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ABSTRACT
Unexplained stillbirth is the leading cause of antenatal death in developed countries, accounting for 71103 unborn children dying each year in New Zealand between 2007 and 2013. Recent evidence
suggests maternal sleep and sleep position may be associated with an increased risk of late stillbirth.
If something as simple as changing maternal sleep position, or even reducing the time spent in a certain
position, could decrease stillbirth risk, then it clearly warrants further investigation. This thesis aimed to
describe sleep in healthy late pregnancy, particularly as it relates to maternal sleep position. It was
hypothesised that changes in maternal sleep position would produce measurable physiological effects.
This thesis found that conventional measures of maternal physiology when awake, and conventional
measures of sleep-disordered breathing when asleep, were unable to detect an effect of changing
maternal position. However, using more detailed analyses of data collected during a respiratory sleep
study demonstrated that supine sleep produces pronounced physiological effects. The right-lateral
position demonstrated a physiological effect when awake, consistent with previous case-control studies
demonstrating increased risk of the right-lateral sleep position, but no physiological difference was
demonstrated here during sleep. This suggests that avoiding the supine sleep position is important, but
right-lateral is no more harmful than left-lateral. The physiological and behavioural descriptions of sleep
demonstrated how healthy late pregnancy differs from healthy non-pregnant women, and thus how
analyses can be modified to detect important effects in this population. Whilst potentially-harmful
physiological effects of the supine position were demonstrated, the pregnant women in this thesis
display physiological and behavioural characteristics that appear to protect against prolonged exposure.
Finally, this thesis demonstrated that mothers in late pregnancy can recall sleep with moderate
accuracy, particularly sleep-onset position, which was implicated in stillbirth studies.
This thesis reports a number of physiological and behavioural observations that support the findings in
previous New Zealand stillbirth case control studies, and described normal physiology and behaviour
in healthy late pregnancy. It has also developed assessments of maternal physiology during sleep that
can be replicated in future studies of healthy and high-risk pregnancies, with recommendations on how
future research can expand on the methodologies used here.
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INTRODUCTION
The death of an unborn child is a highly traumatic event. In developed countries, unexplained late
stillbirth is a leading cause of perinatal mortality. Limited knowledge of the causes of the perinatal loss
challenges approaches towards prevention. In high-income countries, evidence is accumulating that
late stillbirth in normally-formed babies may be associated with certain maternal sleep practices, which
is consistent with data suggesting that, when estimated time of death is able to be determined, the
majority of intrauterine deaths occur in the evening or at night [1]. The focus of this thesis is on a number
of physiological parameters that may be affected by maternal position during sleep, which may lead to
fetal death in a vulnerable pregnancy.
Often there is a known cause of death, such as congenital anomalies, infections, intrapartum deaths,
or antepartum asphyxia, but a meaningful proportion of fetal deaths are of unknown or unspecified
cause [2, 3]. Even when the cause of death is determined, why it occurred in that particular case may
still not be fully understood. In sudden unexpected death in infancy (SUDI), colloquially known as “cotdeath”, there is the “triple-risk hypothesis” [4]. The model proposes that not one single factor leads to
infant death, but rather the interplay between three factors. For example, an infant who is 1) in some
way vulnerable (i.e. preterm, antenatal exposure to maternal tobacco or alcohol use), 2) during the
critical development period, is 3) exposed to exogenous stressors such as being put to sleep in the
prone position and/or the parental bed, leading to SUDI [5]. It has been proposed that a similar “triplerisk model” might be related to unexplained late intrauterine death and stillbirth [6]. Figure 1 illustrates
the similarity between these two hypothetical models. For example, a 1) woman with existing pathology,
2) carrying a fetus (or placenta) that is compromised in some way, 3) may be exposed to an external
event or factor that could result in an adverse fetal outcome, the most severe being fetal demise. Current
evidence suggests this is a plausible explanation, with the mother’s sleep behaviour (particularly sleep
position), or perhaps a combination of sleep behaviour and physiology during sleep, playing a significant
role [7].
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Figure 1: Triple-risk models for sudden unexpected death in infancy (SUDI) and stillbirth.
The SUDI diagram is adapted from the Galland & Elder [5] adaptation of the Filiano & Kinney [4] model. The
stillbirth diagram is adapted from the Warland and Mitchell model [6].

1. Definition of stillbirth and late stillbirth
Internationally, the definition of stillbirth varies greatly, with a greater variation noted in high-income
rather than low-income countries [8]. The variation is largely due to the gestational age at which fetal
demise is specified [9], as gestational age is the most widely used stillbirth criterion [8]. The Lancet
Stillbirth Series defined stillbirth as “all pregnancy losses after 22 weeks of gestation” in their analyses,
but noted that the WHO definition is fetal death at ≥28 weeks gestation (or birthweight ≥1000 grams or
body length ≥35 cm), whereas in the UK it is from 24 weeks, and USA, Australia and New Zealand from
20 weeks gestation [10]. The Auckland Stillbirth Study [7, 11] investigated stillbirth from 28 weeks
gestation onwards (“late stillbirth”), excluding deaths from congenital abnormalities and multiple
pregnancies. Intrapartum fetal deaths were included, however they account for a small proportion of all
late stillbirths (0.12/1000 in 2013 [3]). Therefore, for the purposes of this thesis, late stillbirth relates to
intrauterine death from 28 weeks gestation onwards (excluding intrapartum death and deaths from
congenital abnormalities or multiple pregnancies).

2. Epidemiology of late stillbirth
There were an estimated 3.03 million stillbirths worldwide in 1995 (uncertainty range 2.37 - 4.19 million),
decreasing in 2009 to 2.64 million (uncertainty range 2.14 - 3.82 million) [12]. This equated to a 14.5%
decrease in worldwide rate over the 14 year period, from 22.1/1000 births in 1995 to 18.9/1000 births
in 2009 [12]. New Zealand sources reported significantly decreased national stillbirth rates from 2007
(5.6/1000 births) to 2013 (5.1/1000 births, p = 0.015) [3]. These rates are much greater than those
reported for New Zealand for the 2007-2009 period by the Lancet Stillbirth Series (3.2/1000 total births)
[12], due to the differing definitions used. When the UK stillbirth definition was used, the 2013 rate
decreased to 3.4/1000 births (from 307 to 202 total stillbirths), similar to the Lancet Stillbirth Series [12].
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The 2007-2013 reduction in antenatal deaths at-term (≥37 weeks) was observed most in the 30%
decrease in absolute numbers of unexplained antenatal deaths (p = 0.033) [3]. It is worth noting that
the same source lists unexplained antepartum death as consistently being the largest category of total
deaths, the leading “cause” of stillbirth (29.6% in 2013). In real terms, unexplained antepartum deaths
accounted for between 71 and 103 unborn children dying every year in New Zealand between 2007
and 2013 [3]. Such a large number of deaths of unknown cause are clearly a concern, warranting further
investigation.

3. Risk factors for late stillbirth
The causes of stillbirth are numerous, and likely interactive. A meta-analysis identified advanced
maternal age (≥35 years), any maternal smoking, primiparity, pre-existing hypertension and pre-existing
diabetes as the most prominent potentially modifiable risk factors in the top-five ranked high-income
countries with the greatest number of stillbirths (Australia, Canada, Netherlands, UK, and USA, adjusted
OR 1.4-2.9) [9]. The highest ranking modifiable risk factor was maternal overweight and obesity
combined (body mass index (BMI) >25 kg.m-2). This contributed to 8-18% of stillbirths in the top-five
ranking countries (5352 in total) and 8064 stillbirths across all high-income countries included in the
review, with both values notably greater than for the other respective risk factors. The authors of the
meta-analysis [9] acknowledged that systematic reviews and meta-analyses do not take into account
the interdependence of multiple risk factors. They also noted, however, that targeting multiple
interdependent variables can be an effective preventative strategy. The potential importance of
maternal obesity is realised when considering its influence on other factors proposed to be of
importance in the stillbirth triple-risk model, explained below.

4. Sleep and pregnancy complications
Adverse pregnancy outcomes may be related to maternal sleep. With pregnancy there are increased
demands on the respiratory and cardiovascular systems and a marked increase in maternal weight.
These all contribute to decreased sleep quality, with greater sleep fragmentation [13, 14], increased
arousals [14], and other indicators of sleep-disordered breathing (SDB) such as snoring [15] and a
progressively increased apnoea-hypopnoea index (AHI) [14]. Self-reported snoring is a low-cost and
frequently-used method of indirectly identifying the presence of SDB. The prevalence of snoring is noted
to increase significantly in pregnancy [16-19] and has been associated with the pregnancy
complications [17, 20-25] and fetal outcomes [22, 26-28]. However, it is also worth noting that several
papers have demonstrated no link between self-reported snoring and pregnancy outcomes [15, 29, 30].
Objectively measured SDB had been noted in a few small studies to have a potentially causative
relationship with acute maternal cardiovascular changes in late pregnancy [31, 32], as well as acute
changes in fetal wellbeing [33-35]; this findings require further investigation.
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5. Sleep and risk of stillbirth
An important case-control study which instigated this thesis, The Auckland Stillbirth Study [7], identified
a notable link between maternal sleep behaviour and stillbirth, in particular the increased risk associated
with sleeping in any position other than left-lateral. The relationship between subjectively reported
symptoms of SDB and pregnancy outcomes are well documented [18-20, 22, 36], and a maternal-fetal
fatality attributed to supine sleep has been published [37]. However, The Auckland Stillbirth Study [7]
was the first epidemiological study to identify the relationship between sleep position and the incidence
of stillbirth (subsequently replicated [1]). Indeed, the Lancet stillbirth series failed to mention sleep at all
(http://www.thelancet.com/series/stillbirth) [8, 9, 12, 38, 39]. The population attributable risk for the nonleft sided sleep position in The Auckland Stillbirth Study was later reported to be 37% (measured
between July 2006 and June 2009) [40], which is substantially greater than the 8-18% attributed to
excessive maternal BMI, the highest ranking modifiable risk factor in the Lancet stillbirth series [9]. The
potential for supine sleep to exacerbate pre-existing SDB may be of importance regarding stillbirth,
given the association between maternal SDB and low birthweight [20, 22, 26-28], and that fetal growth
restriction has been demonstrated to be a risk factor for stillbirth [41]. Confusingly however, SDB has
also been associated with large for gestational age pregnancies [19, 29].

6. The triple-risk model and stillbirth
As the triple-risk model for stillbirth [6] proposed, the mechanisms linking supine sleep positions and
stillbirth are likely multifactorial and interactive. The supine position in pregnancy can cause a marked
drop in blood pressure (BP), known as the supine hypotensive syndrome [42], commonly attributed to
aortocaval compression [43]. Aspects of maternal sleep behaviour associated with an increased risk of
stillbirth in The Auckland Stillbirth Study [7] could potentially be related to prolonged aortocaval
compression: non-left sided sleeping (particularly supine sleep), less frequently getting up to use the
toilet, longer sleep duration and regular daytime napping. Supine sleep and regular daytime napping
suggest that SDB is also important. The supine sleep position has been shown to exacerbate moderate
to severe obstructive sleep apnoea in non-pregnant populations [44-47], and napping during the day
may be indicative of excessive daytime sleepiness [48], itself symptomatic of SDB [49] (although it
should be acknowledged that excessive daytime sleepiness is not uncommon in late pregnancy, and
may due to reasons other than SDB). Additionally, Stacey et al. [50] demonstrated an increased risk of
stillbirth with Pacific ethnicity (in the univariable analysis) and obesity, consistent with other published
data [9, 51]. The links between obesity and worsening objective measures of SDB are well-established,
both in pregnant [52, 53] and non-pregnant populations [54]. Pacific ethnicity is disproportionately
affected by SDB; however when anthropometry is controlled for, ethnicity is not an independent risk
factor for SDB [55] or stillbirth [50]. Thus, aortocaval compression and maternal SDB (especially if
exacerbated by obesity) may independently or interactively contribute to the maternal factors of the
triple-risk model [6]. This consideration supports observations made by Flenady et al. [9] regarding the
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interdependence of different stillbirth risk factors when reporting the significance of excessive maternal
body weight. The supine position is unlikely to be a sole cause of stillbirth in an otherwise healthy mother
and fetus. Instead, consistent with the triple-risk model [6], it is likely to interact with other maternal-fetal
factors. Even within the maternal component of the model, there are probable interactions. During
maternal sleep, it is hypothesised that physiological effects of aortocaval compression will interact with
the increased severity of SDB in the supine position, thus increasing the importance of the supine
position in the triple-risk model.
In summary, SDB contributes to conditions that themselves are risk factors for stillbirth [20, 22], SDB is
exacerbated by both the supine position [56] and obesity [52, 54], and obesity has been demonstrated
to be an important risk factor for stillbirth [9, 50, 51]. The relationship between supine sleep and stillbirth
occurrence is therefore a feasible proposition, especially when compounded by aortocaval compression
[42, 43]. If something as simple as changing maternal sleep position, or reducing the time spent in a
certain position, could decrease the risk of stillbirth, then it clearly warrants further investigation.

7. Overall objectives of this PhD study
The Auckland Stillbirth Study raised two important questions with regards to sleep:
1) What physiological mechanisms associated with non-left-lateral sleep may increase the
stillbirth risk?
2) Can pregnant women accurately recall their sleep behaviour, particularly sleep position?
The primary purpose of this thesis is a description of the physiological responses to maternal body
position, identifying possible mechanisms linking maternal sleep position with stillbirth. Firstly, the
physiological responses to different maternal positions are described in a controlled environment with
the mother awake, without any confounding factors related to sleep. This will serve the additional
function of determining the best way to monitor pregnant women during spontaneous sleep, considering
it must be able to describe the effect of position, but also be non-invasive, non-disruptive, reliable and
valid. When the physiological measures fulfilling these criteria are ascertained, it is then possible to
apply them to a sleep setting, observing the response over a whole night. In light of The Auckland
Stillbirth Study findings [7], the need for a description of sleep in normal, healthy pregnancies, in addition
to the physiological effects of maternal position, has also been highlighted [40].
The ability of pregnant women to recall sleep behaviour, in particular sleep position, has been
questioned [57]. Validation of self-recall of sleep in late pregnancy would provide evidence that maternal
self-report could be used to describe sleep practices, both in The Auckland Stillbirth Study [7] and in
future studies. This thesis also aims to provide sufficient knowledge to enable future studies in
potentially vulnerable pregnancies, be that objective physiological assessments or subjective reports of
maternal sleep. Such studies would be necessary before intervention trials aimed at reducing the
occurrence of late stillbirth could be undertaken.
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In summary, the overall primary objective of this thesis is to describe the physiological responses to
different maternal recumbent body positions, both when awake and asleep, in women with healthy, lategestation pregnancies (35-40 weeks).

8. Structure of thesis
This thesis is written to be equally accessible to both the obstetric and sleep physiology disciplines,
which is firstly addressed by the different sections of the literature review. Following an introduction to
the clinical assessment of sleep, the literature on maternal sleep in late pregnancy will be reviewed,
with a particular emphasis on tools that may be applied to the specific physiological peculiarities of late
pregnancy. The physiological effects of maternal position in late pregnancy as assessed by various
methods will then be reviewed. The review will then summarise the available literature on a proposed
method of non-invasively and continuously measuring cardiac output in late pregnancy. Finally, the
issue of subjective reports of maternal sleep in late pregnancy and recall bias will be reviewed. The
reviews will help guide the subsequent methods chapter, which will describe the data collection and
analysis techniques used.
The results chapter will present findings from both awake and sleeping studies in the order in which
they were analysed. First the findings of an investigation of impedance cardiography as a non-invasive
continuous cardiac output estimation will be reported, followed by the cardiovascular response to
maternal position when awake. Next will be the overnight studies, starting with a description of normal,
spontaneous sleep in healthy late pregnancy, and how it differs from that of similarly aged healthy nonpregnant women. Next will be a description of the overnight respiratory and cardiovascular effects of
maternal sleep position. Finally, the accuracy of maternal self-report of sleep practices will be reported.
Analysis of the thesis findings forms the basis of the discussion section with interpretations of results,
and then finally conclusions and recommendations for future research.

9. Hypotheses
This study was designed to test the hypotheses that in late pregnancy:
i.

Non-left-lateral maternal positions result in measurable changes in cardiovascular and
respiratory maternal physiology compared with the left-lateral position.

ii.

The physiological responses to maternal position during sleep are consistent with
corresponding measures obtained when awake.

iii. Pregnant women are able to accurately recall characteristics of normal sleep.
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CHAPTER 1: Literature Review
The subject of this thesis is the physiological effects of maternal sleep position in late pregnancy. The
literature review for this complex, multifaceted topic is presented in three sections. The first section (1.1)
introduces the physiology of sleep, and how it specifically relates to late pregnancy. The second section
(1.2) addresses the primary research question: what are the physiological effects of different maternal
sleep positions? Section three (1.3) will conclude the chapter with a review of the validation of noninvasive methods of assessment that can be applied to maternal sleep.

1.1: Assessment of maternal sleep in late pregnancy
Sleep is an important component of human life, with healthy adults spending around one-third of their
time asleep. The importance of sleep in late pregnancy has been demonstrated in the scientific
literature. The Auckland Stillbirth Study [7] identified a number of characteristics and behaviours
associated with an increased risk for late stillbirth, i.e. non-left-lateral sleep position, reduced number
of position changes overnight, daytime napping, longer sleep duration, obesity and not getting up in the
night to use the toilet. The significance of supine sleep was confirmed by two subsequent studies [1,
58]. Each of these factors, bar the last one, may also be considered symptomatic or causative of sleepdisordered breathing (SDB). The Auckland Stillbirth Study relied on maternal recall of sleep behaviour,
a limitation identified by the authors and in an accompanying editorial [57], which also highlighted the
possibility of recall bias. Thus, an objective physiological description of the effect of maternal sleep
position was required. This section will provide a focussed summary of sleep physiology and its
assessment in pregnancy. The ability, appropriateness and merit of existing tools to assess the
physiology of sleep in healthy late pregnancy will then be assessed, with a focus on physiological
responses to acute events.
1.1.1: Polysomnography: the sleep study
The gold standard clinical assessment of sleep is polysomnography (PSG), colloquially referred to as
a sleep study. Assessments of sleep, however, can range from the very basic, comprising of an
unattended nocturnal pulse oximetry (SpO2) study, to the clinical gold standard Level 1 PSG, performed
as an inpatient assessment with ongoing monitoring in real-time, and more limited measurements of
some of the parameters, variously labelled Level 2 and Level 3 PSG. It should be noted that, as Level
3 and below sleep studies do not include EEG and thus do not measure sleep, they technically-speaking
are not PSG, but rather a cardiorespiratory polygraphy (PG) or cardiorespiratory sleep study. However,
“PSG” is a widely recognised abbreviation and is in common use for sleep studies in general, and for
the purposes of this thesis, Level 3 sleep studies will be referred to as “cardiorespiratory PSG” or “Level
3 PSG” to differentiate them from the Level 1-2 PSG.
Table 1.1 lists the American Academy of Sleep Medicine’s (AASM) recommended components for a
routine in-patient PSG (Level 1) [59], and also the components usually employed during Level 2-4 PSG.
A Level 2 PSG typically comprises of the same measures as a Level 1, the only difference being that it
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is an unattended study (i.e. without ongoing monitoring by a sleep physiologist). The Level
cardiorespiratory 3 study does not include electroencephalography (EEG) for sleep staging. Level 2
and Level 3 PSG also may or may not include infrared video recordings. The Level 4 study can be
considered a simple screening tool, only assessing airflow and oximetry. There are currently no specific
guidelines for the assessment of sleep in late pregnancy, allowing for how it differs from sleep in nonpregnant patients.

Table 1.1: Recommended components of a routine PSG
Measure
“Routine
Level 2
PSG” (Level 1)
In-patient/Unattended
In-patient
Unattended
Electroencephalography (EEG)
•
•
Electrooculography (EOG)
•
•
Chin electromyogram (EMG)
•
•
Leg electromyogram (EMG)
•
•
Airflow signals (oronasal thermal
•
•
flow and nasal pressure)
Respiratory effort signals
•
•
(Thoraco-abdominal)
Oxygen saturation
•
•
Body position
•
•
Electrocardiogram (ECG)
•
•
• indicates measure is included. – indicates measure is not included.

Level 3

Level 4

Unattended
•

Unattended
•

•

-

•
•
•

•
-

The severity of SDB is assessed according to a number of factors, as detailed in Table 1.2. The most
commonly used severity criteria is the Apnoea-Hypopnoea Index (AHI), the combined number of
apnoeas (cessation of airflow) and hypopnoeas (reduced airflow) per hour of sleep. The current AHI
cut-offs for objective diagnosis of the severity of obstructive sleep apnoea (OSA) in adults are ≥5 (mild
OSA), ≥15 (moderate OSA), and ≥30 (severe OSA) events per hour of sleep [60]. An AHI <5/hour is
classified as normal or clinically unimportant (i.e. no OSA). The respiratory event related arousal
(RERA) refers to a reduction in amplitude and/or flattening of the airflow signal that does not meet
criteria for hypopnoea but still results in an arousal. The AHI plus the number of RERAs per hour gives
the respiratory disturbance index (RDI) [59]. The RDI may be a more appropriate descriptor of the
severity of SDB than the AHI in late pregnancy, as it detects events in those not suffering from frank
OSA, but still have obstructive events and are symptomatic. As EEG is required to score a RERA, it
cannot be scored in Level 3 or Level 4 PSG, and consequently, the RDI cannot be calculated from
these studies (although there are some commercially-available Level 3 devices that are reportedly able
to estimate sleep, and thus RDI, in the absence of EEG [61, 62]). In cases of mild OSA, or non-OSA
sleep-disordered breathing (examples of which are introduced below), other measures should be
considered when it is not possible or practical to perform a Level 1 or 2 PSG. Some potential alternative
measures are discussed later in this review.
In addition to reporting the overall sleep metrics over the study period, respiratory events can also be
reported with respect to position, particularly supine versus non-supine and as overall, non-REM
(NREM) and REM indices. Similarly, total sleep time (TST), sleep efficiency and sleep-onset latency
can be reported overall, or with respect to each sleep state in Level 1 and 2 PSG reports. This can give

8

an indication of the normality or otherwise of the patients’ sleep architecture (“the basic structural
organization of normal sleep” [63; p. 34]).
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Table 1.2: Standard measures routinely obtained from PSG.
Measure
Definition
Normal
Level
Level 2
Level 3
Level 4
Range
1
ApnoeaThe number of apnoea &
<5/hour
•
•
•*
•*
Hypopnoea
hypopnoea events per hour
Index (AHI)
of sleep
Oxygen
The number of ≥3% oxygen
<5/hour
•
•
•
•
Desaturation
desaturation events per hour
Index (ODI)
of sleep
Respiratory
Number of arousals related
<5/hour
•
•
Event Related to sub-criteria obstructive
Arousals
events (absolute & relative)
(RERA)
Respiratory
AHI + RERA
<5/hour
•
•
Disturbance
Index (RDI)
Average
Average SpO2 when asleep
>95%
•
•
•
Oxygen
(Levels 1 & 2) or study
Saturation
period (Level 3)
Lowest
Lowest recorded SpO2
•
•
•
•
Oxygen
Saturation
Average
Average amplitude of each
•
•
•
•
desaturation
oxygen desaturation
Saturation <
Relative (% of study time) &
•
•
•
•
80% & 90%
absolute (minutes) time with
SpO2 < 80% & 90%
Arousal Index
Number of arousals divided
<5/hour
•
•
by study duration
Sleep Latency Time from lights off until first
21 (17-24) ‡
•
•
recorded epoch of sleep
(minutes)
REM Latency
Time from lights off until first
105 (94recorded epoch of REM
115) ‡
sleep (minutes)
Sleep Period
Time between first & last
•
•
epochs of sleep (minutes)
Total Sleep
Total time of all epochs of
401 (393–
•
•
Time (TST)
sleep (minutes)
411) ‡
Wake after
Total recording time – sleep
54 (49–60) ‡
•
•
sleep-onset
latency - TST (minutes)
(WASO)
Sleep
TST divided by sleep period
84 (83-86) ‡
•
•
Efficiency
Periodic Leg
Number of PLM events
<5/hour
•
Sometimes
Movement
recorded per hour of sleep
(PLM) Index
Snoring
Commonly a qualitative
•
•
•
•
comment on presence or
absence, & severity of
snoring & association with
obstructive events
ECG
Comment on normality or
•
•
•
otherwise of ECG
•indicates measure is included. – indicates measure is not included. *potentially underestimated due to absence of
EEG, and thus no hypopnoea events related to arousal only. ‡Normal values for women with normal AHI (<5/hour),
presented as the weighted mean (95%CI) [64], other normal values according to AASM 2012 [59].
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1.1.2: Sleep-Disordered Breathing
The disorders of sleep are varied. However, the primary focus of this section of the review will be the
cardiorespiratory responses to sleep and how they may best be assessed in healthy late pregnancy.
Sleep-disordered breathing (SDB) is a term covering all respiratory sleep disorders, including OSA,
obesity hypoventilation syndrome, snoring and upper airway resistance syndrome (UARS). A number
of adaptations in pregnancy may predispose the mother to SDB. The most obvious is increased
maternal weight, sometimes with an accompanying increased neck circumference, both of which are
associated with increased severity of SDB [54, 55, 65]. The other major adaptation in pregnancy that
may predispose women to SDB is the upward displacement of the diaphragm, resulting in decreased
functional residual capacity (FRC), as seen with obesity, and potentially enhanced collapsibility of the
pharynx [65].
The topic of SDB in pregnancy and associated complications has been reviewed extensively (e.g. [6671]), particularly the more severe forms, such as OSA. However, the implications of other forms of SDB
in normotensive, apparently healthy pregnant women with healthy sleep habits and practices have not
been reviewed. Moreover, there has been little research examining the association that any SDB,
regardless of the severity, may have with maternal sleep position, and in turn, fetal outcomes (discussed
in section 1.2). It may also be that the more subtle forms of SDB which are not often considered to be
of great consequence in the non-pregnant population may be important during late pregnancy, such as
inspiratory flow limitation without repeated oxygen desaturations. The sleep in pregnancy literature is
predominated by OSA and hypertensive disorders of pregnancy, and therefore a concise overview of
these two (often interrelated) conditions will provide the context of the implications of SDB in pregnancy.
However, the vast majority of pregnant women have neither OSA or hypertensive disorders, yet still
may experience adverse fetal outcomes. Thus, a more extensive review of the assessment of sleep as
it may appropriately be applied to healthy late gestation women will follow.
Despite the abundance of studies investigating OSA in the pregnancy literature [35, 36, 53, 72-77], the
prevalence of clinically-defined OSA (i.e. an AHI of ≥5/hour) in women, especially pregnant women, is
not well established. An OSA prevalence of 5% [78] and between 6.5-8.5% [67] was reported in nonpregnant women of childbearing age using the criterion of an AHI of ≥5/hour. An Edwards and Sullivan
[67] review from 2008, however, illustrated how the differing definitions of OSA in the literature
complicate prevalence estimates, i.e. AHI ≥5/hour versus AHI of ≥10/hour with excessive daytime
sleepiness. The differing guidelines used to score the PSG can result in widely varied AHI values [60]
(e.g. Chicago, AASM 2007 rules (as well as 1A “recommended” and 1B “alternative” hypopnoea
definitions), AASM 2012), further complicating prevalence estimates. Also, the majority of published
studies of sleep in pregnancy do not involve objective PSG. One large study reported that the
prevalence of clinically-defined OSA was similar between healthy pregnant and non-pregnant women
(3/100 and 2/80, respectively) [18], whereas another study reported a prevalence of 27% in third
trimester women [79]. However, over three quarters of women in the latter study [79] were overweight
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or obese, and almost all with OSA in their population were obese (mean BMI 32.1 ± 5.5). Thus, it is not
possible to report the overall prevalence of clinically-defined OSA in late pregnancy.
The absence of clinically-defined OSA does not necessarily denote an absence of SDB. Rather, a more
appropriate measure may be required. There is a condition called “positional apnoea”, in which the
supine-AHI is at least double the non-supine AHI [56]. However, in the case of an AHI of low numerical
value (i.e. <5/hour), the AHI would not detect the effects of an acute event, such as changing sleep
states or position. In the absence of a measurable effect on AHI, an intervention may still have clinicallyimportant physiological effects. Edwards and Sullivan [67] noted that an AHI ≥1 is considered abnormal
in paediatrics, and resolution of this AHI has clear clinical benefits and resolution of symptoms. Unlike
in paediatrics, there is no adjusted AHI severity cut-off in late pregnancy. As Edwards and Sullivan [67]
suggest, a broader range of measures and symptoms than AHI need to be considered in late
pregnancy.
Snoring is the most commonly reported symptom of SDB in pregnancy, with a reported prevalence of
14-46% [16-19] compared with 4% age-matched non-pregnant controls [16, 18]. Clinically, snoring
reports are often qualitative observations of the PSG snoring signal. However, sleep in pregnancy
research often relies on subjective self-reports of snoring to identify the presence of SDB. Table 1.3
summarises just some of the studies assessing self-reported snoring in pregnancy with prevalence and
any reported outcomes; other variables of SDB measured by these studies will be discussed later.
Prevalence of “habitual” snoring in this group was reported to be between 2.5% [15] and 39% [16, 80],
and 59% in preeclampsia [21]. There are studies that made use of both subjective snoring reports and
objective PSG in relating maternal SDB to other markers of maternal health (e.g. [36, 81]), but reports
of snoring prevalence in pregnancy largely relies on self-reports (or reports of bed-partners [30, 80]),
and also is subject to different definitions and tools to determine its presence and severity. Some simply
use the presence of snoring at least one night per week [82], some using a visual analogue scale [83,
84], or a scale such as the apnoea symptom score [85].
Table 1.3 also demonstrates the inconsistent findings regarding the relationship between self-reported
snoring and pregnancy outcomes. Of the eight studies investigating fetal or neonatal outcomes, only
one reported any relationship with snoring [22]. Franklin et al. [22] reported that habitual snorers, 23%
of their study population, were more likely to have Apgar scores ≤7 and a growth restricted neonate,
compared with occasional or non-snorers. Another paper stated in their discussion that snoring had “no
effect on delivery outcomes”, but they did not present those outcomes with relation to snoring status in
their data [86; p. 127]. O’Brien et al. [17] demonstrated that pregnancy-onset snoring was related to
gestational hypertension and preeclampsia, but that chronic (i.e. pre-existing) snoring was not, in
contrast to Tauman et al. [16], who reported no difference in characteristics or outcomes between what
they deemed chronic snorers, new-onset and non-snorers. Interestingly however, Tauman et al. [16]
noted that new-onset snorers (women who started snoring during pregnancy, 65% of the study
population) demonstrated significantly elevated nucleated red blood cells and plasma erythropoietin in
the umbilical cord blood immediately post-partum. They concluded that pregnancy-induced changes in
maternal respiration during sleep, exhibited by self-reported snoring, are related to subtle changes in
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markers of fetal wellbeing. These subtle changes, whilst perhaps not clinically meaningful in a healthy
fetus, do demonstrate that pregnancy-onset snoring may reflect suboptimal respiration such that it
produces measureable fetal effects.
Unlike the inconsistent relationship with fetal outcome, maternal snoring was more often reported as
having a relationship to pregnancy outcomes, or those related more to the mother than the fetus. Six
studies explored the relationship between snoring and the development of hypertensive disorders [15,
20-23, 85], with four of those studies showing a relationship [20-23], and one also demonstrating that
those who always snore are more likely to develop gestational diabetes [20]. The presence of snoring
was not related to the degree of daytime sleepiness in hypertensive/preeclamptic pregnancies [16, 21,
30, 80]. This may be due to the common occurrence of third trimester daytime sleepiness, irrespective
of the presence or absence of other SDB symptoms, or due to the poor association that screening
questionnaires have with objective SDB measures in pregnancy [73, 76]. Indeed, in the few studies
where it was reported, 4-20% of participants report not knowing whether they snored or not [21, 80, 82].
This may explain why a previous study showed that objectively-measured SDB was related to fetal
outcomes, whereas subjective reports of snoring were not [28].
In summary, subjective snoring predicts changes in maternal condition in late pregnancy. However, it
does not appear sensitive enough to predict measureable changes in fetal wellbeing. In the clinical
setting, reports of snoring are often qualitative, even in a specialised PSG report. In the absence of
clinically-defined OSA in a symptomatic patient, other devices should be utilised to objectively assess
contributory mechanisms. Attempts have been made to quantify snoring, and these were related to
changes in oesophageal pressure [87]. Snoring may thus be considered symptomatic of upper airway
resistance, and consequently this may be where the quantified assessments should focus.
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Table 1.3: Studies on self-reported snoring and outcomes in pregnancy.
Study
Population
Prevalence
Loube 1996
2TM & 3TM, low risk
Frequent: 14%
[88]
(n=350)
Franklin 2000
Immediately post-partum
Habitual: 23%
[22]
(n=200)
Guilleminault
Healthy pregnancies, 6
Chronic & loud: 12%
2000 [84]
Occasional: 44% *
weeks & 6 months
gestation (n=267)
Izci 2003 [82]
Healthy (n=50) and PET
≥1 night/week:
(n=37), 3TM. Healthy
75% (PET), 28% (healthy), 14%
controls (n=50)
(controls)
Izci 2005 [21]
Healthy (n=167) and PET
Habitual: 35% (healthy), 59% (PET)
(n=82), 3TM
“Did snore”: 55% (healthy), 85% (PET)
Pien 2005 [85]

Izci 2006 [80]

Bourjeily 2009
[89]
Bourjeily 2010
[20]
Ayrım 2011 [15]
Tauman 2011
[16]
Kennelly 2011
[86]
O’Brien 2012
[17]
Tauman 2012
[30]
Ursavas 2008
[23]
Sharma 2015
[90]

Healthy women over the
course of pregnancy (n=88
at 33-34 weeks GA)
Healthy 3TM (n=100), nonpregnant (n=100)
NICU (n=101) vs. nonNICU (n=762) mothers
Immediately post-partum
(n=1000)
Admitted for labour
(n=200)
Early labour (n=122),
healthy pregnancies

“Always snore”: 7% at baseline, 13% at
end of pregnancy
Habitual: 39% (pregnant), 16%
(controls). Occasional: 19% (pregnant),
16% (controls) ‡
NICU: 42.1%
Non-NICU: 33.3%
Frequent/always: 35.1%
Habitual: 5/200
Occasional: 36/200
Habitual: 39%

Outcome measures
Fetal outcomes

Related to outcomes?
No.

Fetal outcomes, presence of PIH and
PET.
Changes in BP from 6 weeks to 6
months GA

Related to PIH, PET, Apgar >7, growth
retardation
Non-significant increase in BP from 6
weeks to 6 months GA in chronic vs. nonsnorers.
Significantly narrower upper airway size
and higher BP in snorers.

Relationship with BP & changes in
upper airway size with position
Presence of PET.
Relationship to daytime sleepiness
Relationship between Apnoea
Symptom Score and development of
PIH and PET, and fetal outcomes.
Relationship with daytime sleepiness
& changes in upper airway size with
position.
Predictor of NICU admission

No.
Related to PIH, PET and GDM. Not
related to fetal outcomes.
No.

Fetal outcomes, daytime sleepiness,
fetal erythropoiesis

Not related to fetal outcomes or maternal
sleepiness. Related to enhanced fetal
erythropoiesis.
N/A

No

Presence of PIH, PET or GDM.

Active labour (n=246),
healthy pregnancies

Overall prevalence: 34%
Pregnancy-onset: 25%
Habitual: 32%; of those 26% chronic
snorers, 74% new-onset snorers ‡

3TM (n=469)

Habitual: 11.9%

Presence of PIH or PET

Pre-pregnancy, each
trimester (n=209)

Overall prevalence not stated

Fetal outcomes, presence of PIH or
GDM
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No.

Fetal outcomes, presence of PIH,
PET or GDM
Fetal outcomes, presence of PIH.

“Did snore”: 28.5% before pregnancy,
47% in 3TM.

Post-partum, retrospective
questionnaire on each
trimester (n=200)
3TM (n=1719)

Habitual snoring significantly greater in
PET. Weak but significant relationship
between snoring and daytime sleepiness.
^ No.

Maternal age, weight gain, smoking
rate and sleepiness. Fetal outcomes.

Associated with PIH and PET, but not
GDM.
Increased rate of nulliparity in habitual
snorers than non-snorers. No other
differences.
Habitual snorers more likely to develop
PIH or PET
Associated with PIH. No association with
GDM or fetal outcomes.

Ge 2016 [19]

1TM & 3TM (n=3079)

“Pregnancy outcomes”

Habitual: 16.6%
Pregnancy onset: 11.7%.
Chronic: 4.9%

Chronic: associated with GDM &
placental adhesion.
Pregnancy-onset: associated with
placental adhesion, higher risk of
caesarean, macrosomia, LGA
1TM/2TM/3TM: 1st/2nd/3rd trimester. BP: blood pressure. GDM: gestational diabetes. PIH: pregnancy-induced hypertension. PET: preeclampsia. *Chronic loud snoring reported
by bed-partners, confirmed by PSG. LGA: large for gestational age. Occasional snoring identified by ambulatory PSG. ‡reported by participants’ and bed-partners. ^Apnoea
symptom scores, independent effect of snoring not reported.
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1.1.3: Changes in upper airway during sleep
Self-reported snoring has been linked to pregnancy complications and fetal outcomes, and also to
changes in oesophageal pressure [87]. This suggests that snoring may be a marker of changes in upper
airway size during sleep. Changes in the upper airway size with maternal position change have been
shown in pregnant [80, 82], post-partum [72] and non-pregnant adults [91]. Self-reported snoring has
been associated with a smaller awake upper airway size when supine in late pregnancy [82]. Also
however, self-reported snoring was demonstrated to not be related to changes in upper airway size
[80]. Thus, the calibre of the upper airway may or may not contribute to snoring.
As discussed previously, the AHI is the most commonly used description of the severity of SDB. The
Modified Mallampati grade (MMP) is a clinical assessment of the relationship between the tongue and
the size of the pharynx as these relate to SDB. In addition to body mass index (BMI) and neck
circumference, the MMP score was found to be independently related to an increased risk of OSA, with
significant differences between mild, moderate and severe OSA [54]. Additionally, both the MMP and
neck circumference predicted the presence of positional apnoea. These findings demonstrated that
simple routine clinical examinations of upper airway morphology and anthropometry identifies those at
increased risk of OSA, and those more likely to have increased severity when sleeping supine. Thus,
the importance of the upper airway in SDB is identified.
Objectively measured upper airway size, and its response to maternal position changes, differs between
non-pregnant women, healthy pregnant and preeclamptic women [80, 82], a likely contributor to the
often different forms of SDB seen between these populations. Upper airway resistance syndrome
(UARS) is another, perhaps more subtle, form of obstructive SDB. It is defined as an absence of OSA
at PSG (i.e. AHI <5/hour), inspiratory flow limitation present which is a <30% decrease from baseline
amplitude (i.e. sub-criteria for hypopnoea), mean SpO2 >92%, an RDI >5/hour, and respiratory events
that may or may not be associated with an oxygen desaturation and/or EEG arousal [92]. The AHI is
typically used to describe OSA. The RDI can be used to describe the severity of UARS, as it also counts
inspiratory flow limitation and sub-criteria obstructive events that result in an arousal [59, 92]. The RDI
may therefore be more a suitable metric of SDB severity than AHI not only for UARS patients, but also
when comparing populations with differing forms of SDB.
Even when not pregnant, women are affected differently to men by the anatomical factors that contribute
to SDB severity, and by the type of SDB most prevalent. Using the RDI to describe severity, Mohsenin
[91] investigated the influence of gender and upper airway size (when awake) on the severity of OSA,
the effect of obesity on upper airway size, and the way in which SDB is manifested (i.e. OSA versus
UARS). They found that OSA was more likely in men but UARS was more likely in women of
comparable daytime sleepiness, that pharyngeal area was correlated with OSA severity in males only,
and that women had significantly smaller upper airways than men of comparable BMI. However, neither
upper airway nor BMI differed between UARS and OSA patients of either gender, and BMI correlated
positively with the severity of OSA, but not with pharyngeal cross-sectional area, in both genders. These
findings suggest that, whilst elevated BMI increases the severity of OSA, it is not the major determinant
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of whether the patient will develop OSA or UARS. This also reiterates the importance of UARS in
women.
1.1.4: Obstructive sleep apnoea versus upper airway resistance syndrome in late pregnancy
As discussed above, OSA is typified by recurrent obstructive apnoeas and hypopnoeas (AHI ≥5/hour),
whereas UARS has an elevated number of arousal-causing flow limited breaths (RERA) and a low AHI
(<5/hour) [92]. This review will demonstrate that there is increasing evidence to suggest that inspiratory
flow limitation, the key characteristic of UARS, is important in pregnancy. The low prevalence of OSA
in many of the pregnancy populations studied indicate the need to include a broader range of measures
and symptoms [67]. The importance of airflow limitations in pregnancy was summarised well by
Bourjeily et al. [93, 94]. They observed that SDB has been associated with adverse pregnancy
outcomes, and pregnant women who are symptomatic of OSA often demonstrate more frequent shapedefined airflow limitations, yet few oxygen desaturations and apnoeas and hypopnoeas. Bourjeily et al.
[93, 94] then proposed that subtle airflow limitations may help predict those adverse outcomes, and
thus it is important to identify milder forms of SDB in pregnancy. In addition to the recommendations of
Bourjeily et al. [93, 94], a number of factors point towards UARS, or more specifically inspiratory flow
limitation, being an important measure of SDB in pregnancy. These include differences in the degree
of inspiratory flow limitation between different populations despite an unchanged AHI or ODI [93, 95,
96], the relationship between quantified snoring and oesophageal pressure [87], and the effects of
inspiratory flow limitation on markers of maternal and fetal wellbeing [31, 33]. Flow limitation may be
one measure capable of detecting subtle but important physiological responses, such as those due to
position change, or association with other markers of maternal and fetal wellbeing.
1.1.5: Effects of inspiratory flow limitation in late pregnancy
With the above in mind, a PubMed search was designed examining UARS and/or inspiratory flow
limitation in pregnancy. Using the keywords “UARS” OR “HUARS” OR “Upper airway collapsibility” OR
“Upper airway resistance” OR “Flow limitation” OR “RERA” OR “respiratory event related arousal” OR
“Inspiratory flow limitation” OR “Flattening index” OR “Upper airway flattening” OR “Inspiratory
flattening”), nearly 5000 results were obtained. Including “sleep” as a mandatory term reduced the
number to 665 results, and “pregnancy” reduced it further to only 10 results. Further papers that
specifically investigated inspiratory flow limitation and UARS in pregnancy using objective measures of
respiration and of changes in pressure and size of the upper airway were identified by searching the
suggested “similar articles” in PubMed, and those citing, or cited by, the listed papers. The 27 relevant
papers identified are discussed below.
It is seen from the studies reviewed above that the contributory factors and severity of SDB differ with
the population being studied [80, 82, 91]. The RDI may be more appropriate than AHI in pregnancy, as
it takes into account not only apnoeas and hypopnoeas, but other arousal-causing obstructive breathing
patterns [96]. However, flow limited breaths do not always result in a measurable cortical arousal [65,
97, 98] (i.e. RERA), meaning that RDI may still underreport physiologically meaningful SDB in
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pregnancy. It could be argued that respiratory events are only clinically meaningful if resulting in an
arousal and consequently contributing to daytime sleepiness. There are important considerations with
that supposition however. What makes an arousal clinically important requires definition. To score an
EEG arousal in PSG, it must be ≥3 seconds duration and preceded by ≥10 seconds stable sleep [59],
but it is possible that shorter, sub-criteria arousals are also important. The AASM sleep scoring manual
[59] states that this duration criterion is based on Level 1 evidence, however it has been stated
elsewhere that this criterion was originally set as it was the minimum arousal duration that could reliably
be scored by hand [99]. Hirshkowitz and Sharafkhaneh [99] acknowledged that digital scoring permits
reliable shorter-duration arousals, but with unknown clinical significance. Flow limitation, identified using
oesophageal pressure measurement, has been shown to result in substantial changes in EEG
activation [98]. Spectral analysis of EEG demonstrated measurable changes following respiratory
events, even when the arousal was not visually identifiable. Black et al. [98] did not relate the subcriteria EEG changes to any clinical outcome measure, but noted that increased daytime sleepiness
from non-respiratory induced sub-criteria arousals had been previously demonstrated. Thus, arousals
<10 seconds duration have measurable effects on a clinical outcome, and inspiratory flow limitation
may therefore be important even when it does not result in an AASM-defined arousal [59]. Further
clinical outcomes of inspiratory flow limitation in pregnancy are discussed below.
The other consideration with the RDI is that a Level 1 or Level 2 PSG with EEG is resource intensive,
which may prove prohibitive for some research studies or sleep laboratories. When the resources to
perform EEG are not available, RDI cannot be calculated. Due to the inability to score hypopnoea and
inspiratory flow limitation events related to arousals, the Level 3 cardiorespiratory PSG has been shown
to underestimate severity of OSA [97]. Nerfeldt et al. [97] attempted to improve the diagnostic ability of
the cardiorespiratory PSG through quantification of the inspiratory flow limitation using an algorithm to
measure the “flatness” of individual breaths, and demonstrated poor sensitivity and specificity with the
RDI. This demonstrates that the RDI may not account for all forms of SDB. Whilst these non-arousal
flow limitations are of unproven clinical significance [98, 99], quantification of inspiratory flow limitation
in a Level 3 PSG has been shown to distinguish between healthy and pathological pregnancies [95].
Excessive daytime sleepiness is only one clinical implication of SDB. The link between SDB and chronic
hypertension is being increasingly recognised in both pregnant [36, 100] and non-pregnant populations
[101]. There are notable increases in beat-to-beat BP at termination of obstructive apnoeas [102]. This
effect is increased in late pregnancy compared with postnatally [103], and in preeclamptic women with
OSA compared to pregnant women with OSA only [104]. Additionally, there is increasing evidence that
inspiratory flow limitation is increased in preeclampsia compared with healthy pregnancies [31, 33, 95,
105], and that even in normal pregnancy there is increased inspiratory flow limitation compared with
non-pregnant women of a similar AHI [93, 95]. It has been observed that inspiratory flow limitation (that
did not necessarily cause arousals) is associated with acute changes in maternal BP and CO [31, 32],
which in turn are associated with acute reductions in fetal movements [33]. Positive pressure treatment
of the inspiratory flow limitation resolved these abnormal maternal and fetal responses [31-33].
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Reduced fetal movements [33] are suggestive of an acute response to reduced fetal oxygenation [106,
107], and fetoplacental hypoxia is a potential outcome of maternal SDB [108]. Antenatal hypoxia has
been associated with an increased risk of stillbirth [106]. Whilst the participants of Blyton et al. [33] had
only mild OSA, their findings are consistent with other studies reporting fetal heart rate decelerations
and altered variability patterns suggestive of reduced fetoplacental oxygenation in response to more
severe maternal respiratory events of sleep [34, 35]. Thus, mild SDB can have notable and reversible
effects on the fetus [33], with the likely mechanism being related to maternal BP and/or hypoxia [3133]. As snoring is a symptom of UARS, this potentially explains the association between self-reported
snoring and fetal outcomes (Table 1.3). Not only does inspiratory flow limitation potentially provide a
more useful measure of respiration in sleep in late pregnancy than AHI or RDI, it also provides a
potential prospective target to improve fetoplacental oxygenation, ultimately improving fetal outcomes.
1.1.6: Measurement of inspiratory flow limitation
Now that the potential significance of inspiratory flow limitation to maternal and fetal wellbeing has been
introduced, it is important to next consider the best way to assess it. Clinically, visual assessment of the
nasal pressure signal is the most common method. Figure 1.1 shows three different inspiratory flow
patterns, all of which are characteristic of inspiratory flow limitation [109], the key defining attribute being
the complete absence of roundness during inspiration. Figure 1.2 is a screenshot from our laboratory
showing the contrasting sinusoidal pattern of the unobstructed (“normal”) inspiration (A) followed by
several flow limited breaths (B). These flattened shape of these inspiratory flow limitation patterns
contrast with OSA, which demonstrates large and frequent decreases in nasal pressure amplitude
(hypopnoeas and apnoeas) with corresponding desaturations or cortical arousals, interspersed with
higher amplitude breaths with a round shape.

Figure 1.1: Examples of characteristic breathing patterns showing inspiratory flow limitation.
(from Calero et al.; 2006 [109]).
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Figure 1.2: Screenshot of flow limited breaths.
This figure demonstrates the contrast between normal (A) and flattened/flow limited breaths (B) in one
participant from our laboratory.

Inspiratory flow limitation occurs when oesophageal pressure increases are not accompanied by
increased flow [109]. Therefore, the gold standard for assessing resistance to flow in the upper airway
involves oesophageal pressure measurement. Four of the studies included in this review incorporated
oesophageal pressure transducers into their analyses of inspiratory flow limitation [84, 87, 92, 98].
Inspiratory flow limitation is typified by progressive increases in respiratory effort (oesophageal
pressure), that terminates with an abrupt decrease [84, 98]. The disadvantage of oesophageal pressure
measurement is its invasive nature, and is likely beyond the scope of many sleep laboratories,
compared with nasal pressure cannulas for instance, which can estimate flow.
Like many clinical PSG laboratories, the majority of the inspiratory flow limitation studies in this review
incorporated some form of visual inspection of inspiratory flow limitation [31-33, 93, 94, 96, 110, 111].
Bourjeily et al. [93] identified flow limited breaths by two methods; visual identification of a flattened
shape or visible oscillations in the pressure signal in randomly selected epochs for each stage (“shape
criteria”), and an “amplitude criteria”, which were in effect describing sub-criteria obstructive
hypopnoeas. The shape criteria detected significantly increased inspiratory flow limitation in pregnant
than non-pregnant women. In contrast, the amplitude criteria demonstrated no effect. The findings of
Bourjeily et al. [93] indicate that the inspiratory flow limitation that is of importance in pregnancy is
related to the shape of the curve, and that pregnant women are not simply having “mini-hypopnoeas”
or sub-criteria events. During continuous positive airway pressure (CPAP) titration for treatment of OSA,
Calero et al. [109] identified that adequate treatment had been attained by a roundness of the inspiratory
pressure signal. Conversely, the characteristic shapes (i.e. Figure 1.1) identified inspiratory flow
limitation during gradual down-titration of CPAP pressure with the intention to induce inspiratory flow
limitations, confirmed by large oesophageal pressure swings typical of inspiratory flow limitation. Finally,
the series of studies investigating CPAP treatment of nocturnal haemodynamics in preeclampsia [3133] used visual inspection of the inspiratory flow signal for descriptive and diagnostic purposes, but also
calculated the area under the curve of each breath in order to measure nasal tidal volume. Inspiratory
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flow limitation was reportedly associated with a 17 ± 4% decrease in the tidal volume, but did not result
in oxygen desaturations [32].
The benefit of the visual inspection of the inspiratory flow signal is its simplicity, non-invasiveness and
relatively low cost. The inspiratory flow pattern can be assessed using either a nasal cannula, which is
a standard feature in even limited respiratory sleep studies, or in some studies using the CPAP
differential pressure signal. Subjective visual analyses invite wide inter- and intra-assessor variability,
and are arduous when analysing large data sets. For research studies requiring quantified inspiratory
flow limitation, randomly selected epochs in each stage of sleep have been used [32, 33, 93], and it
was assumed that the samples were representative of the whole sleep period. However, it is possible
that, even when sleep stage is controlled for, sleep architecture could influence the degree of inspiratory
flow limitation. It is not known, for example, if the physiological responses to short periods of inspiratory
flow limitation in REM sleep are the same as during prolonged periods. Therefore, a method that allows
a more automated, objective and temporal analysis of inspiratory flow limitation over the whole night
would be clearly beneficial.
One study involving Level 2 PSG in pregnancy investigated the proportion of sleep time spent with
inspiratory flow limitation, which they described as a “plateauing of the inspiratory nasal pressure flow
signal” [112; p. 636]. In that study, it was not described how this percentage time was determined. It
may have been that they used visual analysis for selected epochs as described above [32, 33, 93], or
perhaps automatic analysis of the “flattened breaths” built into some PSG acquisition and analysis
programs. The flattening index provides a breath-by-breath numerical quantification of the degree of
flattening based on the shape of the inspiratory flow, whereby a value of zero would indicate a
completely flat flow profile (i.e. square wave), and 0.3 is a perfect sine wave [97]. Figure 1.3 is an
example of the flattening index over the whole night from our laboratory. This participant has a high
proportion of flatness of the nasal inspiratory flow, and that it coincides with periods of heavy snoring.
Papers summarised earlier in this review quantified the difference in severity of inspiratory flow limitation
between preeclampsia and healthy pregnancies [105], and at different gestations [95]. Connolly et al.
[95] set the flattening index threshold 0.15, that is, any breath with a flattening index of <0.15 was
deemed to be flow limited. This flattening index reportedly was based on published reports that
flattening indices below this value indicated significant inspiratory flow limitation, triggering auto-titrating
CPAP devices to increase pressure [113]. In this way, Connolly et al. [95] were able to report the
proportion of flow limited breaths over the whole sleep period, and remove potential biases and
inconsistencies associated with subjective visual analyses. Bachour et al. [105] did not describe their
flow limitation analyses in great detail, but did state that it imitated that of Connolly et al. [95]. Nerfeldt
et al. [97] reported the flattening index in two ways: the proportion of single breaths with inspiratory flow
limitation (i.e. with an index of <0.13), and the proportion of three consecutive breaths with inspiratory
flow limitation. However, they only reported the (poor) association with RDI, not whether either measure
of inspiratory flow limitation was related to any other outcome variable, such as depression, anxiety,
Epworth Sleepiness Score, general health self-rating, or supine versus non-supine sleep, all of which
were collected for other parts of the paper. As discussed earlier, the RDI is only one measure of SDB,
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and has its limitations. A lack of relationship between the RDI and inspiratory flow limitation indices
does not denote that the indices are not useful measures, nor that useful information cannot be gained
from a cardiorespiratory PSG, as has been demonstrated [95, 105]. The validity of using the flattening
index from cardiorespiratory PSG studies to assess inspiratory flow limitation has not been refuted, and
the methodology of these two papers [95, 105] appears to have general acceptance in the literature.

Figure 1.3: Flattening index over one night in one participant from our laboratory.
High value on bottom graph indicates a “round” breath (i.e. not flow limited), whereas low value indicates
greater flatness, representing inspiratory flow limitation. The relationship between periods of flattening
and increased snoring can be seen.

1.1.7: Summary of sleep in late pregnancy
Self-reported snoring, whilst a common symptom of SDB, has not been proven to be a reliable estimate
of its presence or severity, and there is greater consensus in the literature regarding the significance of
inspiratory flow limitation. Flow limitation appears to be of greater importance than OSA in pregnancy,
both hypertensive and healthy, and has reversible effects on both maternal physiology and markers of
fetal wellbeing. Measures of inspiratory flow limitation that do not rely on arousals (as does the RDI)
may prove more informative, and may be assessed using more limited PSG without EEG. Objective,
continuous measures, such as the flattening index, are demonstrated capable of detecting differences
in severity of inspiratory flow limitation between different populations and conditions [95, 105], and are
a potential tool for whole night analyses of SDB.

1.2: Physiological effects of maternal position
This section will discuss the different physiological responses to changes in maternal recumbent
position. Brief discussion of the effects in non-pregnant populations will be included for comparative
purposes; however, the focus will be on late third trimester of pregnancy. Each individual maternal and
fetal response to the maternal position will be reviewed, with the interactions between the different
systems and the sum of their effects, all pointing towards any potential significance for adverse
outcomes in maternal sleep.
1.2.1: Effects of maternal position on aortocaval compression
A pronounced decrease in BP, and the associated symptoms, is the most recognised response to
maternal supine position. This is widely acknowledged, with the British Hypertension Society, for
example, recommending either the left-lateral or seated positions during BP measurement in pregnancy
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to avoid hypotension [114]. The generally accepted cause is the gravid uterus compressing the inferior
vena cava (IVC) and/or abdominal aorta, collectively known as aortocaval compression [115]. A number
of studies have quantified the degree of compression due to maternal position. To emphasise the point,
a search of PubMed using the following keywords resulted in nearly 300 studies: (“cardiac output” OR
“IVC” OR “inferior vena cava” OR “aortocaval”) AND “pregnancy” AND (“supine” OR “position” OR
“posture”). Unless otherwise stated, aortocaval size in the studies reviewed below is measured by
ultrasound.
Supine hypotension syndrome of late pregnancy is defined as a ≥15 mmHg decrease in mean arterial
pressure (MAP) or a 15-30 mmHg decrease in systolic blood pressure (SBP) with an associated 20
beat per minute (bpm) persistent elevation of heart rate (HR) over baseline when supine [37]. However,
the majority of pregnant women do not meet these diagnostic criteria, nor are symptomatic in the supine
position, with a mean incidence of supine hypotension syndrome in the literature of 8% (range 2.520.6%) [116].
Several studies in the late 1950s and early 1960s were among the first to describe the supine effects
on maternal cardiovascular systems in late pregnancy [117-119], reporting substantial reductions in BP
with associated tachycardia in a minority of women. Kerr, Scott and colleagues [120-123] described the
phenomenon in a series of papers soon after, highlighting the often ignored progressive influence that
the supine position has in reported longitudinal changes in BP with increasing gestation. The increased
aortocaval compression in the third trimester was offered as a possible explanation for the often
observed second trimester peak and subsequent third trimester plateau or relative decrease in cardiac
output (CO) [124-127] (although the influence of maternal position on the trends in third trimester
changes is contested [128]), and the left-lateral position was recommended for accurate cardiovascular
assessment. As evidenced in the papers reviewed in the succeeding paragraphs, there appears to be
a preference for investigating the effects of the supine position on IVC dimensions, with fewer studies
reporting effects on the aorta. It has been reported that the aorta and IVC are both compressed when
supine [115], whereas elsewhere it was reported that the IVC was compressed and the aorta was
unchanged [129]. Therefore, change in IVC size is an appropriate measure of the effects of the maternal
position, as irrespective of which published evidence is considered, it is unlikely that there would be a
change in the aorta without also observing change in the IVC.
Ryo et al. performed several studies reporting IVC compression due to the supine position [43, 130,
131], and related this compression to uteroplacental blood flow [43] and long-term pregnancy outcomes
[131]. The first study [43] demonstrated that in mid pregnancy (24-27 weeks GA), IVC diameter (IVCD)
when supine (4 mm, range 3.4-4.7) was half that in the left-lateral position (8 mm, range 8.0-9.1; p <
0.001), with 95% of cases demonstrating a smaller IVC when supine than left-lateral. The IVCD reported
by Ryo et al. [43] are smaller than other reported lateral values in late pregnancy [130, 132], but very
similar to supine and lateral values reported elsewhere [133]. They later reported significant linear
relationships between gestational age and IVC size [130]. The interesting detail was that maternal
position changed the nature of those relationships. When supine, gestational age displayed a significant
negative linear relationship with IVC area (r = -0.435, p < 0.0001) and diameter (r = -0.519, p < 0.0001).
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Early gestation (4-7 weeks) supine IVC was significantly greater than non-pregnant values, but
decreased with advancing gestation up to 16 weeks, after which it was unchanged. However, the
opposite was true when measured in the left-lateral position. Gestational age positively related to IVC
area (r = 0.336, p = 0.0002) and diameter (r = 0.348, p < 0.0001), and unlike the supine position, the
IVC continued to increase in size to term. This was interpreted as evidence of IVC compression in the
supine position from the second trimester, and consistent with above studies [120-123], showing the
need to have the women in the left-lateral position for accurate longitudinal assessment of maternal BP
and IVC size. These findings are consistent with two MRI studies that reported that the IVC was “almost
totally obstructed” [134] and “almost totally compressed” [129] when parturients lay supine. Interestingly
however, whilst the supine position overall results in a smaller IVC than left-lateral, IVC compression in
the left-lateral position has been related to later development of pregnancy complications [131, 135]
and poorer outcomes [131], whereas the supine position has not. Thus, supine IVC compression may
be considered an expected consequence in late pregnancy, unlike IVC compression in the left-lateral
position, which may be indicative of abnormal adaptation or autonomic function in late pregnancy.
The aortocaval response to the supine position differs between non-pregnant women and those in early
or late pregnancy. Ryo et al. [130] reported that the left-lateral position in early pregnancy (16-19 weeks
gestation) and in non-pregnant women resulted in smaller IVC than the supine position. Similarly,
healthy men and non-pregnant women demonstrate a larger IVCD when supine than left-lateral [136].
The cause of IVC compression when left-lateral in early pregnancy or in non-pregnant participants was
not directly measured, but was speculatively attributed to a shift in venous blood to the left side of the
body [130] or increased intra-abdominal pressure and IVC compression by the liver [136]. Regardless
of the cause, it is overridden by the effects of the gravid uterus by the third trimester.
Higuchi et al. [129] also demonstrated different aortocaval responses between non-pregnant and
pregnant women. In addition to the difference between the left-lateral and supine positions, they
investigated the effect of the degree of lateral tilt. The position order however was not randomised; the
subjects were first positioned supine, then at 15°, 30°, and 45° left-lateral tilt. There is evidence that the
position that precedes the tilt position (i.e. supine or full lateral) may be important as it can displace the
uterus differently [137].
Higuchi et al. [129] reported significantly reduced IVC volume in all positions in healthy full-term (37–39
weeks’ gestation) women compared with non-pregnant women. However, the effect was not as
significant in the 30° and 45° left tilts (11.5 ± 8.6 vs. 21.5 ± 6.2 ml, and 10.9 ± 6.8 vs. 20.6 ± 5.0 ml,
respectively; p < 0.01) as it was in the supine and 15° left tilt (3.2 ± 3.4 ml vs. 17.5 ± 7.8 ml, and 3.0 ±
2.1 vs. 19.7 ± 6.0 ml, respectively, p < 0.001). Additionally, there was no increase in the IVC volume in
pregnancy when shifting from supine to 15° left tilt, but there was ~8 ml increase in the 30° and 45° tilts
(p = 0.009 and p = 0.015, respectively). There was no difference between 30° and 45°. Many studies
only measure IVC size, but Higuchi et al. [129] also measured the aortic response. However, there were
no differences in aortic volume between pregnant and non-pregnant women, or between any positions.
These results suggest that a 15° left-lateral tilt is insufficient to resolve IVC compression, and that there
are no further improvements in IVC volume past 30° lateral tilt. These are important considerations for
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prolonged examinations of pregnant women including in sleep studies, and may be important when
providing advice regarding sleep position.
Elsewhere, retrospective analyses of clinically-obtained fetal MRI at 22-37 weeks gestation rejected an
hypothesis that fetal head position contributes to the degree of supine IVC compression [138]. However,
an increased right-sided uterine volume was related to an increasing degree of IVC compression when
supine compared to left-lateral. The absence of supine hypotension despite high-grade IVC
compression was interpreted as indicative of efficient compensating mechanisms. The study was
limited by its retrospective nature, as there were non-equal numbers in the supine (n = 56) and leftlateral (n = 16) position groups. Each participant was assessed in one position only, and chose their
preferred position, so this may have biased the lateral group towards those who experienced
hypotensive symptoms when supine, and thus avoided it. The reported reductions in IVCD in patients
lying supine relative to those lying left-lateral (4.5 vs. 8.8 mm; p < 0.001) were comparable to ultrasoundobtained values [43].
In investigating the direct aortocaval effects of maternal recumbent position, there appears to be a
preference for measuring IVC in the left rather than the right-lateral position. This may be because leftlateral has been recommended for IVC measurement [139], or due to an assumption that there is no
meaningful difference between left-lateral and right-lateral positions. However, it is possible that the
right and left-lateral positions are not equivalent, and a number of studies have explored this by
including the right-lateral position [140-147]. However, almost none of them directly measured the
degree of aortocaval compression in the right-lateral position, but rather reported the subsequent
cardiovascular responses.
It has been reported in women of 30-42 weeks gestation (n = 25) that a 30° left-lateral tilt increased
IVCD on average by 29% (95% CI: 10-48%) compared with supine (p = 0.01) [142]. However, the IVCD
in the right tilt was not significantly different from supine (average increase: 17% (0-33%), p = 0.11).
Interestingly, not all women responded similarly to position change. Compared to supine, the IVCD was
increased in 76% and 56% of participants in the left-lateral and right-lateral tilts, respectively. Fortyeight percent (28-69%) of participants had the largest IVCD in the left tilt, 28% (12-49%) in the right tilt
and 24% (9-45%) in the supine position. The authors suggested that the small proportion of women
who had the largest IVCD in the supine position may have had a smaller uterine size, or it may have
been due to variations in anatomic position of the uterus or factors relating to collateral circulation. So
whilst the left position overall demonstrated an effect, results were suggestive of an individual
anatomical response, and that the left-lateral tilt was not necessarily the position associated with least
IVC compression in all women. In a clinical setting, the authors suggested performing IVCD
measurements to determine best position for each individual. It is possible that 30° was insufficient in
this population, contrary to the reports of Higuchi et al. [129], and that an increased tilt (i.e. 45°) may
have resulted the left-lateral position having the largest IVCD in a greater proportion of participants. The
left-lateral and right-lateral tilts were not compared for statistical difference. However, the superiority of
the left tilt was demonstrated compared with the supine, whereas it was not for the right-lateral
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compared with the supine (if IVCD was the primary outcome). This indicates that the left tilt is more
favourable than the right, at least at a population level.
From these studies, the supine effects on IVC size in late pregnancy compared with left-lateral are
clear. In the majority of women, the supine position leads to some degree of IVC compression, relieved
by the left-lateral position. The degree of compression, and the clinical implications of that compression,
may be debated. What is less established is the effect of the right-lateral position on aortocaval
compression. Also less established is the degree of lateral tilt required to offset compressive effects on
the IVC. What may be considered of greater significance, and indeed may be subject to greater debate,
is the physiological effect of aortocaval compression on both the mother and fetus.
1.2.2: Effects of maternal position on uterine and umbilical blood flow
A downstream effect of aortocaval compression is the decreased uterine and umbilical blood flow, most
likely resulting from the reduced venous return to the maternal heart and fall in BP [43]. The placenta is
dependent on uterine blood flow [148], and a reduction in maternal CO has the potential to restrict blood
flow to this organ. The absolute flow volumes of these vessels are sometimes reported [126]. However,
values relating to velocity of flow through the vessels, representative of impedance and resistance, are
more commonly used, in part due to the impact of measurement errors on absolute values of volume
flow. Commonly used indices of vascular resistance include the resistance index (RI; difference
between systolic and diastolic peak velocities divided by systolic velocity), pulsatility index (PI;
difference between systolic and diastolic peak velocities divided by mean velocity) and to a lesser extent
nowadays, the systolic-diastolic velocities ratio (SDR) [149]. Abnormal indices have been related to
fetal growth restriction [150-153], however the evidence surrounding their relationship with acute
maternal or fetal hypoxaemia is conflicting [154-157].
The effects of maternal position on uterine and umbilical blood flow indices are variably reported. In
some studies, the supine position has been demonstrated to not significantly affect the uterine artery
RI [145] and SDR [158, 159] compared with the left-lateral position and various left-lateral tilts, whereas
elsewhere it was reported to increase the uterine RI [43]. Similarly, the supine position has been
reported to have no effect on the umbilical artery RI [43], PI [145] and SDR [143, 146, 158], whereas
another reported an effect of maternal position on umbilical SDR and PI [160].
The uterine and umbilical arteries are physically separate systems, and their respective responses to
external stimuli do not always follow the same trends. In response to a reduction in IVCD by one half in
the supine position compared to the left-lateral, the uterine RI was increased (supine: 0.51 (0.5060.543); left-lateral: 0.49 (0.468-0.504); p < 0.01), whereas the umbilical RI was unchanged (supine: 0.69
(0.672-0.698); left-lateral: 0.69 (0.672-0.697); significance not stated) [43]. The authors concluded that
IVC compression, whilst altering uterine blood flow, did not affect fetal circulation. Kinsella et al. [145]
noted no differences in either umbilical PI or uterine RI between the supine, left and right pelvic tilts,
and left-lateral positions. Similarly, it was reported elsewhere that SDR in neither vessel were different
between supine and left-lateral [158].
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Consistent with the reported increases in uterine RI in the supine position [43], another study [159]
reported decreases in uterine arterial absolute volume flow of 34 ± 11% when supine compared with
the left-lateral position (p < 0.0001), attributed to the significantly decreased luminal diameter and
uterine flow velocity when supine. However, that study also reported that the SDR was unchanged by
position. An interesting study compared the umbilical artery SDR response when supine, left-lateral and
right-lateral, to the maternal prone position using a specially-designed bed with a large hole for the
abdomen [146]. The authors reasoned that the prone position could be expected to completely eliminate
uterine compression on the large maternal vessels. Results were presented as change from supine
values only, and only the umbilical artery was assessed, and not the uterine artery. The umbilical SDR
in the prone position (2.42 ± 0.30) was significantly reduced compared with supine (2.84 ± 0.51, p <
0.01), whereas in the left-lateral and right-lateral positions, the ratios were not different (2.62 ± 0.44 and
2.69 ± 0.49, respectively). Importantly also, the authors noted that 13% and 22% of participants in the
left-lateral and right-lateral positions, respectively, displayed a ≥10% increase in the SDR compared
with supine, but there was no increase in SDR in any of the participants when in the prone position. The
prone position with a specifically-designed table is not a clinically realistic assessment, as it could not
be readily adopted for sleep by pregnant women. However, the resolved umbilical indices when lying
prone implies that maternal position may indeed affect umbilical resistance, contrary to previous reports
[43, 143, 145, 158], even if the currently available assessment tools cannot demonstrate it.
Only one other study was noted to demonstrate an effect of maternal position, which involved spending
15 minutes each in the supine and left-lateral positions [160]. In this case, however, the supine position
reduced umbilical PI and SDR, the opposite effect to the other studies, but with accompanying
reductions in fetal middle cerebral artery indices. There are therefore no obvious reasons why some
studies showed significant effects whereas others did not.
The available evidence regarding the effects of maternal position on uterine and umbilical flow indices
is thus inconclusive. Most studies report no changes, with only one study reporting a decrease [160]
and another reporting an increase [43] in resistive indices in the supine position. Thus, it is feasible that
maternal position does influence the uterine and umbilical circulations, but the effects appear variable
and possibly may not always exceed the precision of current assessment tools. Overall, the uterine and
umbilical resistance indices do not seem capable of describing the physiological effects of maternal
position.
1.2.3: Effects of maternal position on maternal cardiovascular control
A change in BP is the most recognised clinical response to the maternal supine position. A number of
reflexes occur to offset the effects of aortocaval compression to maintain CO and BP. Cardiac output
progressively increases with gestation at least up to the start of the third trimester [124-126], and its
volume and distribution need to be maintained to ensure optimal maternal and fetal wellbeing. The
proportion of the maternal CO distributed to the uterine circulation increases from 5.6% at 22 weeks
gestation to 11.7% at term (p < 0.0001), which has been attributed in large part to decreased uterine
vascular resistance [126]. These changes in maternal CO and the uterine circulation illustrate the
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changing haemodynamic profiles in advancing pregnancy, and the importance of maintaining high
uterine blood flow. The studies in the previous section that reported changes in the resistive indices
with position change [43, 146, 160] may indicate important effects on maternal CO and BP related to
differing maternal positions.
1.2.3a: Effects of maternal position on measures of maternal blood pressure and flow
A wedge under the hip to laterally tilt the uterus is often employed in clinical examinations to offset
symptoms of supine hypotension. Two studies investigated the cardiovascular effects of small lateral
tilts in relation to the supine position [140, 143]. Bamber and Dresner [140] reported the effects of five
minutes in seven different randomised positions: 1) the supine position, 2) supine with a 5° tilt to the
left, 3) supine with a 12.5° tilt to the left, 4) supine with a 5° tilt to the right, 5) supine with a 12.5° tilt to
the right, 6) left-lateral and 7) right-lateral. Ellington et al. [143] reported the effects of three minutes in
five different (non-randomised) table-tilt positions, each preceded by the supine position: 1) 5° left-tilt,
2) 10° left-tilt, 3) 5° right-tilt, 4) 10° right-tilt, and 5) a 10° left-lateral tilt with a 10 cm wedge under the
right hip. The hip wedge was designed to mimic the routine methods used in the authors’ [143] institution
for caesarean section.
The 5° tilt demonstrated unchanged maternal HR and BP relative to the 10° [143] and 12.5° [140] tilts.
Ellington et al. [143] found there was no difference in the supine and wedge positions either, and as
discussed above, umbilical flow indices showed no effect. The small tilt angles employed (max 10°)
were likely insufficient to cause difference change in maternal cardiovascular measures amongst
positions. The full left-lateral position utilised by Bamber and Dresner [140], however, exhibited the
highest SV and CO compared with all other positions. Interestingly, in this population of healthy late
gestation women (38-40 weeks), the supine position did not exhibit the lowest CO; rather, it was the
supine with right tilts, which were on average 15% (p = 0.04) and 17% (p = 0.01) less in the 5° and
12.5° tilt positions, respectively, than left-lateral. It therefore appears that increasing the left tilt to 12.5°
had no added benefit, and small right tilts may actually be harmful. Bamber and Dresner [140] however
estimated CO using impedance cardiography (ICG). As discussed in subsequent sections of this review,
the validity of ICG in this population is debatable [161-164]. The statistical effects of position on BP or
HR (with more established validity than ICG) were not reported, only the averaged values for each
position.
The conclusions regarding the effect of maternal position may be influenced by the anatomical site at
which maternal cardiovascular function is assessed. Past reviews and commentaries have identified
that whilst the supine position can result in reduced arterial pressure, lower limb venous pressure can
be raised [116, 120], and the decrease in lower-limb venous pressure may be accompanied by minimal
changes in upper limb venous pressure [116]. Accordingly, measures of lower limb cardiovascular
function may be informative additional assessments of the effects of maternal position change. It has
been reported, however, that simultaneously measured brachial and ankle BP measurements during
caesareans have poor agreement [165]. This could be due to poor performance of the lower-limb
measurement. However, only three measurements were compared, and intermittent sampling can miss
many hypertensive and hypotensive episodes [166, 167], and a greater sampling time or continuous
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(beat-to-beat) BP measurement may have improved this brachial and ankle BP agreement. Otherwise,
this may have reflected a true physiological difference between upper and lower limbs. Elsewhere, a
reduction in lower-limb pressure and maintained upper-limb pressure in individuals has been cited as
evidence of aortic compression [168].
A few studies have measured the BP response to maternal position change in both upper and lower
limbs. Lee et al. [168] noted significant changes in maternal BP with maternal position change in nonlabouring pregnant women at term, but largely showed no difference between limbs, with only one of
the 157 participants demonstrating a brachial SBP of 25 mmHg greater than leg SBP (occurring when
supine). Another study stated that “some” of their participants had both arm and leg BP measured in
the supine and left-lateral positions [145]. The authors did not state how many participants were in this
subset, how they were selected, nor the statistical difference between BP values between the limbs,
but noted that no significant effect of maternal position was detected in either limb (total group n = 20).
Thus, if decreased lower-limb BP is representative of aortic compression, then these studies illustrate
its rare occurrence relative to IVC compression, consistent with the imaging studies discussed above
measuring supine aortocaval compression [129]. These findings, however, were not consistent with
another study comparing the maximum percentage decrease in BP from baseline values at one minute
intervals during caesarean section (n = 60) [169]. When BP was measured at the leg, the maximum
decrease from baseline values was significantly greater in the women allocated to the 15° left tilt than
those in the left-lateral position. However, there was no difference in BP changes between the two
groups when measured at the arm. Compared with those studies showing not difference in BP between
limbs [145, 168], the difference in BP between maternal positions observed in the legs but not the arms
may be due to the increased frequency of measurement improving the ability to detect a difference, or
it may be due to the primary outcome of Rees et al. [169] being the relative change in BP from baseline
in each group, rather than absolute BP as the other studies reported. The study of Rees et al. [169]
suggests that when relative BP measured in the upper limbs is unchanged with maternal position
change, there may still be detectable changes, best-measured in the legs. However, Rees et al. [169]
and Lee et al. [168] demonstrate that large sample sizes are needed to detect women with clinically
important differences in absolute BP between limbs, representative of aortic compression. Rees et al.
[169] reported no difference in occurrence of hypotension between the two maternal positions, possibly
due to the documented limitations of intermittent sampling in detecting hypotensive episodes [166, 167].
Continuous, beat-to-beat BP measurement has improved detection of hypotensive episodes [166, 167],
and therefore may also have improved the ability of the upper limbs to detect an effect of maternal
position.
As well as comparing arm and leg maternal BP, Lee et al. [168] reported a number of maternal and fetal
cardiovascular parameters in the supine position and various left-lateral tilts. After the five minute rest
period, there were no changes in maternal HR, no hypotension, and there were no fetal HR
abnormalities in any position. Systolic BP did not change, but MAP and DBP demonstrated small but
significant decreases in the 15° left-lateral tilt compared with the 7.5° tilt and supine positions, resulting
in a small but significant increase in pulse pressure (the difference between SBP and DBP). This is
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noteworthy, because if pulse pressure were to change, it would be expected to progressively decrease
as the mother moves into smaller tilts and closer to supine. The Doppler-measured CO values in leftlateral and 15° tilt, whilst not different from each other, were on average 5% greater than in the supine
position and 7.5° tilt, themselves not significantly different from each other. The authors stated that CO
changes of this magnitude suggest absent or mild aortocaval compression. However, a small subset of
participants (11/157) demonstrated severe aortocaval compression in the supine and 7.5° tilt positions,
evidenced by the ~25% decrease in CO compared to the 15° tilt. Interestingly, supine CO in this subset
was not different from the group as a whole. The subset’s large decrease in CO when supine was due
to a significantly increased CO in the 15° tilt position compared to the rest of the group. A decreased
systemic vascular resistance accompanied the increased CO in the 15° tilt and left-lateral positions. It
could be concluded from this study that the CO and systemic vascular resistance responses were
sufficient to maintain BP with position change.
The studies discussed above [129, 140, 143] reporting unchanged maternal cardiovascular measures
compared with the supine position may be explained by the small lateral tilts employed (i.e. 5-15°).
These tilts, although modest, are of a magnitude commonly used in clinical obstetric practice to alleviate
hypotensive symptoms. However, two of those studies did not randomise the order of tilt, moving from
supine to successively greater tilts [129, 143]. It is feasible that if the uterus is indeed the source of the
observed supine response, not only are these small tilts insufficient to alleviate effects of aortocaval
compression, but more specifically that gradual shifts from supine to those small tilts are unlikely to
laterally displace the uterus off the IVC. Kundra et al. [137] tested this hypothesis by comparing the full
left-lateral position to a left tilt (10 cm Crawford wedge) preceded by either the supine or left-lateral
position (supine-to-tilt and lateral-to-tilt, respectively) in late pregnancy (38-40 weeks, n = 51). The three
positions were randomised; right-arm MAP, blood flow and size of femoral artery and vein, and maternal
HR assessed the effect of position. There were no clinically important differences in HR and MAP. All
leg blood flow measures in the supine-to-tilt position were significant different (p < 0.001) from the other
two positions, with increased femoral artery RI and PI and femoral vein area, and decreased femoral
vein velocity and femoral artery area; the left-to-tilt and left-lateral values were not significant. Kundra
et al. [137] concluded that when preceded by the full left-lateral position, the clinically-practiced
Crawford wedge is as efficient as the full lateral position in preventing aortocaval compression, whereas
when preceded by the supine position, it is not effective. Whilst the data do not support the left-to-tilt
position’s equivalence to left-lateral, it is superior to going into a tilt straight from the supine position.
Thus, not only should the degree of lateral tilt be sufficient, but the results of Kundra et al. [137] indicate
that the effectiveness of these tilts can be dependent on the preceding position.
The findings of Kundra et al. [137] may explain why another paper, when progressively tilting women in
labour from the supine position, reported evidence of aortocaval compression up to 34° [141]. Had the
degree of tilt been randomised, it is possible that that study may have seen resolution of maternal BP
at lesser tilts. These findings have clinically meaningful applications. Even when advised to sleep in the
left-lateral position, third trimester women do so for an average of only 59.6 ± 16.7% (11-98%) of the
night, with the rest of the night evenly split between right-lateral and supine [170]. A simple hip wedge
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may avoid the potential consequences of aortocaval compression during clinical examination, or when
pregnant women inevitably sleep supine, if it is ensured that the full lateral position precedes it.
Two studies [145, 158] demonstrated mixed results with regards to maternal BP, despite both studies
showing no effect of maternal position on uterine and umbilical flow indices. Jaffa et al. [158] reported
that both SBP and DBP were increased in the supine position compared to the left, when aortocaval
compression and reduced pressures would be expected. The changes in both SBP and DBP however
resulted in no net effect on the pulse pressure. The other study demonstrating no effect of maternal
position on uterine and umbilical flow indices reported that the femoral artery MAP and arm and leg
Doppler flow indices were also unchanged [145]. This was in contrast to a later study by same group
demonstrating a significant effect of maternal position on leg, but not arm, arterial pressure [169].
Compared to left-lateral position however, Kinsella et al. [145] reported that maternal HR was elevated
and plethysmography-estimated leg blood flow was significantly lower in the left and right pelvic tilt
(Crawford wedge) and supine position (55-59% of left-lateral, p < 0.001). The unchanged MAP excluded
aortic compression as the cause of the reduced leg blood flow, and the unchanged brachial, femoral
and uterine artery flow indices excluded a vasoconstriction response. These findings implied that
reduced venous pressure secondary to IVC compression is the most likely cause of the reduced leg
blood flow, consistent with the increased maternal HR. This agrees with subsequent evidence of IVC
but not aortic compression when supine, with unchanged MAP and elevated maternal HR [129]. That
study also reported ICG-estimated CO was unaffected.
The data regarding the effects of maternal position on BP and CO are inconclusive, although largely
demonstrating maintained values or clinically insignificant changes with position in the majority of
healthy pregnant women [129, 142, 143, 158, 159, 168]. However, CO in pregnancy research is often
estimated from ICG, and it is therefore difficult to determine if the magnitude of change reported is an
accurate representation of true physiological change (e.g. see section 1.3.1). There are limitations to
intermittent sampling of BP, and many hypotensive episodes may be missed [166, 167], which may
explain the largely unchanged values as reported in this review. Some studies reviewed here [43, 138,
168] suggest there are sufficient compensatory mechanisms to maintain pressure, and it may be that
these mechanisms are insufficient to overcome the load (i.e. aortocaval compression) in the 8% (2.520.6%) of pregnant women who experience supine hypotension [116]. Whilst these compensatory
mechanisms prevent a symptomatic response in the majority of women, they may not always be
sufficient to prevent changes in uteroplacental circulation. This may explain the inconsistent reports
regarding changes in uteroplacental circulation, and reports of maternal and fetal demise secondary to
supine hypotension [37]. Irrespective of whether pressure is maintained or not, the very existence of
these compensatory mechanisms would provide a potential tool to measure subtle changes in maternal
haemodynamics with position change, potentially with greater sensitivity than conventional measures
such as mean pressure, CO and uteroplacental flow indices.
1.2.3b: Autonomic control of maternal blood pressure
There are multiple mechanisms interacting in the control of BP, including cardiovascular neural
regulation, ventilatory influences, humoral and endothelial factors, arterial stiffening and genetics [171].
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The sympathetic (SNS) and parasympathetic (PSNS) nervous systems are involved in the control of
these mechanisms to respectively increase and decrease BP, HR and respiratory rate, and regulate
vasoconstriction, with the shifting balance between the two systems regulating cardiovascular control
[172].
i.

Assessment of the autonomic response: variability of heart rate and blood pressure:

Indirect measures of autonomic function (but direct measurements of the effects of the autonomic
nervous system) include BP variability (BPV), HR variability (HRV) and baroreflex sensitivity (BRS),
with time and frequency domain analyses the most utilised methods of assessing these systems in
children and adults. The statistical time domain measures of variability are calculated from the
instantaneous variation in either BP or RR intervals. Frequency domain analyses transform the sinelike variability from a time function into power spectrums through a series of sine and cosine waves of
varying frequency and amplitude. For example, the HRV high frequency band quantifies the respiratory
sinus arrhythmia observed during regular resting breathing, whereby the vagal activity is suppressed
during inspiration, increasing HR, followed by resumption of vagal activity and immediate decrease in
HR with exhalation [173-175]. Detrended fluctuation analysis (DFA) is another method of assessing
HRV that has recently been applied to different investigations in late pregnancy [176-179]. However,
the physiological interpretation of DFA is not well understood, demonstrating inconsistent relationships
to frequency domain measures in pregnant and non-pregnant women [179]. It also has not been applied
to sleep in late pregnancy.
Short term changes in BP are primarily detected by sensory neuronal bodies called baroreceptors,
which feedback to the regulatory systems [172]. Variability of the HR is primarily due to the intrinsic
firing rate of the sinoatrial node and the PSNS-SNS balance, which itself directly acts on the sinoatrial
node to alter its firing rate [172]. In frequency domain analyses of HRV, the low frequency component
(LF) is reflective of both SNS and vagal (PSNS) activity, and high frequency (HF) of vagal activity; thus,
the LF/HF ratio is commonly interpreted as being reflective of sympatho-vagal balance [180].
Normalisation of absolute powers to total power (TP) or presenting as LF/HF has been said to increase
reliability [171], and minimise the effects of inter-individual variation in TP in masking relative changes
in LF and HF [180, 181]. Blood pressure variability is sometimes assessed using these same tools. A
much-cited animal model study has demonstrated that HF fluctuations in BP were primarily due to
respiratory fluctuations in HR, whereas LF fluctuations in BP occur independently of HRV, and that HRV
in the LF band occurs in response to BP fluctuations [182]. The other indirect measure of autonomic
function listed above, the BRS, describes the baroreflex, a mechanism of BP control. The BRS
describes the relationship between instantaneous changes in BP and HR [172, 183], reflecting the
arterial baroreceptor response to limit BP fluctuations, with increased pressure countered by a
decreased HR and arterial vascular tone, and vice-versa in the case of decreased BP [172].
These variability measures are used as indirect measures of autonomic function, non-invasive
alternatives to directly measured sympathetic and vagal activity. Berntson et al. [184] extensively
reviewed the evidence for HRV, BPV and BRS components, particularly HRV, being indirect measures
of sympathetic or vagal activity, including variability responses to challenges with known autonomic
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effects, such as pharmacological vagal and sympathetic blockades, surgical interventions, postural
challenges and myocardial infarction. It should be acknowledged that an animal model demonstrated a
poor relationship between directly-measured cardiac sympathetic nerve activity and LF power [185],
thus questioning the use LF and LF/HF as measures of sympathetic activity and sympatho-vagal
balance, respectively. Point [186] and counterpoint [187] arguments were made regarding this
conclusion however, including the small sample size (n = 9 in each group), and observing that the
relationship between direct and indirect measures became statistically significant when a single outlier
was excluded. Thus, that paper [185] does not appear to disregard LF and LF/HF as indices of
sympatho-vagal activity. It may be that that PSNS has a greater role than the SNS in mediating HRV
responses to physiological stress, and thus the sympatho-vagal balance. Therefore, whilst the LF and
LF/HF can be a useful tools to describe the autonomic response, the mechanisms regulating HF (and
thus PSNS tone) can perhaps be interpreted with less ambiguity. The LF/HF ratio, however, has the
benefit of allowing comparison with previously published data.
Heart rate variability is a well-established physiological tool, which has not had wide clinical acceptance,
due in part to its complexity with regards to analysis and in its application to patient diagnosis and
guiding treatment [188]. However, there are published examples of how indirect measures of autonomic
function can predict short-term and long-term health outcomes or are related to changes in condition.
A review demonstrated the importance of HRV, BPV and BRS in various cardiovascular-related
conditions [171], particularly the evidence that reduced HRV and BRS are associated with increased
mortality in cardiovascular patients. Vagal suppression and/or sympathetic predominance measured by
HRV has been associated with acute hypoxia in healthy adults [189], later development of
cardiovascular risk factors [190] and obstructive respiratory events in sleep [191].
ii.

Maternal autonomic function and blood pressure anomalies in term pregnancy:

In term pregnancy, resting HRV has been associated with both hypotension and hypertension [192,
193]. Baseline HRV consistent with vagal withdrawal and/or sympathetic enhancement predicted
subsequent hypotension during same-day spinal anaesthesia for caesarean section [192]. In some of
the women with elevated LF/HF at baseline, pre-hydration reduced LF/HF to values that were similar
to those women with non-elevated baseline levels, and those two groups of women subsequently went
on to have moderate and mild hypotension during the procedure, respectively. However, the elevated
LF/HF in some women was not resolved by pre-hydration, and those women went on to demonstrate
severe hypotension. Hanss et al. [192] then demonstrated that a baseline LF/HF >2.5 predicted
subsequent maternal hypotension. Thus, the LF/HF ratio provided both a means of predicting those
who would develop hypotension, and also a potential treatment target during pre-hydration to reduce
the severity of that hypotension.
An elevated LF/HF ratio was associated with maternal hypotension [192], and there is evidence that
the inverse is also true, with enhanced vagal activity demonstrated in hypertensive term pregnancies
compared with normal pregnancies when resting in the left-lateral [193] and seated positions [178].
Thus, as a mechanism in BP control, HRV can detect abnormal maternal haemodynamics in term
pregnancy, irrespective of whether BP is reduced [192] or elevated [178, 193]. Given the demonstrated
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relationship between HRV and BP anomalies (acute and chronic) in term pregnancy, particularly the
ability to predict hypotension, it may be hypothesised that HRV can potentially also identify those at risk
of supine hypotension. More simply, HRV may identify maternal cardiovascular responses to position
change and the relative contribution of the autonomic systems.
iii.

Maternal autonomic response to maternal position change:

This review has summarised some examples of how HRV is applied, which demonstrate its clinical
promise. These examples also demonstrate that it may be a valid and sensitive tool for assessing acute
physiological changes, such as that needed to evaluate the maternal response to position change.
Blood pressure variability does not appear to have as wide acceptance as HRV. This may be due in
part to the ease of collecting high ECG quality, compared to the relative difficulty in non-invasively
collecting continuous BP data of sufficient quality to allow variability analyses. However, the clinical and
prognostic value of BPV has also been questioned, due in part to an absence of normal reference
values, reproducibility issues and heterogeneity of participants in studies of BPV [172]. The issues with
BPV would clearly affect the application of BRS in human studies. The BRS also assumes a linear
relationship between instantaneous BP and HR changes [172], meaning that the BRS can only be
assessed during the linear portion of the barocurve. This may therefore limit the time that BRS can be
assessed.
The BRS was used in a study of third trimester women with and without symptoms of supine
hypotension syndrome [183]. The authors hypothesised that in the small proportion of symptomatic
women, an abnormal baroreflex gain response prevents the HR response from adequately
compensating for the decreased CO. Maternal BP, HR and CO changes when moving from left-lateral
to supine were much larger in the symptomatic group than the controls; the HRV response was not
reported. However, BRS was only used to compare groups in the left-lateral position, not to differentiate
between positions, as haemodynamic instability when supine prohibited BRS assessment (another
limitation of BRS). Nonetheless, BRS showed no significant difference between groups (whereas HR,
BP and CO did), so perhaps BRS is not useful in this setting. The hypothesis was not proven, possibly
due to small effect size and/or inadequate sample size (n = 10 in each group; the authors calculated
that 61 participants would be needed to demonstrate a significant effect), but it remains an intriguing
speculation.
In non-pregnant adults, the effects of postural challenges are well-documented, with an initial BP
decrease and accompanying HR rise when moving from a supine or seated position to standing [194,
195]. This initial orthostatic hypotension has been attributed to a temporal mismatch between CO and
vascular resistance [196], a similar hypothesis to that of Lanni et al. [183]; only in supine-hypotensive
pregnant women, this effect was not transient but rather persistent. Orthostatic intolerance has been
demonstrated to be more prevalent in upper airway resistance syndrome (UARS) patients (23%) than
those with other sleep disorders (0.06-0.9%), and UARS patients demonstrate reduced resting BP,
higher resting HR, and a larger initial hypotensive response than the other conditions [197]. This is an
important consideration with respect to the cardiovascular effects of maternal position in pregnancy,
given that UARS is a prevalent condition of sleep in late pregnancy [95], is more prevalent in
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complicated than healthy pregnancies [93, 95], and the presence of UARS augments the suppressed
vagal tone response to obstructive respiratory events during NREM sleep [92].
The effect of pregnancy on the autonomic response to postural challenges was considered by
Heiskanen et al. [198], who compared measures in late pregnancy with those in the same women three
months post-natal, and Chen et al. [199], who compared late pregnant women to those not-pregnant.
Chen et al. [199] noted MAP significantly decreased when changing from upright to supine in the
pregnant group, but did not change in the non-pregnant women. Interestingly however, Heiskanen et
al. [198] reported that the orthostatic challenge did not change maternal BP, CO or vascular resistance
in the third trimester, whereas marked changes between postures were noted postnatally. This
inconsistency between studies can be explained by the different recumbent position in each; supine in
Chen et al. [199] and left-lateral in Heiskanen et al. [198]. This shifts the upright position from being
likely to relieve the physiological stress attributed to aortocaval compression (in Chen et al. [199]) to the
position likely to be, relatively speaking at least, physiologically stressful (in Heiskanen et al. [198]).
These differences were also apparent in the HRV responses to position change. Chen et al. [199]
reported nHF significantly decreased in the pregnant women upon moving from upright to supine, but
increased in the non-pregnant. The resulting 138.3 ± 226.4% increase in LF/HF was in the opposite
direction, and statistically different, from the 22.7 ± 76.5% decrease in the non-pregnant women.
Heiskanen et al. [198] did not report the LF/HF ratio, and it could not be calculated from the data
available in the paper. However, nLF was reduced and nHF increased in the left-lateral position relative
to upright at both the third trimester and three month post-natal assessments, with an associated
increase in BRS. Neither of these two studies, however, reported the respiratory rate or HF peak
frequency, a limitation acknowledged by Heiskanen et al. [198]. Therefore, an increased or variable
respiratory rate when supine, which would reduce the respiratory sinus arrhythmia [173-175], cannot
be excluded as a possible contributor to the reduced HF reported by Chen et al. [199] and Heiskanen
et al. [198]. The effect of different maternal recumbent positions on respiratory rate or HF peak
frequency has not been reported elsewhere.
The results from these two studies [198, 199] collectively suggest that, in late pregnancy, the supine
position suppresses the vagal response relative to upright, which in-turn is suppressed relative to the
left-lateral position. The autonomic response to the upright position mirroring that of the supine (albeit
to a smaller magnitude) implies that pressure maintenance is the primary driver of the autonomic
response to position change in both pregnant and non-pregnant women. The opposite direction of HRV
change between pregnant and non-pregnant women upon adopting the supine position reflects the
influence aortocaval compression has on triggering the autonomic response in different positions in
pregnancy.
iv.

Maternal HRV response to maternal sleep position:

Whilst the comparisons between recumbent and upright positions [198, 199] are useful for
demonstrating the autonomic response to pressure fluctuations, they are not helpful in describing the
physiological differences between conditions likely to interact in maternal sleep. Different recumbent
positions occur together during sleep, and have since been identified as important with regards to
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stillbirth [7]. Thus, a comparison of the autonomic responses between left-lateral, right-lateral and
supine maternal positions, for instance, would increase understanding of the effects of maternal sleep
position.
The autonomic responses to those three maternal positions were compared in a study of third trimester
pregnant women and non-pregnant controls, albeit when awake [147]. Consistent with the findings of
Chen et al. [199], the pregnant women demonstrated a reduced nHF compared with non-pregnant
controls when supine, leading to a significantly increased supine LF/HF (4.10 ± 4.34) compared with
the controls (1.62 ± 1.00; p < 0.05). The position that least suppressed vagal activity in the controls was
right-lateral, reflected by the nHF and LF/LF. However, in the pregnant women, again consistent with
Chen et al. [199], the significantly reduced nHF, elevated LF/HF and unchanged nLF showed
suppressed vagal activity when supine compared with the other positions. The left-lateral and rightlateral positions were not significantly different (LF/HF: 1.96 ± 2.53 and 2.20 ± 2.67, respectively).
Interestingly however, another study reported that only preeclamptic pregnancies demonstrate this
suppressed vagal response to the awake supine position relative to left-lateral, with normotensive
pregnant and non-pregnant women controls showing no significant effect [200]. They only reported the
absolute HRV responses; perhaps the normalised powers or the LF/HF ratio may have been better able
to detect the effect of position [171, 180, 181]. Otherwise, it is also feasible that in uncomplicated
pregnancies, the fluctuations in BP in the supine position when awake are not always sufficient to trigger
a detectable autonomic response.
Kuo et al. subsequently investigated the influence of both trimester and maternal position on HRV [201].
The LF/HF at the second and third trimesters was increased in both the supine and right-lateral positions
relative to the first trimester, likely demonstrating the autonomic response to aortocaval compression,
which would be expected to be absent in early pregnancy. The important finding from this study,
however, was the relationship between the changes in HRV with position in the third trimester. The
difference in nHF from lateral to supine negatively correlated with supine nHF, which according to the
authors suggested an increased benefit of assuming the lateral position in those patients demonstrating
greater vagal suppression and/or sympathetic activation. These findings, like those of Hanss et al. [192],
advocate HRV as a potential tool to identify those at risk of an adverse response, maternal position in
this case.
The studies of Kuo et al. [147, 201] provide important insight into the maternal autonomic response to
the physiological stresses associated with different recumbent positions. However, it must be
acknowledged that these studies were performed with the women awake, and only single measures in
each position with no measure of the effect of time spent in each position on HRV. Therefore, the
summarised studies are of limited value in the context of The Auckland Stillbirth Study [7], and an
assessment of the autonomic response to maternal position when asleep would be valuable. There are
no published reports of the HRV response to maternal sleep position in late pregnancy.
In summary, HRV is by far the most widely used, and perhaps best understood, indirect measure of
autonomic function, with frequency domain analysis arguably the method of most merit in adults. Whilst
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HRV has been widely used to describe the physiological responses to different stressors, its use in the
description of the effects of maternal position in late pregnancy is limited. The few studies available are
cohesive, indicating vagal suppression when supine, represented by reductions in the HF components
and/or increased LF/HF. The effect of right versus left-lateral is less clear. It is recommended that both
normalised and absolute measures of HRV are assessed, in addition to the SNS-PSNS balance, as
different scenarios influence each component differently. Finally, one limitation of the evidence
reviewed here is that the haemodynamic responses to position, particularly those concerning the
autonomic nervous system, have only been assessed with the mother awake. The inclusion of HRV
analyses in sleep has the potential to appreciably increase understanding of the effects of maternal
sleep position and how they may interact with other physiological responses, such as those related to
SDB and nocturnal cardiovascular variations over time.
1.2.4: Effects of maternal position on measures relating to sleep-disordered breathing
Previous sections in this review highlighted maternal adaptations in late pregnancy that can contribute
to SDB, such as changes in the anatomy of the upper airway [54, 55, 82], and the reduced FRC of the
lungs [65]. This section will summarise the contribution of those maternal adaptations towards the
physiological effects of maternal position, and how the different measures of maternal SDB describe
the effects of maternal position.
1.2.4a: Upper airway size
In addition to the anatomical adaptations that occur in pregnancy, the relationship that the size of the
upper airway has with snoring [82] and the severity of SDB [54, 91] was established in the first section
of the literature review. Thus, if maternal sleep position exacerbates SDB, then it is possible that upper
airway size is a contributory factor.
The size of the upper airway has been noted to decrease upon changing from seated to supine in late
pregnancy [80, 82]. However, although all women exhibit a reduced upper airway when supine, healthy
pregnant women have a greater reduction in oropharyngeal junction (OPJ) area than both non-pregnant
and preeclamptic women [82]. The greater upper airway size in healthy pregnancies than other
populations when seated may be a protective adaptation against the observed reduction when supine.
If the upper airway was not enlarged when seated, it could plausibly result in a much smaller supine
upper airway size, as is the case in preeclampsia [80].The left-lateral position then resolves these
effects, with no difference in OPJ area between the different populations [80, 82].
1.2.4b: Maternal oxygenation
Similar to the upper airway response, the partial pressure of oxygen in arterial blood (PaO 2) has been
shown to be significantly reduced in late pregnancy compared with non-pregnant women when supine,
but not different when seated [202, 203]. Another study reported that supine PaO2 was significantly
reduced compared with when seated in late pregnancy (90.48 ± 2.91 vs. 99.5 ± 0.2 mmHg; p < 0.001)
[204]. Small changes in oxygen saturation (i.e. SpO2) would be reflected by larger changes in PaO2,
meaning that PaO2 is more likely to detect an effect of posture. These effects of maternal supine position
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on upper airway size and PaO2 may be judged even more pronounced when considering that they were
measured during wakefulness, without any exacerbating effects of sleep.
The awake supine PaO2 reported by Prodromakis et al. [204] was very similar to their mean overnight
values from all positions (90.48 ± 2.91 vs. 90.1 ± 0.6 mmHg, respectively), demonstrating both maternal
position and sleep independently have an important influence on PaO2. A review [69] discussed older
studies that reported awake supine PaO2 values of <90 mmHg in 25% of women, comparable to the
mean supine and asleep values reported by Prodromakis et al. [204]. Santiago et al. [69] postulated
that these awake values may have significant consequences for fetal oxygenation. Therefore, it is very
possible that these PaO2 changes when supine may indeed prove important when the mother is both
asleep and supine, especially if coupled with any respiratory irregularities, such as UARS. Whilst
Prodromakis et al. [204] sampled PaO2 every two hours of sleep, it was not reported by position, which
may have demonstrated a bigger effect, nor was inspiratory flow limitation assessed.
The reduced PaO2 when supine was attributed to changes in the ventilation-perfusion (V/Q) ratio, due
to the reduced alveolar ventilation as a result of an elevated closing volume (the lung volume at which
airways begin to close) [202, 204]. The altered V/Q ratio may be attributed to intrapulmonary shunting,
a primary mechanism in changing PaO2 [205]. However, a small study of healthy third trimester women
(n = 10) demonstrated a non-significant reduction in intrapulmonary shunting when supine compared
with left-lateral and right-lateral positions [205]. Additionally, in the study in which PaCO2 was also
measured [202], the observed decrease in PaO2 when supine was not accompanied by an increase in
PaCO2, which may be expected in the case of a V/Q mismatch. In the absence of lung disease in these
healthy pregnant women, the maintained PaCO2 may be reflective of a respiratory stimulation to
increase alveolar ventilation.
As discussed in previous sections in this review, inspiratory flow limitation is often pronounced in late
pregnancy [31, 33, 93, 95, 105]. As alveolar ventilation is affected by minute ventilation (VE), something
that influences VE may reasonably be expected to influence the V/Q ratio, and thus may in part explain
the observed supine reductions in PaO2 [202-204]. Both late pregnancy and cases of excessive body
weight/obesity are complicated by a large abdominal mass and increased neck circumference, which
may affect both upper airway and lung function responses to the supine position. In overweight and
obese individuals, the supine position has been demonstrated to not affect FRC [206, 207], tidal volume
or VE [206]. Similarly, in the moderately overweight, VE was shown to be unaffected by prolonged
periods of inspiratory flow limitation [109], and in habitual snorers, tidal volume was unchanged between
different categories of flow resistance (a measure of the degree of flow limitation) [208]. However, the
ventilatory response is different in late pregnancy. In healthy, term pregnancies, the FRC has been
shown to decrease when supine compared with the seated position [209, 210], and in women with
preeclampsia, inspiratory flow limitation was shown to result in a 17 ± 4% decrease in tidal volume with
an unchanged respiratory rate [32]. Therefore, it is feasible that an impaired lung function and/or
reduced VE can explain the reported reductions in PaO2 when supine [202-204]. The succeeding section
will therefore discuss how maternal sleep position influences measures related to VE, which may explain
the reduced PaO2 presented here [202-204].

38

1.2.4c: Indices of sleep-disordered breathing severity
The relationship between the effects of maternal sleep position on upper airway size, maternal
oxygenation and severity of SDB was explored by Zaremba et al. [72]. The upper airway cross-sectional
area (CSA) was measured in positions described as “non-elevated” and “45° elevated”, followed by the
respiratory effects of those two positions in a split-night study. They did not specify what the nonelevated position was (i.e. supine, left tilt etc.), and measurements were performed in the first 48 hours
post-partum, so whilst the effects of an increased neck circumference from pregnancy on upper airway
size could reasonably be expected to still apply, there would be a substantial reduction in effects
attributable to the gravid uterus, such as aortocaval compression [115, 129] and the elevated diaphragm
decreasing FRC [65]. Nonetheless, consistent with the above studies, they demonstrated a reduced
upper airway when lying flat (presumably supine), and this is one of the few studies that investigated
the effects of inclining the trunk, an often-employed strategy in pregnant women and OSA patients to
relieve SDB symptoms. When asleep, the AHI was significantly increased in the non-elevated compared
with the elevated sleep position, irrespective of whether it was REM, NREM or overall sleep, as well as
a significantly reduced minimum SpO2 value. There was no effect on ODI, TST or sleep architecture.
As oropharyngeal CSA was not assessed when asleep, the AHI changes with sleep position cannot be
wholly attributed to upper airway size, but it does relate the effects of position observed in the two
settings. Based on above findings of changes in upper airway size [80, 82], it is likely that lateral sleep
would have improved symptoms relative to supine. Therefore, it would have been of interest if they had
further broken down the effects of non-elevated into supine versus lateral. If the elevated position
achieves the same resolution of symptoms as left-lateral, it may provide another alternative to supine.
Contrary to the unchanged sleep architecture with position change reported above [72], the supine
position was demonstrated elsewhere to affect sleep architecture; men with OSA, for example, slept
1.14 times longer in REM than NREM when sleeping laterally, but the inverse was true when supine,
with 1.42 times more NREM than REM sleep [211]. Similarly, total REM sleep was reduced when supine
compared with lateral positions (32.7 ± 18.1 vs. 42.9 ± 20.7 minutes, p = 0.0002), without affecting TST
in each position. The observations are important when considering that both REM [44, 45, 47, 211, 212]
and the supine position [44-47, 212] independently increase AHI; it may be that the reduced REM sleep
when supine may be protective. It is noteworthy though that the effect of REM sleep on AHI is not as
great as the effect of position, with the AHI severity in REM supine > NREM supine > REM lateral >
NREM lateral [45].
Peregrim et al. [211] also reported that women’s AHI in REM was increased compared with NREM in
both supine (46 ± 27 vs. 24 ± 31, p < 0.01) and lateral (18 ± 28 vs. 11 ± 21, p < 0.01) sleep positions.
They did not, however, report the significance of the difference in AHI between maternal positions.
However, as the mean AHI in both sleep states were more than halved in the lateral position, a much
greater mean change in AHI than by sleep state, it is likely that the differences were significant,
consistent with Oksenberg [45]. The AHI in both Peregrim et al. [211] and Oksenberg [45] indicated
moderate to severe OSA. This is compared with Zaremba et al. [72] who reported mild OSA when non-
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elevated and clinically-defined “normal” AHI of <5 when elevated, which may explain why sleep state
had no significant effect on AHI.
It is thus evident that the supine position increases the AHI in those with moderate to severe OSA. Less
established is the respiratory effect of position in those with mild OSA (i.e. AHI 5-15), or without
clinically-manifest OSA (i.e. AHI <5, UARS, primary snoring etc.). For example, severe and moderate
OSA participants reportedly have significantly greater AHI in the supine position, but no effect was seen
in the mild OSA group [46], consistent with the above studies [45, 72, 211]. This is likely because the
AHI is too small to detect change, as would be expected in pregnant women, who for the large part
demonstrate inspiratory flow limitation (UARS) rather than OSA [93, 95].
The first part of the literature review summarised how patients with UARS can have similar
anthropometrical characteristics to those with OSA, and be similarly symptomatic [91], and that
measures of inspiratory flow limitation identify differences in sleep between healthy and preeclamptic
pregnancies [31, 33, 95, 105]. With respect to position change, the supine position has been
demonstrated to increase AHI relative to lateral in children both with [44] and without Down syndrome
[44, 47], OSA patients [45, 46] and UARS patients [212], but never vice-versa. Therefore, when OSA is
present, the supine position will invariably have an enhancing effect. However, no studies were
identified that investigated the effect of maternal position on objective measures of SDB in late
pregnancy, using either AHI or inspiratory flow limitation. Nor were there any that reported the ability of
different measures of inspiratory flow limitation to report the effect of position, despite its demonstrated
clinical importance in both the mother and the fetus [31-33, 95, 213]. This is a clear gap in the literature.
1.2.5: Physiological effects of maternal position; summary
In summary, current evidence indicates that some degree of aortocaval compression in the supine
position is present in most third trimester pregnant women. Compression of the maternal aorta is
debated, whereas evidence of IVC compression is less ambiguous. Not all women demonstrate
changes in the uteroplacental circulation, BP or CO. Why a small number of women show marked
maternal cardiovascular changes when others do not is unclear. It is unknown if this is due to greater
IVC compression than non-symptomatic women, an inadequate physiological/autonomic response, or
indeed a combination of both; evidence exists that there may be some autonomic insufficiency in these
cases. The small amount of available evidence shows that there are changes in the maternal autonomic
response to position, even in the absence of maternal BP changes. Heart rate variability appears to be
the best indirect measure of the autonomic changes. It is yet to be determined if the acute maternal
responses to position are exacerbated by prolonged periods in supine position or by maternal sleep.
When OSA is present, it is exacerbated by both REM sleep and the supine position. The effects of the
supine position are greater than any effects of REM sleep on OSA severity, although REM is
proportionally reduced when supine, which may lessen the respiratory effects of the supine position.
There are however no studies reporting the effect of maternal position on the degree of inspiratory flow
limitation, despite it appearing to be the predominant form of SDB in late pregnancy. Seemingly less-
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severe forms of SDB like inspiratory flow limitation have been associated with maternal cardiovascular
regulation and orthostatic intolerance in late pregnancy, and in acute markers of fetal wellbeing,
suggestive of some degree of fetal hypoxia. As such, inspiratory flow limitation seems a logical means
of investigating the continuous maternal respiratory response to sleep position; less invasive than
measures like PaO2, and more capable of detecting change than other sleep respiratory measures like
AHI.

1.3: The assessment of maternal physiology and behaviour during sleep; the
validity of indirect measures in late pregnancy
Some limitations of the Auckland Stillbirth Study [7] were presented in the introduction; namely potential
inaccuracies of self-reported sleep behaviour and an absence of objective physiological explanations
for the increased stillbirth risk in non-left-lateral positions. This section of the literature review will assess
the validity of indirect measures that aim to address those two limitations.
Stacey et al. [7] speculated that the relationship between supine sleep and stillbirth was in part due to
aortocaval compression decreasing venous return, leading to reduced uterine blood flow. Their
discussion included several citations of reduced CO in the supine position, and CO is essentially equal
to venous return [214]. Cardiac output was thus deemed to be a potentially important factor. Ultrasoundderived measures of maternal CO or uterine blood flow are disruptive and discontinuous, and therefore
cannot be applied to maternal sleep. Impedance cardiography is a non-invasive method of continually
estimating CO for prolonged periods, as required in sleep, but its ability to accurately estimate cardiac
output is unclear, particularly in late pregnancy. Thus, the following section of the literature review will
review evidence of its validity in late pregnancy.
Stacey et al. [7] and an accompanying editorial [57] also acknowledged the possibility of recall bias and
inaccurate self-reports of maternal sleep, thus bringing into question the association between selfreported aspects of sleep and late stillbirth, such as maternal sleep position and number of times rising
in the night. Therefore, a review of the validity of subjective reports of sleep in late pregnancy will follow.
1.3.1: Impedance cardiography
1.3.1a: Introduction of technology
Stroke volume (SV) and cardiac output (CO) assessment is often necessary in human clinical trials to
assess the impact of an intervention on blood flow and oxygen transport. However, no “gold standard”
of assessing these variables presently exists and the current reference methods are either invasive and
carry a degree of risk to the participant (e.g. Fick principle and thermodilution (TD) methods) or are
minimally invasive, but disruptive (e.g. Doppler ultrasound or MRI). In addition to requiring specialist
personnel to perform, these assessments are time-consuming and continuous assessment is not
always possible. Clearly, their use in assessment of healthy pregnant participants would be neither
ethical nor practical, especially if the intent is to monitor over long periods of time or during sleep.
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Impedance cardiography (ICG), sometimes known as bioimpedance cardiography [215], thoracic
electrical bioimpedance [216], electrical impedance plethysmography [217], and various combinations
of such, is a non-invasive method of assessing haemodynamic status [218]. Complex algorithms
convert changes in impedance to the flow of electricity through the chest into changes in volume [219].
The most common set-up is the lateral-spot array [220], where eight surface electrodes are placed on
the patient in opposing pairs; a pair on each side of the neck and a pair on each side of the thorax level
with the xiphoid process on the midaxillary line in the midcoronal plane [125]. The outer (i.e. the superior
neck and inferior thorax) electrodes transmit the constant current, whereas the inner (i.e. inferior neck
and superior thorax) electrodes measure the change in voltage, or impedance.
1.3.1b: Evolution of impedance cardiography stroke volume algorithms
Impedance cardiography is based on the principle of Ohm’s law, whereby a constant current is applied
to the thorax, and variations in the flow of blood, the most highly conductive substance in the thorax,
cause measurable changes in the impedance [218, 221, 222]. Kubicek et al. [223] used this principle
to develop their equation for translating changes in impedance into stroke volume (SV). Table 1.4 is a
brief summary of some of the many studies assessing this algorithm, and demonstrates that the
performance of ICG in those earlier years was inconclusive. Only two studies were identified that
assessed this algorithm’s validity in healthy third trimester pregnancies [224, 225].
The SV algorithm subsequently underwent a number of evolutions. The Kubicek algorithm’s assumption
that the thorax is a perfect cylinder [217, 226], and its need to obtain accurate blood resistivity may
explain its inconsistent performance. The first modification of the Kubicek algorithm was the Sramek
algorithm. It and subsequent algorithms substituted the problematic resistivity of blood in the Kubicek
algorithm with an anthropometric-specific factor (dubbed the volume of electrical participating tissue,
VEPT), and treated the thorax as a truncated cone, rather than cylinder as Kubicek [223] did. However,
it can be observed in Table 1.5 that, despite the improvements cited by Sramek [1983 as cited in 220],
ICG validity was still not up to the standard needed in clinical and research settings.
The VEPT of the Sramek algorithm is calculated based solely on height. Bernstein [216] proposed that
the assumed linear relationship between height and ideal body weight contributed to the inaccuracies
of the Sramek algorithm and introduced a correction factor to the equation to account for variations in
weight from the norm. Using actual patient body mass index versus an ideal BMI of 24 kg·m2, the
Sramek-Bernstein algorithm was developed. This correction factor is pertinent in cases of major
deviations in BMI [226], as with obesity and pregnancy. However, as Jensen et al. [226] points out,
gender differences in anthropometry may affect resistance to current, and thus ICG outputs, which the
correction factor may or may not account for.
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Table 1.4: Summary of studies using Kubicek equation
Paper
Ref std:
Variable
Patients, Age ± SD
(range)
‡ Kubicek
DD
CO
healthy young
1996 [223]
(n=10)
Woltjer
TD
SV
Post-CV surgery
1996 [227]
(41-78)
(n=37)
‡ Secher
TD
SV
3TM
1997 [224]
28 (20-37)
(n=12)
Milsom
DD
SV
3TM
1998 [225]
27 (25-32)
(n=10)
Gotshall
TD
CO
ICU patients
1998 [228]
(18-78)
(n=10)
† Barin
TD
CO
CV patients
2000 [229]
62.7 ± 10.2
(n=47)
Van De
TD
CO
Post CABG patients
Water
64 ± 12.2 (18-87)
2003 [230]
(n=53)
Cybulski
Echo
SV
Healthy young
2004 [231]
(23-33)
(n=13)
Bernstein
TD
SV
Post-CV surgery
2005 [232]
68 ± 13 (33-90)
(n=106)

Time points measured

r

Conclusion

20min supine rest, seated
rest, cycling (12 paired
measures)
24-36h post operation

-

Reproducibility of
greater than DD

LS: 0.69
MSC: 0.9

Blood resistivity calculated from packed
cell volume.

Before & during anaesthesia

0.69

Highest correlation using
MSC array with SVK;
others not acceptable
Reliable / reproducible
only when conscious

5min intervals

0.87

Reliable
in
late
pregnancy;
smaller
variation than DD
Good correlation with TD

Blood
resistivity
haematocrit.

One measurement
position; S, SR, S

Special notes
ICG

Constant blood resistivity.

Constant blood resistivity.

calculated

from

each

0.88

Average of 5 measurements,
10s each, 45s between, 3
sets
3 measurements over the
24hr post-op

0.86

Accurate & correlate well
with TD

Blood
resistivity
calculated
from
haematocrit. 6 electrode system used.

0.556

Equation
enough

accurate

Resistivity not measured.

After 15 supine and 10min
after head tilt

0.857

Gives reliable estimate of
SV absolute values

Constant blood resistivity.

5 measurements over the
24hr post-op

0.46

Poor agreement

Constant blood resistivity.
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not

Constant blood resistivity.

(Continued)
Paper

Ref std:

Variable

Patients, Age ± SD Time points measured
Conclusion
Special notes
r
(range)
Fuller
TD
CO
ICU patients
Poor agreement
Resistivity calculated using Quail
2006 [233]
62 ± 16
resistivity equation.
(n=40)
de Waal
TD
SVI
CABG patients
7 time points from pre- to Not reliable
Resistance used not stated.
2008 [234]
64 ± 10
post-surgery
6 electrode system used.
(n=20)
Gujjar
TD
CO
Post-CV surgery
Several
pairs
of 0.856
Good agreement and Constant haematocrit for all resistance
2008 [235]
53 ± 8.7
measurements over a period
correlation with TD
calculations.
(n=35)
of 1–4 h
Gujjar
RNEC
CO
CV patients
Within 1 hour of each other
0.67
Moderate correlation and Constant haematocrit for all resistance
2010 [236]
48 ± 12
large bias
calculations.
(n=32)
† modified Kubicek equation. ‡ band electrode configuration (rather than electrode spot configuration).
DD: dye dilution technique. TD: thermodilution. Echo: echocardiography. RNEC: multigated radionuclide equilibrium cardiography. 3TM: third trimester of pregnancy. ICU:
intensive care unit. CV: cardiovascular. CABG: coronary artery bypass grafting. LS: lateral spot electrode array (standard set-up). MSC: modified semi-circular spot electrode
array. SVK: Kubicek SV algorithm.

Table 1.5: Summary of studies using Sramek equation.
Paper
Ref std
Variable
Patients, Age ± SD (range)
Huang 1990 [237]

Echo

Time points measured

SI

Non-patient population
Average of 10 consecutive
35 ± 12
measurements, ICG immediately
(n=48)
following Echo
Gotshall 1998
TD
CO
ICU patients
One measurement each position; S,
[228]
(18-78)
SR, S
(n=10)
Van De Water
TD
CO
Post CABG patients
3 measurements over the 24hr post2003 [230]
64 ± 12.2 (18-87)
op
(n=53)
Bernstein 2005
TD
SV
Post-CV surgery
5 measurements over the 24hr post[232]
68 ± 13 (33-90)
op
(n=106)
Fuller 2006 [233]
TD
CO
ICU patients
62 ± 16
(n=54)
SV and SVM: Sramek and modified Kubicek equations, respectively. CABG: coronary artery bypass grafting.
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r

Conclusion

S: -0.01
SM: -0.58

SV: underestimates
SVM: overestimates

0.64

Not accurate enough

0.601

Not accurate enough

0.51

Poor agreement

Poor agreement

Table 1.6 summarises some of the many studies performed using the Sramek-Bernstein algorithm.
Even though this algorithm is incorporated into commercially available ICG devices, its reliability and
validity was not conclusively proven.
Whilst ICG has been widely used to investigate gestational changes in SV and/or CO [125, 126, 163,
238-243], and the performance of the Sramek-Bernstein algorithm has been studied at length, few
studies have investigated the performance of this widely used algorithm in pregnancy. Only two studies
were identified that investigated the performance of an unmodified Sramek-Bernstein algorithm in
pregnancy against an established reference method [244, 245]. These papers reported the correlation
between ICG and TD, one in the late second to early third trimesters (31.6 ± 5.6 weeks) [244] and the
other in peripartum patients [245]. Participants in neither study were representative of a healthy
pregnant population, as all required pulmonary artery catheterisation for clinical management. Seven
of the ten participants in the first study [244] had pregnancy-induced hypertension (six of these also
severely preeclamptic), and six out of nine in the second study [245] had pregnancy-induced
hypertension (five of them severely). Easterling et al. [244] reported poor agreement between the two
methods (r = 0.17) and concluded that ICG was not suitable for use in hypertensive pregnancies. They
noted reasonable agreement in the normotensive participants [246], but expressed caution in using this
technology still, given that the normotensive portion consisted of only three participants. Contrastingly,
Masaki et al. [245] reported good correlation (r = 0.91), despite the majority of their patients being
hypertensive. The small sample sizes may have contributed to the difference in agreement between
studies, but it is unlikely that this alone explains such differences in r values. Given the conflicting results
between these two studies, and the poor performance in others (as observed in Table 1.6) with severe
sepsis [247] and other serious/critical conditions [227, 228, 230, 232, 234, 248, 249], one should be
cautious in applying this technology and algorithm in patient management.
A robust series of investigations in 1995 by Heethaar et al. [238] sought to prove the suitability of ICG
and the Sramek-Bernstein algorithm in pregnancy. Reliability was first demonstrated using a
mechanical model representing the thorax with a heart. They then reported negligible error associated
with small changes in electrode placement, addressing one potential area of concern in repeat
assessments. Satisfied with the performance in these two settings, they then applied it to a pregnant
population. Seven pregnant women were assessed monthly using ICG from seven to eight weeks
gestation until 12 weeks post-partum, charting the time course of various ICG parameters. There was
no reference measure, but the authors justified this with their preliminary investigations in this paper,
as the primary interest was longitudinal changes in pregnancy. Heethaar et al. [238] stated that TD has
an error of ±20% in any case, which also brings into question any studies dismissing ICG for its lack of
agreement with TD. Finding that the increase in body mass can incorrectly influence the VEPT, booking
weight was recommended for all SV calculations throughout pregnancy. They concluded that, following
this rule, the Sramek-Bernstein algorithm is satisfactory in longitudinal SV assessment in pregnancy if
the primary interest is short-term trends and percentage changes in SV, but not so for accurate absolute
values.
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Commercially available devices with their own in-built algorithms include the Philips [126], Physioflow™
[250] and the BioZ device with its ZMARC equation [161, 219, 222, 230, 251-257], distributed in some
regions under Medis ICG devices with the PASA (Physiological Adaptive Signal Analysis) algorithm
[258]. Studies using the ZMARC algorithm are encouraging, with favourable results in heart failure [219,
252, 253, 256], outpatient cardiac rehab [251], pulmonary arterial hypertension [254] and post-CV
surgery patients [230, 255], but some showing inaccuracies when compared to TD and Fick methods
[222, 257]. However, it was shown that ICG has more internal agreement (i.e. is less variable) than TD
(±4% and ±8%, respectively) [257], in agreement with other studies (coefficient of variation: 6.8% and
8.3% for ICG and dye dilution, respectively [225]; maximum likelihood estimation: 6.3% and 24.4% for
ICG and TD, respectively [230]).
The evidently improved ICG performance may be attributed to improved technology in the newer
devices. However, superiority of ZMARC over previous algorithms is demonstrated when they are
concurrently examined. Comparisons between ICG and TD demonstrated progressively improved
agreement with each subsequent algorithm (Kubicek, Sramek, Sramek-Bernstein and ZMARC) [230],
presenting a strong case for ZMARC over the others. In-built equations have the added benefit of
removing human-errors in manual SV calculation and the substantial burden associated with
determining each variable of the Sramek-Bernstein algorithm accurately. A weakness of in-built
proprietary algorithms is their “black-box” nature, removing the ability to critically examine any factors’
contribution to overall accuracy.
A meta-analysis reported good overall correlation between ICG and a variety of reference standards (r
= 0.82) [259]. The review found no effect of SV algorithm on ICG performance (Kubicek versus SramekBernstein), but did report several interesting findings and considerations for ICG validity research. There
was poorer agreement between ICG and the reference standard in single measure compared with
repeated measure design studies (r = 0.73 vs. 0.82). Of the 112 studies reviewed, 33% of all studies,
and 55% of single measurement studies, involved cardiac patients, and the overall correlation between
ICG and the reference measure (r = 0.66) was significantly less than the other disease states/subject
populations (r = 0.80 – 0.86, r = 0.80 in pregnancy). Thus, the reduced agreement in cardiac patients
accounts for much of the negative ICG performance reported. Importantly, the reference method used
significantly affected the reported validity of ICG. Indirect Fick studies had the highest correlation (r =
0.91), compared with dye dilution (r = 0.82) and echocardiography (r = 0.69). Therefore, no true gold
standard exists for SV determination, and the reference standard chosen has major implications when
reporting the accuracy of an assessment method. The authors stated that if the chosen reference
measure is treated like a true gold standard, its inaccuracies are disregarded. All error can then be
wrongly attributed to the ICG, thus underestimating its actual accuracy.
Practical and feasible recommendations can be deduced from these studies in patient populations.
There is no consensus on which algorithm is most accurate. Manual SV calculation might not be
recommended, given that the factors underpinning accurate values are not completely understood, and
manual calculation would be a laborious and potentially error-prone task. The more recent studies infer
that the in-built SV algorithms are the most reliable, valid and convenient. Whilst ICG might consistently
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overestimate or underestimate absolute SV in a particular patient population or scenario [237, 250], it
may still be suitable to assessing short-term trends and acute changes [223, 238], such as changes in
SV over CPAP titration [250], intra- and inter-day measurements [256, 260] and following position
change [161, 164, 224, 225, 256]. Lastly, when assessing the performance of ICG, the error associated
with the reference standard must be balanced with its invasiveness and clinical applicability. Ultrasound
or echocardiography, for example, were shown to result in the lowest overall correlation with ICG
compared to studies using dye dilution or Fick [259]. However, echocardiography is also only minimallyinvasive and is highly utilised in a clinical setting. Therefore, it would be suitable and reasonable to use
as a reference standard in trials involving healthy pregnant women.
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Table 1.6: Summary of studies using Sramek-Bernstein equation
Paper
Ref
Variable Patients
Time points measured
std
Easterling TD
CO
Late 2TM/early 3TM
3 simultaneous comparisons
1989
patients requiring PAC in 1 visit
[244]
(n=10)
Gotshall
TD
CO
ICU patients
TD: 3 averaged values within
1989
(n=10)
10% of each other. ICG: 1 in
[228]
each position (S, SR, S)
Masaki
TD
CO
Peripartum patients
5 measurements averaged
1989
requiring PAC
each, simultaneous
[245]
(n=9)
Huang
Echo SI
Non-patients
Average of 10 consecutive
1990
(n=48)
measurements, ICG
[237]
immediately following Echo
Thomas
TD
SV
ICU patients
3 median TD values (out of a
1992
(n=15)
total of 8 measurements)
[248]
compared with ICG
Thomas
DD
SV
Healthy young
5 x 3min incremental stages;
1992
(27-33)
3 measures at rest & 1 after
[248]
each stage.
Young
TD
CI
Severe sepsis patients twice daily; 242 total pairs of
1993
(n=19)
measurements
[247]
Woltjer
TD
SV
Post-CV surgery
24-36h post operation
1996
(n=37)
[227]
Salandin
Fick
CO
Heart disease patients Averaged over 10s from
1998
TD
(n=18)
beginning of each TD
[260]
measurement x 3
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r

Conclusion

0.17

Not accurate in hypertensive
pregnant women; use with
caution in normal pregnancy
Algorithm inaccurate

0.77

0.91

ICG valid in most peripartum
patients, even with PIH

-0.28

Overestimates SV

-

Only moderate agreement. Drug
induced changes accurately
detected
Only moderate agreement.
Underestimated exerciseinduced changes
Not able to be used
interchangeably with TD

-

0.36

LS: 0.64;
MSC: 0.73

Algorithm inaccurate

TD: 0.83
Fick: 0.77

Comparable to TD & Fick. ICG
shows better repeatability than
TD

Special notes

Undergoing artificial
ventilation

(Continued)
Paper
Ref
std
Hirschl
TD
2000
[249]

Variable

Patients

Time points measured

CI

Critically ill patients
(n=29)

TD: 4 values averaged over
each ventilatory cycle. ICG:
averaged over 2 cycles. ≥6
measures, 30min apart
3 measurements over the
24hr post-op

r

Conclusion

Special notes

Not accurate enough

All patients mechanically
ventilated during observation
period

Van De
TD
CO
Post CABG
0.685
Not accurate enough
Water
(n=53)
2003
[230]
Bernstein TD
SV
Post-CV surgery
5 measurements over the 0.6
Poor agreement
2005
(n=106)
24hr post-op
[232]
de Waal
TD
SVI
CABG patients
7 time points from pre- to Not reliable
6 electrode system used
2008
(n=20)
post-surgery
[234]
Fellahi
Echo CI
Healthy
10min
each
condition: 0.36
Poor and clinically unacceptable
2009
(n=25)
baseline, PEEP & MAST (75
agreement
[258]
data points)
2TM/3TM: 2nd/3rd trimester. CABG: coronary artery bypass grafting. DD: dye dilution. PAC: pulmonary artery catheterization. PEEP: positive end-expiratory pressure. MAST:
medical anti-shock trousers to induce mild lower body positive pressure. LS: lateral spot electrode array (standard set-up). MSC: modified semi-circular spot electrode array.
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1.3.1c: Summary of ICG use in pregnancy
Considering the large amount of literature available on ICG and all that has been discussed in this
review, how is this technology best applied in late pregnancy?
There is a paucity of evidence supporting the use of ICG in pregnancy. Existing evidence is either old
[162, 225, 244, 245] or conflicting [161-164]. More validation studies of modern apparatus and the
current in-built algorithms, with a clinically-established reference standard, are needed to support the
existing literature in healthy and pathological pregnancy [161]. Trend analysis of SV and CO may be of
value, whereas absolute values appear less well validated. As discussed above, SV algorithms assume
either a cylinder or truncated cone-shaped thorax, which is not accurate in pregnancy. The
progressively changing thoracic anatomy, shape and fluid content in pregnancy have an as-yet not well
understood effect on impedance, and therefore may limit the ability to assess SV differences at different
gestations [163]. The individual anatomical variations in pregnancy may prevent comparisons between
individuals, even at similar gestations, or with the published norms, such as those reported by Morris
et al. [261]. A more likely utility of ICG would be in investigation of the physiological effects of an acute
intervention.
The acute intervention of interest in this thesis is maternal position change. Reports that ICG is only
valid in lateral positions [162] further question the ability to detect changes in SV with maternal position.
This presents an argument for a) changing fluid distribution with differing positions influencing the
accuracy of SV algorithms, b) the inability of ICG to accurately detect absolute changes in SV, or c) a
reduction of accuracy of the reference standard, echocardiography, in non-lateral positions. There are
reliability and validity studies of ICG in different maternal positions in late pregnancy [161, 164].
However, the first study [164] only reported the moderate to high inter- and intra-session reliability in
different positions, with no reference measure. The second study [161] only compared ICG to the
reference measure, echocardiography, in the left-lateral position. Therefore, its validity in different
positions was not proven.
Two previous studies using the older Kubicek SV algorithm reported conflicting findings [163, 224]. The
first concluded that implausible and unreliable values were obtained in six assessments over the course
of pregnancy, even within the narrow range of RR-intervals assessed, and ICG was therefore unsuitable
for monitoring CO changes over the course of pregnancy [163]. The other study, reported that ICGmeasured changes in SV with position in late pregnancy were of a magnitude with TD [224].
Consequently, the available evidence suggests that ICG cannot be used with confidence to report
absolute values in pregnancy. Additionally, current evidence at this time does not endorse ICG to report
relative changes in cardiovascular function over time or as a result of an acute intervention in
pregnancy.
1.3.1d: Conclusions/recommendations
In conclusion, there is still on-going debate as to the reliability and validity of ICG, particularly in
pregnancy. Most studies suggest that the current technology is reliable, but validity cannot yet be
guaranteed. Trend analysis with subjects acting as their own controls, as with acute changes in position
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or different times of the day, may prove a more useful application than using ICG to report absolute
values. As there are many factors that can influence the performance of ICG, it is important to assess
its performance in each particular situation, as different patient populations exhibit different levels of
agreement with reference standards. Lastly, researchers need to be aware that the unique body
dimensions and fluid levels in pregnancy and changes throughout gestation present unique challenges
which are not yet completely understood with regards to ICG and may not be accounted for in SV
algorithms.
1.3.2: Subjective reports of sleep
Sometimes it is not possible or practical to perform a full PSG. Acquisition and analysis requires a
qualified sleep physiologist, and can be costly and time-consuming, especially with the addition of EEG
in Level 1 or Level 2 studies. A Level 3 cardiorespiratory PSG study reduces some of the burden, but
is still not practical for large research studies, making questionnaires an attractive option.
The Auckland Stillbirth Study [7] was one such large study that used retrospective questionnaires to
assess sleep behaviour in late pregnancy. However, concerns were raised regarding the validity of selfrecall of sleep in The Auckland Stillbirth Study [7, 57], questioning whether pregnant women can actually
recall sleep accurately, particularly sleep position at sleep-onset and awakening, the outcomes of
primary importance. Therefore, a review of the validity of subjective reports on non-cardiorespiratory
aspects of sleep was warranted.
A PubMed search was performed using the keywords “validity” AND (“self-report” OR “questionnaire”
OR “subjective”) the results of which were then applied to the non-cardiorespiratory sleep-specific
search terms (“total sleep time” OR “sleep latency” OR “wake after sleep-onset” OR “sleep position” OR
“supine sleep” OR “nocturia” OR “periodic leg movement”), yielding 54 results. Snoring and sleepiness
were not included as search terms, as they could be considered related to, or symptomatic of, SDB.
Titles and abstracts were manually searched for papers specifically using objective sleep assessments
(such as PSG or video analysis) to validate patient recall. The suggested “similar articles” in PubMed,
and those citing or cited by the listed papers were searched for further relevant studies. Studies using
actigraphy as the reference measure were excluded, as whilst it is objective, actigraphy is itself only an
estimation of sleep based on movement. To increase relevance and applicability to current PSG
methods, only studies published later than 1995 were included. Only full-text, English-language studies
with adult participants were included.
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Table 1.7: Subjective versus objective accounts of sleep
Study
Objective
Population (number)
Acceptable agreement between objective and
measure
subjective measures?
TST
Latency
WASO
Baker 1999
PSG, 3
Healthy adults (10
Overestimated
Underestimated
[262]
nights
men, 10 women)
Vanable
PSG, 1
Insomniacs (59),
Accurate
Overestimated
2000 [263]
night
PLMD (24), OSA (21)
Voderholzer PSG, 1
Healthy males (28)
Accurate
Accurate
2003 [264]
night
Insomniac males (35)
Underestimated Overestimated
Healthy females (26)
Accurate
Accurate
Insomniac females
Accurate
Accurate
(35)
Silva 2007
PSG, 1
Cardiovascular and
Overestimated
Overestimated
[265]
night
respiratory disease
cohorts (2113)
O'Donnell
PSG, 32
Healthy older adults
Related to total
Accurate
2009 [266]
nights.
(24)
SWS
Baseline &
20hr
forced desynchrony
Manconi
PSG, 1
Normal (288)
Accurate
2010 [267]
night
Insomniacs (159)
Underestimated
FernandezPSG,
Control sleep ≥6hr
Accurate
Mendoza
single
(359)
Underestimated
2011 [268]
night
Insomnia sleep ≥6hr
Overestimated
(60)
Overestimated
Control sleep <6hr
(365)
Insomnia sleep <6hr
(82)
Gooneratne PSG, 2nd
Insomniacs (100)
Overestimated
Overestimated
2011 [269]
night
Healthy controls (100)
Underestimate
Underestimated
d
Baker 2012
PSG, 2
Severe PMS (18)
Overestimated
Underestimated
[270]
nights
Normal controls (18)
Overestimated
Underestimated
Bianchi
PSG
Insomniacs (92)
Underestimated Overestimated
Underestimated
2013 [271]
OSA (66)
Accurate
Overestimated
Underestimated
Insomnia + OSA (119)
Accurate
Overestimated
Underestimated
Wilson 2013 PSG
3TM (33)
Overestimated
Overestimated
[272]
1TM (16)
Underestimated Overestimated
Non-pregnant women
Underestimated Overestimated
(15)
Castillo
PSG, 2
OSA patients (405)
Underestimated Overestimated
Underestimated
2014 [273]
nights (Dx
and CPAP
titration)
Warland
Video, 3
3TM (30)
Accurate, total
2014 [170]
nights
and left-lateral
Westerlund
PSG, 2-5
Normal sleepers (31)
Overestimated
Accurate
2014 [274]
studies at
home
Alameddine PSG, 1
PSG clinic patients
Underestimated Overestimated
Underestimated
2015 [275]
night
(879)
“Insomniacs” may be those with confirmed diagnosis, or those presenting with symptoms. CPAP titration:
continuous positive airway pressure titration PSG study. Dx: diagnostic PSG study. OSA: obstructive sleep
apnoea. PLMD: periodic limb movement disorder. PSG: polysomnography (sleep study). SWS: slow-wave sleep
(stage 3-4). TST: total sleep time. WASO: wake after sleep-onset. 1TM and 3TM: first and third trimester.
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1.3.2a: Perceptions of sleep with regards to time
Sixteen papers meeting the search criteria comparing subjective, next-morning, reports of sleep to an
objective measure were identified. The subjective variables most commonly compared to objective
equivalents were total sleep time (TST) and sleep-onset latency (the time taken to fall asleep), and to
a lesser extent, wakefulness, summarised in Table 1.7. The significance of the subjective-objective
mismatch as reported using analyses of variance or t-test [262, 263, 265, 266, 268, 270-273, 275]
and/or reporting the mean actual difference (i.e. Bland-Altman) [170, 264, 267, 269, 272, 276] were
used to determine the accuracy of subjective reports in these studies. Healthy or normal sleepers were
the most common population, either as a control group or as the primary population [262-264, 266-270,
272, 274, 276, 277]. The predominant diseased population was insomniacs, or those presenting with
related symptoms [263, 264, 267-269, 271]. Insomnia was also the predominant condition in the many
studies excluded from review for reporting only subjective responses or using actigraphy as the
reference measure.
The reported validity of self-recalled TST was inconclusive. Eight of the reviewed studies reported
underestimated TST [264, 267-269, 271-273, 275], four studies that it was overestimated [265, 268,
272, 274] and six that it was recalled accurately [170, 263, 264, 267, 268, 271] by at least one of their
groups of participants. Findings regarding subjective sleep-onset latency are less equivocal. Ten of the
studies reported that at least one of their groups of participants overestimated how long it took them to
fall asleep [262-265, 269-273, 275], with only four reporting accurate latency [170, 264, 266, 274] and
one underestimated latency [269] in at least one of their groups of participants.
The trend in these studies is that insomniacs underestimate their TST [264, 267-269, 271]. However,
recall of latency, TST or WASO may differ depending the presence of absence of insomnia [264] or
OSA [263, 273, 275], the actual sleep duration [268, 271] or on gender [264]. Within insomniacs, neither
co-morbid OSA nor sleep fragmentation appears to further contribute to the subjective-objective
mismatch [271].
Bianchi et al. [271] postulated that participants mistook light sleep for being awake, contributing to the
error in subjective TST and latency. Light, stage 1 sleep is sometimes considered the transition between
wakefulness and sleep. The current AASM guidelines [59] define sleep-onset latency as the time from
lights-out to the start of the first epoch of recorded sleep. In the reviewed studies, latency definitions
varied greatly: the time from lights-out to the first appearance of three consecutive epochs of sleep, or
one minute of stage 2 sleep [262], the first three epochs of any stage of sleep [270], the first 10 minutes
of persistent sleep [271], and to stage 1 sleep [274]. Curiously, the last definition of objective sleeponset latency [274] was the only one that reported good agreement with subjective estimates, with all
the others reported that it was overestimated. This definition would result in the shortest objective
latency, as stage 1 sleep occurs first, and could therefore reasonably be expected to increase the
subjective-objective mismatch. However, this may be due to the population studied, as Westerlund et
al. [274] studied “normal sleepers” only.

53

Only two studies were identified that specifically assessed the validity of self-recall of sleep against
objective measures in pregnancy [170, 272]. Wilson et al. [272] was also one of the few studies using
the gold standard Level 1 PSG to test the accuracy of self-reported sleep. They demonstrated very well
the complexities involved in describing different aspects of sleep, and how methodologies and
definitions can greatly influence your conclusions. Consistent with the above studies, different
populations estimated sleep durations differently. The majority of non-pregnant and first trimester
women underestimated TST, in contrast to third trimester women who equally overestimated and
underestimated TST. The absolute difference was similar between all groups (third trimester: 49 ± 32
minutes; first trimester: 54 ± 61 minutes; control: 49 ± 41 minutes; p = 0.92).
Wilson et al. [272] reported that sleep-onset latency to the first epoch of sleep (AASM criteria [59]) was
overestimated by most participants (third trimester: 82%, first trimester: 94%, control: 80%), and by a
similar magnitude (9-15 minutes, p = 0.59). The absolute subjective-objective mean difference did not
differ between the three groups (15-17 minutes, p = 0.93). However, considering the different definitions
used in prior studies [262, 270, 271, 274], and that perceptions of sleep can differ between populations
[264, 268, 271], Wilson et al. [272] tested the agreement between subjective latency and five different
definitions of objective latency in each group. Sleep-onset latency as perceived by the first trimester
participants’ demonstrated the closest agreement with the time to the first epoch of slow-wave sleep
(mean difference: 2.9 ± 12.1 minutes), the third trimester group’s responses were closest to the first ten
minutes of continuous sleep (1.1 ± 21.2 minutes) and the control group to both of these definitions (1.9
± 18.8 and 1.9 ± 17.3 minutes, respectively).
The key message from this study is that perception of time-related measures of sleep during pregnancy,
as in other populations, tends to be unreliable, and in the case of TST, the direction of misperception
can change over the course of pregnancy. These findings pose some questions. Is the current definition
of objective latency (i.e. first epoch of any stage of sleep [59]) still appropriate in pregnancy, or do one
of the above (longer) definitions more accurately reflect functional or pragmatic sleep-onset latency in
situations where sleep is delayed or fragmented, either objectively or subjectively, as is the case in late
pregnancy? Wilson et al. [272] state that “a more stringent criterion” (i.e. 10 min of consolidated sleep,
or the first epoch of slow-wave sleep) on average results in improved concordance between the different
populations, and between subjective and objective accounts. Therefore, as the authors state, it is
conceivable that “sleep onset does not occur until the more consolidated stages” [272; p. 219], and
perhaps these longer definitions of latency are more appropriate than that currently recommended [59].
1.3.2b: Subjective reports of sleep position
As perceptions of sleep-onset latency and duration tend to generally be unreliable and to differ between
different populations, it is feasible that this will consequently affect perceptions of position at sleeponset and wake, respectively. Only two studies compared objective and subjective next morning
accounts of sleep position, one in healthy non-pregnant adults [277] and the other in late pregnancy
[170], both using infrared video for objective measures. Gordon et al. [277] reported that subjective
reports of predominant sleep position demonstrated good agreement with that observed in the video
data, both in a normal nights’ sleep and from the previous night (92% sensitivity for lateral positions).
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There was no difference in the time participants spent in each position over two consecutive nights, and
there was good reliability between nights one and two for both the next morning reports and usual
nights’ sleep predominant sleep position (83% and 92% agreement, respectively), indicating that a
single night should be sufficient in an assessment of sleep position.
Based on the premise that the left-lateral sleep position was protective against adverse pregnancy
outcomes [1, 7, 58], Warland and Dorrian [170] asked 30 healthy pregnant women (32-37 weeks
gestation) upon wakening to estimate the total time spent in that position over three nights. There was
a moderate objective-subjective correlation (r = 0.418) in total time in the left-lateral position, with a
mean difference of only three minutes. As the authors point out, however, there was wide variability
about that mean (2SD limits of agreement approximately ±3.5 hours).
However, Warland and Dorrian [170] instructed the participants to settle in the left-lateral position, to
resettle in the left-lateral position if they woke, and to keep sleep diaries. Thus, not only may this study
be considered not representative of a ‘normal’ night’s sleep, with a bias towards reduced supine sleep
and increased left-lateral sleep, but there was likely an increased awareness of sleep position compared
with a normal night. Also, sleep-onset position was one of the specific questions in the Auckland
Stillbirth Study [7] that related to stillbirth incidence, and the instruction to settle on the left-lateral
position removes the ability to assess recall of natural sleep-onset position. However, should the leftlateral position indeed prove to be protective as case controls studies suggest [1, 7, 58] and
hypothesised by Warland and Dorrian [170], then this study demonstrates that third trimester women
are able to estimate the time spent in different positions with moderate accuracy, and can change the
sleep position when instructed to do so.
1.3.2c: Subjective reports of sleep; concluded
In summary, it is likely that self-reported sleep-onset latency will be overestimated, measures related
to wakefulness will be underestimated, and TST can be inaccurate in either direction. The time-point in
actual physiological sleep that the patient most relates to subjective sleep-onset is not firmly
established, and appears dependant on the specific study population. However, the clinically defined
sleep-onset latency (first epoch of sleep, regardless of stage) does not appear to relate to subjective
sleep. There is some evidence that pregnant (r = 0.418) and non-pregnant (92% sensitivity) people are
able to recall proportion of the night spent in lateral positions with moderate accuracy; less is known
about the supine position, or the position at sleep-onset. Identification of sleep-onset position may be
subject to the differing perceptions of latency. More evidence is needed regarding subjective sleep
position in third trimester pregnancy, including the position at sleep-onset and awakening, given their
importance in The Auckland Stillbirth Study [7].
1.3.3: Indirect measures of sleep physiology and behaviour in late pregnancy; conclusions
This section of the review focussed on two aspects of sleep that are of significance to the thesis but of
uncertain validity: the ability to non-invasively estimate continuous cardiac output in late pregnancy, and
the accuracy of the self-reports of sleep behaviour that underpinned the research stimulating this thesis

55

[7]. The use of ICG to estimate cardiac output is yet to be validated in late pregnancy against an
established clinical measure, and subjective reports of maternal sleep are also as yet of uncertain
validity. These two components would benefit from validity testing in healthy late pregnancy to allow
their application to sleep.

1.4: Overall summary and conclusions of literature review
In investigating the physiological mechanisms associated with non-left-lateral sleep of potential
significance to stillbirth, it is important to report both the respiratory response of sleep, and the
cardiovascular responses to sleep position. As much current knowledge relies on subjective reports of
sleep, the accuracy of these reports must be tested, along with the non-invasive estimates of
cardiovascular function which have the potential to be applied to sleep.
Healthy pregnant women are more likely to present with inspiratory flow limitation than apnoeas and
hypopnoeas. Therefore, the AHI is unlikely to demonstrate a meaningful effect of maternal sleep
position, and an objective measure of inspiratory flow limitation is likely to be a more appropriate
measure to detect a change by maternal position. Despite its demonstrated importance in late
pregnancy, there are currently no published papers of the effect of maternal sleep position on measures
of inspiratory flow limitation.
The effects of maternal position on uterine and umbilical flow indices are unclear and these measures
cannot be applied to maternal sleep. The maternal supine position when awake tends to decrease
maternal BP and CO, although the effect is not significant or clinically meaningful in many previous
reports and the effect of maternal position when asleep on BP and CO is not known. Blood pressure
and, if proven valid, CO have the potential to be measured continuously during maternal sleep to
describe the maternal physiological response to maternal sleep position. Regarding maternal position
change in late pregnancy, HRV demonstrates fairly consistent results in the literature, with the maternal
supine position when awake demonstrating a vagally suppressed and/or sympathetically enhanced
response, even in the absence of detectable maternal BP changes. Heart rate variability has not been
used to describe the effects of maternal sleep position. The inclusion of HRV analyses in sleep has the
potential to appreciably increase understanding of the effects of maternal sleep position and how they
may interact with other physiological responses, such as those related to sleep-disordered breathing.
Given the potential significance of maternal CO with regards to maternal sleep position, it would be
informative to be able to assess it in a way that would not affect maternal sleep. Impedance
cardiography may be a method of reporting maternal CO overnight. The validity of impedance
cardiography in late pregnancy however would first need to be determined against an established
clinical measure. Similarly, much of the current associations between maternal sleep and pregnancy
outcomes are based on subjective accounts of sleep. Whilst current evidence suggests that maternal
sleep position can be recalled with moderate accuracy, this too would benefit from further validation
testing, particularly with respect to position at sleep-onset and at awakening, given their importance in
The Auckland Stillbirth Study [7].
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In summary, there is a paucity of data available on normal sleep in healthy late pregnancy, particularly
as it relates to the physiological effects of maternal sleep position. This literature review has identified
a number of appropriate assessment methods that have the potential to address this gap in the
published literature.
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CHAPTER 2: Methodology
The findings from the two validation studies (subsections 2.2.1 and 2.3.3) were published in BMC
Pregnancy and Childbirth [278, 279]:
1. McIntyre JP et al: Validation of thoracic impedance cardiography by echocardiography in
healthy late pregnancy. BMC Pregnancy and Childbirth 2015, 15:70.
http://bmcpregnancychildbirth.biomedcentral.com/articles/10.1186/s12884-015-0504-5
2. McIntyre JPR et al: A description of sleep behaviour in healthy late pregnancy, and the
accuracy of self-reports. BMC Pregnancy and Childbirth 2016, 16:115.
http://bmcpregnancychildbirth.biomedcentral.com/articles/10.1186/s12884-016-0905-0

Introduction
Two main components make up this methodology, the “awake study” (section 2.2) and the “overnight
study” (section 2.3), each comprising of multiple sub-studies. After the description of the study
populations, this chapter will outline the experimental procedures as they were conducted and a
description of data analyses. This will be followed by descriptions of the apparatus used. This format is
maintained for the subsequent results and discussion sections.

2.1: Participants
Healthy women aged ≥ 18 years with a normal singleton pregnancy, late in the third trimester (35-38
weeks gestation), were recruited from low risk midwifery care. Exclusion criteria included: current
smoking or alcohol use, any medical or obstetric complications (e.g. intrauterine growth restriction,
preeclampsia, any known cardiovascular, respiratory or renal disorders, all forms of diabetes), not
regularly attending scheduled obstetric appointments, and orthopaedic or musculoskeletal conditions
which would make adopting different maternal positions difficult.
The overnight study also included group of healthy women who have never been pregnant to compare
the sleep behaviour and physiological responses in sleep with the pregnant women. Healthy,
nulligravida women, aged 18-39 were recruited. The exclusion criteria for this group included those for
the pregnant group (excluding light alcohol use), with the addition of any known sleep
disorders/abnormal sleep behaviour (e.g. sleep-disordered breathing, current shift work, parasomnias,
bruxism, and insomnia), steroidal medications, body mass index (BMI) ≥25 km.m-2, and any previous
pregnancy. All non-pregnant participants were assessed on either day 14-26 of the menstrual cycle, or
in the case of oral contraceptive use, an “active pill” day.
Participants abstained from caffeine, chocolate and strenuous exercise on the day of study. Birth
outcome data were collected from all pregnant participants to confirm the health status of the mother
and neonate. Pre-pregnancy BMI was calculated from self-reported height and weight. Gestation at the
time of assessment was based on first trimester ultrasound scanning.
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2.2: Awake study
The awake study had two components: 1. The validation of non-invasive estimates of cardiac output in
late pregnancy, and 2. The physiological effects of maternal body position when awake.
All studies were performed under standardized conditions in the afternoon. Upon arrival, height and
weight were measured to determine current BMI and body surface area (BSA). Participants then rested
for 30 minutes prior to the assessment during which time the transabdominal ECG electrodes,
impedance cardiography (ICG) surface electrodes and blood pressure (BP) arm and finger cuffs were
placed. Resting BP and heart rate (HR) were recorded after this rest period. All participants were
assessed by the study obstetrician on the day of study to ensure there were no pregnancy abnormalities
and a routine obstetric ultrasound in the semi-recumbent position was performed to check fetal
wellbeing. Normal cardiac anatomy was established by echocardiography by one qualified cardiac
sonographer.
Once normality of cardiac anatomy and fetal wellbeing were established, the simultaneous ICG and
echocardiography measurements of stroke volume were performed for the purpose of validating ICG
(subsection 2.2.1). The effect of maternal position on maternal physiology was then assessed
(subsection 2.2.2).
The Regional Human Ethics Committee approved the study protocol (NTX/11/09/084), and all
participants provided written informed consent (Appendix 1).
2.2.1: Validation of non-invasive cardiac output measurement in pregnancy using impedance
cardiography
2.2.1a: Echocardiography
Limited two-dimensional transthoracic echocardiograms were performed for all assessments by one
qualified cardiac sonographer. Patients were scanned in the left-lateral decubitus position. Standard
transthoracic echocardiographic views and measurements were acquired as per the recommendations
of the American Society of Echocardiography guidelines [139, 280], ensuring normality of cardiac
anatomy and allowing for the measurement of left ventricular outflow tract velocity time integral
(LVOTVTI) and diameter (LVOTd) to calculate stroke volume (SV) and cardiac output (CO).
During a period of stable cardiac rhythm, a Doppler sample volume was placed within 1 cm of the aortic
valve in the LVOT and approximately 10 consecutive beats were recorded in frozen screen format. This
was performed three times during the examination: beginning (3.1 ± 1.3 minutes), mid-point (10.7 ± 2.3
minutes), and end (17.5 ± 2.8 minutes); these are termed epochs 1, 2 and 3, respectively in the results.
CO was derived from real-time measurements of three averaged consecutive cardiac cycles at each of
the three time points.
2.2.1b: Impedance Cardiography
ICG data were collected continuously for the duration of the echocardiography assessment. The
CardioScreen 1000® (Medis Medizinische Messtechnik GmbH, Ilmenau, Germany) was attached to
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participants according to manufacturer’s instructions using disposable adhesive dual-surface electrodes
in the lateral spot configuration, after preparation with abrasive gel (Nuprep® Skin Prep Gel, DO Weaver
and Co., Aurora, CO, USA). To allow direct comparison and synchronisation with echocardiography,
electronic markers were placed in the ICG data at the first of each three averaged echocardiography
SV values.
The operators of the two different devices were blinded to the values produced by the other during data
collection and retrospective analyses.
2.2.1c: Statistical analyses
Statistical analyses were performed using SAS® statistical software (version 9.3, SAS Institute Inc.,
Cary, NC, USA) and MS Excel (version 14.0). One minute of ICG values were averaged to give the SV
value for that time point (30 seconds either side of the echocardiography marker). As the
echocardiography computer only gave a time at which the image was captured and the mean HR for
that captured image, and not an exact time for each RR interval, it was not possible to compare the
exact same cardiac cycles between devices. Thirty seconds of ICG data either side of echocardiography
was judged to be the best alternative, minimising any significant effects of any potential outlier SV
values if using a shorter time period.
The relationship between ICG and echocardiography at each epoch was analysed separately. Six
velocity spectrums at each epoch were re-measured offline in a subset of 20 participants to report intraobserver variability. This was also used to test if the number of averaged cardiac cycles, or whether
“online” or “offline” analysis of echocardiography waveforms (i.e. during or after the echocardiogram),
influenced echocardiography agreement with ICG. The echocardiography coefficient of variation across
the three epochs was compared between averaging methods: mean of three beats per epoch online
versus mean of three per epoch offline versus mean of six per epoch offline. For ICG, the coefficient of
variation was calculated using the 60 seconds of data at each of the three epochs.
An analysis of variance (ANOVA) was used to test if measures of HR, SV and CO changed significantly
between epochs for each device. The agreement between echocardiography and ICG values for SV
and CO was assessed for the full dataset using Bland-Altman analysis [281], with each epoch assessed
separately, so as to not violate the assumptions of independence between samples [282]. In addition
to absolute difference between devices, percentage error for each sample was calculated as the
absolute difference between echocardiography and ICG divided by the echocardiography value, times
100.
The coefficient of variation across the three epochs was calculated from the individual change in values
between epochs and used to compare the overall variance between devices. Pearson correlation
coefficients examined any relationship that maternal and fetal anatomical variables might have with
absolute SV and CO values and the difference in ICG and echocardiography values.
One outcome measure (CO) was used to calculate a sample size of 30 subjects. This assumes a SD
of CO of 2.0 L/min. The cross over design makes it likely that there will be a correlation between
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observations and if it is assumed to be 0.5, the difference detectable with 80% power at the 5% level of
significance is 1.0 L/min, which is of potential clinical significance.
2.2.2: The effects of maternal body position on maternal physiology when awake
Following the echocardiography and ICG assessment, participants were then asked to lie for 30 minutes
in each of the following four positions: left-lateral, right-lateral, supine, and supine semi-recumbent (30°
incline). The position order was randomised using a simple randomisation function in MS Excel. The
women had a single pillow placed under their heads in each position. In order to avoid excessive lumbar
lordosis in the supine and semi-recumbent positions, participants were instructed to bend their knees
to a comfortable point, although no restrictions were placed on the degree of knee flexion in any position.
In the semi-recumbent position the participants were inclined by raising the head of the bed at the hip
to a measured angle of 30° relative to the horizontal, with the knees flexed to a self-chosen angle. In
the left-lateral and right-lateral positions the lower arm was extended out so as not to be under the body
and inhibit arm blood flow, and the superior arm was placed resting on the side of the body. To minimise
the effects of respiratory variation on the maternal BP and HR variability (HRV) analyses, the women
lay completely still, with eyes closed, not talking nor being spoken to. Pilot testing demonstrated that it
was difficult to ensure participant compliance for the entire 30 minute period with regards to not talking,
sighing or yawning and keeping eyes closed. Additionally, due to ultrasound monitoring of fetal
wellbeing during non-quiet periods, interaction with the participant was necessary. For that reason,
maternal data were analysed for two periods of seven minutes each during the 30 minutes in position,
between minutes 6-13 and 18-25 (subsequently referred to as Quiet1 and Quiet2, respectively). During
these quiet periods, the participants were instructed to breathe at a regular rate and to avoid sighing or
yawning. Maternal beat-to-beat BP, RR intervals and stroke volume were recorded continuously
throughout each position.
2.2.2a: The effects of maternal position on continuous maternal blood pressure when awake
Beat-to-beat BP data were imported into MS Excel (version 14.0). Values that were outside of the
physiological range (<20 mmHg or >200 mmHg) were deleted from the samples. There were a variety
of causes of these erroneous values, such as movement artefact, participant finger flexion/extension
and ectopic beats. For the HRV samples that were removed from analyses due to non-normality or
patient non-compliance (see below), the corresponding BP values were also excluded from analyses
due to their assumed interdependence.
Beat-to-beat BP data were used to calculate pulse pressure as the difference between instantaneous
SBP and DBP values. The CNAP™ device used to assess maternal BP does not correct for the effects
of the differences in vertical position of the point of measurement (fingers) relative to the heart, and as
the arms were extended along the body throughout the four positions, it thereby created an offset in
absolute SBP and DBP between the different body positions that could not be corrected for. The effects
of position were assumed to affect the SBP and DBP equally, which would cancel out any effect on the
pulse pressure. Therefore, the pulse pressure was the only absolute BP measure included in the
analyses.
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The mean, standard deviation and duration of recorded data were calculated for each sample; assessed
both over the whole 30 minutes in each position and during the quiet periods only. Mean pulse pressure
in each position during the quiet periods was the BP outcome of primary interest.
2.2.2b: The effects of maternal position on maternal heart rate variability when awake
The maternal beat-to-beat RR interval data were imported into a custom-designed application in
LabVIEW (National Instruments, Austin, TX). This permitted removal of maternal ectopic beats and
extraneous noise after which the data were saved as an edited RR interval file. To eliminate potential
noise from movement, talking and eye opening, the first and last minutes of each of the seven minute
quiet periods in the awake study were excluded from HRV analysis. The middle five minutes of data
then underwent power spectral density (PSD, Fast Fourier Transform) and time domain analyses of
HRV using the LabVIEW application.
In the awake study, the ratio between the actual number of RR intervals in the sample period and the
estimated number of RR intervals (based on the mean value) was used to estimate data loss and to
identify samples that required closer examination. If the ratio was less than 0.95, the RR tachogram
was visually inspected to see if the gaps in data were in large clusters requiring substantial interpolation,
and therefore likely to affect variability (particularly in the frequency domain), in which case they were
excluded. If the gaps were spread out and determined to not markedly affect the shape of the sine wave
of the tachogram, then they were included. Samples were also removed if deemed to be “abnormal”
and likely to give a misleading HRV response, either by their inclusion, or the resulting reduction in
variability due to a high number of deleted beats; i.e. talking during quiet periods, or the presence of a
high proportion of arrhythmias or ectopic beats. This was performed independently by two researchers.
The frequency bands in the PSD analysis were set to 0-0.4 Hz (total power, TP) 0-0.04 Hz (very low
frequency, VLF), 0.04-0.15 (low frequency, LF) and 0.15-0.4 (high frequency, HF). Outputs included
absolute PSD values and relative values normalised to TP (nLF and nHF, respectively) and presented
in normalised units (nu), and the LF/HF ratio. The total and absolute power in each frequency band
were calculated as the area under the curve between the specified frequency ranges: power (ms2) =
the sum of all power values × the frequency difference between consecutive samples (0.0004 Hz). Total
power is a measure of overall variability, LF reflects sympathetic and vagal activity, and HF reflects
vagal activity. Thus, LF/HF is commonly interpreted as being reflective of sympatho-vagal balance
[180]. The mechanism regulating VLF are not well defined, and it is not appropriate for use in shortterm recordings [180]. For that reason, the normalised and absolute VLF were not included in the
results.
Time domain measures included mean, standard deviation (SD-RR, an estimate of overall variability,
comparable to TP), and root mean square of the successive differences (RMSSD; a measure of shortterm variability, comparable to HF) of the RR interval (ms) [180, 283]. The SD/RMSSD ratio was also
calculated, which may be considered comparable to the LF/HF ratio [284].
The absolute HF power in each position was the primary outcome for maternal beat-beat HRV.
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2.2.2c: Statistical analyses
Statistical analyses were performed using SPSS Statistics (version 22, IBM Corp., Armonk, NY, USA)
and SAS® statistical software (version 9.3, SAS Institute Inc., Cary, NC, USA). Repeated measures
analyses were used to describe the effect of maternal position on the pulse pressure and HRV. Each
sample was labelled by position (left, right, supine, semi-recumbent) and by sample time (Quiet1 or
Quiet2). Effects were controlled for maternal BMI, maternal neck circumference, the deepest pool of
amniotic fluid and estimated fetal size, to account for any potential effects of differing maternal and fetal
anatomical proportions, and the effects of sample time (Quiet 1 versus Quiet2). Owing to recalibrations
or signal disruption, the duration of BP recordings was not uniform between all positions and
participants, and valid BP data were not available in all instances. The BP sample was considered
representative and adequate only if data were available for the majority of the sample. Therefore, the
repeated measures analyses of the pulse pressure only included samples where at least half of the
quiet period (210 seconds of data) were available.
Results from the repeated measures analyses are presented as change from the left-lateral position
(lower and upper limit of 95% confidence intervals). Skewed data were log transformed for the repeated
measures analyses.

2.3: Overnight study
For the purposes of analyses, the overnight study has had three components: 1. The description of
sleep behaviour and physiology in late pregnancy, 2. The physiological effects of maternal body position
when asleep, and 3. The accuracy of maternal self-reports of sleep behaviour.
All sleep studies were performed in the participants’ homes. The pregnant participants were set-up for
Level 3 cardiorespiratory PSG with infrared digital video recording of sleep, as well as transabdominal
ECG recording of maternal beat-beat heart rate. The non-pregnant group were set-up for Level 2 PSG
with infrared digital video recording of sleep. The Level 3 cardiorespiratory PSG is a sleep study without
electroencephalography (EEG) for sleep staging, whereas Level 2 is a full PSG set-up (only
unattended), including EEG. The PSG devices were programmed to start one hour before the
participants’ estimated bed time, and to stop one hour after the estimated wake time. To ensure clocksynchronisation of the sleep apparatus and (where applicable) the transabdominal ECG monitor with
the video, participants pressed the event marker buttons on each device at the same time in view of the
camera immediately before turning off the room lights. Participants were instructed to sleep as normal
with regards to bed time and wake time, number of pillows and lighting. However, some bed partners
chose not to sleep in the same bed on the study night (primarily due to not wanting to be videoed).
Current and pre-pregnancy Body Mass Index (BMI; kg m -2) were calculated using self-reported height
and weight measurements.
A sleep questionnaire was administered to the pregnant participants as a face-to-face interview the
morning after the PSG. No information regarding the content of the questionnaire was given to the
participants prior to its completion. The participants were told the purpose of the study was to describe
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normal sleep in healthy pregnancy and were not informed that one purpose of the study was to validate
the questionnaire, so as not to influence their awareness of sleep, how they might sleep, and their
questionnaire responses. Furthermore, no prompts were given to help them recall any aspect of their
sleep for the questionnaire.
Due to the inability to control for degree of incline, head-tilt and/or trunk flexion that the women adopted
during sleep (and the difficulty in measuring it accurately), no distinction was made between supine and
semi-recumbent positions, with all marked as “supine”.
All polysomnography (PSG) data were assessed by a single observer (JM) according to the American
Academy of Sleep Medicine (AASM) 2012 guidelines [59]. Sleep staging data for the non-pregnant
group were scored by the thesis author (JM) and cross-scored by a Registered Polysomnographic
Technologist (BRPT) for concordance (median inter-scorer agreement: 91%, IQR: 85 – 92%). All video
data were assessed by a single observer, blinded to the questionnaire and PSG data.
The Northern X Regional Human Ethics Committee approved the study protocol (NTX/12/06/048), and
all participants provided written informed consent (Appendix 2 and Appendix 3).
2.3.1: A description of sleep behaviour and physiology in healthy late pregnancy
The assessment of the description of sleep behaviour and maternal respiration during sleep in healthy
late pregnancy, and as it compares with healthy nulligravidae, are presented below.
2.3.1a: Description of sleep behaviour
The study duration was calculated as the time interval from the first to last recumbent position observed
in the video. As there are no clearly defined criteria for defining sleep-onset from video data, it was
defined as the first three minute period with no movements, similar to that used previously in an
accelerometry study [285]. Position changes were therefore counted as positions lasting three minutes
or longer, with shorter duration positions considered to be part of the transition between sleep positions.
Components of the validation questionnaire (subsection 2.3.3, Appendix 4) were used to describe
subjective perceptions of normal sleep. Participants were asked if they had difficulty getting to sleep
(Yes, No) and getting back to sleep if they woke (Yes, No, Didn’t wake), if they were restless on the
night of the study (Not at all, A little, Average, More than average, Very restless), and their overall sleep
quality on the study night (Very good, Fairly good, Average, Fairly bad, Very bad). Unless otherwise
stated, continuous sleep data are presented as Median (IQR).
2.3.1b: Description of maternal respiration during sleep
All PSG were scored using The RemLogic™ software. Initially, an automatic respiratory analysis of the
PSG was run to mark maternal position (i.e. supine, right, left, upright) and movement, oxygen
desaturations and to detect snoring and inspiratory flow limitation from the nasal cannula. Maternal
position as determined by the in-built position sensor was confirmed by video data. Hypopnoea and
apnoea events were excluded from automatic analyses and all scored manually. Oxygen desaturations
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were classified as a ≥3% decrease in SpO2 values from baseline. Hypopnoeas and apnoeas were
identified by visual analysis of airflow and respiratory effort, and marked only in epochs scored as
“asleep” in the Level 2 studies. Hypopnoeas were defined as a ≥30% decrease from baseline in nasal
airflow magnitude with an associated ≥3% desaturation, or in the case of the Level 2 studies, either an
associated desaturation or arousal of ≥3 seconds. An apnoea was defined as a ≥90% decrease in the
peak airflow from baseline. Marking of the apnoea required the cessation of both nasal and oral airflow;
if the 90% reduction in airflow was only observed in the nasal trace, and not the thermistor, then it was
scored as a hypopnoea. Apnoeas were further classified as obstructive (inspiratory effort present),
central (absent inspiratory effort for duration of apnoea) or mixed (effort present for second portion only).
Both the apnoeas and hypopnoeas needed to be ≥10 second’s duration, with the amplitude reduction
lasting for at least 90% of the event’s duration. The duration of the hypopnoeas and apnoeas were
“measured from the nadir preceding the first breath that is clearly reduced to the beginning of the first
breath that approximates the baseline breathing amplitude” [59, p. 56]. Respiratory event-related
arousals (RERA; non-pregnant group only) were scored as a reduction in the amplitude and/or new
flattening of the airflow signal, with evidence of increased respiratory effort, that does not meet criteria
for hypopnoea but still resulted in an arousal [59].
The RemLogic™ software was then used to generate a report which gave the following summaries for
each position: mean, lowest and highest SpO2, mean desaturation (%), Oxygen Desaturation Index
(ODI; number of desaturations per hour of sleep), Apnoea-Hypopnoea Index (AHI; number of events
per hour of sleep), and snoring measures. Automated PSG snoring measures were generated by the
sleep software using the derived snore trace from the nasal cannula, which included: total snore time,
snore time as a proportion of the study period, number of snoring episodes over the study period, mean
duration of each snoring episode, and longest snoring episode.
2.3.2: The effects of maternal body position on maternal physiology during sleep
For the purposes of assessing the physiological effects of sleep position, data were saved in continuous
five minute epochs, starting from when the assessment start markers were pressed, irrespective of
position. An epoch was only labelled as being either left, right or supine if it was so for the entire five
minutes. If a five minute epoch consisted of more than one position or movement, then it was marked
as “transition”.
2.3.2a: The effects of maternal position on maternal respiration during sleep
(polysomnography)
The mean (whole night) AHI, ODI and proportion of breaths below the flattening threshold deemed to
represent inspiratory flow limitation were reported as overall (all positions), left-lateral, right-lateral, and
supine values, not accounting for duration or number of times in each position. These overall values for
each position were obtained from the RemLogic™ sleep software-generated reports. The breath-bybreath inspiratory flow limitation data were further analysed in five minute epochs, described below.
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A breath-by-breath flattening index for the duration of the study was created. The flattening index is an
estimation of the degree of inspiratory flow limitation based on the shape of the nasal pressure
waveform on inspiration. The flattening index quantifies the degree of flattening, whereby a value of
zero would indicate a completely flat flow profile (i.e. square wave), and a value of 0.3 would be a
perfectly round, sine-like wave [97]. The automatically generated sleep reports require that a flattening
index threshold is set, where if the index drops below that threshold, then the breath is determined to
be “flow limited” [Natus® Embla Training, Sensors, Signals and Derived Channels]. The report can then
list what proportion of breaths were considered to be “flow limited”. The default threshold value in the
RemLogic™ software is 0.13. However for this study, the slightly higher value of 0.15 was used,
consistent with previous published data on overnight inspiratory flow limitation in pregnancy [95].
Connolly et al. [95] attributed this value to an earlier study [113] which reported that flattening indexes
below this value indicated significant inspiratory flow limitation, triggering auto-titrating continuous
positive airway pressure (CPAP) devices to increase pressure. The breath-by-breath inspiratory flow
limitation data were exported from the RemLogic™ software to a text file for analysis. The file was split
into two files and then assessed using a custom-designed application in LabVIEW (National
Instruments, Austin, TX): the first file being the flattening data prior to the participants going to bed, and
the second to include only the data between the “assessment start” and “assessment stop” markers.
This custom application deleted all breaths that the RemLogic™ software could not calculate an
inspiratory flow limitation index (either due to poor signal quality, movement or an apnoea) and therefore
gave a non-numerical, “error”, output. The application then analysed the data in the continuous five
minute epochs, with the following outputs: mean flattening index, standard deviation of the flattening
index, total number of breaths in the five minute epoch, and the absolute number and proportion of
breaths that are “flow limited” (i.e. below flattening index of 0.15). Additionally, a 30 second sample of
good quality flattening index data, with minimal movement artefact and data loss, close to the lights-off
marker when the participants were still upright was assessed to detect any artificial increase in
estimated flow limitation due to existing nasal congestion. The respiratory rate was derived from the
respiratory (thoracic) effort signal of the PSG in each sleep position. However, the PSG-derived
respiratory rate gave physiologically implausible values (up to 200 breaths/minute, as shown in
Appendix 5), and the mean respiratory rate was therefore calculated from the HFpeak, as described in
detail in the subsequent HRV section.
The proportion of breaths deemed to be flow limited (i.e. below the flattening threshold) in five minute
epochs in each position was the primary outcome for maternal PSG data.
2.3.2b: The effects of maternal position on maternal heart rate variability during sleep
The beat-to-beat RR interval data were imported and assessed using the custom-designed LabVIEW
application and underwent time and frequency domain HRV analyses as described in the awake study
(subsection 2.2.2b). The HRV overnight data were assessed in the continuous five minute epochs,
starting from when the assessment start markers were pressed.
As the HF component is heavily influenced by respiratory sinus arrhythmia [180, 286], a change in
respiratory rate would influence HF power, and the frequency (Hz) at which the peak amplitude in the
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HF spectrum occurred (HFpeak) would thus represent the mean respiratory rate [283, 286]. Therefore,
HFpeak was assessed in each maternal sleep position to assess to what extent any changes in the
respiratory rate influenced any observed changes in the HF component. An arbitrarily-chosen threshold
of 10% of the median absolute HF power was calculated for each individual. Epochs in which the mean
absolute HF power were less than this threshold for each individual were eliminated from the HFpeak
analyses, as it was considered problematic and not representative to identify the peak frequency at
such low amplitudes where there was no coherent HFpeak. The mean respiratory rate was estimated
by multiplying HFpeak by 60, and assessed by sleep position in each five minute.
The absolute HF power in each position was the primary outcome for maternal beat-beat HRV.

67

2.3.3: The accuracy of maternal self-reports of sleep behaviour
The questions the pregnant participants were asked and corresponding video measures are presented
in Table 2.1. Question 11 (Did you snore last night?) was compared to automated PSG snoring
measures (as detailed in subsection 2.3.1b), with each PSG snoring output categorised according to
questionnaire response.
Table 2.1: Questionnaire and video comparisons
Questionnaire
Sleep latency: How long do you think you took to
fall asleep?
Sleep duration: How many hours of actual sleep do
you think you got?
If you woke up, how many times did you go to the
toilet?
What position did you fall asleep in last night?
What position did you wake up in?

Video
Time from first time recumbent until first completed
three minutes period of immobility.
Time between first time asleep (as estimated by above
criterion) and last time recumbent, minus time spent
out of bed.
Number of times observed getting out of bed.
First position with greater than three minutes
immobility.
Last position with greater than three minutes
immobility.
Number of positions greater than three minutes.
0: No changes
1: One change
2: Two changes
3: Between three and eight changes ‡
4: Nine or more changes ‡.
Presence or absence of sustained leg movements not
associated with position changes.

Did you change sleep position during the night?
0: Not at all
1: Possibly once
2: Possibly twice
3: More than twice but not lots
4: Lots of times.
Did your legs twitch or jerk often while you slept
last night?
Yes, No, Don’t know
‡ determined based on distribution of questionnaire responses.

As detailed above (subsection 2.3.1a), sleep-onset was defined as the first three minute period with no
movements, and used to identify the sleep-onset position (and sleep-onset latency, Table 2.1). The
position at awakening was determined as that during the last three minutes of immobility. As position
change responses in the questionnaire were categorical, the number of position changes counted in
the video were also categorised for the purpose of testing video-questionnaire agreement. For
questionnaire responses 0-2 (“Not at all”; “Possibly once”; “Possibly twice”), the corresponding values
in the video data were categorised as zero, one and two changes, respectively. The distribution of
responses three (“More than twice but not lots”) and four (“Lots of times”) were used to determine how
to split counted position changes between the two categories, so that similar proportions were in the
questionnaire and respective observed video categories.
The position at sleep-onset and awakening, and the number of times the women got out of bed in the
night were the agreements of primary interest.
2.3.4: Statistical analyses
Statistical analyses were performed using SPSS Statistics (version 22, IBM Corp., Armonk, NY, USA)
and SAS® statistical software (version 9.3, SAS Institute Inc., Cary, NC, USA).
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2.3.4a: Comparisons of sleep between pregnant and non-pregnant women
The continuous-variable descriptions of sleep were assessed for difference between pregnant and nonpregnant groups by independent samples t-test or Mann-Whitney U, depending on distribution.
Categorical variables were compared using Chi-Square. As the non-pregnant and pregnant participants
underwent Level 2 and Level 3 sleep studies, respectively, the AHI between groups were not
comparable.
2.3.4b: The effects of maternal position on physiological variables
Repeated measures analyses were used to describe the effect of maternal sleep position on the HRV
and flattening index. As no obstetric scan was performed in the overnight study (and therefore deepest
pool and estimated fetal weight were unknown), the repeated measures were controlled for maternal
BMI, neck circumference and sample time only. Three sample times were controlled for in the repeated
measures for the overnight study: time from assessment start and time of day to account for any
potential effects of changes in sleep architecture on physiological outputs, and time in position.
Results from the repeated measures analyses are presented as change from the left-lateral position
(lower and upper limit of 95% confidence intervals). Skewed data were log transformed for the repeated
measures analyses. Independent samples t-tests tested the differences in participant characteristics
between pregnant women with a high and low degree of inspiratory flow limitation. Wilcoxon signed
rank tests tested the differences between maternal positions for the non-normally distributed whole
night sleep measures of AHI, ODI and proportion of breaths deemed to be flow limited.
2.3.4c: Accuracy of maternal self-reports of sleep behaviour
Sleep-onset latency (time taken to fall asleep), sleep duration, and toilet visits (questionnaire) or getting
out of bed (video), were assessed for agreement between video and questionnaire by Spearman’s Rho.
Bland-Altman plots were also used to assess pregnant participants’ recall of sleep-onset latency and
sleep duration. Cohen’s Kappa was used to assess recall in the categorical variables. Unless otherwise
stated, continuous sleep data are presented as Median (IQR). All video data were assessed by a single
observer.

2.4: Equipment and assessment tools
Time synchronisation between devices was achieved by using the event markers in the ICG (in the
awake study), Monica AN24 devices (all pregnancy studies) and Embletta PSG devices (all sleep
studies), and by starting recording for the CNAP™ blood pressure device on t=0 at the start of each
position (awake study). The time synchronisation was further checked by plotting maternal HR by each
device on the same graph and ensuring the data were cohesive by visual inspection.
2.4.1: Echocardiography
All cardiac ultrasound scans were performed by the same cardiac sonographer using the Philips iE33
ultrasound machine (Bothell, WA, USA) equipped with a 5-1 MHz broadband phased array transducer.
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SV was calculated using the following formula:
𝑆𝑉 = 𝐶𝑆𝐴 × 𝐿𝑉𝑂𝑇𝑉𝑇𝐼
(𝐶𝑆𝐴 = 0.785 × 𝐿𝑉𝑂𝑇𝑑 2 )
Where CSA = the cross sectional area of the left ventricular outflow tract (LVOT), LVOTVTI = the LVOT
velocity time integral, and LVOTd = the LVOT diameter. Heart rate was determined as a mean value
over the SV sample period using the in-built ECG, and used to determine CO for each epoch.
2.4.2: ICG
SV was measured continuously for the awake study (2.3.1) using the CardioScreen 1000® (Medis
Medizinische Messtechnik GmbH, Ilmenau, Germany). SV was determined using the in-built propriety
PASA algorithm (Physiological Adaptive Signal Analysis) [287], a modification of Sramek-Bernstein
algorithm [216]. The device used its own ECG signal to determine HR and calculate CO.
2.4.3: Continuous maternal blood pressure
Maternal arterial pressures (mmHg) were measured continuously in each position using the volume
clamp method with the CNAP™ (continuous non-invasive arterial pressure) Monitor 500at device
(CNSystems Medizintechnik AG, Graz, Austria). Cylindrical semi-rigid, self-inflating, reusable finger
cuffs were placed on the index and middle fingers of the left hand, which the participants were instructed
to keep at chest level. The device was calibrated using a self-inflating upper arm cuff on the same arm
at the start of each position change. Automatic recalibration (and finger switch) was programmed to
perform if a large change in pressure was detected, i.e. more than 25 mmHg and lasting for more than
45 seconds. This device has been found to be more able to detect hypotensive and hypertensive
episodes than discontinuous non-invasive BP [166, 167], and to demonstrate comparable precision and
accuracy when compared with arterial catheter BP during surgery [288, 289]. Beat-beat values for
systolic (SBP) and diastolic (DBP) blood pressures were recorded, and subsequently exported to text
files for analysis, using a custom-designed application in LabVIEW (National Instruments, Austin, TX)
connected to an analogue-to-digital USB converter (Measurement Computing, Norton, MA).
2.4.4: Maternal beat-to-beat heart rate
Maternal beat-beat RR intervals were recorded using the Monica AN24 transabdominal maternal-fetal
ECG device (Monica Healthcare, Nottingham, UK) via five disposable surface electrodes attached to
the participant’s abdomen. The first electrode was placed on the midline, with its bottom edge just below
the top edge of the umbilicus. The centre of the other electrode sites were identified as follows: 6 cm
above the symphysis pubis on the midline, 5 cm left of and level with the umbilicus, and 10 cm right of
and level with the umbilicus. The reference electrode was then placed slightly superior and lateral to
the right hand side electrode. Four marks were then drawn 3.5 cm (the radius of the electrodes) from
each of the electrode centres to indicate their outer edges and electrode site was prepared by abrading
with Nuprep® Skin Prep Gel (DO Weaver and Co., Aurora, CO, USA). Participants were asked not to
apply lotions or oils to their abdomen before attending the assessment. Following placement, the
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Monica VS software (Monica Healthcare, Nottingham, UK) was used to perform an impedance check
to ensure satisfactory site preparation and electrode placement. This software provides a “real-time”
fetal HR output resembling cardiotocography, and was used in the awake study (2.3.1b) for real-time
monitoring of fetal HR to detect any potential signs of fetal compromise related to position or loss of
signal.
Raw beat-to-beat maternal RR interval data for the pregnant participants were exported as text files
using the manufacturer-provided “Monica DK” software (V1.9, Monica Healthcare, Nottingham, UK). As
the non-pregnant group did not use the Monica AN24, the raw beat-beat signal was exported from the
ECG trace of the PSG using the RemLogic™ PSG software
2.4.5: Polysomnography
Level 2 PSG were performed on the non-pregnant women using the Embletta® MPR PG with ST+
Proxy ambulatory PSG unit (Embla®, Broomfield, CO, USA). The Level 2 device was not yet
commercially available at the time the pregnant PSG were performed. For that reason, Level 3
cardiorespiratory PSG were performed on the pregnant participants using the Embletta® Gold
ambulatory PSG unit (Embla®, Broomfield, CO, USA). Measures included maternal saturation of
pulsatile oxygen (SpO2, pulse oximeter with finger probe. 8000J Sensor + 8000JFW FlexiWrap, Nonin
Medical Inc., Minneapolis, MN, USA), oronasal thermal sensor (airflow) signal (ThermiSense® nasal
pressure cannula + thermistor, Salter Labs, Arvin, CA, USA) and abdominal and thoracic belts
(respiratory inductance plethysmography) measuring respiratory effort (reusable XactTrace® Lock with
single use XactTrace® belt, Embla®, Broomfield, CO, USA), and 3-lead ECG. The Level 2 PSG also
included electromyography (EMG) of chin muscle tone and on the tibialis anterior to measure bilateral
leg movements, electrooculography (EOG) for movement of both eyes, electroencephalography (EEG)
for sleep staging (bilateral central, frontal and occipital lobes), and microphone for audio recordings of
breathing sounds. Video footage was collected with a camcorder on a tripod (HDR-SR12E Camcorder,
Sony, Tokyo, Japan) with an external infrared light (Sony HVL-IRM). The camcorder was set at a high
definition 1920 x 1080i resolution and a sample rate of 25 Hz. The PSG were recorded and scored
using RemLogic™ Version 3.4 (Embla Systems®, Kanata, ON, Canada).
2.4.6: Maternal recall (questionnaire)
The questionnaire is presented in Appendix 4. This questionnaire was similar to that used in a previous
study by our research group [290], itself based on the sleep aspects of the questionnaire portion of The
Auckland Stillbirth Study dataset [7, 11], with an additional question about snoring on the study night.
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CHAPTER 3: Results
This chapter presents the results from both the awake and overnight studies (listed as 2.2 and 2.3,
respectively, in the methodology). The numbering system of the headings in this chapter corresponds
to the respective sections in the methodology chapter. Firstly, the participant descriptors from all three
population groups will be presented: the awake pregnant women, the asleep pregnant women and the
asleep non-pregnant women. The results from each sub-study will then be reported in chronological
order. The awake study will be reported in two sections: the validation of impedance cardiography in
late pregnancy data (2.2.1 in the methodolgy) followed by the physiological responses to maternal
position when awake (2.2.2). The overnight study will commence with the description of maternal sleep
behaviour and respiratory physiology of sleep in healthy late pregnancy as they compare with healthy
women whom have never been pregnant (2.3.1). The physiological effects of maternal sleep position
will follow (2.3.2). The chapter will be concluded with the the accuracy of self-reports of maternal sleep
in late pregnancy (2.3.3).

3.1: Participants
These studies included 29 pregnant participants in the awake studies and 30 pregnant participants in
the overnight-sleep studies. All were healthy women in the 35th to 38th weeks of pregnancy. Twenty
pregnant women participated in both the awake and overnight studies; 10 of these women completed
both assessments on the same day. The remaining ten women completed the assessments on average
8 ± 7 days apart. There were no significant differences in current gestation, weight, neck circumference
or BMI between the two assessments in these twenty women (paired samples t-tests). The comparison
group in the overnight study consisted of 11 healthy women who had never been pregnant. Participant
descriptors are presented in Table 3.1, confirming the uncomplicated health-status of all participants.
No participant was excluded based on the pre-study ultrasound examinations described in the
methodology (section 2.2). The age range for recruitment of both the pregnant and non-pregnant
women were the same (18-39 years), but the pregnant overnight group (30.8 ± 5.2 years) were mildly
but significantly older than the non-pregnant group (27.6 ± 4.1 years, U = 98.0, p = 0.049). The height,
pre-pregnancy weight and BMI, and neck circumference were not significantly different between the
two groups. Compared with reported ~60% of the local obstetric population [291], around three-quarter
of the pregnant women in this thesis had a self-reported pre-pregnancy BMI <25 kg·m-2 (20/28 (1
missing) and 23/30 in the awake and overnight studies, respectively). Twenty three of the participants
in the awake study and 24 in the overnight study were in their first (ongoing ≥20 week) pregnancy and
six participants in each study had had one of more previous births. The mean gestations at assessment
were normally distributed in both studies. Birth weight data were able to be collected for 27 of the newborns from each study. All reported live births with no major congenital abnormalities (maternal recall).
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Table 3.1: Participant descriptors
Awake study
Number
Maternal age; years
Maternal BMI (current); kg·m-2
Maternal BMI (pre-pregnancy); kg·m-2
Maternal BSA (current); m2
Neck circumference; cm
Estimate fetal weight; grams
Deepest pool amniotic fluid; cm
Gestation at testing; weeks

29
30.5 ± 5.5
28.8 ± 5.3
23.4 ± 4.2*
1.9 ± 0.2
34.1 ± 2.8
3062 ± 715
5.5 ± 1.7
37 ± 1

Overnight study
(pregnant)
30
30.8 ± 5.2
28.0 ± 4.1
22.8 ± 3.5
1.8 ± 0.2
33.8 ± 2.4
37 ± 1

Overnight study
(non-pregnant)
11
27.6 ± 4.1
21.4 ± 1.9
21.4 ± 1.9
1.6 ± 0.1
32.8 ± 2.3
-

Gestation at birth; weeks
40 ± 1
40 ± 1
Birth weight; grams (n=27)
3469 ± 417
3410 ± 391
Apgar 1 minute
9 (8 – 9)
9 (9 – 9)
Apgar 5 minutes
10 (8 – 9)
10 (9 – 10)
Values presented as either mean ± standard deviation or median (IQR). *2 missing. BMI: body mass index. BSA:
body surface area.

3.2: Awake study
3.2.1: Validation of non-invasive cardiac output measurement in pregnancy using impedance
cardiography
This study compares stroke volume (SV) and cardiac output (CO), estimated beat-to-beat by ICG to
values measured by echocardiography during a routine clinical examination. Firstly, the summary data
from the echocardiography examination are presented with published norm values. Before comparing
the two methods of assessing SV, the variability of the reference method, echocardiography, was
assessed based on the number of averaged cardiac cycles and also based on whether the velocity
spectrums used in the SV calculation were traced in real-time during the assessment (online) or
retrospectively (offline). The validation of ICG by echocardiography follows.
3.2.1a: Echocardiographic results from healthy third trimester pregnant women
The echocardiogram assessment lasted 19.6 ± 4.1 minutes on average. All women had normal cardiac
structure and function consistent with pregnancy on the echocardiogram. The echocardiographic
measures of left ventricular outflow tract (LVOT), HR, SV and CO are shown in Table 3.2, with reference
values from healthy pregnant women of similar gestation in the left-lateral position, indicating the results
are within comparable ranges.
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Table 3.2: Echocardiography results, n=29
Mean ± SD

Desai et al. [239]*

Dennis et al. [292]‡

LVOTd (cm)

2.1 ± 0.2

-

-

LVOT VTI (cm)

22.8 ± 3.9

-

18.8 ± 3.2

LVOT Vmax (cm.s-1)

116.0 ± 16.5

-

-

HR (bpm)

71.8 ± 11.7

79 ± 7

77.6 ± 9.8

SV (mL)

79.4 ± 19.7

87 ± 17

-

5.6 ± 1.4

6.9 ± 1.8

4.4 ± 1.1

CO

(L.min-1)

* 37 weeks GA –term; n = 14. ‡ Median (IQR) gestational age 39 (1); n = 30

3.2.1b: Effect of number of cardiac cycles averaged, and real-time versus retrospective analyses,
on variability of echocardiography
This preliminary analyses were performed in a subset of 20 participants. The coefficient of variation
was 6.7% when the velocity spectrums were traced in real-time during the echocardiography
examination (online), averaging three consecutive cardiac cycles per epoch. For the “offline”
retrospective analyses, the coefficient of variation was 7.5% when three measures were averaged per
epoch, and 10.4% for six measures per epoch. This indicated that echocardiography values have the
lowest variation when measured “online”, that is during the assessment, compared with tracing the
velocity spectrums retrospectively.
Therefore, the mean of three consecutive cardiac cycles measured online in an approximately 20
minute routine clinical echocardiography (online) were used in all comparisons with ICG.
3.2.1c: Echocardiographic assessment of participants and validation of impedance
cardiography
The mean and SD of HR, SV and CO for the echocardiography and ICG are presented in Table 3.3.
Within-method differences in HR, SV and CO across the three epochs only reached statistical
significance for echocardiography-derived CO between epochs one and two (mean difference: -0.27
L.min-1, 95% CI: -0.53 to -0.007, p = 0.04). The mean HR for the 60s of ICG data had excellent
correlation with the echocardiography HR, given as a mean value of all beats in the captured image
(r = 0.98, 0.96, 0.98 for epochs 1-3, respectively).
Table 3.3: Echocardiography vs. ICG at epochs 1, 2 and 3. Mean± SD; n=29
Echocardiography
ICG
HR (bpm)
1
71 ± 13
2
72 ± 12
3
73 ± 12
SV (mL)
1
78.8 ± 19.1
2
81.3 ± 21.4
3
78.1 ± 18.5
CO (L.min-1)
1
5.5 ± 1.3
2
5.8 ± 1.7*
3
5.6 ± 1.2
* Significantly different from epoch three.

73 ± 12
74 ± 12
75 ± 13
85.8 ± 24.9
81.9 ± 23.5
81.6 ± 22.8
6.2 ± 2.0
6.0 ±1.9
6.1 ±1.9
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The difference between echocardiography and ICG is plotted against the average of the two values for
each participant in the Bland-Altman plots in Figure 3.1, with horizontal lines indicating the mean
difference ± 95% CI. The mean differences (lower and upper limits of 95% CI) for the three epochs were
HR: -2.0 (-7.3, 3.4), -2.4 (-8.9, 4.1), -2.6 (-8.2, 3.0) bpm; SV: -7.0 (-55.8, 41.8), -0.6 (-44.5, 43.3), -3.5
(-40.6, 33.5) mL; CO: -0.7 (-4.4, 3.0), -0.3 (-3.5, 3.0), -0.5 (-3.2, 2.2) L.min-1. This equated to a mean
percentage error for the three epochs of HR: 3.7% (-2.5%, 9.9%), 3.8% (-6.2%, 13.8%), 3.9% (-1.9%,
9.7%); SV: 26.2% (-21.4%, 73.8%), 23.1% (-8.6%, 54.8%), 18.7% (-13.7%, 51.1%); CO: 29.2% (19.3%, 77.6%), 24.2% (-10.5%, 58.9%), 20.1% (-14.4%, 54.6%). In addition to the wide 95% confidence
intervals, Figure 3.1 also indicates that the ICG both overestimated and underestimated
echocardiography-derived SV and CO. There was no correlation between maternal BMI, maternal body
surface area (BSA), estimated fetal weight or deepest pool of amniotic fluid and the differences between
ICG and echocardiography SV or CO values at any epoch (r value range: -0.33 - 0.17, p = 0.076 0.895). BMI demonstrated a significant but marginal relationship with absolute CO in all epochs with
both devices, with absolute HR in epochs one and two, but no significant correlations with SV. Maternal
BSA was significantly related with both SV and CO in all epochs for both devices (r = 0.45-0.70, p =
0.000-0.014), except for ICG-derived SV in epoch two (r = 0.35, p = 0.061). Neither estimated fetal
weight nor deepest pool of amniotic fluid correlated with CO or SV.

Figure 3.1: Echocardiography-ICG Bland-Altman Plots
Broken lines indicate mean difference and upper and lower limit of 95% CI.
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The coefficients of variation for the echocardiograms and the ICG based in individual change across
the three epochs are presented in Table 3.4. For both devices, the coefficients of variation for SV and
CO are comparable within devices. However, the coefficients of variation for SV and CO values as
determined by ICG are markedly higher than the corresponding echocardiography values.
Table 3.4: Coefficient of variations for Echocardiography and ICG, n = 29
Echo
ICG
HR

0.3 ± 1.4% (-2.4%, 3.0%)

7.7 ± 4.1% (-0.3%, 15.8%)

SV

6.7 ± 2.6% (1.6%, 11.9%)

19.3 ± 9.3% (1.2%, 37.5%)

CO

6.5 ± 2.5% (1.7%, 11.4%)

20.7 ± 9.4% (2.2%, 39.1%)

Values presented as mean coefficient of variation ± SD (95% Confidence Intervals).

To summarise the comparison between ICG and echocardiography SV and CO outputs, clinically
importance differences with wide confidence intervals are observed. The ICG is noted to both
overestimate and underestimate echocardiography values, maternal and fetal anthropometry do not
account for differences between the two methods, and the variation is higher in ICG measures of SV
and CO than echocardiography. This will be discussed further in subsequent chapters, but the results
presented here do not validate the use of ICG in this population and support its exclusion from the
subsequent studies on the physiological effects of maternal position.
3.2.2: The effects of maternal body position on maternal physiology when awake
3.2.2a: The effects of maternal position on continuous maternal blood pressure when awake
The mean resting (seated) blood pressure (BP) was systolic: 116 ± 14 mmHg; diastolic: 75 ± 9 mmHg;
mean arterial pressure: 89 ± 11 mmHg. Two participants were excluded from all BP and maternal HRV
awake analyses; one participant was excluded for non-compliance with the requirements for the quiet
periods, and another was excluded due to a very poor quality signal in the referent left-lateral position.
Of the remaining 27 women assessed for HRV and BP in each position, one participant had to terminate
the right-lateral position at 27 minutes due to late onset of hypotension; this participant however
completed both of the quiet periods required for BP and HRV analysis. The left-lateral position was
terminated in another participant at 15 minutes (before Quiet2) due to leg cramps. She was
normotensive, and this was therefore unlikely to be related to the position.
Successful beat-beat BP recordings were attained for 24 participants in the right-lateral position, and
for 23 participants in each of the other positions. As specified in the methods, for a sample to be included
in the analyses, satisfactory data were required for at least half of a quiet period (210 seconds), as any
less was considered not representative of the sample. One hundred and ten BP samples (out of an
available 216 samples) during the quiet periods were excluded due to there being less than 210
seconds of satisfactory data recorded over the quiet period. The signal losses during these quiet periods
were due to recalibration triggered by participants flexing their fingers because of discomfort, or
disrupted signal to the acquisition program. Counting the participant excluded for non-compliance, the
following numbers of BP samples were obtained in each position: left-lateral: 31; right-lateral: 35; supine
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semi-recumbent: 30; supine: 26. The removal of BP samples for the above reasons had no significant
effect on any participant characteristics, nor on the significance of the changes in pulse pressure
between maternal positions, as reported below. The repeated measures indicated that there were no
significant effects of maternal BMI, deepest pool of amniotic fluid and estimated fetal size on the effect
of position on maternal pulse pressure (nor HRV results below); the data presented are therefore not
controlled for these variables. The sample period (Quiet 1 versus Quiet2) had a significant effect on HRV
in the absolute low-frequency (LF) domain (p = 0.04) only. Therefore, all maternal BP and HRV repeated
measures data presented are controlled for sample period as a fixed effect (Quiet 1 and Quiet2) rather
than combining BP and HRV from both quite periods for each position.
The mean pulse pressure over the whole position and for the quiet periods are presented in Table 3.5,
and the average duration of recording obtained in each sample. Pulse pressure was unchanged from
the left-lateral position. The differences in pulse pressure between maternal positions remained not
significant after correcting for duration of BP recording and sample time (Quiet1 versus Quiet2).
The CNAP™ device did not have good participant acceptance, with all participants indicating that they
would not be willing to use it for prolonged periods, such as overnight, due to discomfort in the fingers
and the disruption to sleep it was likely to cause. Hence it was not possible to record BP in the overnight
study.
Table 3.5: Pulse pressure results; median (range) for whole position
Left-Lateral
Right-Lateral
Semi-Recumbent

Supine

Whole Position
Duration of recording
(minutes)
Mean pulse pressure
(mmHg)

26.0 (6.9 – 30.5)

26.4 (6.7 – 30.7)

26.2 (6.6 – 30.0)

22.2 (3.6 – 32.8)

42 (25 – 58)

43 (29 – 94)

44 (23 – 60)

41 (26 – 80)

Quiet Periods
Duration of sample
6.8 ± 0.6
6.5 ± 0.9
6.6 ± 1.0
6.5 ± 1.0
(minutes)
Mean pulse pressure
40 ± 11
44 ± 13
42 ± 11
45 ± 17
(mmHg)
NS
NS
NS
Pulse pressure presented as median (IQR) or mean ± standard deviation in each position. NS: non-significant
difference.

3.2.2b: The effects of maternal position on continuous maternal heart rate variability when awake
The maternal HR and HRV results for the quiet periods are presented in Table 3.6. From the eight HRV
samples in each of the remaining 27 participants analysed, 10 of the 216 individual HRV samples were
excluded due to data loss. This gave a total of 206 samples from a possible 232 HRV samples (leftlateral: 51, right-lateral: 54, supine semi-recumbent: 51, supine: 50).
Maternal position significantly affected mean HR and RR interval, resulting in an overall increase in HR
of approximately four beats per minute compared to the left-lateral position. The only significant change
in the SD-RR was a decrease in the right-lateral position of 5.5 ms (95% CI: -10.2, -0.8; p = 0.02). The
RMSSD showed a statistically significant decrease in all positions relative to left-lateral. The
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SD/RMSSD ratio was significantly increased in the semi-recumbent and supine positions compared to
the left-lateral position.
Table 3.6: Maternal heart rate variability; Quiet1 and Quiet2 combined
Left-Lateral
Right-Lateral
Semi-Recumbent
Number
Mean HR (bpm)
Mean RR interval
(ms)
Standard
Deviation of RR
interval (ms)
RMSSD (ms) ‡
SD/RMSSD ‡
nLF (nu)
nHF (nu)

Supine

52

56

53

52

73 (69, 77)
847.1 (802.7, 891.5)
48.6 (42.8, 54.5)
-

78 (76, 80)
p < 0.0001
785.8 (765.4, 806.2)
p < 0.0001
43.2 (38.4, 47.9)
p = 0.02

77 (75, 79)
p < 0.0001
794.9 (774.2, 815.7)
p < 0.0001
45.6 (40.8, 50.4)
NS

76 (74, 79)
p = 0.001
801.0 (780.2, 821.9)
p < 0.0001
45.9 (41.0, 50.7)
NS

35.0 (28.2, 43.5)
1.29 (1.11, 1.49)
29.9 (25.9, 34.0)
37.7 (30.9, 44.6)
-

28.5 (25.5, 31.8)
p = 0.0003
1.42 (1.28, 1.57)
NS
32.2 (28.7, 35.7)
NS
32.4 (28.0, 36.8)
p = 0.02

26.7 (23.9, 29.9)
p < 0.0001
1.58 (1.43, 1.75)
p < 0.0001
29.8 (26.2, 33.3)
NS
30.5 (26.0, 34.9)
p = 0.002

29.0 (25.9, 32.4)
p = 0.001
1.49 (1.35, 1.65)
p = 0.004
30.0 (30.5, 37.6)
p = 0.02
28.8 (24.3, 33.3)
p = 0.0001

LF (ms2) ‡

326.7 (246.6, 432.8)
323.2 (268.8, 388.7) 285.3 (236.6, 344.1) 363.3 (301.0, 438.4)
NS
NS
NS
HF (ms2) ‡
377.1 (241.0, 590.0)
294.8 (238.9, 363.9) 253.4 (204.6, 313.7) 267.9 (216.2, 332.0)
p = 0.02
p = 0.0003
p = 0.002
LF/HF ‡
0.86 (0.63, 1.19)
1.10 (0.89, 1.34)
1.12 (0.91, 1.38)
1.35 (1.09, 1.66)
p = 0.02
p = 0.02
p < 0.0001
Mean (95% CI) and significance of change from left-lateral position. NS: non-significant difference. ‡ indicates data
were log transformed for repeated measures, back-transformed geometric means presented here.

The LF, HF and LF/HF for each position are also presented in Figure 3.2. Absolute HF was the HRV
primary outcome, and demonstrated statistically significant decreases in all positions relative to leftlateral, consistent with both nHF and RMSSD. Absolute LF demonstrated no significant effect, but its
normalised value, nLF, significantly increased in supine compared with left-lateral. The maintained LF
and decreased HF resulted in a significantly increased LF/HF ratio in all positions relative to left-lateral,
progressively increasing from left-lateral to right-lateral, semi-recumbent and supine.
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Figure 3.2: Maternal HRV in each position when awake.
 Indicates significant change from referent left-lateral position. (Geometric mean with error bars
indicating 95% CI).
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3.2.3: Awake study summary of results
The validation study demonstrated that ICG had poor agreement with echocardiography, a clinicallyaccepted measure of SV and CO. It was therefore not used to assess the effects of maternal position
when awake. Maternal pulse pressure was unchanged by maternal position, and due to discomfort of
the finger cuffs, had poor patient acceptance. Maternal HRV demonstrated a significant effect of
maternal position, with progressively larger effect sizes the right-lateral, semi-recumbent and supine
positions in the LF/HF ratio. The primary outcome of HF power was similarly decreased by the semirecumbent and supine positions.

3.3: Overnight study
This section presents the findings from the overnight studies. Firstly, a description of sleep in normal
healthy pregnancy, followed by the physiological effects of maternal sleep position, with comparisons
with sleep in healthy non-pregnant women, and concluded with the accuracy of maternal self-reports of
sleep.
3.3.1: A description of sleep behaviour and physiology in healthy late pregnancy
3.3.1a: Description of sleep behaviour
The sleep behaviour summary statistics are presented in Table 3.7. The proportion of pregnant women
who slept on the left side of the bed was more than double that of the non-pregnant group, and nearly
double the number of pregnant women had a bed partner present on the study night compared to the
non-pregnant women (almost all pregnant women ordinarily had a bed-partner, but of their partners
many did not want to be videoed and thus slept elsewhere on the study night). All 30 of the pregnant
participants spent time in the left-lateral position, whereas only 29/30 spent any time in the right-lateral
position and 25/30 in the supine positions. All 11 of the non-pregnant group spent time in the left-lateral
and supine positions, and 10/11 in the right-lateral. Two non-pregnant participants spent time in the
prone position, one for a total of 26 minutes (4%) and the other 67 minutes (10%) of the night (twice
each). The left-lateral position was the most commonly observed position at sleep-onset and at
wakening in the pregnant group, but in non-pregnant group, left-lateral, right-lateral and supine positions
occurred in similar proportions at sleep-onset, and half of the non-pregnant women woke in the supine
position. There was no relationship between the position adopted at sleep-onset and waking in either
the pregnant (Kappa: -0.13) or non-pregnant women (Kappa: -0.048).
Nineteen pregnant (63%) and four non-pregnant participants (36%) maintained the position at sleeponset for more than 60 minutes. Sleep-onset position was maintained for a median (IQR) of 75 (55 –
110) minutes and 57 (23 – 84) minutes in the pregnant and non-pregnant women, respectively, which
was not significantly different (U = 119.0, p = 0.176).
The position at sleep-onset was maintained for longer than any subsequent position in the sleep study
in eight of the pregnant women and two of the non-pregnant women. The length of time from the start
of the sleep study until the start of the longest-maintained position was not significantly different
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between the pregnant and non-pregnant groups (137.1 (7.6 – 302.4) and 162.4 (48.3 – 390.2) seconds,
respectively; U = 150.0, p = 0.659). The duration of the longest-maintained position was not significantly
different between the pregnant (102.2 (80.8 – 130.2) seconds) and non-pregnant groups (119.8 (90.0
– 179.0) seconds; U = 135.0, p = 0.377). The single longest-maintained position over the night was leftlateral in 17 pregnant participants, right-lateral in nine pregnant and two non-pregnant participants, and
supine for four pregnant women and nine non-pregnant. There was no relationship between sleeponset position and the single longest-maintained position for either the pregnant (Kappa: 0.187) and
non-pregnant groups (no Kappa). There was a moderate to good relationship between sleep-onset
position and the position the pregnant and non-pregnant participants spent the greatest proportion of
the night in (Kappa: 0.549 and 0.596, respectively).
The infrared light failed in one pregnant and one non-pregnant participant near the end of the sleep
studies. Sleep position at awakening was determined using the PSG position sensor for the pregnant
participant, but could not be determined in the non-pregnant participant due to a shift in the placement
of the device on the trunk. There were five occurrences of sleep position being unclear in the PSG data
over all position changes in the 41 completed sleep studies. In all other cases, the PSG position sensor
and video-determined position were in agreement.
The pregnant women spent nearly half the night in the left-lateral position, and the non-pregnant
participants spent over half the sleep time in the supine position. The pregnant group spent significantly
more total absolute time (U = 37.0, p < 0.000) and proportional time (Z = -3.9, p < 0.000) in left-lateral
than the non-pregnant group. The average time spent in the left-lateral position each time before
changing position was not different between groups (U = 107.0, p = 0.179), nor the number of times in
the left-lateral position over the study (U = 108.5, p = 0.189). However, the pregnant group spent
significantly less total time (U = 24.0, p < 0.000), as a proportion of the night (Z = -3.7, p < 0.000), and
number of times in the supine position (U = 57.0, p = 0.003) compared to the non-pregnant group. The
average time the pregnant women were in the supine position before changing position was also
significantly less than the non-pregnant women (U = 38.0, p < 0.000). There was no difference between
groups for any measure of time spent in the right-lateral position.
For the purpose of comparing populations, the number of times participants were observed getting out
of bed was categorised as 0 (23% of pregnant, 55% of non-pregnant), 1 (37% of pregnant, 46% of nonpregnant) or ≥2 (40% of pregnant, 0% of non-pregnant). These differences were significant (ChiSquare: 7.032; p = 0.030), indicating that pregnant women get up significantly more than non-pregnant
women, and non-pregnant women are significantly more likely than pregnant women to not get up at
all. This equated to more total time out of bed for the pregnant group (U = 69.5, p = 0.010). There were
no significant differences between the pregnant and non-pregnant groups’ median number of position
changes (U = 124, p = 0.237) and study duration in minutes (U = 107, p = 0.091).
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Table 3.7: Sleep-behaviour descriptive summary statistics (video data)
Descriptive statistics
Pregnant
Non-pregnant
Number who slept on left side of bed
23
4
Number where the bed partner was
16
3
present
Sleep-onset position
Left
20
3
Right
8
4
Supine
2
4
Don’t Know
Wake position
Left
15
3
Right
11
2
Supine
4
5
Undermined
1
Total time in each position (hours)
Left
4.3 (3.2 - 4.8)*
1.9 (0.9 – 2.9)
Right
2.0 (1.0 - 3.9)
2.4 (0.7 – 2.8)
Supine
1.6 (0.1 – 2.3)*
5.1 (4.0 – 5.9)
Total time in each position (%)
Left
49% (37 - 60%)*
21% (10 - 32%)
Right
26% (13 - 45%)
25% (10 - 31%)
Supine
19% (1 - 29%)*
55% (45 - 71%)
Average time spent in position before
changing (minutes)
Left
34.8 (26.3 – 48.2)
27.0 (19.5 – 36.7)
Right
39.5 (10.2 – 49.0)
36.0 (22.1 – 44.9)
Supine
14.8 (4.1 – 32.1)*
45.8 (30.6 – 53.2)
Number of times in each position
Left
5 (3 – 6)
4 (3 – 5)
Right
3 (1 – 5)
4 (2 - 5)
Supine
3 (1 – 4)*
6 (4 - 6)
Number of times out of bed
1 (1 - 2)*
0 (0 - 1)
Total time out of bed (minutes)
Number of position changes

2.5 (1.2 – 5.8)*

0 (0 – 2.4)

8 (5 – 8)

11 (6 – 14)

Study duration (hours)
8.6 (7.8 – 9.1)
8.8 (8.4 – 10.2)
Data presented as number of participants out of sample of 30 (pregnant) or 11 (non-pregnant) participants, or as
median (IQR). * denotes statistically significant difference from non-pregnant group.

The subjective accounts of sleep quality in late pregnancy are presented in Table 3.8. Without EEG and
lower-limb EMG in the Level 3 PSG, there were no objective measures from which to validate these
responses. They do however describe subjective perceptions of sleep quality in late pregnancy. The
majority reported having some difficulty falling asleep, and just under half having difficulty reinitiating
sleep after waking. “Average” was the most common self-appraisal of both sleep quality and
restlessness. Respondents were equally likely to report that they did not have leg twitches, or did not
know if they did; a minority responded that they did have leg twitches. These questions formed part of
the questionnaire for the validation study (subsection 3.3.3), and thus the non-pregnant group was not
assessed for these variables.
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Table 3.8: Summary of self-reported sleep quality data
Variable
Number of responders
Number of participants that reported difficulty falling
22
asleep
Number of participants that reported difficulty getting
13
back to sleep after waking
Overall self-reported sleep quality in questionnaire
“Very bad”
0
“Fairly bad”
8
“Average”
16
“Fairly good”
6
"Very good"
0
Reported restlessness in questionnaire
“Not at all”
2
“A little”
7
“Average”
14
“More than average”
6
“Very restless”
1
Leg twitches during the sleep study?
Yes
4
No
13
DK
13
Data presented as number of participants out of sample of 30 participants.

3.3.1b: Description of maternal respiration during sleep
The sleep respiratory summary statistics are presented in Table 3.9. The Apnoea-Hypopnoea Index
(AHI) and Oxygen Desaturation Index (ODI) derived from the PSG could not be measured in two
pregnant participants and one non-pregnant participant due to failure of the pulse oximetry. One
pregnant participant was classified as having mild obstructive sleep apnoea, with an AHI and ODI of
7.9 and 14.5/hour, respectively (normal AHI and ODI <5/hour). One pregnant participant with frequent
but minor desaturations (ODI: 36.1/hour, mean SpO2: 96.7%, average desaturation: 3.8%) was
diagnosed with probable high upper airways resistance, with characteristic inspiratory flow limitation but
an AHI of only 0.2/hour. The pregnant women underwent a Level 3 PSG, but the non-pregnant
participants underwent Level 2 PSG (with EEG), which can result in a higher AHI than Level 3 PSG by
its ability to detect hypopnoeas associated with arousals only. For that reason, the AHI was not
comparable between the pregnant and the non-pregnant women. However, all non-pregnant AHI and
ODI values were within normal ranges.
According to the automatic snore detection, 25 (83%) of the pregnant and five of the non-pregnant
participants (45%) snored at least some of the night. The total snore time (U = 83.0, p = 0.015), total
number of snoring episodes (U = 59.5, p = 0.002), mean duration of snoring episodes (U = 95.0, p =
0.038) and longest snoring episode (U = 95.0, p = 0.038) were all significantly greater in the pregnant
than non-pregnant women. Consistent with the snoring, qualitative visual assessment of the nasal flow
signal demonstrated the presence of shape-defined inspiratory flow limitation in the pregnant women.
Visually-identifiable inspiratory flow limitation was less apparent in the non-pregnant participants,
consistent with the reduced snoring measures relative to the pregnant women.
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The different measures of snoring over the whole study were found to have a number of significant
moderate correlations with maternal characteristics. Maternal BMI and neck circumference moderately
correlated with the total number of snoring episodes over the study period (r = 0.369, p = 0.045 and r =
0.418, p = 0.022, respectively). The gestational age on the assessment night, even within its small
range (35.0 – 38.6 weeks), demonstrated moderate correlations with total snore time, the proportional
snore time and total number of snoring episodes (r = 0.454, p = 0.012, r = 0.485, p =.007 and r = 0.394,
p = 0.031, respectively).
Table 3.9: Sleep respiratory summary statistics
Descriptive statistics
Pregnant
Non-pregnant
Mean O2 saturation (%)
97% (95 – 98)
98% (97 – 98)
AHI (events per hour)
Overall 0.2 (0.1 – 0.5) a
1.3 (0.6 – 3.3) a,b
Left 0 (0 – 0.3)
0.2 (0 – 1.1)
Right 0 (0 – 0.2)
0.5 (0 – 1.7)
Supine 0 (0 – 0.8)
1.5 (0.4 – 4.0) a,b
ODI (events per hour)
Overall 0.9 (0.3 – 2.0)
0.1 (0.0 – 0.4) b
Left 0.5 (0.1 – 1.2)
0 (0 – 0.1)
Right 0.4 (0 – 1.5)
0 (0 – 0)
Supine 1.1 (0 – 3.4)
0 (0 – 0.6)
Number of snoring episodes (n)
91 (8 – 186)*
0 (0 – 18)
Snore time (minutes)
47.5 (2.8 – 125.8)*
0 (0 – 33.0)
Snore time (%)
9.5 (0 – 27.3)
0 (0 – 6.6)
Mean duration of snoring episode (minutes)
0.4 (0.3 – 0.8)*
0 (0 - 0.5)
Longest duration snoring episode (minutes)
3.3 (0.4 – 7.9)*
0 (0 – 2.4)
Data presented as median (IQR). Due to oximetry failure on two pregnant participants and one non-pregnant
participant, AHI, ODI and mean SpO2 median values are for n=28 and n=10, respectively. * denotes statistically
significant difference from non-pregnant group. a significantly different from left-lateral values, b significantly
different from right-lateral values.

3.3.2: The effects of maternal body position on maternal physiology during sleep
3.3.2a: The effects of maternal position on maternal respiration during sleep (polysomnography)
i.

Effect of maternal position on conventional measures of sleep-disordered breathing:

The effects of maternal position on the conventional clinical measures of SDB severity are displayed in
Table 3.9, the primary measure of severity being the AHI. A Wilcoxon signed rank test indicated that
AHI in the left-lateral position was significantly reduced compared with the overall AHI (Z = -2.141, p =
0.032); there were no other significant differences in AHI between different maternal positions in the
pregnant group. There was no effect of maternal position on the ODI in the pregnant group.
In the non-pregnant group, the left-lateral and right-lateral AHI were significantly reduced compared to
both overall AHI (Z = -2.448, p = 0.014 and Z = -1.990, p = 0.047, respectively) and the supine AHI (Z
= -2.397, p = 0.017 and Z = -2.191, p = 0.028, respectively). The right-lateral ODI was significantly less
than the overall ODI in the non-pregnant group (Z = -2.214, p = 0.027). There were no other significant
differences in AHI or ODI between different maternal positions in the non-pregnant group. As seen in
Table 3.9, these differences in AHI and ODI, whilst statistically significant, are not clinically meaningful
as the IQR for both groups fall within the clinically defined normal ranges of <5/hour [59].
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Therefore, it is concluded that maternal position had a statistical effect on some conventional clinical
measures of maternal respiration during sleep. However, there were no clinically-important changes in
the indices of severity by sleep position in either the pregnant or non-pregnant women (AHI and ODI).
ii.

Effect of maternal position on estimates of inspiratory flow limitation:

The summary of the automatically generated flattening index data are presented in Table 3.10. The
data in these tables represent the combined total data over the study period for each position, and do
not account for duration or number of times in each position. The Wilcoxon signed-rank test
demonstrated no significant differences between the different positions in the proportion of breaths
below the flattening index threshold of 0.15 in the pregnant group, i.e. the breaths considered to be
“flow limited” (Z range: -0.478 to -0.182, p value: 0.633 to 0.855). The healthy non-pregnant control
group demonstrated almost no inspiratory flow limitation, regardless of position.
Table 3.10: Flattening index summary data; whole night
Overall
Left-lateral
Right-lateral
Pregnant, n
30
30
28
Proportion of
6% (3 – 27%)
7% (2 – 22%)
6% (1 -26%)
breaths below
threshold (%)
Non-pregnant, n
11
Proportion of
0% (0 – 0%)
breaths below
threshold (%)
Data presented as median (IQR)

11
0% (0 – 0%)

11
0% (0 – 0%)

Supine
25
7% (2 -13%)

Non-supine
30
6% (2 -28%)

11
0% (0 – 0%)

11
0% (0 – 1%)

The flattening index data as analysed in five minute epochs over the whole sleep study period are
presented by each sleep position in Table 3.11. The proportion of breaths below the flattening threshold
of 0.15 represents how many breaths were deemed to be flow limited in each five minute epoch. The
mean flattening index value indicates on average how flat or round each breath is (i.e. 0.30 = completely
round/normal, 0 = completely flat), and the standard deviation of the flattening index is a measure of
how variable the degree of flatness is in each five minute epoch.
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Table 3.11: Flattening index repeated measures
Left-Lateral
Total number of 5 minute epochs
1376 (44%)
analysed, pregnant
Proportion of breaths below
6% (0 – 29%)
threshold (%)
Mean flattening index ‡
0.20 ± 0.05
Standard deviation flattening
0.03 ± 0.02
index *
-

Total number of 5 minute epochs
analysed, non-pregnant
Proportion of breaths below
threshold, non-pregnant s (%)
Mean flattening index ‡

194 (17%)

Right-Lateral
785 (25%)

Supine
489 (16%)

Transition
473 (15%)

5% (0 – 27%)
0.20 ± 0.05
NS
0.03 ± 0.02
NS

24% (5 – 55%)
0.18 ± 0.05
NS
0.04 ± 0.02
p < 0.0001

-

206 (18%)

609 (52%)

154 (13%)

-

0% (0 – 0%)
0% (0 – 0%)
0% (0 – 0%)
0.28 ± 0.04
0.26 ± 0.05
0.29 ± 0.04
NS
NS
Standard deviation flattening
0.02 ± 0.02
0.02 ± 0.02
0.02 ± 0.02
index *
NS
NS
Breaths below threshold over the whole study period presented as median (IQR) and significance value. NS: nonsignificant difference. ‡ Mean ± standard deviation of each individual’s mean flattening index over the whole night.
* Mean ± standard deviation of the standard deviation of each individual’s mean flattening index over the whole
night.

The repeated measures of the five minute epochs detected no effect of position in the mean flattening
index in either pregnant or non-pregnant groups, consistent with the whole-night mean inspiratory flow
limitation values. The standard deviation of the flattening index was significantly elevated in the supine
position in the pregnant group only (p < 0.0001). The proportion below the threshold in the non-pregnant
group was nil in all positions and the mean flattening index was normal at 0.26 - 0.29, consistent with
the whole night summary data in Table 3.10. The pregnant group demonstrated a large variation in the
proportion of breaths deemed to be flow limited, with individual whole night values ranging from <1% to
62% of all breaths being below the flattening threshold. The primary inspiratory flow limitation outcome,
the proportion of flow limited breaths in five minute epochs, showed a much larger median value in the
supine position than the left-lateral and right-lateral (24% (5 - 55%) vs. 6% (0 - 29%) and 5% (0 - 27%),
respectively). However, the distribution of the overall, left-lateral and right-lateral values for this measure
showed a disproportionately high number of epochs demonstrating 100% inspiratory flow limitation, as
seen in Appendix 6. This non-normal distribution was not resolved by log transformation, preventing
repeated measures analyses on the effect of position. The respiratory rate was demonstrated as
unlikely to be affected by sleep position (as estimated from the heart rate variability, HRV; presented in
subsection 3.3.2b/i). The inspiratory flow limitation response is therefore not likely related to changes
in respiratory rate.
The distribution of the inspiratory flow limitation in Appendix 6 suggested that some subjects were very
flow limited whilst others were not. This is illustrated by Figure 3.3, which shows the flattening index
response over the whole night for two different participants; the first participant showing large and
sudden decreases in the flattening index each time the supine position was adopted, and the second
participant demonstrating no clear positional effect. Both of these two participants had low, and
comparable, AHI (0.3 and 0.4/hour) and ODI (1.1 and 1.4/hour). The different inspiratory flow limitation
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response to supine sleep was not explained by neck circumference, BMI or snoring. Speculatively, the
only factor that may contribute to the increased effect of the supine sleep position on inspiratory flow
limitation in the first participant was her age (34 years) compared with the second participant (18 years).
Subsequently, the pregnant women were divided based on the proportion of breaths from the whole
night that fell below the inspiratory flow limitation threshold in order to identify any characteristics at a
group level that may be related to occurrence of inspiratory flow limitation. Three median splits were
performed, based on: 1) overall breaths in all positions, 2) overall supine breaths, and 3) the difference
between supine and left-lateral (i.e. those who demonstrate positional inspiratory flow limitation).
Independent samples t-tests demonstrated no significant difference between the groups in any of the
three median splits for the following variables that may contribute to or result from SDB: maternal age,
gestation at testing, maternal BMI, maternal neck circumference or fetal birthweight. Wilcoxon tests
demonstrated there was still no effect of position on whole-night proportions of flow limited breaths in
groups either side of the median split (splits 1 and 2).
The inability to correct the distribution of the proportion of flow limited breaths made it statistically
inappropriate to assess its relationship with changes in heart rate variability (HRV) with maternal
position change.

Figure 3.3: Whole night Flattening Index and maternal position, two different participants.
The highlighted portions show supine sleep.

87

3.3.2b: The effects of maternal position on maternal heart rate variability during sleep
i.

Pregnant maternal heart rate variability when asleep:

The results of the repeated measures assessments of position on overnight HRV in the pregnant group
are presented in Table 3.12. Figure 3.4 demonstrates the group’s LF, HF and LF/HF in each position
(geometric mean and 95% CI), alongside those of the non-pregnant participants, and the respective
positions from the awake study (subsection 3.2.2b). Substantially more time was spent in the left-lateral
than other positions (Table 3.7), and not all pregnant women slept in the right-lateral and supine
positions, and consequently a much greater number of five minute epochs were collected in the leftlateral position, as seen in Table 3.12. The statistical relationship between maternal SDB, as measured
by inspiratory flow limitation, and overnight HRV could not assessed due to the distribution of the
proportion of breaths deemed to be flow limited (Appendix 6).
Slow sinusoidal variations in HR were visually-identifiable in these participants when HR was plotted
over the whole night. These could not be accounted for in the statistical model due to the large interindividual variation in the timing of these sinusoidal patterns. Therefore, the results presented here are
not controlled for time of day or time since lights off, as they are dependent on the observed temporal
HR variations.
The primary outcome for HRV, absolute HF, did not significantly differ between maternal sleep
positions, but the nHF decreased significantly in the supine position relative to left-lateral. Both the LF
and nLF were significantly increased in the supine position relative to the left-lateral. These findings are
contrasted to that of the awake study, which showed a decreased HF and unchanged LF in supine
relative to left-lateral. However, the net result on the LF/HF ratio was the same between the awake and
sleeping women, with the supine position demonstrating the highest ratio. It was not significantly
different between the right-lateral and left-lateral positions. The pregnant women demonstrated small
but significant increases in mean HR and decreases in mean RR interval in the right-lateral and supine
positions relative to left-lateral. No other HRV variable was significantly changed in the right-lateral
position relative to left-lateral.
For the large part, consistent findings were found in the supine position between the time-domain
variability measures and the approximate correlates in the frequency domain: the long-term HRV
measures reflective of both SNS and PSNS activity, SD-HR, SD-RR, LF and nLF, were increased; the
short-term, vagal measures, RMSSD and HF showed non-significant decreases; the decrease in the
supine nHF was significant (p = 0.0034). The resulting SD/RMSSD and LF/HF ratios were both
significantly increased in the supine position relative to left-lateral. Therefore, there were no conflicting
findings between the time and frequency domain measures in the pregnant group.
The HFpeak-derived respiratory rate demonstrated similar median (IQR) values throughout the three
sleep positions (left-lateral, right-lateral and supine: 14.4 (12.6, 16.2), 15.6 (13.8, 17.1) and 14.9 (13.1,
16.7) breaths per minute, respectively). However, the non-normal distribution (Appendix 7) was not
resolved by log transformation, dictating that non-parametric tests were performed. The non-parametric
tests showed small, statistically significant, increases in the median estimated respiratory rate in right-
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lateral (p<0.0001) and supine (p=0.0026). When assumptions of normality in the distribution were made
to permit use of means, and thus control for the number of observations per participant, the effects
disappeared, with no significant difference between sleep positions (data not shown).
ii.

Non-pregnant heart rate variability when asleep:

The results of the repeated measures assessments of sleep position on overnight HRV in the nonpregnant group are presented in Table 3.13. The repeated measures did not converge for the mean
HR or SD/RMSSD, and therefore there were no results for these two variables. This group
demonstrated similar decreases in mean RR intervals in right-lateral position to the pregnant women.
The supine mean RR interval was not significantly different from the left-lateral value. No other HRV
variable was significantly different from the left-lateral position when the non-pregnant women slept in
the supine position. The SD-RR and LF were significantly decreased in the right-lateral position; the
decrease in the SD-HR in the right-lateral position approached significance (p = 0.0516). The shortterm, vagal measures, RMSSD and HF, both significantly decreased in the right-lateral position. In
contrast, there were no significant effects in the nLF and nHF. The increase in both LF and HF in the
right-lateral sleep position resulted in an unchanged LF/HF ratio.
Table 3.12: Heart rate variability repeated measures; pregnancy group
Left-Lateral
Right-Lateral
Number of 5 minute
epochs
Mean HR (bpm)
Standard Deviation of
HR (bpm) ‡
Mean RR interval
(ms)
Standard Deviation of
RR interval (ms)
RMSSD (ms) ‡
SD/RMSSD ‡
nLF (nu)
nHF (nu)

Supine

1354

787

477

69 (67, 72)
4.3 (3.9, 4.8)
880.7 (846.8, 914.7)
53.4 (47.9, 59.5)
39.9 (33.5, 47.4)
1.34 (1.23, 1.46)
47.3 (41.3, 53.3)
50.5 (44.9, 56.0)
-

72 (71, 73)
p < 0.0001
4.5 (4.1, 5.0)
NS
852.4 (840.0, 864.9)
p < 0.0001
53.0 (47.6, 59.0)
NS
40.1 (35.0, 46.0)
NS
1.32 (1.23, 1.41)
NS
47.1 (43.3, 50.9)
NS
50.9 (47.6, 54.3)
NS

72 (70, 74)
p = 0.0234
4.8 (4.5, 5.2)
p = 0.0022
858.4 (836.2, 880.7)
p = 0.05
57.0 (54.0, 60.1)
p = 0.02
35.6 (31.3, 40.4)
NS
1.57 (1.42, 1.73)
p = 0.0026
54.9 (50.3, 59.4)
p = 0.0017
44.0 (39.7, 48.2)
p = 0.0034

LF (ms2) ‡

250.8 (194.7, 323.1)
281.3 (213.3, 371.0)
310.7 (264.9, 364.3)
NS
p = 0.0095
HF (ms2) ‡
275.2 (184.9, 409.5)
317.6 (233.7, 431.8)
228.9 (176.8, 296.4)
NS
NS
LF/HF ‡
0.91 (0.68, 1.20)
0.90 (0.76, 1.07)
1.28 (1.03, 1.58)
NS
p = 0.0021
Mean (95% CI) and significance of change from left-lateral position. NS: non-significant difference. ‡ indicates data
were log transformed for repeated measures, back-transformed geometric means presented here.
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Table 3.13: Heart rate variability repeated measures; non-pregnant group
Left-Lateral
Right-Lateral
Number of 5 minute
epochs
Standard Deviation of
HR (bpm) ‡
Mean RR interval
(ms)
Standard Deviation of
RR interval (ms) ‡
RMSSD (ms) ‡
nLF (nu)
nHF (nu)

Supine

194

204

603

3.9 (3.1, 5.0)
979.8 (891.4, 1068.1)
60.0 (43.8, 82.2)
51.8 (31.8, 84.3)
53.7 (43.7, 63.6)
44.6 (35.8, 53.4)
-

3.4 (2.9, 3.9)
NS
948.0 (933.1, 962.9)
p = 0.0003
48.6 (42.0, 56.4)
p = 0.008
40.8 (34.0, 48.9)
p = 0.0127
55.8 (48.8, 62.9)
NS
42.4 (35.8, 48.9)
NS

3.9 (3.4, 4.5)
NS
956.8 (933.2, 980.4)
NS
56.3 (49.5, 64.0)
NS
46.3 (38.4, 55.9)
NS
55.8 (49.7, 61.9)
NS
42.4 (36.9, 47.9)
NS

LF (ms2) ‡

486.9 (276.0, 858.9)
327.3 (249.5, 429.5)
427.7 (330.1, 554.2)
p = 0.0064
NS
HF (ms2) ‡
397.1 (151.6, 1040.1)
233.9 (172.8, 316.6)
317.3 (222.0, 453.7)
p = 0.0017
NS
LF/HF ‡
1.22 (0.77, 1.93)
1.37 (0.99, 1.89)
1.36 (1.03, 1.81)
NS
NS
Mean (95% CI) and significance of change from left-lateral position. NS: non-significant difference. ‡ indicates data
were log transformed for repeated measures, back-transformed geometric means presented here.

iii.

Comparison of effect of maternal position on change in heart rate variability in pregnant
women when awake and asleep, and non-pregnant sleep:

Figure 3.4 is a graphical representation of a selection of important HRV variables from those detailed
in Table 3.6, Table 3.12 and Table 3.13. The figure demonstrates the group mean LF, HF and LF/HF
ratio in each position for the three groups of women (back-logged geometric mean and 95% CI). The
awake semi-recumbent position is omitted from these figures as it was not distinguished from supine in
the overnight studies. Additionally, the semi-recumbent position demonstrated HRV changes consistent
with the awake supine position.
Figure 3.4 demonstrates that the average absolute LF and HF in the referent left-lateral position were
substantially less in the sleeping pregnant women when than the other two groups. The awake and
asleep pregnant group were observed to demonstrate largely consistent HRV changes in the supine
position. The LF power significantly increased in the supine position when the pregnant women were
asleep, but the increase was not significant when they were awake. Similarly, HF significantly
decreased in the supine position when the pregnant women were awake, but the decrease was not
significant when they were asleep. Although the supine changes in the awake LF and asleep HF are
non-significant, a tendency to change in the same direction to the respective significant changes in the
asleep LF and awake HF can be observed in Figure 3.4. This resulted in a significantly increased supine
LF/HF ratio in both the awake and sleeping pregnant women, albeit to a slightly larger magnitude when
awake (effect size (95% CI): 0.48 (0.23, 0.79) vs. 0.37 (0.13, 0.67). When the pregnant women were
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awake, the right-lateral position demonstrated consistent (but smaller) effect sizes to the supine position
for all three variables, but when asleep, the right-lateral demonstrated an opposite effect to supine in
HF and LF/HF.
In the pregnant sleeping women, the right-lateral position had no significant effect on any measure of
variability (Table 3.12). In contrast, the non-pregnant women demonstrated changes in some HRV
variables when sleeping in the right-lateral position, but no changes when supine (Table 3.13). The
LF/HF demonstrated no effect of maternal position in the non-pregnant women, in contrast to both the
awake and sleeping pregnant women. The unchanged LF/HF ratio in the non-pregnant group is
attributed to the decrease in both LF and HF, which for the large part changed in opposite directions to
each other in the pregnant groups.
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Figure 3.4: Maternal HRV in each position in awake pregnant women, sleeping pregnant women and
sleeping non-pregnant women.
 Indicates significant change from referent left-lateral position. (Geometric mean with error bars
indicating 95% CI)
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3.3.3: The accuracy of maternal self-reports of sleep behaviour
A number of variables describing the relationship between objective (video) and subjective
(questionnaire) measures of sleep behaviour in the pregnant group are included above in Table 3.14
Three participants did not remember what position they went to sleep in (whom the video recorded as
being two right-lateral and one supine). Twenty two participants (Kappa 0.52) accurately recalled the
position they went to sleep in. Six participants could not recall what position they woke in. The position
at waking was in agreement between video and questionnaire for 12 participants (Kappa 0.24).
There was good agreement between questionnaire and the video data regarding the number of times
the women reported getting out of bed and the number of times they were observed getting out of bed
(Kappa 0.65). It was not possible to assess leg movements from the video due to the bed clothes.
Therefore the ability of participants to recall this could not be verified.
The categorised observed position changes and the respective questionnaire responses can also be
seen in Table 3.14. The questionnaire responses “3: More than twice but not lots” (3-8 changes) and
“4: Lots of times” (9-22 changes) each accounted for 14 participants. Fifteen women responded with
the same category of position changes as that determined by video analysis (Kappa 0.09).
Table 3.14: Objective and subjective sleep summary statistics
Descriptive statistics
Questionnaire
Sleep-onset position
Left
21
Right
4
Supine
4
Don’t Know
3
Kappa 0.52

Video
20
8
2

Wake position
Left
Right
Supine
Prone
Don’t Know

8
11
4
1
6

15
11
4

Kappa 0.24
Number of times out of bed

1 (1 – 2)

1 (1 - 2)
Kappa 0.65

Number of position changes
(categorised)
0: Not at all
1: Possibly once
2: Possibly twice
3: More than twice but not lots
4: Lots of times.

0
2
0
14
14

0
1
0
17
12
Kappa 0.09

Estimated sleep duration (hours)
7.0 (6.5 – 7.6)
8.2 (7.6 – 8.9)
Estimated sleep latency (minutes)
20 (15 – 30)
11.4 (6.3 – 16.8)
Data presented as number of participants out of sample of 30 participants, or as median (IQR).

Sleep duration as estimated by the video and in the questionnaire had a correlation of r = 0.60 (p =
0.001). The Bland-Altman plot (Figure 3.5) demonstrates that participants’ estimates of sleep duration
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were on average 1.1 hours less than video estimates (95% CI: -0.8, 3.0 hours). There was poor
correlation between sleep-onset latency as estimated by the video data and questionnaire (r = -0.18).
The negative mean-difference observed in Figure 3.6 demonstrates that participants overestimated
sleep-onset latency on average by 9.8 minutes (95% CI: -45.0, 25.5 minutes). Most participants
underestimated sleep duration and overestimated sleep-onset latency (87% and 80% of participants,
respectively), but both Bland-Altman plots demonstrate negative trends, suggestive of a poor
agreement at shorter sleep durations and longer sleep-onset latency, and smaller differences when
sleep duration was longer and sleep-onset latency was short.

Difference (video - questionnaire)

3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5 4

5

6

7

8

9

10

11

-1.0
-1.5
-2.0

Mean of video and questionnaire estimated sleep duration (hours)

Figure 3.5: Bland-Altman plot; estimated sleep duration
Broken lines indicate mean difference and upper and lower limit of 95% CI.

Difference (video - questionnaire)

50
40
30
20
10
0
-10 0

10

20

30

40

-20
-30
-40
-50
-60

Mean of video and questionnaire estimated latency (minutes)

Figure 3.6: Bland-Altman plot; estimated sleep latency
Broken lines indicate mean difference and upper and lower limit of 95% CI.
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According to the automatic snore detection, 25 of the 30 participants snored at least some of the night.
When asked if they snored on the study night, six responded “Yes”, nine responded “No”, and 15
responded “Don’t know”. There was no association between any of the PSG derived snoring statistics
and questionnaire response, with the greatest median (IQR) value often occurring in those who
responded that they did not snore, or did not know if they snored (Table 3.15).
Table 3.15: Snoring statistics by questionnaire snoring response in pregnant group
Snoring statistic
Responded “Yes”
Responded “No”
Responded “Don’t
N=6
N=9
know”
N = 15
Total snore time (minutes)
55 (4 – 81)
89 (0 – 340)
41 (3 – 123)
Proportion of study spent snoring 11 (0 - 16)
22 (0 - 69)
7 (1 - 27)
(%)
Total number of snoring episodes
94 (14 – 133)
42 (1 – 255)
96 (9 - 182)
Average duration of snoring episode 0.55 (0.30 - 0.80)
0.50 (0.05 – 1.10)
0.40 (0.30 – 0.50)
(minutes)
Longest snoring episode (minutes)
4 (1 - 7)
2 (0 - 18)
3 (0 - 5)
Presented as median (IQR)

3.4: Results summary
These studies were performed on healthy women between the 35th and 38th weeks of pregnancy, with
healthy women who had never been pregnant acting as a comparison group in the overnight studies.
Collectively, the findings from the awake and overnight studies can be summarised as follows.
Impedance cardiography demonstrated poor agreement with the clinically-accepted echocardiography
in determining maternal stroke volume and cardiac output when awake. Therefore, the effect of
maternal position on estimated cardiac output was not assessed in the awake study, nor was the
technology applied to the overnight study.
Maternal pulse pressure did not change with maternal position when awake, and could not be applied
to sleep due to discomfort and likely disruption to sleep. Maternal heart rate variability demonstrated a
suppressed vagal response in the pregnant women when supine, both when awake and asleep. The
right-lateral position demonstrated a similar but reduced effect to supine when awake, but no effect
when the pregnant women were asleep. Overall, the healthy non-pregnant women did not demonstrate
a meaningful effect of position on heart rate variability.
Maternal sleep position did not cause clinically-important changes in conventional clinical indices of
sleep-disordered breathing. However, the pregnant women demonstrated considerable inspiratory flow
limitation, with a tendency for it to become more severe in the supine sleep position. Healthy nonpregnant women did not demonstrate inspiratory flow limitation.
The pregnant women were more likely to initiate sleep in the left-lateral position, to adopt this position
during the night, and to spend longer in this position than other sleep positions. In the non-pregnant
women, the left-lateral, right-lateral and supine sleep positions occur in similar amounts. Clinicallydefined OSA is not likely to be present in either population, but snoring was recorded in a greater
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proportion of pregnant women. The position as determined by the video data and the PSG positionsensor demonstrate excellent agreement.
Video analysis of maternal sleep indicated that women in late pregnancy are able to recall sleep-onset
position with moderate accuracy, but sleep position at awakening was less accurate. Participants were
able to recall the number of times they arose in the night accurately. Most participants underestimated
sleep duration and overestimated sleep-onset latency, and the extent of the disagreement appeared
dependant on their respective durations. The perceived presence of snoring did not relate to PSGderived measures of snoring.
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CHAPTER 4: Discussion
This chapter will review the findings reported in the previous chapter, firstly separated into the awake
and overnight studies. It will then conclude with a short discussion on the overall findings, and the
collective implications of those findings.
The first study, the “awake study”, validated a non-invasive estimation of cardiac output in late
pregnancy, followed by an investigation of the physiological effects of maternal position when awake,
with mothers lying in four randomised recumbent positions for 30 minutes each. The second study, the
“overnight study”, involved ambulatory sleep studies on healthy women in late pregnancy and healthy
non-pregnant women. This provided a description of the behaviour and physiology of sleep in late
pregnancy, of the physiological effects of maternal position when asleep, and the accuracy of selfreports of maternal sleep behaviour.
In both the awake and overnight studies, the responses to maternal position were presented as changes
compared to the left-lateral position based on the assumption that this was the position least likely to
elicit a physiological stress response. This assumption was based on a number of factors. First, the
study that prompted these physiological studies, The Auckland Stillbirth Study [7], found that the leftlateral sleep-onset position was the least likely to be reported in unexplained stillbirth, suggesting some
protective mechanism. The other reason being that venacaval compression [43] and hypotension [37]
are known to occur in the supine position in some pregnant women. What is not conclusively known is
if in the asymptomatic healthy woman there still a physiological response to position or position change.

4.2: Awake study
The primary purpose of this study on healthy pregnant women when awake was to investigate the
physiological effects of different maternal positions likely to be adopted during sleep (left-lateral, rightlateral, semi-recumbent and supine) in a controlled environment where position could be prescribed,
without any confounding effects of spontaneous sleep. As outlined in the thesis introduction (Chapter
1), one purpose of this thesis was to determine how best to non-invasively monitor pregnant women in
a way that would not disrupt sleep, which would then permit the primary aim of assessing effects of
maternal position in sleep to be addressed. Thus, in addition to describing the maternal physiological
responses to maternal position, the awake study also served the purpose of determining which
assessments both described that response and were able to be applied in overnight studies. These
novel approaches to assessing maternal physiology will enable further studies sleep to greater
understand the relationship between maternal sleep position and possible contributors to intrauterine
fetal demise.
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4.2.1: Validation of non-invasive cardiac output measurement in pregnancy using impedance
cardiography
Reduced cardiac output is one potential consequence of the supine sleep position in late pregnancy.
Impedance cardiography (ICG) is a method of non-invasively estimating cardiac output, previously of
unproven validity in late pregnancy. Echocardiography and ICG were found to have poor agreement in
terms of stroke volume (SV), and hence cardiac output (CO), determination. This study was designed
to reflect a clinical environment, such that it could reasonably be expected to apply this protocol in the
clinical assessment of pregnant women. Conditions were standardized as far as was clinically
reasonable, whilst permitting optimal measurement of the cardiovascular parameters being compared.
The aim was to compare the ICG with an established non-invasive method. Echocardiography meets
that criterion in both non-pregnant [252] and pregnant populations [293], and in the absence of a “gold
standard” device for measurement of SV during pregnancy, it is believed that echocardiography is
currently the best non-invasive measure of cardiac function.
4.2.1a: Echocardiographic results from healthy third trimester pregnant women
The echocardiography-measured left ventricular outflow tract velocity time integral (LVOTVTI), heart rate
(HR), SV and CO values were comparable to previously published values in similar gestation women
[239, 292], as were the ICG-derived SV and CO mean values [261]. The echocardiography coefficient
of variation in the current study (6.5 ± 2.5%) is lower than previously reported (8.8%) for CO [294].
4.2.1b: Effect of number of cardiac cycles averaged, and real-time versus retrospective analysis,
on variability of echocardiography
The preliminary subset analysis indicated that it was optimal to assess the echocardiography velocity
spectrums as an average of three consecutive cardiac cycles per epoch in real-time during the
echocardiography. Thus, this was used in all comparisons with ICG. These details were not described
in the previous validations of ICG using echocardiography in late pregnancy [161].
4.2.1c: Echocardiographic validation of impedance cardiography
There was excellent correlation between echocardiography and ICG-derived HR, and clinically
insignificant differences between the devices in the Bland-Altman analysis (Figure 3.1). Therefore, it
can be stated with confidence that the HR component of ICG is stable and accurate across the two
devices, and any discrepancies in CO can be attributed to the SV calculations. The non-perfect
correlation between ICG and echocardiography-derived HR values (r = 0.96-0.98) can be attributed to
the different time periods (three consecutive cardiac cycles by echocardiography compared with a
continuous measure of 60 seconds of beat-beat data from ICG). Ideally, the same three cardiac cycles
would be compared between the two devices, rather than three beats versus 60 seconds of data.
However, the echocardiography gave an averaged HR, rather than instantaneous, making such precise
matches with ICG impossible. As it was not possible to synchronise beats between echocardiography
and ICG, a one minute mean of ICG appeared to be the next best option. Selecting fewer beats of ICG
data would introduce a potential for greater variability due to respiration if indeed different beats were
selected from those analysed by echocardiography. There was large variability in ICG values compared
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with echocardiography (Table 3.4). This may have been due to the greater number of beats averaged
in each ICG sample compared with echocardiography (60s vs. three beats), or it could imply that ICGderived SV is less stable and may account for a greater proportion of the error between the two
methods.
In researching CO determination methods, the meta-analysis by Critchley and Critchley [295] is of great
interest. The paper rightly stated that any evaluation of CO measurement devices should take into
consideration the precision of the reference method. Critchley and Critchley [295] went on to argue for
an adjusted limits of agreement of 30% to account for inherent precision of ±20% in test and reference
methods (e.g. ICG and echocardiography), thus reclassifying CO estimation methods as accurate in
studies previously interpreted as demonstrating unacceptable accuracy based on percentage error. Of
note, one of the studies in the meta-analysis that Critchley and Critchley [295] re-categorised as
“satisfactory” was validating echocardiography against thermodilution, adding validity to the reference
standard used in the current study. Elsewhere, echocardiography was stated to have a percentage
error of 10% [296]. If the same 10% error was assumed in the reference measure in the current study,
using the best percentage error (percent limits of agreement) in the third epoch of approximately 20%
(14-55%), the results certainly fall outside of those deemed acceptable in the error-gram of Critchley
and Critchley [295]. Even using the more conservative 20% precision (as used for thermodilution), the
limits of agreement still fall outside of the 30% limits of agreement Critchley and Critchley [295]
recommended.
Burlingame et al. [161] compared echocardiography with ICG in 28 women in late pregnancy (34.0 ±
1.2 weeks gestation) when in the left-lateral position. They used the BioZ device with the ZMARC
algorithm, which the Medis ICG device and PASA algorithm are branded as in some countries. They
reported comparable values to the current study, with SV of 74 ± 21 and 84 ± 24 mL, and CO of 5.8 ±
1.6 and 6.4 ± 1.9 L.min-1, for echocardiography and ICG respectively. However, the mean difference
(confidence intervals) between the two devices at 15.1 mL (-29.1, 59.3) and 1.0 L.min-1 (-2.9, 4.9) for
SV and CO, respectively, was higher than the current study, which ranged from -7.0 to -0.6 mL and 0.7 to -0.3 L.min-1. Interestingly, Burlingame et al. [161] concluded that ICG was acceptable, even with
these wide confidence intervals. The error of measurement deemed “acceptable” may vary depending
on the population being studied and the magnitude of change expected. The expected change in SV
and CO from position change is unknown, but it may well fall within the error demonstrated by both the
current study and Burlingame et al. [161].
Burlingame et al. [161] went on to report that ICG was able to detect subtle changes in SV when
changing from supine to seated. They did not however measure SV in the supine position using the
reference method, echocardiography, but rather just noted the changes in ICG values with position
change. Therefore, whilst it can be said that ICG can detect a change in SV with position, the accuracy
in the magnitude of change was not demonstrated. The ability to detect changes in SV with maternal
position is questionable, given that it has been reported that ICG is only valid in lateral positions [162].
Using the ICG device NICCOMO (with the same manufacturers and SV algorithm as the device in the
current study), Tomsin et al. [164] cited moderate to high inter- and intra-session reliability (Pearson’s
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Correlation Coefficient) of various measures in uncomplicated third trimester pregnancies in both supine
and standing positions. They did not report correlations between the different positions, nor with another
reference device. Moertl et al. [163] investigated the ability of ICG to monitor changes in SV in six
assessments over the course of pregnancy. They assessed individual components of a modified version
of the older Kubicek SV algorithm [223] within a narrow range of RR-intervals in each of the participants’
repeated assessments, as well as SV and CO. They concluded that implausible and unreliable results
values were obtained, and that ICG appeared unsuitable for monitoring changes in CO over pregnancy.
One previous study reported that ICG-measured changes in SV with position change in late pregnancy
were of a magnitude with thermodilution [224]. This was however an older study that used a different
electrode configuration and the first generation Kubicek algorithm [223].
Consideration of these unfavourable reports, along with the current findings, does question the value
of ICG in late pregnancy. In the current study, ICG produced SV and CO values that were both greater
and less than the corresponding echocardiography values, resulting in large limits of agreement (Figure
3.1). This indicates that absolute values cannot be used. The differences between ICG and
echocardiography did not correlate with maternal BMI and BSA, estimated fetal weight (a surrogate for
uterine size) or deepest pool of amniotic fluid, indicating that these variables cannot be held accountable
for any differences in values between devices. The error is then likely attributable to some flaw of either
the ICG device or its algorithm producing random error, or error of echocardiography, in this population,
or the inability of the ICG algorithm to account for the complexity of thoracic changes in late pregnancy.
The ICG algorithms employed to calculate SV are dependent on assumptions regarding the shape and
dimensions of the thorax. The Sramek-Bernstein algorithm [216] is an algorithm that many
manufacturers incorporate into their devices, or at least use propriety modifications of, including the
device used in this study. The Sramek-Bernstein algorithm introduced a correction factor to account for
deviations from an ideal BMI of 24 kg·m2 and their effects on the volume of electrical participating tissue
(VEPT) portion of the algorithm. It would not however account for the different body mass distribution
accounting for the increases in BMI in pregnant women compared with males that it was tested in.
Additionally, it has been pointed out that the correction factor does not account for possible effects of
gender differences in anthropometry on resistance to current, and thus ICG outputs [226]. The
differences in anatomy between men and pregnant woman of similar BMI, such as thoracic
circumference and shape, and fat-lean mass ratio, may mean that it is not appropriate to use the
standard SV algorithms in pregnancy. It has been observed that the outputs from ICG are influenced
by the sizes and positions of the electrodes, the patient’s body shape and size, and “the resistivity of
the blood and distribution of other resistivities within the body” [297; p. 1513]. Highlighted also was the
non-uniformity of the current flow throughout the whole of the thorax, whereby due to the electrode
configuration, outputs will be influenced greatly by small volume flow changes in the neck, but less so
by large changes in the arms, for example. Finally, Smith [297] described how the concept of ICG is
using a simple model to describe complex changes. This simple model does not account for the
potential effects on impedance of uneven blood perfusion within the thorax and the differing blood flow
between heart and rest of the body.
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The changing thoracic anatomy, shape and fluid content with increasing gestation also mean that the
algorithms are unlikely to be able to be used to assess differences in SV or CO at different gestations,
consistent with the findings of Moertl et al. [163]. The individual anatomical variations in pregnancy
would rule out any ability to compare values between individuals, even at similar gestations. An
individual’s specific thoracic anatomy in pregnancy may even preclude comparison with population
norms, such as those reported by Morris et al. [261]. A more likely utility of the ICG would be in
investigation of the physiological effects of an acute intervention. This would depend on whether the
difference between ICG and echocardiography observed in the current study is due to a systematic
error of the ICG which remains constant over the course of the intervention, thus providing a reliable
measure of relative change. The ability of ICG to accurately measure relative changes in maternal
haemodynamics in late pregnancy would need to be demonstrated with a suitable reference measure.
Using a device by the same manufacturers (and therefore same algorithm), ICG was reported to
unreliably detect induced changes in SV compared with echocardiography in healthy non-pregnant
participants [258]. In the current study, there was no physiological challenge that may induce changes
in SV of a magnitude that would be able to test the ability of ICG to detect those changes during the
simultaneous measurement of echocardiography as Fellahi et al. [258] did (and Secher et al. [223]
using the older algorithm). One method could be to test the effect of maternal recumbent position
change on SV as measured by both devices. However, it is worth considering that different maternal
positions in late pregnancy can potentially cause changes in thoracic geometry, which may invalidate
the algorithm, and potentially also change maternal haemodynamics of a magnitude undetectable by
ICG. Additionally, echocardiography can only be used effectively in late pregnancy (or indeed in most
other situations) in a left-lateral position. Previous work reported that ICG in pregnancy has good
agreement with echocardiography only in the left-lateral and right-lateral positions, with poor agreement
when the women were in supine, sitting, standing or “knee-chest” positions [162]. This presents
argument for a) changing fluid distribution with differing positions influencing accuracy of SV algorithms,
b) the inability of ICG to accurately detect absolute changes in SV, or c) a reduction of accuracy of the
reference standard, echocardiography, in non-lateral positions. Although Fellahi et al. [258] employed
a different protocol, including artificially-induced haemodynamic load challenges, this demonstrates that
the poor performance of ICG, and this algorithm in particular, cannot be attributed wholly to the pregnant
condition of the participants in the thesis and would remove the need for a non-pregnant control group.
Given that Fellahi et al. [258] also employed echocardiography as their reference measure, error
associated with echocardiography (in preference to ICG) however cannot be discarded. A previous
review reported a significant effect (p = 0.03) of the reference method used on how valid the ICG data
were deemed to be [259]. Indirect Fick studies had the highest correlation at r = 0.91, compared with
dye dilution (r = 0.82) and echocardiography (r = 0.69). Of course, it cannot be determined from these
studies if the error is attributable to ICG or the reference standard. However, in the current study, SV
was only assessed in the left-lateral position, which is shown to give the best agreement between ICG
and echocardiography [162], and the clinically accepted position for accurate echocardiographic data
[139]. Therefore, it is stated with confidence that the error associated with both position and the
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reference standard measure were minimised. The utility of ICG to assess maternal physiology with
position changes remains to be proven.
4.2.1d: Limitations of ICG validation study
The assessment was standardised as much as possible whilst not impeding on the echocardiography
assessment and in keeping it as realistic to clinical assessment conditions as possible. However, it must
be acknowledged that the assessment was standardised firstly to the echocardiography, in that it was
designed to reflect a normal echocardiography assessment of cardiovascular function, and secondly to
have the most robust ICG outputs possible. Participants were encouraged not to talk during SV
measurement (and during the corresponding 60s ICG sample periods) and were given no instructions
regarding breathing. This ensured the best possible conditions, with spontaneous breathing only and
minimal effects of a variable respiratory rate (i.e. due to occasional sighs etc.). Breathing may have
been standardised further by paced breathing, but it was felt that this was artificial and not
representative of the conditions that ICG would be employed in (i.e. during sleep), and it would have
been difficult to find a uniform respiratory rate that suited all women. Variations in respiratory rate and
volume (e.g. due to an individual sigh) are unlikely to have affected mean SV over the 60 second ICG
sample period, and the echocardiographer ensured only “normal” breaths during echocardiography SV
measurement. Additionally, as Burlingame et al. [161] alluded to, improvements have been made in
ICG signal analysis software to minimise the effects of respiratory variations.
Employing echocardiography as a reference measure may also be seen as a limitation. However,
echocardiography is a clinically accepted, safe and non-invasive method of cardiovascular assessment
in pregnancy. Previous published data have demonstrated the clinical validity of echocardiography,
even with greater variability demonstrated than in the current study [294]. As it is difficult to measure
SV echocardiography in any position other than left-lateral, this limited the ability to compare it with ICG
in different positions, and thus establish the validity of relative changes in ICG-derived SV. If changes
in ICG-measured SV with each position change were of a magnitude to an established reference
measure, then as suggested in the literature review, relative, rather than absolute, differences between
positions may have been possible. However, given that there was no systematic error in ICG-derived
values, with both overestimated and underestimated SV in different participants, it is not likely that
relative changes could have been reliably determined.
Lastly, the different sample periods is another potential limitation. One potential method to improve
agreement between devices may be to measure the LVOT VTI continuously using echocardiography for
the whole 60 seconds of the ICG sample period and retrospectively tracing around all the velocity
spectrums.
4.2.1e: Conclusion
In conclusion, SV and CO as measured by ICG and echocardiography in healthy late pregnancy
demonstrates a moderate relationship at best. The between-device agreement as illustrated by the
Bland-Altman plots was poor throughout the assessment. Maternal or fetal variations in body
proportions or size do not appear to account for the lack of agreement. All the error cannot be
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categorically attributed to ICG; echocardiography may have some inherent error. However, given the
poor agreement between ICG and this clinically accepted tool, the use of ICG to assess SV in a healthy
pregnant population cannot yet be endorsed. For that reason, ICG data were not used to assess the
effect of maternal position in the awake study, and nocturnal CO was not measured.
4.2.2: The physiological effects of maternal body position when awake
Maternal BP, CO and HR are cardiovascular measures that are likely to change in the presence of
aortocaval compression and, potentially, are able to be assessed continuously and non-invasively and
thus applied to sleep. As the validity of ICG could not be proven in this population (above discussion),
there was little merit in assessing the ICG data in each position, and CO was not included as an
assessment of maternal physiology in this study or the overnight study. Therefore, conventional and
clinically-accepted measures of blood pressure (BP) and maternal heart rate (HR) were used to
describe the maternal cardiovascular responses to maternal position.
4.2.2a: The effects of maternal position on continuous maternal blood pressure
Pulse pressure was used to describe the BP response. As outlined in the methodology (subsection
2.2.2a), a change in the vertical height of the maternal hand relative to the heart with maternal position
change has the potential to create an offset in absolute systolic and diastolic BP (SBP and DBP) that
could not be corrected for. Any potential effects of maternal position on this offset are expected to affect
SBP and DBP equally, and thus not influence pulse pressure. In addition to these practical
methodological benefits of assessing pulse pressure rather than SBP or DBP, pulse pressure may be
a more suitable measure of the pressure response. It was previously demonstrated that the supine
position in late pregnancy, unexpectedly, increased both SBP and DBP relative to the left-lateral
position [158]. The resulting unchanged pulse pressure in that study was accompanied by unchanged
uterine and umbilical flow indices. Additionally, pulse pressure is proportional to stroke volume (SV) and
CO [168] (albeit not perfectly linear [298]), and thus any changes in pulse pressure would be expected
to some degree to reflect the SV response to maternal position change.
With the exception of one participant who became hypotensive late in the right-lateral position, the
women in this study were normotensive and non-symptomatic in all positions. This was reflected by an
unchanged pulse pressure in all positions. This is consistent with the summary statement in the BP
response to maternal position section of the literature review (page 31), which stated that BP is largely
maintained or demonstrates clinically insignificant changes with position in the majority of healthy
pregnant women [129, 142, 143, 158, 159, 168]. It was postulated that the intermittent BP sampling
used in majority of studies may account for the unchanged BP with position, and as beat-to-beat BP
can detect hypotensive episodes otherwise missed by intermittent sampling [166, 167], it may also be
more capable of detecting a change in values with position change. This however proved not to be the
case in the current study, with no significant difference in pulse pressure between maternal positions.
In summary, it was found that continuous beat-to-beat pulse pressure was not measurably affected by
maternal position change. Therefore, whilst SV could not be assessed by position using ICG in this
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population, and it is possible that both systolic and diastolic pressures changed with position change in
some women, the proportional relationship between pulse pressure and SV [168] suggests that an
unchanged pulse pressure is indicative of an unchanged SV. This finding, coupled with the poor
participant acceptance of the CNAP™ device and its presumed disruption to sleep, dictate that maternal
BP was neither a suitable nor enlightening assessment to include in the overnight studies in this healthy
population.
4.2.2b: The effects of maternal position on continuous maternal heart rate and heart rate
variability
i.

Heart rate when awake:

Along with BP, HR was the other conventional clinical measure used to assess the effect of maternal
position when awake, showing small but significant increases of 3-5 bpm in all positions compared with
left-lateral (p ≤0.0001). An increased HR suggests increased cardiovascular demand on the part of the
mother, and is often seen in response to a reduction in BP [116, 194, 195]. In late pregnancy, the effect
of an increased HR on diastolic filling time, and thus SV, is a proposed step in the sequence of events
leading to supine hypotension [183]. However, pulse pressure was unchanged by position in the awake
study, and the HR changes were small, which questions how much these observed changes really
demonstrate any meaningful increase in cardiovascular demand associated with non-left-lateral
positions. Previously, a significant decrease in BP following transition from supine to upright postures
[199] and an unchanged BP from left-lateral to upright [198] in late pregnancy have been reported, with
associated heart rate variability (HRV) responses consistent with vagal suppression in both transitions.
These orthostatic manoeuvres can be viewed as an assessment of the patients’ ability to maintain
pressure, and the consistent HRV response in the two studies as evidence of the autonomic system’s
involvement, which is important in cardiovascular control [172]. This is consistent with the main finding
from this study, with a significantly affected HRV response to maternal position change.
ii.

Heart rate variability when awake:

The primary HRV outcome from the awake study, HF power, demonstrated significant reductions in all
positions relative to left-lateral. The normalised HF (nHF) was consistent with absolute HF, also reduced
in all positions compared with left-lateral. As HF is an indirect measure of parasympathetic (PSNS)
activity [180], this finding is interpreted as a vagal-suppressive response in all non-left-lateral positions,
particularly the supine and semi-recumbent positions. This finding is consistent with previous reports of
reduced absolute [201] and normalised [147] HF power in the supine position compared with left-lateral
in third trimester women during a single 5-15 minute measurement in each position.
The LF/HF ratio is an often-employed description of the sympathetic/parasympathetic (SNS/PSNS)
balance [180] which is sometimes questioned due to the debated mechanisms regulating LF [185-187],
with one study demonstrating that a change in SNS activity is not always reflected by changes in LF
[185]. Absolute HF was the primary outcome variable in this study, as it was discussed in the literature
review (subsection 1.2.3b, page 33) how the mechanisms regulating HF (i.e. PSNS/vagal tone) are less
ambiguous than LF [185], and thus the LF/HF ratio. However, reporting the HRV response as
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normalised powers or as the LF/HF ratio can also reduce the effects of inter-individual variation in total
power (TP) [180, 181], and have the benefit of allowing comparisons with previous published values.
Compared with the PSNS influence of HF, the LF power is generally accepted as being regulated by
both PSNS and SNS [180], complicating interpretations of any change in LF following an intervention.
In the current study, LF was unchanged by maternal position, and the nLF demonstrated a very small
but significant reduction in the supine position compared with left-lateral (30.0 (30.5, 37.6) vs. 29.9
(25.9, 34.0), respectively; p = 0.02). The SD-RR, a measure of overall variability, was similarly
unaffected. The nLF values are very similar to those previously reported in the third trimester [201], but
where that study differs to the current one is that it demonstrated significant reductions in supine
absolute LF and unchanged nLF compared with left-lateral. This may be explained by the uncertain
relative contributions of the SNS and PSNS to LF [185-187]. Also in agreement with the previous reports
[147], the LF/HF ratio in the current study demonstrated progressive increases from left-lateral to rightlateral to supine. Whilst the nHF values in the study of Kuo et al. [147] in each position were comparable
to the current study, the nLF, LF/HF ratio and HR were markedly higher in all positions than the current
study. This is likely due to the much higher baseline (left-lateral) values in that study (41.7 nu, 1.96, ~83
bpm) than the current study (29.9 nu, 0.86, 73 bpm), which may mean that the participants in the current
study were less stressed, physiologically or psychologically, than those in the study of Kuo et al. [147],
even at rest. Both physical and psychological stress are known to affect these HRV variables in
pregnant and non-pregnant individuals [299], and every effort was made to minimise potential stressors
in the participants in this study. The participants in this study were deliberately screened to be healthy,
all being of healthy weight with normal sized fetuses, lay longer in each position than the previous
studies (30 minutes versus 5 minutes in Kuo et al. [147]), in a warm, dimly lit ultrasound room in the
afternoon, well-relaxed with their eyes closed and accompanied by a midwife.
That both PSNS and SNS influence LF, but the relative contributions of each branch to LF power are
uncertain, may be seen as of little consequence in the current study, given that LF was unaffected by
maternal position. Thus, the reductions in HF and its corresponding normalised and approximate timedomain equivalents, and consequently the increased LF/HF, demonstrated changes consistent with a
suppressed vagal response. The cause of this vagal suppression is speculative, given that neither
aortocaval compression nor changes in SV or CO could be measured in each position using the
methods employed here. The likely explanation is, however, that vagal suppression was invoked to
maintain maternal BP following some degree of aortocaval compression when the women adopted the
supine and semi-recumbent positions.
The unchanged pulse pressure and absence of hypotensive symptoms in this study do not exclude
some degree of aortocaval compression in the non-left-lateral positions. Previously, unchanged BP
[138] and umbilical resistance [43] have been demonstrated when third trimester women lay supine,
despite directly-measured “high-grade” IVC compression, which was attributed to sufficient
compensatory mechanisms to maintain maternal pressure. This is supported by the observed vagalsuppressive changes in HRV in the current study, and in previous studies in different recumbent
positions [147, 201] and during supine-to-standing orthostatic challenges [199] in late pregnancy, and
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also by the knowledge that the SNS and PSNS regulate cardiovascular control by affecting
vasoconstriction, BP, HR and respiratory rate [172]. The compensatory mechanisms may also include
increased collateral circulation to facilitate venous return, which could not be tested in this setting.
Previously, an elevated resting LF/HF ratio (>2.5) was demonstrated to be predictive of subsequent
maternal hypotension during spinal anaesthesia for caesarean section in those women whom the ratio
could not be reduced by additional pre-hydration [192]. Whilst spinal anaesthesia may be considered a
more severe physiological stressor than 30 minutes of supine recumbence in healthy women, some
important deductions may be made when comparing that study with the current study. Compared with
the higher ratio of >2.5 in the study of Hanss et al. [192], the LF/HF ratios when supine and semirecumbent in the current study (1.35 (1.09, 1.66) and 1.12 (0.91, 1.38), respectively) were unlikely to
be predictive of subsequent supine hypotension in these healthy women. The autonomic system was
nevertheless reacting to a hypotensive challenge, again supporting the reduced HF as evidence of the
effects of maternal position. In the reported 8% (2.5-20.6%) of pregnant women who experience supine
hypotension [116], it is likely that the compensatory mechanisms are insufficient to overcome the load.
There are several possible reasons why the compensatory mechanisms are insufficient: 1) an already
reduced baseline (left-lateral) vagal tone as in the case of Hanss et al. [192], 2) an absent or impaired
suppression of vagal tone (i.e. no reduction in HF) upon adopting the supine position, 3) a reduction in
vagal tone of a magnitude seen in this study being insufficient to maintain pressure due to an excessive
load (i.e. fetal/uterine mass and/or position), or 4) the autonomic response is not accompanied by other
compensatory responses seen in “normal” women, an insufficient collateral supply for instance. A study
of the HRV response to position change in third trimester women with known supine hypotension would
be needed to answer this. Previously, late-gestation women who reported symptoms of hypotension
demonstrated the expected pronounced changes in CO, BP and HR compared with controls [183]. That
study however did not assess HRV, only reporting baseline (left-lateral) baroreflex gain (not significant).
In the current study, one participant became hypotensive suddenly near the end of the right-lateral
position. This was unusual, primarily because it occurred not in the supine or semi-recumbent positions
as would be expected, and secondly because it did not occur until 27 minutes into the position after all
HRV measurements had finished. The fetus was noted on ultrasound to be making large rolling
movements earlier on, and large fetal movements were again noted prior to the hypotension, so a shift
in fetal lie is a plausible explanation, or insufficient collateral circulation, rather than any underlying
autonomic insufficiency in this particular case.
The previous studies comparing upright and recumbent positions [198, 199] and different recumbent
positions [147, 201] in late pregnancy only performed a single measure of HRV in each position. These
studies were therefore were unable to determine if spending longer in a certain position exacerbated
the HRV response, i.e. further decreases in HF the longer a pregnant women lies on her back. The
current study controlled for sample (Quiet1 versus Quiet2), and thus the time spent in the supine position.
The LF power was the only variable that showed a significant effect of sample period; the primary
outcome, HF power, was unaffected. Thus it was concluded that, within a discreet sample period, time
in position does not meaningfully influence the HRV response.
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No previous studies investigating the difference between maternal semi-recumbent and supine
positions in late pregnancy were identified. The effects of inclined versus non-inclined sleep positions
on the upper airway size and AHI in post-partum women have been reported [72]. However, no
cardiovascular measures were reported, and being post-partum, the effects of the gravid uterus were
not relevant in that study. The semi-recumbent position was included in the current study for a number
of reasons. Inclining the trunk during sleep is a commonly-used method in both pregnancy and OSA
patients to alleviate symptoms of SDB, and commonly reflux, and in pregnancy by those wanting to
avoid feelings of faintness and physical discomfort associated with the supine position. Therefore, whilst
anecdotal evidence existed for its efficacy in that regard, there were no empirical physiological data of
its superiority to supine or non-inferiority to lateral positions. One more pragmatic reason for its inclusion
was that pregnant women sleep in varying degrees of recumbence, and accurately measuring trunk
inclination would not be possible in a sleep setting. What this study demonstrates is that the benefits of
the semi-recumbent position compared with the supine appear to be minor, and that the semirecumbent position is also unfavourable compared with lateral maternal sleep positions. The pulse
pressure was similarly unaffected by maternal semi-recumbent position as with supine, and HRV
demonstrated similar effect sizes to supine, particularly in the primary outcome of HF. These findings
are also important when considering that this study informed the methodology and analyses of the
subsequent overnight study in this thesis. The finding that the semi-recumbent position is of marginal
physiological benefit compared to supine lessened any potential implications of the inability to
differentiate between the two positions, or control for the degree of trunk inclination, in the unattended
sleep study.
The right-lateral position also demonstrated significant changes in almost all HRV variables in relation
to left-lateral, albeit to a smaller magnitude than semi-recumbent and supine. Why the right-lateral
position would be markedly different from left-lateral is not well known, but findings are in keeping with
the findings of The Auckland Stillbirth Study [7], which reported a progressively increased risk of stillbirth
from left-lateral to right-lateral (OR; 95%CI: 1.74; 0.98 - 3.01) to supine (2.54; 1.04 - 6.18). A possible
explanation of the effect seen in the right-lateral position is potential distortion of the uterine vessels at
the base of the uterus with position changes, rather than the commonly-attributed aortocaval
compression of the supine position. It is not known if reductions in uterine flow alone would directly
cause a change in maternal HRV. The supine position has been shown to affect uterine resistance [43]
and flow [159], but elsewhere that it was unaffected by both the right-lateral and supine positions [145].
However, uterine flow would reasonably be expected to change as result of changes in maternal CO
and BP, not vice-versa, which may exclude localised compression of uterine vessels as a direct cause
of changes in maternal HRV in the right-lateral position. Another, perhaps more simple, explanation
could be that the IVC runs to the right of the vertebral column, with the possibility for some degree of
IVC compression when the mother is in the right-lateral position, especially if this is not the full decubitus
position, which would be expected to displace the uterus from the vertebral column. Previous studies
of aortocaval compression in late pregnancy do suggest that it is the IVC, not the aorta, that is largely
affected when supine [129, 145, 168], which is consistent with the speculation here that some degree
of IVC compression in the right-lateral position explains the observed HRV response. Finally, the
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potential for individual anatomical variations should be considered. Previously, a right-tilt position was
demonstrated to result in the largest IVC diameter in 28% (12-49%) of women, and the supine position
in 24% (9-45%) of women, which the authors attributed to variations in uterine size, uterine position
and/or collateral circulation [142]. These anatomical variations may contribute to the degree of
aortocaval compression when right-lateral, and thus the HRV response.
4.2.3: Summary of awake studies
The physiological response to maternal position when awake, and the main conclusions from study
which informed the subsequent sleep study can be summarised as follows:


The effects of position on maternal SV and CO could not be assessed non-invasively using
ICG, as results indicate that it is not valid in late pregnancy, and therefore cannot be applied to
sleep.



Maternal BP was maintained with position change, even when measured continuously beat-tobeat. This coupled with the discomfort caused by the finger clamps of the CNAP™ device and
likely disruption to sleep indicated that it was not feasible in the sleep study.



HRV adequately demonstrated the maternal response to position and was non-disruptive,
meaning it was suitable to apply to the sleep study to describe the physiological response.



All non-left-lateral positions elicited a vagal-suppressive response, as demonstrated by HRV,
particularly the supine and semi-recumbent positions. In the absence of any SDB in these
awake women, the likely stimulus of this response is blood pressure maintenance in the face
of IVC compression, and the need to maintain CO by haemodynamic adaptations.



The non-difference in the physiological responses to the supine and semi-recumbent positions
implied that the semi-recumbent position did not relieve the aortocaval effects of the supine
position. Thus, in the sleep studies, defining the maternal position as left, right, supine (or
upright) would be deemed sufficient in the assessment of the physiological parameters
investigated in this thesis, and that the inability to control for or measure the varying degree of
trunk inclination during sleep is inconsequential.



The right-lateral position produces a smaller cardiovascular response than the supine positions,
but it is still significantly different from left-lateral for unknown reasons.

4.3: Overnight study
The previous study of awake pregnant women demonstrated the effect of different positions likely to be
adopted during maternal sleep. That study was in a controlled environment, permitting the
standardisation of position and time in position, so that the effects seen were attributable to position,
without any potential confounding factors associated with sleep. That study also helped determine what
measures were valid, useful and practical to add to a standard sleep study to effectively assess the
effect of maternal sleep position. Using the information gained in the awake study, this overnight study
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was able to describe maternal sleep, and the physiological effects of maternal sleep position, in
spontaneous, non-manipulated sleep. This discussion will first describe the behavioural and
physiological characteristics of normal sleep in healthy late pregnancy and how they differ from healthy
nulligravida women. It will be demonstrated how these observed sleep characteristics influenced the
assessment approach taken; their relationship to the observed response to sleep position will be
apparent in the next section on the physiological effects of maternal sleep position. This will be followed
by the discussion on the accuracy of subjective reports of sleep in late pregnancy, which much of the
current literature of sleep in pregnancy relies on.
4.3.1: A description of sleep behaviour and physiology in healthy late pregnancy
This study sought to describe the sleep-behaviour and characteristics of sleep in healthy women in late
pregnancy, and how these differ from that of healthy women who have never been pregnant. Due to
the varied anatomical and physiological variations that occur during pregnancy, the physiology of sleep
in late pregnancy should not be assumed to mirror that of sleep in non-pregnant populations. Similarly,
anecdotal and subjective reports of sleep suggest that sleep behaviour differs greatly in late pregnancy.
Therefore, to assess the physiological effects of sleep position, it is necessary first to consider the
population-specific sleep behaviour and physiology that may influence those effects, and the ability to
measure those effects appropriately. For example, the different duration spent in different positions and
in bed overall across populations, and the predominant form of any sleep-disordered breathing (SDB)
in the population being studied (e.g. obstructive sleep apnoea, OSA, versus upper airway resistance
syndrome, UARS). There are currently very few published descriptions of sleep in uncomplicated late
pregnancy, particularly as it relates to the differences in behaviour between late pregnancy and nonpregnant women.
4.3.1a: Description of sleep behaviour in late pregnancy
The literature review highlighted several studies reporting various aspects of sleep behaviour in late
pregnancy. However, many are hampered by the fact that they are self-reported [1, 7, 300], and/or only
report the maternal sleep position initially adopted at the start and/or end of sleep [7, 301]. In this study,
objective measures of sleep behaviour, video and Level 3 polysomnography (PSG) analyses were
used, and sleep behaviour over the whole night was reported, particularly as it related to maternal sleep
position.
It was found that healthy women in the final weeks of uncomplicated pregnancies had a preference for
the left-lateral sleep position, and largely avoided the supine position. This was evidenced by the twothirds of pregnant women adopting this position at sleep-onset, and that, as a group, they spent half the
night in the left-lateral position. Contrastingly, very few pregnant women initiated sleep in the supine
position, and supine sleep only constituted one-fifth of the night (Table 3.7), mildly reduced compared
with the median proportion of 26.5% of the night spent supine as reported by O’Brien and Warland
[302]. The non-pregnant women, on the other hand, initiated sleep in the supine and lateral positions in
near-equal proportions. Half of the non-pregnant group woke up in the supine position, and spent over
half of the study period in the supine position. It can be noted in Table 3.7 also that the total time in
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each position, average time before changing position and number of times in each position were all
greatest in the left-lateral and least in the supine position in the pregnant women, but the inverse was
true in the non-pregnant women.
Not only were the pregnant women less likely to initiate sleep in supine than other positions, but the
number of times the supine position was adopted and the average time spent each time in the supine
position were also significantly reduced compared with non-pregnant group. This indicates that
pregnant women are significantly less likely than non-pregnant women to adopt the supine position
throughout the night, and when they do, pregnant women terminate the supine position sooner each
time, maintaining it each time on average for only a third of the time that non-pregnant women do.
These increases in most metrics of left-lateral sleep and decreases in all metrics of supine sleep in the
pregnant women suggest that maternal sleep position is influenced in-part by both a preference for the
left-lateral position and some conscious and/or subconscious factor(s) that limit the supine position. As
will be discussed in the subsequent physiological studies (subsection 4.3.2a), there are respiratory
responses to the supine position which may limit prolonged supine sleep. It is also likely, however, that
there is some conscious effort to avoid supine sleep and favour the lateral positions, particularly at
sleep-onset.
The noticeable preference for the left-lateral position compared with supine at sleep-onset suggests
that the pregnant women’s relative preference/avoidance may be in part conscious or deliberate.
Intentional adoption of the left-lateral position at sleep-onset may be explained in part by a perceived
benefit of left-lateral and harm of the supine position in these participants due to the potential awareness
of the findings of The Auckland Stillbirth Study [7] in this Auckland-based population. It has been
reported that healthy third trimester women can increase their time spent sleeping in the left-lateral
position when instructed to do so [170], and therefore the women in this study may have done the same
if they had perceived left-lateral sleep to be protective due to awareness of The Auckland Stillbirth Study
[7].
Subsequent to The Auckland Stillbirth Study [7], a postal survey of 642 third trimester Auckland women
was performed by the University of Auckland in 2011, with a 38% response rate (244 respondents)
[290]. Although not reported in the manuscript, the postal survey found that 58% of women initiated
sleep in the left-lateral position in the week prior to completing the survey, a significant increase from
the 36% of the pregnant controls who did not experience stillbirth in The Auckland Stillbirth Study
(p<0.0001; EA Mitchell, personal communication). Even in the short time between publication of The
Auckland Stillbirth Study [7] and when the postal survey [290] was conducted, this shows an increased
prevalence of the left-lateral position (at sleep-onset at least), consistent with the even larger prevalence
of 67% shown by the women who completed the current study in 2013-2014. The increased left-lateral
sleep and decreased supine sleep in the current study may however be attributed to the strictly healthy
population in this relatively small sample size (n = 30), compared with the diverse and large control
population in The Auckland Stillbirth Study [7] (n = 310). Conceivably, sleep-onset is the only time in
which a conscious decision regarding sleep position is consistently made. Thus, awareness of The
Auckland Stillbirth Study [7] by participants in the study of Hutchison et al. [290] and the current study
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may have influenced their conscious effort to avoid the supine position at sleep-onset, thus explaining
the reduced number reported. However, it is not currently known if position at sleep-onset influences
the predominant sleep position over the whole study period; The Auckland Stillbirth Study [7] had no
information on total supine sleep in cases and controls, and too few in the current study initiated sleep
in the supine position to explore the relationship between sleep-onset and predominant sleep positions.
However, if it is accepted that sleep position is knowingly controlled only at sleep-onset, then it reasons
that some physiological response to supine sleep may have some crucial part to play in limiting its
overall occurrence, such as the respiratory responses to supine sleep, discussed in the subsequent
physiological studies (subsection 4.3.2a).
A study using methods and population comparable to the current study was performed by O’Brien and
Warland [302]. Retrospective analyses of clinically-obtained Level 3 PSG in 7-38 week gestation
women (28.3 ± 6.9 weeks, n =51) revealed a shorter study time (5.8 ± 1.6 hours) than the current study
(8.6 (7.8 – 9.1) hours). In contrast to the significantly decreased proportional time spent sleeping supine
in the current study, O’Brien and Warland [302] reported that the median proportion of overall time in
each position was similar between supine, left-lateral and right-lateral in a sub-group analysis of women
≥28 weeks gestation (n = 33). There is not enough information in the manuscript about the participants
to speculate reasons for their reported increased supine sleep compared with the current study, other
than the advanced gestation in the current study. Like The Auckland Stillbirth Study [7] (which also
reported greater supine sleep than the current study), O’Brien and Warland [302] assessed this variable
from 28 weeks onwards, compared with 35-38 weeks gestation in the current study. The current study
and a previous study of medically-admitted pregnant women of greater than 30 weeks gestation [301]
have both shown that pregnant women are significantly more likely to initiate sleep in the left-lateral
position and to avoid supine compared with non-pregnant women. Additionally, the left-lateral position
was both the most common position at sleep-onset and as a proportion of the night in the current study.
It is therefore feasible that there is a significant difference in the proportion of time spent in each sleep
position with increasing gestation, even from 28 and 35 weeks gestation, maybe due in part to maternal
comfort relating to the size of the gravid uterus. A longitudinal study of the sleep position over the whole
night would be needed to prove this. O'Brien and Warland [302] did not report the mean duration before
transition in each position, nor the sleep-onset position. It is therefore unknown in that study if the supine
position was maintained for shorter times before changing than other positions, or if it was avoided at
sleep-onset, as both were the case in the current study.
Thus, The Auckland Stillbirth Study [7] concluded that the sleep-onset position is related to stillbirth
occurrence, O'Brien and Warland [302] concluded that pregnant women can benefit from advice
regarding sleep position and Warland and Dorrian [170] suggested that pregnant women can change
sleep position if instructed to do so. The data described in this thesis also suggest that women in late
pregnancy are avoiding the supine position at sleep-onset. The Auckland Stillbirth Study [7] reported
that sleep position at sleep-onset and awakening were highly correlated. The current study, in contrast,
showed no relationship between the position at times identified as sleep-onset and awakening in either
the pregnant or non-pregnant groups. In all measures in the pregnant women in this study, the left-
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lateral position occurred more frequently, and for longer, than the other positions, particularly supine.
The position at the time identified as sleep-onset in most women was maintained for at least an hour,
and it demonstrated moderate to good agreement with the position that constituted the greatest
proportion of the night in both groups. Therefore, whilst this does not demonstrate causation, it can be
concluded that there is a high likelihood that the position at sleep-onset will match the position that
women spend the majority of the night in, especially if that first position is maintained for a longer
duration. As sleep-onset position is arguably the easiest risk factor to modify, subsequent interventions
should test if modifying the sleep-onset position also modifies the position constituting the greatest
proportion of the night.
The mothers’ reporting getting up to use the toilet once or less in the night and an estimated sleep time
of <6 or >8 hours were the other modifiable stillbirth risk-factors identified by The Auckland Stillbirth
Study [7] relevant to the current study. The non-pregnant participants in the current study mostly did
not get out of bed in the night. Sixty percent of the pregnant women were observed getting up in the
night once or less, compared with only 33% of healthy pregnant controls (those who did not experience
stillbirth) in The Auckland Stillbirth Study [7] and 35% in the Auckland postal survey in late pregnancy
[290]. The sleep study duration (time between lights off and lights on, i.e. the sleep period) was 8.6 (7.8
– 9.1) hours in the pregnant women. This was not significantly different from the non-pregnant group
(8.8 (8.4 – 10.2) hours) and similar to previous reports of nulliparous and multiparous New Zealand
women (9.1 ± 0.3 and 8.1 ± 0.2 hours, respectively) [303], but considerably greater than the 5.8 ± 1.6
hours reported by O'Brien and Warland [302], and approximately an hour greater than other previous
reports [170, 290], which may be considered clinically meaningful. Hutchison et al [290] also reported
that self-reported sleep time significantly decreased from pre-pregnancy to the third trimester, which is
also inconsistent with the current study. This may be due to the participants of Hutchison et al [290]
themselves estimating sleep time, and as discussed in the literature review (subsection 1.3.2),
subjective accounts of sleep duration are of questionable accuracy [263, 264, 267-269, 271, 273, 275],
whereas in the current study, total sleep time was estimated as the sleep study duration minus time
spent out of bed (i.e. time spent recumbent in bed).
A relatively high proportion (22/30) of the pregnant women in this study reported having trouble getting
to sleep, compared with previously reported values of only 25.6% in late pregnancy and 9.9% prepregnancy [290]. The participants in this thesis may have perceived a delayed sleep-onset due to the
PSG equipment attached to them, compared with self-reports in the study of Hutchison et al [290].
However, it has been reported that the first-night effect is primarily an issue of in-lab PSG, and that it is
minimised by home-based studies [304]. That study however was in non-pregnant participants, and the
PSG apparatus may prove more disruptive in the already disturbed sleep in the third trimester.
Perceived sleep quality and restlessness was variable, as seen by Table 3.8 in the results (subsection
3.3.1a). Approximately half of the pregnant women said that both the overall quality of sleep and
restlessness during the study were “Average”, a higher than the 33% previously reported [290],
suggesting that the study was representative of a normal night’s sleep at home and not necessarily
disruptive.
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Video analysis is a laborious and time-consuming method of assessing sleep behaviour and sleep
position metrics. The video and PSG position sensor were in agreement in all but a few instances, and
maternal sleep position could not be determined in video and by PSG position sensor in near equal
times. Thus, the video data have confirmed that the PSG position sensor has acceptable reliability in
late pregnancy. Future studies requiring determination maternal sleep position would be justified in
using PSG position sensor alone and omitting video data.
A limitation of this description of maternal sleep is that half of the pregnant women did not have a bed
partner present on the study night when most normally would, which may or may not have influenced
which side of the bed the pregnant women slept on and/or the predominant sleep position. It has
previously been proposed that having a bed partner and the pregnant women sleeping on the left side
of the bed can encourage left-lateral sleep [40], and sleeping on the left side of the bed has been shown
to increase sleep duration in late pregnancy [170]. Future studies may explore the effects of the
presence/absence a bed partner of sleep behaviour, especially sleep position.
Thus, maternal sleep behaviour in late pregnancy, and how it differs from nulligravida women, is
described. The subsequent subsection will provide a physiological description of maternal sleep in late
pregnancy, followed by a summary of both maternal sleep behaviour and sleep physiology.
4.3.1b: Description of maternal respiration during sleep in late pregnancy
The apnoea-hypopnoea index (AHI) is the main clinical measure of the severity of sleep-disordered
breathing (SDB), with five events or more per hour of sleep considered abnormal [60]. Statistical
intergroup comparisons of AHI were not performed, as the non-pregnant women underwent Level 2
PSG, which by its ability to detect hypopnoeas related to arousals can increase the AHI compared with
the Level 3 cardiorespiratory PSG that the pregnant women performed. Regardless, the pregnant and
non-pregnant groups were comparable with each other and both groups were normal in terms of their
AHI classification (Table 3.9). Additionally, if the Level 3 study is assumed to underestimate AHI by 30%
as reported previously [305], then the pregnant group’s AHI is still below both cut-off for normal
classification [60], and below that of the non-pregnant group.
The literature review introduced a number of adaptations in late pregnancy that can predispose the
mother to SDB, such as increased BMI and neck circumference [54, 55, 65] and upward displacement
of the diaphragm [65]. However, there is also evidence that there are adaptations in late pregnancy that
may protect against SDB, such as the enlarged upper airway size in healthy pregnant women when
seated to compensate for the reduction when supine [82], and reduced overall REM sleep compared
with non-pregnant women [65], as SDB is exacerbated during REM [44, 45, 211, 212]. These suggested
SDB-protective adaptations, along with the observation of less OSA and more UARS in late pregnancy
[95], are consistent with the low AHI observed in the current study.
As discussed in the literature review (subsection 1.1.2, page 11), it is currently not possible to report
the prevalence of clinically-defined OSA in healthy women in late pregnancy. This study did not aim to
determine prevalence, but OSA was largely absent in this healthy group of third trimester women; only
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one participant had clinically-defined mild OSA (AHI: 7.9/hour). However, as also proposed in the
literature review, the current clinical guidelines for classifying OSA (i.e. AHI>5) have not been adjusted
for pregnancy, as they have been for paediatrics for example, and these cut-offs may therefore not be
appropriate to identify the presence of OSA in this population. The conventional clinical indices of SDB
severity, AHI and oxygen desaturation index (ODI), did not differentiate between healthy pregnant and
non-pregnant women at a group level.
As with AHI, the ODI did not differentiate between the pregnant and non-pregnant groups. However,
many of the pregnant women demonstrated shape-defined inspiratory flow limitation, consistent with
the examples in Figure 1.1 of the literature review (page 19) [109]. The non-pregnant group, in contrast,
demonstrated almost no inspiratory flow limitation. Consistent with previous descriptions of shapedefined inspiratory flow limitation in pregnancy [93, 94], most pregnant participants demonstrated high
mean oxygen saturations (mean SpO2: 97% (95 – 98)) and few oxygen desaturations (0.9 (0.3 – 2.0)
events per hour).
Consistent with the differences in inspiratory flow limitation between the pregnant and non-pregnant
women in this study, 25/30 (83%) of the pregnant women demonstrated some degree of snoring,
compared with only 5/11 (45%) of non-pregnant. Previous reports in late pregnancy of snoring “often or
every night in the last week” had a prevalence of 37% [290], and elsewhere as being 14-46% [16-19].
However, those were self-reports, which may explain the lower prevalence than the current study, which
had objective measures. Prevalence is also influenced by socioeconomic and demographic factors, and
by the presence or absence of pregnancy complications, such as preeclampsia or gestational diabetes,
which were absent in the current population. There are no reports of the accuracy of self-reported
snoring in the literature. As can be seen in Table 3.9, there was minimal snoring in the non-pregnant
women. Consequently, all quantified measures of snoring were significantly elevated in the pregnant
women compared with non-pregnant women. The literature review discussed how the increased
prevalence of snoring in late pregnancy may be symptomatic of inspiratory flow limitation, with
quantified snoring being associated with changes in oesophageal pressure [87], as would be seen in
inspiratory flow limitation [84, 98, 109].
Various moderate correlations were demonstrated between the PSG-derived objective snoring
measures in the pregnant group and maternal BMI, maternal neck circumference and gestational age,
even within its small range (35.0 – 38.6 weeks). This indicates that as BMI and neck circumference
increase, and gestation progresses, that snoring increases, consistent with previous reports of these
variables increasing the severity of SDB [54, 55, 65, 91, 95].
4.3.1c: Description of maternal sleep in late pregnancy, summary
The sleep behaviour and sleep physiology in late pregnancy as it compares to healthy non-pregnant
women can be summarised as follows:


Healthy women in late pregnancy predominantly initiate sleep, and spend the greatest amount
of time, in the left-lateral position and avoid the supine position.
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Each time the pregnant women adopt the supine position, it is terminated much quicker than
the lateral positions, and quicker than the non-pregnant women do.



The video and PSG position sensor demonstrated excellent agreement. Future studies would
be justified in assessing maternal sleep position using the PSG position sensor, and avoiding
laborious video analyses.



Most healthy pregnant women do not have obstructive sleep apnoea, but instead demonstrate
pronounced snoring and inspiratory flow limitation.

4.3.2: The physiological effects of maternal body position when asleep
The awake study determined that CO estimated from ICG was not valid in late pregnancy, that beat-tobeat BP was both uncomfortable and disruptive to sleep and unable to demonstrate a significant effect
of position when awake, and that maternal HRV showed a clear physiological response to maternal
position. The above description of maternal physiology during sleep (subsection 4.3.1b) demonstrates
that inspiratory flow limitation is of much greater importance in this population than standard severity
indices (AHI, ODI). This section will discuss how these identified measures assess the effect of maternal
position overnight.
4.3.2a: The effects of maternal position on maternal respiration during sleep
i.

Effect of maternal position on conventional measures of sleep-disordered breathing:

As introduced in the literature review (subsection 1.1.1), the AHI and ODI are conventional clinical
descriptions of SDB severity, typically reported as indices calculated over the whole sleep period.
However, as also introduced in that subsection of the literature review, the overall values may be
compared to supine and/or REM sleep values, as both the supine position and REM can exacerbate
SDB [44-47, 211, 212]. Thus, the current study included the overall AHI and ODI over the whole sleep
period in the comparisons between different positions. However, neither AHI nor ODI demonstrated a
clinically meaningful effect of maternal sleep position (Table 3.9). The AHI demonstrated statistically
smaller values when the pregnant women were in the left-lateral position (0 (0 – 0.3) events/hour)
compared with the overall AHI for the whole study period (0.2 (0.1 – 0.5) events/hour). There were no
differences in AHI between the left-lateral, right-lateral and supine positions, and no differences
between sleep positions or overall values in ODI in the pregnant women.
There were very small, yet statistically significant, increases in the non-pregnant group’s supine AHI
and overall AHI compared with the lateral positions. The ODI values in non-pregnant group
demonstrated that there were almost no desaturation events in any position. As expected, these
findings demonstrate that in healthy women who have no symptoms of SDB and have never been
pregnant, SDB is not induced by a change in sleep position.
A statistically significant and clinically important effect of sleep position on AHI has been previously
reported in men and non-pregnant women with moderate to severe OSA [45, 211], and in post-partum
women with mild OSA [72]. The ability to detect a clinically meaningful change in AHI with change in
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sleep position in these studies is due to the fact that their participants had clinically-defined OSA, unlike
the current study. However, only one participant in the current study had clinically-defined mild OSA
(AHI: 7.9/hour), and comparisons in AHI between sleep positions at an individual level are of limited
value.
Thus, it can be concluded that AHI is not affected by sleep position in either healthy pregnant or nonpregnant women without clinically-defined OSA. This is consistent with previous reports that the supine
position exacerbates AHI in those with moderate and severe OSA, but has no effect in those with mild
OSA [46]. Supine sleep has been reported to reduce REM sleep compared with lateral sleep [211].
Without EEG, REM sleep could not be identified in the pregnant women. It was thus not possible to
determine if the non-significant change in AHI when supine was due to a reduction in REM in the
pregnant women. However, it has also been reported that the effect of sleep position on AHI is greater
than the effect of REM [45]. Therefore, it is unlikely even when in REM that the supine position would
have had a clinically meaningful effect on AHI in this study.
Despite the AHI being the most-used index of SDB severity currently available, it does have some
shortcomings. Among these shortcomings are the uncertain clinical significance of respiratory
obstructions in normal individuals, and the prominence of upper airway collapsibility (inspiratory flow
limitation) during sleep in asymptomatic individuals with a low AHI [306]. Consistent with these views,
one deduction in the literature review stated that an absence of clinically-defined OSA does not
necessarily denote an absence of SDB, and a more appropriate measure may be required depending
on the population. It was also discussed in the literature review how an AHI of low numerical value
would be insufficient to report the effects of an acute intervention, such as changing sleep position, yet
there may still be measureable respiratory effects of potential clinical significance. In the current study,
both the pregnant and non-pregnant groups demonstrated negligible AHI and ODI values in all
positions. As a consequence, no meaningful differences by position were demonstrated by these
indices. Thus measures of SDB other than AHI may be more appropriate, such as a quantified measure
of inspiratory flow limitation.
ii.

Effect of maternal position on estimates of inspiratory flow limitation:

As stated in the methodology (subsection 2.3.2a), the proportion of breaths deemed to be flow limited
(i.e. below the flattening threshold) in each sleep position was the primary outcome measure for
maternal PSG data. A marked increase in inspiratory flow limitation was observed when the pregnant
women slept in the supine position (median (IQR) 24% (5-55%) vs. 6% (0-29%) in left-lateral). In
contrast, the healthy non-pregnant group demonstrated no inspiratory flow limitation in all positions.
Inspiratory flow limitation therefore appears to be the predominant form of SDB in healthy late
pregnancy, and the respiratory measure most capable of detecting an effect of a change in sleep
position. The effect of maternal sleep position on the severity of inspiratory flow limitation has not been
described previously, despite the demonstrated importance of this form of SDB in late pregnancy [3133, 95, 213].
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a) Methods used to assess inspiratory flow limitation:
Nasal pressure cannulas are a standard feature in PSG, are non-invasive and can be used to estimate
inspiratory flow limitation. The nasal cannula pressure signal used in the current study to assess
inspiratory flow limitation was previously shown to be a valid approach. A flattening of the nasal pressure
signal has been demonstrated to relate to increases in oesophageal pressure [307], the gold standard
assessment of inspiratory flow limitation, and to accurately detect the number of RERA events in a PSG
compared with oesophageal pressure [308]. Elsewhere, the nasal pressure cannula was demonstrated
to detect an increased number of inspiratory flow events related to arousals than other methods,
including oesophageal pressure [309]. Accordingly, nasal pressure and PAP flow-derived signals are
accepted methods to assess inspiratory flow limitation and RERA events in the current AASM guidelines
[59]. As outlined in the literature review, oesophageal pressure measurement is disadvantaged by its
invasive nature and is likely beyond the scope of many sleep laboratories, and certainly not practical
for unattended ambulatory PSG. Thus, nasal pressure cannulas are an appealing and suitable
alternative to assess inspiratory flow limitation.
Inspiratory flow limitation in a clinical PSG may be quantified by the respiratory disturbance index (RDI).
However, the limitations of SDB severity indices (RDI or AHI) were outlined in the literature review
(subsection 1.1.5), including not counting inspiratory flow limitation unrelated to a criteria-defined
arousal [59]. Thus, inspiratory flow limitation of this nature is typically a qualitative observation in a
clinical PSG, identified by visual analysis of the inspiratory pressure signal. In the previous subsection
describing maternal respiration during sleep (4.3.1b), it was outlined how visual inspection of the nasal
pressure signal alluded to substantial inspiratory flow limitation in the pregnant women, but not in the
non-pregnant women, consistent with the observations of snoring. The method of using breath-bybreath analysis of the inspiratory flattening index to quantify inspiratory flow limitation was previously
demonstrated to differentiate healthy pregnant women from preeclamptic and non-pregnant women
[95]. The same approach was applied in the current study to describe the effects of maternal sleep
position in the healthy pregnant and non-pregnant women. No previous studies were identified that
compared the degree of inspiratory flow limitation between maternal sleep positions using this method
or any other.
In the current study, inspiratory flow limitation was first quantified using the sleep-study report summary
statistics generated using the sleep software (as described in subsection 2.3.2a of the methodology).
The report gave the proportion of breaths deemed to be flow limited in each sleep position over the
whole night; i.e. a single value for each sleep position without consideration for duration or number of
times in each position. Consistent with the qualitative observations of the inspiratory flow signal and
quantified measures of snoring described above (4.3.1b), the pregnant women demonstrated a notable
proportion of breaths below the threshold representing inspiratory flow limitation (median: 6% of all
breaths; Table 3.10 in results). The interquartile range however demonstrated large variation across
the group (3 – 27%), indicating that some were very flow limited, whereas others were not. In contrast,
the non-pregnant women showed almost no inspiratory flow limitation in any sleep position (0% (0 –
0%) of all breaths). There were no significant differences in the proportion of flow limited breaths
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between any of the maternal sleep positions. The whole-night summaries however did not account for
the reduced time the pregnant women spent sleeping supine compared with the lateral positions. Thus,
the automatically-generated whole-night summary statistics are not sufficient to identify differences in
the degree of inspiratory flow limitation between maternal sleep positions.
The exported inspiratory flow limitation data were then assessed in continuous five minute epochs over
the whole night. Analysis of the breath-to-breath flattening index allowed three variables to be
calculated: the mean flattening index, the standard deviation of the flattening index, and the proportion
of breaths in each epoch deemed to be flow limited (i.e. below the flattening threshold). As the nonpregnant group demonstrated almost no inspiratory flow limitation, none of these variables
demonstrated a significant effect of sleep position. The following discussion thus relates to the
inspiratory flow limitation data in the pregnant group.
b) Temporal assessment of inspiratory flow limitation in each sleep position:
When assessed in five minute epochs over the whole sleep period, the mean flattening index
demonstrated no significant difference between positions. This variable has not been reported in any
previous studies. It was anticipated in the current study that a continuous measure of the degree of
“flatness” of each breath may also be able to identify any respiratory effects of maternal sleep position,
rather than just the flattening threshold, which simply classifies a breath as either being flow limited or
not. The mean flattening index for each position (0.18 - 0.20) is suggestive of partial inspiratory flow
limitation (≤0.15 = inspiratory flow limitation, 0.30 = normal breath). This compares to the non-pregnant
women, where the mean values in each position (0.26 – 0.29) suggest an absence of inspiratory flow
limitation, consistent with the whole-night summary data (Table 3.9). Therefore, this continuous variable
identifies a difference between populations, but is not suitable for assessing the difference in the degree
of inspiratory flow limitation between sleep positions in healthy pregnant women, for whom the majority
of breaths are not flow limited.
The standard deviation of the flattening index in each five minute epoch demonstrated a small but
significant increase in the variability of inspiratory flow limitation during supine sleep. The right-lateral
position was unchanged from the left-lateral. Through visual inspection of the whole-night flattening
index plot on the sleep reports (e.g. Figure 3.3 in results section), periods of high and low variability in
the degree of roundness were observed in many participants. The clinical significance of variability in
the degree of inspiratory flow limitation was not found in the published literature. Thus the standard
deviation, a general measure of overall variability, was added to the analyses of the breath-to-breath
flattening data. The two previous studies that used the flattening index to quantify the difference in
inspiratory flow limitation between different populations did not report the variability of the flattening
index [95, 97]. The variability of respiratory measures during sleep have been previously related to
differences in clinical status [310, 311], but the measures related to respiratory duration and rate, not
to the degree of inspiratory flow limitation at each breath. It is therefore difficult to speculate as to the
clinical significance of the small but significant increase in the standard deviation in the current study.
Further investigation of the variability of the flattening index in patients with a higher proportion of
inspiratory flow limitation than seen in the current population (e.g. preeclamptic women [95]) and healthy
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pregnant and non-pregnant populations would confirm that an increased variability accompanies
increased time spent in a flow limited state and/or greater severity of inspiratory flow limitation, and
would help establish its clinical importance.
The primary outcome with regards to the respiratory response to maternal sleep position was the
proportion of breaths below the flattening threshold indicating inspiratory flow limitation, as assessed in
the continuous five minute epochs. In other words, it was investigated if changing maternal sleep
position changes the percentage of breaths that are flow limited.
The supine position demonstrated a substantially greater proportion of flow limited breaths than the leftlateral and right-lateral positions (Table 3.11). The overall proportion of flow limited breaths (6% (3 –
27%), Table 3.10) was less than the 15.5 ± 2.3% previously reported during sleep in healthy third
trimester women [95]. However, the 24% (5 – 55%) in the supine position is notably higher. Connolly et
al. [95], however, did not report the flattening index data by maternal sleep position. The distribution of
the proportion of flow limited breaths in the left-lateral and right-lateral positions (Appendix 6), was not
resolved by log transformation, preventing repeated measures analyses. Consequently, the statistical
significance of the increased inspiratory flow limitation during supine sleep could not be determined,
nor if the effect increased with time spent sleeping supine.
c)

Clinical significance of observed inspiratory flow limitation:

The flattening index threshold of 0.15 is based on previous reports of this value being measured during
significant inspiratory flow limitation, and subsequently it is also the value that triggers auto-titrating
CPAP devices to increase treatment pressure [113]. Therefore, a practical translation of the findings in
the current study could be that approximately a quarter of breaths in the supine position (i.e. 24% (555%)) were likely sufficiently “flat” or “flow limited” to have triggered additional positive airway pressure
support. Supporting that proposed practical translation, the literature review introduced the clinical
importance of inspiratory flow limitation in pregnancy, showing that inspiratory flow limitation can be of
sufficient severity to trigger an auto-titrating CPAP response with clinically-measureable effects [31-33].
Inspiratory flow limitation has been associated with acute changes in maternal haemodynamics [31, 32]
and fetal movements [33], suggesting an acute fetal response to reduced fetal oxygenation [106, 107],
all resolved by treating the inspiratory flow limitation. The increased inspiratory flow limitation caused
by sleeping supine may also therefore have important clinical implications, especially if the supine
position is maintained for prolonged periods.
In this study, maternal BP was not assessed overnight due to the non-significant findings in the awake
study (subsection 4.2.2a), as well as the discomfort and poor participant acceptance of the finger cuff
CNAP™ device and its presumed disruption to sleep. Maternal cardiac output (CO) was not assessed
overnight due to the unproven validity of impedance cardiography in this population (as discussed in
subsection 4.2.1). Therefore, the observed inspiratory flow limitation could not be related to maternal
cardiovascular changes as those previous studies did [31-33].
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These data thus demonstrate that it is not just pregnant women with hypertensive disorders or
excessive BMI who have SDB, but also pregnant women who were screened to be as healthy as
possible (i.e. healthy BMI, no known cardiorespiratory or obstetric complications) when sleeping supine.
Avoiding the supine position thus resolves the inspiratory flow limitation, which would be a simple
intervention should inspiratory flow limitation prove to be clinically important in the short overall time
that these women spent sleeping supine (19% (1 - 29%), 1.6 (0.1 – 2.3) hours).
A recent review summarising the evidence in favour of effective measurement and reporting of
inspiratory flow limitation, and its clinical implications, also highlighted the potential for objective
quantification of inspiratory flow limitation to minimise the inter-scorer variation associated with visual
analysis of the inspiratory pressure signal [312]. The flattening index method used in the current study,
and elsewhere [95, 97, 105], satisfy that recommendation, being automated and objective. Finally, Arora
et al. [312] recommended that inspiratory flow limitation be considered clinically meaningful when it
exceeds 30% of breaths, as the 95th percentile for normal controls is reportedly 31%. The median value
when supine in the current study (24% (5 – 55%)) approached that value. Therefore, the supine
inspiratory flow limitation in the current study may be considered clinically meaningful, especially when
it is considered that there are no revised guidelines for SDB severity indices in pregnancy, as there are,
for example, in paediatrics [67].
d) Potential factors influencing degree of inspiratory flow limitation observed:
Despite the above-stated benefits of using objective quantifications of inspiratory flow limitation [312],
a possible issue could be the proprietary algorithms, such as the PSG software’s flattening index
algorithm used in the current study. A potential implication of this is that it is not known what effect a
marked increase in respiratory rate will have on the algorithm’s ability to assess the “roundness” of the
inspiratory curve (especially if it is determined using a slope function, rather than a sine function, for
example), which may spuriously affect the degree of inspiratory flow limitation identified. It is reasonable
to expect some increase in respiratory rate when sleeping supine or during prolonged periods of
inspiratory flow limitation, due to an increase in work of breathing and/or a decrease in tidal volume.
However, whether a change in respiratory rate will be of sufficient magnitude to markedly influence
estimated prolonged is not known.
Although there are few published reports of pulmonary function in different recumbent positions in late
pregnancy, pregnant women in the supine position demonstrate some characteristics of restrictive
pulmonary function, similar to those seen in obesity. Obese patients demonstrate an increased
respiratory rate, decreased tidal volume, are mildly hypoxaemic (possibly due to ventilation-perfusion
(V/Q) mismatching), and have a reduced FRC [313]. However, this effect is fixed in obesity, with FRC,
tidal volume and minute ventilation unaffected by body position [206, 207], likely due to the generalised
mass distribution. Contrastingly in late pregnancy, these factors are affected by position change, likely
due to the fixed position of the abdominal mass. The already reduced FRC in late pregnancy due to the
upward displacement of the diaphragm [65] is reported to further decrease when supine [209, 210], in
addition to the V/Q-related reductions in PaO2 when supine [202, 204] and the anecdotal reports of
shortness of breath and increased work of breathing in late pregnancy exacerbated by the supine
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position. Respiratory rate, however, whilst decreased in children with mild OSA [310], is unchanged by
periods of inspiratory flow limitation in preeclampsia, despite a decreased tidal volume [32]. Importantly,
the effect of different maternal recumbent positions on respiratory rate or the HRV-derived HFpeak (an
indirect measure of respiratory rate) has not been reported elsewhere, and the possibility must be
considered.
The PSG-derived respiratory rate demonstrated a significant proportion of physiologically-implausible
rates (i.e. up to 200 breaths/minute, Appendix 5), and was thus of little value. As introduced in the
literature review (subsection 1.2.3b/iii) and accounted for in the methodology (subsection 2.3.2b), in
spectral analysis of HRV, a marked change in the average respiratory rate would be demonstrated by
a significant change in the frequency of the peak amplitude in the HF spectrum (HFpeak), and the
HFpeak can be used to estimate mean respiratory rate [283, 286]. The HFpeak observed (see section
4.3.2b) indicate that it is unlikely that respiratory frequency changed sufficiently to influence the degree
of inspiratory flattening observed here.
Figure 3.3 (page 87) shows the flattening index response over the whole night for two different
participants. This, and the supine interquartile range of the proportion of breaths that were flow limited
(5 - 55%), illustrates how some participants showed a distinct effect of maternal sleep position on
inspiratory flow limitation, whereas some showed very little effect. To explore the potential maternalfetal characteristics that might explain whether the mother is flow limited or not, three “median splits”
were performed, none of which identified any characteristics that explained the increase in inspiratory
flow limitation. The severity of SDB is reportedly increased by advanced maternal age [20], BMI [20,
52, 54, 55, 65], neck circumference [20, 54, 55, 65] and gestation [79, 95]. In the pregnant women in
this study, objective measures of maternal snoring were found to correlate with maternal BMI, neck
circumference and gestational age. However, none of the maternal characteristics assessed here were
significantly different between the median splits. Thus, even within a group of healthy pregnant women,
there are variations in the amount of inspiratory flow limitation present, and how large the change from
lateral to supine is, but it is not explained by simple anthropometrical factors. Individual differences in
the anatomy of the upper airway, previously associated with increased severity of SDB [54, 72, 82], are
possible explanations. Measuring the pharyngeal cross-sectional area (CSA) is beyond the scope of a
clinical sleep assessment in pregnancy, but the Modified Mallampati grade (MMP) was reported to
differentiate between different severities of OSA in non-pregnant OSA patients (n = 103), and identify
those in whom severity of SDB is affected by sleep position [54]. Thus in a sufficiently powered study,
the MMP may identify factors that contribute to increased inspiratory flow limitation when supine, and
may be considered as an additional assessment in future studies.
Increased nasal congestion and rhinitis are common in late pregnancy, contributing to the increased
snoring and upper airway obstruction [23, 70]. Increased nasal congestion and rhinitis may have
contributed to the increase in inspiratory flow limitation when supine in some participants. Directlymeasured nasal CSA (acoustic rhinometry) has been shown in UARS patients to relate to measures of
sleep fragmentation [212], presumably secondary to SDB, and that improving nasal congestion can
affect indirect measures of SDB in those with larger nasal CSA only. Thus, it is feasible that a higher
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degree of nasal obstruction when awake affects the degree of inspiratory flow limitation detected.
Awake nasal obstruction was not measured directly in the current study. As a substitute, retrospective
analysis of the flattening index data prior to lights off was attempted to identify existing nasal congestion.
Unfortunately however, as this was not considered during trial design, this was not successful. Many
participants only put the nasal cannula on immediately before bed. Visual analyses of the nasal
pressure signal prior to the participants pressing the analysis start marker suggested talking and/or
movement artefact, without a clear sinusoidal-like pattern. This resulted in either very few breaths of
sufficient quality to assess by flattening index, or the proportion of flow limited breaths detected when
awake and upright exceeding the sleep values, which was not plausible. Future home-based PSG
studies may consider advising participants to breathe through the nose for several minutes when seated
and relaxed prior to lights-off to permit analysis of the awake flattening index data. Additionally, maternal
position has been demonstrated to affect maternal upper airway size when awake [80, 82]. On
reflection, it may have been useful to record the nasal pressure signal in each maternal recumbent
position in the awake study (section 3.2); this would have permitted the measurement of any potential
upper airway restriction, manifest in flattening of nasal signal, as a result of changes in upper airway
size solely due to maternal position without any confounding effects of sleep. Future studies may also
include the flattening signal when investigating the effects of awake maternal position.
A larger sample size may have potentially improved the ability to detect a significant effect in the median
splits (i.e. those with a high and low proportion of inspiratory flow limitation), and thus enabled better
identification of participant characteristics that influence the degree of supine inspiratory flow limitation.
There are no previously published reports of the inspiratory flow limitation analysis methods used in the
current study to explore acute changes within individuals, making sample size calculations difficult. The
sample size in this study was not calculated using the inspiratory flow limitation data. Instead, the
sample size was matched to that in the awake study (in which a significant effect of maternal position
on HRV was demonstrated), allowing reasonable comparisons between the HRV results in the two
studies.
e) Inspiratory flow limitation; effect of supine sleep, or protective mechanism?
It was discussed previously that there may be some deliberate or subconscious effort on the part of the
mother to avoid the supine position during sleep, perhaps to avoid symptoms of supine hypotension or
increased SDB. It is possible, however, that there is some reverse causation, with the increased
inspiratory flow limitation when supine leading to increased arousals (e.g. RERA), prompting the
mothers to change position and thus cut short the time spent supine and reduce any potential effects
of prolonged aortocaval compression. This is consistent with the finding that the pregnant women in
this study changed position quicker on average when sleeping supine (as discussed in subsection
4.3.1a). Third trimester women are reported to have greater sleep fragmentation compared with early
pregnancy and controls, as evidenced by reports of reduced sleep efficiency, increased WASO,
increased number of awakenings and an increased arousal index [14] (see Table 1.2 in literature review
for definitions of these variables). Furthermore, in the absence of apnoeas and hypopnoeas, inspiratory
flow limitation is known to result in increased arousals [312] and sub-criteria EEG changes [98], and
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have been proposed to limit prolonged deep sleep, obstructive hypopnoea events, and potentially
reductions in SV and prolonged hypoxaemia [208]. Wilson et al. [14] noted that the increased arousals
were predominately associated with respiratory events or leg movements, which is consistent with the
above hypothesis that increased inspiratory flow limitation may contribute to reduced supine time.
Wilson et al. [14] did not specify the nature of these “respiratory events” resulting in arousals, but only
30% of their third trimester participants had clinically-defined OSA (AHI ≥ 5), so it is possible that many
of these arousals (14.6 (10.7–18.9) per hour of sleep) were RERA events. Thus, the decreased time
spent supine in the current study may have reduced the difference between sleep positions in the
degree of inspiratory flow limitation observed. This is one limitation of assessing true spontaneous
sleep, with unequal time spent in each position. However, it is felt that this reflects the real-life situation
more accurately. There are adaptations in the third trimester that appear to protect against SDB, such
as reduced overall REM [65], reduced REM in supine sleep [211] and the enlarged upper airway size
when seated to compensate for the reduction when supine [82]. The increased inspiratory flow limitation
observed when supine may also be a protective adaptation, with the increased inspiratory flow limitation
leading to more arousals and a quicker position change than in the lateral positions, and thereby
avoiding prolonged aortocaval compression and/or more severe SDB. If the inspiratory flow limitation
were to be treated, using CPAP [31-33] or nasal high-flow therapy [314] for instance, without also
attempting to reduce supine sleep [e.g. 170], then there lies the possibility of reducing arousals with the
subsequent effect of increased time spent sleeping supine before changing position, which may lead to
adverse CV and fetal effects [1, 7, 58, 315]. The inclusion of EEG in subsequent studies would help to
determine if the inspiratory flow limitation observed when supine was sufficient to cause cortical
arousals, and if these arousals were associated with a position change. Regardless of whether the
reduced supine sleep was cause or effect, pregnant women appear to favourably modify sleep to limit
the physiological repercussions, either deliberately or not.
f)

Summary:

In summary, most pregnant women in the late third trimester of pregnancy demonstrate some degree
of inspiratory flow limitation in all sleep positions, with the supine position having the greatest proportion
of breaths classified as flow limited. Healthy non-pregnant women demonstrate almost no inspiratory
flow limitation in any position, consistent with objective snoring measures. In the pregnant women, the
overall mean proportion of flow limited breaths in each position, as summarised in the PSG reports,
does not detect the effect of position, and this is best demonstrated using the breath-by-breath data
assessed in five minute epochs over the whole night. The flattening index has been used to describe
the difference in SDB between healthy and complicated pregnancies previously [95], but this method
has not previously been used to describe the maternal respiratory response to sleep position. The
continuous variable of the mean flattening index does not demonstrate an effect of maternal sleep
position, possibly as the mean value in each position overall is indicative of only mild inspiratory flow
limitation. The supine position demonstrates small but significant increases in breath-by-breath
variability; however the clinical significance of this is yet to be determined. The proportion of flow limited
breaths in each position was primary inspiratory flow limitation outcome, and best describes the effect
of maternal sleep position, with relatable clinical implications. The proportion of flow limited breaths in
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the left-lateral and right-lateral maternal sleep positions were very similar, but notably elevated when
supine; approximately a quarter of breaths in the supine position are flow limited in healthy pregnant
women. Healthy pregnant women spend considerably less time supine than other positions; this may
be as a result of increased respiratory arousals associated with the observed increase in inspiratory
flow limitation, which prompt a position change sooner. Future research should incorporate EEG to
assess the relationship between inspiratory flow limitation and measures of sleep fragmentation in each
position. Future studies may also consider repeating these analyses with larger sample sizes, which
may better explore differences between those with high or low proportion of inspiratory flow limitation
and/or pronounced positional component.
4.3.2b: The effects of maternal sleep position on continuous maternal heart rate and heart rate
variability
The supine sleep position demonstrated the largest HRV response in both the awake and overnight
studies, but the nature of that response differed between the two studies. The effect of maternal sleep
position overnight on HRV in late pregnancy has not been described previously.
i.

Effect of sleep position on heart rate variability in pregnant women:

The effects of maternal sleep position on maternal heart rate variability (HRV) were assessed
continuously in five minute epochs over the whole night. The description of maternal sleep behaviour
(subsection 4.3.1a) showed that pregnant women spent substantially less time overall in the supine
position than other positions. Consequently, there were nearly three times as many epochs of HRV
data in the left-lateral position than supine, and approximately 1.5 times as many epochs in right-lateral
than supine (Table 3.12).
As outlined in the concluding statement of the maternal cardiovascular responses to position section of
the literature review (page 37), the importance of maternal SDB and temporal haemodynamic variation
on the HRV response was considered. However, the unusual distribution of the primary SDB output,
the proportion of breaths deemed to be flow limited (Appendix 6), made it statistically inappropriate to
relate it to changes in HRV. Evidence of temporal haemodynamic variations was observed in the
participants in this study by visually-identified sinusoidal patterns in HR when individually plotted over
the whole night. However, there were large inter-individual variation as to the timing of these sinusoidal
patterns, meaning that a model that accounted for these changes could not be applied, and thus the
effect of position could not be controlled for time of day or time since lights off. This may have been
addressed by manipulating the time that participants went to bed, when the analysis was commenced,
or by selecting epochs in each position that were at similar relative stages of the sinusoidal variation in
heart rate. However, in reality, that would prove very difficult to achieve, given the observed interindividual variation in cycle lengths. Also, as the effects of sleep over time on HR and CO are difficult
to distinguish from REM-related effects on HR and CO [172], this would still not guarantee resolution of
this issue. This study was foremost a description of the whole-night effect of position in normal, nonmanipulated sleep, which was perceived to be the important gap in the published literature. These
issues are largely unavoidable in a pragmatic study such as this.
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As in the awake study, the maternal supine sleep position was shown to elicit the largest HRV response
compared to the left-lateral position, but how the change in HRV was manifest differed from the awake
study. Both studies demonstrated small but significant increases in mean HR in all positions relative to
left-lateral, reportedly attributable to increased SNS tone [182, 316]. In rate variability, however, the
primary outcome of absolute HF was not significantly different between maternal sleep positions, nor
was there any change in the RMSSD, the approximate time-domain correlate of HF [180, 283]. The
normalised powers and LF/HF ratio are said to minimise the effects of inter-individual variation in TP in
masking relative changes in LF and HF, consequently improving the ability to detect changes in HRV
[180, 181]. Indeed that is possible here; where absolute HF was not significantly changed by sleep
position, the nHF was significantly reduced in the supine position (44.0 (39.7, 48.2) compared with leftlateral (50.5 (44.9, 56.0); p = 0.0034). In the right-lateral position, however, the normalised values (50.9
(47.6, 54.3)) remained insignificant, being almost identical to left-lateral. Total power was not assessed
by position in this study; SD-RR however is a measure of overall variability, and the time domain
approximate of TP [180, 283], and showed small but significant changes in the supine position (Table
3.12). It is therefore likely there were some changes in TP when the mothers slept supine, potentially
reducing the magnitude of the effect on absolute HF.
This thesis has already considered the uncertainty surrounding the relative SNS and PSNS
contributions to LF, and thus in the interpretations of LF/HF as an index of sympatho-vagal balance
[185-187] (subsections 1.2.3b/I, 4.2.2b/ii). It was demonstrated elsewhere that in healthy adults
recovering from exercise, SNS blockade induced small LF decreases and HF increases, whereas PSNS
blockade induced large decreases in both LF and HF, with a double-blockade (both SNS and PSNS)
reducing both frequency bands to a similar magnitude to the PNS blockade [283], suggesting that the
SNS influence is limited when there is large PSNS suppression. Therefore, whilst both SNS and PSNS
are believed to regulate LF [180], collectively, these studies could be interpreted as indicating that HRV
changes in response to a potentially hypotension-causing event (e.g. [147, 192, 198, 199, 201]) are
largely mediated by reductions in PSNS tone, with smaller influences of an enhanced SNS response,
particularly in LF regulation, and particularly when PSNS withdraw is large (as indicated by marked
reductions in HF).
In light of the collective evidence that short-term HRV changes are primarily attributable to PSNS/vagal
tone changes, rather than SNS, the unchanged HF and increased LF in the current study are puzzling.
Vagotomy and PSNS blockade have been consistently demonstrated to effectively eliminate HF, but
also pronouncedly reduce LF [283, 317, 318], reversed by vagal stimulation [316]. Also, however, SNS
blockade has been shown to further decrease LF from that due to parasympathectomy alone [318].
This implies that SNS may still influence LF in the presence of an already inhibited PSNS, contrary to
the above study suggesting that vagal suppression limits SNS influence [283]. Therefore, the
unchanged LF in the awake study of this thesis may demonstrate the conflicting influences of
suppressed PSNS and marginally-enhanced SNS responses; the decreased HF evidence of PSNS
suppression. In the current study, the small non-significant reductions in HF and significantly increased
LF in the maternal supine sleep position are interpreted as an increased SNS response with marginal
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PSNS suppression. Thus, consistent with the awake study and other previous studies [147, 199, 201],
the supine position during sleep induced a PSNS-suppressive and SNS-enhancing effect. However,
inconsistent with those studies and others demonstrating a predominantly vagal/PSNS response [283,
316-318], the effects during sleep observed in this study appear to be largely driven by the SNS.
What changed between the awake and sleep settings to explain the HRV shift from PSNS suppression
to SNS stimulation with position change in these healthy pregnant women is not entirely clear. The
degree of supine aortocaval compression would be expected to the same when awake and asleep,
especially when considering that supine and semi-recumbent positions in the awake study essentially
demonstrated the same HRV response (Figure 3.2, Table 3.6), ruling out variable trunk inclinations
when asleep as a possible explanation for the differences from the awake study. Thus, it is possible
that the respiratory effects of supine sleep contributed to the inconsistencies. As can be seen in the
respiratory effects of sleep position (subsection 4.3.2a/ii), when the pregnant women slept supine, there
were substantial increases in the amount of inspiratory flow limitation, the key characteristic of upper
airway resistance syndrome (UARS) [92]. Maternal cardiovascular responses to sleep are affected by
inspiratory flow limitation, with acute and reversible changes in nocturnal BP and CO associated with
inspiratory flow limitation [31, 32]. Autonomic responses to changes in posture are altered in nonpregnant people with UARS, with increased prevalence of orthostatic hypotension and a greater initial
hypotensive response to orthostatic challenges than those with other sleep disorders [197]. Elsewhere,
UARS patients were reported to show an enhanced autonomic response to respiratory events of sleep
compared with OSA patients [92]. However, the altered autonomic function during sleep in the latter
study [92] was exhibited by a larger reduction in PSNS tone in UARS patients, with the increase in SNS
tone following respiratory events not different between UARS and OSA, which is not consistent with the
non-significant HF and increased LF when supine in the current study. However, as Guilleminault et al.
[92] demonstrated that SNS tone is increased following respiratory events in both groups, it would
appear that simply having SDB increases SNS tone, irrespective of whether it is UARS or OSA, at least
at a mild-moderate severity (AHI < 30/hour) [319]. In this thesis, lying laterally effectively resolved the
inspiratory flow limitation, and it is therefore possible that the inspiratory flow limitation in the supine
sleep position elevated the SNS tone independent of the aortocaval events. An intervention to resolve
inspiratory flow limitation when supine, such as nasal high-flow [314] or CPAP [31-33], would enable
researchers to determine the influence inspiratory flow limitation has on the HRV response to the supine
position. However, as discussed in the inspiratory flow limitation responses to sleep position (page 123),
this has the potential to increase prolonged aortocaval compression without the potentially-protective
arousals from sleep, and thus should be approached with caution. The non-significant reduction in HF,
and thus seemingly only marginally-reduced PSNS/vagal tone, during supine sleep remains
unexplained.
Respiratory rate is a logical line of inquiry in trying to explain an unexpected HF response. As HF power
falls within the respiratory range, respiratory rate changes result in pronounced changes in measured
vagal tone [174, 175]. An increased work of breathing or decreased tidal volume when sleeping supine
would also be expected to influence respiratory rate, and consequently HF. Similarly, an irregular or
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highly variable respiratory rate, as may be expected in REM sleep, would have the effect of eliminating
respiratory sinus arrhythmia [173-175].
The respiratory effects of sleep position above discussed the physiologically-implausible PSG-derived
respiratory rates, dictating that respiratory rate was estimated from HRV, with a change in HFpeak being
indicative of a marked change in respiratory rate [283, 286]. The respiratory characteristics in term
pregnant women when supine that are consistent with a degree of pulmonary restriction, also discussed
in the respiratory section, may be expected to increase respiratory rate. The resulting HFpeak increase
could potentially shift some of the vagally-mediated power beyond the HF frequency band, reducing the
area under the curve and thus the total detected HF power. Therefore, an increased respiratory rate
would be expected to, if anything, further reduce total HF beyond that due to a vagal-suppressive
response. This was not however the case in the current study, where HF demonstrated non-significant
reductions in the supine position, and median HFpeak-derived respiratory rates were similar throughout
the three sleep positions (14.4-15.6 breaths/minute). It is therefore very unlikely there were any
meaningful changes in respiratory rate. The LF power is reportedly only affected by respiratory rates of
≤6/min [286], below the physiologically-plausible range in sleep. Consequently, average respiratory rate
does not appear to account for any of the observed changes in HRV.
As mean respiratory rate is excluded as an explanation of the unchanged HF, and the apparently
different PSNS response between awake and sleep supine positions, the potential effects of REM sleep
are now considered. As the pregnant participants underwent Level 3 (non-EEG) cardiorespiratory sleep
studies, neither the effect of REM on HRV nor the effect of sleep position on sleep architecture could
be directly assessed. Previous studies have demonstrated that REM sleep reduces measures of vagal
tone [191, 319, 320] with no effect on SNS activity [191], possibly due to the respiratory irregularity of
REM eliminating respiratory sinus arrhythmia [173-175]. However, it was also demonstrated previously
that whilst (or possibly, because) both the supine position and REM sleep increase the severity of OSA
[44-47, 211, 212], the supine position decreases the amount of REM sleep in OSA patients [211]. This
is likely a protective mechanism against SDB, just as the reduced overall REM sleep observed in late
pregnancy has been proposed to be [65]. Therefore, it is possible that the lateral sleep positions saw a
degree of REM-related reductions in HF not seen to the same extent in the supine position. This may
explain, in part, why the reductions in HF during supine sleep were non-significant; the mean HF power
in the lateral positions was reduced by a greater incidence of epochs containing REM sleep,
counteracting the reduced HF in the supine position attributable to aortocaval compression and/or
increased inspiratory flow limitation. This would also explain the inconsistent supine HF response to the
awake study, and why the reduction in nHF from left-lateral to supine overnight (12.9%) was markedly
less than during the awake study (23.6%, Figure 3.4), where REM was clearly not a factor. If the
inclusion of EEG (and identification of REM) in subsequent PSG studies in late pregnancy could prove
this hypothesis, it would demonstrate how caution should be applied in attributing an apparently
unchanged HF and increased LF to increased SNS tone alone. That would indicate that REM sleep has
the potential to mask autonomic changes due to the supine sleep position in late pregnancy, and HRV
would need to be controlled for REM to fully appreciate the nature and magnitude of the autonomic
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response to maternal sleep position, consistent with previous reports of between-group differences in
HF only evident in NREM sleep [92]. This also demonstrates the complexity of sleep with often
unidentified interactions.
Other HRV methods may be employed to reduce the effects of changes in respiration with REM or
position change. Detrended fluctuation analysis (DFA) has been used in studies of late pregnancy [176179], but as yet not in a sleep setting. Respiration was shown to affect DFA less than the more
conventional time and frequency domain measures [176] and DFA therefore may be less affected by
REM. However, as the physiological interpretation and clinical applications of DFA are not well
understood, it has not yet gained the acceptance that frequency and time domain measures have, and
it was not assessed in this thesis. However, following further research into its mechanisms, DFA may
be a useful measure to include in future assessments of the effects of maternal sleep position to
potentially avoid the influence of REM and respiratory rate changes on HRV analyses.
The only significant effect observed when the pregnant women slept in the right-lateral position was a
3 bpm increase in mean HR (and the corresponding small decrease in mean RR interval); all variability
measures were near-identical to those of the left-lateral position. This is inconsistent with the awake
study in which the right-lateral position demonstrated a moderate vagal-suppressive response relative
to left-lateral. The HRV results when awake were consistent with previous reports of progressively
greater HRV responses in the right-lateral and supine sleep positions [147]. However, that HRV
response observed when awake was not present when the pregnant women lay in the right-lateral
position overnight. In the awake discussion, a degree of IVC compression in the right-lateral position
was offered as an explanation for the observed HRV response. The lateral positions in the awake study
were close to decubitus, but with a small tilt back towards supine enough to allow ultrasound scanning
(≤10% from decubitus). However, as stated above, this overnight study was primarily describing the
effects of sleep position in normal, non-manipulated sleep (in contrast to others who dictated sleep
position [170]), and thus the degree of lateral tilt was neither prescribed nor could be measured. As
such, qualitative observations of the video data and PSG position-sensor outputs revealed that in a
real-life situation, what is deemed as “lateral positioning” during sleep consists of a range of lateral tilts
in both the supine and prone side of decubitus (i.e. tilts of greater and less than 90°). That variation in
lateral tilt overnight may offer one explanation for the differing responses to the right-lateral position
between the awake and overnight studies.
The real mechanism behind the increased risk of stillbirth in the right-lateral position as reported by The
Auckland Stillbirth Study [7] is unknown. There is no reason to consider that the right-lateral positions
adopted during sleep in the current study are not an accurate representation of that which occurred in
The Auckland Stillbirth Study [7]. Thus, with the non-significant respiratory and HRV effects of the rightlateral position in the healthy women in this study, the physiological mechanism linking right-lateral
sleep and stillbirth risk remains unknown. Several studies examined in the literature review (subsection
1.2.3) demonstrated that different degrees of lateral tilt can markedly alter the physiological response
[129, 140, 141, 143, 168]. It is therefore reasonable to expect that the inter- and intra-individual variation
in degree of lateral tilt assumed by the participants during sleep in this study would have also elicited
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physiological responses of varying magnitude, in contrast to the controlled environment of the awake
study, with the fixed, almost decubitus, right-lateral position. The incidence of stillbirth in The Auckland
Stillbirth Study [7] in all non-left-lateral positions was 3.93/1000 from a total prevalence of 3.09/1000. A
high number of women who reported initiating sleep in the right-lateral position would therefore be
needed to detect a single stillbirth. It is reasonable to expect that that it is also difficult to detect a
statistically significant physiological effect of the right-lateral sleep position, particularly when the degree
of tilt was as variable as that observed in the current study. It must also be considered, however, that
the cause of the reduced HF effect size in the supine sleep position compared to the awake study is
not entirely clear. It is possible that this same unknown mechanism was also at play in the right-lateral
position, reducing the effect size of the HF response during sleep.
ii.

Effect of sleep position on heart rate variability in non-pregnant women:

The results from the non-pregnant group demonstrate that, like inspiratory flow limitation (subsection
4.3.2a/ii), the HRV response to supine position is attributable to pregnancy-related adaptations,
assumed to be aortocaval compression. Unlike the pregnant women, the supine position demonstrated
no significant effect of the supine position on any measure of HR or HRV, despite representing
approximately three times as many epochs as the other positions. The right-lateral position in this group
demonstrated some statistically significant changes that are of unclear clinical significance. The mean
RR interval demonstrated a significant reduction that equated to an approximately 3 bpm faster HR.
The SD-RR, RMSSD, HF and LF were all reduced, indicating a reduction in overall variability, in shortterm variability or vagal tone, as well as SNS tone. The likely cause of this is a reduction in TP, as
indicated by the SD-RR, and also by the unchanged nLF, nHF and LF/HF, which are said to be affected
less by changes in TP [180, 181]
iii.

Summary:

In summary, the supine position induced the largest autonomic response relative to the referent leftlateral sleep position. The increased LF [180, 318] and mean HR [182, 316] are indicative of SNS
activation in response to supine sleep, consistent with challenges to maternal blood pressure and
cardiac output maintenance following supine aortocaval compression, and perhaps to some degree in
response to the inspiratory flow limitation seen largely only during supine sleep. The absence of any
significant change in HF was unexpected, indicative of a marginal vagal response. Several potential
explanations were provided for this observation, however, a change in mean respiratory rate was
excluded. It is possible that inter-individual changes in TP with position change reduced the ability to
detect relative HF power changes when supine [180, 181]. It is also acknowledged that the presence
of mild-moderate SDB increases SNS tone [92], and inspiratory flow limitation was principally present
only in the supine position. The knowledge that REM reduces vagal tone [191, 319, 320] with no effect
on SNS activity [191], coupled with increased REM sleep in non-supine sleep positions [211], implies
that REM-related reductions in HF are less common when sleeping supine, reducing the significance
of the aortocaval effects on HRV relative to lateral sleep. Finally, it cannot be excluded that the observed
HRV response during supine sleep was affected by increased arousals from sleep due to increased
inspiratory flow limitation.
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4.3.2c: Summary of the physiological effects of maternal body position when asleep
This study is the first to measure the effect of maternal sleep position on inspiratory flow limitation and
maternal HRV in late pregnancy. The physiological response to maternal position during sleep can be
summarised as follows:


Conventional clinical measures of SDB severity (AHI, ODI) did not demonstrate meaningful
changes with maternal sleep position, whereas inspiratory flow limitation did.



The measure that best described the inspiratory flow limitation response to maternal position
change was the proportion of breaths deemed to be flow limited in five minute epochs.



Inspiratory flow limitation increased during supine sleep compared with the lateral positions,
whereas in HRV, HF tone showed non-significant reductions in the healthy pregnant women.



The participant characteristics that might explain why some women demonstrated a greater
increase in inspiratory flow limitation when sleeping supine were not identified.



There were no significant effects of maternal sleep position on HF power of HRV. This was
attributed to a probable decrease in total REM sleep in the supine position relative to the lateral
sleep positions, which is known to reduce HF power.



The supine position induced an increase in sympathetic tone, as evidenced by increased LF,
presumably due to aortocaval compression, and potentially due in part to inspiratory flow
limitation.



Respiratory rate appeared to be unchanged by maternal sleep position, and was therefore
excluded as a cause of the observed supine PSNS/vagal response.



There were no significant physiological effects of the right-lateral sleep position, contrary to the
awake study.



Healthy non-pregnant women demonstrated no inspiratory flow limitation and showed changes
in HRV only when in the right-lateral sleep position; these HRV changes were small and of
unclear clinical significance. Thus, the observations in the pregnant women are unique to
pregnancy, and not simply an autonomic response to the supine sleep position.
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4.3.3: The accuracy of maternal self-reports of sleep
In order to validate the sleep-related findings of The Auckland Stillbirth Study [7] which formed the basis
of this thesis, and thus explore potential mechanisms relating sleep position with risk of stillbirth, selfreported sleep behaviour was compared to objectively assessed data. Should the self-reports of sleep
be demonstrated to be accurate, these could be applied to subsequent investigations. The hypothesis
was that women in late pregnancy were able to accurately recall characteristics of normal sleep. The
primary variables of interest were the position at sleep-onset and waking, and the number of times
participants got out of bed during the night, as The Auckland Stillbirth Study [7] identified these as the
most important modifiable factors related to sleep.
4.3.3a: Recall of maternal sleep position
The position at sleep-onset was identified as the first time point where the participants lay still for greater
than three minutes. The majority of participants were identified as falling asleep on their left side (67%),
and a minority settled to sleep in the supine position (7%). There was good agreement for sleep-onset
position between video and questionnaire, and sleep-onset position was maintained for greater than an
hour in 70% of participants, with only one participant changing in less than 25 minutes. In contrast, in
only 40% of participants did video confirm the self-recalled waking position. However, the accuracy of
the actual recalled position at sleep-onset and waking may have been better than the data suggest, as
there may have been a discrepancy between the video assessment criteria and the self-identified sleeponset and wake-up times. This is particularly likely for waking, where “waking up” can occur over time,
or in phases, making it difficult for both the participant and the video assessor to define when waking
occurred. Sleep staging with EEG might have addressed this discrepancy, but ambulatory EEG was
not available for this study. However, as with video determined sleep-onset, true-physiological sleeponset and waking may still be at a different time from that perceived by the women, especially in
fragmented sleep or in a prolonged wake-up period. Unlike The Auckland Stillbirth Study [7] the
positions at sleep-onset and wake were not related. In The Auckland Stillbirth Study, 27% of women
reported going to sleep on the left side. The increased number in the current study initiating sleep on
the left side (67%) may have contributed to both their improved recall of sleep-onset position, and the
poorer relationship with position at awakening, as sleep-onset position is likely to be deliberate, whereas
position at awakening is not. Although it was not asked in the questionnaire, it is possible that the
awareness of The Auckland Stillbirth Study findings in this Auckland-based population influenced the
intentional adoption of the left-lateral position at sleep-onset, and thus influenced the recall of sleeponset position.
4.3.3b: Times out of bed
The number of times the participants were observed getting out of bed matched the reported number
of visits to the toilet in 22 out of the 30 participants (73%). The Kappa statistic (0.65) indicates that the
participants were able to recall how often they got out of bed accurately. This was not previously
reported in the literature.
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4.3.3c: Estimated durations
There was good recall of sleep duration. However, as demonstrated by the Bland-Altman plot (Figure
3.5), the agreement improved as sleep duration increased. Short sleep duration has been linked to
underestimation of sleep duration (although not to objective PSG measures of fragmentation) in patients
with insomnia symptoms [271]. However, another study observed no relationship between objectively
(EEG) measured total sleep time and subjective reports by third trimester women, with equal numbers
overestimating and underestimating total sleep time [272]. In the current study, sleep duration was
estimated by lack of movement (and wakening by the ceased immobility) in the video data. This may
lead to over estimation of sleep as video assessment cannot accurately assess the amount of time that
participants were awake whilst lying still in bed, and thus may have contributed to the underestimation
by the participants. Previously reported mean sleep durations of 7.5 ± 1.8 hours [290] and 7.45 ± 1.19
hours [170] in late pregnancy were less than the median value estimated by the video analysis (8.2
hours), but higher than the self-reported values (7.0 hours) in this study.
Sleep-onset latency is clinically important as a symptom of SDB or in the identification of behavioural
disorders of sleep, but is also important in the context of this thesis because the accuracy of sleeponset latency will impact the accuracy of the subjectively-identified sleep-onset position. The correlation
between the two measures of estimated sleep-onset latency was weak, and the limits of agreement
(95% confidence intervals) were too large to be considered clinically acceptable (±35 minutes).
Approximately 80% of participants overestimated sleep-onset latency, consistent with a previous study
in non-pregnant and third-trimester women [272]. However, as discussed in the literature review (page
54), Wilson et al. [272] also demonstrated that the sleep-onset latency definition used affects agreement
differently depending on the gestational age at testing, with sleep-onset latency to the first ten minutes
of continuous sleep having the greatest agreement with perceived sleep-onset latency in the third
trimester. The first period of three minutes of immobility was used in the current study, but perhaps the
time to the first ten minutes of continuous sleep measured objectively using EEG would have yielded
greater agreement. Regardless, both this study and that of Wilson et al. [272] demonstrate that sleeponset latency is difficult to estimate.
4.3.3d: Perceived snoring
Self-reported snoring is a measure commonly used in sleep research in pregnancy [e.g. 15, 16, 21-23,
30, 88]. However, the derived snoring statistics in the current study (Table 3.15) suggest that selfreported snoring is not a valid measure in healthy pregnancy where the snoring is often not severe. It
is important to note that the snoring statistics were calculated from the derived snoring signal,
determined by vibrations in the nasal cannula. This may not detect very quiet snoring or inspiratory flow
limitation that would not disturb the participant or their bed partner, and which may or may not be
clinically important.
4.3.3e: What this study adds to current knowledge on sleep position interventions
This study provides additional information to the pregnancy sleep literature. The participants in the study
of Warland and Dorrian [170] kept a sleep diary, and women were instructed to sleep on their left side.
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Their study demonstrated that pregnant women were able to estimate the time spent in different
positions with moderate accuracy, and they could change the position they slept in when instructed to
do so. The efficacy of such interventions will provide important information if it is confirmed that a certain
sleep position can be protective against adverse events without meaningful reductions in sleep quality.
The current study tested the recall of a night’s sleep in late pregnancy, with no instruction on how to
sleep, nor were participants made more aware of their sleep behaviour by keeping sleep diaries or
having knowledge of the questionnaire content. Collectively, these studies show that women in late
pregnancy can accurately recall the positions they adopt at sleep-onset, and to a lesser extent, at
waking, and provide a description of sleep, whether as a “usual” night or one where they are instructed
to change their habits [170].
4.3.3f: Limitations
A limitation of this study was that, unlike Warland and Dorrian [170], women were not asked what
proportion of the night they believed they spent in each position. Whilst position at sleep-onset and
waking was shown to be associated with late stillbirth risk in The Auckland Stillbirth Study, sleep position
at sleep-onset and wake may or may not correlate with sleep positions adopted by pregnant women for
the majority of the night. This may have been a useful measure to include in the questionnaire in this
study.
As only a Level 3 PSG device (non-EEG) was available for this study, it was not possible to assess
sleep staging and identify true physiological sleep-onset (and therefore sleep-onset latency) and
waking. The use of EEG may have facilitated agreement for position at sleep-onset and wakening, and
perhaps based on the recommendations of Wilson et al. [272] also sleep-onset latency. Surface
electromyography would have been useful to detect leg movements and to assess if the women were
aware of its occurrence.
4.3.3g: Conclusions
This study provides useful information about patterns of normal sleep in healthy late pregnancy, and
demonstrates the validity of certain self-reported aspects of sleep behaviours. Sleep-onset latency was
overestimated, consistent with previous literature in pregnant [272] and non-pregnant populations [262265, 269-271, 273, 275]. As also concluded in the literature review, there were insufficient published
validity data for sleep-related factors that have been associated with late stillbirth incidence [7], including
position at sleep-onset and number of times the women got out of bed. These were found to be recalled
accurately. Therefore, self-reported measures of these variables can be considered reliable. Position
at waking was found to have a lower accuracy, although this may be due to methodological issues, or
the effects of a phased or prolonged wake time.
Future studies may consider a Level 1 (in-lab) or Level 2 (unattended) PSG with EEG for sleep staging.
Future studies could examine how sleep patterns differ in obese or high-risk pregnant women, in nonsingleton pregnancies, or in the presence of confirmed SDB in pregnancy, as well as the ability to recall
events accurately.

133

The hypothesis that women in late pregnancy are able to accurately recall characteristics of normal
sleep was confirmed for the primary variables of interest: the position at sleep-onset and waking, and
the number of times participants got out of bed during the night. The findings from The Auckland Stillbirth
study regarding the importance of maternal sleep position were reinforced by the studies that replicated
their findings [1, 58], and by the findings presented here. Thus the importance of examining the
physiological responses to maternal sleep position, and the causal relationship between maternal sleep
position and adverse pregnancy outcomes, are confirmed.
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CHAPTER 5: Conclusions, Future Research
This thesis was instigated by the growing appreciation of the importance of sleep and sleep position in
late pregnancy with respect to risk of intrauterine death and stillbirth. The publication of The Auckland
Stillbirth Study [7] was a particular catalyst for the current studies. Whilst a link between maternal sleep
position and stillbirth had been identified, a physiological explanation was lacking. Healthy women in
late pregnancy, with no symptoms of sleep-disordered breathing (SDB), still present with adverse
outcomes of pregnancy, often with no explanation. Indeed, “unexplained antepartum death” is the
largest category of fetal death (29.6% in 2013), accounting for 71-103 deaths per year in New Zealand
[3]. Therefore, this thesis sought to identify physiological responses to maternal positions commonly
adopted during sleep in late pregnancy as a means of identifying potential physiological explanations
for stillbirth in apparently healthy fetuses.
This thesis hypothesised that non-left-lateral maternal sleep positions in late pregnancy would result in
measurable changes in cardiovascular and respiratory maternal physiology, that these responses
would be consistent between the awake and asleep states, and that pregnant women would be able to
accurately recall the behavioural characteristics of their sleep. In doing so, the methods most able to
detect those changes were identified. Reduced cardiac output (CO) and blood pressure (BP) were
proposed as potential physiological consequences of supine sleep. It was found, however, that CO
cannot be assessed accurately using the continuous non-invasive methods assessed, and continuous
BP measurement did not show an effect when subjects were in different positions when awake. Poor
participant acceptance of the BP measurement method prevented overnight assessment of BP in this
study. Maternal heart rate variability (HRV) demonstrated a clear response to maternal recumbent
position when awake, and results showing vagal suppression were consistent with a hypotensive
challenge. It was thus deemed a suitable measure in the assessment of the effect of sleep position, as
it could be measured continuously over the whole night.
In describing maternal sleep in normal pregnancy, it was found that the conventional clinical indices of
assessing SDB, the apnoea-hypopnoea index and oxygen desaturation index, largely fell within normal
limits, and thus were incapable of detecting any respiratory effect of sleep position. Instead, it was
determined that inspiratory flow limitation, the primary characteristic of upper airway resistance
syndrome, was evident when mothers slept on their back and was largely absent during sleep in the
lateral positions. What is not known however, is whether inspiratory flow limitation is a clinicallyimportant respiratory response to supine sleep that could be targeted in interventional studies to protect
the fetus, or is itself a protective physiological adaptation to arouse the mother from sleep when supine,
thus preventing prolonged aortocaval compression. Irrespective, healthy women in late pregnancy
appear to largely avoid supine sleep, favouring the “protective” lateral positions, particularly left-lateral.
Additionally, these women are able to recall their sleep with moderate accuracy, particularly sleep-onset
position and the number of times they get out of bed in the night, further validating their importance as
identified by The Auckland Stillbirth Study [7]. The ability to recall aspects of sleep accurately is
important to know for future research in this area. Therefore, sleep studies in late pregnancy would be
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notable if patients exhibit clinically-defined OSA rather than inspiratory flow limitation. Further, it should
be noted if patients are observed or report initiating sleep on their back and/or spend longer than
approximately 30 minutes sleeping supine before changing position repeatedly through the night, or
>30% of the total night (the upper range detected here).
The Level 3 cardiorespiratory PSG used in this thesis provided much useful information. However, it
also raised many questions that could not be answered without EEG to assess physiological sleep. The
inclusion of EEG would help to determine if the inspiratory flow limitation observed when supine was
sufficient to cause cortical arousals, and if these arousals were associated with a position change as it
appears in this thesis. Future studies should also be powered sufficiently to explore differences between
those women with high or low proportions of inspiratory flow limitation and/or a pronounced positional
component. The inclusion of EEG would also determine if changes in sleep state explained some of the
observed changes in HRV and inspiratory flow limitation. In the analysis of HRV, including detrended
fluctuation analysis may provide additional information that was not able to be ascertained in the current
study, as it is reportedly less affected by respiration than the methods adopted here, and thus potentially
less affected by REM.
The left-lateral position was the most commonly adopted at sleep-onset and during the night, and one
held for the longest during the night, with demonstrable physiological effects. As sleep-onset position is
the easiest to modify, future studies should be powered to test if sleep-onset position determines the
predominant position for the rest of the night, and if manipulating sleep-onset position affects overall
sleep position. Future studies may also consider the effect a sleep partner has on the dominant sleep
position.
This thesis described the effect of maternal position in healthy, uncomplicated pregnancies, indicating
frequent position changes, increased inspiratory flow limitation and a vagal suppressive/sympathetically
enhanced autonomic response to the supine position. Future studies could examine how sleep patterns
and the effect of maternal position differ in complicated pregnancies, such as mothers who are obese,
have impaired glucose control, small for gestational age fetuses or another already recognised fetal
compromise, or those mothers with symptoms of supine hypotension or past adverse pregnancy
outcomes, where there may be an altered autonomic (HRV, inspiratory flow limitation) response to
supine sleep.
This thesis determined how to non-invasively assess the effect of maternal sleep position in healthy
late pregnancy, whilst accounting for how the specific physiology of late pregnancy differs from nonpregnant women or those seen in a clinical sleep setting. In doing so, there were some novel findings
that can inform subsequent studies of sleep in late pregnancy. Maternal HRV and the flattening index
have both been used in research in late pregnancy, but never to assess the effect of maternal position
during sleep. The HRV response to position change differs when the mothers are awake and asleep,
suggesting that there are interactions with other responses to sleep that should be controlled for, such
as sleep state and respiration. Inspiratory flow limitation, as measured by the flattening index, appears
to be similarly affected by these changes during sleep. The proportion of breaths deemed to be flow
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limited seems to be the flattening index measure that is most capable of detecting a change with
position. However, the variability in the flattening index also demonstrated an effect, with currently
unknown clinical significance. The mean flattening index has not been reported any previous studies in
any population; it did not however detect an effect of sleep position in this healthy population. Most
Level 1-3 sleep studies have the capability to export the necessary data to assess maternal sleep
position, HRV and inspiratory flow limitation as continuous variables over the whole night using the
methods described in this thesis. This is even possible in retrospective analyses where these variables
were not previously considered; in clinically-obtained PSG for example.
Finally, this thesis has focussed on the maternal response to sleep position. However, non-invasive
ambulatory devices such as the transabdominal fetal monitor provide a potential means for future
research to assess the fetal responses which may be resulting from the maternal responses to position,
especially during sleep. Thus, the fetal data from the Monica AN24 collected over the course of this
thesis will next examined to determine if a fetal response to maternal sleep and maternal sleep position
can be identified.
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Appendices
Appendix 1: Participant information sheet and consent form; awake study
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Appendix 2: Participant information sheet and consent form; pregnant overnight study
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Appendix 3: Participant information sheet and consent form; non-pregnant overnight study
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Appendix 4: Sleep questionnaire.

Maternal Sleep in Pregnancy Questionnaire
The following questions relate to your sleep last night:
1. Last night, how long do you think it took you to fall asleep?

_ _ _ __ (minutes)

2. Did you have difficulty falling asleep?
3. How many hours of actual sleep do you think you got?

_ _ _ __ (h) _ _ _ _ (m)

4. Did you wake up during the night?
If YES, how many times? _ _ _ __
5. If you woke up in the night did you go to the toilet?
If YES, how many times? _ _ _ __
6. If you woke did you have difficulty getting back to sleep?
7. What position did you fall asleep in last night?

8. What position did you wake up in?

9. Did you change sleep position during the night?

10. Would you describe yourself as a restless sleeper last night (i.e. move a lot during the night)?

11. Did you snore last night?
12. Did your legs twitch or jerk often while you slept last night?
13. Did you take medication for sleep last night?
14. Overall, how would you rate your sleep quality last night?
d
15. Which ethnic group do you belong to? Mark the space or spaces that apply to you.
Niuean

Chinese
_________________

16. Number of other children (exclude this pregnancy)
17. Date baby is due

_____________________________

Today’s date

_____________________________

Thank you for your participation. It was much appreciated.
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Appendix 5: PSG-derived respiratory rate; mean vs. median
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Appendix 6: Distribution of the proportion of breaths below flattening threshold deemed to represent
inspiratory flow limitation.
Five minute epochs of overall breaths and in each position; all pregnant participants.
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Frequency

Appendix 7: Distribution of HFpeak-derived mean respiratory rate

Mean HFpeak-derived respiratory rate (breaths/minute)
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