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Maternal Sleep and Fetal Heart Rate Events

First auth@

Dr Daniemn is a postdoctoral research fellow at the Institute for Breathing and Sleep,
Austin Hedlt d the Department of Obstetrics and Gynaecology at the University of
ercy Hospital for Women. She recently completed her PhD looking at the

prevalenc pact of sleep-disordered breathing in hypertensive disorders of pregnancy,
and aspires to extend her research program into sleep behaviours and sleep disorders during

pregnancyand the role they play in maternal and fetal wellbeing.

Key pointQu‘y

e Maternal gleep behaviours including supine position and sleep-disordered breathing

areﬂal contributors to stillbirth but much of this work is based on self-reported

hypertensive pregnancies with or without fetal growth restriction.

e There was no temporal relationship between maternal sleeping position, snoring or

apnoeic events and an abnormal fetal heart rate overnight.
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Maternal Sleep and Fetal Heart Rate Events

e We conclude that most fetuses can tolerate sleep-related stressors with no evidence of
fetal heart rate changes indicating compromised wellbeing.

rk needs to identify how sleep behaviours contribute to stillbirth risk and

t

hoﬂtersect with underlying maternal and fetal conditions.
N
L Abstract
In Australi icnificant proportion of stillbirths remain unexplained. Recent research has

§

highlight
determrnemer sleep-related behaviours including sleep position and sleep-disordered

al maternal behaviours as potentially modifiable contributors. This study

breathing
increased G to hypertensive disorders or fetal growth restriction (FGR). All

y affect fetuses overnight, in both uncomplicated pregnancies and those at

participan ent polysomnography with time-synchronised fetal heart rate (FHR)
monitorin tocography CTQ) in late pregnancy. CTGs were analysed for abnormal
FHR even' dmg decelerations and reduced variability, by two blinded observers and
export leep study to temporally align FHR events to sleep behaviours. For each
FHR event, ntrol epochs with normal FHR were randomly selected within the same
partici itional logistic regression assessed the relationships between FHR events

and sleep behaviours. From 116 participants, 52 had a total of 129 FHR events overnight;
namely pr decelerations and prolonged periods of reduced variability. Significantly
more FH@ were observed in women with FGR and/or a hypertensive disorder

compared mplicated pregnancies (p=.006). FHR events were twice as likely to be

preced Enge in body position within the five minutes prior, compared to control

epochs particularly in hypertensive pregnancies both with and without FGR.
Overal ts were not temporally related to supine body position, respiratory events
or snorm esults indicate that most fetuses tolerate sleep-related stressors, but further
research 1 to identify the interplay of maternal and fetal conditions putting the fetus

at risk o q

Keywords: polysomnography, pregnancy, sleep position, sleep-disordered breathing, fetal

heart rate decelerations
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Maternal Sleep and Fetal Heart Rate Events

Introduction

T

The prevam late stillbirth (> 28 weeks gestation) in many high resource countries

has remai ed for decades (Cousens et al., 2011), with a significant proportion of

these réndiiesEhcx plained even after complete investigation. Night-time and sleep may be

a period oishesghtened vulnerability for the fetus, with over 50% of women perceiving that
their stillbm had passed during the night (Gordon et al., 2015; Warland et al., 2015).
Given this- at approximately one-third of time is spent sleeping- sleep-related
behaviour e fecently been investigated as potentially modifiable contributors to stillbirth.

A recent meta-an@lysis showed that the risk of stillbirth was increased in women who

reported ‘:ﬁ sleep” in the supine position compared to the left side (aOR 2.63),

suggestingithat about 6% of late term stillbirths may be attributable to supine sleep position

(Cronin et 9) A proposed mechanism is that the enlarged uterus compresses the
inferior véha resultmg in a fall in cardiac output and uteroplacental blood supply when
supine al., 2006; Humphries et al., 2019).

Sleep-di reathing (SDB) also occurs more commonly when supine. SDB

encompasses a spectrum of disorders ranging from snoring to partial or complete obstruction
of the up y repeatedly during sleep, resulting in sleep disruption and hypoxaemia.
SDB durm ggnancy has been related to adverse fetal outcomes including preterm birth,
fetal grotlon (FGR) and neonatal intensive care unit admission (Brown ef al., 2018;
Warland e 8b; Liu et al., 2019), but as yet no strong links have been established
between and stillbirth (Louis ef al., 2014; Bin et al., 2016; Spence et al., 2017).

The triple m el for late stillbirth (Warland & Mitchell, 2014) proposes that unexplained
stillbirth E\en three risk factors interrelate — maternal, placental/fetal and a stressor.

Known mat

isk factors for stillbirth include age, obesity and maternal disease such as
hypert hereas fetal and placental factors include (FGR) and placental insufficiency
(Flenady et al., 2011). The influence of potential stressors such as supine sleep position or
SDB may be subtle and inconsequential on their own, but may be significant contributors for
a vulnerable fetus, due to placental disease or maternal conditions (Warland & Mitchell,

2014).
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Maternal Sleep and Fetal Heart Rate Events

Fetal heart rate (FHR) analysis with cardiotocography (CTG) is commonly used as a non-
invasive assessment of adequate fetal oxygenation both antenatally and in labour (Parer &
Nageottmndications for using CTG antenatally include the assessment of fetal
wellbeing i risk pregnancies such as FGR and maternal hypertensive disorders. In these
high risk m, abnormal CTGs may be seen where there are reduced fetal oxygen
reserveSofFe@®eed placental function (Grivell ef al., 2015).We propose that sleep-related
stressors pine position and SDB may result in abnormal CTG features including
prolongedmcelerations (which reflect a fetal response to hypoxia) or reduced baseline
variability HR, where there is disturbance of sympathetic and parasympathetic input

from the d@rdi®-r@gulatory centre in response to hypoxia (The Royal Australian and New

Zealand Co efe of Obstetricians and Gynaecologists, 2017b).

We have us collected from two prospective studies (Wilson et al., 2020; Skrzypek et
al., 2021) %o enable large-scale analysis of objectively-measured maternal sleep behaviour
during pre nd its impact on FHR events captured with CTG. We hypothesise that
sleep behayio articularly supine body position and SDB, are temporally related to FHR

change ight among women in late pregnancy, particularly those with hypertensive
disorders o ncy (HDP) or fetal growth restriction (FGR).

L Methods
Particz’paO
These data condary analysis of two prospective case-control studies with similar
protocol ifferent patient groups, investigating the impact of SDB during pregnancy on
fetal heWen 2012 and 2018 (Wilson et al., 2020; Skrzypek et al., 2021).
Specifical ses in these studies had a hypertensive disorder of pregnancy which
included ml hypertension, preeclampsia or chronic hypertension (Tranquilli ef al.,
2014) or fet th restriction which met the Delphi consensus criteria (likely to be caused

by pla ufficiency, based on estimated fetal weight or abdominal circumference <3™
centile, or estimated fetal weight or abdominal circumference <10™ centile with abnormal
fetoplacental Dopplers on ultrasound (Gordijn et al., 2016). Women with pregnancies
complicated by suspected aneuploidy, structural anomaly or fetal infection were excluded.

Healthy control participants in these two studies were 1:1 gestation (completed sleep study
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Maternal Sleep and Fetal Heart Rate Events

within + 4 weeks of gestational age) and BMI (within + 4kg/m”) matched to either a
hypertensive or FGR case and had no evidence of HDP or FGR. All participants were
recruiteMnatal outpatient clinics or as inpatients, and multiple pregnancy and those

less than ‘ml were excluded.

Ethica®
The Hum rch Ethics Committees at Austin Health and Mercy Hospital for Women

approved fiie studies. The inclusion of participants into this study conformed to the standards

C

set by the ation of Helsinki, except for registration in a database, and written informed

consent wds y®lufitarily provided by all participants.

$

Procedures

U

Basic demg and obstetric data were collected at recruitment to the study. This

included Haternal age, parity, gestation, pre-pregnancy BMI and relevant comorbidities such

q

as gestatio etes (Nankervis ef al., 2014). Birth outcomes were collected following

a

delivery afid 1 ed gestational age at delivery, birthweight centile (customised for
matern nicity, parity, fetal sex and gestation) and Apgar scores at 1 and 5 minutes.
All pargi derwent an overnight sleep study (polysomnography - PSG) with time-

synchronised fetal heart rate (FHR) monitoring in the third trimester of pregnancy. Overnight
PSG was Wd in the Austin Health sleep laboratory using the Compumedics E series
(Abbotsforg
the Somté
the portabl ige. Signals recorded included electroencephalogram (EEQG),
electroﬁEOG), electromyogram (EMQG), electrocardiogram (ECG), arterial oxygen
saturatim and abdominal respiratory effort via inductance plethysmography, nasal
airflow mmia nasal cannula, oronasal thermistor, leg movements, snoring and body

ictoria, Australia), or if preferred, unattended in the participant’s home with

@ imedics) portable sleep-monitoring device. Inpatients were studied using

position a 1 of the chest. Sleep and respiratory events were scored as per the

American A

y of Sleep Medicine (AASM) criteria (Berry ef al., 2016) with respiratory
events sed as apnoeas (a decrease in airflow of > 90% from baseline for > 10 sec);
hypopnoeas (decrease in airflow > 30% from baseline for > 10 sec and followed by either an
oxygen desaturation of > 3% or an EEG cortical arousal); and respiratory event related
arousals (RERAs; a sequence of breaths lasting > 10 sec characterised by increasing

respiratory effort or by flattening of the inspiratory portion of the nasal pressure waveform
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Maternal Sleep and Fetal Heart Rate Events

leading to an arousal from sleep). The number of apnoeas and/or hypopnoeas and/or RERAs
per hour of sleep was calculated as the respiratory disturbance index (RDI), with an RDI > 5
indicatiMe of SDB. The oxygen desaturation index was defined as the number of

arterial oxmrations of > 3% from baseline, per hour of sleep (ODI3). BMI at the

time of th y was also recorded.

 EE—
Cardiotocg (CTG) was performed to measure the fetal heart rate using the Monica
AN24 (Mmalthcare Ltd.) and was time-synchronised to the PSG recording. The
Monica A
onto the niatefhalfabdomen to monitor fetal ECG, maternal ECG and uterine EMG to

a non-invasive monitor requiring the placement of 5 adhesive electrodes

measure uterine contractions and maternal movement.

Data Analysj
CTG analgis

The CTGs weredeidentified and assessed by two obstetricians (AF, HS) for any of five

Zealan f Obstetricians and Gynaecologists, 2019). These events were chosen a
priori and 1 :
. A deceleration lasting between 60-90 seconds with a >15 beats per

minute fall below the baseline.

abnormal pnts potentially signifying fetal distress (The Royal Australian and New

e Wvent 2. A deceleration lasting for >90 seconds and <5 min with a >15 beats per
gummte fall below the baseline (a prolonged deceleration).
. . the presence of >2 late decelerations (uniform repetitive decreases in the
art rate with slow onset mid to end of a contraction and nadir >20 seconds
ﬁe peak of the contraction) in a 20 minute section of CTG.
“. the presence of >2 complicated variable decelerations (a decrease in the

art rate with rapid onset and recovery accompanied by one of the following

s - arise in baseline, reduced baseline variability, slow return to the
e, large amplitude (by 60 beats per minutes or dropping to 60 beats per
Q) and or long duration (>60 seconds) or presence of post deceleration
overshoot) in a 20 minute section of CTG.

e Event 5. baseline variability of <5 beats per minute for >20 minutes (prolonged

reduced variability).
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FHR changes with a low likelihood of association with fetal compromise were excluded.
This ithed decelerations (<15 beats per minute fall from baseline) which were of
short durag 0 seconds), and uncomplicated variable decelerations (where there were
none of thmntioned accompanying pathological features). Baseline variability was
assessc@d ting the difference in beats per minute, between the highest peak and the
lowest tro e fluctuations above and below the baseline in one-minute segments (The
Royal Au@nd New Zealand College of Obstetricians and Gynaecologists, 2019).
Concordan events between the two obstetricians were included and discordant events

were revigive@a $econd time by both obstetricians to determine whether they met criteria for

S

inclusion.

The CTGs alysed for rate of successful FHR tracing during the maternal sleep period.

The criterf@ for CTGs to be included in analysis was an overall CTG recording of >25% of

418

the sleep recording period, and ii) sufficient continuous FHR without loss of contact to allow

@i 1 events to normal FHR trace for control purposes (see sleep study

comparisof
analysi e CTG recordings were assessed, they were exported into the sleep study
recording 1n to temporally align FHR events to sleep behaviours (Fig 1).

Sleep study analysis
Once the s; G was exported to the sleep study, each FHR event was located and the

correspondiagasleep behaviours at the exact time of the start of the FHR event were noted,
including @ ge (wake, N1/2 (“light sleep™), N3 (“deep sleep”), or rapid-eye-movement
(REM) my position (supine, left, right, prone), snoring (present or absent), and time

(hrs) from nset. Sleep onset was defined as the first 30-second epoch of any stage of

sleep (W 2016). For the 5 minutes preceding the FHR event, the number of

respirator (apnoeas, hypopnoeas or RERA’s) were counted, whether the participant
had changm

position (from left, right, supine or prone to a different position), and
whether the a significant body movement with cortical arousal (without a change in

body p

Within each participant where FHR events were identified, each FHR event was matched to
10 control 30-sec epochs selected at random, and the sleep behaviours at the start of that

epoch and in the preceding 5 minutes were noted, as above. Control epochs were selected
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Maternal Sleep and Fetal Heart Rate Events

using a random number generator, inputting all available epoch numbers for each PSG/CTG
recording. Control epochs required 5 preceding minutes of continuous FHR with no missing
data, toM trace was normal. A normal antenatal CTG trace will demonstrate a
baseline f rate of 110-160 bpm, normal baseline variability of 6-25 bpm, reactivity
(FHR accm

epochsEn@ESHES| cpochs were matched by sleep stage (wake, N1/2, N3 or REM) given that

nd no decelerations (Ayres-de-Campos et al., 2015). FHR event

respirato are typically most severe during REM sleep (Mokhlesi & Punjabi, 2012)).
In this wam HR event occurred during REM sleep when respiratory events are likely, it
will only b ed with other control epochs during REM sleep. Therefore, control epochs
were seledfedibasgd on the random number generator until 10 epochs within the matching

sleep stage with no missing data were identified for each FHR event.

i ary

Study Desi
The desiglyfor the current study with respect to the primary analysis of whether sleep

behaviours mporally related to fetal heart rate changes overnight among women in
late pregnms a within-participants analysis comparing sleep characteristics overnight
during pesi HR events to sleep characteristics during epochs without FHR events.
Due to the msparticipants design, only those with FHR events could be included in the
prima i

The secongrz analyses focus on comparing FHR events in those with complicated versus
uncomplicatedgpregnancies, with a further between-participants comparison between
pregnant @ ho did have or did not have FHR events overnight utilising data from all

participr study.

Statisti
All statisti ses were performed with Stata (StataCorp LP, College Station, TX, USA).
The data tEy

http://doi.org/ 84/m09.figshare.14544687(Wilson et al., 2021). Means with standard

ort the findings of this study are openly available in Figshare at

SD) were utilized for descriptive analysis of normally distributed variables or
median and interquartile range (Mdn (IQR)) for non-normally distributed variables. A two-

sided p value of less than 0.05 was considered to indicate statistical significance.
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Within the participants who had FHR events, conditional logistic regression was performed
to assess the univariate relationship between FHR event (vs. control epochs) as the outcome
VariabIGMmal sleep behaviours as explanatory variables. The grouping variable was
the 1:10 of each FHR event to 10 control epochs within the same participant. Due
to the exme skew of number of respiratory events within each 5 min epoch, this
was coWaJS€@% 8 an ordinal variable of 0 respiratory events, 1-2 respiratory events and 3+
respirato Stepwise conditional logistic regression modelling was then performed
with FHR@ the dependent variable, and explanatory variables with an o of less than

0.20 on unt ¢ analysis were included.

S

As the FHR and control epochs were matched for sleep stage, a regression to investigate any

U

relationship betwgen FHR events and sleep stage could not be performed. Instead, the rate of
FHR event ur in each sleep stage was compared using a Friedman Test with Wilcoxon

signed-rank tests with Bonferroni adjustment for post hoc comparisons.

q

To compamtidence of FHR events in uncomplicated versus FGR and HDP

skal-Wallis H test was performed. Interaction terms were entered into the

regression models to investigate the impact of maternal and fetal factors

the relationships between sleep behaviours and FHR events.

Comparis@h of demographic and sleep variables between participants who had FHR events

hesdid not was performed using Fisher’s exact test of independence for

w

Variablesﬁn-Whitney U tests for non-normally distributed continuous variables.

=

: Results

Participants

and those

categoricd es, independent-samples t-tests for normally distributed continuous

A total omen participated across both studies and the data from 116 participants was
sufficient for inclUsion in this analysis (see Figure 2 for consort diagram). The median rate of
successful CTG recording for the sample was 6h 31m (IQR 5h 12m, 7h 25m) or 95.1% (IQR
82.5, 99.7) of the maternal sleep period. At the time of the sleep study, the average age of the

participants was 32.9 (4.8) years with an average gestational age of 32.6 (3.3) weeks, an
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average BMI of 33.7kg/m” (7.1) and 68 (58.6%) were nulliparous. Thirty-six (30.3%) of the
women had an HDP, 15 (12.9%) had FGR, 13 (11.2%) had both an HDP and FGR, and there
were SZMmmotensive well-grown control pregnancies. There was one fetal death in
utero two fter the sleep study, and one neonatal death in the neonatal intensive care
unit; bothm were normotensive with severe FGR. Thirty-five (30.2%) studies were
perfornfe ISV he sleep laboratory, with the remaining 81 performed with ambulatory

PSG.

Nocturnalgeart Rate Events

From 116paglicipants, only 52 women had FHR events during their sleep study. A total of
129 FHR events were identified. The number of events per participant ranged from 1 to 9,
with a me@.o (1.0, 3.0). From these, 78 events (60%) were decelerations lasting 60-90
sec (Even‘ﬁvents (19%) were prolonged decelerations of >90 sec (Event 2), and 27

events (21%o) were prolonged reduced variability (Event 5). No late decelerations (Event 3)

or compliwwle decelerations (Event 4) were observed. Due to the 1:10 case control

matching vents to control epochs within each participant, a total of 1,290 control
epochs andomly identified.
Sleep- edents to Fetal Heart Rate Events

FHR events were not associated with any single body position, but were significantly more

likely to bsBreceded by a change in body position in the five minutes prior, compared to

control epoghseOR 2.00 (1.20, 3.31), p =0.007; Table 1). Twenty-two percent (28) of FHR
g precgded by a change in body position, compared to only 14% (178) of the

control ep ble 2 describes the direction the mother changed her body position into
before 'Ent compared to body position changes noted prior to normal CTG, with
FHR veten occurring after a change to a supine or right lateral position (p =
.063). Of ﬁ—lR events following a change in body position, 17 (61%) were

decelerati 90 sec, 9 (32%) were prolonged reduced variability and 2 (7%) were

prolong_ged<ations of > 90 sec.

events we
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Table 1. Frequency of sleep-related behaviours in fetal heart rate event epochs versus control

Maternal Sleep and Fetal Heart Rate Events

epochs and univariate relationships with fetal heart rate events

Predicu-'_l FHR Event Control Epoch OR (95% CI) p
Q (=129)  (n=1,290)
Body P8sifiem
Left (ReL 39 (30.2%) 438 (34.0%) 1.0
Supine b 46 (35.7%) 459 (35.6%) 1.19 (0.69, 2.06) 534
Right w 36 (27.9%) 320 (24.8%) 1.33(0.79, 2.23) 289
Prone : 8 (6.2%) 73 (5.7%) 1.60 (0.38, 6.72) S18
Resp evercmin
0 (Ref) 93 (72.1%) 974 (75.5%) 1.0
1-2 m 25(19.4%) 207 (16.1%) 1.31(0.79, 2.17) 290
3+ E 11(8.5%) 109 (8.5%) 1.13 (0.45, 2.83) 789
Snorin 23(19.0%)  282(23.1%)  0.58(0.28, 1.19) 139
Position (!ange 28 (21.7%) 178 (13.8%) 2.00 (1.20, 3.31) .007
Movemen 43 (33.3%) 401 (31.1%) 1.14 (0.74, 1.75) 556
Arousal ®
Hrs from Seep onset 3.5(2.7) 3.7 (2.8) 0.96 (0.88, 1.05) 366

t

Note.

snoring, p

L

fetal heart nt.
*snorin

control e

A

respiratory.

This article is protected by copyright. All rights reserved.
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hange and movement with arousal measured during five minutes prior to

essable when flow signal absent on home studies (8 FHR events and 70

FHR = fetal heart rate, OR = odds ratio, CI = confidence interval, resp =
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Maternal Sleep and Fetal Heart Rate Events

Table 2. Direction that maternal body position changed into before FHR events versus

controlw

: 2 FHR Event Control Epoch p

N — (n=28) (n=178)

Left 4 (14.3%) 72 (40.4%) .063

cr

Supine 13 (46.4%) 54 (30.3%)
Right 9 (32.1%) 44 (24.7%)

Prone 2 (7.1%) 8 (4.5%)

us

Note. p VaCd on Pearson chi-squared test. FHR = fetal heart rate

There we

d

ariate relationships between FHR events and body position at the same
time, r ents, snoring, and body movement with arousal in the preceding five

minutes, or ti om sleep onset (Table 1). Interestingly, supine positioning overnight was

M

comm omen with a median of 25.5% (7.2, 40.0) of total sleep time spent lying

on the back.
A stepwis on model including explanatory variables with an a of less than 0.20 on

univariate was performed, and confirmed that an FHR event was more than twice as

or

likely to o in five minutes of a change in body position, whereas snoring did not

contrib odel (Table 3).

N

Aut
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Maternal Sleep and Fetal Heart Rate Events

Table 3. Sleep-related behaviours associated with fetal heart rate events on

cardiotMon conditional stepwise logistic regression modelling

Variable CQ B (SE) aOR (95% CI) p
Position 0.73 (0.26) 2.08 (1.24,3.47) .005

Snoring® = -0.51 (0.38) 0.60 (0.29, 1.26) 177

Note. aOhted odds ratio. Overall model includes position change and snoring, 7* (2)
- 9.59, p 4.0083

Of the 12 ents identified, the majority occurred during light “N1/2” sleep (44.2%)

and overn

REM slee

LISC

e periods (30.2%), with fewer events during deep “N3” sleep (14.0%) and

). The number of FHR events per hour was significantly different across

1

sleep stag 2(3) =15.23, p=.002, Fig 3). Specifically, the rate of FHR events per hour was

higher in p compared to N3 sleep (z = 2.889, p =.0039).

d

Sleep-re recedents to Fetal Heart Rate Events in Pregnancies Complicated by
Matern etal Factors

Of the 52 participants who had FHR events overnight, 21 of the pregnancies were
uncompli;ted (controls), 11 of them were FGR, 10 of them had an HDP, and 10 had both

FGR and (FGR/HDP). On average, significantly more nocturnal FHR events were

observed 1 oman in the FGR (Mdn (IQR) = 3.0 (2.0, 4.0)), HDP (2.5 (1.0, 4.3)) and
FGR/HDP grotp (3.5 (1.8, 5.0)) compared to the control group (1.0 (1.0, 2.0), p = .006).

FHR eve:E ;0; ;Wing a change in body position were much more likely to occur in the HDP

and FGR/HDP groups, but not in the control and FGR groups (Table 4). No interactions
were observed bsween maternal and fetal complications and body position, SDB, snoring,

movement wit usal and time from sleep onset, meaning there was no relationship

these sleep behaviours and FHR events within any of the pregnancy

complication

This article is protected by copyright. All rights reserved.
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Maternal Sleep and Fetal Heart Rate Events

Table 4. Interactions between body position change and maternal/fetal condition in the

association with nocturnal fetal heart rate events

H FHR Event Control OR (95% CI) p
Epoch
Control-s (n=21 ‘ 4 (12.9%) 30 (9.7%) 1.47 (0.43,5.01) 538
FGR (n=1L 5(13.2%) 52 (13.7%) 0.95 (0.33, 2.71) 924
HDP (n=lo 11 (42.3%) 70 (26.9%) 2.68 (0.99, 7.23) .052
FGR & HW) 8 (23.5%) 26 (7.7%) 3.80 (1.53,9.43) .004

Note. Bodﬂn Change odds ratios expressed as Yes vs No (reference group). FHR =
fetal heart = odds ratio, FGR = fetal growth restriction, HDP = hypertensive disorder

of pregnaglfy.

Comparisﬁen Participants with and without Fetal Heart Rate Events Overnight

Table 5 det@ilsWdifferences in demographics, sleep indices and fetal outcomes between the 52
wome 1d and the 64 women who did not have FHR events during the night of the
study. Wo th FHR events had their sleep study at an earlier gestation and were more
likely t rous compared to those without FHR events. Compared to healthy control

pregnancigs, those with FGR and FGR with a hypertensive disorder were more likely to have
FHR eveng

sleep. A larger proportion of supine sleep was seen in those with FHR
events co @ o those without, however this was related to more supine sleep amongst the
participant GR (FGR =32.9% (24.8, 50.2) vs. well-grown = 20.4% (4.8, 32.2), p =
.0025) wh@were more prone to FHR events. There was also a trade-off between a higher
propo deep” sleep for less N1/2 “light” sleep in the FHR event group. There was
no diffeMMI, GDM, total sleep time, sleep efficiency, or RDI between the groups

(Table 5). s

After ¢ g for comorbidities of FGR, the presence of any hypertensive disorder of
pregnancy M, the fetuses with nocturnal FHR events were more likely to be delivered

earlier and have lower Apgar scores at 5 mins compared to fetuses without FHR events.
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Maternal Sleep and Fetal Heart Rate Events

Table 5. Comparison between participants with and without fetal heart rate events.

Participants with ~ Participants with no
H FHR events Events p
(n=152) (n=064)

Demogra
Age (y&r 32.3(5.4) 334 (4.2) 222
BMI first :/mz) 29.2 (8.0) 31.0 (6.9) 193
BMI at PYG (kg/th?) 32.6 (7.8) 34.6 (6.4) 126
Gestation at (weeks) 31.1 (3.6) 33.8(2.6) <.0001
Nulliparom 39 (75.0%) 29 (45.3%) .001
Healthy c 21 (44.8%) 31 (59.6%) 45
HDP ﬂ 10 (27.8%)2 26 (72.2%) 26"

PE (50.0%) 2 (50.0%) 1.0"

GH C 7 (35.0%) 13 (65.0%) 790

Chronic 1 (8.3%) 11 (91.7%) 045"
FGR m 11 (73.3%) 4 (26.7%) 039
FGR a 10 (76.9%) 3 (23.1%) 029"
GDM E 6 (12.8%) 9 (14.3%) 1.000
Sleep
Total Sleep Time (min) 381.5(83.1) 385.1(76.6) .807
Sleep EfﬁL%) 77.9 (12.5) 79.9 (10.6) .349
N1/2 (%) O 49.4 (10.4) 55.6 (12.9) 0066
N3 (%) 34.0 (10.8) 28.3 (13.1) 0118
REM (%) 16.5 (6.3) 16.2 (5.8) 776
%TST 30.5(16.4,46.4) 18.7 (3.1, 33.4) .0712*
SDB (R 23 (44.2%) 28 (43.8%) 1.000
RDI : 4.6 (3.1,7.7) 3.8(2.0,7.8) 445
ODI3 1.4 (0.3,2.5) 0.6 (0.0, 3.8) 594
SpO2 % 90.0 (88.0,91.5) 91.0 (88.0, 93.0) 328
Fetal Outco
Delivery Gestation (weeks) 37.0(0.3) 37.8 (0.2) 011
Birthweight Centile 31.6 (4.0) 42.3 (3.5) 0524
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Maternal Sleep and Fetal Heart Rate Events

Apgar 1 min 7.7 (0.3) 8.1(0.2) 318
Apgar 5 min 8.6 (0.1) 9.1 (0.1) .0097

Note. VHI as M (SD), Mdn (IQR) or n (%). HDP, FGR and GDM present at time of
sleep/CT GDM unknown for six participants. FHR = fetal heart rate events, BMI =
body masmnz, PSG = polysomnography, HDP = hypertensive disorder of
pregnafft Y PR ecclampsia, GH = gestational hypertension, HTN = hypertension, FGR =
fetal growgtion, GDM = gestational diabetes mellitus, N1/2 = light sleep, N3 = deep

sleep, REQ eye movement sleep, %TST = percentage of total sleep time, SDB =

sleep-disor: reathing, RDI = respiratory disturbance index, ODI3 = oxygen desaturation

index of 28%perghour, SpO2 nadir = lowest oxygen saturation during sleep.

* chi squa e compared to healthy control group only

*p= .36 after ad}i‘tment for relationship between FGR and %TST supine sleep.

® fetal outc iven as M (SE) and p value adjusted for FGR, HDP and GDM on
ANCOVAg

(O

Discussion

Main

This is among the first and largest study to investigate the relationship between fetal
wellbeing@uring maternal sleep using CTG and objectively measured sleep position and

sleep—disoreathing. We found that abnormal FHR events (decelerations and

prolongedWeducgl variability) were more likely to occur at night in pregnancies complicated
by hyperteass tal growth restriction or both, compared to uncomplicated pregnancies.
Furthe 1 ified that clinically significant decelerations and prolonged reduced

VariabﬂMgniﬁcantly more likely to be preceded by a change in body position in the
five minumcompared to “normal” FHR epochs. This effect was particularly seen in

women wi ertensive disorder of pregnancy, with or without concurrent fetal growth
restriction. sleep and mild SDB were common in late pregnancy, however supine
sleep, ry events and snoring were not associated with fetal heart rate changes.
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Maternal Sleep and Fetal Heart Rate Events

Interpretation

While high risk pregnancies such as those complicated by hypertensive disorders or fetal
growthMare more likely to have CTG abnormalities during monitoring while awake
(Montan mon, 1989; Esposito et al., 2019), we are not aware of any other studies

looking at, cy, and precipitants of, CTG abnormalities during maternal sleep. Here

we rep&tt BREEER decelerations and reduced variability occur more commonly overnight in

high risk ies, and are more likely to occur following change of maternal position
during slegp. e findings are important, giving the rapidly growing literature on the
impact of s nd sleep position- on stillbirth risk. While fetal heart rate decelerations that
occur in t enatal period are less studied than those during labour (Lear et al., 2020),

prolonged decelerations can occur in response to any sustained interruption of fetal

oxygenation. This may occur antenatally during episodes of maternal hypoxia or maternal

hypotension, both of which may be more common during sleep. Maternal hypoxia associated
with sleepfdisordered breathing, and aorto-caval compression causing supine hypotension are

plausible ¢ ors to the increase in abnormal fetal heart rate events occurring overnight

a

in high ris ncies. The prolonged decelerations and episodes of reduced variability
followi n maternal position could relate to either sleep-related respiratory events or
maternal ca cular changes. Upper airway obstruction is more likely to occur while
supine, aternal supine hypotension occurs due to compression of the inferior vena

cava and abdominal aorta resulting in reduced maternal stroke volume, cardiac output
(Humphri@§ et al., 2017), and uteroplacental perfusion. Our results demonstrated that FHR

events ofteps@egurred following maternal repositioning to a supine or right lateral position,
where the uterus can exert greater compression on the inferior vena cava and

abdommelﬁud more significantly alter cardiac autonomic nervous activity, compared to
|

the left lat ition (Kuo et al., 1997). Cord compression may also be a contributor to the
prolonWﬁons seen following a change in maternal position, which may be
exacerbat compromised fetuses with reduced amniotic fluid volume (The Royal

Australia Zealand College of Obstetricians and Gynaecologists, 2017a).

In this {v&iere particularly concerned not to compromise the analysis with the
inclusion of antenatal events likely to be considered innocuous (e.g. short, isolated,
uncomplicated variable decelerations related to transient cord compression) and not

associated with increased risk of hypoxia. We confined the antenatal fetal heart events to

those known to be associated with increased risk of hypoxia. Prolonged decelerations indicate
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Maternal Sleep and Fetal Heart Rate Events

a reduction of umbilical blood flow, or reduced fetal oxygen supply. In response to hypoxia,

the fetal chemoreflex is triggered (Giussani, 2016), resulting in increased parasympathetic

outﬂongus nerve to slow the fetus’s heart rate and reduce myocardial oxygen

consumpmed sympathetic outflow triggers peripheral vasoconstriction to redirect

blood flo organs and support arterial pressure (Lear ef al., 2018a). With complete
cord od@ISTERMERE increase in fetal total peripheral resistance and hypertension triggers the
baroreﬂexhd fetal heart rate deceleration. After the first few seconds of this
baroreflexffesponlge, the peripheral chemoreflex becomes the dominant mediator once

cerebral ox hanges are detected by the peripheral chemoreceptors in the carotid bodies

(Lear et am

Normal baseline SBriability in the fetus is generated when the sympathetic and
parasympathetic system are in balance with one another. While the maintenance of FHR

variability§is complex, it is likely due to numerous sporadic inputs from various areas of the

cerebral co lower centres to the cardiac integratory centres in the medulla oblongata,
which arethe smitted down the vagus nerve. In the presence of cerebral hypoxia and
acidosi ipputs decrease and variability decreases (Parer & Nageotte, 2004). One of
the most co causes of reduced baseline variability is an episode of deep fetal sleep (The
Royal ian and New Zealand College of Obstetricians and Gynaecologists, 2017b). For

this reason, we proposed that reduced variability should be prolonged, beyond the usual fetal
sleep phai The lengthy periods of reduced variability following a change in maternal body

position in thissstudy could be due to a state of fetal quiescence, where a mild change in fetal

oxygen r state (Stone et al., 2017b).

In uncWregnancies, isolated decelerations such as those witnessed in our healthy

oxygen te Ay be sufficient to trigger a change into- or a prolongation of- this lower

control gr ot uncommon on an antenatal FHR trace (Murray, 2017) and usually
represent E‘ mounting successful adaptions against adverse conditions (Lear ef al.,

2018b). It is ly that these fetuses will develop inadequate oxygenation as a result of

ariable decelerations (Parer & Nageotte, 2004). Despite this, we actually
showed that after tontrolling for pregnancy complications, the presence of nocturnal FHR
decelerations was associated with an earlier delivery gestation and lower 5-minute Apgar

scores, opening a future avenue for investigation.
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FHR decelerations and reduced variability at night were more common among women with
HDP and/or FGR, which possibly reflects underlying placental insufficiency with decreased
oxygenwd consumption (Zhu et al., 2016), reduced amniotic fluid volume

(predisposi ord compression) or both (Hofmeyr & Giilmezoglu, 2002; Reeves & Galan,
2012). Th ay have lower reserves to deal with relatively mild nocturnal events,
particulérl ompression following position change. FHR decelerations and reduced
Variabilitymg maternal position change were limited to the pregnancies complicated

by a hype#ftnsiv@disorder, including preeclampsia with a growth restricted fetus. Fetal and
placental re s are a critical factor in determining how a fetus copes with a transient
hypoxic swor placental development in PE pregnancies can lead to reduced placental
size with reduced area available for gas exchange, and excessive vasoconstriction may result
in a reduced dianjeter of the uterine arteries, reducing uterine artery blood flow (George &
Granger, 2011 Powe et al., 2011). These pregnancies may thus be particularly susceptible to

changes ifgblood flow associated with change in maternal body position, due to their

background ired placental oxygen exchange (Zhu et al., 2016). That FHR events
occurred ror: monly among women with HDP and/ or FGR is perhaps unsurprising, but
the relati i FHR decelerations and prolonged reduced variability with change in
maternal po rather than supine sleep- was a novel and unexpected finding.

Despite the women in this study spending a quarter of the night in the supine position, we

were surpfised to find that supine sleep position was not temporally associated with adverse

FHR cha either healthy nor complicated pregnancies. There have been

relationships rep@fted between self-reported supine “sleep onset” during the later stages of

and stillbiféh (Anderson et al., 2019; Cronin et al., 2019; Robertson et al., 2020). There is
biologinity for the supine position causing detrimental effects including aorto-

pregnaﬁl wellbeing, including reduced birthweight, fetal cerebral redistribution

caval com resulting in decreased cardiac output (Humphries et al., 2019) and

impaired -pldcental blood flow (Jeffreys ef al., 2006). Most recently, functional MRI
techniques monstrated that lying supine- as compared to left lateral- resulted in a 24%
reducti al internal iliac arterial blood flow to the uterus, with a 6.2% reduction in

oxygen movement across the placenta (Couper ef al., 2021). During supine wakefulness,
surrogate markers of fetal hypoxia on Doppler flow measurements have been reported
(Khatib et al., 2014). However, Ibrahim et al (2015) found no changes in FHR patterns after

moving heavily pregnant women between the supine and lateral positions. Experimentally, in
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fetal sheep, oxygen consumption has been shown to remain normal until uterine artery blood
flow drops below 50% (Wilkening & Meschia, 1983), so it may be that a significant degree
of hypoMequired before overt signs of fetal distress are observed on a nocturnal
CTG. Ve udies have looked at the impact of maternal body position on fetal

m during sleep, with Stone et al. (2017a) and Warland et al. (2018a)
finding®h #S@PIRe sleep was associated with fetal quiescence and fetal heart rate

wellbeing

decelerati esting the fetus is adapting its behavioural state in response to mild

hypoxic stfCss.

There couw;w reasons for the discrepancy with the limited previous studies during

maternal sleep. Firstly, we looked at distinct and clinically-determined episodes of
deceleration and prolonged reduced variability which may represent fetal responses to mild
hypoxic ins ereas Stone et al. (2017a) focused on a more fine-scale analysis of fetal

behaviourdl states including heart rate variability as a measure of cardiac autonomic control.

Secondly, rnal autonomic nervous system may compensate for cardiovascular
0

changes a with supine body positioning, also explaining why FHR decelerations
occurr ernal position was first altered. Increased peripheral vasoconstriction when
supine can intain blood flow to the uterus through collateral channels, providing an
alterna e inferior vena cava (Humphries et al., 2017). Increased heart rate during

supine rest (Kuo et al., 1997; Lanni et al., 2002; Humphries ef al., 2020) suggests that
sympathels activity is elevated in an attempt to normalize cardiac output in the supine

position. g@asleep, pregnant women may also compensate for reductions in sympathetic

-

tone and b ssure by increasing heart rate and peripheral vascular resistance when

supine (Is al.,2020). It may be that the initial impact of maternal body position
change on iovascular parameters is observable in the FHR which then stabilizes as the

new poWintained.

The relati@tween maternal SDB and fetal heart rate has previously been explored,
(Joel-Cohen & Schoenfeld, 1978; Roush & Bell, 2004; Olivarez et al.,
[.,2013; Wilson et al., 2020). However, these studies have looked at SDB

with mixed

2010;

severity globally, Tather than the temporal relationship between respiratory event and
subsequent oxygen desaturation and fetal response, which is a strength of this study. Unlike
a recently published study by Pitts et al. (2021) which found that over 80% of FHR

decelerations occurred within 30 seconds of a respiratory event, we found that only a quarter
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of FHR events were associated with SDB and demonstrated no relationship between time
periods containing apneic events or snoring and FHR decelerations or reduced HR variability.
DispariMesults may be due to the sleep monitoring device used or different

deﬁnitionmecelerations, though depth of FHR deceleration in beats per minute was

not stated 1. (2021).

 EE—
There is ngce for an association between stillbirth and either self-reported snoring or
objectivelmed SDB based on large cohorts using hospital ICD codes (Louis ef al.,
2014; Bin 5°2016; Spence et al., 2017; Cronin et al., 2020). We demonstrated that even
in sleep ewere severe SDB was present, the fetus was equally likely to display a
healthy versus abnormal heart rate pattern. All FHR changes were on the mild end of the
spectrum, with th® two most ‘severe’ types of FHR decelerations not observed at all (multiple

late dece'l'eiﬁand complicated variable decelerations). In the face of transient maternal

hypoxae the fetus is well protected by a combination of adaptive behaviours to ensure

basal blo

that the su xygen meets its metabolic demands. These adaptions include an increased
fl most tissues, the left-shifted and steeper fetal haemoglobin oxygen

dissociati allowing a high amount of oxygen to be bound and then unbound to the
fetal tissues er oxygen tensions, and the capacity to hinder oxygen-consuming
proces oving and breathing (Giussani, 2016; Lear ef al., 2018b). Furthermore,

redistribution of cardiac output ensures an adequate supply of oxygenated blood to tissues

most at rii of damage, such as the fetal brain and heart (Martin, 2008). The lack of late

fetal envi

successr.

InformWing FHR and variability over the course of the night and within each
maternal me is scarce. We found that FHR decelerations and periods of reduced

deceleratiopgg@icomplicated variable decelerations witnessed in our study implies that the
l‘was not hypoxic enough to push these fetuses beyond their capacity to

variability, re likely to occur during periods of light sleep compared to deep sleep, but

women wit FHR events had less light sleep but more deep sleep than women without

anges overnight. Conversely, DiPietro et al. (2021) showed that while
maternal heart raft varied across sleep stages, fetal heart rate did not. Both short (McCowan
et al.,2017; Heazell et al., 2018) and prolonged sleep length (O'Brien ef al., 2019) have been

associated with late stillbirth. Accordingly, we investigated whether FHR changes were
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related to sleep duration and found there was no relationship with time from sleep onset and

likelihood of CTG abnormalities.

T

Strengths itations
This stud he first to look closely at the temporal relationship between multiple

objecti¥®l ed maternal sleep behaviours and adverse FHR events documented on
time syncECTG. The within-subjects study design allowed us to compare periods
containingfdecel8ations and reduced baseline variability to normal fetal heart rate within
each pregn ithout confounding by external factors. We had a substantial sample size
with an a\mT G success rate of over 6.5 hours per participant. As others have
demonstrated (Lucchini et al., 2020), objective measurement of sleep and fetal heart in
pregnancy can baldifficult and we had to exclude 45 participants from our analysis due to
insufficient ata.

Studies high ing a relationship between supine sleep and stillbirth risk are limited by a

focus on the sleeplonset period, retrospective recall and lack of maternal body position
validati cumented actual sleep position and subsequent fetal response throughout
the night. surprised to find that FHR decelerations and prolonged reduced
variabil re likely to be associated with maternal body position change than supine
sleep. This underscores that more data are urgently needed to understand which transient
events dulw confer increased fetal risk, and to untangle how these intersect in the

‘triple risk’ zm@gel for late pregnancy stillbirth (Warland & Mitchell, 2014). Late stillbirth is

thankfull @
fetal healt diovascular function may provide a clearer picture, aiding our
unders‘mmm‘ontributory and protective mechanisms of sleep events and stillbirth risk.
This ermine whether public health messages about settling to sleep on the side-
and intervjo assist side sleeping- can feasibly modify stillbirth risk.

ent, so the development of more sophisticated devices to measure sleep,

Interpretatio e CTG in an antenatal setting can be challenging, but the

pathop ical adaptations and responses of the fetus seen intrapartum can be

extrapolated to the antenatal setting to provide a ‘real-time’ assessment of fetal well-being to
hypoxic challenges (Judd et al., 2020). Given the limitations in assessing human placental
function non-invasively, recent studies have demonstrated the feasibility of using MRI to

measure blood flow and oxygen content in the uterine and umbilical vessels to calculate
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oxygen delivery and uteroplacental oxygen consumption (Saini et al., 2020; Saini ef al.,
2021). While these innovative techniques may be able to better quantify the impact of
matemMg on fetal wellbeing, the difficulty lies in applying these techniques to a

maternal s@here cardiovascular and respiratory function is altered.

Lastly, SuSt#@¥nay have been limited by the pooled cohort which included healthy control
pregnanci with high risk pregnancies. However, this mixed cohort allowed us to

investigatgfhow fbcturnal FHR tracing may differ across pregnancy groups.

Cr

Conclusi

S

This study found an increased risk of FHR events, namely decelerations and prolonged

tl

reduced variabilify, following a change in body position during maternal sleep, for women
with a pre omplicated by an HDP with or without FGR. Supine sleep and SDB were

not associdted with fetal compromise. Our results indicate that most fetuses tolerate sleep-

A

related stressorsawithout significant sequelae. Further research is needed to identify the

a

interplay d % al and fetal conditions- as well as sleep events- putting the fetus at

increas verse outcomes at night.

Author M
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Fig 1. Polysomnogram with time synchronized cardiotocography exported into the recording
during RH @ The two boxes highlight fetal heart rate decelerations lasting between 60-
90 seconds with a > 15 beats per minute fall below the baseline. The top panel shows a 30
second epQch with the signals used to determine sleep stage (Chin I — Chin 2 =
electromyggram, g’ and E2 = left and right electrooculogram, F4, C4 and O2 = frontal,

central an pital electroencephalogram) as well as electrocardiogram (ECG). The

bottom panel shoWs a 10 minute window (with 30 second intervals) with the signals SpO2
(arterial oxygeuasmituration), MHR (maternal heart rate), FHR (fetal heart rate), therm
(therm , nasal pressure, thor (thoracic respiratory effort), abdo (abdominal

respiratory e, position, Leg L and Leg R and dB meter (to measure snoring).
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161 participants in
two prospective

studies
38 excluded due to
inadequate CTG |« 2 participants
data removed monitoring
| equipment before

sleep onset

2 excluded for fetal |

anomoly -
2 PSGs had

technical failures

1 CTG file was lost [«

\

116 participants
with adequate

PSG and CTG
data for temporal
analysis
\ \i

52 participants had 64 participants did
FHR events on CTG not have FHR events

overnight on CTG overnight

1,028 control
129 FHR events epochs
identified (10 matched to The Journal of
each FHR event) Physiology

M

Fig 2. mgram of the flow of participants through data analysis. Cardiotocograms
(CTGs) were excluded for analysis if the fetal heart rate trace was present for < 25% of the
sleep recoMriod, or there was insufficient continuous fetal heart rate trace without loss
of contact comparison of fetal heart rate events to normal trace for control purposes.

PSG = po

O

gram, FHR = fetal heart rate.
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Fig 3. Numgber of fetal heart rate (FHR) events per hour in each sleep stage across the 52
participa HR events present. The rate of FHR events per hour was higher in N1/2
sleep compared 1@ N3 sleep. REM = rapid eye movement sleep. Note. Due to low number of

FHR eventS\%@dian value for wake, N3 and REM is 0.
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