). 

Compared to nulligravid women, women in early pregnancy a significant decrease in systolic 

blood pressure during deep breathing. Changes in SDNN, RMSSD, and α1 indicate HRV is 

decreased in early pregnancy compared to nulligravid women during deep breathing.  

4.3.2 Measurements in the left lateral position 

The mean and SD of variables measured during the first left lateral decubitus referent position 

according to the study protocol (left 1) are presented in Table 4.6 along with estimates of effect 

sizes in early pregnancy compared to nulligravid. 
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Table 4.6. Effect of pregnancy (early pregnancy compared to nulligravid) on cardiovascular 

autonomic responses in the first left lateral decubitus referent position. Results include heart rate, 

systolic blood pressure, measures of HRV, and spontaneous baroreflex sensitivity. Age and non-

pregnant BMI used as covariates. 

 

4.3.2.1 Heart rate and systolic blood pressure 

Compared to nulligravid women, women in early pregnancy did not have a significantly different 

mean heart rate in left lateral (p = 0.87), however, mean systolic blood pressure was decreased 

(MD = -8, 95% CI = (-15, -2)).   

Mean difference (95% CI)

mean SD mean SD T1 - N p

Mean heart rate (bpm) 62 10 66 7 3 (-1, 7) 0.18

Mean SBP (mmHg) 107 15 99 10 -8 (-15, -2) 0.01

RR mean (ms) 993 170 921 104 -63 (-129, 3) 0.06

SDNN (ms) 75 38 55 26 -18 (-34, -3) 0.02

RMSSD (ms) 70 49 52 35 -15 (-36, 6) 0.16

HF (log) 3.1 0.6 2.9 0.6 -0.2 (-0.5, 0.1) 0.19

HF (nu) 44 21 48 20 5 (-6, 15) 0.36

LF (log) 3.0 0.5 2.7 0.5 -0.3 (-0.6, 0.0) 0.03

LF (nu) 35 17 33 16 -3 (-11, 6) 0.55

SampEnt 1.55 0.30 1.55 0.28 0.00 (-0.15, 0.15) 0.98

α1 0.89 0.30 0.89 0.26 0.00 (-0.14, 0.14) 0.99

α2 0.86 0.23 0.79 0.20 -0.08 (-0.19, 0.03) 0.14

Spontaneous BRS 0.41 0.29 0.32 0.24 -0.08 (-0.23, 0.07) 0.32

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Note: Left 1 refers to the first left lateral decubitus position according to the study protocol

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; 

ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of 

the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; 

nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity

Frequency domain measures of HRV

Heart rate and systolic blood pressure 

Time domain measures of HRV

Effect of pregnancy

Left 1

Nulligravid Early pregnancy

(N) (T1)
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4.3.2.2 Measures of HRV 

Time domain analyses: The single time domain measure to show an effect of pregnancy was 

SDNN, decreasing in early pregnancy compared to nulligravid women (MD = -18, 95% CI = (-

34, -3)).  RR mean (p = 0.06) and RMSSD (p = 0.16) demonstrated effects in the same direction 

but did not reach statistical significance.  

Frequency domain analyses: The single frequency domain measure to show an effect of 

pregnancy was absolute low frequency power (LF log), which decreased in early pregnancy 

compared to nulligravid women (MD = -0.3, 95% CI = (-0.6, -0.0)).    

Non-linear analyses: Non-linear analyses did not show significant differences between early 

pregnancy and nulligravid women (sample entropy, p = 0.98; p = α1, 0.99, p = α2, 0.14).  

4.3.2.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not show a significant difference between early pregnancy 

and nulligravid women (p = 0.32).  

Compared to nulligravid women, women in early pregnancy have similar heart rate responses 

while lying in the left lateral decubitus position, though systolic blood pressure is significantly 

lower. Decreases in a single time domain measure and a single frequency domain measure of HRV 

in early pregnancy are not seen consistently in any other HRV measure.  

4.3.3 Comparison of left and right lateral positions 

The mean and SD of variables measured in the right lateral decubitus position and the left lateral 

decubitus referent position preceding right are presented in Table 4.7. Included are effects of 

pregnancy and effects of resting in the right lateral position (‘right’), and interactions between 

pregnancy and right. Effect sizes from the multivariable model are estimated for early pregnancy 

compared to nulligravid women (effect of pregnancy), as well as the right lateral position 

compared to the left lateral position (effect of right). Statistically significant interactions indicate 

that effects of position vary by group and are displayed in figures. ‘Left’ refers to the left referent 

position immediately preceding the right lateral position according to the study protocol. Along 

with heart rate, systolic blood pressure, HRV, and spontaneous baroreflex sensitivity 

measurements, position change reflexes are also included. Position change reflexes reflect the 

acute heart rate response to change in position.  
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Table 4.7. Effect of pregnancy (early pregnancy compared to nulligravid) on cardiovascular 

autonomic responses in the right lateral position compared to the left lateral position. Results 

include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity, 

and position change reflexes. Age and non-pregnant BMI used as covariates. 

 

Interaction

Mean difference (95% CI) Mean difference (95% 

mean SD mean SD T1 - N p R - L p p

Mean heart rate (bpm)

Left (L) 61 10 65 7

Right (R) 61 9 66 7

Mean SBP (mmHg)

Left (L) 105 13 100 10

Right (R) 95 9 93 11

RR mean (ms)

Left (L) 1017 168 932 104

Right (R) 1012 158 919 106

SDNN (ms)

Left (L) 76 38 57 28

Right (R) 73 32 55 25

RMSSD (ms)

Left (L) 75 49 55 40

Right (R) 73 43 53 34

HF (log)

Left (L) 3.2 0.6 2.9 0.6

Right (R) 3.3 0.4 3.0 0.5

HF (nu)

Left (L) 48 20 49 18

Right (R) 50 16 51 18

LF (log)

Left (L) 3.0 0.6 2.7 0.5

Right (R) 3.0 0.4 2.7 0.5

LF (nu)

Left (L) 32 15 31 14

Right (R) 31 13 27 12

SampEnt

Left (L) 1.57 0.30 1.62 0.27

Right (R) 1.58 0.26 1.61 0.23

α1

Left (L) 0.83 0.27 0.84 0.25

Right (R) 0.77 0.24 0.83 0.25

α2

Left (L) 0.83 0.20 0.84 0.20

Right (R) 0.78 0.19 0.83 0.19

Spontaneous BRS

Left (L) 0.41 0.31 0.32 0.28

Right (R) 0.33 0.22 0.24 0.24

IIHR

Left (L) -- -- -- --

Right (R) 29 6 26 6

Max/min

Left (L) -- -- -- --

Right (R) 1.65 0.20 1.50 0.20

--

--

Effect of pregnancy Effect of right

0.01

< 0.001

0.01

0.29

0.17

0.39

0.03

Frequency domain measures of HRV

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Position change reflexes

0.181 (0, 1)0.034 (0, 8)

Nulligravid
Early 

pregnancy

(N)

-0.12 (-0.22, 0.01) 0.03

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; 

RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of 

differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS 

= baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

Note: Left refers to the left lateral decibitus referent position immediately preceding the position according to the study protocol

-- --

-- --

-2 (-5, 1) 0.12

-0.07 (-0.18, 0.05) 0.26 -0.08 (-0.16, -0.01) 0.88

0.06 (-0.03, 0.14) 0.21 -0.02 (-0.06, 0.02) 0.47

-0.3 (-0.6, -0.1) 0.02 0.0 (0.0, 0.1) 0.420.26

0.04 (-0.08, 0.16) 0.55 -0.02 (-0.06, 0.02) 0.320.34

0.05 (-0.07, 0.17) 0.40 -0.01 (-0.06, 0.05) 0.790.84

-2 (-8, 4) 0.45 -3 (-6, 0) 0.410.04

0 (-9, 8) 0.96 2 (-1, 6) 0.890.23

-0.3 (-0.6, -0.1) 0.006 0.0 (-0.1, 0.0) 0.290.29

-19 (-39, 2) 0.07 -2 (-6, 1) 0.86

-20 (-35, -5) 0.01 -2 (-5, 1) 0.86

(T1)

Heart rate and systolic blood pressure 

-8 (-10, -5) 0.10

-84 (-148, -20) 0.01 -10 (-19, -2) 0.39

-2 (-7, 3) 0.34

Time domain measures of HRV
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4.3.3.1 Heart rate and systolic blood pressure 

Mean heart rate was significantly higher in women in early pregnancy compared to nulligravid 

women (MD = 4, 95% CI = (0, 8)), and also in the right lateral position compared to the left lateral 

position (MD = 1, 95% CI = (0, 1)). Unlike what was seen in deep breathing and left 1, there was 

no significant effect of pregnancy in mean systolic blood pressure (p = 0.34) though it did decline 

significantly in right compared to left (MD = -8, 95% CI = (-10, -5)). Systolic blood pressure in 

right compared to left may be affected by the placement of the blood pressure equipment, as 

discussed further in Chapter 5. There was no significant interaction demonstrated in heart rate (p 

= 0.18) or systolic blood pressure (p = 0.10).  

4.3.3.2 Measures of HRV 

Time domain analyses: Significant effects of pregnancy (p = 0.01) and right (p = 0.01) on RR 

mean reflected changes in mean heart rate. Decreased SDNN in early pregnancy compared to 

nulligravid women suggests a decrease in RR variability (MD = -20, 95% CI = -35, -5), however, 

similar changes in RMSSD did not reach statistical significance (MD = -19, 95% CI = -39, 2). No 

significant differences between left and right positions were demonstrated in SDNN (p = 0.29) or 

RMSSD (p = 0.17). There were no significant interactions in any time domain measure (RR mean, 

p = 0.39; SDNN, p = 0.86; RMSSD, p = 0.86).  

Frequency domain analyses: Statistically significant effects of pregnancy were only 

demonstrated in absolute high (HF log) and low frequency power (LF log), which decreased 

significantly in early pregnancy compared to nulligravid women (HF log, MD = -0.3, 95% CI = (-

0.6, -0.1); LF log, MD = -0.3, 95% CI = (-0.6, -0.1)). The only frequency domain measure to 

demonstrate an effect of right was normalised low frequency power (LF nu), which decreased in 

right compared to left (MD = -3, 95% CI = (-6, 0)). There were no significant interactions in any 

frequency domain measure (HF log, p = 0.42; HF nu, p = 0.89; LF log, p = 0.29, LF nu, p = 0.41). 

Non-linear analyses: There were no significant effects of pregnancy (sample entropy, p = 0.40, 

α1, p = 0.55, α2, p = 0.21) or right (sample entropy, p = 0.84, α1, p = 0.34, α2, p = 0.39), or 

interactions between gestation and right (sample entropy, p = 0.79, α1, p = 0.32, α2, p = 0.47) for 

any non-linear measure. 

4.3.3.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity was not significantly different between early pregnancy and 

nulligravid women, however, it does demonstrate a significant effect of right, showing a 

statistically significant decline in right compared to left (MD = -0.8, 95% CI = (-0.16, -0.01)). 

There was no significant interaction between gestation and right (p = 0.88).   
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4.3.3.4 Position change reflexes 

Compared to nulligravid women, the initial increase in heart rate (IIHR) does not change 

significantly in women in early pregnancy (p = 0.12), however, max/min becomes significantly 

lower (MD = -0.12, 95% CI = (-0.22, 0.01)).  

Women in early pregnancy demonstrate statistically significant differences in several time and 

frequency domain measure of HRV compared to nulligravid women, which do not vary by position 

(i.e. no interaction between group and position). Measurements are generally similar in left lateral 

and right lateral positions. Statistically significant changes in systolic blood pressure, 

demonstrated in both women in early pregnancy and nulligravid women, are likely to be affected 

by the placement of blood pressure equipment.  

4.3.4 Comparison of left lateral and supine positions 

The mean and SD of variables measured in the supine position and the left lateral decubitus 

referent position preceding supine are presented in Table 4.8. Included are main effects of 

pregnancy and effects of resting in the supine position, and interactions between pregnancy and 

supine. Effect sizes from the multivariable model are estimated for early pregnancy compared to 

nulligravid women (effect of pregnancy), as well as the supine position compared to the left lateral 

position (effect of supine). Statistically significant interactions indicate that effects of position vary 

by group and are displayed in figures. ‘Left’ refers to the left referent position immediately 

preceding the supine position according to the study protocol. Along with heart rate, systolic blood 

pressure, HRV, and spontaneous baroreflex sensitivity measurements, position change reflexes are 

also included. Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.8. Effect of pregnancy (early pregnancy compared to nulligravid) on cardiovascular 

autonomic responses in the supine position compared to the left lateral decubitus position. Results 

include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity, 

and position change reflexes. Age and non-pregnant BMI used as covariates.  
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4.3.4.1 Heart rate and systolic blood pressure 

Compared to nulligravid women, increased heart rate (MD = 4, 95% CI = (0, 8)) and decreased 

systolic blood pressure (MD = -5, 95% CI = (-9, 0)) in early pregnancy did not reach statistical 

significance. There was no effect of supine compared to left lateral for either measure (heart rate, 

p = 0.89; systolic blood pressure, p = 0.20), nor any interaction between pregnancy and supine 

(heart rate, p = 0.38; systolic blood pressure, p = 0.13).  

4.3.4.2 Measures of HRV 

Time domain analyses: Decreased RR mean and SDNN in early pregnancy compared to 

nulligravid women reached statistical significance (RR mean, MD = -81, 95% CI = (-149, -13); 

SDNN, MD = -20, 95% CI = (-35, -6)). RMSSD showed a similar magnitude of change to 

pregnancy as SDNN, however, did not reach statistical significance. There were no effects of 

supine (RR mean, p = 1.00; SDNN, p = 0.12, RMSSD, p = 0.34) or interactions between pregnancy 

and supine (RR mean, p = 0.79; SDNN, p = 0.90; RMSSD, p = 0.71).  

Frequency domain analyses: Absolute low frequency power (LF log) was the sole frequency 

domain measure to demonstrate a statistically significant effect of pregnancy, decreasing in early 

pregnancy compared to nulligravid women (MD = -0.3, 95% CI = (-0.5, -0.1)), though absolute 

high frequency power (HF log) showed a similar, non-significant decrease (MD = -0.2, 95% CI = 

(-0.5, 0.0)). No frequency domain measure demonstrated effects of supine (HF log, p = 0.88; HF 

nu, p = 0.07; LF log, p = 0.31; LF nu, p = 0.912) nor any interactions between pregnancy and 

supine (HF log, p = 0.43; HF nu, p = 0.50; LF log, p = 0.69; LF nu, p = 0.31).  

Non-linear analyses: Sample entropy and α1 did not show effects of pregnancy (sample entropy, 

p = 0.55; α1, p = 0.59), supine (sample entropy, p = 0.59; α1, p = 0.55), or any interactions (sample 

entropy, p = 0.75; α1, p = 0.19). There was a statistically significant interaction between gestation 

and supine in α2 (p = 0.02) (Figure 4.5). Nulligravid women demonstrated no significant difference 

between the two positions (p = 0.47). However, women in early pregnancy had a statistically lower 

α2 measurement in left lateral (p = 0.04) and a larger response to moving to supine (p = 0.02) than 

nulligravid women. 
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Figure 4.5. Statistically significant interaction between the effect of pregnancy (early pregnancy 

compared to nulligravid) and the effect of supine (supine compared to left lateral) in DFA measure 

α2. Error bars: 95% CI 

4.3.4.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity was significantly lower in early pregnancy compared to 

nulligravid women (MD = -0.11, 95% CI = (-0.21, -0.01)), and significantly lower in supine 

compared to left lateral (MD = -0.09, 95% CI = (-0.16, -0.01)), though there was no significant 

interaction (p = 0.96).  

4.3.4.4 Position change reflexes 

Both IIHR and max/min were significantly decreased in early pregnancy compared to nulligravid 

women (IIHR, MD = -4, 95% CI = (-7, 0); max/min, MD = -0.2, 95% CI = (-0.3, -0.1)).  

Compared to nulligravid women, women in early pregnancy demonstrate some differences in heart 

rate responses, though not consistently across all measures. Measurements in left lateral and supine 

positions are generally similar, and responses in both groups are similar. A single statistically 

significant interaction in α2 (where the response to position varies by group) is not supported by 

any other measure.  

4.3.5 Comparison of left lateral and standing positions  

The mean and SD of variables measured during standing and the left lateral decubitus referent 

position preceding standing are presented in Table 4.9. Included are main effects of pregnancy and 

effects of standing, and interactions between pregnancy and standing. Effect sizes from the 

multivariable model are estimated for early pregnancy compared to nulligravid women (effect of 

pregnancy), as well as standing compared to the left lateral position (effect of standing). 

Statistically significant interactions indicate that effects of position vary by group and are 

displayed in figures. ‘Left’ refers to the left referent position immediately preceding the standing 

position according to the study protocol. Along with heart rate, systolic blood pressure, HRV, and 
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spontaneous baroreflex sensitivity measurements, position change reflexes are also included. 

Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.9. Effect of pregnancy (early pregnancy compared to nulligravid) on cardiovascular 

autonomic responses in the standing position compared to the left lateral decubitus position. 

Results include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex 

sensitivity, and position change reflexes. Age and non-pregnant BMI used as covariates. 

 

Interaction

Mean difference (95% CI) Mean difference (95% CI)

mean SD mean SD T1 - N p St - L p p

Mean heart rate (bpm)

Left (L) 58 10 64 7

Standing (St) 78 12 86 12

Mean SBP (mmHg)

Left (L) 102 11 100 11

Standing (St) 113 16 109 13

RR mean (ms)

Left (L) 1059 176 948 112

Standing (St) 792 128 717 101

SDNN (ms)

Left (L) 78 32 61 30

Standing (St) 53 19 48 19

RMSSD (ms)

Left (L) 85 47 63 42

Standing (St) 31 18 27 21

HF (log)

Left (L) 3.3 0.5 3.0 0.5

Standing (St) 2.5 0.5 2.4 0.5

HF (nu)

Left (L) 51 16 50 17

Standing (St) 20 11 20 14

LF (log)

Left (L) 3.1 0.4 2.8 0.5

Standing (St) 3.0 0.4 2.8 0.4

LF (nu)

Left (L) 33 13 30 13

Standing (St) 47 20 47 15

SampEnt

Left (L) 1.78 0.32 1.60 0.28

Standing (St) 1.35 0.34 1.10 0.31

α1

Left (L) 0.76 0.26 0.79 0.24

Standing (St) 1.33 0.27 1.38 0.24

α2

Left (L) 0.77 0.14 0.79 0.19

Standing (St) 0.85 0.23 0.87 0.23

Spontaneous BRS

Left (L) 0.42 0.36 0.31 0.28

Standing (St) 0.31 0.18 0.24 0.20

IIHR

Left (L) -- -- -- --

Standing (St) 43 10 41 10

Max/min

Left (L) -- -- -- --

Standing (St) 1.73 0.30 1.40 0.19

< 0.001

Spontaneous baroreflex sensitivity

-0.2 (-0.4, 0.0) 0.02 0.0 (-0.1, 0.1) 0.130.84

-3 (-9, 3) 0.27 16 (13, 20)

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard 

deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = 

logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

-0.21 (-0.31, -0.11) < 0.001 -- --

Note: Left refers to the left lateral decibitus referent posotion immediately preceding the position according to the study protocol

-2 (-6, 3) 0.48 -- ----

--

-0.21 (-0.34, -0.08) 0.001 -0.48 (-0.56, -0.40) 0.45

< 0.001

< 0.001

Position change reflexes

-0.12 (-0.23, -0.01) 0.04 -0.10 (-0.17, -0.02) 0.60

0.02 (-0.09, 0.13) 0.72 0.58 (0.53, 0.64) 0.71

0.04 (-0.04, 0.12) 0.36 0.08 (0.03, 0.13) 0.97

0.47

< 0.001

0.004

0.01

< 0.001

Frequency domain measures of HRV

Non-linear measures of HRV

-0.2 (-0.5, 0.0) 0.05 -0.7 (-0.8, -0.6) 0.41< 0.001

0 (-6, 6) 1.00 -30 (-34, -27) 0.89

-12 (-26, 2) 0.09 -40 (-49, -31) 0.07< 0.001

-2 (-8, 3) 0.40 9 (7, 12) 0.48< 0.001

-82 (-139, -25) 0.006 -240 (-263, -217) 0.13< 0.001

Time domain measures of HRV

-11 (-23, 0) 0.05 -16 (-22, -10) 0.04

Heart rate and systolic blood pressure 

Nulligravid Early pregnancy

(N) (T1)

Effect of pregnancy Effect of standing

6 (1, 10) 0.02 21 (19, 23) 0.43< 0.001
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4.3.5.1 Heart rate and systolic blood pressure 

Mean heart rate increased in both early pregnancy compared to nulligravid women (MD = 6, 95% 

CI = (1, 10)), and in standing compared to left (MD = 21, 95% CI = (19, 23)), with no significant 

interaction (p = 0.43). There was no effect of pregnancy on mean systolic blood pressure (p = 

0.40), though standing demonstrated an increase in blood pressure compared to left (MD = 9, 95% 

CI = (7, 12)) with no significant interaction (p = 0.48).   

4.3.5.2 Measures of HRV 

Time domain analyses: RR mean decreased significantly in early pregnancy compared to 

nulligravid women (MD = -82, 95% CI = (-139, -25)) and in standing compared to left (MD = -

240, 95% CI = (-263, -217)) with no significant interaction (p = 0.13). RMSSD did not change 

significantly in early pregnancy compared to nulligravid women (MD = -12, 95% CI = (-26, 2)) 

though decreased significantly in the standing position compared to the left lateral position (MD 

= -40, 95% CI = (-49, -31)). RMSSD did not demonstrate a statistically significant interaction (p 

= 0.066). SDNN demonstrated main effects of pregnancy (MD = -11, 95% CI = (-23, 0)) and 

standing (MD = -16, 95% CI = (-22, -10) (Figure 4.6), as well as a statistically significant 

interaction between pregnancy and standing (p = 0.04). The magnitude of change in SDNN during 

standing compared to the left lateral position was significantly smaller in women in early 

pregnancy (p = 0.04), likely resulting from a significant decrease in SDNN in the left lateral 

position in early pregnancy compared to nulligravid women (p = 0.006). 

  

Figure 4.6. Statistically significant interaction between the effect of pregnancy (early pregnancy 

compared to nulligravid) and the effect of standing (standing compared to left lateral) in SDNN. 

Error bars: 95% CI. 

Frequency domain analyses: Absolute high and low frequency power (HF log, LF log) 

demonstrated significant decreases in early pregnancy (HF log, MD = -0.2, 95% CI = (-0.5, 0.0); 

LF log, MD = -0.2, 95% CI = (-0.4, 0.0)). HF log also decreased on standing compared to left (MD 

= -0.7, 95% CI = (-0.8, -0.6)). Contributions of normalised HF and LF power reversed on standing 
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compared to left (HF nu, MD = -30, 95% CI = (-34, -27); LF nu, MD = 16, 95% CI = (13, 20)). 

No frequency domain measure demonstrated a significant interaction (HF log, p = 0.41; HF nu, p 

= 0.89; LF log, p = 0.13; LF nu, p = 0.47).  

Non-linear analyses: Sample entropy was the only non-linear measure to demonstrate a 

significant effect of pregnancy, decreasing significantly in early pregnancy compared to 

nulligravid women (MD = -0.48, 95% CI = (-0.56, -0.40)). All three non-linear measures 

demonstrated significant effects of standing. Sample entropy decreased on standing compared to 

left lateral (MD = -0.21, 95% CI = (-0.34, -0.08)), whereas both DFA measures increased on 

standing (α1, MD = 0.58, 95% CI = (0.53, 0.64); α2, MD = 0.08, 95% CI = (0.03, 0.13)). There 

were no statistically significant interactions (sample entropy, p = 0.45; α1, p = 0.71; α2, p = 0.97).  

4.3.5.3 Spontaneous baroreflex sensitivity 

Similar to what was seen in the supine position, spontaneous baroreflex sensitivity was 

significantly lower in early pregnancy compared to nulligravid women (MD = -0.12, 95% CI = (-

0.23, -0.01)), and significantly lower in standing compared to left lateral (MD = -0.10, 95% CI = 

(-0.17, -0.02)), with no significant interaction (p = 0.60).  

4.3.5.4 Position change reflexes 

IIHR upon standing is not significantly different between early pregnancy and nulligravid women 

(p = 0.48), though max/min was significantly decreased in early pregnancy than nulligravid 

women (max/min, MD = -0.2, 95% CI = (-0.3, -0.1)).  

4.3.6 Summary of early pregnancy compared to nulligravid women  

A summary of changes in heart rate, systolic blood pressure, measures of HRV, spontaneous 

baroreflex sensitivity, and position change reflexes in early pregnancy compared to nulligravid 

woman in each position comparison is displayed in Table 4.10. Direction of change (↑ indicates 

an increase, ↓ indicates a decrease) is only shown for statistically significant changes. Positions 

within ‘early pregnancy compared to nulligravid’ use ‘&’ to signify that the direction of change 

due to pregnancy takes into account that two positions are measured (occurs in left AND 

right/supine/standing positions). Within ‘effect of position’, the letter ‘v’ is used to signify that the 

direction of change in the right/supine/standing positions are compared to the left lateral position 

and takes into account that two groups are measured (occurs in both early pregnancy AND 

nulligravid women). A ‘*’ is used to denote that there is an interaction between pregnancy and 

position (i.e. that the response to position varies between the two groups), thus a direction of 

change is not given. 
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Table 4.10. Summary of statistically significant effects of pregnancy and effects of position on 

cardiovascular autonomic variables in women in early pregnancy and nulligravid women in left, 

right, supine, and standing positions.  

 

Women in early pregnancy generally demonstrate significantly different cardiovascular autonomic 

function compared to nulligravid women in several measures. However, normalised frequency 

domain measures (nu) and non-linear measures do not show consistent changes (if any). There 

were some differences in cardiovascular autonomic responses in the right lateral position 

compared to the left lateral position that will be discussed in Chapter 5, though supine and left 

positions appear to be comparable overall in early pregnancy and nulligravid women. Standing 

Left L & Right L & Supine L & Standing L v Right L v Supine L v Standing

Mean heart rate (bpm) ↑ ↑ ↑ ↑

Mean SBP (mmHg) ↓ ↓ ↑

RR mean (ms) ↓ ↓ ↓ ↓ ↓

SDNN (ms) ↓ ↓ ↓ * *

RMSSD (ms) ↓

HF (log) ↓ ↓ ↓

HF (nu) ↓

LF (log) ↓ ↓ ↓ ↓

LF (nu) ↓ ↑

SampEnt ↓ ↓

α1 ↑

α2 * * ↑

Spontaneous BRS ↓ ↓ ↓ ↓ ↓

IIHR ↓

Max/min ↓ ↓ ↓

* = signfiicant interaction between pregnancy and position 

Early pregnancy compared to Nulligravid Effect of position

L = left; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate 

variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the 

mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = 

logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity; IIHR = initial increase in heart rate; 

max/min = maximum/minimum;  ↑  = value increased; ↓ = value decreased 

Position change reflexes

Spontaneous baroreflex sensitivity

Non-linear measures of HRV

Frequency domain measures of HRV

Time domain measures of HRV

Heart rate and systolic blood pressure 
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compared to the left lateral position demonstrated multiple statistically significant changes that 

were seen in both groups.  

Overall, the two groups respond in the same way to change in position (right/supine/standing 

compared to left) as there were only two interactions between pregnancy and position (α2, supine 

compared to left; SDNN, standing compared to left). However, the interaction of pregnancy and 

supine in α2 is influenced by a difference in the left lateral referent position between early 

pregnancy and nulligravid women, a difference that is inconsistent with other left lateral referent 

position α2 results. SDNN also demonstrates an interaction of pregnancy and standing. Though 

again there is a difference in the left lateral referent position measurements between the groups, 

this is consistent with what is demonstrated by SDNN in other left lateral referent measurements. 

Instead, it is the lack of change in SDNN while standing that contributes to the interaction.  
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4.4 Longitudinal comparison of women in early, mid, and late pregnancy 

Heart rate, systolic blood pressure, HRV, and spontaneous baroreflex sensitivity measurements in 

women in early, mid, and late pregnancy are summarised below along with position change 

reflexes where relevant. Deep breathing is described first, followed by the first left referent 

position (Left 1) according to the study protocol. Position comparisons are then examined, 

comparing right lateral decubitus, supine, and standing results to the left lateral decubitus referent 

preceding the position. 

4.4.1 Deep breathing  

The mean and SD of variables measured during deep breathing throughout gestation are presented 

in Table 4.11, along with the overall effect and estimates of effect sizes in mid and late pregnancy 

compared to early pregnancy. Deep breathing was performed in the left lateral decubitus position. 

HRV measures are limited to those that are appropriate to use for ≤ 1 minute recordings (RR mean, 

SDNN, RMSSD, and α1). 

Table 4.11. Longitudinal effects of gestation (mid and late pregnancy compared to early pregnancy) 

on cardiovascular autonomic responses to deep breathing. Results include heart rate, systolic blood 

pressure, measures of HRV, and spontaneous baroreflex sensitivity.  

 

4.4.1.1 Heart rate and systolic blood pressure 

Compared to early pregnancy, mean heart rate during deep breathing increased with progression 

of gestation (mid pregnancy MD = 3, 95% CI = (2, 5); late pregnancy MD = 5, 95% CI = (2, 7)). 

The nadir in mean systolic blood pressure in second trimester was not statistically significant. 

mean SD mean SD mean SD T2 - T1 T3 - T1 p

Mean heart rate (bpm) 68 7 71 7 73 11 3 (2, 5) 5 (2, 7) < 0.001

Mean SBP (mmHg) 101 10 97 11 100 12 -3 (-7, 0) 0 (-3, 3) 0.21

RR mean (ms) 903 106 859 83 849 129 -42 (-63, -21) -53 (-79, -26) < 0.001

SDNN 
(ms) 82 38 77 35 71 31 -3 (-10, 4) -11 (-20, -1) 0.07

RMSSD (ms) 58 34 50 26 45 26 -8 (-14, -1) -13 (-21, -5) 0.005

α1 1.48 0.20 1.57 0.18 1.54 0.20 0.09 (0.03, 0.16) 0.06 (0.00, 0.13) 0.02

Sponaneous BRS 0.60 0.53 0.50 0.56 0.46 0.33 -0.08 (-0.28, 0.13) -0.12 (-0.33, 0.10) 0.57

Effect of gestation
Early 

pregnancy

Mid 

pregnancy

Late 

pregnancy

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability;ms = milliseconds; RR = 

RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between 

adjacent normal RR intervals; BRS: baroreflex sensitivity

 (T1)  (T2)  (T3) Mean difference (95% CI)

Heart rate and systolic blood pressure 

Time domain measures of HRV

Non-linear measures of HRV

Spontaneous baroreflex sensitivity
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4.4.1.2 Measures of HRV 

Time domain analyses: Mean RR interval (p < 0.001) and RMSSD (p = 0.005) decreased 

significantly with gestation, with a significant effect in mid pregnancy and a slightly larger 

significant effect in late pregnancy compared to early pregnancy. SDNN did not demonstrate an 

effect of gestation (p = 0.07), however, was reduced in late pregnancy compared to early pregnancy 

(MD = -11, 95% CI = (-20, -1)).  

Non-linear analyses: DFA measure α1 demonstrated significant gestation effects (p = 0.02), 

becoming significantly higher in mid pregnancy (MD = 0.09, 95% CI = (0.03, 0.16)) compared to 

early pregnancy, though the increase became non-significant in late pregnancy.  

4.4.1.3 Spontaneous baroreflex sensitivity 

Decreases in spontaneous baroreflex sensitivity with gestation did not reach statistical significance 

(p = 0.57). 

In summary, HRV decreased with progression of gestation during deep breathing. Systolic blood 

pressure demonstrated a nadir in mid-pregnancy that did not reach statistical significance.  

4.4.2 Measurements in the left lateral position 

The mean and SD of variables measured during the first left lateral decubitus referent position 

according to the study protocol (left 1) throughout gestation are presented in Table 4.12. Effects 

of gestation and estimates of effect sizes in mid and late pregnancy compared to early pregnancy 

are also included. 
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Table 4.12. Longitudinal effects of gestation (mid and late pregnancy compared to early pregnancy) 

on cardiovascular autonomic responses in the first left lateral decubitus referent position. Results 

include heart rate, systolic blood pressure, measures of HRV, and spontaneous baroreflex sensitivity.  

 

4.4.2.1 Heart rate and systolic blood pressure 

Mean heart rate increased significantly in mid and late pregnancy compared to early pregnancy 

(mid, MD = 6, 95% CI = 4, 7); late, MD = 8, 95% CI = (6, 9)). While mean systolic blood pressure 

demonstrated a nadir in mid-pregnant it did not reach statistical significance (p = 0.37).  

4.4.2.2 Measures of HRV 

Time domain analyses: All time domain measures demonstrated significant effects of gestation 

(RR mean, p < 0.001; SDNN, p = 0.001; RMSSD, p < 0.001), decreasing in mid pregnancy and 

late pregnancy compared to early pregnancy. The effect sizes in both mid and late pregnancy 

compared to early pregnancy were similar.  

Frequency domain analyses: Absolute high (HF log) and low frequency power (LF log) 

demonstrated effects of gestation (p < 0.001), decreasing in mid and late pregnancy compared to 

early pregnancy. Normalised HF power (HF nu) demonstrated a statistically significant increase 

mean SD mean SD mean SD T2 - T1 T3 - T1 p

Mean heart rate (bpm) 66 7 72 7 73 10 6 (4, 7) 8 (6, 9) < 0.001

Mean SBP (mmHg) 99 10 97 11 99 11 -2 (-6, 1) 0 (-4, 3) 0.37

RR mean (ms) 921 104 842 80 837 127 -79 (-99, -59) -88 (-111, -65) < 0.001

SDNN 
(ms) 55 26 46 18 46 25 -9 (-15, -4) -11 (-16, -5) 0.001

RMSSD (ms) 52 35 38 24 38 33 -13 (-22, -5) -15 (-22, -8) < 0.001

HF (log) 2.9 0.6 2.6 0.6 2.5 0.6 -0.3 (-0.4, -0.1) -0.4 (-0.6, -0.3) < 0.001

HF (nu) 48 20 42 22 41 22 -4 (-9, 0) -7 (-12, -2) 0.02

LF (log) 2.7 0.5 2.6 0.5 2.4 0.6 -0.2 (-0.3, -0.1) -0.4 (-0.5, -0.2) < 0.001

LF (nu) 33 16 35 16 31 16 0 (-4, 4) -3 (-7, 0) 0.10

Sample entropy 1.55 0.28 1.41 0.38 1.47 0.37 -0.13 (-0.23, -0.02) -0.07 (-0.16, 0.03) 0.05

α1 0.89 0.26 0.98 0.28 1.00 0.33 0.08 (0.01, 0.14) 0.10 (0.03, 0.17) 0.02

α2 0.79 0.20 0.85 0.24 0.91 0.22 0.05 (-0.01, 0.11) 0.13 (0.07, 0.19) < 0.001

Sponaneous BRS 0.32 0.24 0.27 0.22 0.36 0.38 -0.05 (-0.14, 0.04) 0.06 (-0.08, 0.20) 0.16

NOTE: Left 1 refers to the first left lateral decubitus referent position according to the study protocol

Left 1

Early 

pregnancy

Mid 

pregnancy

Late 

pregnancy

 (T1)  (T2)  (T3) Mean difference (95% CI)

Heart rate and systolic blood pressure 

Time domain measures of HRV

Freqeuncy domain measures of HRV

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Effect of gestation

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = 

milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all 

the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = normalised units; 

LF = low frequency; BRS: baroreflex sensitivity
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in late pregnancy compared to early pregnancy, however, this was not reflected in a statistically 

significant change in LF (nu) (p = 0.10).  

Non-linear analyses: Both α1 and α2 demonstrated significant effects of gestation. Short-term 

measure α1 increasing in both mid (MD = 0.08, 95% CI = (0.01, 0.14)) and late pregnancy (MD 

= 0.10, 95% CI = (0.03, 0.17) compared to early pregnancy. Long-term measure α2 showed a 

statistically significant increase in late pregnancy compared to early pregnancy (MD = 0.13, 95% 

CI = (0.07, 0.19)). Sample entropy did not demonstrate a statistically significant change (p = 0.05).  

4.4.2.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity demonstrated no significant gestational effect (p = 0.16).  

In summary, advancing gestation is associated with an increase in heart rate and a decrease in HRV 

in the left lateral position.  

4.4.3 Comparison of left and right lateral positions  

The mean and SD of variables measured in the right lateral decubitus position and the left lateral 

decubitus referent position preceding right are presented in Table 4.13. Included are main effects 

of gestation and effects of resting in the right lateral position (‘right’), and interactions between 

gestation and right. Effect sizes from the multivariable model are estimated for mid and late 

pregnancy compared to early pregnancy (effect of gestation), as well as right compared to left 

(effect of right). Statistically significant interactions indicate that effects of position vary with 

gestation and are displayed in figures. ‘Left’ refers to the left referent position immediately 

preceding the position according to the study protocol. Along with heart rate, systolic blood 

pressure, HRV, and spontaneous baroreflex sensitivity measurements, position change reflexes are 

also included. Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.13. Longitudinal effects of gestation (mid and late pregnancy compared to early 

pregnancy) on cardiovascular autonomic responses in the right lateral decubitus position 

compared to the left lateral decubitus position. Results include heart rate, systolic blood pressure, 

measures of HRV, spontaneous baroreflex sensitivity, and position change reflexes. 

 

 

 

Interaction

Mean difference (95% CI)

mean SD mean SD mean SD T2 - T1 T3 - T1 R - L

Mean heart rate (bpm)

Left (L) 65 7 71 7 72 10

Right (R) 66 7 72 8 74 10

Mean SBP (mmHg)

Left (L) 100 10 96 9 98 10

Right (R) 93 11 90 9 96 8

RR mean (ms)

Left (L) 932 104 861 85 855 127

Right (R) 919 106 843 91 825 119

SDNN 
(ms)

Left (L) 57 28 48 20 48 26

Right (R) 55 25 48 19 43 21

RMSSD (ms)

Left (L) 55 40 41 27 42 34

Right (R) 53 34 42 23 35 26

HF log 
(ms)

Left (L) 2.9 0.6 2.7 0.5 2.5 0.7

Right (R) 3.0 0.5 2.7 0.5 2.5 0.6

HF (nu)

Left (L) 49 18 39 20 39 21

Right (R) 51 18 41 18 37 19

LF log 
(ms)

Left (L) 2.7 0.5 2.7 0.5 2.5 0.5

Right (R) 2.7 0.5 2.6 0.4 2.5 0.5

LF (nu)

Left (L) 31 14 36 17 31 14

Right (R) 27 12 32 13 34 16

Sample entropy

Left (L) 1.62 0.27 1.54 0.39 1.49 0.38

Right (R) 1.61 0.23 1.50 0.29 1.57 0.32

α1

Left (L) 0.84 0.25 0.98 0.27 0.95 0.31

Right (R) 0.83 0.25 0.94 0.28 1.01 0.25

α2

Left (L) 0.84 0.20 0.83 0.22 0.90 0.22

Right (R) 0.83 0.19 0.84 0.21 0.88 0.24

Sponaneous BRS

Left (L) 0.32 0.24 0.33 0.26 0.37 0.34

Right (R) 0.24 0.24 0.21 0.16 0.24 0.24

IIHR

Left (L) - - - - - -

Right (R) 26 6 25 6 26 7

max/min

Left (L) - - - - - -

Right (R) 1.50 0.20 1.44 0.17 1.45 0.24

0.12

0.01

p

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard 

deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; 

nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity;  IIHR = initial increase in heart rate; max/min = maximum/minimum

Time domain measures of HRV

0.37

-12 (-18, -6) -17 (-22, -11) -2 (-5, 2) 0.30

-8 (-12, -3) -11 (-15, -7) -1 (-4, 2)

-73 (-87, -58)

< 0.001

< 0.001-9 (-13, -6) -12 (-15, -9)

Early 

pregnancy

Mid 

pregnancy

Late 

pregnancy
Effect of gestation Effect of position

-89 (-106, -73) -18 (-25, -10)

 (T1)  (T2)  (T3) 

1 (-2, 4)

p

6 (4, 7) 7 (6, 9) 1 (1, 2) 0.63

Mean difference (95% CI)

Heart rate and systolic blood pressure 

< 0.001

p

< 0.001

0.58

-4 (-6, -2) 1 (-1, 3)

0.80

Frequency domain measures of HRV

-4 (-6, -3)

< 0.001

0.38

0.40

0.44

< 0.001 0.04< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.16

-0.2 (-0.3, -0.1) -0.4 (-0.5, -0.3) 0.0 (0.0, 0.1)

0.50

-0.09 (-0.16, -0.02) -0.08 (-0.16, 0.00) 0.01 (-0.04, 0.06) 0.24

0.38

5 (2, 7) 4 (1, 7) -2 (-4, 0) 0.03

0.0 (-0.1, 0.0) -0.2 (-0.3, -0.1)

Non-linear measures of HRV

0.39< 0.001

0.005

0.00 (-0.04, 0.04) 0.05 (0.01, 0.09) 0.00 (-0.04, 0.03) 0.82

0.12 (0.07, 0.17) 0.15 (0.10, 0.20) 0.00 (-0.04, 0.04) 0.98

0.82

0.11

0.0 (-0.1, 0.0)

0.08

0.690.02

< 0.001

0.05

Spontaneous baroreflex sensitivity

Position change reflees

NOTE: left values are taken from the left referent position immediately preceeding right 

--0.06 (-0.10, -0.02) -0.05 (-0.10, 0.00) -

0.74

-1 (-3, 0) 0 (-2, 1) - -

-0.02 (-0.08, 0.05) 0.01 (-0.06, 0.09) -0.12 (-0.18, -0.06)

-

-

0.73
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4.4.3.1 Heart rate and systolic blood pressure 

Mean heart rate demonstrated a statistically significant increase with gestation (mid pregnancy 

MD = 6, 95% CI = (4, 7); late pregnancy MD = 7, 95% CI = (6, 9)) and in right lateral compared 

to left lateral (MD = 1, 95% CI = (1, 2)). Mean systolic blood pressure demonstrated a statistically 

significant interaction between gestation and right (p = 0.04) (Figure 4.7). Decreased systolic blood 

pressure in right compared to left were similar in early and mid-pregnancy (p = 0.97) which 

became significantly smaller in late pregnancy (p = 0.03) compared to early pregnancy. However, 

measurements of systolic blood pressure may be affected by placement of equipment, as discussed 

in Chapter 5. 

 

 

Figure 4.7. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of right (right compared to left) in mean 

systolic blood pressure (SBP). Error bars: 95% CI.  

4.4.3.2 Measures of HRV 

Time domain analyses: All time domain measures demonstrated significant decreases with 

gestation (p < 0.001). RR mean decreased in the right lateral position compared to the left lateral 

position (MD = -18, 95% CI = (-25, -10), however, SDNN (p = 0.38) and RMSSD (p = 0.40) 

showed no effect of right. There was no significant interaction between gestation and right for any 

time domain variable (RR mean, p = 0.58; SDNN, p = 0.37; RMSSD, p = 0.30).  

Frequency domain analyses: Absolute (HF log) and normalised high frequency power (HF nu) 

and absolute low frequency power (LF log) decreased significantly with gestation (p < 0.001). 

There was no effect of right in these three variables (HF log, p = 0.44; HF nu, p = 0.50, LF log, p 

= 0.39) or interaction between right and gestation (HF log, p = 0.80; HF nu, p = 0.16, LF log, p = 

0.38). Normalised low frequency power (LF nu) demonstrated a significant interaction between 

gestation and right (p = 0.03) (Figure 4.8). In early pregnancy, LF (nu) was decreased in the right 

lateral position compared to the left lateral position (p = 0.02), a response that was similar in mid-
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pregnancy (p = 0.96) but significantly different in late pregnancy (p = 0.02) when the difference 

between the two positions reversed. 

 

Figure 4.8. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of right (right compared to left) in 

normalised low frequency power (LF nu). Error bars: 95% CI. 

Non-linear analyses: There was a statistically significant decrease in sample entropy with 

gestation (p = 0.02). DFA measures α1 (p < 0.001) and α2 (p = 0.05) both increased with gestation. 

There were no effects between of right compared to left (sample entropy, p = 0.69; α1, p = 0.98; 

α2, p = 0.82), nor any interaction between gestation and right for any non-linear measure (sample 

entropy, p = 0.24; α1, p = 0.11; α2, p = 0.82).  

4.4.3.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not change significantly with gestation (p = 0.73), though 

there was a decrease in the right lateral position compared to the left lateral position (MD = -0.12, 

95% CI = (-0.18, -0.06)). There was no statistically significant interaction between gestation and 

right (p = 0.74). 

4.4.3.4 Position change reflexes 

IIHR did not change significantly with gestation (p = 0.12). Max/min demonstrated a significant 

effect of gestation (p = 0.01), decreasing in mid (MD = -0.06, 95% CI = (-0.10, -0.02)) and late 

pregnancy (MD = -0.05, 95% CI = (-0.10, 0.00)) compared to early pregnancy. 

Advancing gestation is associated with an increase in heart rate and a decrease in HRV. Minimal 

interactions indicate that, overall, this effect of gestation does not vary by position (right lateral 

and left lateral). Changes in systolic blood pressure between the left lateral and right lateral 

positions may be affected by placement of equipment, as discussed in Chapter 5.  
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4.4.4 Comparison of left lateral and supine positions 

The mean and SD of variables measured in the supine position and the preceding left lateral 

decubitus referent position are presented in Table 4.14. Included are main effects of gestation and 

effects of resting in the supine position (‘supine’), and interactions between gestation and supine. 

Effect sizes from the multivariable model are estimated for mid and late pregnancy compared to 

early pregnancy (effect of gestation), as well as supine compared to left (effect of supine). 

Statistically significant interactions indicate that effects of position vary with gestation and are 

displayed in figures. ‘Left’ refers to the left referent position immediately preceding the position 

according to the study protocol. Along with heart rate, systolic blood pressure, HRV, and 

spontaneous baroreflex sensitivity measurements, position change reflexes are also included. 

Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.14.  Longitudinal effects of gestation (mid and late pregnancy compared to early 

pregnancy) on cardiovascular autonomic responses in the supine position compared to the left 

lateral decubitus position. Results include heart rate, systolic blood pressure, measures of HRV, 

spontaneous baroreflex sensitivity, and position change reflexes.  

 

 

 

4.4.4.1 Heart rate and systolic blood pressure 

There were significant gestational effects for both heart rate and systolic blood pressure (p < 

0.001). Heart rate increased significantly in mid (MD = 6, 95% CI = (5, 7)) and late pregnancy 

Interaction

Mean difference (95% CI)

mean SD mean SD mean SD T2 - T1 T3 - T1 S - L

Mean heart rate (bpm)

Left (L) 65 7 71 7 72 10

Supine (S) 65 7 71 8 74 10

Mean SBP (mmHg)

Left (L) 97 9 96 11 101 11

Supine (S) 101 11 97 9 105 12

RR mean (ms)

Left (L) 934 107 852 88 853 136

Supine (S) 933 110 861 89 825 121

SDNN 
(ms)

Left (L) 55 26 45 19 46 26

Supine (S) 59 29 43 18 44 23

RMSSD (ms)

Left (L) 55 37 38 27 41 40

Supine (S) 57 35 36 23 29 20

HF log (ms)

Left (L) 2.9 0.6 2.6 0.6 2.6 0.6

Supine (S) 3.0 0.5 2.6 0.5 2.3 0.6

HF (nu)

Left (L) 50 20 40 20 42 23

Supine (S) 47 17 35 17 26 16

LF log 
(ms)

Left (L) 2.7 0.5 2.6 0.4 2.5 0.5

Supine (S) 2.8 0.5 2.6 0.4 2.5 0.4

LF (nu)

Left (L) 32 16 35 14 31 14

Supine (S) 30 13 33 12 35 14

Sample entropy

Left (L) 1.62 0.31 1.47 0.35 1.54 0.33

Supine (S) 1.64 0.27 1.64 0.34 1.42 0.35

α1

Left (L) 0.84 0.27 0.97 0.27 0.99 0.33

Supine (S) 0.81 0.20 0.98 0.24 1.12 0.27

α2

Left (L) 0.77 0.19 0.85 0.21 0.89 0.21

Supine (S) 0.86 0.19 0.93 0.23 1.01 0.18

Sponaneous BRS

Left (L) 0.35 0.22 0.32 0.37 0.37 0.36

Supine (S) 0.25 0.18 0.25 0.20 0.34 0.24

IIHR

Left (L) - - - - - -

Supine (S) 23 6 20 6 20 7

max/min

Left (L) - - - - - -

Supine (S) 1.45 0.18 1.41 0.15 1.41 0.18

-18 (-23, -12) -21 (-27, -16) < 0.001

< 0.001

< 0.001 0.01 (-0.02, 0.05)

2 (-1, 5) 2 (-1, 4) 0.29 -1 (-3, 2)

-10 (-13, -7) -14 (-18, -11) < 0.001 -6 (-9, -4)

-0.2 (-0.3, -0.1) -0.3 (-0.4, -0.2)

Non-linear measures of HRV

0.88

0.09

-0.5 (-0.6, -0.4) < 0.001

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation 

of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = 

normalised units; LF = low frequency; BRS = baroreflex sensitivity;  IIHR = initial increase in heart rate; max/min = maximum/minimum

-76 (-92, -61) -98 (-118, -78) < 0.001 -2 (-8, 4) 0.17

0.34

Mean difference (95% CI)
p p

6 (5, 7) 8 (7, 10) < 0.001 0 (0, 1)

0.0 (0.0, 0.1)

-2 (-6, 2)

-

-

< 0.001

0.02

-2 (-4, 0) 4 (2, 6) < 0.001 3 (1, 4) 0.38

 (T1)  (T2)  (T3) 

Early 

pregnancy

Mid 

pregnancy

Late 

pregnancy

-13 (-18, -9) -12 (-16, -8) < 0.001

Frequency domain measures of HRV

-0.4 (-0.4, -0.3)

0.03

Effect of gestation Effect of position

0.36

0.18

0 (-3, 2)

Heart rate and systolic blood pressure 

Time domain measures of HRV

p

0.47

0.004

0.51

0.90

0.16

0.0 (-0.1, 0.0)

0.07 (0.03, 0.12) 0.13 (0.09, 0.18) < 0.001 0.1 (0.06, 0.14)

0.07

0.64

0.50

0.53

< 0.001

0.44

0.002

-0.06 (-0.14, 0.02) -0.14 (-0.22, -0.06) 0.004 0.02 (-0.04, 0.07)

0.14 (0.09, 0.18) 0.22 (0.17, 0.27)

0.150.00 (-0.08, 0.07)

Spontaneous baroreflex sensitivity

0.73

0.002

Position change reflees

-0.07 (-0.13, -0.01)

NOTE: left values are taken from the left referent position immediately preceeding supine 

0.004

--0.03 (-0.07, 0.01) -0.04 (-0.08, 0.01) 0.18 -

0.60

-3 (-4, -2) -4 (-5, -2) < 0.001 - -

0.06 (-0.01, 0.13)
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(MD = 8, 95% CI = (7, 10)) compared to early pregnancy. Systolic blood pressure had a non-

significant decrease in mid-pregnancy before increasing in late pregnancy to levels higher than 

early pregnancy (MD = 4, 95% CI = (2, 6)). Mean heart rate was not significantly different between 

left and supine position (p = 0.47), however, mean systolic blood pressure was higher in the supine 

position compared to the left lateral position (MD = 3, 95% CI = 1, 4)). There were no significant 

interactions of gestation and supine for either mean heart rate (p = 0.16) or mean systolic blood 

pressure (p = 0.38).  

4.4.4.2 Measures of HRV 

Time domain analyses: RR mean and SDNN decreased significantly with gestation (p < 0.001), 

though they did not show any effect of supine (RR mean, p = 0.51; SDNN, p = 0.90) or interaction 

between gestation and supine (RR mean, p = 0.17; SDNN, p = 0.34). RMSSD demonstrated a 

significant interaction between gestation and supine (p = 0.03) (Figure 4.9). RMSSD demonstrated 

a statistically significant decrease with gestation (p < 0.001), with no statistically significant 

difference between left lateral and supine position in early pregnancy (p = 0.66), and a similar 

response to the supine position in mid pregnancy (p = 0.55). However, in late pregnancy, there 

was a statistically different response demonstrated by a further decrease while in the supine 

position compared to the left lateral position (p = 0.01).  

 
Figure 4.9. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of supine (supine compared to left) in 

RMSSD. Error bars: 95% CI. 

Frequency domain analyses: Absolute high frequency (HF log) and absolute low frequency (LF 

log) power decreased significantly with gestation (p < 0.001), though displayed no effects of 

supine (HF log, p = 0.18; LF log, p = 0.44) or interactions (HF log, p = 0.07; LF log, p = 0.88). 

Normalised high frequency (HF nu) power was the only frequency domain variable to show an 

interaction between gestation and supine (p = 0.002) (Figure 4.10). HF (nu) displayed no effect of 

supine in early pregnancy (p = 0.26), which was similar in mid-pregnancy (p = 0.40). However, in 

late pregnancy, there was a statistically different response demonstrated by a further decline in HF 
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(nu) in the supine position compared to the left lateral position (p < 0.001). Normalised low 

frequency power (LF nu) did not demonstrate an effect of gestation (p = 0.29), supine (p = 0.64) 

or an interaction effect (p = 0.09). 

 
Figure 4.10. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of supine (supine compared to left) in 

normalised high frequency power (HF nu). Error bars: 95% CI. 

Non-linear analyses: Both sample entropy (p = 0.002) and α1 (p = 0.004) demonstrated a 

significant interaction between supine and gestation (Figure 4.11 a, b). Whilst there were no 

statistically significant differences in sample entropy between left and supine in early (p = 0.57), 

mid (p = 0.05), or late pregnancy (p = 0.09), the crossover seen in ‘Figure 4.11 a’ indicates that 

sample entropy in supine compared to left does vary with gestation. DFA measure α1 demonstrates 

a clearer interaction, with no effect of supine in early pregnancy (p = 0.27) with a similar response 

in mid-pregnancy (p = 0.32). However, in late pregnancy, α1 demonstrates a different response, 

continuing to increase in the supine position compared to the left lateral position (p = 0.001). DFA 

measure α2 increased with gestation (p < 0.001), and in the supine position compared to the left 

lateral position (MD = 0.1, 95% CI = (0.06, 0.14)) with no interaction (p = 0.73). 
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a. Sample entropy                                                              b. α1 

Figure 4.11. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of supine (supine compared to left) in 

sample entropy and α1 in early, mid, and late pregnancy. Error bars: 95% CI 

4.4.4.3 Spontaneous baroreflex sensitivity 

There was no significant gestational effect for spontaneous baroreflex sensitivity, though 

spontaneous baroreflex sensitivity was significantly lower in the supine position than the left 

lateral position (MD = -0.07, 95% CI = (-0.13, -0.01). There was no significant interaction effect 

between gestation and supine (p = 0.60).  

4.4.4.4 Position change reflexes 

IIHR when moving from the left lateral position to the supine position decreased with gestation (p 

< 0.001). Max/min demonstrated no gestational effect (p = 0.18).  

HRV decreases with progression of gestation. However, there are several statistically significant 

interactions between position and gestation, indicating that the response to position (supine 

compared to left lateral) varies with gestation.  

4.4.5 Comparison of left lateral and standing positions 

The mean and SD of variables measured in the standing position and the left lateral decubitus 

referent position preceding standing are presented in Table 4.15. Included are main effects of 

gestation and effects of the standing position (‘standing’), and interactions between gestation and 

standing. Effect sizes from the multivariable model are estimated for mid and late pregnancy 

compared to early pregnancy (effect of gestation), as well as standing compared to left (effect of 

standing). Statistically significant interactions indicate that effects of position vary with gestation 

and are displayed in figures. ‘Left’ refers to the left referent position immediately preceding the 

position according to the study protocol. Along with heart rate, systolic blood pressure, HRV, and 
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spontaneous baroreflex sensitivity measurements, position change reflexes are also included. 

Position change reflexes reflect the acute heart rate response to change in position. 

Table 4.15. Longitudinal effects of gestation (mid and late pregnancy compared to early 

pregnancy) on cardiovascular autonomic responses in standing compared to left lateral decubitus. 

Results include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex 

sensitivity, and position change reflexes.  

 

 

 

Interaction

Mean difference (95% CI)

mean SD mean SD mean SD T2 - T1 T3 - T1 St - L

Mean heart rate (bpm)

Left 64 7 69 8 70 10

Standing (St) 86 12 83 8 88 9

Mean SBP (mmHg)
Left 100 11 96 9 100 9

Standing (St) 109 13 108 9 114 13

RR mean (ms)

Left 948 112 879 101 878 134

Standing (St) 717 101 732 66 692 79

SDNN 
(ms)

Left 61 30 51 25 52 31

Standing (St) 48 19 48 17 59 28

RMSSD (ms)

Left 63 42 49 37 48 49

Standing (St) 27 21 28 17 29 30

HF log 
(ms)

Left 3.0 0.5 2.8 0.6 2.7 0.6

Standing (St) 2.4 0.5 2.4 0.5 2.4 0.6

HF (nu)

Left 50 17 42 19 37 21

Standing (St) 20 14 23 16 18 15

LF log 
(ms)

Left 2.8 0.5 2.7 0.5 2.7 0.4

Standing (St) 2.8 0.4 2.8 0.4 2.8 0.4

LF (nu)

Left 30 13 33 12 35 15

Standing (St) 47 15 41 15 35 17

Sample entropy

Left 1.60 0.28 1.55 0.41 1.48 0.35

Standing (St) 1.10 0.31 1.14 0.33 0.91 0.36

α1

Left 0.79 0.24 0.92 0.29 0.96 0.32

Standing (St) 1.38 0.24 1.28 0.30 1.32 0.33

α2

Left 0.79 0.19 0.84 0.23 0.85 0.23

Standing (St) 0.87 0.23 0.93 0.21 1.11 0.25

Sponaneous BRS

Left 0.31 0.28 0.43 0.37 0.36 0.34

Standing (St) 0.24 0.20 0.25 0.23 0.42 0.29

IIHR

Left - - - - - -

Standing (St) 41 10 36 8 36 9

max/min

Left - - - - - -

Standing (St) 1.40 0.19 1.47 0.21 1.46 0.25

-

-

Effect of positionEffect of gestation

p

< 0.001

< 0.001

< 0.001

0.14

< 0.001

< 0.001

< 0.001

0.07

Non-linear measures of HRV

-1 (-4, 2)

-0.16 (-0.23, -0.08)

0.00 (-0.05, 0.05) 0.06 (0.00, 0.12) 0.08 0.51 (0.45, 0.57) < 0.001

< 0.001

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation 

of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = 

normalised units; LF = low frequency; BRS = baroreflex sensitivity;  IIHR = initial increase in heart rate; max/min = maximum/minimum

< 0.001

0.005

0.08

< 0.001

< 0.001

-8 (-11, -4)

< 0.001 -170 (-191, -150) < 0.001

-5 (-9, -1) 1 (-5, 7) < 0.001 -4 (-9, 1) 0.003

< 0.001

-50 (-67, -32)

-0.1 (-0.2, 0.0) -0.2 (-0.3, -0.1)

0.002

0.01 (-0.06, 0.08)

< 0.001

< 0.001

Early 

pregnancy

Mid 

pregnancy

Late 

pregnancy

Mean difference (95% CI)
p

-0.1 (-0.2, 0.0) -0.1 (-0.2, 0.0) 0.22 0.1 (0.0, 0.2)

1 (-1, 3) 4 (3, 6) < 0.001 16 (14, 18)

-25 (-34, -16)

-2 (-5, 0.2) 3 (0, 5) < 0.001

0.06 (-0.01, 0.13) 0.11 (0.04, 0.19) 0.009 -0.07 (-0.14, 0.00)

0.05 (0.00, 0.10) 0.15 (0.09, 0.20) < 0.001 0.13 (0.08, 0.18)

Spontaneous baroreflex sensitivity

0.04

-28 (-45, -11)

Time domain measures of HRV

Frequency domain measures of HRV

-2 (-6, 1) 0.35 11 (7, 14)

-7 (-11, -2) -7 (-14, 0) 0.02

< 0.001

0.66

-0.5 (-0.6, -0.3)

-2 (-5, 1) -25 (-29, -21)

0.01

< 0.001

Position change reflees

p
 (T1)  (T2)  (T3) 

NOTE: left values are taken from the left referent position immediately preceeding standing 

< 0.001 -0.50 (-0.57, -0.43) 0.14

-0.08 (0.02, 0.14) 0.06 (0.00, 0.13) 0.03 -

0.03

-5 (-7, -3) -5 (-8, -3) < 0.001 - -

Heart rate and systolic blood pressure 

12 (10, 14)
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4.4.5.1 Heart rate and systolic blood pressure 

Mean heart rate demonstrated significant effects of gestation and standing (p < 0.001) with a 

statistically significant interaction (p < 0.001) (Figure 4.12).  Heart rate was significantly higher 

during standing compared to the left lateral position in early pregnancy (p < 0.001) with a similar 

response in late pregnancy (p = 0.08), however, in mid-pregnancy, the magnitude of response was 

significantly smaller (p < 0.001).  Mean systolic blood pressure increased in late pregnancy 

compared to early pregnancy (MD = 3, 95% CI = (0, 5)) with a significant increase on standing 

compared to the left lateral position (MD = 12, 95% CI = (10, 14)) with no statistically significant 

interaction (p = 0.08).  

 

Figure 4.12. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of standing (standing compared to left) in 

mean heart rate. Error bars: 95% CI. 

4.4.5.2 Measures of HRV 

Time domain analyses: All time domain measures demonstrated a statistically significant 

interaction between gestation and standing (RR mean, p < 0.001; SDNN, p = 0.003; RMSSD, p = 

0.005) (Figure 4.13 a, b, c). The response of RR mean was similar to heart rate, decreasing in 

standing compared to the left lateral position in early pregnancy (p < 0.001) with a significantly 

smaller change in mid pregnancy (p < 0.001) but also in late pregnancy (p = 0.005). SDNN was 

decreased on standing compared to the left lateral position in early pregnancy (p = 0.002), however 

this decrease was significantly smaller in mid-pregnancy (p = 0.02) due to a decrease in left lateral 

values, rather than a change during standing. The decrease in SDNN on standing reversed in late 

pregnancy (p = 0.001) due to an increase in standing SDNN rather than a change in measurements 

in the left lateral position. RMSSD values while standing remain relatively similar across 

gestations, though decrease significantly compared to the left lateral position in early pregnancy 

(p < 0.001). However, as left lateral values were lower in mid and late pregnancy compared to 
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early pregnancy (mid, p < 0.001; late, p = 0.001), the magnitude of decrease in RMSSD while 

standing becomes significantly smaller (mid, p = 0.004; late, p = 0.009).  

 
a. RR mean 

 

 
c. RMSSD 

 
b. SDNN 

 

 

 

Figure 4.13. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of standing (standing compared to left) in 

RR mean, SDNN and RMSSD. Error bars: 95% CI. 

Frequency domain analyses: Absolute (HF log) and normalised high frequency power (HF nu), 

and normalised low frequency power (LF nu) all demonstrated statistically significant interactions 

between gestation and standing (p < 0.001) (Figure 4.14 a, b, c). HF (log) decreases in the left 

lateral position in mid and late pregnancy compared to early pregnancy (p < 0.001) but remains 

relatively constant while standing. This leads to the decrease while standing in HF (log) seen in 

early pregnancy (p < 0.001) becoming significantly smaller in mid and late pregnancy compared 

to early pregnancy (mid, p < 0.001; late, p = 0.002). Similar to HF (log), the decrease in HF (nu) 

seen on standing compared to the left lateral position in early pregnancy (p < 0.001) becomes 

significantly smaller in mid (p < 0.001) and late pregnancy (p = 0.001). This appears to be due to 

decreases in left lateral in mid and late pregnancy compared to early pregnancy (p < 0.001) rather 

than a change during standing. LF (nu) in the left lateral position increases with gestation, 

becoming significantly higher in late pregnancy compared to early pregnancy (p = 0.009). This, 
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combined with changes in LF (nu) during standing with gestation, causes the decrease in standing 

compared to left lateral seen in early pregnancy (p < 0.001) to become significantly smaller in mid 

pregnancy (p = 0.003) before disappearing in late pregnancy (p < 0.001). Absolute low frequency 

power (LF log) demonstrated no statistically significant effects of gestation (p = 0.22) or standing 

(p = 0.07), nor an interaction (p = 0.66). 

 

a. Absolute high frequency (HF log) 

 

 

c. Normalised low frequency (LF nu) 

 

b. Normalised high frequency (HF nu) 

 

Figure 4.14. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of standing (standing compared to left) in 

HF (log and nu), and LF (nu). Error bars: 95% CI 

Non-linear analyses: Sample entropy demonstrated a statistically significant decrease in late 

pregnancy compared to early pregnancy (MD = -0.16, 95% CI = (-0.23, -0.08)) and also in standing 

compared to the left lateral position (MD = -0.5, 95% CI = (-0.57, -0.43) with no significant 

interaction (p = 0.14). Both DFA measures demonstrated statistically significant interactions 

between gestation and standing (α1, p < 0.001; α2, p = 0.002) (Figure 4.15 a, b). Compared to 

early pregnancy, α1 increases in left lateral in mid (p = 0.001) and late pregnancy (p < 0.001). 

This, along with changes during standing, leads to the increase in α1 seen on standing compared 

to left in early pregnancy (p < 0.001) becoming significantly smaller in mid and late pregnancy (p 
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< 0.001). Conversely, α2 remains similar in mid (p = 0.21) and late pregnancy (p = 0.18) compared 

to early pregnancy with an increase on standing compared to the left lateral position in early 

pregnancy (p = 0.02) that remains similar in mid pregnancy (p = 0.71). However, in late pregnancy, 

the increase on standing compared to the left lateral position becomes significantly larger (p = 

0.001).  

 
a. α1 

 
 b. α2 

Figure 4.15. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of standing (standing compared to left) in 

α1 and α2. Error bars: 95% CI 

4.4.5.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity demonstrated a statistically significant interaction between 

standing and gestation (p = 0.03) (Figure 4.16). In the left lateral position, spontaneous baroreflex 

sensitivity increased in mid pregnancy compared to early pregnancy (p = 0.03) but returned to 

early pregnancy levels in late pregnancy (p = 0.48). There was no statistically significant change 

between left and standing in early pregnancy (p = 0.07), which was statistically similar in mid (p 

= 0.20) and late pregnancy (0.06). The statistically significant interaction likely comes from a 

crossover in responses seen between mid and late pregnancy, though the change in standing 

compared to the left lateral position does not reach statistical significance. 
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Figure 4.16. Statistically significant interaction between the effect of gestation (mid and late 

pregnancy compared to early pregnancy) and the effect of standing (standing compared to left) in 

spontaneous baroreflex sensitivity (BRS). Error bars: 95% CI 

4.4.5.4 Position change reflexes 

IIHR when moving from the left lateral position to standing decreased with gestation (p < 0.001). 

Max/min increased with gestation (p = 0.03).  

In summary, statistically significant interactions in the majority of variables indicates that maternal 

heart rate responses to standing vary with gestation. The variability in response to standing with 

advancing gestation will be discussed further in Chapter 5. 

4.4.6 Summary of mid and late pregnancy compared to early pregnancy 

A summary of changes in heart rate, systolic blood pressure, measures of HRV, spontaneous 

baroreflex sensitivity, and position change reflexes in early, mid, and late pregnancy in each 

position comparison is displayed in Table 4.16. Direction of change (↑ indicates an increase, ↓ 

indicates a decrease) is only shown for statistically significant changes. Positions within ‘mid 

pregnancy compared to early pregnancy’ and ‘late pregnancy compared to early pregnancy’ use 

‘&’ to signify that the direction of change due to pregnancy takes into account that two positions 

are measured (occurs in left AND right/supine/standing positions). Within ‘effect of position’, the 

letter ‘v’ is used to signify that the direction of change in right/supine/standing positions are 

compared to the left lateral position and takes into account that measurements are taken at multiple 

gestations (occurs in early, mid AND late pregnancy). A ‘*’ is used to denote that there is an 

interaction between gestation and position (i.e. that the response to position varies with gestation), 

thus a direction of change is not given. 
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Table 4.16. Summary of statistically significant effects of gestation and effects of position on 

cardiovascular autonomic variables in women in early, mid, and late pregnancy in left, right, supine, 

and standing positions. 

 

Women in mid and late pregnancy demonstrate significantly different measures of cardiovascular 

autonomic function compared to women in early pregnancy. Similar to what was seen previously 

in early pregnancy compared to nulligravid women, there were some differences in cardiovascular 

autonomic responses in the right lateral position compared to the left lateral position that will be 

discussed in Chapter 5. However, the supine position compared to the left lateral position 

demonstrates multiple interactions of gestation and supine. Standing compared to the left lateral 

position also demonstrates statistically significant interactions of gestation and standing in almost 

every variable. Maternal cardiovascular autonomic responses to supine and standing vary with 

gestation, with variation predominantly occurring in late pregnancy.   

  

Left L & Right L & Supine L & Standing Left L & Right L & Supine L & Standing L v Right L v Supine L v Standing

Mean heart rate (bpm) ↑ ↑ ↑ * ↑ ↑ ↑ * ↑ *

Mean SBP (mmHg) * * ↑ ↑ * ↑ ↑

RR mean (ms) ↓ ↓ ↓ * ↓ ↓ ↓ * *

SDNN (ms) ↓ ↓ ↓ * ↓ ↓ ↓ * *

RMSSD (ms) ↓ ↓ * * ↓ ↓ * * * *

HF (log) ↓ ↓ ↓ * ↓ ↓ ↓ * *

HF (nu) ↓ * * ↓ ↓ * * * *

LF (log) ↓ ↓ ↓ ↓ ↓

LF (nu) * * * * * *

SampEnt ↓ * * ↓ * ↓

α1 ↑ ↑ * * ↑ ↑ * * * *

α2 ↑ * ↑ ↑ ↑ * ↑ *

Spontaneous BRS * * ↓ ↓ *

IIHR ↓ ↓ ↓ ↓

Max/min ↓ ↑ ↓

L = left; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation of 

RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = normalised units; LF 

= low frequency; BRS = baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum;  ↑  = value increased; ↓ = value decreased 

* = signfiicant interaction between gestation and position 

Mid pregnancy compared to early pregnancy Late pregnancy compared to early pregnancy

Heart rate and systolic blood pressure 

Time domain measures of HRV

Frequency domain measures of HRV

Effect of positionEffect of gestation

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Position change reflexes
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4.5 Comparison of post-partum and nulligravid women 

Heart rate, systolic blood pressure, measures of HRV and spontaneous baroreflex sensitivity in 

post-partum women compared to nulligravid women are summarised below in each position. Deep 

breathing is described first, followed by the first left referent position (Left 1) according to the 

study protocol. Positions are then examined, comparing right lateral decubitus, supine, and 

standing results to the left lateral decubitus referent position preceding the position. 

The nulligravid group consisted of 25 women. The post-partum group consisted of 32 women with 

a mean post-partum period of 6 completed weeks (SD = 1.2). Age and non-pregnant BMI were 

used as covariates to adjust for any potential confounding effects. 

4.5.1 Deep breathing 

The mean and SD of variables measured during deep breathing are presented in Table 4.17 along 

with the overall effect and estimates of effect sizes in post-partum women compared to nulligravid 

women. Deep breathing was performed in the left lateral decubitus position. HRV measures are 

limited to those that are appropriate to use for ≤ 1 minute recordings (RR mean, SDNN, RMSSD, 

and α1). 



Results 

 

152 

Table 4.17. Effect of pregnancy (post-partum compared to nulligravid) on cardiovascular 

autonomic responses to deep breathing. Results include heart rate, systolic blood pressure, 

measures of HRV, and spontaneous baroreflex sensitivity. Age and non-pregnant BMI used as 

covariates. 

 

4.5.1.1 Heart rate and systolic blood pressure 

There were no significant differences in mean heart rate (p = 0.60) or mean systolic blood pressure 

(p = 0.77) between nulligravid and post-partum women during deep breathing. 

4.5.1.2 Measures of HRV 

Time domain analyses: There were no significant differences in any time domain measure 

between nulligravid and post-partum women during deep breathing (RR mean, p = 0.73; SDNN, 

p = 0.09; RMSSD, p = 0.22). 

Non-linear analyses: There was no significant difference in α1 between nulligravid and post-

partum women during deep breathing (p = 0.56). 

4.5.1.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not demonstrate any significant difference between 

nulligravid and post-partum women during deep breathing (p = 0.13). 

Heart rate and systolic blood pressure responses during deep breathing measured in women during 

the early post-partum period are similar to those seen in nulligravid women.  

Mean difference (95% CI)

mean SD mean SD PP - N p

Mean heart rate (bpm) 65 9 63 10 -2 (-8, 4) 0.60

Mean SBP (mmHg) 110 16 106 9 -1 (-9, 7) 0.77

RR mean (ms) 950 145 995 184 18 (-83, 118) 0.73

SDNN (ms) 114 48 86 57 -28 (-60, 4) 0.09

RMSSD (ms) 91 50 69 62 -21 (-56, 13) 0.22

α1 1.39 0.18 1.37 0.34 0.05 (-0.12, 0.22) 0.56

Spontaneous BRS 0.65 0.66 0.70 0.71 0.40 (-0.13, 0.94) 0.13

Time domain measures of HRV

Heart rate and systolic blood pressure 

Effect of pregnancy

Note: Deep breathing performed in the left lateral decubitus position

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Nulligravid Post-partum

(N) (PP)
Deep breathing

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability;  ms = 

milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all 

the squares of differences between adjacent normal RR intervals; BRS = baroreflex sensitivity



Results 

 

153 

4.5.2 Measurements in the left lateral position 

The mean and SD of variables measured during the first left lateral decubitus referent position 

according to the study protocol (left 1) are presented in Table 4.18, along with the overall effect 

and estimates of effect sizes in post-partum women compared to nulligravid women. 

Table 4.18. Effect of pregnancy (post-partum compared to nulligravid) on cardiovascular 

autonomic responses in the first left lateral decubitus referent position. Results include heart rate, 

systolic blood pressure, measures of HRV, and spontaneous baroreflex sensitivity. Age and non-

pregnant BMI used as covariates. 

 

Mean difference (95% CI)

mean SD mean SD PP - N p

Mean heart rate (bpm) 62 10 63 11 1 (-5, 8) 0.70

Mean SBP (mmHg) 107 15 103 10 -2 (-10, 5) 0.58

RR mean (ms) 993 170 983 178 -29 (-135, 76) 0.58

SDNN (ms) 75 38 60 33 -14 (-35, 8) 0.21

RMSSD (ms) 70 49 49 40 -18 (-45, 9) 0.18

HF (log) 3.1 0.6 2.6 0.7 -0.5 (-0.9, -0.1) 0.01

HF (nu) 44 21 30 18 -11 (-22, 0) 0.06

LF (log) 3.0 0.5 2.8 0.6 -0.3 (-0.6, 0.1) 0.12

LF (nu) 35 17 43 18 4 (-6, 14) 0.40

Sample entropy 1.55 0.30 1.52 0.33 -0.05 (-0.23, 0.14) 0.62

α1 0.89 0.30 1.05 0.31 0.16 (-0.02, 0.33) 0.08

α2 0.86 0.23 0.87 0.23 0.02 (-0.11, 0.16) 0.71

Spontaneous BRS 0.41 0.29 0.34 0.34 -0.11 (-0.33, 0.10) 0.28

Spontaneous baroreflex sensitivity

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate 

variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD 

=square root of the mean of the sum of all the squares of differences between adjacent normal RR intervals; 

HF = high frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex 

sensitivity

Time domain measures of HRV

Frequency domain measures of HRV

Non-linear measures of HRV

Note: Left 1 refers to the first left lateral decubitus position according to the study protocol

Heart rate and systolic blood pressure 

Effect of pregnancy

Left 1

Nulligravid Post-partum

(N) (PP)
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4.5.2.1 Heart rate and systolic blood pressure 

There were no significant differences in mean heart rate (p = 0.70) or mean systolic blood pressure 

(p = 0.58) between nulligravid and post-partum women in the left lateral position. 

4.5.2.2 Measures of HRV 

Time domain analyses: There were no significant differences in any time domain measure 

between nulligravid and post-partum women in the left lateral position (RR mean, p = 0.58; SDNN, 

p = 0.21; RMSSD, p = 0.18). 

Frequency domain analyses: Absolute high frequency power (HF log) was the only measure to 

demonstrate a statistically significant difference between the two groups, decreasing in post-

partum women compared to nulligravid women (MD = -0.5, 95% CI = (-0.9, -0.1)).   

Non-linear analyses: There were no significant differences in any non-linear measure between 

nulligravid and post-partum women in the left lateral position (sample entropy, p = 0.62; α1, p = 

0.08; α2, p = 0.71). 

4.5.2.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity did not demonstrate any significant difference between 

nulligravid and post-partum women in the left lateral position (p = 0.28). 

Aside from a statistically significant difference in a single frequency domain measure of HRV, 

heart rate and systolic blood pressure responses in women in the early post-partum period are 

similar to those seen in nulligravid women when in the left lateral position.  

4.5.3 Comparison of left and right lateral positions 

The mean and SD of variables measured in the right lateral decubitus position and the preceding 

left lateral decubitus referent position are presented in Table 4.19. Included are main effects of 

pregnancy and effects of resting in right lateral (‘right’), and interactions between pregnancy and 

right. Effect sizes from the multivariable model are estimated for post-partum compared to 

nulligravid women (effect of pregnancy), as well as the right lateral position compared to the left 

lateral position (effect of right). Statistically significant interactions indicate that effects of position 

vary by group and are displayed in figures. ‘Left’ refers to the left referent position immediately 

preceding the position according to the study protocol. Along with heart rate, systolic blood 

pressure, HRV, and spontaneous baroreflex sensitivity measurements, position change reflexes are 

also included. Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.19. Effect of pregnancy (post-partum compared to nulligravid) on cardiovascular 

autonomic responses in the right lateral position compared to the left lateral position. Results 

include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity, 

and position change reflexes. Age and non-pregnant BMI used as covariates. 

 

Interaction

Mean difference (95% CI) Mean difference (95% CI)

mean SD mean SD PP - N p R - L p p

Mean heart rate (bpm)

Left (L) 61 10 62 11

Right (R) 61 9 63 10

Mean SBP (mmHg)

Left (L) 105 13 104 10

Right (R) 95 9 96 12

RR mean (ms)

Left (L) 1017 168 1012 158

Right (R) 1006 177 980 161

SDNN (ms)

Left (L) 76 38 62 32

Right (R) 73 32 59 28

RMSSD (ms)

Left (L) 75 49 54 38

Right (R) 73 43 52 35

HF (log)

Left (L) 3.2 0.6 2.7 0.6

Right (R) 3.3 0.4 2.9 0.5

HF (nu)

Left (L) 48 20 33 19

Right (R) 50 16 35 16

LF (log)

Left (L) 3.0 0.6 2.9 0.6

Right (R) 3.0 0.4 2.9 0.5

LF (nu)

Left (L) 32 15 40 19

Right (R) 31 13 37 15

SampEnt

Left (L) 1.57 0.30 1.56 0.34

Right (R) 1.58 0.26 1.68 0.29

α1

Left (L) 0.83 0.27 1.00 0.30

Right (R) 0.77 0.24 0.97 0.22

α2

Left (L) 0.83 0.20 0.82 0.23

Right (R) 0.78 0.19 0.81 0.13

Spontaneous BRS

Left (L) 0.41 0.31 0.32 0.26

Right (R) 0.33 0.22 0.18 0.16

IIHR

Left (L) -- -- -- --

Right (R) 29 6 23 8

Max/min

Left (L) -- -- -- --

Right (R) 1.65 0.20 1.46 0.18

Effect of pregnancy Effect of right

0.20

< 0.001

0.11

0.75

Frequency domain measures of HRV

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

-21 (-46, 4) 0.10 -1 (-6, 4) 0.49

-15 (-24, -5) 0.003 2 (-2, 7) 0.790.29

7 (-1, 15) 0.09 -3 (-7, 1)

Position change reflexes

0.351 (0, 1)0.502 (-4, 8)

Nulligravid Post-partum

(N) (PP)

Heart rate and systolic blood pressure 

-9 (-12, -5) 0.37

-39 (-140, 61) 0.44 -11 (-25, 3) 0.37

1 (-4, 7) 0.61

Time domain measures of HRV

-15 (-34, 5) 0.14 -2 (-7, 3) 0.950.36

0.510.20

-0.5 (-0.8, -0.1) 0.004 0.1 (0.0, 0.2) 0.490.02

-0.2 (-0.5, 0.1) 0.26 0.0 (-0.1, 0.1) 0.930.69

-0.02 (-0.18, 0.14) 0.82 0.08 (0.00, 0.15) 0.060.05

0.21 (0.07, 0.34) 0.003 -0.05 (-0.12, 0.02) 0.910.15

0.03 (-0.07, 0.12) 0.60 -0.03 (-0.09, 0.03) 0.690.35

-0.12 (-0.26, 0.02) 0.09 -0.11 (-0.19, -0.02) 0.670.02

-0.14 (-0.24, -0.04) 0.006

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; ms = milliseconds; RR = RR interval; SDNN = 

standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of differences between adjacent normal RR 

intervals; HF = high frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity; IIHR = initial 

increase in heart rate; max/min = maximum/minimum

Note: Left refers to the left lateral decibitus referent position immediately preceding the position according to the study protocol

-- --

-- --

-3 (-6, 1) 0.10 --

--
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4.5.3.1 Heart rate and systolic blood pressure 

Mean heart rate did not demonstrate a statistically significant effect of group (p = 0.50), right (p = 

0.20), nor an interaction (p = 0.35). Mean systolic blood pressure demonstrated a statistically 

significant decrease in the right lateral position compared to the left lateral position (MD = -9, 95% 

CI = (-12, -5)), but was not affected by group (p = 0.61) or an interaction (p = 0.37). Effects of 

position on systolic blood pressure may be affected by placement of blood pressure recording 

equipment, as discussed further in Chapter 5.  

4.5.3.2 Measures of HRV 

Time domain analyses: No time domain measure demonstrated statistically significant effects of 

group (RR mean, p = 0.44; SDNN, p = 0.14; RMSSD, p = 0.10), right (RR mean, p = 0.11; SDNN, 

p = 0.36; RMSSD, p = 0.75, or an interaction (RR mean, p = 0.37; SDNN, p = 0.95; RMSSD, p = 

0.49).  

Frequency domain analyses: Absolute (HF log) and normalised high frequency power (HF nu) 

were the only variables to be affected by group, decreasing in post-partum women compared to 

nulligravid women (HF log, MD = -0.5, 95% CI = (-0.8, -0.1); HF nu, MD = -15, 95% CI = (-24, 

-5)). Increased normalised low frequency power (LF nu) in post-partum women compared to 

nulligravid women partially accounts for the change in HF nu but does not reach statistical 

significance (MD = 7, 95% CI = (-1, 15)). HF log was the only variable to demonstrate an effect 

of right, increasing in the right lateral position compared to the left lateral position (MD = 0.1, 

95% CI = (0.0, 0.2). No frequency domain variable demonstrated a statistically significant 

interaction.  

Non-linear analyses: Sample entropy was increased in the right lateral position compared to the 

left lateral position (MD = 0.08, 95% CI = (0.00, 0.15)) but did not demonstrate a statistically 

significant group effect (p = 0.82) or interaction (p = 0.06). DFA measure α1 was increased in 

post-partum women compared to nulligravid women (MD = 0.21, 95% CI = (0.07, 0.34)) but did 

not change significantly in the right lateral position (p = 0.15) and did not demonstrate a 

statistically significant interaction (p = 0.91). DFA measure α1 did not demonstrate a statistically 

significant effect of group (p = 0.60) or right (p = 0.35), nor an interaction (p = 0.69).  

4.5.3.3 Spontaneous baroreflex sensitivity 

Spontaneous baroreflex sensitivity decreased in the right lateral position compared to the left 

lateral position (MD = -0.11, 95% CI = (-0.19, -0.02)) but was not significantly affected by group 

(p = 0.09) or an interaction (p = 0.67).  
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4.5.3.4 Position change reflexes 

Decreases in IIHR did not reach statistical significance (p = 0.10), though max/min was 

significantly decreased in post-partum women compared to nulligravid women (MD = -0.14, 95% 

CI = (-0.24, -0.04)).  

Compared to nulligravid women, there are some statistically significant differences in HRV 

demonstrated by women in the early post-partum period which do not vary by position (i.e. there 

are no interactions between group and position). There are some differences in heart rate and 

systolic blood pressure responses between the right lateral position and the left lateral position that 

will be discussed further in Chapter 5.  

4.5.4 Comparison of left lateral and supine positions 

The mean and SD of variables measured in the supine position and the preceding left lateral 

decubitus referent position are presented in Table 4.20. Included are main effects of pregnancy 

and effects of resting in supine, and interactions between pregnancy and supine. Effect sizes from 

the multivariable model are estimated for post-partum compared to nulligravid women (effect of 

pregnancy), as well as the supine position compared to the left lateral position (effect of supine). 

Statistically significant interactions indicate that effects of position vary by group and are 

displayed in figures. ‘Left’ refers to the left referent position immediately preceding the position 

according to the study protocol. Along with heart rate, systolic blood pressure, HRV, and 

spontaneous baroreflex sensitivity measurements, position change reflexes are also included. 

Position change reflexes reflect the acute heart rate response to change in position. 
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Table 4.20. Effect of pregnancy (post-partum compared to nulligravid) on cardiovascular 

autonomic responses in the supine position compared to the left lateral decubitus position. Results 

include heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity, 

and position change reflexes. Age and non-pregnant BMI used as covariates. 

 

Interaction

Mean difference (95% CI) Mean difference (95% CI)

mean SD mean SD PP - N p S - L p p

Mean heart rate (bpm)

Left (L) 61 11 61 11

Supine (S) 60 10 61 10

Mean SBP (mmHg)

Left (L) 104 14 102 10

Supine (S) 103 12 102 10

RR mean (ms)

Left (L) 1027 189 1013 184

Supine (S) 1029 166 1019 171

SDNN (ms)

Left (L) 74 29 63 34

Supine (S) 78 37 61 27

RMSSD (ms)

Left (L) 74 43 57 44

Supine (S) 77 46 59 39

HF (log)

Left (L) 3.2 0.5 2.8 0.7

Supine (S) 3.2 0.5 2.9 0.5

HF (nu)

Left (L) 52 19 34 19

Supine (S) 47 20 37 17

LF (log)

Left (L) 3.0 0.4 2.9 0.5

Supine (S) 3.1 0.5 2.9 0.5

LF (nu)

Left (L) 31 17 38 14

Supine (S) 33 16 36 15

SampEnt

Left (L) 1.63 0.31 1.60 0.32

Supine (S) 1.63 0.25 1.68 0.27

α1

Left (L) 0.77 0.29 0.98 0.29

Supine (S) 0.80 0.30 0.94 0.27

α2

Left (L) 0.85 0.22 0.85 0.20

Supine (S) 0.82 0.18 0.77 0.19

Spontaneous BRS

Left (L) 0.48 0.36 0.50 0.48

Supine (S) 0.42 0.27 0.26 0.16

IIHR

Left (L) -- -- -- --

Supine (S) 28 9 22 7

Max/min

Left (L) -- -- -- --

Supine (S) 1.69 0.19 1.50 0.22

Position change reflexes

Heart rate and systolic blood pressure 

Time domain measures of HRV

Frequency domain measures of HRV

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

-1 (-6, 5) 0.76 0 (-3, 3) 0.59

1 (-5, 7) 0.73 0 (-1, 1) 0.390.93

0.96

-31 (-138, 76) 0.56 -4 (-19, 11) 0.45

Nulligravid Post-partum

(N) (PP)

Effect of pregnancy Effect of supine

0.59

0.0 (-0.1, 0.1) 0.550.83

-18 (-36, 1) 0.06 0 (-6, 6) 0.230.96

0.59-17 (-42, 9) 0.19 1 (-4, 6) 0.46

-0.4 (-0.7, -0.1) 0.02

-0.2 (-0.5, 0.0) 0.10 0.0 (-0.1, 0.1) 0.180.80

-9 (-18, 0) 0.06 -1 (-6, 4) 0.140.65

0.04 (-0.11, 0.19) 0.62 0.05 (-0.03, 0.12) 0.250.20

2 (-5, 10) 0.57 0 (-4, 4) 0.310.98

-0.03 (-0.13, 0.06) 0.52 -0.06 (-0.12, 0.00) 0.420.05

0.16 (0.00, 0.32) 0.05 0.00 (-0.05, 0.06) 0.290.97

-4 (-8, 0) 0.04 -- ----

-0.12 (-0.28, 0.04) 0.15 -0.16 (-0.30, -0.02) 0.190.03

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = 

milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of 

all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = normalised 

units; LF = low frequency; BRS = baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

0.18 (-0.31, -0.06) 0.16 -- --

Note: Left refers to the left lateral decibitus referen position immediately preceding the position according to the study 

protocol

--
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4.5.4.1 Heart rate and systolic blood pressure 

Mean heart rate did not change significantly between groups (p = 0.73), nor between left and 

supine positions (p = 0.93) and demonstrated no statistically significant interaction (p = 0.39). 

Mean systolic blood pressure did not change significantly between groups (p = 0.76), nor between 

left and supine positions (p = 0.96) and demonstrated no interaction (p = 0.59). 

4.5.4.2 Measures of HRV 

Time domain analyses: Time domain measures did not demonstrate any statistically significant 

effect of group or supine, or an interaction. 

Frequency domain analyses: Similar to what was seen in the right lateral position, absolute high 

frequency power (HF log) decreased significantly in post-partum compared to nulligravid women 

(MD = -0.4, 95% CI = (-0.7, -0.1)). Normalised HF power (HF nu) also demonstrated a decrease 

in post-partum compared to nulligravid women, though did not reach statistical significance (MD 

= -9, 95% CI = (-18, 0)). No frequency domain variable demonstrated an effect of supine (HF log, 

p = 0.83; HF nu, p = 0.65; LF log, p = 0.80, LF nu, p = 0.98), nor an interaction (HF log, p = 0.55; 

HF nu, p = 0.14; LF log, p = 0.18, LF nu, p = 0.31).  

Non-linear analyses: Similar to the right lateral position, α1 increased in post-partum women 

compared to nulligravid women (MD = 0.16, 95% CI = (0.00, 0.32)) though there was no 

statistically significant change between the groups in sample entropy (p = 0.62) or α2 (p = 0.52). 

DFA measure α2 decreased in the supine position compared to the left lateral position (MD = -

0.06, 95% CI = (-0.12, 0.00)), though no other non-linear measure demonstrated a statistically 

significant effect of supine. No non-linear measure demonstrated a statistically significant 

interaction. 

4.5.4.3 Spontaneous baroreflex sensitivity 

Similar to right, spontaneous baroreflex sensitivity decreased in the supine position compared to 

the left lateral position (MD = -0.16, 95% CI = (-0.30, -0.02)) but was not significantly affected 

by group (p = 0.15) or an interaction (p = 0.19).  

4.5.4.4 Position change reflexes 

IIHR was decreased in post-partum women compared to nulligravid (MD = -4, 95% CI = (-8, 0)), 

though max/min did not change significantly between the groups (p = 0.16).  

Overall, women in the early post-partum period demonstrated similar responses to those seen in 

nulligravid women. Heart rate and systolic blood pressure responses in left and supine positions 

were comparable in both groups.  



Results 

 

160 

4.5.5 Comparison of left lateral and standing positions 

The mean and SD of variables measured during standing and the preceding left lateral decubitus 

referent position are presented in Table 4.21. Included are main effects of pregnancy and effects 

of standing, and interactions between pregnancy and standing. Effect sizes from the multivariable 

model are estimated for post-partum compared to nulligravid women (effect of pregnancy), as well 

as standing compared to the left lateral position (effect of standing). Statistically significant 

interactions indicate that effects of position vary by group and are displayed in figures. ‘Left’ refers 

to the left referent position immediately preceding the position according to the study protocol. 

Along with heart rate, systolic blood pressure, HRV, and spontaneous baroreflex sensitivity 

measurements, position change reflexes are also included. Position change reflexes reflect the 

acute heart rate response to change in position. 
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Table 4.21. Effect of pregnancy (post-partum compared to nulligravid) on cardiovascular 

autonomic responses in standing compared to the left lateral decubitus position. Results include 

heart rate, systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity, and 

position change reflexes. Age and non-pregnant BMI used as covariates. 

 

Interaction

Mean difference (95% CI) Mean difference (95% CI)

mean SD mean SD PP - N p St - L p p

Mean heart rate (bpm)

Left (L) 58 10 59 10

Standing (St) 78 12 76 12

Mean SBP (mmHg)

Left (L) 102 11 100 10

Standing (St) 113 16 105 10

RR mean (ms)

Left (L) 1059 176 1053 190

Standing (St) 792 128 812 157

SDNN (ms)

Left (L) 78 32 60 25

Standing (St) 53 19 49 19

RMSSD (ms)

Left (L) 85 47 59 37

Standing (St) 31 18 29 23

HF (log)

Left (L) 3.3 0.5 3.0 0.5

Standing (St) 2.5 0.5 2.4 0.5

HF (nu)

Left (L) 51 16 41 16

Standing (St) 20 11 20 20

LF (log)

Left (L) 3.1 0.4 2.9 0.4

Standing (St) 3.0 0.4 2.9 0.3

LF (nu)

Left (L) 33 13 36 12

Standing (St) 47 20 48 13

SampEnt

Left (L) 1.78 0.32 1.70 0.27

Standing (St) 1.35 0.34 1.25 0.41

α1

Left (L) 0.76 0.26 0.90 0.25

Standing (St) 1.33 0.27 1.41 0.32

α2

Left (L) 0.77 0.14 0.76 0.14

Standing (St) 0.85 0.23 0.88 0.20

Spontaneous BRS

Left (L) 0.42 0.36 0.47 0.47

Standing (St) 0.31 0.18 0.27 0.25

IIHR

Left (L) -- -- -- --

Standing (St) 43 10 41 13

Max/min

Left (L) -- -- -- --

Standing (St) 1.73 0.30 1.66 0.30

Non-linear measures of HRV

-2 (-11, 7) 0.64 -26 (-31, -22) 0.07

-0.2 (-0.4, 0.0) 0.13 -0.1 (-0.2, 0.0) 0.43

-1 (-9, 6) 0.74 13 (9, 17) 0.61

< 0.001

0.12

< 0.001

Note: Left refers to the left lateral decibitus referent position immediately preceding the position according to the study protocol

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; ms = milliseconds; 

RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean of the sum of all the squares of 

differences between adjacent normal RR intervals; HF = high frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS 

= baroreflex sensitivity; IIHR = initial increase in heart rate; max/min = maximum/minimum

-1 (-6, 5) 0.77 -- --

-0.08 (-0.24, 0.07) 0.29 -- --

--

--

Position change reflexes

0.01 (-0.08, 0.11) 0.74 0.10 (0.04, 0.16) 0.45

Spontaneous baroreflex sensitivity

-0.02 (-0.20, 0.16) 0.84 -0.17 (-0.28, -0.05) 0.47

< 0.001

0.005

-0.11 (-0.29, 0.07) 0.23 -0.45 (-0.56, -0.34) 0.80

0.08 (-0.08, 0.23) 0.34 0.55 (0.47, 0.63) 0.68

< 0.001

< 0.001

Frequency domain measures of HRV

-0.2 (-0.5, 0.1) 0.12 -0.7 (-0.8, -0.6) 0.33< 0.001

-11 (-25, 2) 0.10 -19 (-25, -13) 0.03< 0.001

-12 (-30, 6) 0.19 -42 (-52, -33) 0.03< 0.001

Time domain measures of HRV

-3 (-98, 92) 0.95 -265 (-306, -224) 0.91< 0.001

0 (-7, 7) 0.99 19 (17, 22) 0.94< 0.001

-3 (-9, 3) 0.33 8 (5, 12) 0.14< 0.001

Heart rate and systolic blood pressure 

Nulligravid Post-partum

(N) (PP)

Effect of pregnancy Effect of standing
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4.5.5.1 Heart rate and systolic blood pressure 

Mean heart rate did not demonstrate a statistically significant difference between post-partum and 

nulligravid women (p = 0.99), though it did increase on standing compared to the left lateral 

position (MD = 19, 95% CI = (17, 22)). No statistically significant interaction was demonstrated 

(p = 0.94). Similarly, mean systolic blood pressure did not demonstrate a significant difference 

between post-partum and nulligravid women (p = 0.33), though it did increase significantly on 

standing compared to the left lateral position (MD = 8, 95% CI = (5, 12)). No significant interaction 

effect was demonstrated (p = 0.14). 

4.5.5.2 Measures of HRV 

Time domain analyses: Reflecting changes in heart rate, RR mean did not demonstrate a 

statistically significant difference between post-partum and nulligravid women (p = 0.95), 

however, did demonstrate a significant decrease on standing (MD = -265, 95% CI = (-306, -224)), 

with no interaction (p = 0.91). Both SDNN (p = 0.03) and RMSSD (p = 0.03) demonstrated 

significant interactions (Figure 4.17), showing that response to standing varied by group. SDNN 

decreased significantly on standing compared to the left lateral position in nulligravid women (p 

< 0.001). However, due to a decrease in SDNN in the left lateral position in post-partum women 

(p = 0.02), the magnitude of change on standing was significantly smaller in post-partum women 

(p = 0.03). RMSSD demonstrated similar results, decreasing significantly on standing compared 

to the left lateral position in nulligravid women (p < 0.001) with a significantly smaller response 

in post-partum women (p = 0.03). This change in response is due in part to decreased RMSSD in 

the left lateral position in post-partum women compared to nulligravid women (p = 0.03).  

 
a. SDNN 

 
b. RMSSD 

Figure 4.17. Statistically significant interaction between the effect of pregnancy (post-partum 

compared to nulligravid) and the effect of standing (standing compared to left) in SDNN and 

RMSSD. Error bars: 95% CI.  
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Frequency domain analyses: Frequency domain measures did not show statistically significant 

differences between post-partum and nulligravid women (HF log, p = 0.12; HF nu, p = 0.64; LF 

log, p = 0.13, LF nu, p = 0.74). Compared to the left lateral position, absolute (HF log) and 

normalised high frequency power (HF nu) decreased on standing (HF log, MD = -0.7, 95% CI = 

(-0.8, -0.6); HF u, MD = -26, 95% CI = (-31, -22)), whereas normalised low frequency power (LF 

nu) increased, (MD = 13, 95% CI = (9, 17)) reflecting changes in the distribution of power across 

the frequency spectrum. There were no significant interaction effects (HF log, p = 0.33; HF nu, p 

= 0.07; LF log, p = 0.43; LF nu, p = 0.61).  

Non-linear analyses: Non-linear measures did not show any group effect (sample entropy, p = 

0.23; α1, p = 0.34; α2, p = 0.74) though all three demonstrated significant differences on standing 

compared to the left lateral position (p < 0.001). There were no significant interaction effects 

(sample entropy, p = 0.80; α1, p = 0.68; α2, p = 0.45). 

4.5.5.3 Spontaneous baroreflex sensitivity 

Similar to right and supine, spontaneous baroreflex sensitivity decreased in standing compared to 

the left lateral position (MD = -0.17, 95% CI = (-0.28, -0.05)) but was not significantly affected 

by group (p = 0.84) or an interaction (p = 0.47).  

4.5.5.4 Position change reflexes 

Position change reflexes demonstrated no significant differences between the two groups (IIHR, p 

= 0.77; max/min, p = 0.29).  

Women in the early post-partum period generally demonstrated statistically similar responses to 

standing compared to nulligravid women, though two time domain measures of HRV varied by 

group (i.e. demonstrated a statistically significant interaction).  

4.5.6 Summary of the early post-partum period compared to nulligravid women 

A summary of changes in heart rate, systolic blood pressure, measures of HRV, spontaneous 

baroreflex sensitivity, and position change reflexes in post-partum women compared to nulligravid 

woman in each position comparison is displayed in Table 4.22. Direction of change (↑ indicates 

an increase, ↓ indicates a decrease) is only shown for statistically significant changes. Positions 

within ‘post-partum compared to nulligravid’ use ‘&’ to signify that the direction of change due 

to pregnancy takes into account that two positions are measured (occurs in left AND 

right/supine/standing positions). Within ‘effect of position’, the letter ‘v’ is used to signify that the 

direction of change in right/supine/standing positions are compared to the left lateral position and 

takes into account that two groups are measured (occurs in both post-partum women AND 
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nulligravid women). A ‘*’ is used to denote that there is an interaction between pregnancy and 

position (i.e. that the response to position varies between the two groups), thus a direction of 

change is not given. 

Table 4.22. Summary of statistically significant effects of pregnancy and effects of position on 

cardiovascular autonomic variables in post-partum and nulligravid women in left, right, supine, 

and standing positions. 

 

Post-partum women predominantly demonstrate similar measures of cardiovascular autonomic 

function compared to nulligravid women. Absolute high frequency power (HF log) and α1 are the 

only measures to demonstrate relatively consistent differences between the two groups and 

demonstrate a change in short-term (beat-to-beat) measures of HRV that will be discussed in 

Left L & Right L & Supine L & Standing L v Right L v Supine L v Standing

Mean heart rate (bpm) ↑

Mean SBP (mmHg) ↓ ↑

RR mean (ms) ↓

SDNN (ms) * *

RMSSD (ms) * *

HF (log) ↓ ↓ ↓ ↑ ↓

HF (nu) ↓ ↓

LF (log)

LF (nu) ↑

SampEnt ↑ ↓

α1 ↑ ↑ ↑

α2 ↓ ↑

Spontaneous BRS ↓ ↓ ↓

IIHR ↓

Max/min ↓

Non-linear measures of HRV

Spontaneous baroreflex sensitivity

Position change reflexes

L = left; bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate 

variabiltiy; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the 

mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = 

logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity; IIHR = initial increase in heart rate; 

max/min = maximum/minimum;  ↑  = value increased; ↓ = value decreased 

* = signfiicant interaction between pregnancy and position 

Frequency domain measures of HRV

Post-partum compared to Nulligravid Effect of position

Heart rate and systolic blood pressure 

Time domain measures of HRV
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Chapter 5. As seen in early pregnancy compared to nulligravid women, there are still some 

differences in cardiovascular autonomic responses in right compared to left that will be discussed 

in Chapter 5. Supine and left positions appear to be comparable overall. Standing compared to left 

produced multiple statistically significant changes in cardiovascular autonomic function that was 

demonstrated in both groups. 

Overall, the two groups respond in the same way to change in position (right/supine/standing 

compared to left) as there were only two interactions between pregnancy and position (SDNN and 

RMSSD) which were only seen in standing compared to left. However, both SDNN and RMSSD 

interactions are influenced by a decrease in the left lateral position in post-partum women 

compared to nulligravid women. Whilst the difference in left lateral SDNN and RMSSD between 

the two groups is not supported by other left lateral position comparisons, it is a similar to what 

was seen between left and standing in early pregnancy compared to nulligravid women.  
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4.6 Qualitative analysis of the testing protocol and qualitative responses to pre- and post-

testing questionnaires. 

This section first summarises the acceptability of the testing protocol to women who participated 

in this research during their pregnancy. Self-reported symptoms of supine hypotension and 

orthostatic hypotension in nulligravid women, women in early, mid, and late pregnancy, and post-

partum women are then summarised before moving to preferred going-to-sleep position. Finally, 

the positions women found most and least comfortable during testing in nulligravid women, 

women in early, mid, and late pregnancy, and post-partum women are presented. 

4.6.1 Pregnant group: acceptability of the protocol 

Of the 63 women included in this study, 34 gave feedback during the early post-partum period 

regarding the acceptability of the study. The majority of women who gave feedback found the 

study easy (97%) and did not think the testing took up too much time (94%). The one woman who 

did not find the study easy reported that it was “difficult to lie still while pregnant; nauseous at T1 

[first trimester], and difficult to lie T2 T3 [second and third trimester]”. The two women who felt 

testing took up too much time reported “maybe a bit shorter testing if able” and “can be a bit long”. 

No woman who gave feedback thought that there were too many visits. 

Constructive feedback and suggestions included whether the testing could be done at a more 

convenient location, improved accessibility within the hospital, easier parking, and whether the 

post-partum visit could be done later.  

Positive feedback included: “thank you for the opportunity to participate. I have nothing but 

positive feedback, it’s been great, and you are really good at making people feel comfortable 

around you”; “good communication and friendly professional manner. Made tests as comfortable 

and as easy as possible”; “It was nice to lie down and relax each time. No improvements”.  

4.6.2 Symptoms of supine hypotension and orthostatic hypotension 

Some women find lying in the supine position in late pregnancy causes symptoms of discomfort 

that are thought to be associated with supine hypotension resulting from aortocaval compression 

by the gravid uterus. Symptoms of supine hypotension and symptoms of orthostatic hypotension 

were assessed in nulligravid and post-partum women as well as women in early, mid, and late 

pregnancy. Frequency and percent distribution for qualitative questions are presented in Table 

4.23.  
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Table 4.23. Symptoms of supine hypotension and orthostatic hypotension in nulligravid women, 

women throughout gestation, and in post-partum women.  

 

 

There were no significant differences between women in early pregnancy and nulligravid women 

in symptoms of supine hypotension (p = 0.10) or symptoms of orthostatic hypotension (p = 0.10). 

However, symptoms of supine hypotension and symptoms of orthostatic hypotension varied with 

gestation (p < 0.001). Symptoms of supine hypotension were more common in late pregnancy than 

early or mid-pregnancy, whereas symptoms of orthostatic hypotension decreased throughout 

gestation. No post-partum woman reported symptoms of supine hypotension, a constant result 

compared to nulligravid women who also did not report symptoms of supine hypotension. There 

was no significant difference between nulligravid women and post-partum women in symptoms 

of orthostatic hypotension (p = 0.76). 

4.6.3 Preferred going-to-sleep position 

A pre-test questionnaire assessing preferred going-to-sleep position over the last two and one 

weeks was answered by nulligravid and post-partum women as well as women in early, mid, and 

late pregnancy. Frequency and percent distribution for qualitative questions are presented in Table 

4.24. 
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Table 4.24. Preferred going-to-sleep position over the last two and one weeks in nulligravid women, 

women throughout gestation, and in post-partum women. 

 

Nulligravid women and women in early pregnancy showed significantly different sleeping 

positions over the last two (p = 0.01) and one (p = 0.02) weeks. Nulligravid women preferred a 

range of going-to-sleep positions, with the majority preferring lateral (left and right, 44%) or 

‘other’ (44%) positions over the last two and one weeks, with ‘back’ the least common (12%). 

‘Other’ in the nulligravid group consisted of ‘no particular position’, ‘front’, or ‘propped up’. 

Conversely, women in early pregnancy showed a preference for lateral going-to-sleep position 

(left and right, 71% last two weeks; 74% last week) with a clear minority choosing the supine 

position (3% last two weeks; 3 % last one week). The remainder was classified as ‘other’, which 

consisted of a combination of ‘no particular position / position varies’, ‘front / tummy’, ‘propped 

up’, or a combination of positions.  

Interestingly, going-to-sleep position over the last two weeks (p = 0.52) and one week (0.14) was 

consistent throughout pregnancy. Left was the most common choice and back was the least 

popular. There was no significant difference between nulligravid women and post-partum women 

in preferred going-to-sleep position over the last two (p = 0.86) and one (p = 0.41) weeks, 

indicating any change in sleeping habits during pregnancy have reverted back to the non-pregnant 

state by the early post-partum period.  

4.6.4 Most and least comfortable position during testing 

A post-test questionnaire assessing most and least comfortable recumbent position was answered 

by nulligravid and post-partum women as well as women in early, mid, and late pregnancy. 

Frequency and percent distribution for qualitative questions are presented in Table 4.25. 

n % n % n % n % n %

Left 3 12 28 44 29 53 27 52 6 19

Right 8 32 17 27 11 2 16 31 10 31

Back 3 12 2 3 3 5 0 0 5 16

Other 11 44 16 25 12 22 9 17 11 34

Left 5 20 31 49 33 60 39 75 11 34

Right 6 24 16 25 12 22 8 15 10 31

Back 3 12 2 3 2 4 0 0 3 9

Other 11 44 14 22 8 15 5 10 8 25

Going-to-sleep position Nulligravid Early pregnancy Mid-pregnancy Late pregnancy Post-partum

Most comfortable falling asleep 

position in the last two weeks

Normal falling asleep position in 

the last week
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Table 4.25. Most and least comfortable position during testing in nulligravid women, women 

throughout gestation, and in post-partum women. 

 

There were no significant differences between women in early pregnancy and nulligravid women 

in most comfortable testing position (p = 0.52) or least comfortable testing position (p = 0.09). The 

single participant in early pregnancy that answered ‘other’ for the most comfortable position found 

both left and right positions equally comfortable. All of the nulligravid and early pregnancy 

women who answered ‘other’ for least comfortable position found no positions uncomfortable. 

However, most comfortable testing position was different between gestations (p < 0.001). While 

the left lateral position was consistently chosen as the most comfortable position at every gestation, 

the percentage of women choosing it increased from 44% in early pregnancy to 76% in late 

pregnancy. In early and mid-pregnancy ‘back’ was chosen by some women as most comfortable 

(early, 17%; mid, 9%). However, by late pregnancy, ‘back’ was not chosen by any woman as most 

comfortable. Least comfortable testing position was also varied with gestation (p = 0.02). ‘Back’ 

was consistently the least comfortable position for women and increasing in frequency with 

gestation from 43% in early to 76% in late pregnancy. 

There were also significant differences between nulligravid and post-partum women in most 

comfortable (p = 0.002) and least comfortable (p = 0.03) positions during testing. Post-partum 

women were most likely to report all positions were comfortable (72%) as opposed to nulligravid 

women who were more likely to specify a single most comfortable position (68%) rather than ‘all’. 

Similarly, post-partum women were most likely to report ‘other’ as least comfortable (48%), where 

all ‘other’ was further defined as ‘none’. Nulligravid women were most likely to specify a single 

least comfortable position (66%). 

  

n % n % n % n % n %

Left 7 28 28 44 26 47 39 76 7 24

Right 3 12 9 14 8 15 10 20 0 0

Back 7 28 11 17 5 9 0 0 0 0

All 8 32 14 22 14 25 2 4 21 72

Other 0 0 1 2 2 4 0 0 1 3

Left 7 28 7 11 5 9 3 6 2 7

Right 7 28 10 16 9 16 3 6 3 10

Back 5 20 27 43 33 60 39 76 10 34

All 0 0 1 2 0 0 1 2 0 0

Other 6 24 18 29 8 15 5 10 14 48

Comfort during testing Nulligravid Early pregnancy Mid-pregnancy Late pregnancy Post-partum

Most comfortable recumbent 

position during testing^

Least comfortable recumbent 

position during testing^

 ̂one woman in late pregnancy and three post-partum women did not answer this question and were not included in analysis
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4.7 Preliminary analysis of women in the third trimester who have heart rate instability 

while standing  

An analysis of heart rate responses to standing in women in the third trimester showed that twenty-

one women (40%) were scored as having a stable heart rate trace during standing in third trimester. 

Thirty-one women (60%) were scored as having an unstable heart rate trace during standing in the 

third trimester. Figure 4.18 demonstrates example of a normal stable heart rate during standing in 

the third trimester. Examples of abnormal results are shown in Figure 4.19.  

 

 

 

 

Figure 4.18. An example of a stable heart rate recording in a woman in the third trimester during 

standing, displaying beat-to-beat changes in heart rate that appears to be stable. Recording taken 

from maternal ECG and displayed on customised LabVIEW® software. 
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Figure 4.19. Two examples of ‘unstable’ heart rate recordings in two women in the third trimester 

during standing, displaying beat-to-beat changes in heart rate that appear to be unstable. Recording 

taken from maternal ECG and displayed on customised LabVIEW® software.  

Country of birth (p = 0.22), ethnicity (p = 0.24), birth type (p = 0.46), baby’s sex (p = 0.19), and 

symptoms of supine hypotension (p = 0.21) were not significantly different between the groups. 

Mean number of days between testing and delivery was 15 days (SD = 9) for the stable group and 

16 days (SD = 6) for the unstable group, which was not significantly different (p = 0.73). There 

were no significant differences in subject characteristics between the groups (Table 4.26). There 

were no significant differences in symptoms of supine hypotension between women who did and 

did not have unstable heart rate while supine (p = 0.17). 

Table 4.26. Continuous subject characteristics describing age, non-pregnant BMI, BMI at testing, 

gestation, gravidity, parity, gestation at birth, and baby birth weight. 

 

mean SD mean SD p

Age (years) 31 4 32 4 0.52

Pre-pregnancy BMI (kg/m
2
) 23 2 23 3 0.38

BMI at testing (kg/m
2
) 29 4 28 3 0.64

Gestation (completed weeks) 37 1 37 1 0.12

Gravidity 2 1 2 1 0.42

Parity 0 1 1 1 0.26

Gestation at birth (completed weeks) 40 1 39 1 0.33

Baby birth weight (g) 3369 416 3575 518 0.14

Stable 

(S)

Unstable 

(U)
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There was no significant difference in the number of uterine contractures while women were 

standing between stable and unstable heart rate groups (p = 0.26) (Figure 4.20). 

 

 

Stable heart rate                            Unstable heart rate 

Figure 4.20. Examples uterine contractures during ‘stable’ and ‘unstable’ heart rate recordings in 

third trimester women while standing, displaying beat-to-beat changes in heart rate and uterine 

activity. Recording taken from Monica AN24TM and displayed on Monica VS software. 

Heart rate stability in the two groups was also assessed in the supine position. Nine women were 

identified as having an unstable heart rate whilst lying supine. All 9 women had been classified as 

“Unstable” while standing, producing a significant difference between the two groups (p = 0.003). 

4.7.1 Left lateral position 

The mean and SD of variables in women in the third trimester with and without stable standing 

heart rate patterns while in the first left lateral decubitus referent position according to the study 

protocol are presented in Table 4.27 with estimates of effect size. 
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Table 4.27. Cardiovascular autonomic responses in the left lateral decubitus position in women in 

the third trimester with and without stable standing heart rate patterns. Results include heart rate, 

systolic blood pressure, measures of HRV, spontaneous baroreflex sensitivity results. 

 

Compared to woman with stable heart rate patterns, women with unstable heart rate patterns while 

standing in third trimester had a significantly lower mean systolic blood pressure when in the left 

lateral position (MD = -8 95% CI = (-14, -1)). There were no statistically significant differences 

between the two groups in the remaining measures.  

Mean difference (95% 

CI)

mean SD mean SD U - S p

Mean heart rate (bpm) 72 10 75 11 3 (-3, 9) 0.36

Mean SBP (mmHg) 103 13 96 9 -8 (-14, -1) 0.02

RR mean (ms) 854 129 825 127 -29 (-102, 43) 0.42

SDNN (ms) 43 21 47 28 4 (-10, 19) 0.57

RMSSD (ms) 40 35 36 33 -4 (-23, 15) 0.70

HF (log) 2.5 0.6 2.4 0.7 -0.1 (-0.4, 0.3) 0.70

HF (nu) 48 25 36 20 -12 (-24, 0) 0.06

LF (log) 2.3 0.5 2.5 0.6 0.2 (-0.1, 0.5) 0.28

LF (nu) 26 12 34 17 8 (-1, 16) 0.08

Sample entropy 1.55 0.4 1.42 0.34 -0.13 (-0.33, 0.08) 0.23

a1 0.91 0.35 1.06 0.31 0.15 (-0.03, 0.34) 0.10

a2 0.89 0.22 0.93 0.22 0.05 (-0.08, 0.17) 0.47

Spontaneous BRS 0.44 0.45 0.3 0.32 -0.13 (-0.38, 0.12) 0.30

Note: Left 1 refers to the first left lateral decubitus referent position according to the study protocol

Left 1

Stable 

(S)

Unstable 

(U)

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate 

variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root 

of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high 

frequency; log = logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity

Heart rate and systolic blood pressure

Time domain measures of HRV

Frequency domain measures of HRV

Non-linear measurse of HRV

Spontaneous baroreflex sensitivity
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4.7.2 Supine position 

The mean and SD of variables in women in the third trimester with and without stable standing 

heart rate patterns while in the supine position are presented in Table 4.28 with estimates of effect 

size. 

Table 4.28. Cardiovascular autonomic responses in supine in women in the third trimester with 

and without stable standing heart rate patterns. Results include heart rate, systolic blood pressure, 

measures of HRV, spontaneous baroreflex sensitivity results, and position change reflexes. 

 

 

Compared to woman with stable heart rate patterns, women with unstable heart rate patterns while 

standing in third trimester had a significantly lower mean systolic blood pressure while resting in 

Mean difference (95% 

CI)

mean SD mean SD U - S p

Mean heart rate (bpm) 72 9 76 11 4 (-2, 10) 0.21

Mean SBP (mmHg) 109 10 102 13 -7 (-14, 0) 0.04

RR mean (ms) 847 121 808 121 -39 (-112, 33) 0.28

SDNN (ms) 39 16 48 27 9 (-5, 22) 0.22

RMSSD (ms) 29 20 28 20 -1 (-13, 11) 0.91

HF (log) 2.3 0.6 2.3 0.6 0.0 (-0.3, 0.4) 0.96

HF (nu) 30 18 23 14 -7 (-16, 3) 0.18

LF (log) 2.5 0.4 2.6 0.4 0.1 (-0.1, 0.4) 0.27

LF (nu) 35 16 35 12 0 (-8, 8) 1.00

Sample entropy 1.55 0.26 1.33 0.38 -0.22 (-0.42, -0.02) 0.03

a1 1.08 0.31 1.15 0.24 0.07 (-0.09, 0.24) 0.36

a2 0.99 0.19 1.03 0.17 0.04 (-0.06, 0.15) 0.41

Spontaneous BRS 0.31 0.29 0.36 0.21 0.05 (-0.11, 0.21) 0.56

IIHR 18 7 21 7 3 (-1, 7) 0.13

max/min 1.4 0.2 1.4 0.1 0.0 (-0.1, 0.1) 0.78

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate 

variability; ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root 

of the mean of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; 

log = logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity;  IIHR = initial increase in 

heart rate; max/min = maximum/minimum

Supine

Stable 

(S)

Unstable 

(U)

Heart rate and systolic blood pressure

Time domain measures of HRV

Frequency domain measures of HRV

Non-linear measurse of HRV

Spontaneous baroreflex sensitivity

Position change reflexes
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the supine position (MD = -7 95% CI = (-14, 0)). The ‘unstable’ group also had significantly lower 

sample entropy measures than woman with stable heart rate patterns (MD = -0.22, 95% CI = (-

0.42, 0.02)). There were no statistically significant differences between the two groups in the 

remaining measures.  

4.7.3 Standing position 

The mean and SD of variables in women in the third trimester with and without stable heart rate 

patterns while standing are presented in Table 4.29 with estimates of effect size. 
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Table 4.29. Cardiovascular autonomic responses in women in the third trimester with and without 

stable standing heart rate patterns. Results include heart rate, systolic blood pressure, measures of 

HRV, spontaneous baroreflex sensitivity results, and position change reflexes. 

 

Women with unstable heart rate patterns while standing in third trimester had significantly lower 

sample entropy measures than woman with stable heart rate patterns (MD = -0.20, 95% CI = (-

0.39, 0.00)) consistent with what was seen in the supine position. The ‘unstable’ group also had a 

significantly higher IIHR to standing (MD = 5, 95% CI = (0, 11)). There were no statistically 

significant differences between the two groups in the remaining measures.  

Mean difference (95% 

CI)

mean SD mean SD U - S p

Mean heart rate (bpm) 86 9 90 9 4 (-2, 9) 0.18

Mean SBP (mmHg) 117 16 112 11 -5 (-12, 3) 0.23

RR mean (ms) 707 83 681 75 -26 (-70, 19) 0.25

SDNN (ms) 51 24 64 30 13 (-2, 29) 0.10

RMSSD (ms) 32 39 27 21 -5 (-22, 12) 0.56

HF (log) 2.3 0.6 2.4 0.6 0.1 (-0.2, 0.4) 0.57

HF (nu) 20 15 17 14 -3 (-12, 5) 0.44

LF (log) 2.7 0.5 2.8 0.4 0.1 (-0.1, 0.4) 0.40

LF (nu) 39 18 33 15 -6 (-16, 3) 0.19

Sample entropy 1.03 0.42 0.83 0.29 -0.20 (-0.39, 0.00) 0.05

a1 1.25 0.37 1.36 0.30 0.11 (-0.07, 0.30) 0.23

a2 1.05 0.27 1.15 0.22 0.10 (-0.03, 0.24) 0.14

Spontaneous BRS 0.34 0.17 0.47 0.33 0.13 (-0.06, 0.31) 0.12

IIHR 33 9 38 9 5 (0, 11) 0.05

max/min 1.4 0.3 1.5 0.2 0.1 (-0.1, 0.2) 0.37

bpm = beats per minute; SBP = systolic blood pressure; mmHg = millimetres of mercury; HRV = heart rate variability; 

ms = milliseconds; RR = RR interval; SDNN = standard deviation of RR intervals; RMSSD =square root of the mean 

of the sum of all the squares of differences between adjacent normal RR intervals; HF = high frequency; log = 

logarithmic; nu = normalised units; LF = low frequency; BRS = baroreflex sensitivity;  IIHR = initial increase in heart 

rate; max/min = maximum/minimum

Standing

Stable 

(S)

Unstable 

(U)

Heart rate and systolic blood pressure

Time domain measures of HRV

Frequency domain measures of HRV

Non-linear measurse of HRV

Spontaneous baroreflex sensitivity

Position change reflexes
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4.7.4 Qualitative responses to pre- and post-testing questionnaires  

Frequency and percent distribution of qualitative results are presented in Table 4.30 along with p 

values between third trimester women with and without stable heart rate patterns while standing. 

There were no statistically significant differences in qualitative results between the two groups. 

Qualitative responses to questionnaires do not differentiate the two groups.  

Table 4.30. Qualitative responses to pre- and post-testing questionnaires in women in the third 

trimester with and without stable heart rate patterns while standing. 

 

4.7.5 Summary of women in the third trimester with heart rate instability while standing 

The majority of women (60%) who were tested in third trimester were scored as having an unstable 

heart rate trace while standing. These same women generally demonstrated similar heart rate 

responses in the left lateral, supine, and standing positions compared to women with stable heart 

rate while standing. However, systolic blood pressure was consistently lower in women with 

unstable heart rate. Sample entropy was significantly different between the two groups while 

standing and while in the supine position, indicating it may be a useful quantitative measure to 

n % n % p

Yes 4 22 11 42

No 14 78 15 58

Yes 4 19 2 7

No 17 81 28 93

Left 14 67 25 83

Right 6 29 4 13

Back 0 0 0 0

All 1 5 1 3

Other 0 0 0 0

Left 3 14 0 0

Right 1 5 2 7

Back 16 76 23 77

All 0 0 1 3

Other 1 5 4 13

Left 12 57 15 48

Right 6 29 10 32

Back 0 0 0 0

Other 3 14 6 19

Left 17 81 22 71

Right 4 19 4 13

Back 0 0 0 0

Other 0 0 5 16

^^One woman in the 'unstable' group did not answer this question and was not included in analysis

Symptoms of orthostatic 

hypotension^^
0.18

Qualitative
Stable 

(S)

Unstable 

(U)

Symptoms of supine 

hypotension^
0.17

Normal falling asleep 

position in the last one 

week

0.15

^Three women in the 'stable' group and five women in the 'unstable' group did not answer this 

question and were not included in analysis

Most comfortable 

recumbent position during 

testing^^

0.37

Least comfortable 

recumbent position during 

testing^^

0.20

Most comfortable falling 

asleep position in the last 

two weeks

0.81
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stratify the two groups. Mean heart rate and qualitative responses to questionnaires were not 

statistically significantly different between the two groups, indicating these measures are not 

useful to differentiate the two groups.   
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5 Discussion 

There is an increased risk of stillbirth in women who adopt a supine going-to-sleep position in late 

pregnancy (Cronin et al., 2019; Gordon et al., 2015; Heazell et al., 2018; McCowan et al., 2017; 

Owusu et al., 2013; Stacey et al., 2011). Lying supine in late pregnancy is associated with a 

significant reduction in cardiac output and blood flow through the abdominal aorta and inferior 

vena cava (Humphries et al., 2018; Kerr et al., 1964), decreased placental blood flow (Jeffreys et 

al., 2006), and changes in fetal behavioural state (Stone et al., 2017a). As the fetus relies on the 

maternal circulation and placental gas exchange for oxygenation, decreased maternal placental 

blood flow will impact on fetal oxygenation. While the fetus has established defenses against 

moderate hypoxia, a vulnerable fetus exposed to a hypoxic stressor or a healthy fetus exposed to 

a severe hypoxic insult may exhaust its capacity to adapt and die, as discussed in Chapter 1.  

Adaptations in maternal cardiovascular autonomic responses are needed in order to maintain 

sufficient maternal blood pressure and utero-placental perfusion with advancing gestation. This 

includes during normal day-to-day activities such as moving from lying to standing. Increased 

knowledge regarding normal maternal cardiovascular autonomic responses that help maintain 

utero-placental blood flow will assist in assessing the association between maternal supine sleep 

and stillbirth. Investigation of the existing literature (Chapter 2) identified key gaps in the current 

knowledge surrounding maternal cardiovascular autonomic function. Non-linear measures of heart 

rate variability (HRV), which give information on the complexity and correlations of RR intervals 

not described by traditional measures, were lacking. Direct comparisons between left lateral and 

right, supine, and standing positions were minimal. Control groups often included post-partum 

women, who may have ongoing changes in cardiovascular autonomic function. Variable 

methodologies used in the current literature prevented pooling of results and limited any 

overarching summary. The aim of this research was to investigate maternal cardiovascular 

autonomic responses while resting in different positions, and while standing, throughout gestation 

and in comparison to a nulligravid control group. 

This chapter summaries the key findings of this research, justifies the methodology used, and 

integrates the findings into the current knowledge base. Maternal cardiovascular autonomic 

responses throughout gestation and in different positions are described before post-partum 

cardiovascular autonomic responses are discussed. Results from the preliminary analysis of third 

trimester women with heart rate instability while standing are then explored. Clinical implications 

for the mother and fetus are discussed, followed by the strengths and limitations of this research. 
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5.1 Key findings 

To achieve the aim of this thesis, maternal cardiovascular autonomic responses were assessed in 

left, right, supine and standing positions in early, mid, and late pregnancy and post-partum. A 

cohort of nulligravid women was also recruited as non-pregnant controls. This research was 

structured to allow robust data collection considering the heterogeneity of studies as described in 

the narrative review of the existing literature (see Chapter 2). Paired referent positions and clear 

decubitus recumbent positioning contributed to the standardised methodology used in this thesis. 

The use of a nulligravid control group, the comparison of right, supine, and standing positions to 

a left lateral referent position, inclusion of both traditional and non-linear HRV analyses, and the 

use of informative statistical analysis, added to the novel aspects of this research.  

1. Maternal cardiovascular autonomic activity changes by 12 weeks gestation, but 

responses to acute cardiovascular stress in early pregnancy (measured by non-

invasive methods) are not different from nulligravid responses. 

Maternal cardiovascular autonomic measurements in early pregnancy were significantly different 

from nulligravid women, representing increased sympathetic and attenuated parasympathetic 

contributions to cardiac rate control in early pregnancy. However, women in early pregnancy 

demonstrated a similar magnitude and direction of change in cardiovascular autonomic responses 

compared to nulligravid women when different positions were assessed. Thus, although 

cardiovascular autonomic measurements were different, women in early pregnancy were still able 

to appropriately modulate their cardiac autonomic function in response to position change. 

2. Maternal cardiovascular autonomic responses to acute haemodynamic stress 

(measured by non-invasive methods) change with advancing gestation. 

Maternal cardiovascular autonomic responses, assessed by changes in heart rate and blood 

pressure, indicated an increase in sympathetic cardiac activity and an attenuation in 

parasympathetic function with increasing gestation. In addition, the way that women responded to 

resting in different positions varied with gestation, specifically in supine and standing positions in 

late pregnancy. Right and left lateral positions produced similar responses throughout gestation.  

Supine and left lateral positions produced similar responses in early and mid-pregnancy. However, 

in late pregnancy, supine became a physiologically stressful position. This is almost certainly due 

to aortocaval compression in the supine position leading to reduced maternal venous return and 

cardiac output. A change in physiological stress was reflected in a change in HRV responses that 

indicated increased sympathetic activity and decreased parasympathetic activity in the supine 

position in late pregnancy.  
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Maternal cardiovascular autonomic responses while standing were already ‘maximal’ in early 

pregnancy and remained similar with advancing gestation. Combined with decreasing HRV in the 

left lateral position with increasing gestation, the magnitude of the maternal cardiovascular 

autonomic nervous system response to standing from a left lateral position decreased with 

progression of gestation. This indicated that the ability of the maternal cardiovascular autonomic 

nervous system to respond to orthostatic stress, as measured by changes in heart rate and blood 

pressure, is reduced with advancing gestation.   

3. Maternal cardiovascular autonomic responses to acute haemodynamic stress 

(measured by non-invasive methods) generally return to a non-pregnant state by 6 

weeks post-partum. 

The majority of maternal cardiovascular autonomic responses returned to non-pregnant values by 

6 weeks post-partum. Only two measures of HRV (HF log and α1) demonstrated statistically 

significant differences in post-partum women across multiple recumbent positions (see section 

5.2.3 for an explanation of the findings). This indicates there may be some subtle ongoing changes 

remaining post-partum. While these statistically significant changes are not consistent across all 

measures, there is evidence from the literature that cardiovascular changes do not fully resolve 

post-partum (e.g. blood pressure, Gunderson et al., 2008). Ideally, nulligravid control groups 

should be used to reduce the potential for any ongoing post-partum fluctuations to affect 

cardiovascular autonomic measurements.  

4. Women in pregnancy modify their sleeping position to a lateral position, which is 

different to non-pregnant and post-partum women.  

The qualitative findings from the questionnaires used in this thesis demonstrated that women 

changed their going-to-sleep position to a lateral position, which is recommended by the New 

Zealand ‘Sleep on Side’ campaign (www.sleeponside.org.nz, Cure Kids, 2018) by early gestation. 

Women maintained the preferred lateral going-to-sleep position throughout gestation. The 

preferred going-to-sleep position reverted back to be comparable to nulligravid women by 6 weeks 

post-partum. Left lateral became the most comfortable position, and supine became the least 

comfortable position while resting with increasing gestation.  

5. There is a subgroup of women who demonstrate unstable heart rate patterns while 

standing in late pregnancy 

Preliminary analysis has shown that there was a group of women who had markedly unstable heart 

rate patterns while standing in the third trimester. Unstable heart rate patterns were defined as heart 

rate fluctuations >20 beats per minute while standing. Women with an unstable heart rate pattern 
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while standing had a lower systolic blood pressure while recumbent despite demonstrating a 

decrease in heart rate complexity consistent with attenuated parasympathetic and augmented 

sympathetic modulation of heart rate.   
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5.2 Maternal cardiovascular autonomic responses  

The research in this thesis found that time domain and absolute frequency domain measures of 

HRV were decreased in early pregnancy (≤ 12 weeks gestation) compared to nulligravid women, 

indicating a change in short-term maternal cardiovascular autonomic function at rest. However, 

there were no consistently statistically significant changes in non-linear measures or normalised 

HF and LF power compared to nulligravid women. These results indicate that the modulation in 

autonomic function results from an increase in sympathetic activity in early pregnancy compared 

to nulligravid women, which impacts upon parasympathetic activity.  

Time and frequency domain measures of HRV are further decreased in mid and late pregnancy 

compared to early pregnancy, with non-linear measures of HRV also changing significantly. These 

results indicate that there is a withdrawal of cardiovagal activity along with increased sympathetic 

activity with progression of gestation. Overall, the majority of measures of maternal cardiovascular 

autonomic function, as measured by changes in heart rate and blood pressure, were significantly 

affected by gestation.  

The way that the maternal cardiovascular autonomic nervous system (assessed by changes in heart 

rate and blood pressure) responds to resting in different recumbent positions, and under the acute 

physiological stress of standing in early pregnancy, is similar to that of non-pregnant women. Left, 

right, and supine positions demonstrate quantitatively similar responses, indicating that the 

positions are equally stressful to the cardiovascular autonomic nervous system in both early 

pregnancy and non-pregnant women. Standing provokes a change in cardiovascular autonomic 

function compared to left lateral that is comparable in both early pregnancy and non-pregnant 

women. Despite a change in the measures of maternal cardiovascular autonomic function, the 

ability of the maternal cardiovascular autonomic nervous system to respond to a physiological 

challenge is maintained in early pregnancy. However, with advancing gestation, the way that the 

maternal cardiovascular autonomic nervous system responds to the acute physiological challenge 

of standing changes, and recumbent positions (right lateral and supine compared to left lateral) are 

no longer equivalent. This indicates that with advancing gestation, the ability of the maternal 

cardiovascular autonomic nervous system to respond to a physiological challenge has changed.  

5.2.1 Maternal cardiovascular autonomic responses throughout gestation  

5.2.1.1 Early pregnancy compared to nulligravid women 

The results of this thesis indicate that there is a modulation in cardiovascular autonomic activity 

in early pregnancy compared to nulligravid women. It appears that these changes result from an 

increase in sympathetic cardiac activity that contributes to a modulation in cardiovagal activity.   
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As established earlier in section 1.4.1, the maternal cardiovascular system undergoes adaptations 

during pregnancy and becomes significantly different from the non-pregnant state. Maternal 

systemic vascular resistance decreases in early pregnancy (Chapman et al., 1998) with a concurrent 

increase in vascular compliance (Spaanderman et al., 2000). Cardiac output increases due to small 

continuous increases in heart rate throughout gestation with slight changes in stroke volume 

(Mahendru et al., 2014). In agreement with these results, this thesis found that there were slight 

increases in heart rate compared to nulligravid women by 12 weeks gestation.  

Mean systolic blood pressure in this thesis showed a minor decrease in early pregnancy compared 

to nulligravid women (2-7%) that generally did not reach statistical significance, consistent with 

existing literature reviewed in Chapter 2 (Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 

1994; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000; Speranza et al., 1998; Visontai et al., 

2002). However, a longitudinal cardiovascular study demonstrated women in early pregnancy 

have a 4 mmHg decrease in systolic blood pressure by six to seven weeks gestation compared to 

pre-pregnancy values (Mahendru et al., 2014). While the results in this thesis are lower in early 

pregnancy compared to nulligravid women, measurements are corrected for age and BMI and do 

not reach statistical significance.  

Time domain and absolute frequency domain measures of HRV were decreased in early pregnancy 

(≤ 12 weeks gestation) compared to nulligravid women, largely indicating a modulation of 

cardiovagal activity. Measures of HRV are also affected by changes in heart rate itself, a 

relationship known as cycle length dependence (McCraty & Shaffer, 2015). Increased heart rate 

reduces the amount of time between RR intervals, reducing the possible amount of variability 

(McCraty & Shaffer, 2015). The decrease in HRV in early pregnancy compared to nulligravid 

women seen in this thesis likely reflects the increase in heart rate and the related reduction in RR 

mean, as well as a modulation of cardiovagal activity. A modulation of parasympathetic cardiac 

activity may occur due to decreased parasympathetic activity and an increase in sympathetic 

activity impacting upon cardiovagal activity. Muscle sympathetic nerve activity (MSNA) 

increases in early pregnancy (Hissen et al., 2017; Jarvis et al., 2012), supporting an increase in 

sympathetic function in pregnancy modulating parasympathetic cardiac activity.  

Results from the existing literature investigating short-term maternal cardiovascular autonomic 

function in early pregnancy compared to non-pregnant women (using non-invasive methods) are 

variable, likely resulting from highly variable inter-study methodology (Chapter 2 Section 2.2). In 

contrast to the findings in this thesis, no significant changes in early pregnancy compared to non-

pregnant women are frequently reported (Antonazzo et al., 2004; Balajewicz-Nowak et al., 2016; 

Blake et al., 2000; D'Silva et al., 2014; Kolovetsiou-Kreiner et al., 2018; Kuo et al., 2000; Rang et 
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al., 2004; Sawane et al., 2018). Statistically significant decreases in time domain (Carpenter et al., 

2015; Khlybova et al., 2008) and absolute frequency domain measures (Carpenter et al., 2015; 

Khlybova et al., 2008; Kolovetsiou-Kreiner et al., 2018) of HRV in early pregnancy compared to 

non-pregnancy women are limited to three studies. The difference between the standardised 

methodology used in this thesis and variable methodologies in the existing literature likely 

contributes to the differing results. Sample sizes in the existing literature are generally smaller (20 

subjects or less), though there is also a difference in effect size. The use of non-pregnant (rather 

than nulligravid) control subjects may influence effect size due to potential variance resulting from 

unknown history of parity in control subjects. 

Time domain and HF power measures of HRV can be used to assess parasympathetic cardiac 

activity as they are highly correlated with cardiovagal control (assessed by pharmacological 

blockade) (Hayano et al., 1991; Task force of the ESC/NASPE, 1996). Parasympathetic cardiac 

activity was also assessed in this thesis using a ‘deep breathing’ manoeuvre. There is a relationship 

between respiratory sinus arrhythmia (RSA) and cardiovagal function (Fouad et al., 1984; Katona 

& Jih, 1975), particularly under conditions of paced respiration (Grossman & Taylor, 2007; Hilz 

& Dutsch, 2006). During a deep breathing manoeuvre normal vagal activity results in heart rate 

variation, which decreases under pharmacological vagal blockade or with autonomic neuropathy 

(Ravits et al., 1996; Wheeler & Watkins, 1973). Along with decreased HRV at rest, measures of 

HRV were significantly lower in early pregnancy during deep breathing without a significant 

change in heart rate (table 4.5). Decreased HRV, and particularly SDNN (Shaffer et al., 2014), 

during deep breathing suggests a modulation of parasympathetic activity in early pregnancy 

compared to nulligravid women. A modulation in parasympathetic cardiac activity supports the 

previously mentioned increase in heart rate and sympathetic cardiac function.  

The comparison of HF and LF power (normalised or LF/HF) does not specifically reflect 

‘sympathovagal balance’ (Heathers, 2014; Shaffer et al., 2014). While HF power is well 

established as representative of vagal function (see above), LF power is a mix of sympathetic, 

parasympathetic, and baroreflex interactions (Berntson et al., 1997; Heathers, 2014; Parati et al., 

1995b; Shaffer et al., 2014). Though the two branches of the autonomic nervous system may be 

thought to behave in a reciprocal manner, this is not always the case (Paton et al., 2005). 

Coactivation of sympathetic and parasympathetic nervous systems can occur, as demonstrated 

during the diving response and startle or defence reflexes (Paton et al., 2005). Normalised (nu) HF 

and LF power in this thesis did not change significantly between early pregnancy and nulligravid 

women. This indicates that the distribution between the two frequency bands remains similar 
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between the two groups despite reductions in absolute power. Though increased sympathetic 

cardiac activity modulates cardiovagal activity, parasympathetic cardiac activity is still present. 

The methodology used in this thesis also incorporated complex non-linear analyses along with 

traditional time and frequency domain methods of HRV. Traditional time and frequency domain 

measures of HRV are useful to assess how the level of autonomic activity on the heart changes. 

However, non-linear measures of HRV may provide additional information that is not apparent 

when using traditional methods (Sassi et al., 2015). In this thesis, sample entropy and detrended 

fluctuation analysis (DFA) measures α1 and α2 were used to assess non-linear HRV. 

Unlike traditional measures, non-linear methods of HRV used in this research were not 

significantly different in early pregnancy compared to non-pregnant women. This indicates the 

complexity and correlations within the heart rate recording remain similar between the two groups 

and is consistent with limited existing literature of a single measure (sample entropy) in one study 

(Sawane et al., 2018). As described below, these results support an increase in sympathetic activity 

modulating cardiovagal activity but without a withdrawal of parasympathetic activity. 

Sample entropy decreases under conditions of increased sympathetic activity and parasympathetic 

withdrawal such as head-up tilt or active standing (Porta et al., 2007; Turianikova et al., 2011). 

DFA measure α1 decreases during sympathovagal coactivation, increases under conditions of 

sympathetic activation and parasympathetic withdrawal, and is unchanged under parasympathetic 

enhancement (Tulppo et al., 2005). Similar sample entropy and DFA (α1, α2) in early pregnancy 

and non-pregnant women suggest that there is not a substantial withdrawal of parasympathetic 

activity along with an increase in sympathetic activity in early pregnancy. Modulation of 

cardiovagal function in early pregnancy appears to be due to increased sympathetic activity, rather 

than parasympathetic withdrawal.  

DFA short-term (α1) and long-term (α2) measures also display a normal pattern of α1 > α2 that is 

reversed in diseased states (e.g. congestive heart failure) (Acharya et al., 2002; Peng et al., 1995). 

Generally, α1 was larger than α2 in both groups, though was closer to α1 ≈ α2 in some recumbent 

positions. Peng and colleagues noted in their study that not all normal subjects exhibited a α1 > α2 

(Peng et al., 1995), and Tan and colleagues reported their single DFA measure was highly linear 

(Tan et al., 2009). As α1 was approximately equivalent to α2 in both early pregnancy and 

nulligravid women, it is likely this is a normal relationship in these groups. Normal α1 and α2 

values of 1.2 and 1.0 have been reported elsewhere (Peng et al., 1995). However, the results from 

this thesis suggest a lower value (~0.80 – 0.85) is actually normal for both α1 and α2 in early 

pregnancy and nulligravid women while recumbent. The lower values are similar to what is seen 
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in other non-pregnant and post-partum women (Yeh et al., 2009) and also in males prior to cold-

face or cold-hand immersion (Tulppo et al., 2005). While lower DFA values suggest 

sympathovagal coactivation (Tulppo et al., 2005), the higher results demonstrated by Peng and 

colleagues (Peng et al., 1995) may be an overestimation of ‘normal’ values. The differences in 

values may be affected by differences in recording length and standardisation of testing: two hour 

sample from a 24 hour recording (Peng et al., 1995) versus five minute standardised resting 

recordings used in this study. The two hour sample used by Peng and colleagues may not have 

taken into account subject activity during the sample period or differences in environmental 

conditions. Increased DFA measures are consistent with increased sympathetic activity (Tulppo et 

al., 2005) or cardiac arrhythmias (Acharya et al., 2002). This again highlights the importance of 

standardised methodologies for inter-study comparisons.  

Measures of HRV that rely on beat-to-beat RR interval variability (particularly HF power) are 

affected by RSA (Acharya et al., 2006; Berntson et al., 1997). Respiratory rate is not significantly 

different between women at 18 weeks gestation and non-pregnant women in either left or standing 

positions (Da Silva Corrêa et al., 2019). Respiratory volume was not expected to differ between 

the two groups. While forced vital capacity is lower in early pregnancy compared to non-pregnant 

controls (Grindheim et al., 2012), the difference is within the margin of error (Miller et al., 2005) 

and is not clinically significant. Minute ventilation (tidal volume x respiratory rate) is significantly 

higher in first trimester compared to non-pregnant women, though absolute tidal volume is only 

marginally increased (100mL) (McAuliffe et al., 2002). While tidal volume does not have specific 

standardised criteria for error, 100mL is within the margin of error for spirometric volumes < 1L 

(Miller et al., 2005). Changes in HRV between early pregnancy and nulligravid women are 

unlikely to result from respiratory changes.  

In summary, the results of this thesis support an increase in sympathetic cardiac activity in early 

pregnancy compared to nulligravid women that contributes to a modulation in cardiovagal activity.  

Systolic blood pressure is maintained (or slightly decreased) in early pregnancy despite likely 

changes in cardiovascular autonomic activity. Decreases in peripheral resistance seen in early 

pregnancy (Chapman et al., 1998) combined with stable cardiac output (Mahendru et al., 2014) 

likely counter the increase in sympathetic activity and contribute to maintenance of blood pressure. 

5.2.1.2 Mid and late pregnancy compared to early pregnancy 

Maternal cardiovascular autonomic responses appear to be dependent on the gestational age at 

which they are measured. With progression of gestation, heart rate continues to increase with a 

related decrease in RR interval. Animal studies demonstrate that the increased heart rate seen in 

pregnancy compared to non-pregnancy may be mediated by an increase in cardiac sympathetic 
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tone as well as attenuated parasympathetic function, potentially via decreased responsiveness of 

cardiac receptors to acetylcholine (Brooks et al., 1997).  

Systolic, mean, and diastolic arterial blood pressure typically decrease from early pregnancy to a 

nadir in mid-pregnancy before increasing in late pregnancy (Mahendru et al., 2014). Increased 

vascular compliance in pregnancy may impact upon baroreceptor function and contribute to 

changes in blood pressure (Peeters, 2018). A nadir of systolic blood pressure in mid-pregnancy 

demonstrated in this thesis did not consistently reach statistical significance and was in part 

dependent on the position it was measured in. Decreases in systolic blood pressure during 

pregnancy are typically smaller than those seen in diastolic and mean blood pressures (Sanghavi 

& Rutherford, 2014). 

Time and absolute frequency domain measures of HRV are reduced in mid and late pregnancy 

compared to early pregnancy, with decreases in late pregnancy generally being slightly larger than 

those seen in mid-pregnancy. This is generally consistent with the existing literature, though not 

all studies demonstrated a significant effect of gestation (see Section 2.3). It is likely that the 

variable methodologies used in the existing literature contribute to inconsistent results.  The results 

of this thesis indicate that initial modulation of cardiovascular autonomic activity demonstrated in 

early pregnancy changes further with progression of gestation. Sympathetic activity appears to 

increase further with advancing gestation along with a decrease in cardiovagal activity. 

Reduced HRV is consistent with a modulation of parasympathetic cardiac activity (Hayano et al., 

1991; Kleiger et al., 2005; Parati et al., 2013; Shaffer et al., 2014) as well as reflecting increased 

heart rate and the associated cycle length dependence (McCraty & Shaffer, 2015). Modulated 

parasympathetic cardiac activity is consistent with increased sympathetic activity demonstrated by 

MSNA studies throughout pregnancy. Increased sympathetic activity (MSNA) in early pregnancy 

(Jarvis et al., 2012) is maintained throughout gestation (Okada et al., 2015), at levels 50-150% 

higher than non-pregnant (Reyes, Usselman, Davenport et al., 2018). Women in late pregnancy 

demonstrate significantly increased sympathetic activity (MSNA) compared to non-pregnant 

women (Greenwood et al., 2001). However, the normal relationship between increased 

sympathetic activity and increased vascular resistance becomes dissociated in pregnancy as 

neurovascular transduction decreases in pregnancy (Reyes, Usselman, Davenport et al., 2018; 

Reyes, Usselman, Skow et al., 2018; Steinback et al., 2019). Marginal changes in blood pressure 

with progression of gestation, despite changes in autonomic activity, support evidence of 

decreased neurovascular transduction in pregnancy.  
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Regarding changes in non-linear HRV, the existing literature suggests that sample entropy when 

measured in the supine position increased with advancing gestation (Baumert et al., 2012; Sawane 

et al., 2018). However, the statistical significance of sample entropy at different stages of 

pregnancy in this thesis is inconsistent. Sample entropy may decrease with progression of 

gestation, but it is dependent on the position that it is measured in (see section 5.2.2 below). This 

result reinforces the need for standardised methodology and consistent position measurements as 

used in this thesis.  

Changes in DFA measures throughout gestation are more consistent. Increased α1 in both mid and 

late pregnancy compared with early pregnancy demonstrated in this thesis supports 

parasympathetic withdrawal along with sympathetic activation (Tulppo et al., 2001). The results 

seen in this thesis are consistent with existing literature investigating women in mid and late 

pregnancy while resting supine (Baumert et al., 2012). Conversely, Pena and colleagues found that 

α1 did not change with advancing gestation (Pena et al., 2011). However, Pena and colleagues 

completed their measurements while the women were resting in a 45° reclined position rather than 

fully recumbent. A semi-reclined position likely has some (unknown) effects on aortocaval 

compression with advancing gestation, which may impact upon measurements. Changes in α1 

demonstrated in this thesis support changes seen in time and frequency domain measures of HRV.  

HRV measures during deep breathing in this thesis were reduced in mid and late pregnancy 

compared to early pregnancy, indicating a modulation in cardiovagal function. The existing 

literature largely uses simple statistical measures to assess cardiovascular autonomic activity 

during deep breathing. For example, Ekholm and colleagues report the mean difference between 

maximum and minimum heart rate during deep breathing decreases with advancing gestation 

(Ekholm et al., 1994). The addition of traditional and complex measures of HRV from this thesis 

provides further information and supports a modulation in parasympathetic activity, consistent 

with increased sympathetic activity and changes in HRV measures with progression of gestation 

described earlier. In addition, parasympathetic cardiac reflexes to position change (IIHR and 

max/min) are generally decreased with progression of gestation, supporting decreased cardiovagal 

activity (Ewing et al., 1980; Wieling et al., 1982).  

Spontaneous baroreflex sensitivity in this thesis did not change significantly with progression of 

gestation. This is in contrast to existing literature which demonstrated significant decreases (Blake 

et al., 2000; Garg et al., 2020; Kolovetsiou-Kreiner et al., 2018; Lucini et al., 1999; Miyake et al., 

2002; Moertl et al., 2013; Rang et al., 2004; Visontai et al., 2002; Voss et al., 2006). However, the 

standard deviation (SD) of spontaneous baroreflex sensitivity reported in this thesis was generally 

almost as large as the mean value (58% - 90% of the mean), and in one case was as large as the 
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mean itself. This suggests the spontaneous baroreflex sensitivity data is skewed (Altman & Bland, 

1996). Heavily skewed data can be log transformed to produce an approximately normal 

distribution. However, to be comparable to the existing literature, the same (non-transformed) 

techniques were used. Due to the large variability in spontaneous baroreflex sensitivity, this result 

is interpreted with caution.  

In summary, the results of this thesis have demonstrated that maternal cardiovascular autonomic 

responses, assessed by non-invasive measurement of heart rate and blood pressure, are dependent 

on the gestational age at which they are measured. Initial changes in pregnancy compared to non-

pregnant women occur early (< 12 weeks gestation) and change further with progression of 

gestation. However, as discussed next, maternal cardiovascular autonomic responses also vary 

depending on the position in which they are measured, particularly in late pregnancy. 

5.2.2 The impact of gestation and position 

5.2.2.1 The right lateral position compared to the left lateral position 

Maternal short-term cardiovascular autonomic responses, assessed by non-invasive heart rate and 

blood pressure measurements, were not significantly different between left and right lateral. No 

statistically significant interactions between group and position suggest that women in early 

pregnancy and nulligravid women responded in the same way to lying in left lateral and right 

lateral positions. There was also strong evidence that women in early pregnancy and women in 

mid-pregnancy responded in the same way to lying in left lateral and right lateral. Women in late 

pregnancy demonstrated a slightly different response as indicated by some statistically significant 

interactions between group and position. However, as discussed below, the evidence for a 

clinically meaningful difference is not consistent either from this thesis or from the existing 

literature. Thus, overall, pregnant women (early, mid, and late) and nulligravid women generally 

respond similarly to resting in left lateral and right lateral, indicating the two lateral positions are 

physiologically similar in terms of heart rate and blood pressure responses. 

Statistically significant changes in heart rate and RR interval between left and right positions 

demonstrated in early pregnancy, throughout gestation, and in nulligravid women are relatively 

small in magnitude (≤ 3%) and may not reflect a clinical difference. Decreased mean systolic blood 

pressure in right compared to left was unexpected. Despite anatomical differences between right 

and left, there was not expected to be a difference in physiological stress between right and left in 

early pregnancy and nulligravid women. Heart rate (Ryan et al., 2003) and intra-arterial blood 

pressure (Aries et al., 2012) measured in left and right are not statistically different in non-pregnant 

participants. Additionally, recent MRI studies have shown that cardiac output and blood flow 
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through the aorta and the inferior vena cava at its origin are not significantly different between left 

lateral and right lateral in late pregnancy (Humphries et al., 2020). This is supported by another 

study in late pregnancy demonstrating no significant change in mean arterial pressure, cardiac 

output, or vascular resistance between left and right lateral positions (Clark et al., 1991). 

Continuous systolic arterial blood pressure in this thesis was measured using a CNAP ® device 

placed on the right index and middle fingers, which was calibrated from an automatic blood 

pressure cuff placed on the upper right arm. Thus, systolic blood pressure results may have been 

affected by the placement of the blood pressure cuff used for calibrating the CNAP ® on the right 

upper arm, which is in the lowermost position when resting in then right lateral position. As such, 

systolic blood pressure differences between right and left positions throughout gestation are 

interpreted with caution.   

Similarly, the statistically significant decrease in spontaneous baroreflex sensitivity in right lateral 

compared to left lateral in early pregnancy, throughout gestation, and in nulligravid women is 

interpreted with caution. Along with issues with data distribution mentioned earlier, beat-to-beat 

changes in blood pressure used to calculate spontaneous baroreflex sensitivity in this thesis may 

have been affected by arm placement and blood flow through the brachial artery. Spontaneous 

baroreflex sensitivity does not appear to have been investigated in right lateral or in right lateral 

compared to left lateral in the literature reviewed in this thesis (Chapter 2).  

Finally, a single measure of HRV (LF nu) demonstrated a ~10% decrease in right compared with 

left without a corresponding statistically significant change in HF (nu) in early and mid-pregnancy 

and in nulligravid women. The decrease in LF (nu) is reversed in late pregnancy, increasing in 

right lateral compared to left lateral. As reviewed in Chapter 2, maternal heart rate responses in 

right lateral compared to left lateral throughout pregnancy is limited to a single study (Kuo et al., 

2000). However, as statistical analysis of positions included left, right, and supine positions, the 

specific effects of right compared to left could not be concluded. Studies in healthy non-pregnant 

subjects (male and female) show variable results: no difference in heart rate or frequency domain 

measures of HRV between left and right (Ryan et al., 2003); an increase in heart rate in 45° right 

tilt compared to 45° left tilt but no change in frequency domain measures (Sasaki et al., 2017); or 

a significant increase in HF (nu) in right compared to left (Chen & Kuo, 1997). Chen and Kuo 

hypothesise that increased HF (nu) in right lateral indicates enhanced vagal activity due to changes 

in lung volume, gravity affecting cardiac workload, right vagal nerve stimulation, venous return, 

gastric emptying, or unilateral nasal breathing (Chen & Kuo, 1997). Whilst these ideas have merit, 

a change in normalised HF power suggests a change in the distribution of power within the 

frequency domain and does not directly reflect a change in vagal tone. The results from this thesis 
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and other existing non-pregnant studies do not support the findings from Chen and Kuo (1997). 

Decreased LF (nu) in right compared to left seen in this thesis is not supported by any other non-

invasive measure used in this research or in the existing literature in pregnant or non-pregnant 

participants (Ryan et al., 2003). A different response in LF (nu) in late pregnancy reflects a change 

in the frequency distribution, but again without a corresponding change in HF (nu) and is thus 

interpreted with caution. 

In summary, statistically significant changes in cardiovascular autonomic measurements (assessed 

by changes in heart rate and blood pressure) in right lateral compared to left lateral are limited to 

an increase in heart rate and decreased systolic blood pressure, LF (nu), and spontaneous 

baroreflex sensitivity. However, the change in heart rate was clinically small, and both systolic 

blood pressure and spontaneous baroreflex sensitivity were potentially affected by technical issues. 

Changes in LF (nu) were not supported by changes in any other HRV measure. The changes 

demonstrated in this thesis are unlikely to be clinically significant. Overall, the results from this 

thesis and the existing literature demonstrate that there appears to be no clinically significant 

difference in non-invasive cardiovascular autonomic measurements, measured by heart rate and 

blood pressure, between left and right throughout pregnancy and in non-pregnant women.  

5.2.2.2 The supine position compared to the left lateral position 

Short-term cardiovascular autonomic responses in left and supine measured by non-invasive 

methods were generally found to be similar in early pregnancy compared to nulligravid women 

and in mid-pregnancy compared to early pregnancy. This indicates that the left lateral and supine 

positions are physiologically similar in terms of heart rate and blood pressure responses in 

nulligravid women and in early and mid-pregnancy. However, women in late pregnancy 

demonstrated a significantly different response to women in early pregnancy in several measures 

when resting in supine compared to left lateral. The results indicate that in late pregnancy, lying 

in the supine position is a physiological stressor that results in changes in short-term maternal 

cardiovascular autonomic responses assessed by changes in heart rate and blood pressure. 

Looking first at responses in early pregnancy compared to nulligravid women, there is strong 

evidence that cardiovascular autonomic measurements in left lateral and supine are similar in both 

groups. Only two measures (α2 and spontaneous baroreflex sensitivity) demonstrated statistically 

significant changes. A statistically significant interaction in α2 between group (early pregnancy 

and nulligravid) and position (left and supine) was as a result of a lower α2 measure in left lateral 

in early pregnancy compared to nulligravid women. This decrease was not demonstrated in any 

other left lateral referent measurement of α2 and is interpreted with caution. Spontaneous 

baroreflex sensitivity was decreased in the supine position compared to the left lateral position in 
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both early pregnancy and nulligravid women. Though there is a difference in height of the blood 

pressure cuff used for calibration (located on the right upper arm) between left and supine, a 

correction for hydrostatic pressure was applied to left lateral measurements. The decrease in 

spontaneous baroreflex sensitivity indicated a decrease in sensitivity of the cardiovagal baroreflex 

to blood pressure changes in the supine position compared to left. However, as mentioned 

previously, the standard deviation (SD) of the measurements was large in comparison to the mean 

value (63% - 75% of the mean). Spontaneous baroreflex sensitivity is also interpreted with caution 

and in the context of remaining measures.  

Existing literature comparing supine and left lateral positions in early pregnancy and non-pregnant 

women is limited to two studies (see Chapter 2 and Kuo et al., 2000; Speranza et al., 1998). 

Statistical analysis in both studies is limited and either do not report specific comparisons between 

left and supine (Kuo et al., 2000), or between early pregnancy and non-pregnant women (Speranza 

et al., 1998), limiting conclusions. In non-pregnant subjects, existing literature suggests either no 

difference in frequency domain measures between left and supine (Ryan et al., 2003), an increase 

in heart rate while supine compared to 45° left tilt but with no change in frequency domain 

measures (Sasaki et al., 2017), or a decrease in HF (nu) in supine compared to left (Chen & Kuo, 

1997). Aside from statistical changes, results need to be assessed in conjunction with remaining 

measures and clinical significance. The evidence from existing literature is inconsistent, and the 

results from this thesis predominantly indicate the two positions are statistically similar in early 

pregnancy and nulligravid women. Thus, short-term cardiovascular autonomic responses are not 

significantly different between left lateral and supine positions in women in early pregnancy and 

nulligravid women.  

However, there is a difference in short-term maternal cardiovascular autonomic responses at 

different gestations when the comparison of the supine position to the left lateral position is 

assessed throughout pregnancy. Four statistically significant interactions between gestation (early, 

mid, and late pregnancy) and position (left and supine) were demonstrated in RMSSD, HF (nu), 

sample entropy, and short-term DFA measure α1 (section 4.4.4). Statistically significant 

interactions demonstrate that the response to lying supine varied with gestation. While responses 

in supine and left were similar in both early and mid-pregnancy, in late pregnancy the response to 

position became significantly different. Changes in RMSSD, HF (nu), sample entropy, and α1 

while lying supine in late pregnancy indicate further sympathetic activation and a modulation in 

parasympathetic function compared to the left lateral position (Hayano et al., 1991; Porta et al., 

2007; Tulppo et al., 2001; Turianikova et al., 2011). The interaction seen in sample entropy in this 

thesis indicates that decrease with progression of gestation seen in the current literature (Baumert 
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et al., 2012; Sawane et al., 2018) may be due to measures being taken in the supine position. 

Measurements performed in left lateral demonstrate a different response (see figure 4.11). The 

statistically significant differences in several measures of HRV described above indicate that the 

supine position in late pregnancy becomes a physiologically stressful position, likely due to 

aortocaval compression.  

Regardless of gestation, mean systolic blood pressure and α2 were increased and spontaneous 

baroreflex sensitivity was decreased in supine compared to left lateral. Decreased spontaneous 

baroreflex sensitivity in supine compared to left lateral throughout gestation is interpreted with 

some caution, as discussed previously. As seen in early pregnancy, α2 was increased in the supine 

position throughout gestation, indicating an increase in trends or correlations within the heart rate 

recording compared to left lateral (Peng et al., 1995). The magnitude of change is an approximately 

10% increase while supine. However, as this is seen at all time points throughout pregnancy, the 

change appears to be a normal response that is not dependent on aortocaval compression, and a 

normal α1 > α2 pattern (Peng et al., 1995) is maintained. 

Though systolic blood pressure was significantly increased in the supine position compared to the 

left lateral position, the increase was modest (3 mmHg) and occurred at all stages of gestation, 

suggesting it is not an effect of aortocaval compression by the gravid uterus. In support of this, 

there was also a 2 mmHg increase in systolic blood pressure in the supine position compared to 

left lateral position in early pregnancy and nulligravid women, but that did not reach statistical 

significance. While blood pressure measurements were corrected for hydrostatic effects in left 

lateral resulting from placement of the calibration cuff on the right (uppermost) arm, there may be 

an ongoing systematic error that resulted in increased systolic blood pressure in the supine position 

across all groups and gestations. Existing literature suggests systolic blood pressure measured from 

the upper arm does not change significantly between the two positions in late pregnancy (Ibrahim 

et al., 2015; Speranza et al., 1998) nor does mean arterial pressure (Clark et al., 1991) or blood 

flow (Drummond et al., 1974). The significant increase in systolic blood pressure in the supine 

position demonstrated in this thesis is interpreted with caution. Essentially, maternal systolic blood 

pressure measured in this thesis is maintained in the supine position despite the reported decrease 

in cardiac output while supine compared to left lateral in late pregnancy (Humphries et al., 2018).  

Maintenance of blood pressure over the short term (five minutes) supports a functioning baroreflex 

with evidence of increased sympathetic activity and attenuation of parasympathetic activity in the 

supine position in late pregnancy as demonstrated in this thesis. Generally, activation of the 

baroreflex increases heart rate and peripheral resistance. There was a slight increase in heart rate 

(2 bpm) in the supine position compared to the left lateral position in late pregnancy, however, the 
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difference was not statistically significant. Existing literature also demonstrates a slight increase 

in heart rate (2-3 bpm) without statistical significance (Clark et al., 1991) or with unclear statistical 

significance (Speranza et al., 1998). While a much larger (11 bpm) statistically significant increase 

in heart rate has been demonstrated in the supine position (Humphries, Mirjalili et al., 2020), 

measurements were taken during an MRI scan and included women with symptoms of supine 

hypotension. Vascular resistance may increase in the supine position compared to left lateral, but 

without statistical significance (Clark et al., 1991). It may be that small changes in heart rate and 

peripheral resistance are sufficient to maintain blood pressure while supine. 

However, it is important to note that the systolic blood pressure measurements presented in this 

thesis are taken from the arm, upstream from the site of aortocaval compression. Leg blood flow 

significantly reduces in the supine position compared with left lateral in late pregnancy 

(Drummond et al., 1974) with a small (but insignificant) decrease in leg systolic blood pressure 

(Campbell, 1978). Plausibly, despite maintenance of maternal blood pressure above the level of 

aortocaval compression, this may not be the same downstream of the compression. Maternal 

uteroplacental blood flow arises from the maternal iliac artery, which originates from below the 

level of the aortic compression, where blood flow is reduced by 32% (Humphries et al., 2018). As 

will be discussed later, despite an ‘intact’ maternal cardiovascular autonomic response there may 

still be decreases in blood pressure and flow downstream of the aortocaval compression that may 

have impacts on fetal oxygenation. 

The changes in HRV in the supine position compared to the left lateral position in late pregnancy 

were different to what was seen in early and mid-gestation. This suggests that the maternal 

cardiovascular autonomic nervous system responded to the physiological stress of aortocaval 

compression while lying supine in late pregnancy and systolic blood pressure was maintained. 

5.2.2.3 Standing compared to the left lateral position 

Women in early pregnancy demonstrated comparable magnitudes and direction of change in heart 

rate and blood pressure responses to the acute physiological stress of an orthostatic manoeuvre 

compared to nulligravid women. However, when assessed throughout gestation, there are 

numerous statistically significant interactions indicating the cardiovascular autonomic response to 

standing varies with gestation. 

Several studies report similar HRV responses to standing between early pregnancy and non-

pregnant women (Blake et al., 2000; D'Silva et al., 2014; Rang et al., 2004), consistent with the 

results of this thesis. A shift in frequency domain power out of the vagal band (HF nu decreases) 

into the baroreflex band (LF nu increases), as demonstrated in this thesis, is consistent with a 
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baroreflex response to maintain blood pressure and is characteristic of what is normally seen on 

standing (Wieling et al., 2007; Wieling & Groothuis, 2012). Decreased complexity (sample 

entropy) and increased correlations of RR intervals (DFA) on standing demonstrated in this thesis 

supports frequency domain changes. Non-linear results demonstrated by women in early 

pregnancy and nulligravid women in this thesis indicate sympathetic activation and 

parasympathetic withdrawal on standing (Porta et al., 2007; Tulppo et al., 2001; Turianikova et 

al., 2011). Despite increased sympathetic activity and modulated parasympathetic activity in early 

pregnancy compared to nulligravid women (section 5.2.1.1), the magnitude and direction of heart 

rate and blood pressure changes in response to an orthostatic manoeuvre are similar between the 

two groups. This indicates that the cardiovascular autonomic orthostatic response is comparable 

in early pregnancy and nulligravid women despite differences in cardiovascular and cardiovascular 

autonomic measures.  

Orthostatic manoeuvres in the existing literature are generally compared to supine (including 45° 

reclined supine) rather than left lateral. The methodology of this thesis incorporated full left lateral 

decubitus referent positioning (with no tilt). This difference in referent positioning helped 

minimise any effects of aortocaval compression on referent measurements with advancing 

pregnancy. Reassuringly, despite the difference in referent measurements, in early pregnancy HRV 

responses to an orthostatic manoeuvre reflected an increase in sympathetic activity and 

parasympathetic withdrawal and were consistent with a normal orthostatic response (Wieling & 

Karemaker, 2012). Consistent referent positioning throughout pregnancy and in control groups 

allows true comparisons of orthostatic responses at all gestations. 

When looking throughout gestation, there are changes in short-term maternal cardiovascular 

autonomic responses to an orthostatic manoeuvre. The majority of measures used in this thesis 

demonstrate statistically significant interactions where the orthostatic response varies with 

gestation. The magnitude of change on standing seen in early pregnancy was generally 

significantly smaller in mid-pregnancy. Results in late pregnancy generally remained similar to 

that seen in mid-pregnancy. However, a decrease in the magnitude of response with advancing 

gestation to the same orthostatic stimulus suggests a limitation of the cardiovascular autonomic 

response to acute physiological stress. Increased plasma volume (Chapman et al., 1998) and 

slightly increased peripheral resistance (Mahendru et al., 2014) in late pregnancy likely contribute 

to the maintenance of blood pressure while standing. As discussed later, a maternal autonomic 

limitation may have effects on placental perfusion and thus fetal oxygenation.  

Decreased RMSSD and HF power (log and nu) on standing reflect attenuation of parasympathetic 

cardiac activity function (Berntson et al., 1997; Hayano et al., 1991; Kleiger et al., 2005; McCraty 
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& Shaffer, 2015; Parati et al., 2013; Shaffer et al., 2014) consistent with a normal orthostatic 

response (Fu et al., 2004; Wieling & Groothuis, 2012). The magnitude of change on standing in 

these measures is reduced in mid and late pregnancy compared to early pregnancy. This change is 

generally due to relatively consistent measures while standing across all gestations, combined with 

a reduction in HRV in left lateral with advancing gestation. Consistent measures while standing 

suggest a maximum attenuation of parasympathetic activity upon standing at all stages of 

gestation. An increase in DFA measures α1 and α2 on standing compared to the left lateral position 

support increased sympathetic activity and an attenuation of parasympathetic activity (Tulppo et 

al., 2005). Like RMSSD and HR power, the magnitude of change in α1 on standing compared to 

the left lateral position reduced with progression of gestation. In contrast to the previously 

described measures, α2 increases further on standing compared to left lateral in late pregnancy. As 

α2 is a longer-term measure, this may reflect further changes in sympathetic activity rather than 

vagal activity, which is generally associated with short-term or beat-to-beat measures.  

Decreases in both HF and LF (nu) indicate relative frequency power has shifted out of the HF and 

LF bands and into the very LF (VLF) band. VLF power is not interpreted in this research due to 

under sampling in 5 minute records (Task force of the ESC/NASPE, 1996). However, in longer 

recordings VLF is thought to reflect variation from the renin-angiotensin system (Bonaduce et al., 

1994; Taylor et al., 1998) as well as parasympathetic contributions (Taylor et al., 1998). Vascular 

resistance (Chapman et al., 1998; Mahendru et al., 2014) and neurovascular transduction (Reyes, 

Usselman, Davenport et al., 2018; Reyes, Usselman, Skow et al., 2018; Steinback et al., 2019) 

decrease in pregnancy. It is plausible that with changes in vascular control, baroreflex control of 

blood pressure during orthostatic stress is altered in pregnancy.  

Similar to early pregnancy, the existing literature investigating orthostatic manoeuvres throughout 

gestation tend to use supine as the referent position (Blake et al., 2000; Miyake et al., 2002) though 

15° reclined supine (Lucini et al., 1999) and 45° reclined supine (D'Silva et al., 2014) are also 

used. Occasionally, the referent position changes throughout gestation (Ekholm et al., 1994; Rang 

et al., 2004). Similar to what was seen in this thesis, these studies generally found that heart rate 

responses (and the magnitude of responses) to an orthostatic manoeuvre vary with progression of 

pregnancy (Blake et al., 2000; D'Silva et al., 2014; Ekholm et al., 1994; Lucini et al., 1999; Miyake 

et al., 2002) though not always (Rang et al., 2004). Heart rate responses to moving upright are also 

decreased in late pregnancy compared to non-pregnant women using tilt-table methods (Heiskanen 

et al., 2008). Heiskanen and colleagues report peripheral resistance remained unchanged between 

supine and upright positions in late pregnancy, suggesting maintenance of blood pressure is via 

changes in cardiac output (Heiskanen et al., 2008). However, the authors used a tilt-table rather 
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than an active stand. Use of a tilt-table can produce a different orthostatic response to active 

standing (Wieling et al., 2007) potentially due in part to lesser muscle contraction with a passive 

upright posture. Attenuated heart rate responses to standing in late pregnancy are theorised to be 

due to volume expansion (Blake et al., 2000; Ekholm et al., 1994) causing stretch of the sinoatrial 

node (Blake et al., 2000) or increased cardiac size and cardiac output reducing baroreflex gain and 

increasing sympathetic activity (Lucini et al., 1999). The orthostatic manoeuvre can be used as a 

test of autonomic function throughout gestation; however, the response is different to what would 

be expected in non-pregnant women. 

5.2.3 Post-partum cardiovascular autonomic responses  

The maternal cardiovascular autonomic nervous system, as measured by short-term heart rate and 

blood pressure responses, appears to return a similar state to that of nulligravid women by 6 weeks 

post-partum. HF (log) and α1 were the only measures to demonstrate relatively consistent 

statistically significant changes post-partum across multiple recumbent positions, reflecting 

attenuated cardiovagal activity (Hayano et al., 1991; Perkiomaki et al., 2002; Task force of the 

ESC/NASPE, 1996). While time domain measures also demonstrated some variance in measures 

between the two groups, there was no statistically significant difference while in recumbent 

positions. Heart rate responses to deep breathing, which also reflects cardiovagal function, were 

similar between the two groups (section 4.5.1) contrasting with HF (log) and α1. Existing literature 

has found that short-term maternal cardiovascular autonomic activity measured by changes in heart 

rate and blood pressure responses has returned to the non-pregnant state by 6 weeks post-partum 

(Blake et al., 2000; Chen et al., 1999; Murphy et al., 2015; Yeh et al., 2009). Sympathetic activity 

measured by MSNA is similar in women ≥ 6 weeks post-partum compared to non-pregnant 

controls (Greenwood et al., 2001; Reyes, Usselman, Davenport et al., 2018). 

Post-partum women respond similarly to nulligravid women in response to recumbent position 

change, as demonstrated by no interactions between group and position (the response to position 

does not vary by group). Two interactions during standing indicate that the response to an 

orthostatic manoeuvre may vary between post-partum and nulligravid women, though only in 

SDNN and RMSSD. As SDNN and RMSSD are correlated with cardiovagal control (Hayano et 

al., 1991), this result suggests subtle ongoing changes in cardiovagal control in post-partum 

women compared to nulligravid women. Subtle ongoing effects on cardiovagal control in post-

partum women compared to nulligravid women may not be seen when compared to non-pregnant 

women with a history of pregnancy.  
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In support of subtle ongoing changes, there is evidence that changes in cardiac output and 

peripheral resistance during pregnancy do not return to pre-pregnancy levels for more than 12 

months post-partum (Clapp III & Capeless, 1997). There is also evidence that a history of previous 

pregnancy is associated with haemodynamic and cardiovascular changes in later life (Parikh et al., 

2012; Vaidya et al., 2014). Blood pressure is lower in primi and multiparous women compared to 

nulliparous women (Gunderson et al., 2008). The magnitude of change in blood pressure 

demonstrated in post-partum women compared to nulligravid women in this thesis was similar to 

that found by Gunderson and colleagues, though did not reach statistical significance. Despite 

minimal consistent statistically significant differences between the two groups, it is plausible that 

there are still some ongoing cardiovascular autonomic changes post-partum along with 

cardiovascular responses. A strength of this thesis is that the control group of women used to 

compare to post-partum women were nulligravid (see section 5.5).  Use of a fully nulligravid 

control group of women is suggested for future research to eliminate any potential effect of 

previous pregnancies on cardiovascular and cardiovascular autonomic function. 

5.2.4 Qualitative measures of maternal comfort while resting in different positions  

Along with quantitative measurements of maternal cardiovascular responses to resting in different 

positions, qualitative measures to help describe maternal positional preferences were also assessed. 

Symptoms of supine hypotension became more common with progression of gestation, consistent 

with the idea that the level of aortocaval compression increases with increasing gestation. Existing 

literature tends to report symptoms of supine hypotension, such as faintness and dizziness, 

occurring from third trimester onwards, though symptoms can also occur in the second trimester 

(Kinsella & Lohmann, 1994). While no nulligravid women or post-partum women reported 

symptoms of supine hypotension in this thesis, women in early pregnancy did report symptoms. 

Reports of symptoms of supine hypotension in early pregnancy is surprising. However, the 

symptoms of supine hypotension did include nausea (Appendix 1, section 7.2). Often women in 

early pregnancy have symptoms of nausea (Matthews et al., 2015) that may worsen when lying 

supine. Non-specificity of the supine hypotension questionnaire may have resulted in women in 

early pregnancy reporting symptoms consistent with supine hypotension in early pregnancy. 

Importantly, women in early pregnancy have already modified their sleeping position to a lateral 

preference which is consistent throughout pregnancy. In comparison, nulligravid and post-partum 

women report a range of sleeping positions. New Zealand has recently had a public health 

campaign by Cure Kids ‘Sleep on side when baby's inside’ (www.sleeponside.org.nz, Cure Kids, 

2018) following the evidence from New Zealand and international studies reporting increased risk 
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of stillbirth associated with maternal supine sleeping position (Cronin et al., 2019; Gordon et al., 

2015; Heazell et al., 2018; McCowan et al., 2017; Owusu et al., 2013; Stacey et al., 2011). The 

New Zealand ‘sleep on side’ campaign encouraged mothers to sleep in a lateral position from 28 

weeks of pregnancy. A feasibility study has also been completed using a positional therapy device 

to encourage women in late pregnancy to sleep in a non-supine position (Warland, Dorrian, 

Kember et al., 2018). The qualitative evidence from this thesis indicates that the pregnant women 

who participated in this research have already modified their going-to-sleep position to a lateral 

side compared with non-pregnant women. Though this does not give information of whether the 

mother sleeps in the supine position overnight (which the positional therapy device aims to 

minimise), it is a positive finding for the New Zealand ‘sleep on side’ public health campaign.  

Women in early pregnancy and nulligravid women similarly found a range of positions most and 

least comfortable during testing. However, the left lateral position became increasingly the most 

comfortable position with progression of gestation, and ‘back’ the least comfortable. It is 

reasonable that supine would be the least comfortable position with increasing gestation due to 

increasing effects of aortocaval compression and increasing prevalence of symptoms of supine 

hypotension in late pregnancy. Left lateral as the most comfortable position is also a positive 

finding for the ‘sleep on side’ campaign, as it would be easier for a mother to adopt a position that 

is comfortable for her. No woman found supine the most comfortable position in late pregnancy 

and 76% found supine the least comfortable position. However, only 34% of women reported 

symptoms of supine hypotension – despite supine clearly being the least comfortable. The 

symptoms of supine hypotension used in this thesis were consistent with Kinsella and Lohmann 

(Kinsella & Lohmann, 1994). Symptoms of supine discomfort (as opposed to ‘hypotension’) must 

range beyond feeling faint, dizzy, nausea, or experiencing visual disturbances (Appendix 1). It is 

likely that the current symptomatic criteria are not accurate, as supported by women in early 

pregnancy experiencing symptoms of supine hypotension.  

Reassuringly for this thesis, the majority of constructive feedback given by participants was aimed 

towards shorter testing or improved location and accessibility rather than discomfort during 

testing. A single woman reported it was difficult to lie still while pregnant, particularly during mid 

and late pregnancy, though she did not specifically comment on discomfort during supine testing 

as a reason. It is unlikely that differences in testing conditions resulted in this discomfort compared 

to other participants as efforts were made to standardise testing conditions. For example, time of 

day, temperature of the testing room, and resting time prior to beginning measurements was similar 

for all participants. Standardisation of consumption of food and caffeine, exercise, and emptying 
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of the bladder prior to testing was also requested of all participants. Personal feelings of comfort 

or discomfort during pregnancy are subjective.  

5.3 Women in the third trimester who have heart rate instability while standing 

A significant proportion of women analysed (60%) demonstrated unusual and unstable heart rate 

patterns (heart rate fluctuations > 20 bpm) while standing in late gestation. There is evidence that 

physiological negative feedback loops with a time delay, such as the arterial baroreceptor 

sympathetic reflex, can cause heart rate oscillations, though usually at a frequency of 20-30 second 

cycles (Guyton & Harris, 1951; Madwed et al., 1989). The cycles seen in the late-gestation women 

in this thesis are longer (75 – 150 seconds). While the arterial baroreflex is expected to be involved 

in the cardiovascular changes while standing, it is unlikely the oscillations identified in this thesis 

result solely from this reflex due to the difference in cycle length. In normal subjects, breathing in 

a manner similar to Cheyne Stokes respiration followed by an apnoea can also cause heart rate and 

blood pressure oscillations at the frequency of periodic breathing (Lorenzi-Filho et al., 1999). 

Respiratory rate was monitored in real-time in this thesis, and the women who participated in this 

study were not suffering from Cheyne Stokes respiration, as can be seen in heart failure patients 

(Mortara et al., 1997).  

A study by Schneider and colleagues from the mid 1980’s, that was originally intended to study 

lung function in pregnant women at term, commented on the unexpected finding of an oscillating 

‘vena cava syndrome’ while standing in late pregnancy (Schneider et al., 1984). Fifty-one women 

participated in the study and the recording time was typically 10 minutes. Similar to the finding in 

this thesis, Schneider and colleagues observed that 65% of the women they studied demonstrated 

an oscillating periodic tachycardia while standing with a mean duration of 105 seconds with a 

mean amplitude of 27 bpm. Concurrently, femoral vein flow was measured. Heart rate increased 

with reductions in femoral blood flow and normalised with return of femoral flow. Changes in 

femoral blood flow were not present in women without oscillations. The authors also found 

maternal tidal volume demonstrated cyclical variations, potentially indicating a change in 

sympathetic activity as seen in Cheyne Stokes respiration. Activation of the leg muscle pump 

reduced oscillations, as did a forward tilt while standing, theorised to result from a reduction of 

compression of pelvic vessels by the gravid uterus. As seen in this thesis, the women studied by 

Schneider and colleagues were asymptomatic of any cardiovascular changes while standing.  

Schneider and colleagues suggest that the oscillations in femoral blood flow, and resulting 

cardiovascular changes, result from compression of the pelvic vessels by the gravid uterus that is 

phasically removed during uterine contractures that reduce pressure on the pelvic vessels 
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(Schneider et al., 1984). Whether the uterine contractions were occurring spontaneously, or in 

response to a reduction in uterine blood supply, was not able to be elucidated. It is interesting that 

the subjects studied by Schneider and colleagues did not subjectively experience contractions, nor 

were contractions noticeable in external tocogram recordings. This thesis found that uterine 

activity was similar between women with and without an unstable heart rate response while 

standing in late pregnancy, however, the strength of activity could not be determined. The women 

studied in this thesis did not comment on the presence or absence of uterine activity.  

Schneider and colleagues also completed a longitudinal study to further investigate maternal heart 

rate oscillations while standing in late pregnancy (Schneider & Deckardt, 1991; Schneider et al., 

1993). They found that the presence of oscillations peaked in late gestation with 71% of women 

demonstrating changes in heart rate. Use of a leg compression device lessened the heart rate 

oscillations, similar to activation of the leg muscle pump demonstrated by the earlier study 

(Schneider et al., 1984). The authors theorised that decreased vascular resistance and effectiveness 

of vasoconstriction in pregnancy causes insufficient regulatory responses that are improved by leg 

compression (Schneider et al., 1993) or the muscle pump (Schneider et al., 1984).  

Drawing on the use of the muscle pump (Schneider et al., 1984) and leg compression (Schneider 

et al., 1993) to reduce oscillations, it is plausible that women with an unstable heart rate pattern 

while standing in late pregnancy may have lower levels of peripheral resistance than women who 

have a stable heart rate pattern. As the number of episodes of maternal uterine activity was not 

significantly different between the two groups in this thesis, it is unlikely that uterine activity is 

absent in women with a stable heart rate pattern (thus avoiding stimulation of these oscillations). 

Studies in non-pregnant humans have determined that there is an underlying level of 

‘vasoconstrictor reserve’ that varies among individuals (Fu et al., 2004). Reduced vasoconstrictor 

reserve is associated with decreased orthostatic tolerance (Fu et al., 2004). Differences in 

vasoconstriction in response to sympathetic stimulus may result from individual differences in 

sympathetic outflow or neurons, or an upper limit to sympathetic activity (Fu et al., 2004). The 

results from this thesis demonstrated that while measures of cardiac autonomic activity in left 

lateral vary with progression of gestation, measures in the standing position often remain relatively 

constant. These two factors combine to reduce the magnitude of the orthostatic response with 

advancing gestation. This may be evidence of an upper limit to the cardiovascular autonomic 

orthostatic response under normal resting conditions.  

Decreased measures of sample entropy in women with unstable heart rate while standing in late 

pregnancy as seen in this thesis is consistent with increased sympathetic cardiac activity. An upper 

limit on vasoconstrictor reserve may limit vasoconstriction but without cardiac limitations. Heart 
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rate was slightly higher in women with unstable heart rate patters but did not reach statistical 

significance. Sample entropy may be particularly useful at distinguishing increased sympathetic 

cardiac control when vascular control is impaired (Merati et al., 2006). Sample entropy was 

significantly decreased in ‘unstable’ women both while supine and standing, indicating decreased 

heart rate complexity as occurs under conditions of sympathetic predominance and 

parasympathetic withdrawal (Porta et al., 2007).  

Women with an unstable heart rate response while standing also demonstrated significantly 

decreased systolic blood pressure in both left lateral and supine positions compared with women 

who had stable heart rates. While systolic blood pressure was not statistically different between 

the two groups while standing, it was slightly lower in women with unstable heart rate patterns. 

Maternal hypotension (measured by mean and diastolic blood pressure) is associated with an 

increased risk of stillbirth (Warland et al., 2008). Cardiac output is reduced while supine in late 

pregnancy (Humphries et al., 2018) and there is an increased risk of stillbirth in women who go to 

sleep in the supine position in late pregnancy (Cronin et al., 2019; Gordon et al., 2015; McCowan 

et al., 2017; Owusu et al., 2013; Stacey et al., 2011a). Combined with recumbent hypotension and 

a reduced ability to generate peripheral resistance to counteract the effects of reduced cardiac 

output, there is the potential for women with oscillating heart rate pattern while standing to be at 

an increased risk of poor pregnancy outcomes.  

On the other hand, the majority of women have oscillating heart rate while standing in late 

pregnancy (60%) suggesting it is more unusual to have a stable heart rate while standing. Increased 

orthostatic tolerance seen in heart failure patients has been theorised to be due to increased 

peripheral resistance and also potentially hypervolemia (Abelmann & Fareeduddin, 1969). 

Insufficient sympathetic and vasoconstrictor responses are related to orthostatic intolerance 

following bed rest (Shoemaker et al., 1999). Lower peripheral resistance is found in males with 

decreased tolerance of lower-body negative pressure compared to those with high tolerance 

(Ga̧siorowska et al., 2005)  Continuing with the idea that oscillations in heart rate may stem from 

a limited vasoconstrictor reserve, women with stable heart rate patterns while standing in late 

pregnancy may have an increased ability to vasoconstrict. Increased vasoconstriction is associated 

with pregnancy complications. FGR is associated with a high-resistance, low output maternal 

circulatory state (Rang et al., 2008; Stott et al., 2017). FGR is a significant risk factor for stillbirth 

(Lawn et al., 2016; Silver, 2018). Increased MSNA is associated with pregnancy complications 

such as gestational hypertension (Greenwood et al., 1998; Greenwood et al., 2001) and pre-

eclampsia (Schobel et al., 1996). Women with stable heart rate patterns while standing in late 
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pregnancy may potentially be displaying a phenomenon consistent with an inappropriate 

autonomic response to pregnancy.  

5.3.1 Summary 

There is a clear sub-set of women who demonstrate an unstable heart rate response while standing. 

As described above, it is plausible that these women with an unstable heart rate response have 

reduced levels of ‘vasoconstrictor reserve’ and a lower level of maximal vasoconstriction while 

standing. These women are also potentially at risk of reduced uteroplacental perfusion while 

supine, if indeed a reduced vasoconstrictor reserve is present. Whether this is a ‘normal’ or usual 

response stemming from the defined cardiovascular autonomic adaptations to pregnancy, or an 

abnormal response, remains to be elucidated (see section 6.1). 

A lack of clinical recognition of this phenomenon is surprising and may be explained by the 

common use of maternal mean heart rate as a clinical measure. As demonstrated in this thesis, 

despite clear qualitative differences in heart rate patterns while standing, mean heart rate was not 

significantly different between the two groups. Thus, mean heart rate is not a suitable measure to 

identify an unstable heart rate while standing in late pregnancy.  

As mean heart rate does not differentiate the groups, more complex analysis techniques should be 

used to quantitatively identify women with or without unstable heart rate while standing in late 

pregnancy. Sample entropy may be useful to identify different heart rate patterns, as it 

demonstrated a significant decrease in women with unstable heart rate while standing than those 

without. Reanalysis of the existing data collected from this thesis using sample entropy to stratify 

the groups may be the next step to help establish any heart rate and blood pressure differences 

between the two groups. Future areas of research will be discussed further in section 6.1.   

5.4 Clinical significance of maternal cardiovascular autonomic responses throughout 

gestation and in response to position change 

The findings of this thesis indicate that sympathetic activity continues to increase and 

parasympathetic decreases with progression of gestation. The right lateral position does not appear 

to evoke different cardiovascular autonomic responses (measured by heart rate and blood pressure) 

compared to the left lateral position throughout gestation. Similar heart rate responses in left and 

right lateral positions indicate that maternal cardiovascular autonomic responses are not different 

in the two positions. This is consistent with unchanged cardiovascular responses in the two 

positions (Humphries et al., 2020), indicating either left or right can be used as a baseline referent 

measurement. However, left lateral would remain the preferred referent position to support inter-
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study consistency and as left lateral appears to be the most comfortable position for women to rest 

in with advancing gestation, as demonstrated in this thesis. The only major difference between left 

and right was found in systolic blood pressure, however this was potentially affected by technical 

issues with the blood pressure cuff and reinforces the need for consistent and correct placement of 

equipment and maternal positioning when measuring blood pressure (Mitchell et al., 1964; Netea 

et al., 1998).  

Lying in the supine position in late pregnancy is a physiological stressor, with a significant 

reduction in maternal cardiac output observed (Humphries et al., 2018). As demonstrated in this 

thesis, the cardiac autonomic nervous system responds to this physiological stress, and blood 

pressure measured from the upper body being maintained. However, despite this cardiovascular 

autonomic response and maintenance of upper body blood pressure in the supine position in late 

pregnancy, there is still a decrease in blood flow through the abdominal aorta at the level of the 

bifurcation (Humphries et al., 2018) and through the uterine arteries (Jeffreys et al., 2006). These 

effects on maternal blood flow below the level of aortocaval compression, along with the increased 

risk of stillbirth associated with a supine going-to-sleep position (Cronin et al., 2019; Gordon et 

al., 2015; McCowan et al., 2017; Owusu et al., 2013; Stacey et al., 2011a) indicates the supine 

position should still be avoided in late pregnancy. 

Standing remains a physiological stressor throughout gestation. While blood pressure is 

maintained during standing, the ability of the cardiac autonomic nervous system to respond to the 

stress is reduced with advancing gestation. However, in late pregnancy, a subgroup of women 

demonstrated an unstable heart rate pattern while standing and demonstrate significant decreases 

in sample entropy in both standing and supine positions compared to women with stable heart rate 

pattern while standing. Women with an unstable heart rate pattern while standing also have 

significantly decreased blood pressure when recumbent compared to women with stable heart rate 

patterns. Maternal hypotension is associated with increased risk of stillbirth (Warland et al., 2008). 

Oscillating heart rate while standing as a marker of abnormal vasoconstriction or reduced 

vasoconstrictor reserve may be a useful clinical tool to indicate potential pregnancy complications. 

While this pattern has been noted before (Schneider et al., 1984) it is clinically important that there 

is further investigation of these groups. 

Maternal cardiovascular autonomic responses generally return to non-pregnant values by 6 weeks 

post-partum. Though this implies that women who have previously been pregnant can be used as 

non-pregnant controls, there are subtle (generally statistically insignificant) ongoing changes in 

HRV. In addition, parity is association with cardiovascular changes later in life. Ideally, 

nulligravid women should be used as a control group in future research.  
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Finally, questionnaires regarding symptoms of supine hypotension should be reviewed to more 

accurately assess symptoms associated with supine hypotension, rather than generic symptoms 

that include those common in pregnancy (e.g. nausea or dizziness). The majority of the women 

who were pregnant in this study chose a lateral going-to-sleep position, unlike non-pregnant 

women who chose a range of positions. This suggests that there is an awareness of avoiding the 

supine position in late pregnancy and that the current ‘Sleep on Side’ campaign in New Zealand 

(www.sleeponside.org.nz, Cure Kids, 2018) is successful based on evidence from this thesis. 

5.4.1 Implications for placental perfusion and the fetus 

Maternal cardiovascular and cardiovascular autonomic maladaptation to pregnancy can have 

effects on the fetus through impacts on placental function. Reduced uterine and placental perfusion 

may challenge the oxygen supply to the fetus. While the fetus is capable of compensating for a 

hypoxic challenge, defences are not limitless. Evidence of brain damage (Becher et al., 2006; Ernst 

et al., 2016; Grafe, 1994), and fetal hypoxic injury (Pacora et al., 2018) are commonly observed 

in stillbirth.  

While maternal (arm) blood pressure is maintained while supine, MRI studies have shown there 

are significant changes in blood flow below the level of aortocaval compression that may reduce 

maternal arterial flow into the placenta (Humphries et al., 2018). Fetal effects such as changes in 

behavioural state consistent with energy conservation (Stone et al., 2017a; Stone et al., 2017b) and 

a decrease in middle cerebral Doppler indices consistent with a brain sparing effect (Khatib et al., 

2014) have been observed while the mother is supine. Recently, Luccini and colleagues have 

demonstrated that fetal heart rate was not affected by maternal position (Lucchini et al., 2020). 

However, the study by Luccini and colleagues was limited by having maternal position defined by 

use of an accelerometer (and placement was undefined) (Lucchini et al., 2020) unlike Stone and 

colleagues, who used video recording to determine maternal position overnight (Stone et al., 

2017b). Kinsella and colleagues also found fetal heart rate did not change significantly between 

left tilt, right and supine (Kinsella et al., 1990). However, blood flow in lateral tilt positions is 

dependent on the degree of tilt (Higuchi et al., 2015) and may not be fully restored (Kinsella et al., 

1990). While changes in maternal blood flow in the supine position do not appear to result from 

an acute failure of the maternal cardiovascular autonomic nervous system to respond to the 

physiological stressor of reduced venous return, there are still clearly effects on maternal blood 

flow below the level of aortocaval compression that the fetus responds to. The supine position 

remains a position that may result in an oxygenation challenge to the fetus.  



Discussion 

 

207 

The supine position as an acute stressor to the fetus (as well as the mother) is supported by fetal 

behavioural and physiological changes described above. Evidence of a reduction in the magnitude 

of the maternal cardiovascular autonomic response to standing with advancing gestation is 

suggestive of a maximum level of response to an acute physiological challenge that normally 

occurs in everyday life. Under alternative acute physiological challenges such as lying supine in 

late pregnancy, the maternal cardiovascular autonomic nervous system may also have a maximum 

response. Prolonged reductions in maternal venous return would impact on placental perfusion and 

present an acute oxygenation challenge to the fetus. Acute-on-chronic hypoxia is associated with 

stillbirth (Ernst et al., 2016). A vulnerable fetus, for example one with placental insufficiency or 

fetal growth restriction (FGR) may be less able to adapt to an acute oxygenation challenge (see 

section 1.2). The supine position in late pregnancy has a plausible link to stillbirth.  

Further from this, instability in maternal heart rate while standing may also result in an 

oxygenation challenge to the fetus. Such oscillations in maternal heart rate are potentially 

indicative of sub-clinical uterine contractions (Schneider et al., 1984) that may impact upon 

placental oxygenation (Sinding et al., 2016). This theory needs further investigation including 

indicators of fetal responses (e.g. fetal heart rate) to elucidate impacts upon the fetus. However, 

phasically reduced placental oxygenation for extended periods while the mother is quietly standing 

may result in episodes of oxygenation challenge to the fetus. Cumulatively or in addition to pre-

existing placental insufficiency or chronic hypoxia, a recurring oxygenation challenge may 

represent a stressor to which the fetus cannot adequately defend itself. 

5.4.2 Non-invasive testing of cardiovascular autonomic responses 

There is a heterogeneity in the existing literature regarding non-invasive maternal cardiovascular 

autonomic measurements, assessed by changes in heart rate and blood pressure (see Chapter 2). 

This has been observed by other reviewers looking at non-invasive measures of maternal 

cardiovascular autonomic function (Ekholm & Erkkola, 1996; Fu & Levine, 2009; Fu, 2018; Rang 

et al., 2002) and in reviews of HRV in complicated pregnancies (Moors et al., 2020). Taking this 

into account, the methodological approach for this thesis was highly standardised and well 

designed as described below (section 5.5.1). The protocol used in this thesis is clinically relevant, 

assessing meaningful changes throughout pregnancy, and translatable into clinical practice. The 

protocol is easy for the subjects, requires minimal equipment, is non-invasive, and was acceptable 

to the women involved. Going forward, similar protocols should be used to assess maternal 

cardiovascular autonomic function throughout pregnancy. Protocols may be shortened where 

relevant, for example excluding right lateral measurements if deemed unnecessary. However, the 
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methodological approach using full decubitus positioning, nulligravid control groups, 

standardisation of testing conditions and measurements, and appropriate statistical techniques 

should not be changed.  

The research in this thesis determined that referent position measurements should be taken 

immediately prior to the position being assessed. There was an effect of order on the referent 

position measurements, where referent positions further along in time (i.e. left 2 and left 3) were 

significantly different from the first left referent position (left 1). Effects of the preceding position 

on subsequent referent measurements were minimal. Cardiovascular autonomic responses adjust 

rapidly to the new referent position, even following positions that cause large cardiovascular 

autonomic changes (i.e. standing). It is not the positions that occur between referent measurements 

that cause the effects of order, but the progression of time that is more important to consider. This 

is likely affected by subtle continuing cardiovascular changes as time spent recumbent increases, 

as initial changes in plasma volume between upright and recumbent are rapid but can take up to 

60 minutes to stabilise (Hagan et al., 1978). It is unlikely that the progression of time was due to a 

learning effect as the effects of progression of time on referent position measurements were similar 

at each gestation. Thus, as determined by this thesis, referent position measurements should 

immediately precede the testing position in future studies.  

An optimal assessment of non-invasive cardiovascular autonomic function would include a mix 

of traditional (time and frequency domain) and non-linear methods of HRV. Traditional techniques 

are useful to identify the magnitude of fluctuations in heart rate, are simple, and well established 

in the literature. However, non-linear measures are useful to highlight changes in heart rate that 

may not be apparent using other measures, such as the instability in heart rate while standing in 

late pregnancy, as identified in this thesis.  

5.5 Strengths and limitations of this thesis 

5.5.1 Strengths of this thesis 

The methodology used in this thesis was developed after identification of the heterogeneous 

methodological approaches and variable results in the existing literature (Chapter 2). The protocol 

used in this thesis sought to minimise any inconsistencies in the data due to unstandardised 

techniques or potential confounding variables. The strengths in the methodological approach of 

this thesis are outlined below. 

The methodology in this thesis used a highly standardised analytical approach incorporating both 

traditional time and frequency domain methods of HRV as well as complex non-linear analyses. 
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Traditional time and frequency domain measures have relatively well established physiological 

correlates (Task force of the ESC/NASPE, 1996), in particular cardiovagal contributions to HRV 

(Hayano et al., 1991). The incorporation of non-linear techniques provides further information on 

correlations and complexities in the recording that may help solve questions left unanswered by 

traditional techniques (Sassi et al., 2015). The combination of analysis techniques used in this 

research allows a comprehensive analysis of non-invasive cardiovascular autonomic function 

measured by changes in heart rate and blood pressure.  

Multiple positions were used in this thesis to assess reflex heart rate and blood pressure responses 

to an acute physiological stress of reduced venous return. Left lateral was used as the referent 

position for this thesis principally to avoid aortocaval compression, but also as it is associated with 

decreased risk of stillbirth compared to supine (Cronin et al., 2019) and is consistent with other 

studies of maternal cardiovascular function (Humphries et al., 2018; Humphries et al., 2020; Stone 

et al., 2017a; Stone et al., 2017b). Left lateral was the referent position at all stages of gestation 

and in non-pregnant women to remove any variation resulting from a change in referent position 

at different points of gestation, as has occurred in previous studies (Ekholm et al., 1994). Standing 

represented a physiological stress throughout gestation and in the non-pregnant state, whereas 

supine only represented a physiological stressor in late pregnancy. The right lateral position was 

included as it was unclear from the original Auckland Stillbirth Study (Stacey et al., 2011a) and 

from local MRI data (Humphries et al., 2020) whether anatomical vascular asymmetry seen in 

humans would affect cardiovascular autonomic function.  

The use of full decubitus positioning (left lateral, right lateral, and supine) reduces any unknown 

effect of aortocaval compression that occurs in tilted positions and is a strength of this thesis. For 

example, it has been established that a 15° left lateral tilt in late pregnancy does not significantly 

alter blood volume through the inferior vena cava compared to supine, though blood volume 

significantly increases at 30° and 45° left lateral tilt (Higuchi et al., 2015). Unless blood flow 

through the aorta and inferior vena cava are concurrently measured with non-invasive 

cardiovascular autonomic measurements, different levels of tilt – in both left lateral and supine 

(e.g. 45° recumbent tilt) – have unknown effects on aortocaval flow, and thus on cardiovascular 

autonomic function. 

The use of active standing as opposed to tilt-table measurements is a strength of this thesis. Passive 

tilt-table upright positioning has a different response to active standing, likely due to the 

involvement of muscle and abdominal compression reflexes (Wieling & Karemaker, 2012; 

Wieling et al., 2007). This thesis sought to describe maternal cardiovascular autonomic responses 

through measurement of heart rate and blood pressure changes in response to real-world 
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physiological stressors. For this reason, use of active standing allowed the results of this thesis to 

be translated into real-world scenarios. 

Using several direct position comparisons (i.e. right, supine and standing positions compared to 

the left lateral position) and comprehensive analysis methods (i.e. traditional and non-linear 

methods of HRV) are novel aspects of this thesis. Often, position comparisons in the existing 

literature lack sufficient statistical information to draw accurate conclusions on changes in non-

invasive cardiovascular autonomic function between specific positions and/or at specific 

gestations (see Chapter 2 or Kuo et al., 2000; Speranza et al., 1998). The complex multivariable 

statistical technique used in this thesis, including interactions between group and position, allowed 

accurate conclusions to be drawn on the effects of position and the effects of gestation 

(independent or otherwise) and is a strength of this thesis.  

The women recruited to the non-pregnant control group were deliberately chosen as nulligravid to 

prevent any effects of previous pregnancies on cardiovascular and cardiovascular autonomic 

function. This meant that any changes existing post-partum could be established against a true 

non-pregnant baseline.  

The time of day that testing occurred was standardised to reduce effects of circadian rhythms 

(Sammito et al., 2016). Participants were requested to limit their caffeine intake, exercise, and 

meals prior to the visit, and were asked to void urine before the start of testing to minimise effects 

of bladder discomfort. Testing was performed in the same room, at the same temperature range, 

with the same lighting, with the same researcher, and with no unnecessary interruptions to reduce 

confounding effects (Catai et al., 2020).  

Visits within pregnancy were limited to narrow ranges of gestational age at each assessment. As 

established in this thesis, maternal cardiovascular function changes at different stages of gestation. 

Narrow gestational testing windows minimised the effects of varying cardiovascular function on 

cardiovascular autonomic function that may be found with wide gestational ranges.  

The number of women recruited to this study was larger than the majority of studies reported in 

the existing literature investigating non-invasive maternal cardiovascular autonomic function 

throughout pregnancy (see Chapter 2). The larger sample size used in this thesis was intentionally 

chosen to improve the reliability of the statistical results. A larger sample reduces statistical 

variance that can be found in smaller samples (Schmider et al., 2010) and allows for drop-out and 

incomplete visits while maintaining a successful follow-up rate of 80% (Peat, 2002). 
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As described earlier, the progression of time spent recumbent does have an effect of referent 

position measurements. Using referent position data recorded immediately prior to the new 

position minimised any change that may be due to the progression of time, rather than a change in 

position. The randomised order of right and supine also contributed to the reliability of the results 

gained from this thesis, minimising any order effect. 

The use of deep breathing was also a strength of this study, as an assessment of cardiovascular 

autonomic function under a condition that predominantly tests cardiovagal function (Shields, 

2009). Deep breathing in pregnancy has been assessed previously (Rang et al., 2004; Vikhe et al., 

2019), however, as described in Chapter 2, existing studies have methodological issues and quality 

concerns that reduce the reliability of their results and prevent direct comparison with the results 

in this thesis. The complex analyses of HRV used in this thesis during deep breathing and under 

resting conditions in different positions has produced novel results using a robust methodology. 

Finally, a fundamental strength of the protocol used in this thesis was that the protocol was audited 

(through feedback from participants). The protocol was found to be acceptable to the women who 

participated. Though some constructive feedback was given, for example regarding accessibility 

and location, the knowledge that this protocol is acceptable to women throughout their pregnancy 

gives it meaningful real-world and clinical applicability for future studies. 

5.5.2 Limitations of this thesis 

One of the main limitations to this thesis was that the length of analysis within each position was 

limited to five minutes. A five minute recording was chosen for analysis to be consistent with 

short-term HRV guidelines (Task force of the ESC/NASPE, 1996) and to take into account 

participant comfort and time availability. As described historically and shown in the results of this 

thesis (section 4.6.4), women in late pregnancy find the supine position uncomfortable. Most 

women who find the supine position intolerable have symptoms within minutes (Kinsella & 

Lohmann, 1994). However, it can take up to 30 minutes for women in late pregnancy to develop 

symptoms of discomfort in the supine position (Humphries et al., 2018; Kinsella & Lohmann, 

1994). The five minute recording used in this thesis may not have fully included all physiological 

changes. This was accepted as a limitation of the protocol that was balanced with consideration of 

maternal comfort and time availability. As time spent in each position was standardised, the testing 

time for the protocol used in this thesis was approximately 60 minutes. It was felt that 60 minutes 

was an acceptable length of time to request women to perform testing. While multiple five minute 

recordings could be used to maintain standardisation if recording time in each position was 

lengthened to 30 minutes for example, the total testing time would increase to three and a half 
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hours. The 60 minute protocol used in this thesis was acceptable to most participants, as indicated 

by post-testing feedback. However, some constructive feedback indicated that the visits would be 

better if they were shorter, suggesting longer testing times would be unacceptable to participants.  

The analysis methods chosen to assess maternal cardiovascular autonomic responses were non-

invasive heart rate and blood pressure measurements. Non-invasive measures mean that 

measurement of sympathetic and parasympathetic activity was indirect. However, invasive studies 

(e.g. MSNA) were determined to increase the risk to participants and were inappropriate for this 

research project. HRV measures, particularly traditional time and frequency domain (HF power) 

measures, are well correlated with changes in cardiovagal function assessed by pharmacological 

studies (Billman, 2013; Hayano et al., 1991; Task force of the ESC/NASPE, 1996). Correlations 

with sympathetic activity are less definitive (Billman, 2013; Houle & Billman, 1999) however 

HRV reflects changes in frequency domain analysis of MSNA during sympathetic activation 

resulting from head-up tilt (Furlan et al., 2000). HRV, along with heart rate and blood pressure 

measurements, were determined to be an appropriate and clinically accepted non-invasive 

assessment of cardiovascular autonomic responses.  

Continuous non-invasive blood pressure measurements using a CNAP ® device was found to be 

problematic. Aside from differences in hydrostatic pressure affecting measurements (Foley, 1971; 

Netea et al., 1998) that were corrected for, the CNAP ® is highly affected by movement of the 

hand and fingers (Raggi & Sakai, 2017), which often occurred during position changes and during 

rest. Though the CNAP ® was recalibrated after each position change, not all participants were 

able to keep their finger and hand perfectly still during recordings, contributing to artefact and 

increasing loss of data. Additionally, the length of time the CNAP ® took to calibrate (two to three 

minutes) meant there was further data loss. 

The ethnicity of participants in this study was not as diverse as anticipated. Māori women represent 

approximately 25% of women giving birth in New Zealand (Ministry of Health, 2017), thus, it was 

hoped that a comparable proportion of Māori women would be recruited to this study. ADHB 

community midwives and the walk-in midwife centre, general practice clinics, obstetricians, 

ultrasound practices and fertility clinics were approached to assist in advertising this study, as well 

as advertising though social media in order to reach a broad demographic of potential participants. 

Though the information gained from this thesis is valuable and likely translatable into the general 

population, a more diverse participant population in future studies would be advantageous.   

Blood pressure in this research was measured from the arm, above the level of aortocaval 

compression, which may not always be representative of blood pressure throughout the body. For 
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example, while supine, below the level of aortocaval compression maternal blood flow through 

the abdominal aorta at the level of the bifurcation decreases (Humphries et al., 2018), as does blood 

flow through the uterine arteries (Jeffreys et al., 2006). While the maternal cardiac autonomic 

nervous system responds and maintains blood pressure above the level of aortocaval compression, 

measurements taken in this thesis do not necessarily reflect what is happening below the level of 

compression and through the uterine vessels.  



Conclusion 

 

214 

6 Conclusion 

This thesis has established a normal baseline dataset of non-invasive cardiovascular autonomic 

measurements throughout pregnancy using standardised methodology which may be used for 

future research. The development of this dataset is a major novel contribution of this thesis to the 

existing knowledge base. The combination of paired left lateral referent measurements for each 

position, consistent recumbent positioning (i.e. without tilt) including right lateral, longitudinal 

measurements throughout pregnancy and post-partum, a nulligravid control group, complex and 

traditional HRV measures, and appropriate statistical analysis helped develop this novel body of 

work. The protocol used in this thesis was acceptable to the women who participated. Slight 

modifications to the protocol, for example exclusion of right lateral if deemed unnecessary, may 

assist in making it more translatable into clinical practice.  

Women in early pregnancy have increased sympathetic and modulated parasympathetic cardiac 

activity compared to non-pregnant women but equivalent responses to an acute physiological 

challenge. Left, right, and supine positions produce similar responses in both early pregnancy and 

nulligravid women, indicating neither right nor supine are more stressful than left lateral. Women 

in early pregnancy are able to appropriately modulate their autonomic function in response to a 

physiological challenge of reduced venous return such as standing.  

Sympathetic cardiac activity continues to increase, and parasympathetic cardiac activity decreases 

with advancing gestation. Pregnant women are still able to modulate their cardiac autonomic 

function to respond to position change, however, the magnitude of response may decrease under 

conditions of physiological stress particularly in late pregnancy. Left and right lateral positions 

produce similar responses throughout gestation. Supine and left lateral positions produce similar 

responses in early and mid-pregnancy, indicating the two positions are similar physiological 

stressors. However, in late pregnancy, cardiac responses in the supine position demonstrate several 

significant differences, indicating increased physiological stress generating a cardiovascular 

autonomic response. The maternal cardiovascular autonomic nervous system, as measured by 

changes in heart rate and blood pressure, responds to the decrease in venous return while lying 

supine in late pregnancy and maintains maternal blood pressure above the level of aortocaval 

compression.  

However, maintenance of blood pressure above the level of aortocaval compression does not 

necessarily reflect what is happening below, as cardiac output and uterine blood flow has been 

shown to be reduced in the supine position in late pregnancy. Reductions in uteroplacental blood 

flow while the mother is lying supine may present a hypoxic challenge to which a vulnerable fetus 
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may not adequately adapt. There is a physiologically plausible link between the supine position in 

late pregnancy and stillbirth. The comparison of supine and left lateral positions in late pregnancy 

can be used to assess maternal cardiovascular autonomic function under acute physiological stress. 

Standing remains a physiological stressor throughout gestation. While blood pressure is 

maintained (or increased) in response to standing, the ability of cardiac autonomic function to 

respond to the stress is reduced with advancing gestation. Additionally, there is a subset of women 

who demonstrate an unstable heart rate pattern while standing that requires further investigation. 

The length of time that these oscillations may continue for was unable to be elucidated from this 

thesis. These women with an unstable heart rate response while standing in late pregnancy also 

have a decreased blood pressure while supine compared to women with a stable heart rate pattern 

while standing. While overall cardiovascular autonomic responses measured by non-invasive 

methods remain comparable to women with stable heart rate, there is potentially an insufficient 

response in women with an unstable heart rate pattern that impacts upon blood pressure. 

Furthermore, this may mean that these women with an unstable heart rate pattern while standing 

are potentially more at risk of a deficient maternal cardiovascular autonomic response than others.  

Maternal cardiovascular autonomic responses essentially return to a non-pregnant state post-

partum. However, there are subtle ongoing changes in HRV, indicating ongoing cardiovascular 

autonomic effects post-partum. Ideally, nulligravid women should be used as non-pregnant 

controls when investigating non-invasive measurement of heart rate and blood pressure responses 

as an assessment of cardiovascular autonomic function in pregnancy. 

Non-linear HRV measures have proved valuable in identifying differences in heart rate responses 

that are not apparent by other traditional measures of HRV (e.g. while standing in late pregnancy). 

Non-linear measures should be included along with traditional HRV measures in future research. 

Clinical investigations should include left lateral, supine, and standing positions to fully assess 

maternal cardiovascular autonomic responses under different ‘day-to-day’ physiological stressors. 

Maternal cardiovascular autonomic responses to physiological stressors have begun to alter by 

mid-pregnancy, indicating future testing should include measurements in all three trimesters to 

fully understand how and when alterations may occur. 

In conclusion, maternal cardiovascular autonomic function is affected by gestation and the position 

of the mother when measurements are taken. Maternal cardiovascular autonomic changes begin 

early (< 12 weeks gestation) and appear to resolve by 6 weeks post-partum.  
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6.1 Future directions 

1. Investigation of pregnancies with complications such as pre-eclampsia, using the 

protocol from this thesis and in comparison to the dataset from this thesis.  

A normal baseline dataset, as developed in this thesis, is important for use as a comparative group 

when investigating women with pregnancy complications that may have altered cardiovascular 

autonomic control, such as pre-eclampsia. As established in Chapter 1, pregnancies complicated 

by pre-eclampsia are associated with altered autonomic control that may affect cardiovascular 

adaptations to pregnancy. Identification of altered autonomic control prior to clinical presentation 

of pregnancy complications may be useful to support clinical or therapeutic interventions to 

minimise adverse outcomes. Recruitment of women with complicated pregnancies (or a history of 

pregnancy complications) and testing of maternal cardiovascular autonomic responses using the 

protocol from this thesis (including traditional and non-linear HRV measures) may be the next 

step. Maternal cardiovascular autonomic responses under different conditions of normal day-to-

day physiological stress will help elucidate whether there is a variation in autonomic function in 

some mothers that may impact upon placental perfusion and place a vulnerable fetus at risk.  

2. Additional analysis of the data collected in this thesis using heart rate instability while 

standing in late pregnancy as grouping criteria 

Additional analysis of women with (or without) heart rate instability while standing in late 

pregnancy using the position and gestational comparisons used in this thesis may help elucidate 

how heart rate instability while standing may affect maternal cardiovascular autonomic function 

throughout gestation. It is of interest to investigate whether it is the women with stable or unstable 

heart rate patterns while standing in late pregnancy who have an inappropriate autonomic response 

and thus may be more at risk of uteroplacental under perfusion. Further investigations could 

include assessment of differences in abdominal blood flow between the two groups while lying 

supine using MRI studies, or differences in peripheral vasoconstriction while standing. 

Stratification of the groups using sample entropy may be the first step with cross-referencing of 

current qualitative scoring. Analysis of early and mid-pregnancy measurements will help 

determine at what point differences in heart rate and blood pressure responses may begin. It would 

also be of interest to investigate the qualitative responses of positional comfort in these women to 

determine whether any qualitative factors may also identify women with heart rate instability. 
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3. Analysis of uterine activity and fetal heart rate in women with and without unstable 

heart rate patterns while standing in late pregnancy. 

Further from ‘Future Direction 2’, it would be of interest to assess whether maternal cardiovascular 

heart rate stability (or instability) while standing in late pregnancy has effects on the fetus. Fetal 

heart rate was recorded in this thesis for safety reasons but it was not analysed as it was not part 

of the original aim to investigate maternal cardiovascular autonomic function. Analysis of the 

relationship between uterine activity and any changes in fetal responses may include assessment 

of fetal heart rate decelerations or changes in behavioural state. Assessing the start and end of 

uterine activity relative to the start and end of heart rate oscillations would help determine their 

relationship (e.g. does uterine activity occur prior to, and potentially elicit, heart rate changes). 

4. Further recruitment and investigation of maternal cardiovascular autonomic 

function, including measurement of peripheral resistance, in women with unstable 

heart rate patterns while standing in late pregnancy. 

As demonstrated in this thesis, a large proportion of women demonstrate unstable heart rate 

patterns while standing in late pregnancy. Further investigation using a large cohort of women in 

late pregnancy to investigate cardiovascular and cardiovascular autonomic changes while 

standing, including measurement of peripheral resistance, cardiac output, and lower body blood 

flow will further elucidate physiological effects on the mother and the fetus. Cardiovascular 

autonomic measurements assessed by HRV should include both traditional and non-linear 

measures. As demonstrated by the results in this thesis, non-linear measures can highlight changes 

in HRV that may not be apparent using other traditional measures. Women with pregnancy 

complications known to be associated with altered sympathetic activity or vasoconstriction (e.g. 

pre-eclampsia, gestational hypertension) should be included to help elucidate whether heart rate 

oscillations while standing may be affected by differences in vasoconstriction or sympathetic 

activity. If altered heart rate patterns while standing are determined to be a marker of 

cardiovascular autonomic insufficiency, this would be clinically relevant and may contribute to 

identifying pregnancies at risk of placental insufficiency. As commented in 1984, there is a need 

for further investigation of these women with circulatory changes while standing in late pregnancy 

(Schneider et al., 1984). However, it appears this discovery has been lost in the passage of time. 

Over 35 years later, this subgroup of women is still evident, and the potential clinical importance 

of these findings cannot go un-investigated. 
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6.1.1 Summary 

As consistently demonstrated throughout this thesis, the importance of using a robust standardised 

methodology to accurately determine maternal cardiovascular autonomic responses throughout 

gestation cannot be overstated. For example, clear maternal positioning that includes left and 

supine without tilt and active standing should be routinely used. Future research investigating 

maternal cardiovascular autonomic responses should incorporate the standardised protocol used in 

this thesis. However, future researchers may choose to limit the protocol to those sections 

applicable for their research. For example, if investigating heart rate instability while standing, the 

protocol may be limited to left lateral and standing positions. If investigating the effects of the 

supine position on maternal responses, the protocol may be limited to full left lateral and supine 

(without tilt). This thesis has also demonstrated the need to include both traditional and non-linear 

measures of HRV in assessment protocols to give a full picture of maternal cardiovascular 

autonomic function (as measured by heart rate and blood pressure responses) throughout gestation.  
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7 Appendix 1: Study documents 

7.1 Patient information sheet and consent form 
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7.2 Pre-test questionnaire 
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7.3 Post-test questionnaire 
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