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Background: Fetal growth restricted (FGR) neonates have increased risk of circulatory compromise due to failure
of normal transition of circulation after birth.

Aim: Echocardiographic assessment of heart function in FGR neonates first three days after birth.

Study design: Prospective observational study.

Subjects: FGR- and non-FGR neonates.

Outcome measures: M-mode excursions and pulsed-wave tissue Doppler velocities normalised for heart size and E/
¢’ of the atrioventricular plane day one, two and three after birth.

Results: Compared with controls (non-FGR of comparable gestational age, n = 41), late-FGR (gestational age >
32 weeks, n = 21) exhibited higher septal excursion (15.9 (0.6) vs. 14.0 (0.4) %, p = 0.021) (mean (SEM)) and
left E/e’ (17.3 (1.9) vs.11.5 (1.3), p = 0.019). Relative to day three, indexes on day one were higher for left
excursion (21 (6) % higher on day one, p = 0.002), right excursion (12 (5) %, p = 0.025), left ¢’ (15 (7) %, p =
0.049), right a’ (18 (6) %, p = 0.001), left E/e’ (25 (10) %, p = 0.015) and right E/e’ (17 (7) %, p = 0.013),
whereas no index changed from day two to day three. Late-FGR had no impact on changes from day one and two
to day three. No measurements differed between early-FGR (n = 7) and late-FGR.

Conclusions: FGR impacted neonatal heart function the early transitional days after birth. Late-FGR hearts had
increased septal contraction and reduced left diastolic function compared with controls. The dynamic changes in
heart function between first three days were most evident in lateral walls, with similar pattern in late-FGR and
non-FGR. Early-FGR and late-FGR exhibited similar heart function.

1. Introduction % of all pregnancies [5].

During prenatal life, left and right atrial and ventricular pressures are

Fetal growth restriction (FGR) is one of the major challenges in
perinatal care. It is associated with increased risk of neonatal morbidity
and mortality, and those born after FGR carry higher risks for metabolic
and cardiovascular diseases later in life [1-3]. The contemporary defi-
nition of FGR distinguishes between early-FGR and late-FGR and is
based on gestational age (GA), growth of the fetus, maternal and fetal
blood flow patterns to the placenta, and compensatory changes in fetal
haemodynamics [4]. FGR due to placental compromise affects up to 10

similar [6], but right ventricular output is higher than left [7]. In FGR,
however, the fetal heart faces altered haemodynamic demands that
include increased afterload and reduced venous return from the
placenta. Although maintaining a normal combined cardiac output per
kg, their cardiac development reflects an altered morphological and
distributional adaptation graded according to the degree of placental
compromise [7,8]. Le., increased afterload primarily affects the left
ventricle that responds with a globular morphology, a pattern that also

Abbreviations: @', peak diastolic tissue Doppler velocity during atrial systole; BW, birth weight; €', peak early diastolic tissue Doppler velocity; FGR, fetal growth
restriction; GA, gestational age; pwTD, pulsed-wave tissue Doppler; s', peak systolic tissue Doppler velocity.
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may develop on the right side in severe cases [9-11]. Simultaneously, an
increased fraction of cardiac output is shifted to the more compliant
right side increasing the right-left difference according to severity of
placental dysfunction. Under extreme conditions, such distributional
adaptation tends to break down [7,8].

At birth, the normal neonates use their early transitional days to
establish the postnatal serial configuration of the systemic and pulmo-
nary circulation, with systemic blood flow dependent on the left heart
and pulmonary blood flow dependent on the right heart.

FGR neonates, on the other hand, are known to be at risk of circu-
latory compromise at this stage [12,13]. A better knowledge of how the
FGR cardiac morphology and function respond to postnatal demands
would help in differentiating and optimising treatment.

The management of circulatory challenges in neonates after FGR will
benefit from a deeper and more detailed understanding of how the
morphologically altered FGR hearts adapt during the transition. So far,
studies investigating the early postnatal cardiovascular effects of FGR
classified according to current recommendations [4] are scanty.

This study aimed to assess the effects of FGR on heart function in late
premature and term FGR compared with non-FGR neonates during the
postnatal circulatory transitional period the first three days after birth,
and how GA, birth weight (BW), sex and twin/singleton modify these
effects.

2. Methods
2.1. Study population and inclusion criteria

In a prospective observational cohort study at Oslo University Hos-
pital, Norway (April 2017 to October 2018), we included pregnant
women and their FGR neonates (GA 30-42 weeks) according to locally
modified contemporary published guidelines (Table 1) [4]. The control
group was a corresponding cohort within the same range of GA, with
prenatal documented normal fetal growth and circulation by ultrasound.
We included singleton and dichorionic diamniotic twins, but excluded
pregnancies with chromosomal aberrations, severe congenital anoma-
lies, and prenatal infections. We have previously studied the morpho-
logical changes in this group [14]. Here we address their heart function.

Table 1
Definition of FGR used in the study, and the number of participants fulfilling
each criteria.

N
Early-FGR 7
Gestational age 307°-31"° plus one of the following:
a) AC < 3rd centile )
b) Absent or reversed flow in umbilical artery 3)

¢) AC < 10th centile, combined with PI > 95th centile in umbilical and/ (3]
or uterine artery

Late-FGR 21
Gestational age 32°-42*° plus one of the following:
a) Two out of three: (20)

i) AC < 10th centile (n = 20)
ii) AC crossing two of the following centiles: 2.5, 5, 10, 25, 50, 75, 90,
95 and 97.5) (n = 17)
iii) CP-ratio < 5th centile or PI >95th centile in the umbilical artery (n
=8)
b) AC < 3rd centile [€D)]

AC: abdominal circumference, CP: cerebroplacental ratio, FGR: fetal growth
restriction, PI: pulsatility index. N: Number of participants fulfilling each of the
criteria.

Definition used in the study was locally adjusted criteria for FGR, based on
published definition by Gordijn et al. [4]. Most important adjustments were that
a) deviations in AC was the single criterion for size in the local definition, in
contrast to AC and/or estimated fetal weight in the published definition, and b)
for Late-FGR a ii), crossing two of the listed centiles fulfilled the local growth-
velocity criterion, in contrast to two quartiles in the published definition.
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2.2. Ethics

The Hospital's Data Protection Officer and The Regional Ethics
Committee of Research, south-east, Norway approved the study (2016/
923D). The parents gave written informed consent. The study was
conducted in accordance with the Declaration of Helsinki [21].

2.3. Maternal, fetal and neonatal baseline characteristics

We recorded maternal and fetal characteristics as in our study of
cardiac morphology in the same cohort [15].

Estimated fetal size was based on percentiles of abdominal circum-
ference [16]. Fetal circulation was assessed by determining the pulsa-
tility index in the umbilical artery [17], the middle cerebral artery [18],
ductus venosus [19] and both uterine arteries [20]. Cerebroplacental
ratio was the pulsatility index of the middle cerebral artery divided by
the pulsatility index of the umbilical artery.

We determined GA using head circumference or femur length
[21,22] at a routine ultrasound examination at gestational week 18. In
the FGR cohort, the recordings from the last ultrasound examination
prior to birth were used as basis for inclusion. The non-FGR cohort had
one ultrasound examination as part of the prenatal visits to the outpa-
tient clinic as close to term as feasible.

For baseline neonatal characteristics, we recorded GA, BW, head
circumference, sex, twin/singleton and Apgar score at 5 min.

2.4. Postnatal echocardiographic assessment

One neonatologist (LB) performed all the postnatal ultrasound ex-
aminations on day one, two and three after birth. Details of the meth-
odology have been previously published [14]. Small insignificant
muscular ventricular septal defects did not disqualify from participation.

We acquired 1) apical four-chamber M-mode and pulsed-wave tissue
Doppler (pwTD) images to assess excursions and velocities of the
atrioventricular plane, 2) apical four-chamber grey-scale images to
assess the area of the right ventricle and the length of the ventricular
septum, 3) apical four-chamber pulsed-wave blood Doppler velocity
images to assess the blood velocities of the atrioventricular valves, and
4) parasternal M-mode images to assess the diameter of the left ventricle
[23-25]. The pwTD sample volume was 5 mm (default setting). For all
recordings we used the default grey-scale frame rate, a pwTD velocity
range of >+16 cm/s to avoid aliasing, and simultaneous ECG
recordings.

2.5. Off-line echocardiographic analyses

The same physician who performed the neonatal scans (LB), did the
off-line analyses using EchoPAC PC SWO analysis software system
version 202 (GE, Vingmed, Horten, Norway). The average of the three
best images or cycles entered the analysis. To compare hearts of various
sizes, we normalised pwTD velocities and excursions by dividing by the
septal length at end-diastole, and hence used septal length as a surrogate
measure of heart size [26-28]. The septal length was the distance be-
tween the apical pericardium and the septal hinge of the mitral valve at
onset of systole [29,30].

Atrioventricular plane excursions were the distances between end-
systole and end-diastole at the left lateral, septal and right lateral
hinges of the atrioventricular valves on M-mode images [23]. Excursion
normalised for ventricular length served as a measure of global longi-
tudinal function [24,27].

The left lateral, septal and right lateral atrioventricular plane peak
systolic (s"), peak early diastolic (¢’) and peak diastolic (a’) velocities
during atrial systole were the peaks on the respective pwTD images
(Fig. 1). 8’ normalised for heart size served as a measure of global lon-
gitudinal function during systole. Similarly, diastolic velocities nor-
malised for heart size served as measures of global longitudinal function
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Fig. 1. Tissue Doppler analysis from an FGR infant. Image shows analysis of a pulsed-wave tissue Doppler image from the septal wall.

Left panel: Apical four-chamber Tissue Doppler image. Pulsed-wave velocities are sampled along the dotted yellow line (indicating the direction of the ultrasound
beam) between the two yellow solid lines. Right panel: The white curve shows the velocities recorded throughout cardiac cycles. Yellow circles at the s’, e’ and a’ peak
velocities in systole and in early and late diastole, respectively. Velocities were normalised for heart size by dividing by the septal length at end of diastole. See
chapter 2 section 2.5 Off-line echocardiographic analyses for details. X-axis: Time. Y-axis: tissue velocity (cm/s). Cyan curve shows the ECG signal. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[24] during diastole.

The early diastolic blood velocities of the tricuspid and mitral valves
were the early diastolic peak from the respective pulsed-wave blood
Doppler velocity images. The right and left E/e’ were the peak early
diastolic blood Doppler velocity of the tricuspid and mitral valves,
divided by the right and left lateral early peak diastolic pwTD velocity.

The fractional area change of the right ventricle was the relative
change in area from end-diastole to end-systole, and the fractional
shortening of the left ventricle was the relative change in diameter from
end-diastole to end-systole [23].

2.6. Statistical analysis

FGR neonates were divided into early- and late-FGR according to the
inclusion criteria. Within the allocated study period, it turned out to be
no inclusions below 34 weeks in the non-FGR cohort justifying com-
parison with the early-FGR. The analysis strategy was therefore shifted
to make two separate sets of analyses. One set comparing the late-FGR
with the non-FGR cohort, and one set comparing the early and late-
FGR cohorts.

When planning the study, we deemed ten percent relative difference
in echocardiographic variables as an arbitrary clinically relevant dif-
ference between groups. Based on previous studies [29,30], power

calculations showed that a sample size of 25-30 in each group would
provide 80 percent statistical power for detecting such differences with
two-sided five percent p-values.

We used t-test, chi square test and independent samples Mann-
Whitney U test for analyses of independent variables, and mixed-
effects linear regression models for analyses of repeated continuous
variables. All mixed-effects models included intercepts and FGR as an
independent categorical fixed effect. We assessed effects of FGR on
measurements in one model assessing the unadjusted effect of FGR and a
second model assessing the adjusted effects of FGR by taking GA, BW,
sex, and twin/singleton into the model as fixed-effects covariates. For
transitional changes, we used measurements on day three as reference
and assessed changes during transition as percentage differences in
indices on day one and day two in a model where day of assessment was
a covariate in addition to GA, BW, sex, and twin/singleton. In a model
assessing impact from heart rate on heart function, heart rate was a
fixed-effects covariate in addition to GA, BW, sex, and twin/singleton.

Our approach allowed for detailed adjustment of the effects of GA
and BW and accounted for consecutive examinations in the participants.
As the GA and BW correlated at a higher level (0.91) than our pre-
selected threshold for collinearity (0.75), we were unable to assess the
separate effects of BW and GA on the measurements.

We present heart function variables as Estimated Marginal Means.
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The software calculated the Estimated Marginal Means in the adjusted
models by use of the average values for each of the continuous fixed-
effects covariates (GA and BW), and therefore used GA 38 weeks and
BW 2.8 kg in the comparisons between late-FGR and non-FGR, and 35
weeks and 1.9 kg in the comparisons between early-FGR and late-FGR.
Estimated Marginal Means hence represents expected values for a
neonate with the average GA and BW.

We used two-sided tests, 95 percent confidence intervals and five
percent p-values for all tests, and IBM SPSS Statistics for Windows,
version 28.0 (IBM Corp., Armonk, N.Y., USA) for all analyses.

3. Results

The 62 women gave birth to 69 neonates: 28 FGR (7 early- and 21
late-FGR) and 41 non-FGR. The number of days from the last prenatal
ultrasound examination to delivery was median (interquartile range) 6
(2-21); early-FGR 3 (0-4), late-FGR 2 (1-4) and non-FGR 18 (7-29).
Table 1 shows the number of FGR neonates fulfilling each of the FGR
criteria. Nearly 50 % had signs of prenatal circulatory compromise, five
in the early (71 %) and eight in the late FGR (38 %) group.

3.1. Clinical and baseline characteristics

Clinical and baseline characteristics has been reported previously
[14] and are shown in Table 2. We assigned a mother of twins as FGR if
at least one twin was FGR. Mean time from delivery to the first echo-
cardiography was 25 (standard deviation 8) hours, to the second 47 (7)
and to the third 71 (8).

FGR neonates had lower GA, BW, and head circumference than non-
FGR neonates (Table 2) (p < 0.05). Sex and Apgar score at 5 min were
similar. Rates of caesarean section were higher in both FGR cohorts than
in the non-FGR cohort (p < 0.05). Only neonates who were either pre-
mature or suffered from FGR needed admission to the Neonatal Inten-
sive Care Unit. All neonates admitted to the Neonatal Intensive Care Unit
survived to discharge and none of them were at any time critically ill.
Only one participant needed ventilatory support, a preterm FGR neonate
received CPAP the first two days after birth.

3.2. Heart function

We conducted 60 postnatal ultrasound examinations on day one, 66
on day two and 63 on day three after birth. Eighteen examinations were
missing due to logistical reasons. Except for small, haemodynamically
insignificant ventricular septal defects in two participants, all neonates
had structurally normal hearts.

Neonates exposed to late-FGR had higher septal excursion, higher
right a’, and higher left E/e’ than non-FGR in unadjusted and adjusted
analyses (Table 3). Right s’ was higher in unadjusted analyses. All other
measurements were similar between the two cohorts. Changes during
transition were similar in late-FGR and non-FGR. Left- and right lateral
excursions, left e and right a’, and both left- and right E/e’ were
significantly higher on day one than on day three (Fig. 2). No index
changed significantly from day two to day three.

An increase of 10 beats per minute was associated with an increase of
0.04 (0.02)/s, p = 0.039 (mean and standard error of the mean) in in
right s'. Heart rate had no significant impact on other systolic velocities,
excursions, E/€/, left ventricular fractional shortening or right ventric-
ular fractional area change. For diastolic velocities, an increase of 10
beats per minute was associated with increases in septal e’ (0.04 (0.02)/
s, p = 0.014), septal a’ (0.04 (0.02)/s, p = 0.049) and right a’ (0.11
(0.03)/s, p = 0.004). There were no changes for left €/, left a’ or right €.

Early-FGR neonates had higher left s’ and heart rate than late-FGR in
unadjusted analyses. Other measurements were similar in unadjusted
analyses, and all measurement were similar in the adjusted analyses
(Table 4).
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Table 2
Clinical and baseline characteristics.

Maternal characteristics Early- Late-FGR Non-FGR

n =62 FGR n=19 n=36
n=7

Age, years 36 (6) 35(5) 34 (5)

Height, cm 163 (4) 166 (7) 166 (6)

Pre-pregnancy weight, kg 67 (12) 63 (15) 63 (9)

Pre-pregnancy BMI, kg/m? 23 (4 22 (4 22 (3)

Higher education 6/7 (86 12/18 (67  28/35 (80
%) %) %)

Non-smoking during pregnancy 6/7 (86 18/19 (95 35/36 (97
%) %) %)

No alcohol during pregnancy 6/7 (86 15/26 (79 30/36 (83
%) %) %)

Pre-pregnancy and pregnancy related 4/7 (57 8/19 (42 16/36 (46

medical condition %) %) %)

Preeclampsia 4/7 (57 4/19 (21 0/36 (0
%) %) %)

Antihypertensive medication 4/6 (66 2/17 (12 2/34 (6
%) %) %)

Maternal blood pressure (mm Hg)

- Early systolic 126 (15) 108 (9) 111 (9)

- Early diastolic 79 (15) 69 (9) 70 (9)

- Late systolic 136 (21) 121 (23) 112 (12)

- Late diastolic 82 (7) 77 (13) 73 (9)
Neonatal characteristics Early-FGR Late-FGR Non-FGR
n=69 n=7 n=21 n=41
Gestational age, weeks 31.0 (0.7) 36.7 (2.2) 39.0 (2.5)
Prematurity, 30-37 weeks 7/7 (100 %) 12/21 (57 %) 12/41 (29 %)
Birth weight, kg 1.1 (0.2) 2.2 (0.5) 3.2 (0.7)
Head circumference, cm 27.3 (1.3) 30.3 (2.4) 31.3(1.7)

Sex, girls 5/7 (71 %) 11/21 (52 %) 21/41 (51 %)
Caesarean section 7/7 (100 %) 13/21 (62 %) 11/41 (27 %)
Apgar, 5 min 8(2) 9(2) 10 (1)
Ponderal Index 23 (1) 24 (3) 27 (3)

Admission to NICU 7/7 (100 %) 7/21 (33 %) 6/41 (15 %)

Values are mean (SD) or fractions (per cent). FGR - fetal growth restriction. The
number of maternal and neonatal characters differs because of seven included
twin pregnancies. Early-FGR defined as gestational age 30"°-31*°, Late-FGR
defined as >32 weeks. Non-FGR were all >32 weeks. BMI - Body mass index.
Higher education was defined as >15 years. Pre-pregnancy and pregnancy
related medical conditions for all cohorts combined were: allergy (28/62),
asthma (6/62), hypertension (8/62), gestational diabetes (3/62), gynaeco-
logical (6/62), or other pre-existing medical conditions (19/62). NICU -
Neonatal Intensive Care Unit.

4. Discussion

Our main findings were that late-FGR hearts in neonates without
clinical signs of any circulatory compromise after birth exhibited
increased septal contraction and reduced left diastolic function
compared with non-FGR the first three days after birth. Late-FGR had no
impact on the dynamic changes in heart function between the first three
days after birth, and these changes during transition were most evident
for excursions and diastolic measurements in the lateral walls. Heart rate
had minor influence on systolic heart function measurements, whereas
several diastolic measurements increased with heart rate. Early-FGR had
similar heart function as late-FGR when adjusted for GA and BW.

4.1. Late-FGR effects on excursions

Excursion normalised for heart size was higher in late-FGR than in
non-FGR. Changes in ventricular wall lengths during systole are usually
lower in septum than in left lateral wall [29-31]. In contrast, we found
similar changes in septum and left lateral wall in late-FGR due to a high
excursion in late-FGR. Many studies of heart function following FGR
have assessed excursions in lateral walls [32,33]. The present study adds
that FGR was associated with higher septal excursion during postnatal
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Table 3

Heart function measurements in late-FGR and non-FGR without adjustments
(left columns) and adjusted for sex, twin/singleton, gestational age, and birth
weight (right columns). Values are Estimated Marginal Means (standard error of
the mean) by use of gestational age 38 weeks and birth weight 2.8 kg. Excursions
and velocities were normalised for heart size by dividing by the length of the left
ventricular septum.

Unadjusted Adjusted
Late- Non- P Late- Non- P
FGR FGR FGR FGR

Excursion of atrioventricular plane normalised for septum length (%)

Left 15.6 15.4 0.887 16.6 15.6 0.459
0.7) (0.5) (1.0) (0.7)

Septal 15.1 13.9 0.044 159 14.0 0.021
0.5) 0.3) (0.6) 0.4

Right 26.0 26.0 0.985 287 26.0 0.101
(1.0) 0.7) (1.3) (0.9)

Peak systolic tissue velocity normalised for septum length (/s)

Left 1.21 1.22 0.966 1.21 1.20 0.904
(0.05) (0.04) (0.08) (0.05)

Septal 1.26 1.24 0.688  1.32 1.25 0.277
(0.04) (0.03) (0.05) (0.04)

Right 2.10 1.90 0.017  2.09 1.89 0.089
(0.07) (0.05) (0.09) (0.06)

Peak early diastolic tissue velocity normalised for septum length (/s)

Left 1.33 1.53 0.071 1.30 1.59 0.061
(0.09) (0.06) (0.12) (0.08)

Septal 1.41 1.42 0.907  1.50 1.48 0.905
(0.06) (0.04) (0.08) (0.05)

Right 2.17 2.01 0.232 233 2.03 0.107
(0.08) (0.11) (0.15) (0.10)

Peak diastolic tissue velocity during atrial systole normalised for septum length (/s)

Left 1.39 1.45 0.534 1.50 1.42 0.564
(0.1) (0.1) (0.12) (0.08)

Septal 1.69 1.55 0.119 1.69 1.59 0.356
(0.07) (0.05) (0.08) (0.06)

Right 2.83 2.44 0.008 2.93 2.48 0.028
(0.12) (0.08) (0.16) (0.11)

E/e

Left 17.5 12.1 0.002 17.3 11.5 0.019
(1.3) 0.9) (1.9) (1.3)

Right 7.2 (0.4) 7.5(0.3) 0.541 6.5 (0.5) 7.6 (0.4) 0.110

Other indices

Heart rate 128 (3) 122 (2) 0.110 130 (3) 121 (2) 0.052

(/min)
FS (%) 31 (1) 33 (D) 0.263 34 (1) 33(1) 0.604
FAC (%) 28 (3) 24 (2) 0.207 28 (4) 26 (3) 0.648

E/e’: Peak early diastolic blood velocity of the mitral (left) and tricuspid (right)
valves, divided by the left and right lateral early peak diastolic tissue velocity.
FS: Fractional shortening, relative change in left ventricular diameter during
systole.
FAC: Fractional area change, relative change in right ventricular area during
systole.

transition. This corroborates our previous study [14] showing a shorter
septal length in late-FGR, which could explain the higher relative
change. Previous studies commonly show higher relative changes in the
right lateral wall than in other walls which is in line with the present
results, although our findings seem more pronounced [31,34].

4.2. Late-FGR effects on tissue Doppler velocities and E/¢'
The higher right a’ in late-FGR suggest increased atrial and ventric-

ular contraction or increased ventricular filling. The lack of significant
difference in E/¢’ might suggest that the higher right lateral a’ was more
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related to increased atrial or systolic contraction in the right lateral wall
rather than differences in diastolic function, although impact from
diastolic function cannot be ruled out.

Septal and left lateral pwTD velocities were similar between late-
FGR and non-FGR. This indicates similar heart function in these co-
horts, whereas the significantly higher left E/€’ in late-FGR may indicate
a relatively stiffer and less compliant left ventricle, or a relatively higher
left preload. Of note is the relatively large difference between right and
left E/€’. Others have found bilaterally increased E/e’ but less relative
increase than in our study [34-36]. We found differences between late-
FGR and non-FGR only for the left side, others have found significant
differences on both sides [34]. The high left E/e’ could be due to left
lateral diastolic dysfunction and hence indicate that the normal transi-
tion was more challenging for the left than right heart.

4.3. Changes during transition in late-FGR and non-FGR

Changes during transition observed longitudinally day one, two and
three showed the same pattern in late-FGR and non-FGR in our study. In
contrast, others have found different changes during transition between
FGR and non-FGR term neonates in myocardial performance index be-
tween day two and five [34], with changes from day one to day two
more prominent on the right than left side [35,36] indicating that FGR
hearts adapted differently from non-FGR hearts [37]. The higher
excursion, similar systolic velocities and higher diastolic velocities and
E/€’ on day one than day three suggest bilaterally higher preload and
filling pressure in both ventricles at unchanged contractility on day one.
Most transitional changes seem to occur shortly after birth, as we found
no differences from day two to day three. In contrast to the changes
between days shown in our study, several studies report only minor
changes in longitudinal excursions over the first days after birth
[26,29,35,36].

4.4. Effect of heart rate on heart function

The force-frequency relationship [38] is the positive correlation
between heart rate and contractility, considered mediated via neuro-
humoral mechanisms. Except for a minor impact on right lateral s, we
found no effect from heart rate on measurements in systole, indicating
no or only weak relation between heart rate and contractility. We also
found a weak but positive association between heart rate and a’ in the
septal and right lateral walls. The latter could indicate a higher level of
atrial or ventricular systolic function or augmented ventricular filling at
higher heart rate.

4.5. Heart function in early-FGR vs. late-FGR

Between early- and late-FGR, the presence of differences in unad-
justed analyses and lack of differences in adjusted analyses indicated
that GA and BW were stronger determinants for heart function than
early- versus late-FGR per se and underscored the importance of ad-
justments when comparing cohorts with large spans in GA and BW.

4.6. Strengths and limitations

Studies have compared FGR and non-FGR by use of analyses adjusted
for GA, size and other factors [34] and by use of unadjusted analyses
[33], and others have presented analyses both with and without ad-
justments [32]. As FGR impacts weight and several heart function
measurements vary with size, BW could be regarded as a mediator,
collider or confounder in the statistical models assessing the effects from
FGR. There are hence arguments for presenting unadjusted results and
for presenting adjusted results. We therefore present results both of
unadjusted and adjusted analyses in our study.

As excursions and pwTD velocities vary with heart size, adjusting
these indices for heart size seems plausible, and this approach has been
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Fig. 2. Changes during transition, data from non-FGR and late-FGR neonates
combined. Relative difference in per cent for values on day one (blue bars) and
two (red bars) by use of value on day three as reference. Excursions and ve-
locities are normalised for heart size by dividing by the length of the left ven-
tricular septum. Green horizontal lines denote zero percent change, i.e. the day
three value. Late-FGR had no impact on changes during transition. Bars are
mean with 95 percent confidence intervals. X-axis: day after birth. Y-axis:
Percent difference from values on day three. *: Values significantly different
from day-three values (p < 0.05). (For interpretation of the references to colour
i‘n this figure legend, the reader is referred to the web version of this article.)

<

used previously [27,34] and suggested in guidelines [24]. Others have
reported heart function indices unadjusted for heart size [33]. Although
diastolic tissue Doppler velocities are regarded as measurements of
diastolic function, they are influenced by many factors including
restoring forces, myocardial wall stiffness, preload and, for the peak
diastolic velocity during atrial systole (a'), the quality of the atrial sys-
tolic contraction and the quality of the ventricular systolic function
[39-41].

Among challenges interpreting FGR literature are the variations in
the definitions of FGR [42,43], that FGR neonates can respond differ-
ently to drugs and treatments after birth [44], and that they may have
various degrees of pulmonary vascular maldevelopment [45] with po-
tential impact on the heart. Strengths in our study were that we based
our definition of FGR on contemporary criteria by use of fetal assessment
[4] and that the non-FGR cohort had verified normal prenatal growth
and circulation. Sometimes FGR and small for GA are used inter-
changeably [46], and studies have often used definitions based solely on
estimated fetal centiles [47] or confirmed BW [33], probably contrib-
uting to the heterogeneity of findings in this field. Another factor that
could contribute to the heterogeneity is that the wide contemporary
definition [4] of FGR comprises a spectrum from rather mild to severe
cases. Within that spectrum, our FGR participants were on the mild side.

The same neonatologist did all the postnatal ultrasound examina-
tions and all off-line analyses, eliminating inter-rater variability.

We had insufficient inclusions of premature non-FGR participants to
carry out comparison with the early-FGR cohort and we had few early-
FGR participants. The comparison between early- and late-FGR had
restricted statistical power to detect but clear differences. Study results
hence primarily represent differences between our late-FGR and non-
FGR cohorts.

Although the circulation in dichorionic, diamniotic twin pregnancies
is not completely independent, we accepted these pregnancies in our
study because they have separate placentas and could act as each other's
controls, and because twin pregnancies are an important part of the
FGR-population.

Adjusting for repeated measurements, GA and BW is usually a rele-
vant refinement, but concerns may be raised when the compared cohorts
in the statistical model differ substantially in these characteristics.
Although our statistical model allowed adjusting for gestational age, the
wide range for gestational age might be a concern. For indices exhibiting
significant changes between days, it would be critically important to
acquire images at the same day-after-birth when assessing differences
between groups.

5. Conclusion

FGR significantly impacted neonatal heart function the first three
days after birth. Adaptations in late-FGR included increased septal
contraction and reduced left diastolic function compared with non-FGR.
Late-FGR had no impact on dynamic changes between the first three
days after birth, and the changes in heart function during transition were
most evident for excursions and diastolic indices in lateral walls. Heart
rate impacted systolic and diastolic heart function indices. Early-FGR
exhibited similar heart function as late-FGR.

A particular focus on left heart function may be important when
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Table 4

Heart function indices in late-FGR and early-FGR without adjustments (left
columns) and adjusted for sex, twin/singleton, gestational age, and birth weight
(right columns). Estimated Marginal Means (standard error of the mean) by use
of gestational age 35 weeks and birth weight 1.9 kg. Excursions and velocities
were normalised for heart size by dividing by the length of the left ventricular
septum.

Unadjusted Adjusted
Late- Early- p Late- Early- p
FGR FGR FGR FGR

Excursion of atrioventricular plane normalised for septum length (%)

Left 15.6 18.1 0.126  16.3 15.7 0.820
(0.8) a4 1.1) (2.2)

Septal 15.1 14.7 0.704 155 13.8 0.259
(0.6) (1.0) (0.6) (1.2)

Right 26.0 29.3 0.125 258 30.9 0.144
a.n (1.8) (1.3) 2.7)

Peak systolic tissue velocity normalised for septum length (/s)

Left 1.21 1.48 0.034 1.26 1.22 0.761
(0.06) (0.10) (0.08) (0.16)

Septal 1.26 1.39 0.118 1.34 1.19 0.211
(0.04) (0.07) (0.05) (0.10)

Right 2.10 2.51 0.055  2.22 2.34 0.746
(0.10) (0.18) (0.14) (0.28)

Peak early diastolic tissue velocity normalised for septum length (/s)

Left 1.33 1.66 0.084 1.45 1.44 0.974
(0.09) (0.15) (0.12) (0.25)

Septal 1.41 1.61 0.096 1.54 1.51 0.860
(0.06) (0.10) (0.07) (0.14)

Right 2.17 2.42 0.256  2.39 2.24 0.598
(0.11) (0.18) (0.11) (0.23)

Peak diastolic tissue velocity during atrial systole normalised for septum length (/s)

Left 1.46 1.71 0.205  1.62 1.19 0.176
(0.10) 0.17) (0.12) (0.25)

Septal 1.69 1.92 0.120 1.85 1.57 0.226
(0.08) (0.13) (0.09) (0.18)

Right 2.82 3.07 0.375  3.07 2.59 0.305
0.19) (0.24) (0.18) (0.37)

E/e

Left 17.5 14.2 0.336 15.6 17.7 0.709
1.7 (2.8) 2.2) (4.6)

Right 7.2(0.4) 84(0.7) 0151 6.9(0.5) 7.0 (1.0) 0.949

Other indices

Heart rate 128 (3) 148 (5) 0.001 134 (3) 126 (5) 0.253

(/min)
FS (%) 31 (1) 30 (2) 0.401 31 (1) 32 (3) 0.722
FAC (%) 28 (2) 28 (4) 0.969 29 (3) 26 (6) 0.777

E/e’: Peak early diastolic blood velocity of the mitral (left) and tricuspid (right)
valves, divided by the left and right lateral early peak diastolic tissue velocity.
FS: Fractional shortening, relative change in left ventricular diameter during
systole.
FAC: Fractional area change, relative change in right ventricular area during
systole.
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