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KEY MESSAGE

Increased first-trimester prorenin concentrations are associated with decreased late fetal growth and birthweight, and
an increased risk of small for gestational age (SGA) infants. In contrast, aldosterone concentrations (relative to renin)
are negatively associated with the risk of SGA infants, probably due to the volume-regulating effects of aldosterone.

ABSTRACT
Research question: Does first-trimester maternal renin-angiotensin-aldosterone system (RAAS) activity determine early and
late fetal growth and birthweight?

Design: A total of 201 ongoing pregnancies, of which 104 were conceived naturally, seven following single intrauterine
insemination (IUl), eight after Ul with ovulation induction and 82 after IVF or intracytoplasmic sperm injection treatment
were selected from the Rotterdam Periconceptional Cohort. Renin, prorenin and aldosterone concentrations were
determined in blood plasma at 9 and 11 weeks of gestational age. Serial crown-rump length and embryonic volume at

7, 9 and 11 weeks of gestational age were measured using virtual reality software to assess early fetal growth. Estimated
fetal weight at 22 and 32 weeks of gestational age and birthweight were measured to assess late fetal growth trajectories.
Pregnancy outcomes, small for gestational age (SGA) (<p10) and birthweight were retrieved from medical records.

Results: Prorenin concentrations at 11 weeks of gestation showed significant negative associations with late fetal growth
(beta -0.07, 95% CI -0.11 to -0.03, P < 0.001) and birthweight (beta, (cores —0.28, 95% CI -0.55 to -0.01, P=0.03), and an
increased risk of SGA (<p10) (OR 10.47, 95% CI 2.49 to 53.21, P=0.002). The aldosterone/renin ratio associated negatively
with the risk of SGA (OR 0.38, 95% CI 0.15 to 0.91, P=0.03). In addition, adjusted linear regression models using the total
Rotterdam Periconceptional Cohort (n1=1401) confirmed decreased birthweight percentiles in pregnancies with >1 corpus
luteum versus pregnancies with 1 corpus luteum (beta, (cores —0.17, 95% CI -0.32 to -0.01, P=0.04).

Conclusion: This study shows that excessive first-trimester prorenin release, resulting in angiotensin up-regulation,
can explain why pregnancies with >1 corpus luteum are at risk for offspring with decreased birthweight and SGA.
Simultaneously, high concentrations of aldosterone, independent of renin, seem to have a beneficial influence.
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INTRODUCTION

uboptimal maternal conditions
in early pregnancy compromise
placenta development, thereby
resulting in adverse birth
outcomes (Burton et al., 2009; Steegers-
Theunissen et al., 2013). An important
determinant of these conditions is
the hyperdynamic circulatory state
of pregnancy, which requires major
endocrine, cardiovascular and renal
adaptations (Chapman et al., 1998).
This process is different after IVF
treatment, including ovarian stimulation
treatment and fresh embryo transfer
with supraphysiological hormone
concentrations (Conrad et al., 2019b).
Indeed, such pregnancies display
a greater risk for low birthweight
(<2500 g) and small for gestational age
(SGA) infants (Conrad et al., 2019b;
Maheshwari et al., 2012). The most
likely explanations are the altered
periconceptional hormonal environment
(Conrad and Baker, 2013; Kalra et al.,
2011) affecting the receptivity of the
endometrium (Macklon and Brosens,
2014), the underlying cause of subfertility,
and different laboratory cell culture
techniques.

During the first trimester of pregnancy
the corpus luteum is the major source
of reproductive hormones (Conrad

and Baker, 2013; Conrad et al.,

2019a). While normally the follicle is
transformed into a single corpus luteum,
pregnancies conceived after ovarian
stimulation treatment either show a
suppression of the pituitary-ovarian axis
and absence of the corpus luteum, or
superovulation resulting in the presence
of >1 corpus luteum. In conceptions
without a corpus luteum, the systemic
and renal adaptations in the first weeks
of pregnancy are attenuated (Conrad

et al., 2019b; von Versen-Hoynck et al.,
2019). Conversely, a higher number of
retrieved oocytes is negatively associated
with birthweight (Baker et al., 2015).
These observations suggest that the role
of corpus luteum-related factors in the
maternal haemodynamic adaptation in
early gestation is critical.

In addition to steroids, the corpus
luteum releases prorenin (Conrad et al.,
2019a; Derkx et al., 1987; Sealey et al.,
1986; Wiegel et al., 2020a). Prorenin

is the inactive precursor of renin,

and contributes to activation of the
renin—angiotensin-aldosterone system

(RAAS) present in early pregnancy.

This involves an increase in renin from
the kidneys that is related to the fall in
systemic vascular tone. A concurrent
increase in circulating angiotensinogen
occurs, due to the stimulation of hepatic
angiotensinogen synthesis by oestrogen
(Immonen et al., 1983). Together,

renin and angiotensinogen generate
angiotensin (Ang) |, which is subsequently
converted to the active end-product

of the cascade, Ang Il, by angiotensin-
converting enzyme (ACE). Ang Il is not
only a potent vasoconstrictor, it also
stimulates the release of aldosterone
from the adrenals. Aldosterone induces
water and salt retention, and thus is

a major determinant of the 30-40%
increase in plasma volume that occurs
during pregnancy (Chapman et al.,
1998). Interestingly, inadequate

volume expansion is associated with
low birthweight, potentially because

it diminishes utero-placental blood

flow (Gibson, 1973; Rosso et al., 1993;
Salas et al., 2006; Steegers et al.,
2010). Simultaneously, pregnant
women are relatively resistant to

the pressor response of Ang Il, to

avoid the rise in blood pressure that
normally accompanies RAAS activation.
Nevertheless, excessive concentrations of
Ang Il are still detrimental (Haase et al,,
2020).

From this background, it was postulated
that a high corpus luteum number
induces an excessive RAAS activation that
compromises haemodynamic adaptation
during early pregnancy, thereby
subsequently reducing fetal growth and
birthweight. Hence, the first aim of this
study was to investigate first-trimester
maternal concentrations of RAAS
determinants in association with both
early and late fetal growth trajectories
and birthweight. To achieve this goal,
three-dimensional ultrasound and virtual
reality techniques were used. Secondly,
the association between corpus luteum
number and birthweight was studied in a
large, prospective, periconception cohort
study.

MATERIALS AND METHODS

Study population

This study was embedded in the
Rotterdam Periconceptional Cohort
(Predict Study), an ongoing, prospective,
tertiary hospital-based cohort at the
outpatient clinic of the Department

of Obstetrics and Gynecology of the
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Erasmus University Medical Center,
Rotterdam, the Netherlands. The design
of the cohort has been published
previously (Steegers-Theunissen et al.,
2016). The study was designed to identify
determinants of periconception health
and early reproductive performance to
embryonic and fetal growth trajectories
and development, the infant's health

at birth and the first year of life. A
sub-cohort of 241 pregnancies was
investigated between January 2017 and
March 2019 with women who were
enrolled before 109 weeks of pregnancy.
Women with a minimum age of 18 years,
with an ongoing intrauterine singleton
pregnancy and who were familiar with the
spoken and written Dutch language were
eligible for participation. For the current
analysis, naturally conceived pregnancies,
pregnancies following ovulation induction
with intrauterine insemination (1Ul)

or single 1Ul, or pregnancies after IVF
treatment with or without intracytoplasmic
sperm injection (ICSI), were selected.
Naturally conceived pregnancies were
dated based on the first day of the

last menstrual period with a regular
cycle between >25 and <35 days. The
insemination date was used to calculate
gestational age in pregnancies conceived
through IUI. In IVF/ICSI pregnancies,
gestational age was calculated from
oocyte retrieval day plus 14 days or, for
cryopreserved embryo transfer, from the
transfer day plus 19 days. Gestational
age was estimated using crown-rump
length (CRL) in pregnancies with irregular
cycles, when the last menstrual period
was unknown, or when gestational age
based on last menstrual period differed
by more than 6 days from the calculated
gestational age based on CRL.

The Predict Study was conducted in
accordance with the ethical principles
for medical research set out in the
Declaration of Helsinki and was approved
by the Medical Ethics Committee of the
Erasmus University Medical Center (15
October 2009; MEC-2004-227). Written
informed consent was obtained from all
study participants at enrolment.

Renin, prorenin and aldosterone
measurement

Non-fasting venous blood samples were
taken twice between 70 and 11 weeks of
gestation at the Erasmus Medical Center.
Blood was collected in 10 ml Vacutainer
ethylenediaminetetraacetic acid (EDTA)
tubes and centrifuged (2000g for 10
min), and plasma was stored at -80°C
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in macro-tubes until analysis. Renin

and prorenin concentrations were
measured by an immunoradiometric
assay (Cisbio, Saclay, France) using

an active site-directed radiolabelled
antibody that only recognizes renin
(sensitivity 1 pg/ml, interassay variability
4%). Prorenin concentrations were
calculated by subtracting renin from
total renin measured after activating
prorenin with aliskiren (Batenburg et al.,
2008). Aldosterone concentrations
were measured by solid-phase
radioimmunoassay (Demeditec
Diagnostics, Kiel, Germany; sensitivity 12
pg/ml, interassay variability 5%).

Embryonic and fetal growth and
birthweight

Embryonic growth (representing early
fetal growth) was estimated by three-
dimensional (3D) ultrasound data
obtained during serial transvaginal
ultrasound scans, at 7, 9 and 11 weeks

of gestational age, performed by
experienced sonographers with a 6-12
MHz transvaginal transducer using a
Voluson Expert E8 or E10 system and
4D View software (General Electric
Medical Systems, Zipf, Australia). As
previously described by Rousian et al.
(2010), to visualize the 3D obtained data
sets, the images were transferred to the
Barco |-Space (a Cave Automatic Virtual
Environment-like virtual reality system),
at the Department of Bioinformatics,
Erasmus University Medical Center. The
use of 3D ultrasound in combination
with an interactive virtual reality
hologram enabled us to create depth
perception and the assessment of
volumetric measurements. Offline CRL
measurements using the |-Space and
V-scope software were performed three
times by the same researcher and the
mean of these three measurements was
used for analysis. The embryonic volume
measurements were performed once,
by using a semi-automatic segmentation
algorithm to calculate the volumes, based
on grey-scale differences, previously
validated by Rousian et al. (2010). The
reliability and accuracy of this technique
have been described before (Verwoerd-
Dikkeboom et al., 2008).

Fetal weight measurements (representing
late fetal growth) were performed by

the same experienced and trained
sonographers using transabdominal
ultrasonography with an abdominal

rmbéc transducer in the second trimester

(median 22.4 weeks, 90% range 22.0-

23.3) and third trimester (median 32.4
weeks, 90% range 31.9-33.0). Estimated
fetal weight (EFW) was calculated

using the Hadlock formula: logg (EFW)
=1.3596- (0.00386 x AC x FL) +
(0.0064 x HC) + (0.00061 x BPD x
AC) + (0.0424 x AC) + (0174 x FL),
where BPD = biparietal diameter, HC =
head circumference, AC = abdominal
circumference and FL = femur length in
centimetres (Hadlock et al., 1985).

Birth outcomes

Information on birthweight, date of

birth and fetal sex at birth was obtained
from questionnaires that were filled out
post-partum, and were verified with
medical records. SGA was defined as a
standardized birthweight (adjusted for
fetal sex and gestational age at birth)
lower than the 10th percentile of the
study population (Zeve et al., 2016)

and large for gestational age (LGA) was
defined as standardized birthweight
above the 90th percentile. Fetal growth
restriction (FGR) was defined as fetal
abdominal circumference and/or EFW
below the 10th percentile according to
Hadlock curves, or a more than 20th
percentile decrease on the growth curve,
compared with previous measurements
with an interval of at least 2 weeks
(Gordijn et al., 2016; Verfaille et al.,
2017). Preterm birth (PTB) was defined as
gestational age at delivery <37+0 weeks.
Pregnancy-induced hypertension (PIH)
was defined as a systolic blood pressure
above 140 mmHg or a diastolic blood
pressure above 90 mmHg after 20 weeks
of gestation without signs of hypertension
prior to pregnancy or presence of
proteinuria, and pre-eclampsia was
defined as hypertension after 20 weeks of
gestation and presence of more than 300
mg proteinuria in a 24 h period (ACOG
Practice Bulletin No. 202, 2019).

Classification of the corpus luteum
groups

Given the fact that the corpus luteum

is the major source of prorenin in
pregnancy (Derkx et al., 1987; Sealey

et al., 1986; Wiegel et al., 2020a), the
population was grouped according to
corpus luteum number at conception:

0 corpus luteum (programmed cycle
frozen embryo transfer [FET]), 1 corpus
luteum (natural conceptions, conceptions
following Ul without hormonal treatment
or FET in a natural ovulatory cycle) and
>7 corpus luteum (ovarian stimulation
and fresh embryo transfer). The

corpus luteum status at conception in

pregnancies conceived by fresh embryo
transfer is based on number of retrieved
eggs during ovum retrieval (median 11.0;
interquartile range 7-16).

Covariates

Participants completed a self-
administered questionnaire regarding
baseline characteristics and medical and
obstetric history. At study entry, data
were verified and anthropometrics were
measured by a research nurse. Smoking
and alcohol use were defined as any
consumption during the periconception
period (from 14 weeks prior to 10

weeks after conception). Information
regarding subfertility diagnosis, ovarian
stimulation treatment and IVF protocol
were retrieved from electronic patient
files. Pregnancies conceived by ovarian
stimulation treatment and fresh embryo
transfer were stimulated with either
Menopur or rFSH (Bemfola, Gonal-F or
Rekovelle). The assisted reproduction
protocols have been described previously
(Wiegel et al., 2020a).

Birthweight in the prospective cohort:
the Rotterdam Periconceptional
Cohort (Predict Study)

To investigate whether the pregnancies
in this cohort conceived in the presence
of multiple corpus luteum have a lower
birthweight and are at increased risk

of SGA, birth outcomes were analysed
according to corpus luteum number in
participants included between November
2010 and December 2018. Post-partum
completed questionnaires were checked
with medical records. Subsequently, an
analysis was carried out of whether the
number of follicles, number of retrieved
oocytes and total follicle diameter
(specified on the day of ovulation
triggering, and representing the sum of
the diameters of all follicles) determined
birthweight.

Statistical analysis

Baseline characteristics of study
participants, stratified for corpus luteum
number, are presented as mean and

SD for normally distributed data and

as median and interquartile ranges
(IQR) for non-parametrically divided
data. Categorical data are presented as
number of individuals with percentage.
To test for difference among the

corpus luteum groups, Student's t-test,
Kruskal-Wallis test or the chi-squared
test, respectively, were used. Spearman's
rank correlation coefficients (R) were
calculated for the entire group of



participants to assess the correlation

of the renin, prorenin and aldosterone
concentrations at 9 and 11 weeks of
gestational age. RAAS determinants

were log-transformed to obtain a normal
distribution before analysis. Square root
transformation of CRL data, third root
transformation of embryonic volume
data and log transformation of EFW were
applied for the same reason.

The associations between RAAS
component concentrations and
embryonic growth (CRL and embryonic
volume) in a subgroup of pregnancies
were investigated, excluding pregnancies
that were dated based on CRL, to
minimize confounding by gestational
age. Linear mixed models were

used to determine the association
between maternal RAAS component
concentrations and embryonic growth
trajectories, assessed by longitudinal CRL
and embryonic volume measurements
between 7 and 12 weeks of gestational
age. The association with late fetal
growth throughout gestation was also
investigated by using linear mixed
models. This was done to analyse
unbalanced repeated measurements,
for which the outcome consisted

of standardized EFW in the second

and third trimester and standardized
birthweight. These models account for
the correlation between the repeated
measurements within the same
pregnancy that would make ordinary
linear regression invalid. Multiple linear
regression was used to analyse the
associations with birthweight within

the total study population. Given

the differences in RAAS component
concentrations among the different
corpus luteum groups, the analyses were
stratified by corpus luteum number
during conception (O corpus luteum, 1
corpus luteum and >1 corpus luteum).
Multiple logistic regression models were
used to study the association of RAAS
component concentrations with the

risk of SGA. The first model adjusted
for gestational age only; in the second
model, additional adjustment was made
for the maternal covariates age, body
mass index (BMI), smoking, parity, mode
of conception, fetal sex and the presence
of polycystic ovary syndrome (PCOS).
These confounders were selected based
on the characteristics of the study
population, previous data and literature
(Danser et al., 1998; Pringle et al., 2015;
van Uitert et al., 2013; Wiegel et al.,
2020a).

Finally, given the fact that renin and
prorenin are highly correlated, it

was decided to use the prorenin
concentrations in the current models to
evaluate associations mediated via the
Ang |l pathway. Here, the consideration
was that prorenin concentrations are
higher than renin concentrations and

so are less likely to be affected by the
modest changes that might occur during
storage, i.e. the so-called cold-induced
prorenin ‘activation’. This results in a
small percentage of prorenin being
recognized as renin (Schalekamp

et al.,, 2008). Given that prorenin
concentrations are >10-fold higher than
renin concentrations, such activation
would affect renin more strongly than
prorenin. It should be stressed here that
when performing the analysis with total
renin (i.e. renin + prorenin), results were
the same (data not shown). Secondly,

to evaluate associations mediated via
aldosterone, independently of the Ang |l
pathway, the aldosterone/renin ratio was
used.

Birthweight and SGA were analysed by
corpus luteum number and compared
by the Kruskal-Wallis test for non-
normally distributed variables and by
the chi-squared test for categorical
variables. To adjust for fetal sex and
gestational age at delivery, birthweight
was expressed in percentiles based on
Dutch reference curves for birthweight
(Hoftiezer et al., 2016). Multivariate
linear regression was used with
standardized birthweight percentiles
(z-scores) as outcome variable, and
corpus luteum number and fertility
parameters as predictor. The model
was adjusted for maternal age, BMI,
parity, smoking, alcohol consumption,
folic acid use and geographic origin.
All analyses were performed in R (R
for Windows, version 3.5; R Core
Team). P-values <0.05 were considered
statistically significant.

RESULTS

RAAS and birthweight

This sub-cohort of the Predict Study
included 241 pregnancies. Forty
pregnancies were excluded due to
miscarriage (n = 22), oocyte donation
(n = 4), withdrawal (n = 1), missing blood
samples (n = 5) or fetuses/neonates
with congenital malformations (n = 8).
Second- and third-trimester ultrasounds
were available for 190 of the 201
remaining pregnancies.
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TABLE 1 shows the maternal and fetal
characteristics of the sub-cohort. Mean
maternal age was 32.2 = 4.5 years, 792%
of the population was of Dutch geographic
origin, and 82 women conceived through
IVF/ICSI treatment (51 by ovarian
stimulation followed by fresh embryo
transfer, in the presence of multiple
corpus luteum, and 23 and eight by FET
in a natural cycle [1 corpus luteum] or
programmed cycle [0 corpus luteum],
respectively). Of the other 119 pregnancies,
seven occurred after single [Ul, eight
occurred after IUl with ovulation induction
and the rest were naturally conceived.

At study entry, all pregnant women were
normotensive, and 82.1% used folic acid
periconceptionally. Parity was evenly
divided, with 115 (572%) women being
nulliparous. In the total study population
of 201 pregnancies, 50 (24.9%) women
developed placenta-related complications
including maternal complications (4.5%
PIH and 3.5% pre-eclampsia) and had
adverse birth outcomes (70% FGR,

95% SGA and 10.4% PTB). From the
total live births, 48.3% of the newborns
were female. Differences in maternal
characteristics between groups according
to corpus luteum number have been
published previously (Wiegel et al., 2020a),
and are shown in TABLE 1. Pregnancies in
the 1 corpus luteum group were less often
nulliparous and strictly dated and PCOS
was less common compared with the

0 corpus luteum and >1 corpus luteum
groups.

RAAS determinant measurements

In this study, 111 and 192 blood samples
were available at 9 and 11 weeks of
gestation, respectively. The maternal
plasma concentrations of renin, prorenin
and aldosterone at 9 and 11 weeks of
gestational age have been reported
previously (Wiegel et al.,, 2020a) and
are summarized in FIGURE 1 and TABLE 1.
RAAS concentrations were significantly
different among the corpus luteum
groups, with higher corpus luteum
numbers showing increased renin,
prorenin and aldosterone concentrations.
All RAAS component concentrations

at 9 weeks correlated significantly with
their concomitant concentrations
measured at 11 weeks of gestational age
(FIGURE 1). Because both measurements
were highly correlated and did not differ
significantly between week 9 and week
11, and because of the larger number of
available measurements, it was decided
to perform the analyses with the RAAS
determinants measured at 11 weeks.



1114 RBMO VOLUME 44 ISSUE 6 2022

TABLE 1 DESCRIPTIVE CHARACTERISTICS OF THE SUB-COHORT OF THE ROTTERDAM PERICONCEPTIONAL COHORT

Characteristic Total study population (n =201) 0 CL(n=8) 1CL (n =142) >1CL(n=51) P-value
Maternal age, years 322+45 305+ 39 320+ 44 330+ 47 0.25
Nulliparous 115 (57.2) 6 (75.0) 67 (47.2) 42 (82.4) <0.001
Geographic origin 0.24
Dutch 156 (79.2) 6 (75.0) 104 (75.4) 46 (90.2)
Western other 6 (3.0) 0 (0.0) 5(3.6) 1(2.0)
Non-Western 35 (17.8) 2(25.0) 29 (21.0) 4 (7.8)
IVF/ICSI 82 (40.8)
Frozen ET, programmed cycle 8(9.8)
Frozen ET, natural cycle 23(28.0)
Fresh ET 51(62.2)
Strictly dated pregnancies 151 (75.1) 8 (100) 92 (64.8) 51(100.0) <0.001
BMI, at study entry (kg/m?) 249 [22.2,28.5] 21.4 209, 22.8] 25.2[22.6,292] 23.9[21.8, 274] 0.02
MAP, at study entry (mmHg) 825 +79 80.8 =121 807 6.8 796 =71 0.74
Cause of subfertility: PCOS 41(20.4) 5 (62.5) 21(14.8) 15 (29.4) 0.001
Lifestyle
Folic acid supplement use 198 (98.5) 8 (100.0) 139 (97.9) 51(100.0) 1.00
Preconception initiation 165 (82.1) 8 (100.0) 106 (74.6) 51(100.0) 0.001
Alcohol consumption 57 (28.4) 5(62.5) 42 (29.6) 10 (19.6) 0.04
Smoking 27 (13.4) 1(12.5) 21(14.8) 5(98) 0.68
Multivitamin supplement use 18 (58.7) 4 (50.0) 83 (58.5) 31(60.8) 0.16
Blood measurements
GA 9 weeks blood drawn, days, n = 11 65.0 [64.0, 68.0] 6751655, 683] 650 [64.0, 675] 66.0[65.0,670] 014
Renin, pg/ml 2518, 33] 10 [9, 14] 25[18, 32] 30 [23, 38] <0.001
Prorenin, pg/ml 277 (201, 380] 107 [75, 134] 264 [191, 365] 373 (270, 443] <0.001
Aldosterone, pg/ml 357 [216, 571] 323 [214, 469] 297 [185, 496] 533348, 866] <0.001
GA 11 weeks blood drawn, days, n = 192 79.5[78.0, 82.0] 81.5[795, 82.3] 79.0[78.0, 82.0] 79.0[78.0, 82.0] 0.39
Renin, pg/ml 251[17,32] 121, 17] 23 (17, 31] 27 [23, 34] 0.001
Prorenin, pg/ml 266 [206, 386] 129 [109, 152] 245 [204, 340] 351278, 465] <0.001
Aldosterone, pg/ml 314 [222, 465] 360 [266, 411] 288 [209, 398] 454 (301, 727) 0.002
Fetal outcomes
GA at birth, weeks 391[38.0, 40.0] 3940 [38+6, 40*0]  39+0[376,39+5]  39+2[37'3 40*4] 019
Birthweight, g 3330 [2975, 3570] 3490 [3243, 3530] 3305 [2939, 3562]  3335[3045, 3682] 0.70
Birthweight, percentiles 46.5[22.0,71.8] 58.0[35.3,66.3]  50.4[251,70.5] 47.6 [31.6, 75.5] 0.82
Fetal sex, female 97 (48.3) 3(375) 67 (472) 27 (52.9) 0.91
Pregnancy complications 50 (24.9) 1(12.5) 39 (275) 10 (19.6) 0.38
PE 7(3.5) 0(0.0) 6(4.2) 1(2.0) 0.65
PIH 9 (4.5) 0 (0.0) 7(4.9) 2(39) 0.79
FGR 14 (7.0) 0 (0.0) 1(77) 3(59) 0.67
SGA 19 (9.5) 0(0.0) 16 (11.3) 3(5.9) 0.35
PTB 21(10.4) 1(12.5) 17 (12.0) 3(5.9) 0.47
GDM 24 (11.9) 0(0.0) 15 (10.6) 9 (17.6) 0.28

Table is partially based on previously published data (Wiegel et al., 2020a).
Data are presented as mean * SD, median [IQR], or number of individuals (%).

BMI = body mass index; CL = corpus luteum; ET = embryo transfer; FGR = fetal growth restriction; GA = gestational age; GDM = gestational diabetes mellitus;

ICSI = intracytoplasmic sperm injection; MAP = mean arterial pressure; PCOS = polycystic ovary syndrome; PE = pre-eclampsia; PIH = pregnancy-induced hypertension;

PTB = preterm birth; SGA (<p10) = small for gestational age.
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FIGURE 1 Correlations by Spearman (R) rank test between renin, prorenin and aldosterone concentrations in plasma samples at 9 and 11 weeks of
gestation in women who conceived in the presence of different numbers of corpora lutea, and median and ranges of maternal RAAS determinants.
CL = corpus luteum; GA = gestational age; RAAS = renin-angiotensin-aldosterone system.

Maternal RAAS determinants and
embryonic growth

Only strictly dated pregnancies (n = 151)
were included in the embryonic growth
analysis. In total, 315 and 280 ultrasounds
of sufficient quality were available

for the CRL and embryonic volume
measurements, respectively. Neither
the negative association between CRL
or embryonic volume and prorenin, nor
the positive association between CRL or
embryonic volume and the aldosterone/
renin ratio (TABLE 2) was significant.

Maternal RAAS determinants and fetal
growth

In the total study population, maternal
prorenin associated negatively with
EFW both in model 1 and model 2

(P = 0.009 and P < 0.001, respectively)
(TABLE 2). Exclusion of pregnancies
complicated by hypertension (pre-
eclampsia and PIH) or PTB did not alter
this outcome (beta = -0.05, 95% CI
-0.10 to -0.007, P < 0.001), nor did
subdividing according to corpus luteum
number reveal any major differences

between the three groups (TABLE 2). The
fetal growth trajectories are visualized
in FIGURE 2 in the original scale for higher
(+2SD) and lower (-2SD) prorenin
concentrations, including the absolute
and relative differences compared with
mean values. Retransformation of the
betas to the original values showed

that pregnancies with +2SD increase in
prorenin concentrations are on average
109 g smaller (decrease of 6.7%) at 32
weeks of gestation compared to those
with mean prorenin concentrations.

TABLE 2 ASSOCIATIONS BETWEEN FIRST-TRIMESTER MATERNAL LOG-TRANSFORMED PRORENIN AND ALDOSTERONE/
RENIN RATIO CONCENTRATIONS AT 11 WEEKS OF GESTATION AND FIRST-TRIMESTER EMBRYONIC GROWTH AND
DEVELOPMENT AND FETAL GROWTH THROUGHOUT THE SECOND AND THIRD TRIMESTERS

Early fetal growth Late fetal growth

CRL trajectory (Vmm) EV trajectory (3Vcm?3) Fetal growth trajectory (g)
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
Beta P-value Beta P-value Beta P-value Beta P-value Beta P-value Beta P-value
(95% ClI) (95% Cl) (95% Cl) (95% ClI) (95% ClI) (95% ClI)
Log [prorenin  -0.001 0.98 -0.06 (-0.19, 0.38 0.01(-0.05, 0.86 -0.02 (-0.09,0.65 -0.05 (-0.08, 0.009 -0.07 (-0.11, <0.001
(pg/ml)] (-0.10, 0.09) 0.07) 0.06) 0.06) -0.01) -0.03)
Log [prorenin (pg/ml)], stratified per CL group
0CL(n=28) -0.20 (-0.47, 0.10 -0.19 (-0.67, 0.27
0.06) 0.32)
1CL(n =142) -0.06 (-0.11, 0.02 -0.06 (-0.12, 0.02
-0.01) -0.01)
>1 CL* (n = 51) -0.05(-0.14, 018 -0.06 (-0.15, 0.22
0.03) 0.04)
Log [aldoster-  0.02 (-0.05, 0.57 0.03 (-0.05, 0.48 -0.002 0.94 0.02 (-0.04, 0.57 0.01(-0.02, 0.46 0.01(-0.02, 0.49
one/renin ratio] 0.09) 0.11) (-0.04, 0.04) 0.08) 0.04) 0.04)

Table shows effect estimates of linear mixed model for the associations between total prorenin and aldosterone/renin ratio concentrations and embryonic growth (CRL and
EV measured using transvaginal ultrasound at 7, 9 and 11 weeks of gestation) and log-transformed fetal growth (fetal weight measured using ultrasound in the second (20-25
weeks) and third trimester (29-35 weeks) of pregnancy and birthweight).

Model 1: adjusted for gestational age. Model 2: adjusted model for gestational age, mode of conception, maternal age, maternal smoking, BMI, parity, fetal sex and PCOS.
BMI = body mass index; Cl = confidence interval; CL = corpus luteum; CRL = crown-rump length (Vmm); EV = embryonic volume (3vem3).

2 Additionally adjusted for stimulation method and dose.
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FIGURE 2 Fetal growth trajectories of pregnancies presented with higher (mean +2SD) and
lower (mean -2SD) concentrations of prorenin in pg/ml (P < 0.001) in the total study population
at 11 weeks of gestation. Fetal growth is depicted as fetal weight measured using ultrasound in

mid-pregnancy (20-25 weeks), late pregnancy (29-

The aldosterone/renin ratio associated
positively with fetal growth trajectories,
but this was not statistically significant.

Maternal RAAS components and
birthweight

In the total study population maternal
prorenin associated negatively with
birthweight both in model 1 and model
2 (P = 0.04 and P = 0.03, respectively),
and positively with the risk of SGA

(P =0.02 and P = 0.002, respectively)
(TABLE 3 and FIGURE 3). Additionally
adjusting for aldosterone did not alter
this outcome (model 2: birthweight

P = 0.04 and SGA P = 0.002), nor did

35 weeks) and birthweight.

exclusion of pregnancies complicated by
hypertension (pre-eclampsia and PIH)
and PTB (birthweight: beta = -0.28, 95%
Cl -0.54 to -0.02, P = 0.03 and SGA:
OR 6.06, 95% CI11.30 to 33.8, P = 0.03).
Subdividing according to corpus luteum
number revealed no major differences
between the corpus luteum groups
(TABLE 3), although P-values were often

no longer significant due to low values

of n. The aldosterone/renin ratio was
positively associated with birthweight,
but this relationship was not statistically
significant (beta = 0.08, 95% CI -0.10

to 0.25, P = 0.19), and was negatively
associated with the risk of SGA (OR 0.38,

95% CI1 015 to 0.91, P = 0.03) (TABLE 3
and FIGURE 3).

Corpus luteum number and
birthweight

Of the 1401 singleton live birth
pregnancies that were included between
November 2010 and December 2018 in
the Predict Study, 32 pregnancies were
conceived in the absence of a corpus
luteum, 1078 with a single corpus luteum,
of which 102 were FET in a natural

cycle, 869 were natural, 65 after IUl with
ovulation induction and 42 after single 1Ul,
and 291 with >1 corpus luteum. Women
who conceived after fresh embryo transfer
(>1 corpus luteum) were older and more
often nulliparous (TABLE 4). Pregnancies
conceived with 1 corpus luteum were
characterized by a higher BMI (median
247, 1QR 22.2-28.7), a higher percentage
of non-Western origin and smoking
cigarettes, and less adequate use of folic
acid versus women becoming pregnant
after fresh embryo transfer or FET in a
programmed cycle. Furthermore, alcohol
consumption and the incidence of PCOS
were higher in women who conceived in
the absence of a corpus luteum. Level of
education and fetal sex were not different
among the study groups.

The frequency of SGA was higher,
although this did not meet the pre-
specified threshold for statistical
significance, and birthweight percentiles
were lower in pregnancies conceived
with >1 corpus luteum compared with 1
corpus luteum (P = 0.07 and P = 0.009,
respectively) (TABLE 5). Also, after
excluding SGA pregnancies complicated

TABLE 3 ASSOCIATIONS BETWEEN FIRST-TRIMESTER MATERNAL LOG-TRANSFORMED PRORENIN AND ALDOSTERONE/
RENIN RATIO CONCENTRATIONS AT 11 WEEKS OF GESTATION AND BIRTHWEIGHT AND THE RISK OF SGA

Birthweight (z-scores)

Small for gestational age (<p10)

Model 1 Model 2 Model 1 Model 2

Beta (95% CI) P-value Beta (95% CI) P-value OR(95% Cl) P-value OR(95% CI)  P-value
Log [prorenin (pg/ml)] -0.23 (-0.46, -0.003) 0.04 -0.28 (-0.55, -0.01) 0.03 370(1.23,12.14)  0.02 10.47 (2.49, 53.21) 0.002
Log [prorenin (pg/ml)], stratified
per CL group
0CL(n=28) -1.02 (-1.90, -0.13) 0.03 -0.88 (-1.70, -0.06) 0.04
1CL (n =142) -0.19 (-0.50, 0.12) 023 -0.21(-0.55,012) 022
>1CL* (n = 51) -0.47 (-0.98, 0.04) 0.07 -0.65 (-1.23, -0.06) 0.03
Log [aldosterone/renin ratio] 0.09 (-0.07, 0.25) 0.29 0.08 (-0.10, 0.25) 0.19 0.41(018,0.89)  0.03 0.38 (015, 0.91)  0.03

Table shows effect estimates of linear model analyses for the association between maternal prorenin concentrations, aldosterone/renin ratio and birthweight.

Model 1: adjusted for gestational age. Model 2: adjusted model for gestational age, mode of conception, maternal age, maternal smoking, BMI, parity, fetal sex and PCOS.

BMI = body mass index; Cl = confidence interval; CL = co

2 Additionally adjusted for stimulation method and dose.

rpus luteum; SGA (<p10) = small for gestational age.
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FIGURE 3 Plots show the linear regression model for standardized plasma prorenin and aldosterone/renin ratio at 11 weeks of gestation and
birthweight (standardized according to gestational age at birth, n = 192), as well as the logistic regression model for prorenin and the risk of SGA
(defined as birthweight below 10th percentile when adjusted for gestational age and fetal sex) as predicted mean with 95% CI. Analyses were
adjusted for mode of conception, maternal age, smoking, BMI, parity, fetal sex and PCOS. BMI = body mass index; PCOS = polycystic ovary
syndrome; SGA (<p10) = small for gestational age.

by pre-eclampsia and/or PTB, the analysis
demonstrated a significant difference,
with a greater risk of SGA in the >1
corpus luteum group compared with

the 1 corpus luteum group (15.5% and
10.7%, respectively, P = 0.02). Because
the reference group with 1 corpus luteum
also contains FET pregnancies which

are known to involve larger fetuses,
birthweight percentiles were compared
between the >1 corpus luteum group
with only naturally conceived neonates

(n = 976). The results showed that
neonates from the >1 corpus luteum
group still have a relatively lower
birthweight compared with naturally
conceived pregnancies (birthweight
percentiles: 38.0 [18.0-69.0] and 49.0
[23.0-75.0], P = 0.004, respectively). The
adjusted multivariable linear regression
model for birthweight percentiles
showed that pregnancies with >1 corpus
luteum resulted in offspring with lower
birthweight percentiles (beta = -0.17,
95% Cl -0.32 to -0.01, P = 0.04). In

addition, to also minimize confounding
by subfertility diagnosis, the group with

1 corpus luteum was restricted to only
pregnancies conceived after FET in a
natural ovulatory cycle (1 corpus luteum,
n = 102). Using this method, the >1
corpus luteum group still showed lower
birthweight percentiles compared with
the 1 corpus luteum group (beta = -0.35,
95% Cl -0.62 to -0.08, P = 0.011).

The fertility parameters, total follicle
diameter (median 164.3, IQR 119.8-212.0),
number of follicles (median 8.5, IQR
6-12) and retrieved oocytes (median

70, IQR 5.0-10.0) were available in

272 pregnancies conceived after fresh
embryo transfer. In the >1 corpus luteum
group, after additionally adjusting for
stimulation method and dose, total
follicle diameter prior to ovum retrieval
associated negatively with birthweight
percentiles (beta = -0.61, 95% CI -1.01
to -0.20, P = 0.004) (TABLE 6). No linear
relation was found between the number

of follicles or retrieved oocytes and
birthweight.

DISCUSSION

This study is the first to show a significant
association between elevated first-
trimester prorenin concentrations and
decreased birthweight, as well as an
increased risk of SGA. The opposite

was observed for elevated first-trimester
aldosterone concentrations (relative to
renin) and the risk of SGA. A decrease
in fetal growth during the second half

of pregnancy seems to underlie the
associations with prorenin. In agreement
with this finding, given that the corpus
luteum is the major source of prorenin
in early pregnancy (Derkx et al., 1987;
Sealey et al.,, 1986; Wiegel et al., 2020a),
pregnancies with >1 corpus luteum
display a decreased birthweight and

an increased risk for SGA offspring
compared with those conceived with

0 or 1 corpus luteum. Furthermore, a
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TABLE 4 BASELINE CHARACTERISTICS OF STUDY PARTICIPANTS INCLUDED IN NOVEMBER 2010 TO DECEMBER
2017 IN THE ROTTERDAM PERICONCEPTIONAL COHORT (N = 1401), STRATIFIED BY NUMBER OF CORPUS LUTEUM

PERICONCEPTIONALLY

0 CL (n=32) 1CL (n =1078) >1CL (n = 291) P-value
Age, years 32[29,34] 3229, 35] 33 (30, 3¢] <0.001
>40 years 0(0.0) 26 (2.4) 21(72) 0.001
Missing 0 0 0
Nulliparous 20 (64.5) 456 (42.7) 211 (73.8) <0.001
Missing 1 9 5
BMI, kg/m? 22.8(212,247] 247(22.2,287] 24.3[21.6, 28.06] 0.004
>30 3(10.0) 208 (20.1) 42 (15.4) 0.095
Missing 2 43 18
Geographic origin: Western 29 (90.6) 816 (75.7) 240 (82.5) 0.01
Missing 0 0 0
Education 0.39
Low 0(0.0) 82 (8.5) 23(8.3)
Middle 14 (45.2) 331(34.1) 101 (36.5)
High 17 (54.8) 557 (57.4) 153 (55.2)
Missing 1 108 14
Smoking 1(3.2) 166 (16.9) 35 (12.4) 0.03
Missing 1 93 9
Alcohol consumption 12 (38.7) 338 (34.3) 55 (19.5) <0.001
Missing 1 93 9
Folic acid supplement use 31(100.0) 726 (73.6) 273 (972) <0.001
Missing 1 91 10
Fetal sex, female 16 (51.6) 527 (499) 139 (48.9) 0.98
Missing 1 22 7
PCOS 16 (50.0) 82 (7.6) 48 (16.5) <0.001
Missing 0 0 0

Data are presented as n, median [IQR], or number of individuals, n (%).

BMI = body mass index; CL = corpus luteum; PCOS = polycystic ovary syndrome.

sub-analysis of fresh embryo transfers
demonstrated that total follicle diameter
prior to ovum retrieval was linearly
associated with birthweight.

Prorenin is the inactive precursor

of renin. It has no known function,
although it occurs at concentrations
that are easily 10-fold higher than those
of renin. It originates from the kidney
but also has extrarenal sources, such

as the ovary, testis and adrenal glands
(Krop et al., 2008). Prorenin consists

of a prosegment and a renin moiety.
The prosegment covers renin's active
site, so that prorenin cannot display
enzymatic activity. Yet, depending on pH
and temperature, the prosegment may
move out of the enzymatic cleft. Under
such conditions, prorenin is capable of
reacting with angiotensinogen. At pH 74
and 37°C this applies to approx. 1% of

the prorenin molecules. The percentage
of ‘open’ prorenin molecules increases
further at low pH or temperature, or if
prorenin binds to a receptor, although
the existence of a ‘prorenin receptor’
(e.g. at tissue sites, for instance in the
utero-placental unit) is controversial.
Taken together, especially in >1 corpus
luteum pregnancies, the excessive
amounts of prorenin are probably
contributing to angiotensin generation,
possibly even to a larger degree than
renin (Wiegel et al., 2020b). Here it

is important to realize that increased
RAAS activity is needed in pregnancy
to stimulate the synthesis and release
of aldosterone, which is responsible
for the 30-40% increase in plasma
volume in pregnancy. However, given
that Ang Il is a potent vasoconstrictor,
excessive increases are undesirable,
because this will reduce placental blood

supply (Glance et al., 1984). Importantly,
the body has developed a mechanism
involving progesterone and prostacyclin
(Gant et al.,, 1980) to diminish Ang Il
sensitivity in pregnant women and to
avoid such effects (Verdonk et al., 2014).
Nevertheless, the current data show that
RAAS overactivity, reflected by elevated
prorenin concentrations, associates
with detrimental consequences. This

is not due to aldosterone, because
aldosterone itself associated positively
with growth independently of the renin-
angiotensin axis (TABLE 3 and FIGURE 3).
Therefore it is most likely that these
consequences concern aldosterone-
independent effects of Ang Il. Apart
from a reduction in placental blood
flow, this could also involve local effects
of Ang Il within the placenta. Indeed,
given the high density of Ang Il type 1
(AT;) receptors on trophoblasts (Anton
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TABLE 5 BIRTH OUTCOMES BY CORPUS LUTEUM GROUPS IN THE ROTTERDAM PERICONCEPTIONAL COHORT,
NOVEMBER 2010 TO DECEMBER 2018 (N = 1401)

Birth outcomes OCL(n=232) 1CL (n =1078) >1CL (n =291) P-value
Gestational age at birth, days 277 (272, 285] 273 [265, 280] 276 1270, 283] <0.0072P
Missing 54 2
Birthweight, g 3490 [3210, 3795] 3345 [2980, 3704] 3315 [2976, 3638] 0.21
<1500 g 0(0) 14 (1.3) 2(0.7)
<2500 g 2(6.5) 83 (8.0) 21(77)
>4000 g 2(6.5) 103 (2.9) 28 (10.2)
Missing 36 17
Birthweight, percentiles 570 [25.8, 79.3] 49.0[23.0, 75.8] 38.0 [178, 69.0] 0.009°
Missing 244 39
z-scores, birthweight percentiles 0.32[-0.72, 1.06] 0.05[-0.82, 0.94] -0.32[-0.99, 0.72] 0.009°
LGA 2.(71) 91(10.9) 20 (79) 0.34
SGA 1(3.6) 114 (13.7) 45 (179) 0.07
SGA, non-PE/PTB cases 0 (0.0) 89 (10.7) 39 (15.5) 0.02?

Data are presented as median [interquartile range] or n (%).

CL = corpus luteum; LGA (>p90) = large for gestational age; PE = pre-eclampsia; PTB = preterm birth; SGA (<p10) = small for gestational age.

2 Statistical difference between O CL and 1 CL.
b Statistical difference between 1 CL and >1 CL.

For no statistical significant difference, the P-value of the three groups compared are shown.

and Brosnihan, 2008), elevated local
concentrations of Ang Il might result in
inadequate placental development, for
instance by inducing oxidative stress
(Mistry et al., 2013). This concept is
supported by the observation that the
growth-suppressant influences became
particularly apparent during late fetal
development (and not during early fetal
development), i.e. they emerged at the
time that the fetal-maternal circulation
has been established. If inadequate,
this would have consequences for fetal
growth. Furthermore, Ang Il disturbs

amino acid transport across the placenta,
by suppressing Na*-K*-ATPase in human
placental villi via AT; receptor stimulation
(Shibata et al., 2006). This might
diminish fetal growth independently of
placental development.

That sufficient plasma volume expansion
is required for suitable fetal growth and
birthweight is undisputed (Campbell
and MacGillivray, 1972; Gibson,

1973; Pirani et al., 1973; Salas et al.,
1993). Indeed, extensive research has
demonstrated the relationship between

poor plasma volume expansion in early
pregnancy and pregnancy complications
(Duvekot et al., 1995). The current
observation that higher concentrations
of aldosterone (relative to renin) reduce
the risk of SGA most likely relates

to its facilitation of this early volume
expansion. In addition, aldosterone has
been suggested to induce trophoblast
proliferation (Gennari-Moser et al., 2011).
Hence, the positive association with
aldosterone may involve both volume
expansion, facilitating placental blood
supply, and local growth stimulation

TABLE 6 ASSOCIATIONS BETWEEN CORPUS LUTEUM NUMBER AND FERTILITY PARAMETERS AND BIRTHWEIGHT
PERCENTILES, TRANSFORMED TO Z-SCORES

Birthweight percentiles (z-scores)

Model 1 Model 2

Beta (95% CI) P-value Beta (95% CI) P-value
Total study group
Corpus luteum, >1 CL -0.21(-0.35, -0.07) 0.004 -0.17 (-0.32, -0.01) 0.04
Fertility parameters in fresh ET group (n = 291)°
No. of follicles 0.07 (-0.19, 0.34) 0.58 0.02 (-0.26, 0.29) 0.90
Total follicle diameter -0.39 (-0.78, -0.003) 0.049 -0.61(-1.01, -0.20) 0.004
No. of oocytes -0.004 (-0.24, 0.47) 098 -0.003 (-0.24, 0.24) 098

The corpus luteum analyses refer to the total study population (O CL, 1 CL and >1 CL), and fertility parameters refer to pregnancies conceived after fresh ET with multiple

corpora lutea. Table shows effect estimates of multivariate regression models for the associations between CL group and birthweight percentiles in the total study population

and fertility parameters with birthweight percentiles in the fresh ET group.

Model 1: no adjustments. Model 2: adjusted model for maternal age, BMI, parity, maternal smoking and alcohol use, geographic origin, folic acid use and PCOS.

2 Additionally adjusted for stimulation method and dose.

BMI = body mass index; Cl = confidence interval; CL = corpus luteum; ET = embryo transfer; PCOS = polycystic ovary syndrome.
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in the placenta, which result in
optimal (vascular) development of the
placenta. Normally, Ang Il is a major
determinant of aldosterone synthesis,
and it is therefore not surprising

that a previous study observed the
highest aldosterone concentrations
and the strongest correlation between
renin and aldosterone in pregnancies
with >1 corpus luteum, where (pro)
renin concentrations are highest
(Wiegel et al., 2020a). This group

also displays the highest progesterone
concentrations (Conrad et al., 201%9a).
Because progesterone antagonizes the
mineralocorticoid receptor (Persson,
2003), the balance between beneficial
effects of aldosterone and deleterious
effects of Ang Il may tip to the latter
in the >1 corpus luteum group.
Moreover, this group also displays the
highest circulating concentrations of
the corpus luteum-derived compound
relaxin (Conrad et al., 2019a). Because
relaxin may increase sodium excretion
in an aldosterone-independent manner
(Alsadek et al., 2005), it may antagonize
volume expansion even further.

The Predict cohort data in the present
study are in agreement with previous
reports showing that pregnancies
conceived with >1 corpus luteum are
more disposed to developing SGA

and a lower birthweight (Ginod et al.,
2018; Nakashima et al., 2013; Spijkers
et al., 2017; van Duijn et al., 2021; Vidal
et al., 2017). Obviously, prorenin is just
one factor that is increased in such
pregnancies, and thus it is still possible
that the relationship between prorenin
and growth is not causal. Sub-analysis
of pregnancies with >1 corpus luteum
showed that total follicle diameter prior
to ovum retrieval linearly associated
with birthweight percentiles. A larger
diameter is suggestive for an increased
contribution of theca cells, which
normally invade the vascular granulosa
layer to proliferate to luteinized cells
and to form the corpus luteum. Because
theca cells are the source of elevated
prorenin concentrations in pregnancy,
this finding again (albeit indirectly)
supports a role for prorenin. Earlier
studies were unable to consistently link
the number of oocytes after ovarian
stimulation to birthweight (Baker et al.,
2015; Griesinger et al., 2008; Sazonova
et al., 2011; Shih et al,, 2008), and in the
current study also no such relationship
was found. This may be due to a variation
in definitions and the low number of

observations available to establish this
correlation, combined with the fact

that there was a low percentage of
cycles with retrieval of 215 oocytes. To
put the associations with prorenin into
perspective, we also calculated (data not
shown) the association with smoking, a
well-known determinant of birthweight
(van Uitert et al.,, 2013). Its beta value

in the current population was -0.12, i.e.
about half that of prorenin. This illustrates
the influence of ovarian stimulation,

and the potential consequences of an
increased corpus luteum number.

Strengths of the current study are the
original data, size, prospective and
longitudinal design and analysis, and its
single-centre setting, applying identical,
standardized procedures, thereby
limiting variability. The availability of
birthweight z-scores allowed a careful
adjustment for gestational age and fetal
sex. Yet, given that participants recruited
from a tertiary hospital are at increased
risk for adverse birth outcomes, the
generalizability of the results is limited.
This sub-cohort was not powered to
detect associations between RAAS
component concentrations and
pregnancy complications. It is interesting
to note here that pre-eclampsia occurs
more often in the O corpus luteum
group, which displays the lowest degree
of RAAS activation. In fact, this disorder
is characterized by low RAAS activity
and volume expansion, and its treatment
with mineralocorticoid receptor agonists
has already been suggested (Birukov

et al., 2019). Future studies should

now investigate first-trimester RAAS
component alterations combined

with detailed serial measurements of
haemodynamic adaptation, corpus
luteum number and volume, and
placenta growth and development.
Other corpus luteum products (e.g.
relaxin) may be evaluated simultaneously,
to verify whether RAAS activation truly
is the culprit. Given the multiple effects
of steroid hormones on the RAAS,

the impact of the IVF protocol itself
should also be taken into consideration
in such studies. Finally, it is likely that
excessive early maternal RAAS activation
has long-term health consequences

for mother and offspring, even far
beyond a reduction of birthweight. For
instance, it might increase the risk of
hypertension, ischaemic heart disease
and diabetes mellitus via epigenetic
pathways. Investigating this would
require an epidemiological approach

linking RAAS component concentrations
(or their epigenetic consequences) to
observations in the offspring in later life.

This study strongly suggests that
increased first-trimester prorenin release,
potentially resulting in angiotensin up-
regulation, is associated with reduced late
fetal growth trajectories and birthweight
and an increased risk of SGA, whereas
aldosterone, when adjusted for renin,

is negatively associated with the risk

of SGA. Additionally, using the total
Rotterdam Periconceptional Cohort,
pregnancies with multiple corpus

luteum display decreased birthweight
and an increased risk for SGA offspring
versus pregnancies with O or 1 corpus
luteum. These data underline the
important contribution of the RAAS

in early pregnancy adaptation, fetal
growth and pregnancy outcomes,

while any derangement after ovarian
stimulation might predispose to impaired
placental development and maternal
maladaptation.

ACKNOWLEDGEMENTS

The Rotterdam Periconceptional

Cohort (Predict Study) is conducted

by the Department of Obstetrics and
Gynecology at the Erasmus University
Medical Center, Rotterdam, the
Netherlands. We gratefully acknowledge
the Rotterdam Periconceptional Cohort
team for data acquisition and the
participating couples, gynaecologists and
midwifery practices in Rotterdam for
their contributions. The authors thank
Anton Koning for technical support. This
research was funded by the Department
of Obstetrics and Gynecology of the
Erasmus University Medical Center.



REFERENCES

ACOG Practice Bulletin No. 202. Gestational
Hypertension and Preeclampsia. Obstet.
Gynecol. 2019; 133: 1

Alsadek, H.B., Rachel, E., Nick, A Relaxin-induced
changes in renal sodium excretion in the
anesthetized male rat. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2005, 288: R322-R328

Anton, L., Brosnihan, K.B Systemic and
uteroplacental renin-angiotensin system in
normal and pre-eclamptic pregnancies. Ther.
Adv. Cardiovasc. Dis. 2008; 2: 349-362

Baker, V.L., Brown, M.B., Luke, B., Conrad,

K.P. Association of number of retrieved
oocytes with live birth rate and birth weight:
an analysis of 231,815 cycles of in vitro
fertilization. Fertil. Steril. 2015; 103: 931-938

Batenburg, WW., de Bruin, R.J., van Gool, JM,,

Muller, D.N., Bader, M., Nguyen, G., Danser,

A.H Aliskiren-binding increases the half life

of renin and prorenin in rat aortic vascular

smooth muscle cells. Arterioscler. Thromb.

Vasc. Biol. 2008; 28: 1151-1157

rukov, A., Andersen, L.B., Herse, F., Rakova,

N., Kitlen, G., Kyhl, H.B., Golic, M., Haase,

N., Kraker, K., Muller, D.N., Jorgensen, J.S.,
Andersen, M.S., Dechend, R., Jensen, B.L.
Aldosterone, salt, and potassium intakes as
predictors of pregnancy outcome, including
preeclampsia. Hypertension 2019; 74: 391-398

Burton, G.J., Woods, AW., Jauniaux, E.,
Kingdom, J.C. Rheological and physiological
consequences of conversion of the maternal
spiral arteries for uteroplacental blood flow
during human pregnancy. Placenta 2009; 30:
473-482

Campbell, D.M., MacGillivray, | Comparison
of maternal response in first and second
pregnancies in relation to baby weight. J.
Obstet. Gynaecol. Br. Commonw. 1972; 79:
684-693

Chapman, A.B., Abraham, WT., Zamudio, S.,
Coffin, C., Merouani, A., Young, D., Johnson,
A., Osorio, F., Goldberg, C., Moore, LG.,
Dahms, T., Schrier, RW Temporal relationships
between hormonal and hemodynamic
changes in early human pregnancy. Kidney Int.
1998, 54: 2056-2063

Conrad, K.P, Baker, V.L Corpus luteal
contribution to maternal pregnancy
physiology and outcomes in assisted
reproductive technologies. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 2013; 304:
R69-R72

Conrad, K.P, Graham, G.M., Chi, YY., Zhai, X,
Li, M., Williams, R.S., Rhoton-Vlasak, A., Segal,
M.S., Wood, C.E., Keller-Wood, M. Potential
influence of the corpus luteum on circulating
reproductive and volume regulatory
hormones, angiogenic and immunoregulatory
factors in pregnant women. Am. J. Physiol.
Endocrinol. Metab. 2019; 317: E677-E685

Conrad, K.P, Petersen, JW., Chi, YY., Zhai, X,, Li,
M., Chiu, K.H., Liu, J., Lingis, M.D., Williams,
R.S., Rhoton-Vlasak, A., Larocca, J.J., Nichols,
WMW., Segal, M.S. Maternal cardiovascular
dysregulation during early pregnancy after in
vitro fertilization cycles in the absence of a
corpus luteum. Hypertension 2019; 74: 705-715

Danser, A.H., Derkx, F.H., Schalekamp, M.A.,
Hense, HW., Riegger, G.A., Schunkert, H.
Determinants of interindividual variation of
renin and prorenin concentrations: evidence

Bi

for a sexual dimorphism of (pro)renin levels in
humans. J. Hypertens. 1998; 16: 853-862

Derkx, F.H., Alberda, AT, de Jong, FH.,
Zeilmaker, F.H., Makovitz, JW., Schalekamp,
M.A. Source of plasma prorenin in early and
late pregnancy: observations in a patient with
primary ovarian failure. J. Clin. Endocrinol.
Metab. 1987; 65: 349-354

Duvekot, J.J., Cheriex, E.C., Pieters, FA.,
Menheere, PP, Schouten, H.J., Peeters,
L.L Maternal volume homeostasis in early
pregnancy in relation to fetal growth
restriction. Obstet. Gynecol. 1995; 85: 361-367

Gant, N.F., Worley, R.J., Everett, R.B., MacDonald,
PC Control of vascular responsiveness during
human pregnancy. Kidney Int. 1980; 18:
253-258

Gennari-Moser, C., Khankin, EV.,, Schller,
S., Escher, G., Frey, B.M., Portmann, C.B.,
Baumann, M.U., Lehmann, A.D., Surbek, D.,
Karumanchi, S.A., Frey, F.J., Mohaupt, M.G.
Regulation of placental growth by aldosterone
and cortisol. Endocrinology 2011; 152: 263-271

Gibson, H.M. Plasma volume and glomerular
filtration rate in pregnancy and their relation
to differences in fetal growth. J. Obstet.
Gynaecol. Br. Commonw. 1973; 80: 1067-1074

Ginod, P, Choux, C., Barberet, J., Rousseau,
T., Bruno, C., Khallouk, B., Sagot, P, Astruc,
K., Fauque, P Singleton fetal growth kinetics
depend on the mode of conception. Fertil.
Steril. 2018; 110: 11091117

Glance, D.G., Elder, M.G., Bloxam, D.L., Myatt, L
The effects of the components of the renin-
angiotensin system on the isolated perfused
human placental cotyledon. Am. J. Obstet.
Gynecol. 1984; 149: 450-454

Gordijn, S.J., Beune, .M., Thilaganathan, B.,
Papageorghiou, A., Baschat, A.A., Baker,
PN., Silver, R-M., Wynia, K., Ganzevoort,
W. Consensus definition of fetal growth
restriction: a Delphi procedure. Ultrasound
Obstet. Gynecol. 2016; 48: 333-339

Griesinger, G., Kolibianakis, E.M., Diedrich, K.,
Ludwig, M. Ovarian stimulation for IVF has
no quantitative association with birthweight:
a registry study. Hum. Reprod. 2008; 23:
2549-2554

Haase, N., Foster, D.J., Cunningham, MW.,
Bercher, J., Nguyen, T., Shulga-Morskaya, S.,
Milstein, S., Shaikh, S., Rollins, J., Golic, M.,
Herse, F,, Kraker, K., Bendix, I., Serdar, M.,
Napieczynska, H., Heuser, A., Gellhaus, A.,
Thiele, K., Wallukat, G., Muller, D.N., LaMarca,
B., Dechend, R RNA interference therapeutics
targeting angiotensinogen ameliorate
preeclamptic phenotype in rodent models. J.
Clin. Invest. 2020; 130: 2928-2942

Hadlock, F.P, Harrist, R.B., Sharman, R.S., Deter,
R.L., Park, S.K. Estimation of fetal weight
with the use of head, body, and femur
measurements - a prospective study. Am. J.
Obstet. Gynecol. 1985; 151: 333-337

Hoftiezer, L., Hukkelhoven, CW., Hogeveen, M.,
Straatman, H.M., van Lingen, R.A. Defining
small-for-gestational-age: prescriptive versus
descriptive birthweight standards. Eur. J.
Pediatr. 2016; 175: 1047-1057

Immonen, |., Siimes, A., Stenman, U.H.,
Karkkainen, J., Fyhrquist, F Plasma renin
substrate and oestrogens in normal
pregnancy. Scand. J. Clin. Lab. Invest. 1983;
43: 61-65

Kalra, S.K., Ratcliffe, S.J., Coutifaris, C., Molinaro,
T., Barnhart, KT Ovarian stimulation and low

RBMO VOLUME 44 [SSUE 6 2022 1121

birth weight in newborns conceived through
in vitro fertilization. Obstet. Gynecol. 2011;
118: 863-871

Macklon, N.S., Brosens, J.J The human
endometrium as a sensor of embryo quality.
Biol. Reprod. 2014; 91: 98

Maheshwari, A., Pandey, S., Shetty, A., Hamilton,
M., Bhattacharya, S. Obstetric and perinatal
outcomes in singleton pregnancies resulting
from the transfer of frozen thawed versus
fresh embryos generated through in vitro
fertilization treatment: a systematic review
and meta-analysis. Fertil. Steril. 2012; 98:
368-377

Mistry, H., Kurlak, L., Broughton Pipkin, F. The
placental renin-angiotensin system and
oxidative stress in pre-eclampsia. Placenta
2013; 34: 182-186

Nakashima, A., Araki, R., Tani, H., Ishihara, O.,
Kuwahara, A., Irahara, M., Yoshimura, Y.,
Kuramoto, T., Saito, H., Nakaza, A., Sakumoto,
T. Implications of assisted reproductive
technologies on term singleton birth weight:
an analysis of 25,777 children in the national
assisted reproduction registry of Japan. Fertil.
Steril. 2013; 99: 450-455

Persson, P.B. Renin: origin, secretion and
synthesis. J. Physiol. 2003; 552: 667-671

Pirani, B.B., Campbell, D.M., MacGillivray, |
Plasma volume in normal first pregnancy. J.
Obstet. Gynaecol. Br. Commonw. 1973; 80:
884-887

Pringle, K.G., Conquest, A., Mitchell, C., Zakar, T.,
Lumbers, E.R Effects of fetal sex on expression
of the (pro)renin receptor and genes
influenced by its interaction with prorenin in
human amnion. Reprod. Sci. 2015; 22: 750-757

Rosso, P, Donoso, E., Braun, S., Espinoza,
R., Fernandez, C., Salas, S.P Maternal
hemodynamic adjustments in idiopathic fetal
growth retardation. Gynecol. Obstet. Invest.
1993; 35: 162-165

Rousian, M., Koning, A.H., van Oppenraaij,
R.H., Hop, W.C., Verwoerd-Dikkeboom,
C.M., van der Spek, PJ., Exalto, N., Steegers,
E.A An innovative virtual reality technique
for automated human embryonic volume
measurements. Hum. Reprod. 2010; 25:
2210-2216

Salas, S.P, Marshall, G., Gutiérrez, B.L., Rosso,
P. Time course of maternal plasma volume
and hormonal changes in women with
preeclampsia or fetal growth restriction.
Hypertension 2006; 47: 203-208

Salas, S.P, Rosso, P, Espinoza, R., Robert, J.A,,
Valdes, G., Donoso, E Maternal plasma volume
expansion and hormonal changes in women
with idiopathic fetal growth retardation.
Obstet. Gynecol. 1993; 81: 1029-1033

Sazonova, A., Kéllen, K., Thurin-Kjellberg, A.,
Wennerholm, U.B. Bergh, C. Factors affecting
obstetric outcome of singletons born after
IVF. Hum. Reprod. 2011; 26: 2878-2886

Schalekamp, M.A., Derkx, F.H., Deinum, J.,
Danser, A.J Newly developed renin and
prorenin assays and the clinical evaluation
of renin inhibitors. J. Hypertens. 2008; 26:
928-937

Sealey, J.E., Glorioso, N., ltskovitz, J., Troffa, C.,
Cholst, I., Rosenwaks, Z. Plasma prorenin
during early pregnancy: ovarian secretion
under gonadotropin control? J. Hypertens.
Suppl. 1986; 4: S92-S95

Shibata, E., Powers, RW., Rajakumar, A., Von
Versen-Hoynck, F., Gallaher, M.J., Lykins, D.L.,


http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0001
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0001
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0001
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0002
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0002
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0002
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0002
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0003
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0003
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0003
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0003
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0004
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0004
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0004
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0004
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0004
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0005
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0006
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0007
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0008
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0008
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0008
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0008
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0008
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0009
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0010
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0011
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0012
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0013
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0014
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0015
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0015
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0015
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0015
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0015
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0016
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0016
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0016
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0016
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0017
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0018
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0018
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0018
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0018
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0019
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0019
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0019
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0019
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0019
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0020
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0020
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0020
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0020
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0020
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0021
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0022
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0022
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0022
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0022
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0022
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0023
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0024
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0024
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0024
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0024
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0024
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0025
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0025
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0025
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0025
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0025
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0026
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0026
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0026
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0026
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0026
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0027
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0027
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0027
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0027
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0027
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0028
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0028
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0028
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0029
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0030
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0030
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0030
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0030
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0031
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0032
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0032
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0033
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0033
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0033
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0033
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0034
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0034
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0034
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0034
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0034
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0035
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0035
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0035
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0035
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0035
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0036
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0037
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0037
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0037
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0037
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0037
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0038
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0038
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0038
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0038
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0038
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0039
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0039
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0039
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0039
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0040
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0040
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0040
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0040
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0040
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0041
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0041
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0041
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0041
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0041
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042

1122 RBMO VOLUME 44 ISSUE 6 2022

Roberts, J.M., Hubel, C.A. Angiotensin Il
decreases system A amino acid transporter
activity in human placental villous fragments
through AT1 receptor activation. Am. J.
Physiol. Endocrinol. Metab. 2006; 291:
E1009-E1016

Shih, W., Rushford, D.D., Bourne, H., Garrett,
C., McBain, J.C., Healy, D.L., Baker, HW.
Factors affecting low birthweight after
assisted reproduction technology: difference
between transfer of fresh and cryopreserved
embryos suggests an adverse effect of oocyte
collection. Hum. Reprod. 2008; 23: 1644-1653

Spijkers, S., Lens, JW., Schats, R., Lambalk, C.B.
Fresh and frozen-thawed embryo transfer
compared to natural conception: differences
in perinatal outcome. Gynecol. Obstet. Invest.
2017; 82: 538-546

Steegers, E.A., von Dadelszen, P, Duvekot, J.J.,
Pijnenborg, R. Pre-eclampsia. Lancet 2010;
376: 631-644

Steegers-Theunissen, R.P, Twigt, J., Pestinger,
V., Sinclair, K.D. The periconceptional
period, reproduction and long-term health
of offspring: the importance of one-carbon
metabolism. Hum. Reprod. Update 2013; 19:
640-655

Steegers-Theunissen, R.P,, Verheijden-Paulissen,
J.J., van Uitert, E.M., Wildhagen, M.F,, Exalto,
N., Koning, A.H., Eggink, A.J., Duvekot, J.J.,
Laven, J.S., Tibboel, D., Reiss, I., Steegers,
E.A. Cohort profile: the Rotterdam
Periconceptional Cohort (Predict Study). Int.
J. Epidemiol. 2016; 45: 374-381

van Duijn, L., Hoek, J., Rousian, M., Baart, E.B.,
Willemsen, S.P, Laven, J.S.E., Steegers-
Theunissen, R.PM., Schoenmakers, S. Prenatal
growth trajectories and birth outcomes after
frozen-thawed extended culture embryo
transfer and fresh embryo transfer: the
Rotterdam Periconception Cohort. Reprod.
Biomed. Online 2021; 43: 279-287

van Uitert, E.M,, van der Elst-Otte, N., Wilbers,
J.J., Exalto, N., Willemsen, S.P, Eilers, PH.,
Koning, A.H., Steegers, E.A. Steegers-
Theunissen, R.P. Periconception maternal
characteristics and embryonic growth
trajectories: the Rotterdam Predict study.
Hum. Reprod. 2013; 28: 3188-3196

Verdonk, K., Visser, W., Van Den Meiracker,

A.H., Danser, A.H.J. The renin-angiotensin-
aldosterone system in pre-eclampsia: the
delicate balance between good and bad. Clin.
Sci. 2014; 126: 537-544

Verfaille, V., de Jonge, A., Mokkink, L.,
Westerneng, M., van der Horst, H., Jellema, P,
Franx, A. IRIS Study Group. Multidisciplinary
consensus on screening for, diagnosis and
management of fetal growth restriction in the
Netherlands. BMC Pregnancy Childbirth 2017;
17: 353

Verwoerd-Dikkeboom, C.M., Koning, A.H.,

Hop, W.C., Rousian, M., Van Der Spek, PJ.,
Exalto, N., Steegers, E.A Reliability of three-
dimensional sonographic measurements

in early pregnancy using virtual reality.
Ultrasound Obstet. Gynecol. 2008; 32:
910-916

Vidal, M., Vellvé, K., Gonzélez-Comadran, M.,
Robles, A., Prat, M., Torné, M., Carreras, R.,
Checa, M.A. Perinatal outcomes in children
born after fresh or frozen embryo transfer:

a Catalan cohort study based on 14,262
newborns. Fertil. Steril. 2017; 107: 940-947

von Versen-Hoynck, F., Schaub, AM., Chi, YY.,
Chiu, K.H., Liu, J., Lingis, M., Stan Williams, R.,
Rhoton-Vlasak, A., Nichols, WW., Fleischmann,
R.R., Zhang, W., Winn, V.D., Segal, M.S., Conrad,
K.P, Baker, V.L. Increased preeclampsia risk
and reduced aortic compliance with in vitro
fertilization cycles in the absence of a corpus
luteum. Hypertension 2019; 73: 640-649

Wiegel, R.E., Jan Danser, A.H., Steegers-
Theunissen, R.PM., Laven, J.S.E., Willemsen,
S.P, Baker, V.L., Steegers, E.A.P, von Versen-
Hoynck, F. Determinants of maternal renin-
angiotensin-aldosterone-system activation in
early pregnancy: insights from 2 cohorts. J.
Clin. Endocrinol. Metab. 2020; 105: 3505-3517

Wiegel, R.E., von Versen-Hoynck, F., Steegers-
Theunissen, R.PM., Steegers, E.A.P, Danser,
A.H.J. Prorenin periconceptionally and in
pregnancy: does it have a physiological role?.
Mol. Cell. Endocrinol. 2020; 522111118

Zeve, D., Regelmann, M.O., Holzman, I.R.,
Rapaport, R. Small at birth, but how small?
The definition of SGA revisited. Horm. Res.
Paediatr. 2016; 86: 357-360

Received 5 October 2021; received in revised
form 14 December 2021; accepted 15 December
2021.


http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0042
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0043
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0044
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0044
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0044
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0044
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0044
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0045
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0045
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0045
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0046
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0047
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0048
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0049
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0050
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0050
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0050
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0050
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0050
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0051
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0052
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0053
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0054
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0055
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0056
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0056
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0056
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0056
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0056
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0057
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0057
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0057
http://refhub.elsevier.com/S1472-6483(22)00035-9/sbref0057

	﻿First-trimester maternal renin–angiotensin–aldosterone system activation and fetal growth and birthweight: the Rotterdam P ...
	﻿Introduction
	﻿Materials and methods
	﻿Study population
	﻿Renin, prorenin and aldosterone measurement
	﻿Embryonic and fetal growth and birthweight
	﻿Birth outcomes
	﻿Classification of the corpus luteum groups
	﻿Covariates
	﻿Birthweight in the prospective cohort: the Rotterdam Periconceptional Cohort (Predict Study)
	﻿Statistical analysis

	﻿Results
	﻿RAAS and birthweight
	﻿RAAS determinant measurements
	﻿Maternal RAAS determinants and embryonic growth
	﻿Maternal RAAS determinants and fetal growth
	﻿Maternal RAAS components and birthweight
	﻿Corpus luteum number and birthweight

	﻿Discussion
	﻿References


