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Fetal-growth-restricted preterm infants display compromised
autonomic cardiovascular control on the first postnatal day but
not during infancy
Emily Cohen1, Flora Y. Wong1, Euan M. Wallace2, Joanne C. Mockler3, Alexsandria Odoi1, Samantha Hollis1,
Rosemary S.C. Horne1 and Stephanie R. Yiallourou1

BACKGROUND: Fetal growth restriction (FGR) is associated
with increased perinatal mortality and long-term cardiovas-
cular and neurodevelopmental sequelae. We hypothesized
that FGR impacts on the development of autonomic heart
rate and blood pressure control, contributing to unfavorable
short- and long-term outcomes following FGR.
METHODS: We studied 25 preterm FGR and 22 preterm and
19 term appropriate for gestational age (AGA) infants. Preterm
neonates were studied on postnatal day 1, and all infants were
studied at 1 and 6 months post-term age. To investigate
autonomic cardiovascular control, we examined heart rate
variability (HRV) and baroreflex sensitivity using spectral power
and transfer-function analyses.
RESULTS: Preterm FGR neonates exhibited higher heart
rates and reduced HRV compared with preterm AGA controls
on postnatal day 1. No significant differences were found
between the three groups at 1 or 6 months post-term age.
CONCLUSION: Preterm FGR neonates display compromised
HRV on postnatal day 1, which may suggest increased
vulnerability to circulatory instability. This may predispose
these neonates to systemic and cerebral hypoperfusion
and increase the risk of long-term neurodevelopmental
sequelae. Differences were no longer found at 1 and
6 months post-term age, suggesting that the maturation
of autonomic cardiovascular control may be preserved
following FGR.

Fetal growth restriction (FGR) is associated with an
increased risk of perinatal and neonatal morbidity and

mortality (1). It is also believed to cause adverse long-term
neurodevelopmental (2) and cardiovascular (3) sequelae.
However, the mechanisms underpinning the increased risk
for these adverse outcomes remain unclear. One explanation
for the long-term pathophysiology is abnormal development
of the autonomic nervous system. Autonomic function can be

assessed noninvasively by means of heart rate variability
(HRV) and baroreflex sensitivity (BRS) analysis (4). Using
these techniques, altered autonomic cardiovascular control in
early life has been related to compromised neurodevelop-
mental outcome in childhood (5,6). Moreover, studies in
adults have recognized relative sympathetic hyperactivity as
the main pathophysiologic mechanism causing hypertension
(7). The development of autonomic cardiovascular control
begins during fetal life and continues well into infancy (8,9).
Several studies have demonstrated that autonomic cardio-
vascular control is compromised in FGR fetuses (10–13).
However, studies investigating postnatal maturation of
autonomic cardiovascular control following FGR are scarce
(14). There have also been no longitudinal studies assessing
the maturation of autonomic cardiovascular control in
prematurely born FGR infants. It is important to take
prematurity into account in any assessment of possible
impact of FGR, because the majority of growth-restricted
fetuses—especially those severely growth-restricted—are born
preterm, and prematurity in itself has been shown to impair
autonomic function (9).
In this study, we aimed to longitudinally assess the

maturation of autonomic cardiovascular control in preterm
FGR infants by means of HRV and BRS analysis. We
hypothesized that preterm FGR infants would display altered
maturation of autonomic cardiovascular control with relative
sympathetic hyperactivity compared with appropriately
grown (appropriate for gestational age, AGA) peers.

RESULTS
Table 1 shows the demographic characteristics of the overall
study population and subject information at each study.
Preterm FGR infants had a similar gestational age at birth
compared with preterm AGA infants, but as expected gesta-
tional age was lower compared with term AGA infants
(Po0.001). Preterm FGR infants were born with a signifi-
cantly lower birth weight and birth weight z-score than
preterm AGA and term AGA infants (Po0.001 for both).
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Postnatal growth rate (expressed as the difference between
birth weight z-score and weight z-score at 1 and 6 months
post-term age, respectively) was not different between the
groups. Table 1 also shows availability of data at each study.
Three preterm FGR infants passed away before study
completion (age at time of death and cause of death were as
follows: infant 1, 3 weeks post-term age, intestinal malrota-
tion, and volvulus; infant 2, 6 weeks post-term age, multi-
system failure; and infant 3, 4-month post-term age, severe
chronic lung disease). Other missing data were attributable to
loss to follow-up, infants unable to attend studies because of
illness, and the difficulty of conducting these studies of
spontaneous sleep in infants.

Heart Rate and Blood Pressure
Heart rate and blood pressure data at each study are presented
in Table 2. Preterm FGR infants had higher heart rates than
preterm AGA peers in active sleep (AS) (140 vs. 129 bpm,
Po0.05) and quiet sleep (QS) (142 vs. 127 bpm, P= 0.051) on
day 1. Heart rate and blood pressure were not different
between groups at 1 or 6 months post-term age.

Heart Rate Variability
All HRV indices were significantly positively correlated
with R–R interval at each age in both sleep states (Po0.001
for most). On day 1, gestational age showed significant
positive correlations with all HRV indices in AS

Table 1. Demographics

Preterm FGR Preterm AGA Term AGA P-value

Total study population, n (% male) 25 (56) 22 (50) 19 (58)

GA at birth, median (range) 30 3/7 (24
6/7–35

5/7) 31 5/7 (25–35
5/7) 39 5/7 (37 3/7–41

4/7) o0.001a

Birth weight (g), median (range) 1,051 (415–1,860) 1,653 (841–2,406) 3,315 (2,950–3,860) o0.001

Birth weight z-score, median (range) − 1.85 (−4.07–− 0.95) 0.25 (−1.35–1.27) 0.11 (−1.13–0.90) o0.001b

Corticosteroids, n (%) 25 (100) 16 (73) 0 (0) o0.001

Cesarean section 25 (100) 12 (55) 10 (53) o0.001b

Smoking during pregnancy 6 (24) 4 (18) 0 (0) NS

Pre-eclampsia/hypertension 11 (44) 4 (18) 1 (5) o0.01b

Twin pregnancy 8 (32) 12 (55) 0 (0) o0.001a

Data available, n (% male)

Day 1 19 (47) 17 (53) N/A

1 month post-term age 18 (56) 19 (53) 19 (53)

6 months post-term age 15 (73) 18 (56) 17 (59)

Postnatal age at neonatal study (day 1) h, median (range) 16 (2–23) 19 (5–23) N/A NS

Weight at study (g), median (range)

Day 1 1,233 (450–1,860) 1,675 (841–2,406) N/A o0.01

1 month post-term age 3,500 (1,610–5,200) 4,105 (3,130–5,900) 4,108 (3,500–5,085) o0.01b

6 months post-term age 6,795 (4,300–9,385) 7,100 (5,350–9,000) 7,750 (6,120–8,700) o0.05c

Weight at study z-score, median (range)

Day 1 − 1.85 (−3.66–− 0.95) 0.38 (−0.84–1.27) N/A o0.001

1 month post-term age − 1.72 (−6.05–1.33) − 0.74 (−2.11–2.78) − 0.36 (−1.27–0.97) o0.01b

6 months post-term age − 1.12 (−5.32–1.34) − 0.67 (−2.98–0.85) − 0.09 (−1.98–0.74) o0.05a

Δ Weight z-score, median (range)

Birth weight vs. 1 month post-term age − 0.22 (−3.15–3.32) − 0.43 (−3.03–2.04) − 0.22 (−1.11–0.63) NS

Birth weight vs. 6 months post-term age 0.50 (−1.99–2.40) − 0.56 (−4.00–1.03) 0.02 (−2.08–0.50) NS

AGA, appropriate for gestational age; FGR, fetal growth restriction; N/A, not available; NS, nonsignificant.
aTerm vs. preterm infants.
bFGR vs. AGA infants.
cPreterm FGR vs. term AGA.
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(low-frequency (LF)/high-frequency (HF) r= 0.49, Po0.01,
LF r= 0.66, Po0.001, HF r= 0.33, Po0.05, total power (TP)
r= 0.63, Po0.001) and all but HF in QS (LF/HF r= 0.45,
Po0.05, LF r= 0.6, Po0.001, TP r= 0.53, Po0.01). Birth
weight z-score also showed significant positive correlations
with TP in QS (r= 0.40, Po0.05) and AS (r= 0.35, Po0.05)
on day 1. A relationship between birth weight z-score and LF
was also observed in both sleep states on day 1; however, this
just failed to reach statistical significance (QS r= 0.36,
P= 0.052, AS r= 0.33, P= 0.051). HRV indices were not

correlated with postnatal growth rate (Δ weight z-score).
Figure 1 shows the effect of size at birth and postnatal age on
HRV. All HRV parameters changed significantly with
advancing postnatal age (Po0.001 for all). The LF/HF ratio
decreased, whereas LF, HF, and TP showed an increase with
advancing postnatal age. Postnatal age and group
demonstrated a significant interaction for LF and TP in
both sleep states (Po0.05 for both). Further testing revealed
that differences were only present on day 1, with preterm FGR
neonates demonstrating reduced LF and TP than their AGA
peers in both sleep states (LF QS P 0.015, F 6.7, r 0.439, LF AS
P 0.016, F 6.4, r 0.397, TP QS P 0.010, F 7.6, r 0.462, TP AS P
0.010, F 7.4, r 0.422). When the model was corrected for R–R
interval, however, these group differences were no longer
detectable.

Baroreflex Sensitivity
Figure 2 shows BRS data at 1 and 6 months of age in AS and
QS. BRS showed a significant increase with advancing
postnatal age in both AS and QS (Po0.001 for both). BRS
maturation was not different between the groups.

DISCUSSION
To our knowledge, this is the first study to report longitudinal
autonomic cardiovascular data from birth until 6 months
post-term age in preterm FGR infants. We have shown that
preterm FGR neonates have compromised HRV compared
with preterm AGA peers on the first day of life. However, at 1
and 6 months post-term age, we observed no differences in
heart rate, blood pressure, HRV, or BRS between preterm
FGR infants and preterm and term AGA peers.
Several studies have demonstrated reduced HRV in FGR

fetuses compared with AGA peers, supportive of the concept
that these fetuses are compromised by the unfavorable
intrauterine environment (10–12). The results of our study
confirm the findings of Spassov et al. (15), indicating that
infants born growth-restricted may continue to display
lowered HRV than AGA peers throughout the first days of
life. The highly significant positive correlations between
gestational age and HRV indices on postnatal day 1 confirm
gradual maturation of autonomic cardiovascular control
throughout pregnancy (16). These combined findings suggest
that HRV is influenced by both prematurity and FGR,
separately. Compromised HRV may reflect impaired auto-
nomic cardiovascular control, predisposing neonates to
circulatory instability. A recent study by our group demon-
strated reduced HRV in preterm neonates requiring inotropic
support for hemodynamic instability in the first 3 days of life.
It was suggested that impaired autonomic cardiovascular
control could underpin the hemodynamic failure that
manifests clinically as hypotension (17). The results of the
current study would thus imply that preterm FGR neonates
may be more vulnerable to hemodynamic instability during
the immediate postnatal period. This may predispose these
infants to systemic and cerebral hypoperfusion and increase
the risk of long-term neurodevelopmental sequelae. Thus, it

Table 2. Heart rate and blood pressure

Preterm FGR Preterm AGA Term AGA P-value

Heart rate AS

Day 1 140 (117–171) 129 (116–153) N/A 0.014

1 month 136 (115–158) 135 (123–152) 136 (110–153) NS

6 months QS 116 (109–141) 121 (98–137) 123 (108–131) NS

Heart rate QS

Day 1 142 (112–166) 127 (116–152) N/A 0.051

1 month 133 (114–149) 130 (119-149) 133 (107–149) NS

6 months 111 (100–136) 114 (87–126) 112 (98–138) NS

SBP AS

1 month 87 (60–119) 88 (69–114) 93 (83–117) NS

6 months 85 (71–102) 85 (69–100) 91 (81–115) NS

SBP QS

1 month 74 (54–97) 75 (56–104) 77 (60–114) NS

6 months 77 (63–93) 78 (64–100) 85 (73–94) NS

DBP AS

1 month 55 (32–84) 62 (46–85) 67 (56–82) NS

6 months 60 (43–80) 59 (44–83) 66 (54–84) NS

DBP QS

1 month 49 (35–64) 53 (35–82) 56 (41–83) NS

6 months 55 (37–72) 55 (42–77) 60 (48–73) NS

MABP AS

1 month 69 (41–96) 72 (55–95) 76 (66–93) NS

6 months 69 (52–87) 67 (53–89) 75 (64–94) NS

MABP QS

1 month 56 (42–73) 59 (42–90) 63 (49–93) NS

6 months 64 (46–79) 64 (50–85) 69 (56–80) NS

AGA, appropriate for gestational age; AS, active sleep; DBP, diastolic blood
pressure; FGR, fetal growth restriction; MABP, mean arterial blood pressure;
NS, nonsignificant; QS, quiet sleep; SBP, systolic blood pressure.
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can be postulated that long-term neurodevelopmental seque-
lae in preterm FGR infants may be related to the cerebral
hemodynamic consequences of compromised heart rate and
blood pressure control, especially in the early postnatal
period. The cerebral vasculature aims to maintain fairly
constant cerebral blood flow despite fluctuations in systemic
blood pressure (cerebrovascular autoregulation) (18). It is

thought that cerebrovascular autoregulation is impaired in
preterm neonates, which predisposes the brain to fluctuations
in cerebral perfusion, leading to brain injury (18). Animal and
human studies have indicated that FGR alters structural and
functional properties of the cerebral vasculature, which may
further compromise cerebrovascular autoregulation and
increase vulnerability of the brain to hemodynamic instability
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Figure 1. Effect of size at birth and maturation on low-frequency (LF)/high-frequency (HF) ratio, LF power, HF power, and total power (TP) during
quiet sleep (QS) (a–d) and active sleep (AS) (e–h). The preterm fetal growth restriction (FGR) group is represented by the closed circles, the preterm
appropriate for gestational age (AGA) group by the open circles, and the term AGA group by the open squares. N-numbers for the preterm FGR,
preterm AGA, and term AGA group, respectively, in QS on day 1: 13, 17, N/A, at 1 month: 18, 18, 18, and at 6 months: 15, 18, 17, and in AS on day 1:
19, 17, N/A, at 1 month: 18, 15, 18, and at 6 months: 13, 17, 14. *Po0.0167.
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(19). In fact, hemodynamic instability due to a patent ductus
arteriosus has been shown to cause a greater fall in cerebral
oxygenation in preterm FGR neonates than in preterm AGA
peers (20). It thus appears that FGR brains may be more
vulnerable to systemic and cerebral hypoperfusion, potentially
increasing the risk of long-term neurodevelopment sequelae.
It could also be postulated, however, that compromised

HRV is a consequence of altered neurodevelopment due to
FGR (21). HRV is believed to be an effective tool to study not
only cardiovascular function but also general maturation of
the central nervous system (5,6). Several retrospective studies
have revealed that children with compromised neurodevelop-
mental outcomes displayed reduced HRV during their
neonatal period (5,6,22,23). Compromised HRV in our FGR
neonates may thus also be reflective of suboptimal brain
development in utero (24).
Previous studies have indicated a close inverse relationship

between heart rate and HRV, and it has thus been suggested
that the analysis needs to be adjusted for R–R interval (25).
FGR neonates demonstrated higher heart rates than their
AGA peers on postnatal day 1. When R–R interval was
included in the model, we could no longer detect differences
in HRV between preterm FGR and AGA neonates on the first
postnatal day. This finding may underline the importance of
R–R correction in HRV analysis. However, increased heart
rate and reduced HRV are both thought to be the result of an
imbalance in autonomic cardiovascular control. In fact, in a
study in infants with congenital heart disease, increased heart
rate and reduced heart rate variability were reported alongside
elevated levels of norepinephrine, indicating autonomic
imbalance (26). Moreover, a study in adults found significant
and independent correlations between increased heart rate
and reduced HRV and cardiovascular risk factors (27). The
increased heart rate and reduced HRV as observed in our
FGR group may thus both be due to an imbalance of
autonomic cardiovascular control in the immediate postnatal
period. A limited number of studies have indicated relative
sympathetic hyperactivity in FGR neonates and infants

(28–30). Although our FGR neonates demonstrated increased
heart rates on postnatal day 1, which may indicate increased
sympathetic activity, the HRV parameters did not provide
evidence for sympathetic hyperactivity at any postnatal age.
LF, representing both sympathetic and parasympathetic
activity, was reduced on postnatal day 1. Moreover, the LF/HF
ratio providing information regarding the sympathovagal
balance was not different from AGA controls at any age.
Our study is the first to longitudinally investigate matura-

tion of autonomic cardiovascular control in preterm FGR
infants until 6 months post-term age. To investigate the effect
of the unfavorable intrauterine environment, preterm infants
were studied within the immediate postnatal period. Infants
were subsequently studied at 1 and 6 months post-term age to
investigate maturation of autonomic cardiovascular control.
In contrast to our hypothesis, at follow-up no differences in
HRV or BRS were found between the groups, indicating that
early alterations in autonomic cardiovascular control had
been resolved. These findings may suggest that alterations in
HRV in preterm FGR neonates predominantly reflect their
compromised intrauterine condition, yet maturation of
autonomic cardiovascular control throughout infancy is
preserved. Nevertheless, studies in FGR children and young
adults have demonstrated compromised HRV, BRS, and
blood pressure rhythmicity compared with AGA controls
(31–33). It can therefore be speculated that FGR infants may
initially be capable of restoring autonomic function, but
during further development and under the influence of other
risk factors—such as excessive catch-up growth—cardiovas-
cular control may again become compromised and gradual
progression into chronic cardiovascular disease may occur.
Indeed, in the study by Aziz et al. (31) FGR children with the
lowest birth weight yet greatest weight gain during childhood
showed reduced HRV compared with both FGR and AGA
children with less marked weight gain. Dalla Pozza et al. (32)
demonstrated that within their FGR population those with
increased blood pressure and reduced BRS were also heavier
and had a greater body mass index. Furthermore, in the study
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Figure 2. Baroreflex sensitivity (BRS) during quiet sleep (QS) (a) and active sleep (AS) (b) at 1 and 6 months post-term age. The preterm fetal growth
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by Wolfenstetter et al. (33), blood pressure rhythmicity was
independently influenced by catch-up growth in FGR
children. The FGR infants in our study did not show evidence
of (excessive) catch-up growth, which may in part explain
why maturation of autonomic cardiovascular control was
unaffected. It could thus be postulated that infancy may create
a window of opportunity for interventions, such as monitor-
ing weight gain to avoid excessive catch-up growth.
A few cases in the preterm FGR group (n= 4) had a birth

weight above the 10th percentile for their gestational age
(birth weight z-score 4− 1.28). Some may argue that these
infants were incorrectly classified as having FGR. However,
controversy exists regarding the most appropriate definition
of FGR (14). The traditional definition of a birth weight
o10th percentile for gestational age on the normative
population growth curve can lead to the misdiagnosis of
constitutionally small fetuses and may fail to identify larger
fetuses who were in fact growth-restricted. It thus appears
important to not only consider birth weight but to take other
markers of fetal well-being into account. A recent study by
Khalil et al. (34) has provided evidence that prenatal Doppler
measurements can correctly identify fetuses with impaired
growth velocity and pregnancies at risk of adverse outcome,
even when fetal size is considered AGA. Our definition of
FGR was based on abnormal fetal growth (estimated fetal
weight below the 10th percentile and/or slowing of fetal
growth velocity) in combination with evidence of placental
insufficiency as demonstrated by abnormal multivessel
integrated Doppler analysis. Moreover, all of the fetuses in
our preterm FGR group were delivered prematurely because
of suspected fetal compromise. We thus believe that all infants
in the preterm FGR group represent true cases of FGR.
We acknowledge the limitations of this study. First, it is

important to note that most studies in FGR infants used head-
up tilting to investigate autonomic cardiovascular control
(28–30). Subtle alterations in autonomic cardiovascular
control may only become apparent when the infant is exposed
to a stressor such as a head-up tilt (29). In our study, the
infants were investigated in a resting state only, which may
have limited our ability to detect more subtle changes in
autonomic cardiovascular control and sympathovagal bal-
ance. However, we have previously demonstrated good levels
of agreement between BRS analysis of spontaneous blood
pressure fluctuations and BRS analysis following a head-up
tilt (35). Second, we were unable to obtain data for each infant
at each age. To overcome this issue, we used a mixed model
design for our statistical analysis. This method allows for
missing at random data and we are thus confident of the
robustness of our findings. Last, we cannot exclude a con-
founding effect of prenatal corticosteroid administration,
maternal (perinatal) drug administration, and mode of
delivery on neonatal HRV. Prenatal corticosteroid adminis-
tration was significantly more common in preterm FGR
neonates than in their preterm AGA peers. Although the
effect of prenatal corticosteroid administration on postnatal
HRV remains largely unknown, studies have demonstrated a

biphasic response of fetal HRV to corticosteroid administra-
tion (36): after an initial increase in fetal HRV, a decrease in
HRV is observed before return to baseline ~ 4 days after
administration. It could be speculated that—depending on the
timing of delivery—prenatal corticosteroid administration
may affect neonatal HRV. Maternal (perinatal) drug admin-
istration has also been shown to affect fetal HRV parameters
(37). However, information on maternal (perinatal) drug
administration was inconsistently recorded in our research
database. Mode of delivery was significantly different between
the groups. However, the effect of mode of delivery on
neonatal HRV remains largely unknown. To our knowledge,
only one study has investigated this matter. In the study by
Sheen et al. (38), a reduction in HF and TP was found in
neonates delivered via cesarean section compared with
neonates delivered via normal vaginal birth. However, the
cesarean section group was heterogeneous and contained both
elective cesarean sections and cesarean sections performed for
nonreassuring fetal status. Within the cesarean section group,
neonates delivered for nonreassuring fetal status demon-
strated reduced HF and TP compared with neonates delivered
via elective cesarean section. The observed differences in
neonatal HRV following cesarean section vs. vaginal delivery
may thus (in part) be explained by cases of fetal compromise
in the cesarean section group. Moreover, all neonates studied
were born at term. To our knowledge, no studies have
investigated the effect of mode of delivery on neonatal HRV
in preterm infants. A larger study would be necessary to
account for these potential confounding variables.

CONCLUSIONS
Preterm FGR neonates display compromised HRV on the first
postnatal day, which suggests increased vulnerability to
circulatory instability in the immediate postnatal period.
This may predispose these infants to systemic and cerebral
hypoperfusion and increase the risk of long-term neuro-
developmental sequelae. Differences were no longer found at
1 and 6 months post-term age, suggesting that maturation
of autonomic cardiovascular control may be preserved
following FGR.

METHODS
Between June 2013 and December 2015, 25 preterm FGR infants, 22
preterm AGA infants, and 19 term AGA infants were recruited from
Monash Medical Centre, Melbourne, Australia. Preterm FGR infants
were identified antenatally based on an estimated fetal weight below
the 10th percentile for gestational age and/or slowing fetal growth
velocity (39) in combination with abnormal multivessel integrated
Doppler analysis (uterine artery (40), umbilical artery (41), and
middle cerebral artery (42)). All preterm FGR infants were delivered
via cesarean section on the basis of suspected fetal compromise.
Preterm AGA infants were identified based on normal fetal growth
with normal uteroplacental Doppler studies (if performed). Preterm
AGA infants were born following spontaneous preterm delivery or
were delivered on the basis of suspected fetal compromise of their
FGR twin. For logistic reasons, only preterm FGR and preterm AGA
infants with a gestational age at birth below 36 weeks who were
admitted to Monash Newborn Services were eligible to participate.
Term AGA infants were recruited from our postnatal ward or via
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word of mouth. Term AGA infants were born from uncomplicated
pregnancies beyond 37 weeks gestational age and from mothers
without significant medical history. Exclusion criteria were known
congenital or chromosomal abnormalities. Eligible cases were
approached to participate in the study. The main reason for families
to decline study participation was inability to attend Monash Medical
Centre for the follow-up studies (described below). This study was
approved by Monash Health and Monash University Human
Research Ethics Committees and parental written informed consent
was obtained for all participants.

Data Acquisition
It is known that autonomic cardiovascular control is influenced by
the behavioral state of the infant (8). To account for this, data were
collected during a daytime sleep study. To investigate the effect of the
unfavorable intrauterine environment, preterm infants were studied
on postnatal day 1. All infants were studied at 1 and 6 months post-
term age to investigate maturation of autonomic cardiovascular
control. These ages were specifically chosen as heart rate variability
has been shown to undergo most rapid maturation between these
post-term ages (43).

Data Acquisition Neonatal Studies
Preterm neonates underwent a 2-h sleep study in the neonatal
intensive care unit on postnatal day 1. Continuous electrocardio-
grams (ECG) as part of routine clinical care were collected and
digitalized for analysis (PowerLab 16SP, ADInstruments, New South
Wales, Australia; LabChart V6, ADInstruments, Sydney, New South
Wales, Australia). A sampling rate at or above 512 Hz was used.
Neonates were studied in the supine position and sleep state was
scored at cot side as AS or QS based on behavioral criteria (44).
Owing to the logistic reasons, no data were acquired in term AGA
neonates on postnatal day 1.

Data Acquisition Infant Studies
All groups underwent daytime polysomnography in our sleep
laboratory at 1 and 6 months post-term age. ECG data were
recorded with a sampling rate of 512 Hz. In addition to ECG,
electrophysiological signals required for sleep state scoring were
recorded and included electroencephalogram, electro-oculogram,
submental electromyogram, and abdominal and thoracic respiratory
effort (zRIP Durabelt Pediatric, Pro-Tech, Mukilteo, WA). Arterial
oxygen saturation was recorded via pulse oximetry (Masimo
Australia Pty Ltd, Frenchs Forest, NSW, Australia). In addition to
standard polysomnographic recordings, blood pressure was
measured noninvasively and continuously using a photoplethysmo-
graphic cuff placed around the infant’s wrist (Finometer, FMS,
Finapres Medical Systems, the Netherlands). To avoid venous
pooling in the infant’s hand, blood pressure was recorded in 2 min
epochs, followed by a 2 min rest period (45). All infants were studied
in the supine position. PSG data were recorded using a commercially
available PSG system (E-Series; Compumedics, Melbourne, Victoria,
Australia). Data were transferred via EDF format to LabChart V6
(ADInstruments, Sydney, New South Wales, Australia) for analysis.
Sleep state was scored off-line using standard infant criteria (46).

Data Analysis
Data analysis was performed off-line (LabChart V6, ADInstruments,
Sydney, New South Wales, Australia). To investigate autonomic
cardiovascular control, we performed HRV and BRS analysis (4).
ECG and blood pressure data interrupted by movement, handling,
respiratory events, and arousals were excluded from analysis.
Artifact-free ECG data were divided into sleep-state-specific epochs
of 1–2 min duration for power spectral analysis of HRV (45). Power
spectral analysis allows decomposition of heart rate changes in LF
and HF fluctuations. LF changes in heart rate are attributed to
baroreflex-mediated influences and reflect both sympathetic and
parasympathetic activity, whereas HF changes in heart rate are
associated with respiratory activity and represent the fast-acting

parasympathetic branch only. The ratio between LF and HF HRV
(LF/HF) indicates sympathovagal balance (8). Data were visually
inspected and outliers in R–R intervals, as defined as an R–R interval
exceeding 20% of the average R–R intervals of the epoch (4), were
excluded from analysis. Fast Fourier transform (MATLAB R2012b,
Mathworks: Natick, MA) with set frequency bands was used to
compute the spectral power for the R–R series (45). The LF band was
set at 0.04–0.15 Hz, and the HF band was set at an age-dependent
threshold based on observed infant respiratory rates during the
studies (postnatal day 1: 0.4–1.5 Hz, 1 month post-term age: 0.33–
1.3 Hz, 6 months post-term age: 0.25–1.0 Hz). The total frequency
(total power; TP) band of interest was 0.04–1.5 Hz (47). Data were
downsampled to 200 Hz during analysis. Average R–R interval as
generated by HRV analysis was used to calculate average heart rate.
Artifact-free 1–2 min epochs with simultaneous blood pressure and
ECG recordings were also analyzed to assess baroreflex function. The
baroreflex is responsible for short-term blood pressure control. The
reflex aims to buffer sudden changes in blood pressure by modifying
heart rate and vascular resistance (48). Baroreflex function can be
assessed by BRS analysis, which examines the heart rate change in
response to a unit change in blood pressure (48). Cross-spectral
(transfer function) analysis between spontaneous LF fluctuations of
R–R and systolic blood pressure was performed to estimate BRS, as
described previously (49). In short, transfer-function analysis was
used to determine transfer gain, phase, and coherence between
systolic blood pressure and R–R in the LF band (0.04–0.15 Hz).
Transfer gain reflects the degree to which changes within systolic
blood pressure become manifest in the R–R signal (ms/mmHg). The
value of transfer gain at the frequency of maximum coherence within
the LF band was chosen to estimate BRS. BRS values with
corresponding negative phase delay were excluded, as this implies
that the change in R–R precedes the change in systolic blood pressure
and therefore is not due to baroreflex activity. The first 10 s following
internal calibration of each blood pressure measurement were used
to determine systolic, diastolic, and mean arterial blood pressure.
Data were averaged for each sleep state at each age for each infant
before statistical analysis.

Statistical Analysis
Data were statistically analyzed using IBM SPSS Statistics for
Windows, Version 22.0 (IBM, Released 2013, Armonk, NY). Data
were checked for normality and outliers by visual assessment of
distribution graphs. Chi-square, Fisher exact, or Kruskal–Wallis with
step-wise step-down procedure were used as appropriate to analyze
demographics and absolute heart rate and blood pressure data.
Spearman’s correlation was calculated between demographics and
HRV and BRS data for each study. HRV and BRS data were log-
transformed and analyzed using a mixed model approach to explore
the effect of age, group, and their interaction. HRV data were
explored with and without R–R interval as a covariate in the model
(25). Statistically significant results were followed up with single
ANOVAs for which the a-level was adjusted for multiple testing
using the Bonferroni correction (0.05/3= 0.0167). All data were
analyzed separately for quiet and active sleep to avoid the
confounding effect of sleep state (8). Clinical data are presented as
n (%) or median (range). For HRV and BRS, raw data are
represented as mean with 95% confidence interval. The HRV LF,
HF, and TP indices are presented as absolute power, in ms2, and BRS
in ms/mm Hg.
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