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Abstract
Background According to epidemiological studies impaired intrauterine growth increases the risk
for cardiovascular morbidity and mortality in adulthood. Heart rate variability (HRV), which
reflects the autonomic nervous system function, has been used for risk assessment in adults while its
dysfunction has been linked to poor cardiovascular outcome.
Objective We hypothesized that children who were born with fetal growth restriction (FGR) and
antenatal blood flow redistribution have decreased HRV at early school age compared to their
gestational age matched peers with normal intrauterine growth.
Study Design A prospectively collected cohort of children born with FGR (birth weight < 10th
percentile and/or abnormal umbilical artery flow, n=28) underwent a 24-hour Holter monitoring at
the mean age of 9 years, and gestational age matched children with birth weight appropriate for
gestational age (AGA, n=19) served as controls. Time- and frequency domain HRV indices were
measured and their associations with antenatal hemodynamic changes were analyzed.
Results Time- and frequency domain HRV parameters (standard deviation of R-R intervals, SDNN;
low frequency, LF; high frequency, HF; LF/HF; very low frequency, VLF) did not differ
significantly between FGR and AGA groups born between 24 and 40 weeks. Neither did they differ
between children born with FGR and normal umbilical artery pulsatility or increased umbilical
artery pulsatility. In total, 56 % of the FGR children demonstrated blood flow redistribution
(cerebroplacental ratio, CPR < -2 SD) during fetal life, and their SDNN (p=0.01), HF (p=0.03) and
VLF (p=0.03) values were significantly lower than in FGR children with CPR ≥ -2SD.
Conclusions Early school-age children born with FGR and intrauterine blood flow redistribution
demonstrated altered heart rate variability. These prenatal and postnatal findings may be helpful in
targeting preventive cardiovascular measures in FGR.
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Abbreviations
AGA

appropriate growth for gestational age

CPR

cerebroplacental ratio

FGR

fetal growth restriction

HF

high frequency

HRV

heart rate variability

LF

low frequency

LF/HF

low frequency/high frequency ratio

PI

pulsatility index

SDNN

standard deviation of R-R interval

UA

umbilical artery

VLF

very low frequency
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Introduction
Low birth weight is associated with an increased risk of cardiovascular disease, obesity,
dyslipidemia and type 2 diabetes in adulthood independently of gestational age, underlining the
importance of normal fetal growth on later outcomes [1−4]. Placental dysfunction, the main cause
of fetal growth restriction (FGR), causes redistribution of blood flow in favor of vital organs − the
heart and the brain, thus enabling the fetus to survive compromised circumstances in utero. These
physiologic adaptations are thought to re-program the development of key fetal organs, but the
exact underlying mechanisms of fetal programming are still unclear. A relationship between
placental insufficiency and adverse short-term outcomes as well as later cardiovascular changes in
children and young adults has been reported [5-10]. However, catch-up growth during the early
years of life seems also to play a role in later cardiovascular health [11,12].
Heart rate variability (HRV) reflects the control of the autonomic nervous system over the
cardiovascular system in physiologic and pathologic conditions and describes the heart`s ability to
adapt to changing circumstances. Abnormal autonomic nervous system function is associated with
cardiovascular mortality. Even among subjects without cardiovascular disease, higher general
mortality rates have been reported in the presence of reduced HRV [13,14]. Furthermore, HRV can
predict adverse cardiovascular events after ischemic cardiac and cerebral insults [15-17]. In
children, the delayed maturation of the autonomic nervous system has been described in preterm
born children [18,19], and an association between low birth weight and abnormal autonomic
nervous system function has been suggested [20-22].
In this study, we hypothesized that HRV in 8-10-year-old children born with FGR is reduced
compared to children with appropriate growth in utero (AGA). Specifically, we wanted to evaluate
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whether significant placental insufficiency and prenatal blood flow redistribution are associated
with reduced HRV measures in FGR children at early school age.
Materials and methods
The subjects of this study belong to a prospectively collected cohort (n=72) of growth-restricted
fetuses (birth weight < 10th percentile and/or umbilical artery pulsatility index, UA PI > 2 SD in a
normal population [23,24] ). Recruited between 1998 and 2001 from our high-risk prenatal unit, the
mothers were followed up serially until delivery. In all cases, gestational age was confirmed with
ultrasound before 20 gestational weeks. Women whose pregnancies were complicated with major
structural and chromosomal abnormalities, chorioamnionitis and/or ruptured membranes were
excluded. Later, the families were contacted to book a follow-up visit for their 8-10-year−old
children for this protocol: 39 children born with FGR participated in the follow-up studies and
successful Holter recordings were obtained from 28 children born with FGR. AGA controls were
collected from the delivery room records from the same period by selecting the following AGA
peer matched for gestational age and gender for the index FGR neonate. The research protocol was
approved by the local ethics committee (permission number 8/2008) and written informed parental
consent was a prerequisite to participation in the study.

Prenatal assessment
Maternal characteristics and obstetric data were collected during the prenatal and delivery visits.
Maternal hypertensive disorders were categorized according to the guidelines of the American
College of Obstetrics and Gynecology [25]. Antenatal steroid therapy included two 12 mg
betamethasone doses given 24 hours apart.
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Detailed information concerning placental and fetal hemodynamic assessments by a single
investigator within a week (median of 2.9 days) prior to delivery was described earlier [26]. Acuson
Sequoia 512 (Acuson, Mountain View, CA, United States) with 4-8 MHz transducers was used for
scanning, and the angle of insonation was kept at <15 degrees in all examinations. Three
consecutive cardiac cycles were obtained and the mean values were used in the analyses. The UA
PI was measured from the free loop of the umbilical cord and further categorized as normal or
increased (UA PI > 2 SD) flow [24,27]. The middle cerebral artery (MCA) PI was assessed, and the
cerebroplacental ratio (CPR) was calculated as the MCA PI/UA PI [28]. Significant placental
insufficiency (UA PI > 2SD) and redistribution of blood flow (CPR < - 2 SD) were determined
according to earlier published longitudinal data [29,30].
Clinical management was based on surveillance tests performed by the managing obstetricians, who
were blinded to the data collected by the investigators. During the period between 1998 and 2001,
the indications for delivery were 1) worsening maternal condition, 2) abnormal non-stress test in
fetal heart rate monitoring, and 3) abnormal ductus venosus pulsatility.

Postnatal assessment
At birth the mode of delivery, antenatal cardiotocographic evaluation, UA blood gas values, Apgar
scores and neonatal morphometric measurements were recorded.
The follow-up studies were performed at a median age of 9 years. Weight and height were
measured by a single investigator. Upper arm blood pressure was measured bilaterally 1 to 3 times
(Dinamap ProCare, GE Helthcare, United States) and its mean value was used for the analyses.
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Heart rate variability analysis
Twenty-four-hour ambulatory ECG recordings were performed with a portable two-channel tape
recorder (Oxford Medilog, Oxford, United Kingdom). The monitoring was started in morning, and
the children were advised to do their normal daily activities during the monitoring. The data was
sampled digitally and transferred from the Oxford Medilog scanner to a microcomputer for HRV
analysis. All data were first edited automatically, and then subjected to detailed manual editing by
visual inspection. Linear trends were abolished from RR interval data segments of 512 samples to
make data more stationary. This was done by fitting a straight line to a segment by a standard leastsquares method and then subtracting it from the sample value. The standard deviation of all R-R
intervals (SDNN) and the mean heart rate were chosen as the time domain indices of HRV. After
editing, a fast Fourier transform method was used to estimate the power spectrum densities of HRV.
The power spectra were quantified by measuring the areas in the following frequency power bands:
(1) <0.0033 Hz: ultra-low frequency; (2) 0.0033 to <0.04 Hz: very low frequency; (3) 0.04 to < 0.15
Hz: low frequency; (4) 0.15 to < 0.40 Hz: high frequency; as recommended by the Task Force [13].
Recordings with <16 hour of data or <85% of qualified sinus beats were excluded.

Statistical analysis
The data were analyzed using the SPSS 22.0 for Windows software package (SPSS Inc., Chicago,
IL, United States). For between-group comparisons, the Student`s t-test was used if the data were
normally distributed, otherwise the Mann-Whitney U test was chosen. Categorical data were
compared with Chi-square analysis and Fisher`s exact test. Data are presented as mean (SD) and
median (range). A two-tailed p-value of <0.05 was selected as the level of statistical significance.
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Results
Maternal and perinatal data are shown in Table 1. Maternal characteristics did not differ between
the studied groups, except for higher incidence of hypertensive pregnancies in the FGR group. As
expected, FGR children were delivered with lower birth weights than the AGA controls. At the time
of the follow-up visit, when the children were between 8 and 10 years of age, there were no
significant differences in weight or height between the FGR children and AGA controls.
Successful Holter recordings were available for 28 FGR children and 19 AGA children. Holter
recordings were unsuccessful in 11 FGR children and 5 AGA children in the initially recruited
groups due to technical reasons. Table 2 shows that there were no significant differences in time
and frequency domain HRV measures between FGR and AGA groups at the age of 8-10 years.
To evaluate the effects of significant placental insufficiency (UA PI > 2 SD) and the redistribution
of fetal blood flow (CPR < -2 SD) on HRV at the age of 8-10 years, subgroup analyses in the FGR
population were performed. HRV measures did not differ significantly between FGR children with
increased UA PI and those with normal UA PI (Table 3). In this FGR cohort, 14 fetuses
demonstrated significant prenatal blood flow redistribution (CPR < - 2SD). At the mean age of 9
years, they demonstrated significantly lower SDNN, HF and VLF values compared with FGR
children with normal CPR (Table 4).

Discussion
At an early school age, children born with FGR demonstrated no significant differences in HRV
measures compared to children with appropriate intrauterine growth (AGA). A subgroup of FGR
children with significant blood flow redistribution to vital organs during fetal life showed lower
SDNN, HF and VLF values, indicating lower vagal and increased sympathetic activity compared to
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FGR children with no Doppler-detectable blood flow redistribution during fetal life. This suggests
that fetal hemodynamic changes are associated with later autonomic nervous system regulation.
The redistribution of fetal cardiac output during chronic hypoxemia is speculated to be either
dependent on the increase in fetal sympathetic activity, or cerebral blood flow could be possibly
maintained by a precise relationship between the prevailing arterial oxygen tension and plasma
noradrenaline concentrations in growth-restricted fetuses. Animal experiments support the latter
choice, while placental embolization doubled fetal noradrenaline concentrations in a 10-day period
in a near-term sheep [31]. The precise timing of the autonomic nervous system development during
fetal life is not known. For decades, heart rate variability has been used for antenatal fetal
surveillance and fetal monitoring during delivery. According to non-invasive human observations,
changes in fetal HRV measures show significant maturation of the autonomic nervous system
beyond 30 gestational weeks [32]. The sympathetic nervous system matures earlier than the
parasympathetic system, whereas there is a significant increase in parasympathetic actions after 30
to 32 weeks of gestation [33, 34]. Prematurity has been suggested to possibly prevent the
physiological maturation of parasympathetic activity [33]. Previous studies have also demonstrated
a higher sympathetic tone and lower vagal tone also in growth-restricted newborns [35], and
increased sympathetic activity is recognized as a risk factor for cardiovascular disease [36]. Due to
these facts and conflicting results of previous studies, probably due to various FGR etiologies, we
wanted to target our study to early school- aged FGR children, who had suffered from
ultrasonographically detected placental dysfunction and hemodynamic stress during their
intrauterine development.
In the present study, no differences in HRV measures were detected between the AGA and FGR
group with or without increased umbilical artery pulsatility at early school age, although negative
insults during fetal life have been suggested to impact autonomic nervous system function
postnatally. In a sheep model, chronic hypoxemia due to placental insufficiency was shown to result
9

in a suppression of fetal adrenaline synthetic capacity and impaired adrenaline secretory responses
to acute hypoxia immediately after birth [37]. In humans, the impact of antenatal stress on later
autonomic nervous system function has been evaluated by the means of HRV. Associations
between low birth weight and various HRV measures have been reported [20,21,35, 38] but
negative results have also been found [22, 39]. We suspect that this is due to the differences in study
designs and cohorts. In the studies with positive correlations between birth weight and HRV
measures, the age of the monitored children varied between 1 day and 14 years of age; and the
monitoring period varied between 3 to 40 minutes and 24 hours. Aziz et al. [22] found no HRV
differences between term-born FGR and AGA 9-10-year-old children with a 24-hour HRV
monitoring, which is in line with our findings. However, in their subgroup analyses, time and
frequency domain HRV differences were detected between lighter born FGR children (< 2500g at
delivery) and FGR children with a heavier birth weight (> 2500g at delivery) and AGA controls, but
no ultrasonographic data on fetal circulation were available. In Aziz et al.`s study, the AGA controls
and lighter FGR children showed body mass index (BMI) centiles of 73 and 43 at the age of 9-10
years. In our study, however, the difference in postnatal growth between FGR and AGA groups
was small, with the BMI centiles being 54 and 52, respectively.
In the present study, 56 % of the FGR group showed a significant redistribution of blood flow
during fetal development according to abnormally low ratio between cerebral and placental
pulsatility. Compared with FGR children with normal CPR, this subgroup demonstrated lower
SDNN, HF and VLF values reflecting lower overall HRV and altered autonomic nervous system
regulation of HRV, but they were also born with a lower gestational age. Low birth weight can
result from preterm delivery, as well as from fetal growth restriction. Prematurity, per se, can affect
the function of the autonomic nervous system later in life. Gestational age at delivery has varied in
earlier studies. Rakow et al. [21] compared heart rate variability at 9 years of age in children born
preterm with children born at term with either low or normal birth weight, and found that preterm
10

born children and term children with low birth weight had significantly lower time and frequency
domain parameters compared to the controls. On the other hand, in a small follow-up study, preterm
born infants revealed a delayed autonomic nervous system development at term age, but in reinvestigations at 2-3 years and 6-7 years of age, no differences were found when compared to term
born controls [18]. De Rogalski Landrot et al. [18] reported that, in preterm infants, the autonomic
nervous system maturation reached the control group at 2 years of age, and parasympathetic activity
showed marked long-term maturation up to 6-7 years of age, and according to Cohen et al. [38]
preterm FGR neonates displayed compromised HRV compared to preterm AGA neonates
immediately after delivery with no differences at the age of 1 and 6 months. Interestingly,
Yiallourou et al. [39] found no differences in HRV parameters of 5-12-year-old children born
preterm with severe FGR with umbilical artery blood flow abnormalities, when compared to term
born, normally grown controls, whereas preterm born, appropriately grown children demonstrated
altered HRV. They speculated the possibility that FGR may protect the autonomic nervous system
from the effects of prematurity [39]. In our study, the FGR and AGA groups were gestational agematched in order to control the impact of gestational age on the results. However, in our subgroup
analyses, we were unable to explore the impact of the gestational age on the HRV outcome.
Furthermore, we suspect that the variability of HRV measures in the AGA control group in our
study may partly reflect the effect of gestational age on HRV assessment as earlier studies have
shown that prematurity impacts HRV [18, 21,39].

We recognize that the rather small size of the study group is a limitation of our study.
Unfortunately, Holter recordings were unsuccessful in some cases due to technical reasons. While
the results of some previous studies have been reached from 3-minute recordings, we used 24-hour
Holter monitoring, the golden standard, for our analyses. In addition, we think that the strength of
our study lies in the precise prenatal cardiovascular assessments of placental and fetal circulation.
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This is particularly relevant because no prenatal hemodynamic data was available in previous
studies. In the present study, the weight and height of the Holter-recorded FGR and AGA groups
did not differ significantly at 8-10 years of age. At early school age, the FGR children with
unsuccessful Holter recordings were lighter than those with successful recordings. However,
excessive postnatal catch-up growth rather than low body weight in childhood has been associated
with later cardiovascular morbidity. Previous studies show that excessive postnatal growth and
childhood obesity reduce cardiac parasympathetic activity and increase sympathetic activity,
although the underlying mechanisms are unclear [40].

Conclusions
According to this study with detailed prenatal hemodynamic data, no significant HRV differences
were detected between FGR and AGA children at early school age. However, a subgroup of FGR
children with significant blood flow redistribution during fetal life showed signs of impaired
autonomic nervous system regulation, which may indicate an increased risk for cardiovascular
morbidities in later life.

Acknowledgements
This work was supported by the Alma och K. A. Snellman Foundation (NK), the Instrumentarium
Foundation under Grant 180014 (NK); the Finnish Cultural Foundation under Grant 00180555
(NK) and Oulu University Health and Biosciences Doctoral Program (NK).
The authors declare no conflicts of interest.

12

References
[1] Barker DJ, Osmond C, Golding J, et al. Growth in utero, blood pressure in childhood and adult
life, and mortality from cardiovascular disease. BMJ. 1989; 298: 564-567.

[2] Barker DJ. Fetal origins of coronary heart disease. BMJ. 1995; 311: 171-174.

[3] Law CM, Shiell AW, Newsome CA, et al. Fetal, infant, and childhood growth and adult blood
pressure: A longitudinal study from birth to 22 years of age. Circulation. 2002; 105: 1088-2092.

[4] Kaijser M, Bonamy AK, Akre O, et al. Perinatal risk factors for ischemic heart disease:
Disentangling the roles of birth weight and preterm birth. Circulation. 2008; 117: 405-410.

[5] Baschat AA, Cosmi E, Bilardo CM, et al. Predictors of neonatal outcome in early-onset
placental dysfunction. Obstet Gynecol. 2007; 109: 253-261.

[6] Lees CC, Marlow N, van Wassenaer-Leemhuis A, et al. 2 year neurodevelopmental and
intermediate perinatal outcomes in infants with very preterm fetal growth restriction (TRUFFLE): A
randomised trial. Lancet. 2015; 385: 2162-2172.

[7] Kaukola T, Räsänen J, Herva R, et al. Suboptimal neurodevelopment in very preterm infants is
related to fetal cardiovascular compromise in placental insufficiency. Am J Obstet Gynecol. 2005;
193: 414-420.

[8] Brodszki J, Länne T, Marsal K, et al. Impaired vascular growth in late adolescence after
intrauterine growth restriction. Circulation. 2005; 111: 2623-2628.

[9] Crispi F, Bijnens B, Figueras F, et al. Fetal growth restriction results in remodeled and less
efficient hearts in children. Circulation. 2010; 121: 2427-2436.

13

[10] Skilton MR, Viikari JS, Juonala M, et al. Fetal growth and preterm birth influence
cardiovascular risk factors and arterial health in young adults: The Cardiovascular Risk in Young
Finns Study. Arterioscler Thromb Vasc Biol. 2011; 31: 2975-2981.

[11] Wen X, Triche EW, Hogan JW, et al. Prenatal factors for childhood blood pressure mediated
by intrauterine and/or childhood growth? Pediatrics. 2011; 127: 713-721.

[12] Mäkikallio K, Shah J, Slorach C, et al. Fetal growth restriction and cardiovascular outcome in
early human infancy: A prospective longitudinal study. Heart Vessels. 2016; 31: 1504-1513.

[13] Heart rate variability: Standards of measurement, physiological interpretation and clinical use.
Task Force of the European Society of Cardiology and The North American Society of Pacing and
Electrophysiology. Circulation. 1996; 93: 1043-1065.

[14] Dekker JM, Schouten EG, Klootwijk P, et al. Heart rate variability from short
electrocardiographic recordings predicts mortality from all causes in middle-aged and elderly men.
The Zutphen study. Am J Epidemiol. 1997; 145: 899-908.

[15] La Rovere MT, Bigger JT,Jr, Marcus FI, et al. Baroreflex sensitivity and heart-rate variability
in prediction of total cardiac mortality after myocardial infarction. ATRAMI (autonomic tone and
reflexes after myocardial infarction) investigators. Lancet. 1998; 351: 478-484.

[16] Huikuri HV, Stein PK. Heart rate variability in risk stratification of cardiac patients. Prog
Cardiovasc Dis. 2013; 56: 153-159.

[17] Norman GJ, Karelina K, Berntson GG, et al. Heart rate variability predicts cell death and
inflammatory responses to global cerebral ischemia. Front Physiol. 2012; 3: 131.

14

[18] De Rogalski Landrot I, Roche F, Pichot V, et al. Autonomic nervous system activity in
premature and full-term infants from theoretical term to 7 years. Auton Neurosci. 2007; 136: 105109.

[19] Patural H, Pichot V, Jaziri F, et al. Autonomic cardiac control of very preterm newborns: A
prolonged dysfunction. Early Hum Dev. 2008; 84: 681-687.

[20] Souza LV, Oliveira V, De Meneck F, et al. Birth weight and its relationship with the cardiac
autonomic balance in healthy children. PLoS One. 2017; 12: e0167328.

[21] Rakow A, Katz-Salamon M, Ericson M, et al. Decreased heart rate variability in children born
with low birth weight. Pediatr Res. 2013; 74: 339-343.

[22] Aziz W, Schlindwein FS, Wailoo M, et al. Heart rate variability analysis of normal and growth
restricted children. Clin Auton Res. 2012; 22: 91-7.

[23] Pihkala J, Hakala T, Voutilainen P, et al. Characteristic of recent fetal growth curves in
Finland. Duodecim. 1989; 105: 1540-1546.

[24] Acharya G, Wilsgaard T, Berntsen GK, et al. Reference ranges for serial measurements of
blood velocity and pulsatility index at the intra-abdominal portion, and fetal and placental ends of
the umbilical artery. Ultrasound Obstet Gynecol. 2005; 26: 162-169.

[25] ACOG Committee on Obstetric Practice. ACOG practice bulletin. Diagnosis and management
of preeclampsia and eclampsia. Number 33, January 2002. American College of Obstetricians and
Gynecologists. Int J Gynaecol Obstet. 2002; 77: 67-75.

[26] Mäkikallio K, Räsänen J, Mäkikallio T, et al. Human fetal cardiovascular profile score and
neonatal outcome in intrauterine growth restriction. Ultrasound Obstet Gynecol. 2008; 31: 48-54.

15

[27] Giles WB, Trudinger BJ, Baird PJ. Fetal umbilical artery flow velocity waveforms and
placental resistance: Pathological correlation. Br J Obstet Gynaecol. 1985; 92: 31-38.

[28] Gramellini D, Folli MC, Raboni S, et al. Cerebral-umbilical doppler ratio as a predictor of
adverse perinatal outcome. Obstet Gynecol. 1992; 79: 416-420.

[29] Baschat AA, Gembruch U. The cerebroplacental doppler ratio revisited. Ultrasound Obstet
Gynecol. 2003; 21: 124-127.

[30] Hecher K, Campbell S, Snijders R, et al. Reference ranges for fetal venous and atrioventricular
blood flow parameters. Ultrasound Obstet Gynecol. 1994; 4: 381-390.

[31] Gagnon R, Challis J, Johnston L, et al. Fetal endocrine responses to chronic placental
embolization in the late-gestation ovine fetus. Am J Obstet Gynecol. 1994; 170: 929-938.

[32] Gagnon R, Campbell K, Hunse C, et al. Patterns of human fetal heart rate accelerations from
26 weeks to term. Am J Obstet Gynecol 1987; 157 (3): 743-748.
[33] Patural H, Barthelemy JC, Pichot V, et al. Birth prematurity determines prolonged autonomic
nervous system immaturity. Clin Auton Res 2004; 14: 391–395.
[34] Eyre EL, Duncan MJ, Birch SL, Fisher JP. The influence of age and weight status on cardiac
autonomic control in healthy children: a review. Auton Neurosci 2014 Dec; 186:8-21.
[35] Galland BC, Taylor BJ, Bolton DP, et al. Heart rate variability and cardiac reflexes in small for
gestational age infants. J Appl Physiol (1985). 2006; 100: 933-939.
[36] Lahiri MK, Kannankeril PJ, Goldberger JJ. Assessment of autonomic function in
cardiovascular disease: physiological basis and prognostic implications. J Am Coll Cardiol. 2008;
51: 1725-1733.

16

[37] Oyama K, Padbury J, Chappell B, et al. Single umbilical artery ligation-induced fetal growth
retardation: Effect on postnatal adaptation. Am J Physiol. 1992; 263: 575-583.
[38] Cohen E, Wong FY, Wallace EM, et al. Fetal-growth-restricted preterm infants display
compromised autonomic cardiovascular control on the first postnatal day but not during infancy.
Pediatr Res 2017 Sep;82(3):474-482.
[39] Yiallourou SR, Wallace EM, Whatley C, et al. Sleep: A Window Into Autonomic Control in
Children Born Preterm and Growth Restricted. Sleep 2017 May 1;40(5):10.1093/sleep/zsx048.
[40] Schneider U, Bode F, Schmidt A, Nowack S, Rudolph A, Dolker EM, et al. Developmental
milestones of the autonomic nervous system revealed via longitudinal monitoring of fetal heart rate
variability. PLoS One 2018 Jul 17;13(7): e0200799.

17

Table 1. Perinatal, morphometric and cardiovascular characteristics in 8-10-year-old children born
with fetal growth restriction (FGR) and control children with appropriate fetal growth (AGA). The
values given are mean (SD), median (range) and % (n).
FGR

AGA

p-value

(n = 28)

(n =19)

Maternal age at delivery (years)

30 (17 - 40)

31(21 - 39)

0.81

Preeclampsia

43 (12/28)

5 (1/19)

0.004

Mild

21 (6/28)

0

Severe

21 (6/28)

6 (1/19)

Pregnancy induced hypertension

11 (3/28)

6 (1/29)

71 (20/28)

84 (16/19)

Maternal indication

11 (3/28)

26 (5/19)

Fetal indication

69 (17/28)

53 (10/19)

35 (24 - 40)

37 (27 - 40)

0.35

1738 (370-2940)

2990 (985-5190)

0.001

56.6 (20.0-96.9)

<0.001

Perinatal characteristics

Cesarean delivery

Gestational age at delivery (weeks)
Birth weight (g)
Birth weight percentile
Apgar – 5 minutes

2.4 (0.1-41.6)

0.49

9 (3 - 10)

9 (6 - 10)

0.48

Umbilical artery pH

7.29 (0.06)

7.26 (0.05)

0.16

Male

46 (13/28)

47 (9/19)

1.00

Antenatal steroids

57 (12/21)

60 (6/10)

1.00

Abnormal*

29 (7/24)

8 (1/13)

0.22

Normal

71 (17/24)

92 (12/13)

Non-stress CTG

UA PI ≥ 2 SD

71 (20/28)

0

MCA PI < - 2 SD

32 (8/25)

0

CPR < -2SD

56 (14/25)

0

Morphometric and cardiovascular characteristics at early school-age
Blood pressure (mmHg)
105 (4)

106 (11)

0.69

0.04 (0.56)

0.21 (1.45)

0.69

61 (4)

61 (6)

0.80

-0.02 (0.77)

0.07 (1.18)

0.81

Weight (kg)

29 (6)

30 (5)

0.57

Height (cm)

133 (7)

135 (7)

0.34

Body mass index (kg/m2)

16 (2)

16 (2)

0.91

-0.16 (0.71)

-0.14 (0.52)

0.91

Systolic
Z-score
Diastolic
Z-score

Z-score

*Late decelerations, bradycardia
CPR, cerebroplacental ratio; CTG, cardiotocography; MCA, middle cerebral artery; PI, pulsatility
index; UA, umbilical artery

Table 2. Heart rate variability (HRV) measures in 8-10-year-old children born with fetal growth
restriction (FGR) and control children with appropriate fetal growth (AGA). The values given are
mean (SD) and median (range).
FGR

AGA

p-value

(n = 28)

(n = 19)

83.3 (7.5)

86.6 (8.9)

0.18

166.6 (37.0)

157.3 (40.2)

0.42

LF

1625.0 (439.0-4494.0)

1362.0 (578.0-4549.0)

0.22

HF

1683.5 (308.0-12552.0)

1395.0 (474.0-7694.0)

0.45

1.08 (0.56)

1.04 (0.48)

0.77

2208.0 (1146.5)

1946.1 (1003.5)

0.42

HRV measures
Time domain measures
HHR
SDNN
Frequency domain measures

LF/HF
VLF

HHR, Holter heart rate; HF, high frequency; LF, low frequency; SDNN, standard deviation of
normal to normal RR intervals; VLF, very low frequency

Table 3. Heart rate variability (HRV) measures in 8-10-year-old children born with fetal growth
restriction (FGR) and either increased UA pulsatility (UA PI ≥ 2 SD) or normal umbilical artery
(UA) pulsatility (UA PI < 2 SD. The values are given in % (n), mean (SD) and median (range).
p-value

FGR

FGR

Increased

Normal

UA pulsatility

UA pulsatility

(n = 20)

(n = 8)

34 (26-38)

38 (24-40)

0.14

1565 (370-2940)

2160 (538-2765)

0.12

9 (1)

9 (1)

Apgar 5 min <7

11 (2/18)

13 (1/8)

UA pH at birth

7.27 (0.06)

7.31 (0.07)

0.20

MCA PI < - 2 SD

39 (7/18)

14 (1/7)

0.36

CPR < -2SD

72 (13/18)

14 (1/7)

0.02

84.1 (7.3)

81.5 (8.2)

0.43

Gestational age at
birth (weeks)
Birth weight (grams)
Apgar 5 min

0.67
1.00

Prenatal Doppler
measures

HRV measures
Time domain measures
HHR
SDNN

161.4 (38.4)

179.6 (31.8)

0.25

Frequency domain measures
LF

1597.5 (439.0-4494.0)

HF

1519.5 (308.0-12552.0)

LF/HF

1.14 (0.62)

2068.5 (764.0-3540.0)
2591.5 (624.0-5910.0)
0.94 (0.35)

0.53
0.44
0.40

VLF

2142.8 (1077.2)

2371.1 (1370.3)

0.64

CPR, cerebroplacental ratio; HHR, Holter heart rate; HF, high frequency; LF, low frequency; MCA,
middle cerebral artery; PI, pulsatility index; SDNN, standard deviation of normal to normal RR
intervals; UA, umbilical artery; VLF, very low frequency

Table 4. Heart rate variability (HRV) measures in 8-10-year-old children born with fetal growth
restriction (FGR) and either decreased cerebroplacental ratio (CPR < - 2SD), showing significant
blood flow redistribution or normal CPR (CPR ≥ - 2SD). The values given are % (n), mean (SD)
and median (range).
FGR

FGR

Decreased CPR

Normal CPR

(n=14)
Gestational age at birth
Birth weight (grams)

p-value

(n=11)

33 (26-38)

38 (32-40)

0.007

1248 (370-2310)

2300 (2050-

0.001

2765)
Apgar 5 min

9 (1)

9 (1)

0.23

Apgar 5 min <7

14 (2/14)

0

0.49

UA pH at birth

7.26 (0.06)

7.30 (0.06)

0.14

UA PI > 2 SD

93 (13/14)

46 (5/11)

0.02

MCA PI < - 2 SD

57 (8/14)

0 (0/11)

0.003

85.4 (8.2)

80.5 (5.8)

0.11

151.6 (34.5)

188.9 (31.6)

0.01

1510.5 (439-3093)

2246.0 (1020-

0.09

Prenatal Doppler
measures

HRV measures
Time domain measures
HHR
SDNN
LF

4494)
HF

1375.0 (308-8845)

2228.0 (624-

0.03

12552)
LF/HF

1.27 (0.63)

0.87 (0.38)

0.07

VLF

1767.2 (848.9)

2808.6 (1359.6)

0.03

HHR, Holter heart rate; HF, high frequency; LF, low frequency; MCA, middle cerebral artery; PI,
pulsatility index; SDNN, standard deviation of normal to normal RR intervals; UA, umbilical
artery; VLF, very low frequency

