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Abstract

Background: Small for gestational age (SGA) is frequently used to define fetal growth restriction (FGR). However, FGR
describes a slowdown in fetal growth and is not synonymous with SGA, which may introduce misclassification. We
investigated the effect of both on delivery and childhood outcomes.

Methods: From a prospective population-based cohort study we included 7959 live singleton births with data available
on second trimester estimated fetal weight (EFW) and birth weight. We used a decrease in growth of >40 percentiles
between second trimester EFW and birthweight to define a deceleration in growth. SGA was defined as birthweight <p5.

Results: Deceleration of growth occurred in 27,2% in SGA neonates and in 10,3% of neonates with an appropriate for

gestational age (AGA) birthweight. Of all fetuses with decelerated growth, 90% was born AGA. SGA neonates were
more often delivered by instrumental delivery or cesarean section and admitted to NICU. Both decelerated growth and
SGA were associated with accelerated growth at 2 years, a smaller aortic diameter and lower left ventricular mass at

6 years.

Conclusions: Both decelerated growth and SGA are associated with unfavorable clinical outcomes in childhood. In
addition to SGA, neonates with deceleration of growth should be considered a high-risk group.
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Background

Fetal growth restriction (FGR) is considered a severe com-
plication of pregnancy associated with substantial peri-
natal morbidity and mortality and contributing to disease
in adulthood [1, 2]. The Development and Origins of
Health and Disease theory (DOHaD) states that in case of
adverse fetal exposure, the unborn fetus can modify its
own development such that it will be prepared for survival
in an environment in which resources are likely to be
short. Although these adaptations may be beneficial for
short term survival, they may have adverse consequences
at delivery or in later life [3]. FGR is difficult to assess as
the biological growth potential of the fetus can, at best, be
estimated and not directly measured. Therefore, in scien-
tific research FGR is frequently classified as a neonate
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born small for gestational age (SGA). Yet, birth weight
and thus one single measurement can only indicate size.
Growth however is dynamic and can be measured only in
sequential measurements. Therefore FGR is not synonym-
ous with SGA. FGR fetuses may experience a failure to
reach their biological growth potential because of a patho-
logical slow-down (decelerating growth curve) in the fetal
growth pace. However, there is a lack of a uniform defin-
ition of decelerated growth and no golden standard exists.
This is highly warranted since it is estimated that approxi-
mately 50-70% of the SGA fetuses are constitutionally
small with normal perinatal outcomes [4, 5]. Growth vel-
ocity represents the rate of fetal growth in a specific time
interval and may have more clinical utility to distinguish
normal from pathological fetal growth and hence to iden-
tify fetal growth abnormalities.

In this study we assessed decelerating growth based on
the fetus individual growth curve, independent of birth
weight. We compared this method to small for gestation
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age (SGA) to determine whether growth velocity, independ-
ent of SGA, affects delivery outcomes, accelerated
growth in infancy and cardiovascular outcomes at the
age of 6 years.

Methods

This paper is a subset of the thesis of Dr. Broere-
Brown entitled Fetal sex dependency in pregnancy,
fetal and maternal outcomes (https://www.genera-
tionr.nl/wp-content/uploads/2017/10/PROEFS-
CHRIFT-ZA-BROERE-BROWN.pdf).

Study design

The study was embedded in The Generation R Study, a
population-based prospective cohort study from early
pregnancy onwards [6]. All mothers with an expected
delivery date between April 2002 and January 2006 were
eligible. Response at baseline was 61%. The Medical Eth-
ics Committee (MEC) of the Erasmus Medical Center
Rotterdam, The Netherlands approved the study in 2001
(MEC 198.782/2001/31). Written informed consent was
obtained from all mothers. For the present study we in-
cluded pregnancies with a live born singleton birth with

Page 2 of 10

a known second trimester estimated fetal weight (EFW)
and birth weight (N =7959) (Fig. 1).

Fetal growth

To assess estimated fetal weight (EFW) ultrasound ex-
aminations were performed in the second trimester of
pregnancy (median 20.5 weeks of gestation, 90% range
18.9-22.9). Fetal biometry (head circumference [HC],
abdominal circumference [AC} and femur length [FL])
was measured trans abdominally. EFW was calculated
using the formula of Hadlock with parameters AC, HC
and FL (in cm): EFW =10**(1.326-0.00326*AC*FL +
0.0107*HC + 0.0438*AC + 0.158*FL [7]. Ultrasound ex-
aminations were performed using Aloka® model SSD-
1700 (Tokyo, Japan) or the ATL-Philips® Model HDI
5000 (Seattle, WA, USA). SGA was defined as a gesta-
tional and fetal sex adjusted birth weight under the fifth
percentile (< 1.78 SD).

Both estimated fetal weight in the second trimester of
pregnancy and birth weight were presented in a gestational
age adjusted percentile. Since there is no definition of how
much a growth curve needs to decelerate before it can be
designated as a decelerating growth curve we used five cut-

Live singleton births.

n=9778
Total cohort
n =273
> Excluded: stillbirths, twins,
L miscarriages.
A
n = 9505

n = 1546
» No information available on 2"

A

trimester EFW and birth weight

n = 7959

Live singleton births with growth data available.
Measurements available:

Delivery

APGAR n=7697
Admittance NICU n = 7959
Instrumental delivery n=7249
Emergency cesarean section n=7249
Age 2 years

Accelerated growth n = 2563
Age 6 years

BMI n = 5394
Blood pressure n = 5096
Aortic root diameter n = 5232
Left ventricular mass n=>5135
Pulse wave velocity n = 4380

Fig. 1 Flowchart
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offs to define decelerated growth; a decrease in growth of at
least 30, 35, 40, 45 or 50 percentiles respectively between
the second trimester and birth. This approach has been
suggested in previous studies and aims to approach a slow-
down in fetal growth. This slowdown is independent of the
actual birth weight. For example a fetus with an EFW of
p85 in the second trimester ending with a birth weight of
p35 has a growth deceleration of 50 percentiles but does
not meet the definition of SGA. However a fetus with an
EFW of p55 and a growth deceleration of 50 percentiles
ends with a birth weight of p5, which does meet the defin-
ition of SGA. We did not explore a decrease in growth of
less than 30 percentiles since these deviations in growth
could well be the results of measurement errors. The re-
sults using the cut-off of 40 percentiles are presented, re-
sults on the other cut-off values can be found in the
Supplementary materials. Choosing cut-offs to define decel-
erated growth may lead to misclassification. The initial esti-
mated fetal weight in the second trimester of pregnancy
should be above the 40th percentile. Otherwise the fetus is
not able to deviate from its growth curve with more than
40 percentiles. Therefore, in additional analyses we classi-
fied all fetuses with an EFW in the second trimester under
the 40th percentile and with a maximum decrease of
growth (birth weight under the first percentile) as deceler-
ated growth (1 = 85).

Delivery outcomes

APGAR score at five minutes and delivery mode (spontan-
eous versus instrumental or emergency cesarean section)
were obtained from standardized delivery registrations of
midwives and obstetricians. An APGAR score below seven
after five minutes was considered low [8, 9]. Information
concerning admittance to the neonatal intensive care unit
(NICU) was obtained using hospital and national registries.

Infant growth

Well-trained staff in the Community Health Centers ob-
tained postnatal growth characteristics according to stand-
ard schedule and procedures at the age of 24 months.
Standard deviation scores for childhood weight were ob-
tained with Dutch growth references charts (Growth
Analyzer 3.0; Dutch Growth Research Foundation, Rotter-
dam, the Netherlands). Postnatal accelerated growth was
defined as an increase between birth and 2 years of age in
their position on the age-specific weight distribution by at
least 0.67 SDS, representing the width of each percentile
band on a standard growth chart [10, 11].

Childhood cardiovascular outcomes

We invited all children to a dedicated research facility in
the Erasmus University Medical Center, Sophia Chil-
dren’s Hospital for detailed measurements at the age of
6 years (mean 6.2 +0.5) [6]. We measured height and
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weight and calculated body mass index (BMI). Systolic
(SBP) and diastolic blood pressure (DBP) was measured
at the right brachial artery by using the validated auto-
matic sphygmomanometer Datascope Accutor Plus (Pa-
ramus, NJ, USA) [12]. We selected a cuff with a width
approximately 40% of the arm circumference and long
enough to cover 90% of the arm circumference.

Carotid-femoral pulse wave velocity (PWV) was
assessed by using the automatic Complior SP device
(Artech Medical, Pantin, France) with participants in su-
pine position. The distance between the recording sites
at the carotid (proximal) and femoral (distal) artery was
measured over the surface of the body to the nearest
centimeter. Through piezoelectric sensors placed on the
skin, the device collected signals to assess the time delay
between the upstroke of carotid and femoral waveforms.
Carotid-femoral pulse wave velocity (PWV) was calcu-
lated as the ratio of the distance traveled by the pulse
wave and the time delay between the waveforms, as
expressed in meters per second [13, 14]. To cover a
complete respiratory cycle, the mean of at least 10 con-
secutive pressure waveforms was used in the analyses.
PWYV can be measured reliably with good reproducibility
in large pediatric population-based cohorts [14, 15].

Two-dimensional M-mode echocardiographic mea-
surements were performed using the ATL-Philips Model
HDI 5000 or the Logiq E9 (GE Medical Systems, Wau-
watosa, Wisconsin, USA) devises. Echocardiography was
used to measure the aortic root diameter (AOD), inter-
ventricular septum thickness in diastole (IVSTD), left
ventricular internal diameter in diastole (LVIDD) and
the left ventricular posterior wall thickness in diastole
(LVPWTD) using methods recommended by the Ameri-
can Society of Echocardiography [16]. Left ventricular
mass (LVM) was calculated using the formula derived by
Devereux et al.:. LVM =0.80 x 1.04 ((IVSTD + LVIDD +
LVPWTD) [3] — (LVIDD) [3]) + 0.6 [17, 18].

Covariates

Gestational age at birth and birth weight were obtained
from midwives and hospital registries. We obtained in-
formation on maternal age, ethnicity, educational level,
folic acid use and smoking in pregnancy by question-
naire at enrolment [6]. We measured first trimester ma-
ternal blood pressure with the validated oscillometric
sphygmomanometer (OMRON Healthcare Europe BV,
Hoofddorp, The Netherlands).

Statistical analyses

We examined the associations of decelerated growth and
a SGA with delivery outcomes and accelerated growth
after 2 years using logistic regression models. For the ana-
lyses on cardiovascular outcome measurements we con-
structed standard deviation score values ([observed value
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— mean] / SD) for the childhood cardiovascular outcome
measures to enable comparison of effect estimates for the
different outcomes. We did not create age adjusted stand-
ard deviation scores as the childhood outcomes were mea-
sured in a small age range and age of the child was
included as a covariate in all models. We used three differ-
ent linear and logistic regression models to examine the
associations of decelerated growth and SGA with infant
growth and childhood cardiovascular outcomes. Logistic
regression was used for the outcomes decelerated growth
and SGA. Childhood cardiovascular outcomes were ana-
lyzed with linear regression models. The basic model was
adjusted for child’s sex, age and ethnicity. The confounder
model was additionally adjusted for maternal age, maternal
educational level, smoking in pregnancy and folic acid use.
We selected these confounders on the basis of their associ-
ations with both the exposure and the outcome of interest
and / or a change in effect estimate of more than 10%. We
considered the confounder model to be the main model.
Since the group of FGR fetuses is a mixed population
with both AGA and SGA fetuses, we wanted to exclude
the possibility that the effect of FGR depends on being

Table 1 Baseline characteristics
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SGA. Therefore effect modification was tested on the
multiplicative scale. If p<0.10 was fulfilled regression
analyses concerning FGR were performed in strata; SGA
fetuses and AGA fetuses.

For all analyses, the percentages of missing values of
covariates were lower than 20%. An overview of which
covariates were used in the model and their percentage
missing is presented in Additional file 1: Table S1. We
imputed missing data of the covariates by using multiple
imputations [19]. Ten datasets were created and ana-
lyzed together. Statistical analyses were performed using
the Statistical Package of Social Sciences version 21.0 for
Windows (IBM Corp., Armonk, NY, USA).

Results

Baseline characteristics

Baseline characteristics are shown in Table 1. SGA fe-
tuses had a mean birth weight of 2484 + 402 g (1.7th per-
centile) while fetuses with a decelerated growth had a
mean birth weight of 2992 + 383 g (21.5th percentile).
Gestational age at birth was comparable between SGA
fetuses and fetuses with a growth deceleration (39,9 [35,

Total study-population DG SGA
n=7959 n=958 n=408
Maternal age 29,7 (5,2) 28,9 (5,6) 29,1 (5,7)
Anthropometrics
Height (cm) 167,2 (74) 1658 (7,1) 164,0 (7,0)
Weight (kg) 69,3 (13,3) 68,0 (13,0) 63,8 (12,5
BMI (kg/m2) 238(193 - 3306) 23,7 (190 - 34,1) 22,7 (184 -31,6)
Ethnicity

Non-Western 3171 (41,7%)
Educational level

Low 971 (12,2%)
Smoking habits

Yes - continued 1482 (18,6%)
Folic acid use - Yes (%)

No 2382 (29,9%)
4470 (56,2%)
40,1 (37,0 - 42,0)

297 (3,7%)

Nulliparous (%)
Gestational age at birth (wks)
Preterm birth < 37 wks (%)

Birthweight (g) 3412 (560)
Birthweight (percentile) 47,1 (28,7)
Placenta weight (gr) 620 (415-900)
Ratio placenta / birthweight 0,19 (0,04)

157 (2,1%)
4005 (50,3%)

Pre-eclampsia (%)

Sex (n, % male)

423 (46,6%) 206 (53,4%)

133 (13,9%) 55 (13,5%)

237 (24,7%) 130 (31,9%)
340 (35,5%)
610 (63,7%)
39,7 (36,6 - 41,6)

151 (37,0%)
289 (70,8%)
399 (359 -419)

37 (3,9%) 11 (2,7%)
2992 (383) 2484 (402)
21,5 (14.8) 1,72 (1,14)
555 (380-769) 480 (300-678)
0,19 (0,04) 0,20 (0,04)

36 (4,2%) 32 (8,7%)

477 (49,8%) 222 (54,4%)

Data are represented as n (%) or as the mean (SD) or as the median (90% range)

Decelerated growth (DG) was defined as a decrease in growth of at least 40 percentiles between the second trimester and birth
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9 — 41,9] wks versus 39,7 [36,6 — 41,6] wks). Compared
with growth-decelerated fetuses, the mothers of SGA fe-
tuses were more often nulliparous, of non-Western des-
cent and smokers.

Using the definition of a decrease in fetal growth of at
least 40 percentiles, of all SGA fetuses 96 (23.5%) had
decelerated growth. Of the AGA fetuses, 862 (11.4%) ex-
perienced decelerated growth. Of all fetuses with a de-
celerated growth, 90% was born AGA.

Delivery outcomes

All results on birth outcomes are presented in Fig. 2.
Neonates without growth deceleration and with a nor-
mal birth weight were used as a reference category and
compared with neonates with SGA or a growth deceler-
ation of 40 percentiles (DG 40). No associations were
found between decelerated growth and delivery out-
comes. However, SGA was associated with a lower risk
of a low APGAR score after 5min (OR 0.37 [95% CI
0.16;0.83]) but increased risks of an instrumental deliv-
ery (OR 1.47 [95% CI 1.05;2.07]), an emergency cesarean
section (OR 1.93 [95% CI 1.29;2.88]) and NICU admit-
tance (OR 4.21 [95% CI 3.12;5.67]) compared to AGA
neonates (Fig. 2).

Accelerated growth
All results on accelerated growth are presented in Fig. 3.
Neonates without growth deceleration and with a normal
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birth weight were used as a reference category and com-
pared with neonates with SGA or a growth deceleration of
40 percentiles (DG 40). Children born SGA had an in-
creased risk of accelerated growth at the age of 2 years
(OR 793 [95% CI 4.63;13.60]). However, decelerated
growth was associated with an increased risk of acceler-
ated growth at the age of 2 years (OR 2.86 [95% CI 2.17—
3.76] compared to non-decelerated growth fetuses.

Cardiovascular outcomes at the age of 6 years

All results on cardiovascular outcomes are presented in
Table 2. Neonates without growth deceleration and with
a normal birth weight were used as a reference category
and compared with neonates with SGA, neonates with a
growth deceleration (DG) and specifically neonates with
a growth deceleration but a normal birth weight (DG -
no SGA). Both SGA neonates as well as neonates with
decelerated growth had a lower BMI (- 0.29 SD [95% CI
-0.17;-0.41] vs (-0.16 SD [95% CI-0.24;-0.08]), a
smaller aortic root diameter (- 0.37 SD [95% CI -0.49;-
0.25] vs (- 0.14 SD [95% CI-0.22;-0.06]) and lower left
ventricular mass (- 0.36 SD [95% CI -0.48;-0.24] vs 0.15
SD [95% CI -0.23;-0.07]) at the age of 6 years compared
to AGA neonates (Table 2).

When restricting the analyses to neonates who experi-
enced a decelerated growth with a normal birth weight (i.e.
DG — AGA) the results were comparable. Results on deliv-
ery outcomes, accelerated growth and cardiovascular
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outcomes using the other cut-offs for defining decel-
erated growth are depicted in Additional file 2: Figure
S1, Additional file 3: Figure S2 and Additional file 4:
Figure S3 respectively.

For all outcomes no effect modification was found be-
tween decelerated growth and SGA. Our additional ana-
lyses in which we classified all fetuses with an EFW in
the 2nd trimester under the 40th percentile and with a
maximum decrease of growth (birth weight under the
1st percentile) as decelerated growth, showed that all the
effect estimates remained the same. We concluded that
potential misclassification did not affect out results. We
decided to continue with the original definition i.e. a de-
crease of growth of at least 40 percentiles.

Discussion

Main findings

This study shows that both SGA as well as decelerated
growth are associated with accelerated growth at the age
of 2 years and altered cardiovascular measurements at the
age of six. The effect estimates of the observed associa-
tions were higher for SGA than for decelerated growth.
Most interestingly, substantial associations were found be-
tween fetuses with a decelerated growth but a normal
birth weight, and accelerated growth at the age of 2 years
and cardiovascular outcomes at the age of 6 years.

Strengths and limitations

The main strength of this study was the extensive pro-
spective data collection on fetal growth, childhood
health and environmental influences. This enabled us to
adjust for multiple confounding factors and investigate
the effects of fetal growth on three different time points
(i.e. at delivery and at the age of two and 6 years) in a
large sample of 7959 participants.

Follow-up data at 6 years was available in 65% of our
study population. Those who were not included in the
study were more frequently lower educated, had a higher
prevalence of multiparity, smoked more often and used
less often folic acid during pregnancy (Additional file 5:
Table S2). A more healthy population was therefore in-
cluded in our study which might have introduced a selec-
tion bias and may affect the generalizability of our results.

Estimation of fetal weight with ultrasound and the
Hadlock formula has a mean absolute error of 8-13%
dependent of the size of the fetus [20]. However, there is
a risk of overestimation in pregnancies with suspected
large for gestational age (LGA) fetuses and an underesti-
mation in pregnancies with suspected SGA [21]. Since
the definition of decelerated growth used in this study is
based on the percentiles of EFW this may have led to
misclassification. In that case the associations between
decelerated growth and our outcomes would have been
biased towards the null. Hence, our associations might
reflect underestimations. Moreover deviations in growth
could also result from random measurement errors of
the ultrasound technique. Therefore we decided to not
explore a decrease in growth of less than 30 percentiles
with the disadvantage that it is challenging to classify a
fetus as a growth decelerated fetus if the EFW in the
second trimester is p40 or below.

Since we assessed EFW in the second trimester of
pregnancy a possible growth deceleration before the
20th week of gestation was not assessed and there-
fore missed. In the case of early growth deceleration
with a normal growth in the second and third tri-
mester of pregnancy this could have led to misclassi-
fication. A fetus would wrongfully be assigned to the
group without deceleration, which would underesti-
mate our results.
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Table 2 Associations between decelerated growth (DG) and cardiovascular outcomes

Basic model Confounder model Childhood pathway
B (95% Cl) p-value B (95% Cl) p-value 3 (95% Cl) p-value

BMI (SD)

No DG+ no SGA reference reference NA

DG 40 -0,12 (-0,20;-0,06) 0,002 -0,16 (- 0,24;-0,08) < 0,001

DG 40 (AGA) —0.09 (- 0.17,0.01) 0.01 —0.15 (- 0.23,-0.07) 0.001

SGA -023(-036-0,12) < 0,001 -0,29 (-0,17;-041) < 0,001
Systolic blood pressure (SD)

No DG+ no SGA reference reference reference

DG 40 0,02 (=0,06,0,11) 0,66 -0,00 (=0,09,0,08) 0,93 0,03 (-0,06,0,11) 0,56

DG 40 (AGA) 0.01 (-0.08;0.09) 091 —0.01 (- 0.10,0.08) 0.85 0.04 (-0.05,0.12) 071

SGA 0,12 (-0,01,0,25) 0,07 0.07 (-0.05;0.20) 0.26 0.13 (0.00,0.26) 0,04
Diastolic blood pressure (SD)

No DG + no SGA reference reference reference

DG 40 0,07 (-0,02,0,15) 013 0,04 (-0,04,0,13) 024 0,06 (-0,03,0,14) 0,18

DG 40 (AGA) 0.06 (—0.05,0.17) 0.19 0.05 (-0.04,0.14) 0.30 0.05 (-0.04,0.14) 0.24

SGA 0.15 (0.02;0.28) 0.02 0.12 (-0.01;0.25) 0.06 0.16 (0.03;0.28) 0.02
Aortic root diameter (SD)

No DG+ no SGA reference reference reference

DG 40 -0,14 (-0,23;- 0,08) 0,001 —-0,14 (- 0,22;-0,06) 0,001 -0,10 (- 0,18-0,03) 0,01

DG 40 (AGA) —-0.12 (- 0.21;-0.04) 0.008 —0.12 (- 0.20;-0.03) 0.007 —0.08 (- 0.16,0.00) 0.06

SGA -0,39 (- 0,50,—0,27) < 0,001 —0,37 (- 049—-0,25) < 0,001 —0,33 (-044,-0,21) < 0,001
Left ventricular mass (SD)

No DG+ no SGA reference reference reference

DG 40 -0,17 (=0,25;-0,09) < 0,001 -0,15 (=0,23;-0,07) < 0,001 -0,11 (= 0,19;-0,04) 0,004

DG 40 (AGA) —0.15 (- 0.24;-:0.07) 0.001 —0.14 (- 0.23;-0.06) 0.001 -0.09 (- 0.17,-0.01) 0.03

SGA —0,35 (- 0,23,-047) < 0,001 —0,36 (—0,48,—0,24) < 0,001 —-0,30 (- 041,-0,19 < 0,001
Pulse wave velocity (SD)

No DG+ no SGA reference reference reference

DG 40 0,00 (-0,09,0,10) 0,93 0,00 (-0,09;0,09) 097 -0,01 (-0,10,0,09) 0,89

DG 40 (AGA) 0.03 (-0.07,0.12) 0.57 0.03 (-0.07,0.12) 0.60 0.02 (-0.08,0.12) 0.70

SGA -0,05 (=0,19,0,09) 048 -0,05 (=0,19,0,09) 047 -0,07 (-0,21,0,07) 035

Values are regression coefficient with the 95% Cl and are based on linear regression models

Basic model: Adjusted child’s sex, visit interval and child’s ethnicity

Confounder model: Basic model and additionally adjusted for maternal age, educational level, smoking, folic acid intake and diastolic blood pressure at intake
Childhood pathway model: Confounder model and additionally adjusted for child’s current body mass index
Abbreviations: AGA Appropriate for gestational age birth weight, DG 40 decelerated growth of 40 percentiles, C/ confidence interval, NA not applicable

Interpretation

One of the key findings of this study is that neonates
with a decelerating growth curve have in an increased
risk of accelerated growth and altered cardiovascular
outcomes at the age of 6 years despite the fact that 90%
of decelerated growth neonates are born AGA. In this
study, we defined decelerated growth independent of
birth weight or other measurements during pregnancy
such as a fetal abdominal circumference under the 5th
percentile, the pulsatility index of the umbilical or the
middle cerebral artery or biomarkers. Since there is no

consensus on how much a growth curve needs to devi-
ate before it can be designated as a deviating growth
curve several cut-offs were used based on a decrease in
growth expressed in percentiles. A disadvantage of this
approach is that the change in weight per percentile is
not constant but increases towards the more sparsely
populated extremes of a distribution. Hence, a fetus ini-
tially at the 90th percentile of a weight distribution and
ending at the 50th percentile is, expressed in estimated
fetal weight, more growth decelerated compared with a
fetus initially at the 70th percentile and ending at the
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30th percentile. Only a portion of the neonates born
small for gestational age had decelerated growth, ranging
from 15.9 to 32.8% depending on the used cut-off. The
fact that the group of SGA fetuses is a heterogeneous
group consisting out of fetuses that are constitutionally
small, and fetuses with a growth deceleration is well
known and accepted. In previous research on SGA dif-
ferent attempts were made in trying to stratify these two
groups by calculating the ponderal index, use the birth
weight of a sibling as a reference, or the usage of cus-
tomized charts or prediction models [22—-28]. However,
in all these studies attention was solely focused on SGA
neonates in whom decelerated growth is merely a form
of SGA. Neonates born AGA are not subject of investi-
gation whereas this study shows that 88.9 to 90.7% of
the neonates with a growth deceleration were born AGA
and that from all AGA born fetuses 6.9 to 17.4% is in
fact growth decelerated. Despite these high percentages
substantial associations between decelerated growth and
accelerated growth and altered cardiovascular measure-
ments during childhood were found. Already during
pregnancy fetuses with a decelerating growth curve have
a higher pulsatility index of the umbilical artery com-
pared with fetuses without a growth restriction (p < 0.01)
. A sensitivity analyses was performed repeating the ana-
lysis in only growth-decelerated fetuses born AGA,
which gave the same results (data not shown). This indi-
cates that growth decelerated neonates born AGA
should be considered as a high risk group with more
emphasize needed in future research.

The effect estimates of the associations on accelerated
growth at the age of two and cardiovascular measure-
ments at the age of six were higher for SGA children com-
pared with those with growth deceleration. One might
hypothesize that this implies that birth weight, the end-
point of a growth pattern, is more important than the
growth pattern itself. However, it could also be that the ef-
fects are not measurable yet in case the fetus did not reach
a certain lower limit of birth weight (i.e. a threshold effect)
. The difference in birth weight between SGA neonates
and neonates with a growth deceleration could explain
why associations were found with delivery outcomes for
SGA neonates but not for growth decelerated neonates.
SGA neonates were more often delivered by an emergency
cesarean section or an instrumental delivery compared
with growth-decelerated neonates. Due to their low birth
weight SGA neonates are more prone to experience fetal
distress with as consequence an increased risk of seizures,
respiratory diseases, hypoglycemia and hyperbilirubinemia
with admittance at the NICU compared with their AGA
counterparts [29]. This foresight could have influenced
the practicing physician by lowering the threshold when
to perform an emergency cesarean section. This would
also explain why preterm birth before 37 weeks of

Page 8 of 10

gestation occurs more often in SGA fetuses compared
with growth decelerated fetuses (3.9% vs 2.7%, Table 1).
Partly this will be iatrogenic due to the knowledge that the
fetus is SGA. This tendency to intervene earlier might be
an explanation why SGA neonates more often are deliv-
ered by vaginal instrumental delivery or cesarean section,
in the presence but perhaps also absence of non-
reassuring fetal heart rate monitoring, but less often have
an APGAR score below seven after 5 min. This is not the
case for FGR fetuses since the majority of these fetuses
were born AGA. However, in the neonatal model in which
we additionally adjusted for birth weight the effect on
emergency cesarean section and admittance at the NICU
department remains significant, meaning that other fac-
tors besides birth weight are of importance.

Both growth deceleration as well as SGA was associ-
ated with an increased risk of accelerated growth in the
first 2 years of life. Accelerated growth is associated with
obesity in later life giving rise to impaired cardiovascular
health [30]. Especially in those born with a low birth
weight [31, 32]. This is in line with our study in which
the SGA neonates, who had a higher risk of accelerated
growth compared with the growth decelerated neonates,
also had poorer cardiovascular outcomes. One could
also explain the associations between SGA and cardio-
vascular outcomes by body size since children born SGA
often have a lower BMI compared with their peers.

Growth deceleration is not limited to mid and late preg-
nancy only. Embryonic growth and development during
the first trimester of pregnancy is essential for organogen-
esis of the fetal cardiovascular system. Impaired early
growth has also been shown to be associated with an ad-
verse cardiovascular risk profile in children at the age of
6 years [33, 34]. If fetal growth restriction occurs in early
pregnancy, gestational age is often adjusted according to
the crown-rum-length. After adjustment fetal growth may
seem appropriate although the neonate should have been
classified as being SGA with the long-term sequalae as
shown in this article. Therefore more attention is needed
for fetal growth restriction throughout gestation and not
only during the second half of pregnancy.

Not only SGA neonates but also growth decelerated
neonates with a normal birth weight had a different car-
diovascular profile at the age of 6 years as shown by dif-
ferences in the aortic root diameter and left ventricular
mass. It is well established that low birth weight is asso-
ciated with poor cardiovascular health in later life but
the fact that also growth pattern is a risk factor inde-
pendent of birth weight is an important finding. A
smaller aortic root diameter is associated with ventricu-
lar outflow obstruction and possibly the development of
hypertension in later life. While it is different to relate
these measurement to exact cardiac function in later
adult life, our findings strongly suggest that growth



Broere-Brown et al. BVIC Pregnancy and Childbirth (2019) 19:216

decelerated neonates despite their normal birth weight
already have a less optimal cardiovascular profile which
warrants follow-up and further investigation.

Conclusion

In this study in which we explored differences in out-
come between SGA and growth decelerated fetuses, we
observed that fetuses with a decelerated growth curve
but nevertheless are born AGA constitute a vulnerable
group with increased risks of accelerated growth and al-
tered cardiovascular outcomes in childhood and in their
future lives. Future research should be focused on this
particular group since these newborns are now, focusing
on only a birthweight < p10, not classified as such and
are not subject to any follow up in future life.

Additional files

Additional file 1: Table S1. Multiple Imputations Model. (DOCX 14 kb)

Additional file 2: Figure S1. Associations between fetal growth
restriction and delivery outcomes. (PDF 334 kb)
Additional file 3: Figure S2. Associations between fetal growth
restriction and accelerated growth. (PDF 255 kb)

Additional file 4: Figure S3. Associations between fetal growth
restriction and cardiovascular outcomes. (PDF 476 kb)

Additional file 5: Table S2. Baseline characteristics between included
and excluded participants at the age of 6 years. (DOCX 17 kb)

Abbreviations

AC: Abdominal circumference; AGA: Appropriate for gestational age;

AOD: Aortic root diameter; BMI: Body mass index; DBP: Diastolic blood
pressure; DG: Decelerated growth; DOHaD : Development and Origins of
Health and Disease theory; EFW: Estimated fetal weight; FGR: Fetal growth
restriction; FL: Femur length; HC: Head circumference; IVSTD: Intra-ventricular
septum thickness in diastole; LGA: Large for gestational age; LVIDD: Left
ventricular internal diameter in diastole; LVM: Left ventricular mass;
LVPWTD: Left ventricular posterior wall thickness in diastole; MEC: Medical
Ethics Committee; NICU: Neonatal intensive care unit; PWV: Pulse wave
velocity; SBP: Systolic blood pressure; SD: Standard deviation; SGA: Small for
gestational age

Acknowledgements

This paper is a subset of the thesis of Dr. Broere-Brown entitled Fetal sex de-
pendency in pregnancy, fetal and maternal outcomes (https://www.genera-
tionr.nl/wp-content/uploads/2017/10/PROEFSCHRIFT-ZA-BROERE-BROWN.
pdf). The Generation R Study is being conducted by Erasmus Medical Center
in close collaboration with the School of Law and the Faculty of Social Sci-
ences of Erasmus University Rotterdam; the Municipal Health Service, Rotter-
dam area; the Rotterdam Homecare Foundation; and the Stichting
Trombosedienst and Artsenlaboratorium Rijnmond (Rotterdam, the
Netherlands).

We gratefully acknowledge the contributions of the general practitioners,
hospitals, midwives, and pharmacies in Rotterdam.

Authors’ contributions

7B analyzed the data and wrote the article. SS, VJ and ES contributed to the
design of the paper, writing the article, interpretation of the data, revisions
and gave input at all stages of the study. All authors have approved the final
version of the manuscript.

Funding
The Generation R Study was made possible by financial support from
Erasmus Medical Center, Erasmus University Rotterdam, the Netherlands

Page 9 of 10

Organisation for Health Research and Development, the Netherlands
Organisation for Scientific Research, the Ministry of Health, Welfare and
Sport, and the Ministry of Youth and Families. Dr. Vincent Jaddoe received
additional grants from the Netherlands Organisation for Health Research and
Development (grants 90700303 and 916.10159). None of the funding
organisations participated in the design of the study, data collection, data
analyses, interpretation of the data or writing the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

The study has been approved by the Medical Ethical Committee of the
Erasmus Medical Center in Rotterdam on December 17th 2001 (MEC
198.782/2001/31). Informed written consent was obtained from all
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Obstetrics and Gynecology, Erasmus MC - University Medical
Center, room Na 2918, PO Box 2040, 3000 CA Rotterdam, The Netherlands.
’Department of Epidemiology, Erasmus MC — University Medical Center,
Rotterdam, The Netherlands. *Department of Pediatrics, Erasmus MC —
University Medical Center, Rotterdam, The Netherlands.

Received: 26 September 2018 Accepted: 12 June 2019
Published online: 27 June 2019

References

1. Pollack RN, Divon MY. Intrauterine growth retardation: definition,
classification, and etiology. Clin Obstet Gynecol. 1992;35:99-107.

2. Godfrey KM, Barker DJ. Fetal nutrition and adult disease. Am J Clin
Nutr. 2000;71:13445-52S.

3. Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischaemic
heart disease in England and Wales. Lancet. 1986;1:1077-81.

4. Alberry M, Soothill P. Management of fetal growth restriction. Arch Dis Child
Fetal Neonatal Ed. 2007,92:F62-7.

5. lllanes S, Soothill P. Management of fetal growth restriction. Semin Fetal
Neonatal Med. 2004;9:395-401.

6. Jaddoe VW, van Duijn CM, Franco OH, et al. The generation R study: design
and cohort update 2012. Eur J Epidemiol. 2012,27:739-56.

7. Hadlock FP, Harrist RB, Sharman RS, et al. Estimation of fetal weight with the
use of head, body, and femur measurements-—-a prospective study. Am J
Obstet Gynecol. 1985;151:333-7.

8. Apgar V. A proposal for a new method of evaluation of the newborn infant.
Curr Res Anesth Analg. 1953;32:260-7.

9. Apgar V, Holaday DA, James LS, et al. Evaluation of the newborn infant;
second report. J Am Med Assoc. 1958;168:1985-8.

10.  Ong KK, Ahmed ML, Emmett PM, et al. Association between postnatal
catch-up growth and obesity in childhood: prospective cohort study.
BMJ. 2000,320:967-71.

11. Ong KK, Loos RJ. Rapid infancy weight gain and subsequent obesity:
systematic reviews and hopeful suggestions. Acta Paediatr. 2006,95:904-8.

12, Wong SN, Tz Sung RY, Leung LC. Validation of three oscillometric blood
pressure devices against auscultatory mercury sphygmomanometer in
children. Blood Press Monit. 2006;11:281-91.

13. Asmar R, Benetos A, Topouchian J, et al. Assessment of arterial distensibility
by automatic pulse wave velocity measurement. Validation and clinical
application studies. Hypertension. 1995;26:485-90.

14.  Gishti O, Jaddoe VW, Felix JF, et al. Retinal microvasculature and
cardiovascular health in childhood. Pediatrics. 2015;135:678-85.

15. Donald AE, Charakida M, Falaschetti E, et al. Determinants of vascular
phenotype in a large childhood population: the Avon longitudinal study of
parents and children (ALSPAQ). Eur Heart J. 2010,31:1502-10.


https://doi.org/10.1186/s12884-019-2358-8
https://doi.org/10.1186/s12884-019-2358-8
https://doi.org/10.1186/s12884-019-2358-8
https://doi.org/10.1186/s12884-019-2358-8
https://doi.org/10.1186/s12884-019-2358-8
https://www.generationr.nl/wp-content/uploads/2017/10/PROEFSCHRIFT-ZA-BROERE-BROWN.pdf
https://www.generationr.nl/wp-content/uploads/2017/10/PROEFSCHRIFT-ZA-BROERE-BROWN.pdf
https://www.generationr.nl/wp-content/uploads/2017/10/PROEFSCHRIFT-ZA-BROERE-BROWN.pdf

Broere-Brown et al. BVIC Pregnancy and Childbirth

20.

21.

22.

23.

24.
25.
26.
27.

28.

29.

30.

32.

33.

34.

(2019) 19:216

Schiller NB, Shah PM, Crawford M, et al. Recommendations for
quantitation of the left ventricle by two-dimensional echocardiography.
American Society of Echocardiography Committee on Standards,
Subcommittee on Quantitation of Two-Dimensional Echocardiograms. J
Am Soc Echocardiogr. 1989;2:358-67.

Devereux RB, Alonso DR, Lutas EM, et al. Echocardiographic
assessment of left ventricular hypertrophy: comparison to necropsy
findings. Am J Cardiol. 1986;57:450-8.

Gaillard R, Steegers EA, Tiemeier H, et al. Placental vascular dysfunction, fetal
and childhood growth, and cardiovascular development: the generation R
study. Circulation. 2013;128:2202-10.

Sterne JA, White IR, Carlin JB, et al. Multiple imputation for missing data in
epidemiological and clinical research: potential and pitfalls. BMJ. 2009,338:02393.
Alsulyman OM, Ouzounian JG, Kjos SL. The accuracy of intrapartum
ultrasonographic fetal weight estimation in diabetic pregnancies. Am J
Obstet Gynecol. 1997;177:503-6.

Ben-Haroush A, Yogev Y, Bar J, et al. Accuracy of sonographically estimated
fetal weight in 840 women with different pregnancy complications prior to
induction of labor. Ultrasound Obstet Gynecol. 2004;23:172-6.

Blair EM, Liu Y, de Klerk NH, et al. Optimal fetal growth for the Caucasian
singleton and assessment of appropriateness of fetal growth: an analysis of
a total population perinatal database. BMC Pediatr. 2005;5:13.

Basso O, Frydenberg M, Olsen SF, et al. Two definitions of "small size
at birth” as predictors of motor development at six months.
Epidemiology. 2005;16:657-63.

Akram DS, Arif F. Ponderal index of low birth weight babies--a hospital
based study. J Pak Med Assoc. 2005;55:229-31.

Haggarty P, Campbell DM, Bendomir A, et al. Ponderal index is a poor
predictor of in utero growth retardation. BJOG. 2004;111:113-9.

Gaillard R, Jaddoe VW. Assessment of fetal growth by customized growth
charts. Ann Nutr Metab. 2014,65:149-55.

Gardosi J. New definition of small for gestational age based on fetal growth
potential. Horm Res. 2006;65(Suppl 3):15-8.

Clausson B, Gardosi J, Francis A, et al. Perinatal outcome in SGA births
defined by customised versus population-based birthweight standards.
BJOG. 2001;108:830-4.

Dietz PM, Rizzo JH, England LJ, et al. Health care utilization in the first year
of life among small- and large- for-gestational age term infants. Matern
Child Health J. 2013;17:1016-24.

Baird J, Fisher D, Lucas P, et al. Being big or growing fast: systematic review
of size and growth in infancy and later obesity. BMJ. 2005;331:929.

Barker DJ, Osmond C, Forsen TJ, et al. Trajectories of growth among children
who have coronary events as adults. N Engl J Med. 2005;353:1802-9.

Bhargava SK, Sachdev HS, Fall CH, et al. Relation of serial changes in
childhood body-mass index to impaired glucose tolerance in young
adulthood. N Engl J Med. 2004;350:865-75.

Moorman A, Webb S, Brown NA, et al. Development of the heart: (1) formation
of the cardiac chambers and arterial trunks. Heart. 2003:89:806-14.

Jaddoe VW, de Jonge LL, Hofman A, et al. First trimester fetal growth
restriction and cardiovascular risk factors in school age children: population
based cohort study. BMJ. 2014;348:14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study design
	Fetal growth
	Delivery outcomes
	Infant growth
	Childhood cardiovascular outcomes
	Covariates
	Statistical analyses

	Results
	Baseline characteristics
	Delivery outcomes
	Accelerated growth
	Cardiovascular outcomes at the age of 6 years

	Discussion
	Main findings
	Strengths and limitations
	Interpretation

	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

