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SUMMARY 
 

Background: Pregnancies conceived by assisted reproductive technologies (ART) 

represent up to 7.9% of births in European countries and this tendency seems to 

be increasing, with infertility affecting almost 25 million citizens in the European 

Union. Concerns about safety aspects of ART have been rising, especially after 

some studies found an association between these technologies and poorer 

perinatal outcomes, fetal cardiac remodeling, and suboptimal 

neurodevelopment. 
 

Hypothesis: Different ART procedures are associated with distinct patterns of 

fetal cardiac and brain development, as well as different preeclampsia risk 

profiles shown by preeclampsia-related biomarkers. 
 

Objectives: To describe the pattern of fetal cardiac and neurodevelopmental 

profiles, and the behavior of preeclampsia-related biomarkers, associated to 

different ART strategies in order to assess the offspring’s health related to each 

technique. 
 

Methodology: A prospective cohort study of singleton pregnancies exposed and 

not exposed to different ART techniques was conducted. A total of 683 

pregnancies were recruited, including spontaneous pregnancies from fertile 

(n=199) and subfertile couples (n=100), Natural-Cycle (unstimulated) in vitro 

fertilization (IVF) cycles (n=34), conventional (stimulated) IVF cycles with fresh 

(n=185) and frozen (n=165) embryo transfer. Fetal chromosomal abnormalities or 

structural malformations and suspected or confirmed intrauterine infections 

were considered exclusion criteria. A fetal ultrasound evaluation at third 

trimester of pregnancy and a set of maternal and cord blood samples were 

collected at birth. The main outcomes were the presence and pattern of fetal 

cardiac remodeling and dysfunction and fetal neurodevelopment assessed by 

ultrasound between 27 and 35 weeks of gestational age, and the preeclampsia-

related biomarkers´ profile at birth in maternal and cord blood. Three cohort 

studies and two nested case-control studies were conducted. The association 

between different types of ART and offspring´s outcomes have been modelled 

considering several covariates such as maternal age, parity, ethnicity, 

birthweight centile, prematurity, preeclampsia, socioeconomic factors, medical 

and fertility background, offspring´s age, weight, sex, and breastfeeding.  
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Results: The previously published findings of cardiac remodeling and 

dysfunction in fetuses from ART have been replicated in this research project. 

Cardiac features in fetuses from ART seem to be associated with the IVF 

laboratory procedure itself, not with the underlying subfertility nor the ovarian 

stimulation. Moreover, more pronounced features were demonstrated in 

stimulated cycles with fresh embryo transfer as compared to the frozen embryo 

transfer population.  

Fetuses from ART also showed a different pattern of brain cortical folding during 

the third trimester of intrauterine life, associated to a poorer neurodevelopmental 

performance at 12 months of corrected age, with more pronounced changes in 

stimulated cycles with fresh embryo transfer as compared to the frozen embryo 

transfer group.  

Finally, we report more altered levels of the scavengers hemopexin and α1-

microglobulin in the group lacking corpus luteum at the time of conception 

(embryo transfer in programmed cycles), supporting the hypothesis that the 

corpus luteum activity may influence the perinatal outcomes through lower 

levels of oxidative stress. 
 

Conclusions: (1) Fetuses from both fresh and frozen embryo transfer cycles 

present signs of cardiac remodeling and suboptimal function, with more 

pronounced changes after fresh as compared to frozen embryo transfer. (2) 

Fetuses conceived spontaneously by subfertile couples do not show signs of 

cardiac remodeling and dysfunction as those observed in IVF fetuses, and their 

cardiac structural and functional features are similar to those of SC fetuses from 

fertile couples. (3) Fetuses from ART show signs of cardiac remodeling as 

compared to SC fetuses from fertile couples, even in Natural-Cycle IVF (NC-IVF) 

cycles (without a previous ovarian stimulation). (4) Fetuses conceived by ART 

show a distinctive pattern of brain cortical development and suboptimal infant 

neurodevelopment, with more pronounced changes in fresh embryo transfer 

offspring. (5) Pregnancies lacking corpus luteum at the time of conception 

associate more altered heme scavenger´s concentrations in preeclampsia, 

suggesting that the corpus luteum activity could influence perinatal outcomes 

through lower levels of oxidative stress. (6) These results underscore the 

importance of future studies assessing adverse perinatal outcomes and long-term 

cardiovascular and neurological health in offspring conceived by ART. 
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Fetal programming in assisted reproductive technologies 

María Laura Boutet 

 - 23 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 
 

 

 

 

 

 

 



 

 

 

 

 

 

 



Fetal programming in assisted reproductive technologies 

María Laura Boutet 

 - 25 - 

1. Introduction 
 

1.1 Assisted reproductive technologies 

The continuous development of assisted reproductive technologies (ART) to 

overcome the setback of infertility has been accelerating over the last four 

decades, since the irruption of in vitro fecundation (IVF), first performed in 

1978. The introduction of the intracytoplasmic sperm injection (ICSI) in 1992 

for the management of severe male infertility, the possibility of 

cryopreservation of surplus embryos and oocytes, and the preimplantation 

genetic testing (PGT) are examples of an evolution that currently allows new 

demands to be addressed. Currently, these requests are as relevant as 

avoiding hereditary diseases in offspring, reducing the rates of complications 

such as ovarian hyperstimulation syndrome, enabling the elective single 

embryo transfer strategy to prevent multiple pregnancies, attending the 

trend towards later parenthood, or saving the reproductive potential of 

individuals facing oncological therapies.  

Nowadays, pregnancies conceived by means of ART represent up to 7.9% of 

the live births in European countries (Wyns et al., 2021) and this tendency 

seems to be increasing worldwide (de Geyter et al., 2020), since infertility 

affects nearly 10% of women at some stage in their reproductive lives 

remaining a highly prevalent global condition (Mascarenhas et al., 2012).  

 

1.2 Perinatal outcomes in ART 

Interest about safety aspects of ART have been increasing, especially since 

some epidemiological studies began to find an association between these 

technologies and poorer perinatal outcomes. The high proportion of multiple 

pregnancies still accounts for the overall increased morbidity and mortality 

of children born after ART (Qin et al., 2016). Additionally, the vanishing twin 

phenomenon, most frequently seen in viable singleton pregnancies after a 

double embryo transfer strategy, worsens the gestation prognosis (Pinborg 

et al., 2007). Nevertheless, compared to natural conceptions, there is strong 

evidence that singletons conceived by ART in absence of a vanishing twin 

are also at higher risk of preterm birth (PTB) and placenta-related outcomes 

as fetal growth restriction (FGR), low birth weight (LBW), placenta previa 

and placental abruption (Cavoretto et al., 2018; Pandey et al., 2012; Qin et al., 
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2017). The risk of adverse perinatal outcome in this population remained 

significantly higher in most of the studies even after adjustment for maternal 

age and parity (Berntsen et al., 2019). 

 

1.2.1 Potential factors related to adverse perinatal outcomes in fetuses 

from ART 

This increased risk is probably multifactorial. It may be related to the 

treatment, with ovarian stimulation (OS) and laboratory procedures 

being possible contributing factors. Subfertility itself (without fertility 

treatment involved) has also been associated with adverse perinatal 

outcomes (Litzky and Marsit, 2019; Pinborg et al., 2013; Valenzuela-

Alcaraz et al., 2017; Vannuccini et al., 2016), suggesting that parental 

underlying factors related to infertility could also contribute to 

perinatal results in the IVF population.  

When analyzing the potential effect of OS by comparing perinatal 

outcomes in IVF in natural cycle (NC-IVF) with conventional IVF 

stimulated cycles no consistent results were found, probably due to the 

retrospective nature of the studies, which usually prevents an 

adequate adjustment for covariates (Mak et al., 2016; Pelinck et al., 

2010; Sunkara et al., 2016). On the other hand, whether the impact of 

OS on perinatal outcomes would be through an effect on the 

endometrium (altering the implantation environment), a direct effect 

on the oocyte / embryo or both, is unknown, difficult to distinguish 

and should be explored further. The pathways leading to restricted 

vascular development in thin endometrial tissues might also affect 

placental development and function, promoting FGR, but even though 

an association between endometrial thickness and birthweight has 

been reported (Liao et al., 2022), it should be further explored in light 

of other potential contributing factors. Moreover, although higher 

estradiol levels at human chorionic gonadotropin (hCG) trigger have 

also been associated to adverse perinatal outcomes related to 

placentation (Pereira et al., 2015; Royster et al., 2016), reassuring results  

did not report an association between the number of retrieved oocytes 

and adverse perinatal outcomes (Bardhi et al., 2020; Magnusson et al., 

2018; Sazonova et al., 2011). Hence, OS influence on pregnancy should 

be addressed from different perspectives and studied further. 
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Laboratory procedures might also influence embryonic and fetal 

development. Pregnancies following ART show a range of adverse 

outcomes that vary by treatment modality. The risk of FGR, LBW and 

PTB is significatively reduced in pregnancies after frozen embryo 

transfer (Maheshwari et al., 2018; Spangmose et al., 2020), but these 

pregnancies are associated with a higher risk of macrosomia and being 

large for gestational age (LGA)  (Berntsen and Pinborg, 2018; Terho et 

al., 2021). Overall, the risk of being LGA in frozen embryo transfer 

singletons even exceeds the risk of being LGA in SC newborns. 

Macrosomia itself has been reported as a risk factor for other adverse 

perinatal results, such as shoulder dystocia, hypoglycemia, 

respiratory distress, neonatal metabolic disturbances at birth, 

perinatal mortality and to also perineal lacerations, Cesarean section 

and postpartum hemorrhage (Beta et al., 2019). The reasons for 

differential outcomes in frozen as compared to fresh embryo transfer 

cycles are still unclear. It has been suggested that the fresh embryo 

transfer on the third or the fifth day after fertilization implies a degree 

of asynchrony between the embryonic developmental stage and the 

endometrial receptivity due to the high levels of estrogen and 

progesterone after OS, which could affect the intrauterine 

environment and therefore the implantation process (Shapiro et al., 

2011). Another reason could be the freezing and thawing procedures, 

which may filter out weaker embryos, selecting good quality embryos 

to survive, with better fetal growth trajectories (Berntsen et al., 2019). 

An alternative explanation might be the impact of cryoprotectants and 

the embryo culture (medium composition and culture conditions). 

The IVF embryo culture would promote in utero overgrowth, an effect 

that would be inhibited by altered steroid environment in fresh 

embryo transfer cycles (Pinborg et al., 2013). When pregnancy 

outcomes were compared in pairs of consecutive singleton siblings 

born after fresh and frozen embryo transfer, the significantly higher 

mean birthweight in frozen embryo transfer singletons persisted, even 

after adjustment for maternal age and birth order (Henningsen et al., 

2011). Another dimension of the frozen embryo transfer cycles is the 

possibility to replace the embryos in programmed versus natural 

cycles, that is, in supplemented cycles with exogenous estradiol and 
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progesterone (avoiding the development of a corpus luteum) or 

scheduled according to spontaneous or induced ovulation (with the 

subsequent development of a corpus luteum). Over the last decade, 

multiple studies have reported an increased risk for adverse 

pregnancy outcomes such as hypertensive disorders of pregnancy 

after frozen embryo transfer (Maheshwari et al., 2018; Opdahl et al., 

2015; Sazonova et al., 2012; Sha et al., 2018). From 2019 on, several 

publications indicated that this increased risk, along with postpartum 

hemorrhage, post-term birth and macrosomia, was attributable to the 

programmed embryo transfer cycles, which preclude the corpus 

luteum development (Ernstad et al., 2019; Saito et al., 2019; Wang et 

al., 2020; Waschkies et al., 2021; Zong et al., 2020). The corpus luteum 

is considered a main regulator of the endometrial function, promoting 

decidualization in the secretory phase and early pregnancy, and its 

absence has been proposed as an etiologic factor of the impaired 

maternal cardiovascular adaptations seen during early pregnancy in 

preeclamptic gestations (Conrad et al., 2021). Both endometrium and 

maternal cardiovascular system are known targets of at least one 

corpus luteum product that is not replaced in programmed cycle 

protocols, the relaxin (Conrad, 2020). 

Finally, subfertility together with other parental underlying factors 

seem to contribute to the perinatal results as well. Patients with 

reproductive disorders often present multiple risk factors contributing 

to adverse perinatal outcomes, beginning with advanced maternal age 

(Vannuccini et al., 2016). Hormonal, inflammatory and metabolic 

alterations of the ovaries, endometrium, myometrium and uterine 

cervix underlie the poor obstetric outcomes observed in patients with 

PCOS, endometriosis, uterine myomas and/or unexplained infertility, 

probably impairing placentation (Vannuccini et al., 2016). 

Inflammatory mechanisms are predominant in endometriosis and, 

whereas metabolic dysfunction prevails in PCOS, a low-grade chronic 

inflammatory status is also associated to this syndrome (Vannuccini 

et al., 2016). Advanced paternal age has been statistically associated to 

a higher risk of adverse pregnancy outcomes such as miscarriage and 

PTB, congenital defects, and other postnatal disorders (autism 

spectrum disorder (ASD), schizophrenia, bipolar disorder, childhood 
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leukemia) (Sharma et al., 2015). In cases of severe male infertility, a 

modestly increased risk of chromosomal anomalies and impaired 

reproductive health for male offspring has been reported (Berntsen et 

al., 2019). A large ART singleton cohort study from the Netherlands 

reported that birth weight was independently associated to maternal 

hypertensive disease, ethnicity, nulliparity, infertility length, and PTB 

was independently associated to ethnicity, nulliparity and cause of 

infertility, being less common in patients with male factor as treatment 

indication (Pontesilli et al., 2015). The Danish sibling population-

based registry study also compared the perinatal outcome of pairs of 

singleton siblings SC and from ART to evaluate the effect of different 

mode of conception controlling by parental characteristics. SC were 

on average heavier and showed lower risk of PTB than their ART 

siblings (Henningsen et al., 2011). According to the literature, 

epigenetics (Berntsen et al., 2019), oxidative stress (Agarwal et al., 

2022), and mitochondrial dysfunction (Kristensen et al., 2017) are 

some of the proposed mechanisms through which the different 

suggested etiological factors could influence the ART offspring´s 

outcomes. 

Specific epigenetic profiles have been described in ART placentas 

(Choux et al., 2018; Marjonen et al., 2018) and offspring (El Hajj et al., 

2017; Novakovic et al., n.d.; Song et al., 2015; Whitelaw et al., 2014). 

However, only one study has explored and reported the epigenetic 

effects of parental infertility in singleton SC children (Barberet et al., 

2022). It is likely that these effects are also present after ART and 

constitute an epigenetic risk for children, although their clinical 

significance is not well understood yet. 

 

1.2.2    Safety in ART: Trends over time  

Nowadays, there is a broad range of treatment strategies to achieve 

respectable success rates in ART minimizing the number of 

complications during the procedures. The set of techniques available 

is constantly evolving and continuously offering better results in 

terms of efficacy and safety. A registry study reviewing perinatal 

outcomes through the past two decades in a multinational Nordic 

cohort shows an improvement of obstetric results over time, probably 
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related to better clinical and laboratory procedures, cryopreservation 

and the push towards elective single embryo transfer (Henningsen et 

al., 2015). However, this trend over time can also be attributable to 

other factors such as a shift towards less severe reproductive disease 

in the couples undergoing ART. 

Prospective studies designed to assess perinatal outcomes of ART and 

SC pregnancies adjusted for cause and length of infertility could make 

an important contribution to clarify the origin of adverse perinatal 

outcomes in the ART population. This increased risk could be related 

to OS, laboratory procedures or gamete/embryo cryopreservation 

and, a rational way to analyze this should involve well-phenotypied 

prospective cohorts with certain homogeneity in treatment-related 

variables such as OS protocols, IVF or ICSI techniques, embryo culture 

characteristics (length, culture medium composition, oxygen tension 

exposure), cryopreservation techniques and embryo transfer 

strategies. 

 

1.3 Fetal adaptations in conception by ART 

So far, there is extensive literature assessing the quality and efficacy of the 

different ART techniques mostly based on pregnancy rates, live-birth rates, 

and perinatal results. However, evidence indicates that prenatal 

environmental insults affecting embryonic or fetal development trajectories 

during critical periods can lead to fetal adaptations to survive, which 

subsequently may result in an altered postnatal physiology (Demicheva and 

Crispi, 2014). 

 

1.3.1 Fetal cardiovascular remodeling 

A wide variety of conditions during prenatal life generate an 

adaptative fetal response in which the central target organ is the fetal 

heart. As in postnatal life, in the early stages of an insult, the heart 

remodels changing its structure, and if the insult persists, a subclinical 

period of cardiac dysfunction takes place before heart failure occurs 

(Crispi et al., 2020a). Congenital heart diseases, fetal growth 

restriction, preeclampsia, diabetes, exposure to antiretroviral drugs 

and also conception by means of ART have been reported to be 

associated with cardiac remodeling and suboptimal function during 
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the fetal life (Crispi et al., 2010; García-Otero et al., 2016; Valenzuela-

Alcaraz et al., 2013; Youssef et al., 2020b), and this phenomenon might 

have long-lasting consequences on health (Crispi et al., 2018; Fatima 

Crispi et al., 2021; Fàtima Crispi et al., 2021; García-Otero et al., 2021; 

Ortigosa et al., 2016; Sarvari et al., 2017; Valenzuela-Alcaraz et al., 

2019). Furthermore, early preventive approaches such as 

breastfeeding and dietary supplementation constitute promising 

strategies for improving the long-term cardiovascular health of FGR 

individuals (Yzydorczyk et al., 2017). Particularly in reference to 

cardiovascular remodeling in FGR, breastfeeding and healthy-fat 

dietary intake have shown an independent beneficial effect in children 

(Rodriguez-Lopez et al., 2016). 

Our research group reported for the first time the presence of cardiac 

and vascular remodeling in IVF fetuses in comparison with SC, and 

also demonstrated that these changes persisted postnatally 

(Valenzuela-Alcaraz et al., 2013). The ART subjects, mainly from a 

fresh embryo transfer cohort, had more globular hearts, with 

hypertrophic ventricles and larger atria leading to decreased 

longitudinal motion and impaired relaxation, and these changes 

remained significant in the same singleton cohort at 3 years of 

postnatal age (Valenzuela-Alcaraz et al., 2019). These changes were 

also observed in twin pregnancies achieved by ART (Valenzuela-

Alcaraz et al., 2018), and appear to be qualitatively different and 

therefore independent from FGR (Valenzuela-Alcaraz et al., 2016), a 

condition known to induce fetal cardiac remodeling (Crispi et al., 

2010). Both cardiac and vascular remodeling are risk factors for future 

cardiovascular disease, which justify long-term follow-up research 

studies on these children. As cardiovascular remodeling and 

dysfunction have been only described in a cohort of conventional 

stimulated IVF with fresh embryo transfer as compared to SC fetuses 

from fertile couples (with a time-to-pregnancy (TTP) below 12 

months), the effect of IVF variants that involve embryo 

cryopreservation or NC-IVF still remains unknown. Studies on fetal 

cardiac performance of fetuses SC from subfertile couples (with a TTP 

above 12 months) are also lacking. Thus, this PhD was aiming to study 

cardiac structure and function in fetuses conceived by IVF with frozen 
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embryo transfer (Study 1), SC from subfertile couples (Study 2) and 

conceived by NC-IVF (Study 3). 

 

1.3.2 Fetal brain reorganization 

The central nervous system is in constant development throughout the 

fetal period and later, being especially exposed and vulnerable to 

different insults at any gestational age.  

Although overall the postnatal reports present numerous limitations, 

several studies have described an increased neurodevelopmental risk 

for the ART subjects. Register-based studies in Sweden and Denmark 

and other countries as Israel and Australia informed an increased risk 

of developing neurological sequelae, particularly cerebral palsy, 

epilepsy and developmental disturbance (Ericson et al., 2002; 

Goldsmith et al., 2018; Hvidtjørn et al., 2010; Levin et al., 2019; 

Lidegaard et al., 2005; Strömberg et al., 2002; Zhu et al., 2009). The 

long-term neurological morbidity indicating brain damage was 

partially explained by an excess of PTB ad multiple births in most of 

these studies. However, in a singleton Danish national population-

based controlled follow-up study acknowledging differences between 

fresh and frozen embryo transfer, higher cerebral palsy rates were 

found in IVF children, particularly in the fresh embryo transfer 

populations (Pinborg et al., 2010).  

Neuropsychiatric disorders affecting social and speech development, 

including ASD and attention deficit hyperactivity disorder (ADHD) 

have also been described in ART singletons (Källén et al., 2011; Kissin 

et al., 2015; Rönö et al., 2022; Sandin et al., 2013; Svahn et al., 2015). 

Conversely, in a register-based study from USA adjusted by relevant 

variables, it was concluded that the association between ART and ASD 

was primarily explained by perinatal outcomes and multiplicity 

(Fountain et al., 2015). 

Several studies have also attempted to demonstrate differences in 

cognitive development between SC and ART children, with 

inconsistent results. 

Finally, there are scarce investigations on prenatal neurodevelopment 

in ART pregnancies (Husen et al., 2021; Yin et al., 2015), with the 

advantage of avoiding the influence of late perinatal outcomes and 
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postnatal environment. None of them have assessed brain cortical 

folding or include postnatal neurodevelopment data. 

These findings highlight the need for further prenatal studies, to 

confirm these associations and clarify whether they are related to the 

perinatal complications, the parental underlying infertility, or the 

ART procedures. This PhD aimed to prenatally study 

neurodevelopment in fetuses conceived by ART (Study 4). 

 

1.4 Free fetal hemoglobin and heme scavengers´ role in 

preeclampsia 

Free fetal hemoglobin (HbF) was discovered in a preeclampsia placental 

microarray study (Centlow et al., 2008). It was then further evaluated as a 

maternal plasma biomarker predicting preeclampsia in the first trimester 

(Anderson et al., 2016), shown to correlate with severity in term preeclamptic 

pregnancies (Anderson et al., 2018) and FGR (Brook et al., 2018). Increased 

levels of this molecule are synthesized and accumulated in preeclamptic 

placentas (Centlow et al., 2008). Free HbF causes oxidative stress and 

placental tissue damage, which consequently leads to a leakage of it over the 

blood-placenta barrier into the maternal circulation (Anderson et al., 2011; 

Gram et al., 2015; May et al., 2011). Actually, increased concentrations of free 

HbF have been shown in maternal plasma in both early and late onset 

preeclampsia (Anderson et al., 2016; Olsson et al., 2010), suggesting it to be 

an etiological factor of this disorder (Gram et al., 2015).  

Hemopexin and α1-microglobulin (A1M) are two scavenger proteins part of 

the defense mechanisms developed to protect the body against the toxicity 

of free HbF and its degradation metabolites heme and free iron (Chiabrando 

et al., 2011). Hemopexin is a circulating plasma glycoprotein predominantly 

synthesized in the liver that acts as an acute phase reactant that binds free 

heme (Tolosano et al., 2010), generating an hemopexin-heme complex that is 

internalised and cleared by macrophages and hepatocytes through a LDL 

receptor-mediated process (Mehta and Reddy, 2015). In humans, elevated 

plasma levels of heme and free HbF were associated with a decrease in 

hemopexin concentration suggesting consumption of this molecule, with 

levels correlating with maternal blood pressure (Anderson et al., 2018; Gram 

et al., 2015). Hemopexin has serine protease activity (Bakker et al., 2007, 2005) 
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and has also been suggested to be a regulator of the vascular responsiveness 

to angiotensin II (Bakker et al., 2009) and to prevent endothelial damage in a 

mouse heme-overload model (Vinchi et al., 2008). On the other hand, A1M is 

a tissue-protective lipocalin protein that binds heme and free radicals and 

has enzymatic reducing capacity. It has been shown to be up-regulated in 

preeclampsia (Anderson et al., 2011) as well as having therapeutic properties 

in several preeclampsia animal models (Erlandsson et al., 2016; Gunnarsson 

et al., 2017; Wester-Rosenlöf et al., 2014). Figure 1 illustrates the behaviour of 

HbF and the scavenger proteins hemopexin and A1M in preeclamptic 

pregnancies. 

 

Figure 1 The role of HbF in 

preeclampsia (adapted from 

Gram et al., 2015) 

1. Increased levels of HbF 

leading to the generation of 

reactive oxygen species 

(ROS) 

2. Damage to placental barrier 

that causes the leakage of 

factors into maternal 

circulation 

3. Increasing levels of HbF in 

maternal circulation 

4. Activation of the scavenger 

system including depletion 

of hemopexin and up-

regulation of α1-

microglobulin (A1M)  

 

In summary, increased concentrations of HbF have been detected in maternal 

blood in both early and late onset preeclampsia suggesting it to be an 

important etiological factor. In preeclamptic pregnancies, maternal plasma 

levels of hemopexin are expected to decrease and concentrations of A1M are 

expected to increase, indicating higher levels of oxidative stress in the 

intrauterine environment. The role of the HbF degradation pathways would 

be an interesting mechanism to study in IVF pregnancies, particularly those 
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undergoing embryo transfer in programmed cycles, which are associated to 

an increased risk of preeclampsia. This PhD aimed to better understand the 

role of these preeclampsia-related scavenger proteins according to the 

presence or absence of corpus luteum at the time of conception (Study 5). 

 

1.5 Rationale and clinical relevance of the present research study 

Evidence indicates that ART singleton subjects are at higher risk of adverse 

perinatal outcomes, cardiac remodeling with suboptimal cardiac function, 

and shows inconsistent neurodevelopmental outcomes in children and 

adolescents. These findings have a potential impact on long-term health. 

Thus, it is important to study the safety profile of each ART treatment 

modality.  

This study was also designed to unravel the influences of the IVF laboratory 

procedures, subfertility-related factors, and OS on pregnancy and offspring´s 

outcomes. While assessing the effects of ART on pregnancy and offspring´s 

outcomes, NC-IVF can serve as a control group to evaluate the influence of 

OS. Alternatively, considering the impact of the IVF procedures (oocyte-

retrieval, IVF/ICSI, embryo culture medium and conditions, eventual 

cryopreservation, and embryo transfer) on these outcomes, SC pregnancies 

in subfertile patients would allow to study the influence of the infertility 

factors leaving behind the possible effects of ART. Figure 2 illustrates the 

relationship between the factors above mentioned and the strategies offered 

by medically assisted reproduction.  

 

 

 

Figure 2 Influence of 

infertility background, 

ovarian stimulation, and 

IVF laboratory procedures 

on different treatment 

strategies in medically 

assisted reproduction. 
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Our main aim was to assess patterns of cardiac remodeling, 

neurodevelopment, and adverse perinatal outcomes attributable to the 

different treatments, to allow the identification of the safest strategy in terms 

of maternal and offspring´s health. Therefore, Studies 1 to 3 represented an 

effort to stablish associations between OS, infertility per se, laboratory 

procedures and fetal cardiac structure and function. Study 4 investigated 

fetal brain cortical development in fetuses from conventional stimulated IVF 

with fresh or frozen embryo transfer and its association with early 

neurodevelopment. Finally, Study 5 explored heme-scavengers in maternal 

and fetal samples from normotensive and preeclamptic pregnancies in IVF 

treatments in presence or absence of corpus luteum.  
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2. Hypotheses 

 

 

2.1 Main hypothesis 
 

 

Different ART procedures are associated with distinct patterns of fetal cardiac 

and brain development, as well as different preeclampsia risk profiles shown by 

preeclampsia-related biomarkers. 

 

 

 

2.2 Specific hypotheses 

 

1. Fetuses from IVF with frozen embryo transfer present differences in 

cardiac performance as compared to fetuses from IVF with fresh embryo 

transfer. 

 

2. SC fetuses from subfertile couples do not present signs of cardiac 

remodeling and suboptimal function as those observed after IVF 

treatments. 

 

3. Fetuses from NC-IVF cycles (without controlled OS) present differences 

in cardiac structure and function as compared to fetuses from 

conventional (stimulated) IVF cycles. 

 

4. ART procedures are associated with a distinct fetal and infant 

neurodevelopment as compared to spontaneous conceptions, with 

differences between fresh and frozen embryo transfer offspring. 

 

5. Maternal and fetal plasma levels of preeclampsia-related scavenger 

proteins vary according to the presence or absence of corpus luteum in 

gestations with preeclampsia.   
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3. Objectives 

 

 

3.1 Main objective 
 

 

To describe the fetal cardiac and neurodevelopmental profiles, and the behavior 

of preeclampsia-related biomarkers, associated to different ART strategies in 

order to identify the safest technique in terms of the ART offspring´s health. 

 

 

3.2 Specific objectives 

 

1. To evaluate cardiac structure and function by echocardiography in fetuses 

from IVF with frozen embryo transfer and to compare it with that of IVF 

fetuses obtained after fresh embryo transfer. 

 

2. To evaluate cardiac structure and function by echocardiography in fetuses 

from ART and to compare it with that of SC from fertile and subfertile 

couples. 

 

3. To evaluate fetal cardiac structure and function by echocardiography in 

pregnancies from NC-IVF cycles and to compare it with that of 

conventional (stimulated) IVF treatments. 

 

4. To explore and compare cortical brain development by neurosonography 

in third-trimester fetuses conceived by IVF with frozen versus fresh 

embryo transfer and SC, and to investigate its association with postnatal 

neurobehaviour at 12 months of age. 

 

5. To assess the scavenger proteins hemopexin and α1-microglobulin 

concentrations in maternal and fetal blood in SC pregnancies and in two 

different IVF populations (exposed and not exposed to the corpus luteum 

activity), and to analyze these results according to the occurrence of 

preeclampsia. 
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4. Materials and methods 
 

 

4.1 Study design 
 

This research project was executed through the prospective recruitment of 

pregnancies exposed and not exposed to different ART techniques. 

Pregnancies were enrolled consequently between 2017 and 2021 based on a 

referral basis, through clinical records. 

Pregnancies achieved by ART and SC from subfertile couples (with a time-

to-pregnancy over 12 moths) included in this cohort were enrolled in the 

Assisted Reproduction Unit of the Hospital Clínic de Barcelona (Barcelona, 

Spain) during their first trimester, at pregnancy diagnosis. 

SC pregnancies from fertile couples (with a time-to-pregnancy below 12 

moths) who attended the BCNatal Barcelona Center for Maternal Fetal and 

Neonatal Medicine (Hospital Clínic and Hospital Sant Joan de Déu 

Barcelona, Spain) were enrolled during their third trimester, being matched 

with the ART pregnancies by maternal age (± 1 year).  

Eligible patients were fully informed about the purpose of the study and the 

voluntary nature of their participation. The general scheme of the studies 

presented in this thesis is summarized in Figure 3. 

 

 

Figure 3 Methodological design of studies included in the thesis 
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Study subjects 

 

Inclusion criteria 

▪ Acceptance to participate in the study 

▪ Maternal age above 18 years at recruitment 

 

Exclusion criteria 

▪ Pregnancies obtained by medically assisted procedures different than IVF 

(e.g., ovarian induction, intrauterine insemination) 

▪ Multiple gestations 

▪ Fetal anomalies including chromosomal abnormalities or structural 

malformations detected by ultrasound 

▪ Confirmed or suspected intrauterine infection 

▪ Mental retardation or other maternal mental disorders that impose doubts 

regarding the true patient´s willingness to participate in the study 

 

Specific populations included in the different studies 

 

Study 1: Fetal cardiac programming: fresh versus frozen embryo transfer 

A total of 300 pregnancies were included in this cohort study, classified as: 

▪ SC from fertile couples (n=100) 

▪ ART with frozen embryo transfer (n=100) 

▪ ART with fresh embryo transfer (n=100) 

 

Study 2: Fetal cardiac programming: subfertility versus ART 

A total of 289 pregnancies were included in this cohort study, classified as: 

▪ SC from fertile couples (n=96) 

▪ SC from subfertile couples (n=97) 

▪ ART with fresh embryo transfer (n=96) 

 

Study 3: Fetal cardiac programming: stimulated versus unstimulated ART 

A total of 102 pregnancies were included in this nested case-control study, 

classified as: 

▪ SC from fertile couples (n=34) 

▪ ART in natural cycle IVF (NC-IVF) (n=34) 

▪ ART in stimulated cycle with fresh embryo transfer (n=34) 

 

Study 4: Neurodevelopment in offspring conceived by ART 

A total of 210 pregnancies were included in this cohort study, classified as: 

▪ SC from fertile couples (n=70) 

▪ ART with frozen embryo transfer (n=70) 

▪ ART with fresh embryo transfer (n=70) 
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Study 5: Heme scavengers in ART pregnancies 

This is a nested case-control study within a larger cohort. Only the 

pregnancies followed and delivered in our center with available plasma 

samples were considered eligible. Exclusion criteria were preimplantation 

genetic testing, fetal malformations or chromosomal anomalies, intrauterine 

infection during pregnancy and normotensive fetal growth restricted 

fetuses).  

A total of 160 pregnancies were included in this nested case-control study, 

classified as: 

▪ SC from fertile couples (n=54) 

• Normotensive (n=31) 

• Preeclampsia (n=14) 

• Severe preeclampsia (n=9) 

▪ ART with corpus luteum at embryo transfer (n=50) 

• Normotensive (n=38) 

• Preeclampsia (n=7) 

• Severe preeclampsia (n=5) 

▪ ART without corpus luteum at embryo transfer (n=56) 

• Normotensive (n=31) 

• Preeclampsia (n=16) 

• Severe preeclampsia (n=9) 
 

 

4.2 Interventions 
 

All participants underwent the same study protocol, including collection of 

baseline and perinatal characteristics, and third trimester ultrasound with 

fetal biometry, feto-placental Doppler, fetal echocardiography and fetal 

neurosonography assessment.  

 

Figure 4 shows a summary of the assessment plan followed in this research 

project. All patients recruited received an assessment plan that included the 

following activities: 

 

1. Recruitment and pregnancy assessment 

• Signature of the informed consent form 

• General data collection 

• Feto-placental ultrasonographic assessment including fetal growth, feto-

placental Doppler, fetal echocardiography and neurosonography 

 

2. Biosampling and data collection at delivery 

• Maternal and cord blood samples collection and storage 

• Obstetric outcomes´ collection 
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3. Postnatal follow-up 

• Data collection at 12 months of corrected age 

 

 
Figure 4 Research assessment plan. 

 
 

 

4.2.1  General data collection 
Epidemiological data  

Parental demographics including date of birth, ethnicity, pregestational 

height, weight, and body mass index (BMI), socioeconomic status 

(highest academic level achieved, employment status) was collected by 

direct patient´s interview and review of medical records.  

 

Parental clinical and obstetric history and ART outcomes 

Clinical, ART-related, and obstetric history variables were also 

collected by direct patient´s interview and review of medical records. 

They include the presence of parental chronic diseases, previous 

surgical procedures, usual medication, smoking status, illicit substance 

abuse (heroin, cocaine or cannabis), parity, obstetric history, TTP and 

mode of conception. ART-related parameters included etiology and 

length of infertility, diagnosis of polycystic ovarian syndrome (PCOS) 

according to Rotterdam criteria (Fauser, 2004), ovarian reserve tests 

(anti-Mullerian hormone, antral follicle count), number of previous 

unsuccessful ART cycles, ovarian stimulation data (type of aGnRH and 
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gonadotropin, duration in days, total dose of gonadotropins in 

international units), number of oocytes retrieved, fertilization 

technique (FIV, ICSI), number of embryos obtained, type of embryo 

transfer (fresh or frozen), protocol of endometrial preparation at 

embryo transfer, embryonic stage at embryo transfer, number of 

embryos transferred, vanishing twin phenomenon and selective 

embryonic reduction. 

 

4.2.2  Fetoplacental ultrasonographic examination 
All pregnancies underwent an ultrasonographic examination at 27–35 

weeks of gestation using a Siemens Sonoline Antares (Siemens Medical 

Systems, Malvern, PA, USA), a Voluson 730 Expert (GE Medical 

Systems, Milwaukee, Wisconsin, USA) and/or a Voluson S10 

ultrasound system (GE Healthcare, Zipf, Austria) with 2-5 MHz or 6–

4MHz linear curved-array and 2–10MHz phased-array probes, 

including the estimation of fetal weight, and the performance of feto-

placental Doppler, fetal echocardiography and fetal neurosonography. 

US acquisitions were obtained by four maternal–fetal medicine 

specialists skilled in fetal ultrasound blinded to the mode of conception. 

The images were recorded as clips and anonymized. Finally, all the 

measurements were performed offline by a very well-trained single 

investigator, also blinded to the mode of conception, to avoid bias. 

 

4.2.1.1 Fetal biometrics and feto-placental Doppler 

Fetal weight was estimated by using the Hadlock formula (Hadlock 

et al., 1985), based in a composite sonographic measurement of 

abdominal circumference (AC), head circumference (HC), 

biparietal diameter (BPD), and femur length (FL). Weight centile 

was calculated according to local reference curves (Figueras et al., 

2008).  

Feto-placental Doppler assessment included the measurement of 

pulsatility index (PI) of the following vessels: 

 

• Uterine arteries (UtA) PI: was obtained transabdominally by 

placing the probe on the lower quadrant of the abdomen, angled 

medially, with color Doppler imaging used to identify the 
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apparent crossover of the UtA with the external iliac artery, and 

obtaining the measurement 1 cm distal to the crossover point 

(Bhide et al., 2013). UtA PI from both sides was obtained and 

mean UtA PI was calculated according to previously reported 

protocol (Gómez et al., 2008). Normal UtA was considered as a 

PI below the 95th centile, and Z-scores were calculated following 

previous publications (Gómez et al., 2008). 

• Umbilical artery (UA) PI: was obtained by placing the Doppler 

gate in one of the UA from a free-floating cord loop (Bhide et al., 

2013). Normal UA was considered as a PI below the 95th centile, 

and Z-scores were calculated based on previous publications 

(Arduini and Rizzo, 1990). 

• Middle cerebral artery (MCA) PI: was obtained in a transversal 

view of the fetal head, at the level of its origin from the circle of 

Willis (Bhide et al., 2013). Normal MCA was considered as a PI 

above the 5th centile, and Z-scores were calculated following 

previous publications (Baschat and Gembruch, 2003). The 

cerebroplacental ratio (CPR) was calculated as middle cerebral 

artery PI divided by umbilical artery PI. Normal MCA PI and 

CPR were considered as above the 5th centile. Values below this 

cut-off indicate cerebral blood flow redistribution (Baschat and 

Gembruch, 2003). 

• Ductus venosus (DV) PI: was measured in a transverse section of 

the fetal abdomen, placing the Doppler gate at the isthmic 

portion (Bhide et al., 2013). Normal DV was considered as a PI 

below the 95th centile, and Z-scores were calculated following 

previous publications (Hecher et al., 1994; Kessler et al., 2006). 

 

Pulsed Doppler parameters were obtained automatically from at 

least three consecutive waveforms, with an insonation angle as 

close to 0° as possible (Bhide et al., 2013). All estimations were done 

in the absence of fetal movements and, if required, with the mother 

in voluntary suspended ventilation. Figure 5 summarizes the feto 

placental parameters included in the sonographic assessment of the 

study protocol. 
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Figure 5 Feto-

placental 

assessment in the 

study protocol. 

 

 

 

 

 

4.2.1.2 Fetal echocardiography 

To assess structural heart integrity, to exclude cardiac defects, and 

to evaluate cardiac morphometry and function a comprehensive 

two-dimensional (2D), M-mode, and Doppler echocardiographic 

examination was performed following standard protocols 

(Carvalho et al., 2013; Crispi et al., 2013; García-Otero et al., 2019). 

Figures 6 to 13 display the fetal cardiac assessment in the current 

protocol. Cardiac, thoracic, and ventricular diameters were 

measured on 2-dimensional (2D) images from an apical or basal 

four-chamber view at end diastole.  

The echocardiography included the evaluation of the following 

cardiac structure parameters: 

 

• Cardiothoracic ratio: 

was calculated by 

dividing the heart area 

by the thoracic area 

(Paladini et al., 1990).  

 

Figure 6 Delineation of 

cardiac and thoracic 

areas. 
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• Left and right ventricular sphericity indices: were calculated by 

dividing the longitudinal by basal-transverse ventricular 

diameters (Schneider et al., 2005).  

• Atrial areas: were measured at maximum distension from an 

apical or basal four-chamber view, at end-systole, defined by the 

frame preceding the atrioventricular valves opening (Lang et al., 

2015; Lopez et al., 2010). Atria-to-heart ratios were calculated as 

atrial area * 100 / heart area.  

 

Figure 7 Delineation of basal and longitudinal ventricular diameters 

and atrial areas. 

 

 

• Myocardial walls thickness: were measured on 2-dimensional 

images from a transverse four-chamber view at end-diastole. 

Relative wall thickness was calculated as septal plus left wall 

thickness divided by left ventricular end-diastolic diameter 

(Foppa et al., 2005). 

 

 

Figure 8 

Delineation of 

left and septal 

myocardial 

walls thickness. 

 

 

 



Fetal programming in assisted reproductive technologies 

María Laura Boutet 

 - 55 - 

Cardiac function assessment involved the following parameters:  

 

• Left ventricular ejection fraction (%): was obtained from M-

mode transverse four-chamber view using the Teichholz’s 

formula (Teichholz et al., 1976).  

 

 

 

 

Figure 9 Delineation of left ventricular 

end diastolic and end systolic 

diameters 

 

 

 

 

 

• Tricuspid / Mitral ring displacements (TAPSE/ MAPSE): were 

assessed by M-mode from an apical or basal four-chamber view 

(Germanakis et al., 2012).  

 

Figure 10 Delineation of tricuspid and mitral ring displacements. 

 

 

• Tissue Doppler Imaging (TDI): was applied in the spectral 

Doppler mode to record systolic (S´), early diastolic (E´), and 
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atrial contraction (A´) peak velocities at tricuspid and mitral 

annuli from an apical or basal four-chamber view and measured 

in real time.  

 

Figure 11 

Measurements of 

E´, A´, and S´ 

wave velocities. 

 

 

 

• Tricuspid and mitral early (E) and late (A) ventricular filling: 

were obtained by Doppler, then E/A ratios were calculated.  

 

 

 

 

Figure 12 Measurements of E and A wave 

velocities. 

 

 

 

 

 

 

• Left myocardial performance index (MPI): was obtained from a 

single Doppler spectrum in a cross-sectional image of the fetal 

thorax, placing the Doppler sample volume on the medial wall 

of the ascending aorta, including the leaflets of the aortic and 

mitral valves. The clicks of the valves registered at the spectral 

Doppler were used as landmarks to calculate three time periods: 

isovolumic contraction time (ICT), from the closure of the mitral 

valve to the opening of the aortic valve, ejection time (ET) from 

the opening to the closure of the aortic valve, and isovolumic 

relaxation time (IRT) from the closure of the aortic valve to the 

opening of the mitral valve. The left MPI was calculated as (ICT 
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+ IRT)/ET (Hernandez-Andrade et al., 2005). MPI z-scores were 

then calculated following previous publications (Cruz-Martínez 

et al., 2012). 

 

Figure 13  

Measurements 

of isovolumic 

contraction time 

(ICT), ejection 

time (ET), and 

isovolumic 

relaxation time 

(IRT). 

 

 

4.2.1.3 Fetal neurosonography 

Neurosonographic acquisition 

A detailed fetal 2D neurosonography was performed during the 

third trimester using either a Voluson 730 Expert (GE Medical 

Systems, Milwaukee, Wisconsin, USA) or a Voluson S10 ultrasound 

system (GE Healthcare, Zipf, Austria). To confirm structural brain 

normality, a complete neurosonographic examination was 

performed. A standardized protocol according to the International 

Society of Ultrasound in Obstetrics and Gynecology (ISUOG) 

guidelines (Paladini et al., 2007), including axial (transventricular 

and transthalamic), coronal (transthalamic, transcaudate and 

transcerebellar), and sagittal (midsagittal and parasagittal) planes 

was followed. Axial planes were obtained in all cases by 

transabdominal approach. On the other hand, coronal views were 

obtained by transvaginal approach in case of cephalic position and 

transabdominally in breech position fetuses.  

Pregnancies with poor image quality for delineation of 

measurements according to our standards (due to fetal 

presentation, patient ́s intolerance to the transvaginal approach, 

presence of severe endometriosis, abdominopelvic surgeries 



Fetal programming in assisted reproductive technologies 

María Laura Boutet 

 - 58 - 

antecedents, high maternal body mass index and placenta previa 

diagnosis) were excluded.  

 

Image processing, measurements, and cortical folding assessment 

All images were recorded as clips and anonymized. Measurements 

were performed offline using the OsiriX MD 12.0 imaging software 

(Pixmeo SARL, Geneva, Switzerland) by a single experienced 

examiner blinded to study groups. In axial and coronal views a 

straight line projecting the interhemispheric fissure was traced in 

every plane of interest to provide rigorous perpendicular 

measurements to the midline. Brain structures´ measurements were 

done following previously published methodology (Alonso et al., 

2010; Egaña-Ugrinovic et al., 2013; Hahner et al., 2018; Paules et al., 

2021). Briefly, fissures and sulci depths were measured in 

millimeters and then values were normalized by head dimension 

by dividing them by BPD and multiplying by 100. Figure 15 

displays the neurosonographic measurements performed, 

including fissures/sulci depths and morphology. 

 
Figure 15 Fetal neurosographic assessment in the study protocol. The 

first row illustrates the measurements of fissures/sulci depths, and the 

second row exemplifies the morphologic assessment of the fissures/sulci 

studied. The interhemispheric fissure is represented by the dashed line. 
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The neurosonographic assessment included the following sulci 

depths: 

 

• Parieto-occipital sulcus depth: was evaluated in a slightly 

cranial plane above the transventricular plane, where the full 

depth or triangle shape of the sulcus could be displayed. The 

measurement was made drawing a perpendicular line from 

midline to the sulcus apex excluding the cortex. 

• Cingulate sulcus depth: was measured in the coronal 

transthalamic plane tracing a perpendicular line from the 

interhemispheric midline to the apex of the sulcus excluding the 

cortex. 

• Calcarine sulcus depth: was measured in the coronal view at the 

transcerebellar plane, drawing a perpendicular line from midline 

to the apex of the sulcus excluding the cortex. 

 

The morphologic assessment of cortical fissures/sulci was 

performed according to previously described methodology 

(Pistorius et al., 2010). The degree of cortical development of 

Sylvian fissure, parieto-occipital, cingulate and calcarine sulci was 

evaluated, and grading scores in a scale from 0 (no maturation) to 

5 (maximum degree of maturation) were assigned to each case. 

Our research group has reported a good reproducibility for these 

neurosonographic parameters in a previous publication (Hahner et 

al., 2018). For the sulci depth measurements, an intraclass 

correlation coefficient (ICC) between 0.685 and 0.971 intraobserver, 

and between 0.773 and 0.917 interobserver were published. The 

Cohen ́s kappa coefficient calculated for the sulci grading scores 

was between 0.894 y 0.955 for intraobserver, and between 0.765 and 

0.906 for interobserver variability.  

 

4.2.3  Perinatal outcomes´ collection 
Gestational age was calculated according to first trimester crown-rump 

length (CRL) measurement on first-trimester ultrasound (Robinson, 

1973). Small for gestational age (SGA) and large for gestational age 
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(LGA) were defined respectively as birth weight below 10th centile or 

above the 90th centile according to local standards (Figueras et al., 2008). 

Upon delivery, pregnancy and perinatal outcomes were recorded.   

Perinatal exposure to aspirin, corticosteroids, psychopharmaceutical 

drugs, gestational age at delivery, labor induction, mode of delivery, 

pregnancy complications and neonatal variables at birth (sex, 

birthweight, birthweight centile, Apgar score, Umbilical artery pH, 

admission to Neonatal Intensive Care Unit (NICU), perinatal morbidity 

and mortality. Preterm birth was defined as delivery prior to the 37th 

week of gestation. Preeclampsia was defined by new onset of 

hypertension of ≥ 140 mmHg systolic blood pressure and/or ≥ 90 

diastolic blood pressure, on two occasions at least four hours apart, 

after 20 week ́s gestation, together with proteinuria (≥ 300 mg proteins 

in 24 hours urine or protein/creatinine ratio ≥ 0.3), or -in the absence of 

proteinuria- new onset of maternal thrombocytopenia, renal 

insufficiency, liver dysfunction, pulmonary edema or neurological 

features (“Gestational Hypertension and Preeclampsia: ACOG Practice 

Bulletin, Number 222”, 2020). Gestational diabetes was defined as a 

glucose intolerance with onset or first recognition during pregnancy, 

and diagnosed by means of a pathologic oral glucose tolerance test 

(usually indicated after an altered fasting glucose determination or an 

altered glucose challenge test from the second trimester on), according 

to the National Diabetes Data Group (NDDG) (National Diabetes Data 

Group, 1997). 

After birth, major neonatal morbidity was defined by the presence of at 

least one of the following: bronchopulmonary dysplasia, 

intraventricular hemorrhage, periventricular leukomalacia, 

retinopathy, necrotizing enterocolitis, persistent ductus arteriosus, or 

sepsis. In the absence of major neonatal morbidity, the presence of at 

least one of the following: respiratory distress, hyperbilirubinemia, or 

anemia defined minor neonatal morbidity. Perinatal mortality was 

defined by either intrauterine fetal death after 22 weeks of pregnancy 

or neonatal death within the first 28 days of life. For these postnatal 

outcomes, the distribution of cases below 2 SD of the SC population in 

the whole sample was calculated by domain.  
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4.2.4  Biological samples´ collection, storage, and transfer 
Paired maternal and cord blood samples were collected at delivery into 

10 ml EDTA treated tubes. Maternal blood was obtained at hospital 

admission, drawn from an indwelling cannula in the brachial vein 

using the Vacutainer system. Cord blood was obtained umbilical vein 

after cord clamping immediately after delivery. In both cases, serum, 

plasma and buffy coat were separated by centrifugation at 2000 g for 10 

minutes al 4°C and stored immediately at -80°C. 

 

4.2.5  Heme scavengers’ assessment on paired maternal and cord 

blood at delivery 
Hemopexin and α1-microglobulin concentrations were determined in 

maternal and cord plasma by Enzyme-Linked ImmunoSorbent Assay 

(ELISA). This assessment was carried out in the laboratories of clinical 

sciences department of Lund University, Sweden. 

 

Hemopexin concentrations 

Hemopexin concentrations were determined using a Human 

Hemopexin ELISA Kit (GWB-4B6D1A) from Genway Biotech Inc (San 

Diego, CA, USA). The analysis was performed according to the 

manufacturer's instructions. Standards and unknown plasma samples 

were run in duplicates, and their absorbance was read at 450 nm using 

a GloMax Discover microplate reader (Promega, Madison, WI, USA). 

For every plate, a standard curve was used to quantify hemopexin 

concentrations in each sample. 

 

A1M concentrations 

An in-house developed sandwich ELISA was used for the 

quantification of A1M. Standards and unknown plasma samples were 

run in duplicates and incubated for 1 hour at room temperature, 

darkness and rotational shaking. Horseradish peroxidase-conjugated 

detection antibody (mouse monoclonal, clone 57.10) was added and 

incubated for 1 h at room temperature, darkness, and rotational 

shaking. Finally, a ready-to-use 3,3 ́,5,5 ́-Tetramethylbenzidine, TMB 

(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) 

substrate solution was added and incubated in darkness without 
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shaking. The reaction was stopped after 15 min using 1 M sulphuric 

acid, and the absorbance was read at 450 nm using a GloMax Discover 

microplate reader (Promega, Madison, WI, USA). Both anti-A1M and 

horseradish peroxidase-conjugated detection antibodies were 

produced in-house by Agrisera AB (Vännäs, Sweden) by immunization 

with human urinary A1M prepared as previously described (Berggård 

et al., 2008). A standard curve for every plate was used to quantify A1M 

concentration in each sample.  

 

4.2.6  Postnatal data collection 

Postnatal neurobehaviour was assessed at a mean age of 12 ± 1 month 

of corrected age by means of a Spanish version of the ASQ (2nd edition), 

a first-level comprehensive screening program widely used to 

determine children’s performance compared with standards taken 

from typically developing children of the same age, and validated for 

its application by both parents and primary caregivers (Bricker et al., 

1999; Sarmiento Camposa et al., 2011). The ASQ screening system 

involves several questionnaires designed for use from 4 to 60 months, 

providing information on five different areas at each age: 

communication, personal-social, problem-solving, gross-motor and 

fine-motor skills. In most cases, these questionnaires accurately identify 

infants or young children who are in need of further evaluation to 

determine whether they require early intervention services. Parents 

completed the questionnaires and emailed them to the researchers, who 

validated the tests.  

 

 

4.3 Data management and quality control of data 

 

By signing the informed consent form, participants agreed on the handling 

of their and their newborn´s personal information. The principal investigator 

ensured the privacy of patients and data confidentiality according to the 

Spanish Organic Law 3/2018 on Protection of personal data and guarantee of 

digital rights in conformation with European regulations. 
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Subjects who participated in the study have the right to access, correct, 

delete, oppose, and the right to restriction of processing and the right of 

portability of data. The subjects were not identified by name in any publicly 

available, written, or oral reports. Paper records and case report forms are 

maintained in locked cabinets, rooms, or in computer files protected by 

digital passwords. Only authorized personnel (the principal investigator and 

his team) have access to the data. When data was shared with a third-party 

center, it was codified, eliminating any information that could identify the 

patients.  

Regarding the quality control of US scans, before the enrolment period 

several pilot ultrasound scans were performed to standardize the technique, 

and image views and strict scanning and recording protocols were 

established. Ultrasound data collection, imaging acquisition and 

measurement were monitored periodically by the study supervisor using a 

random selection of ultrasound scans.   

 

 

4.4 Samples management 

 

The biological samples collected during this research project were treated 

according to the Spanish Law 14/2007 on biomedical research and the Royal 

Decree 1716/2011, which establishes the basic requirements for the biobanks 

in purposes of biomedical investigation, on how to deal with human biologic 

samples, and regulates the function and organization of the national register 

of biomedical investigation biobanks. 

Human specimens were codified and stored in locked freezers at Biobank 

HCB-IDIBAPS, registered in the health institute Carlos III under the number 

B.0000575. Only the principal investigator and listed co-investigators are able 

to make the linkage between coded specimens and human data.  

The residual samples remain stored in the biobank after the experiments, 

codified and under authorized consent of the patients. 

 

 

4.5 Statistical analyses 
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Statistical analyses were conducted by means of STATA software (StataCorp 

LLC, Texas, USA) versions 15 and 16. The study outcomes were the 

parameters of fetal cardiac and neurosonographic assessment, infant 

neurobehavioral test and plasma heme scavengers’ concentrations in 

maternal and fetal samples at delivery. The independent variable of interest 

was the mode of conception (spontaneous from fertile or subfertile couples 

or by different ART techniques). Data were presented as continuous or 

categorical variables, expressed as mean (± standard deviation (SD)), median 

(interquartile range), or number (percentage), as appropriate. Normal 

distribution of continuous variables was checked using the Shapiro-Wilk test 

and histograms. Comparisons among the study groups were assessed by 

Pearson χ² or Fisher’s exact test for categorical variables. Differences in 

continuous variables were evaluated by t-test or ANOVA, U Mann Whitney 

or Kruskal-Wallis with Bonferroni correction, after checking the fulfilment of 

each test assumptions. Differences between the study groups were assessed 

by using multiple regression analyses to adjust by relevant covariates. All 

reported p-values are two-sided. The level of significance was set at 0.05 for 

all statistical tests. Additional details form each particular study can be find 

in the following paragraphs. 

 

4.5.1 Study 1: Fetal cardiac programming: fresh versus frozen embryo transfer 

Based on previously reported features in pregnancies achieved by ART 

(Valenzuela-Alcaraz et al., 2013), sample size was calculated to enable us 

to observe a difference of 20% in the right atrial area, and a difference of 

5 mm in MAPSE between the group of ART with frozen embryo transfer 

and SC fetuses, with 90% power and a 5% type I risk. Basal mean and 

within-group SD were estimated according to previously published data 

in fetuses (García-Otero et al., 2019; Gardiner et al., 2006), resulting in a 

required sample of 32 individuals in each group for the right atrial area 

and 74 individuals for MAPSE. Therefore, a sample size of 100 

individuals in each group was designed.  

In addition to the univariate analysis, a multiple regression analysis 

adjusting by maternal age, nulliparity, birthweight centile, preterm 

delivery and preeclampsia occurrence was performed. Regarding the 

results, we have reported the mean/median absolute values in the main 

document, but we have additionally expressed the main results as 
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confidence intervals of the adjusted mean differences in Suplemmentary 

data to better show the effect size estimations. Furthermore, p-value for 

linear trend was calculated by means of the Jonckheere-Terpstra test to 

show the magnitude of the differences in each IVF group as compared to 

the SC. Finally, a sub-analysis excluding the vanishing twin 

phenomenon cases was also performed to avoid any potential bias. 

 

4.5.2 Study 2: Fetal cardiac programming: subfertility versus ART 

A sample size of 32 fetuses in each group was estimated to detect a 

difference of 20% in right atrial area, and a sample size of 74 fetuses in 

each group was calculated to detect a difference of 5 mm in MAPSE 

between the SC and ART groups, with 90% power and a 95% confidence 

interval, based on previous publications (García-Otero et al., 2019; 

Gardiner et al., 2006; Valenzuela-Alcaraz et al., 2013). Conservatively, we 

decided to include at least 80 individuals per group.  

In addition to the univariate analysis, a multiple regression analysis 

adjusting by nulliparity, birthweight centile, gestational and estimated 

fetal weight (EFW) at scan. In order to avoid bias, a sub-analysis 

excluding the vanishing twin phenomenon cases was also performed in 

this study. 

 

4.5.3 Study 3: Fetal cardiac programming: stimulated versus natural-cycle ART 

Due to the smaller sample size of the natural cycle IVF population in our 

cohort, this was designed as a case-control study in which each natural 

cycle IVF pregnancy was matched with a SC from a fertile couple and a 

stimulated IVF cycle with fresh embryo transfer by 5 different variables: 

maternal age (± 1 year), ethnicity (Caucasian or not), nulliparity 

(nullipara or not), gestational age (± 2 weeks)  at scan and prematurity 

(preterm or not). In addition to the univariate analysis, a multiple 

regression analysis adjusting by gestational age and EFW at scan, and 

birthweight centile was performed. 

 

4.5.4 Study 4: Neurodevelopment in offspring conceived by ART 

In this study neurodevelopment was assessed at third trimester of 

gestation and at 12 months of corrected age.  
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Due to the lack of studies on cortical folding in ART fetuses, sample size 

was calculated considering a previous publication that acknowledged 

differences between fetuses with ventriculomegaly and controls. Sample 

sizes of 36 and 63 patients per group were estimated for detecting a 15% 

difference in calcarine and parieto-occipital sulci depths, respectively. 

Accordingly, the study design contemplated a recruitment of at least 70 

patients per exposure group.  

For fetal neurosonographic comparisons among groups, in addition to 

the univariate analysis, a multiple regression analysis was performed, 

and comparisons were adjusted by confounding factors including 

maternal age, ethnicity, nulliparity, fetal sex, gestational age and EFW 

centile at ultrasound scan. A sub-analysis excluding the pregnancies 

following embryo transfers in blastocyst stage was performed, in order 

to exclude any selection bias as between both IVF populations. 

For the infant assessment, z-scores were calculated using the SC 

population as a reference group and, to compare the groups, the results 

were adjusted by maternal age, ethnicity, nulliparity, educational level, 

employment status, breastfeeding, infant´s sex, gestational age and age 

at postnatal evaluation. 

Finally, Pearson´s correlations between the neurosonographic features 

and the infants´ scores were performed to examine the potential 

association between prenatal and postnatal findings. 

 

4.5.5 Study 5: Heme scavengers in ART pregnancies 

Based on previous publications (Gram et al., 2015; Youssef et al., 2020a), 

a sample size of 46 patients per group was calculated by expecting 

differences of 2.5 SD in A1M concentrations between the normotensive 

and the preeclampsia cases in a proportion 3:1, for a confidence interval 

width no larger than 4 μg/ml with a 90% probability of achieving the 

target confidence interval width, and a two-sided 95% confidence 

interval.  

Regarding the analysis, in addition to the univariate evaluation, multiple 

regression analysis was performed to adjust the results for relevant 

confounding factors, including maternal age, ethnicity, oocyte donation, 

frozen embryo transfer cycle, prematurity, gestational age and weight 

centile at delivery. 
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4.6 Ethical aspects 

 

The hospital Ethics Committee approved the study protocol 

(HCB/2017/0714) and all participants provided their written informed 

consent. This was an observational study, in which safe and non-invasive 

methods were used in response to scientific gaps of knowledge related to 

safety in ART offspring, following standards from the Nuremberg Code and 

the Helsinki Declaration for Medical Research involving Human Subjects 

(World Medical Association, 2013). Confidentiality and anonymity have 

been ensured. Data were used only for scientific purposes, including 

publications and/or scientific-academic meetings. Ethical approval 

documentation can be consulted in Annexes. 

All patients were invited to participate during clinical assistance in the 

recruitment centers (Assisted Reproduction and Maternal-Fetal Medicine 

Units). At enrollment both parents were fully informed about the purpose, 

methods, interventions and intended possible uses of the research, including 

the duration of clinical assessment. In case of acceptance, two written 

consents were taken: one of them regarding the research project and the other 

one related to future uses of the biological samples to be collected. 
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5. Studies 

 

Study 1 

 

Cardiac remodeling in fetuses conceived by ARTs: 

fresh versus frozen embryo transfer 
 

Boutet ML, Casals G, Valenzuela-Alcaraz B, García-Otero L, Crovetto F, Cívico 

MS, Borrás A, Manau D, Gratacós E, Crispi F.  

Hum Reprod, Vol 36, No.10, pp 2697-2708, 2021.  

doi: 10.1093/humrep/deab159  

 

Status: published 

Impact factor: 6.918 

Quartile: 1st 
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Study 2 

 

Subfertility versus assisted reproductive 

technologies: unravelling the origins of fetal 

cardiac programming 
 

Boutet ML, Casals G, Valenzuela-Alcaraz B, García-Otero L, Crovetto F, Borrás 

A, Cívico MS, Manau D, Gratacós E, Crispi F.  

 

Status: Submitted to Human Reproduction (HUMREP-22-1127) 

Impact factor: 6.918 

Quartile: 1st 
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Study 3 

 

Stimulated versus natural cycle in vitro fertilization 

procedures: unravelling the origins of fetal cardiac 

remodeling in assisted reproductive technologies 
 

Boutet ML, Casals G, Valenzuela-Alcaraz B, García-Otero L, Crovetto F, Carrillo 

P, Borrás A, Cívico MS, Manau D, Gratacós E, Crispi F.  

 

Status: In preparation 
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ABSTRACT 

 

Objectives 

Cardiac remodeling and dysfunction have been demonstrated in fetuses 

conceived through in vitro fertilization (IVF). However, pregnancies included in 

previous studies were obtained following conventional stimulated IVF. Ovarian 

stimulation has a potential impact on oocyte quality and endometrial milieu that 

may affect perinatal results. Our aim was to compare cardiac morphometry and 

myocardial performance index (MPI) in fetuses conceived following 

conventional IVF with those obtained after natural cycle IVF (NC-IVF), 

performed without a previous ovarian stimulation. 

Methods 

Prospective cohort study of 102 singleton pregnancies including 34 

spontaneously conceived from fertile couples, 34 following NC-IVF and 34 after 

conventional IVF with fresh embryo transfer, matched by maternal age, ethnicity, 

and gestational age at scan. Fetal echocardiography was performed at 29-33 

weeks. Comparisons between groups were adjusted by gestational age and fetal 

weight at scan, and birthweight centile. 

Results 

Overall, as compared to the fertile, both IVF groups showed significant signs of 

fetal cardiac remodeling (cardio-thoracic ratio: conventional IVF mean 0.31 [SD 

0.04] vs NC- IVF 0.31 [0.04] vs fertile 0.28 [0.04], adjusted P-value <0.001; larger 

right atria-to-heart ratio: conventional IVF 19.1% [3.2] vs NC- IVF 18.2% [3.3] vs 

fertile 17.2% [2.9], adjusted P-value <0.001; increased relative wall thickness: 

conventional- IVF 0.83 [0.24] vs NC- IVF  0.85 [0.3] vs fertile 0.72 [0.3], adjusted 

P-value<0.001) and suboptimal function (MPI: conventional IVF 0.50 [0.07] vs 

NC- IVF 0.48 [0.08] vs fertile 0.47 [0.08], adjusted P-value<0.001), with more 

pronounced changes in the conventional IVF group.  

Conclusions 

Fetuses conceived following IVF showed signs of cardiac remodeling as 

compared to the fertile group, even in NC-IVF (in absence of ovarian 

stimulation). These results underscore the importance of future studies for 

assessing the long-term cardiovascular health in fetuses conceived following IVF. 

 

Keywords: IVF - fetal heart - cardiac remodeling - fetal echocardiography - 

ovarian stimulation- natural cycle IVF 
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METHODS 

 

Study design and population 

This is a nested case-control study within a prospective cohort of singleton 

pregnancies conceived by IVF and SC, who attended the Barcelona Center for 

Maternal Fetal and Neonatal Medicine (BCNatal, Barcelona, Spain) from 2017 to 

2021.  

A total of 102 singleton pregnancies, including 34 SC from fertile couples (with a 

time-to-pregnancy below 12 months), 34 following NC-IVF, and 34 after 

conventional IVF in stimulated cycles with fresh embryo transfer, was selected 

from a prospective cohort, matched by maternal age, ethnicity, and gestational 

age at scan. Oocyte donation cycles, fetal malformations and fetal chromosomal 

anomalies were considered exclusion criteria.  

Eligible pregnancies from IVF procedures were enrolled from our Assisted 

Reproduction Unit (Hospital Clínic de Barcelona) at pregnancy diagnosis and 

eligible SC pregnancies were recruited in our Maternal-Fetal Unit (Hospital 

Clínic de Barcelona) at third trimester.  

 

Natural cycle-IVF protocol 

Patients undergoing NC-IVF presented regular menstrual cycles (24–36 days) 

and attended their first hormonal (estradiol and luteinizing hormone in plasma) 

and ultrasound assessment on 5th or 6th day of the cycle. Hormonal and 

ultrasound controls were repeated onwards every 24 or 48 hours, until a follicle 

of minimum 15 mm with a consistent rise in serum estradiol concentration was 

observed, after which hCG administration (Ovitrelle 250 mg s.c., Serono S.A.) 

was indicated. A single dose of 0.25 mg SC injection of a GnRH antagonist 

(cetrorelix, Cetrotide; Merck Serono, or ganirelix, Orgalutran; MSD) was 

indicated to prevent premature ovulation before oocyte retrieval. In our 

institution, gonadotropin use in NC-IVF was limited to cases with LH surge 

detection before reaching a minimum follicular size of 15mm. Only in these cases, 

75 international units (IU) of SC FSHr (Gonal-F; Merck-Serono S.A., Madrid, 

Spain) or hMG (Menopur, Ferring SA, Madrid, Spain) plus GnRH antagonist 

were used daily until trigger indication. Thirty-six hours after hCG 

administration, ultrasound-guided transvaginal oocyte retrieval was performed 

under minimal or no sedation, and systematic follicular flushing was carried out 

for 3 to 6 times. 
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Ovarian stimulation protocols 

IVF ovarian stimulation protocol and gonadotropin doses were selected 

considering the patient´s age and ovarian reserve markers. Either long agonist or 

antagonist protocols were used. Daily doses from 150 to 300 IU of FSHr (Gonal-

F; Merck-Serono S.A., Madrid, Spain) alone or with the addition of 75 IU of LHr 

(Luveris; Merck-Serono S.A., Madrid, Spain) or hMG (Menopur, Ferring SA, 

Madrid, Spain) were used. In presence at least two follicles ≥18 mm of diameter, 

with ≥4 follicles measuring ≥14 mm in association with a consistent rise in serum 

estradiol concentration, hCG administration (Ovitrelle 250 mg s.c., Serono S.A.) 

was indicated. Thirty-six hours after hCG administration, ultrasound-guided 

transvaginal oocyte retrieval was performed. 

 

Embryo culture protocol  

All the laboratory procedures were identical for NC-IVF and conventional IVF. 

Embryo culture was performed in microdrops of Global Media (Life Global, 

CooperSurgical Målov, Denmark) under mineral oil at 37ºC in an atmosphere of 

7% O2 and 6.5% CO2. The ASEBIR criteria (Balaban et al., 2011) was used to 

assess embryo quality. The Gardner and Schoolcraft criteria (Gardner et al., 2000) 

was used to assess the quality of blastocysts.  

 

Embryo transfer protocol 

In all IVF cycles with subsequent fresh embryo transfer, 200 mg every 8 hours of 

vaginal micronized natural progesterone was started the morning after the 

oocyte retrieval. Embryos were transferred on day 3 or day 5. Pregnancy 

diagnosis was performed by means of serum β-hCG test 12 days after embryo 

transfer. At 5-6 weeks´ gestation transvaginal ultrasonography was performed in 

all pregnancies. 

 

Data collection and study protocol 

The study protocol included collection of maternal and perinatal characteristics 

and a third trimester ultrasound scan with fetal biometry, feto-placental Doppler 

assessment and fetal echocardiography.  

Parental demographics and clinical background were collected by personal 

interviews and review of medical records, including age, ethnicity, body mass 

index, socioeconomic status (illiterate or only primary educational level were 
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considered low socioeconomic status), chronic diseases (e.g. hypertension, 

diabetes mellitus, autoimmune disease), parity, fertility and obstetric history, 

mode of conception, smoking status, alcohol consumption and illicit substance 

abuse (heroin, cocaine, or cannabis) during pregnancy.  

The IVF-related parameters collected included etiology and length of infertility, 

polycystic ovarian syndrome (PCOS) diagnosis according to Rotterdam criteria 

(Fauser, 2004), data on previous unsuccessful ART cycles, current ovarian 

stimulation protocol (type of aGnRH and gonadotropin, days of stimulation, 

total dose of gonadotropins in international units), number of oocytes retrieved, 

fertilization technique, number of embryos obtained, number of embryos 

transferred, embryonic stage at embryo transfer, vanishing twin phenomenon or 

selective embryonic reduction. 

Pregnancy and perinatal outcomes collected included gestational age at delivery, 

mode of delivery, birth weight, Apgar score, umbilical artery pH, Neonatal 

Intensive Care Unit (NICU) admission, perinatal morbidity and mortality, and 

the presence of pregnancy complications such as gestational diabetes, 

pregnancy-induced hypertension / preeclampsia / eclampsia, HELLP syndrome, 

cholestasis, abruptio placentæ, placenta previa, and preterm birth (PTB, <37 

weeks of gestation). Gestational age was calculated based on first trimester 

crown-rump length (Robinson, 1973). SGA and LGA were defined respectively 

as birth weight below 10th centile and above the 90th centile according to 

customized standards (Figueras et al., 2008). 

Delivery prior to the 37th week of gestation was considered preterm birth. 

Preeclampsia was defined by new onset of hypertension of ≥ 140 mmHg systolic 

blood pressure and/or ≥ 90 mmHg diastolic blood pressure, on two occasions at 

least four hours apart, after 20 week´s gestation together with proteinuria (≥ 300 

mg proteins in 24-hour urine or protein/creatinine ratio ≥ 0.3) or new onset of 

maternal thrombocytopenia, renal insufficiency, liver dysfunction, pulmonary 

edema or neurological features (ACOG Practice Bulletin, Number 222, 2020). 

Gestational diabetes was defined as a glucose intolerance with onset or first 

recognition during pregnancy and diagnosed by means of a pathologic oral 

glucose tolerance test (usually indicated after an altered fasting glucose 

determination or an altered glucose challenge test from the second trimester on), 

according to the National Diabetes Data Group (NDDG). The presence of at least 

one of the following features was used to define major neonatal morbidity: 

bronchopulmonary dysplasia, necrotizing enterocolitis, periventricular 
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leukomalacia, intraventricular hemorrhage, retinopathy, persistent ductus 

arteriosus, or sepsis. Minor neonatal morbidity was defined by the presence of at 

least one of the following, after excluding major neonatal morbidity criteria: 

respiratory distress, hyperbilirubinemia, or anemia. Perinatal mortality was 

defined as the occurrence of death between the 22nd week of pregnancy and the 

28th day from birth. 

 

Fetal ultrasound 

An ultrasonographic examination at 28-34 weeks of gestation using either a 

Voluson 730 Expert (GE Medical Systems, Milwaukee, Wisconsin, USA) or a 

Voluson S10 ultrasound system (GE Healthcare, Zipf, Austria) with 2-5 MHz 

linear curved-array probes was performed, including fetal weight estimation, 

feto-placental Doppler, and fetal echocardiography. Ultrasound acquisitions 

were obtained by four maternal-fetal medicine specialists trained in fetal 

echocardiography and blinded to the mode of conception. Images were 

anonymized and recorded as clips, and measurements were performed off-line 

by a single investigator.  

 

Fetal biometry and feto-placental Doppler 

Fetal weight was estimated based on the Hadlock formula (Hadlock et al., 1985), 

including the following parameters: abdominal circumference, head 

circumference, biparietal diameter and femur length. Centile calculations were 

made following local reference curves (Figueras et al., 2008). Feto-placental 

Doppler assessment included the measurement of pulsatility index of umbilical 

artery, fetal middle cerebral artery and ductus venosus (Arduini and Rizzo, 1990; 

Bhide et al., 2013; Hecher et al., 1994) in all cases. Cerebroplacental ratio was 

calculated as middle cerebral artery PI divided by umbilical artery PI (Baschat 

and Gembruch, 2003). Z-scores of the above mentioned Doppler parameters were 

calculated based on previous publications (Baschat and Gembruch, 2003; Gómez 

et al., 2008; Kessler et al., 2006). Doppler estimations were done in the absence of 

fetal movements and with the mother under voluntary suspended ventilation if 

required. 

 

Fetal echocardiography 

A two-dimensional and Doppler echocardiographic examination was performed 

to assess fetal structural heart integrity, to exclude cardiac defects, and to 
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evaluate cardiac morphometry and function following standard protocols 

(Carvalho et al., 2013; Crispi et al., 2013; García-Otero et al., 2019). Cardiac, 

thoracic, and ventricular dimensions were measured on 2D images from an 

apical or basal four-chamber view at end-diastole. Ventricular sphericity indices 

were calculated by dividing longitudinal ventricular diameters by basal-

transverse. Atrial areas were measured at maximum distention from an apical or 

basal four-chamber view. Atria-to-heart ratios were calculated as atrial area * 100 

/ heart area. Left and septal myocardial wall thicknesses were measured on 2D 

images from a transverse four-chamber view at end diastole. Relative wall 

thickness was calculated as the left plus septal wall thickness divided by left 

ventricular end-diastolic diameter (Foppa et al., 2005). Left myocardial 

performance index (MPI) was obtained from a single Doppler spectrum in a 

cross-sectional image of the fetal thorax, calculated as (ICT + IRT) / ET 

(Hernandez-Andrade et al., 2005).  

 

Statistical analysis 

Statistical analysis was performed using STATA 15.1 (StataCorp LLC, College 

Station, TX, USA). Fetal cardiovascular assessment parameters constituted the 

study outcome. The mode of conception (NC-IVF, conventional IVF or 

spontaneous pregnancy from fertile couples) was the independent variable of 

interest. Descriptive statistics and results were expressed as mean (± standard 

deviation), median (interquartile range), or number (percentage), as appropriate. 

The normal distribution of fetal cardiac parameters was verified by means of the 

Shapiro-Wilk test and histograms. Comparisons among the study groups were 

performed using ANOVA or Kruskal-Wallis with Bonferroni correction, after 

checking the fulfilment of each of these tests´ assumptions. Between-group 

differences in feto-placental data and cardiovascular parameters were assessed 

using multiple regression analyses to adjust for gestational age and fetal weight 

at scan, and birthweight centile. The level of significance was set at 0.05 for all 

the statistical tests. All reported p-values are 2 sided. 

 

Ethical approval 

The local ethics committee approved this clinical study protocol 

(HCB/2017/0714). All patients willing to participate provided their written 

informed consent. This study was conducted following the Declaration of 
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Helsinki for Medical Research involving Human Subjects (World Medical 

Association, 2013). 

 

RESULTS 

 

Table I. Baseline and infertility characteristics of the study groups. 

 

 
Fertile 

(n=34) 

NC-IVF 

(n=34) 

Conventional IVF 

(n=34) 

Maternal characteristics    

Age (y) 37.4 (35.9-38.5) 37.7 (36.1-39.1) 37.8 (35.4-39.1) 

Body mass index (kg/m2) 22.5 (20.8-24.7) 22.0 (20.6-25.1) 23.2 (21.4-28.3) 

Smoking habit (n(%)) 6 (17.7) 8 (23.5) 6 (17.7) 

Caucasian (n(%)) 28 (82.4) 30 (88.2) 31 (91.2) 

Nulliparity (n(%)) 20 (58.8) 24 (70.6) 29 (85.3) 

Polycystic ovarian syndrome 

(n(%)) 
1 (2.9) 0 4 (11.8) 

    

Paternal characteristics    

Age (y) 37.7 (± 4.4) 40.1 (± 4.7) 38.8 (± 3.8) 

Body mass index (kg/m2) 25.9 (23.6-26.8) 24.4 (22.6-26.3) 25.2 (23.7-27.5) 

Smoking habit (n(%)) 5(14.7) 8 (23.5) 8 (23.5) 

Caucasian (n(%)) 29 (85.3) 28 (82.4) 30 (88.2) 

    

Infertility and ART 

characteristics 

Infertility cause (n(%)) 

  

 

Unexplained infertility  15 (44.1) 14 (41.2) 

Endometriosis  6 (17.7) 5 (14.7) 

Tubal factor  2 (5.9) 4 (11.8) 

Male factor  10 (29.4) 13 (38.2) 

    

 

IVF indicates in vitro fertilization; NC-IVF, natural cycle IVF. 

Data are mean (± SD), median (interquartile range) or number (%), as 

appropriate. 
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Table II. Perinatal characteristics of the study groups 

 

 
Fertile 

(n=34) 

NC-IVF 

(n=34) 

Conventional IVF 

(n=34) 

Pregnancy complications (n(%))    

Vanishing twin phenomenon  0 1 (2.9) 3 (8.8) 

Preterm delivery  1 (2.9) 0 1 (2.9) 

Preeclampsia  1 (2.9) 1 (2.9) 2 (5.9) 

Gestational diabetes  1 (2.9) 4 (11.8) 5 (14.7) 

Placenta previa  0 2 (5.9) 0 

Abruptio placentæ  0 0 0 

Prenatal corticoid exposure  0 0 0 

Prenatal aspirin exposure 5 (14.7) 3 (8.8) 6 (17.7) 

    

Delivery data    

Gestational age at birth (weeks, days) 40,3 (39,0-40,5) 39,6 (38,1-40,2) 40,0 (38,6-40,4) 

Birthweight (grams) 3325 (± 328) 3146 (± 412) 3272 (± 426) 

Female (n(%)) 16 (47.1) 19 (55.9) 16 (47.1) 

Birthweight centile 44 (24-62) 36 (17-65) 44 (19-79) 

Small-for-gestational age (n(%)) 3 (8.8) 6 (17.7) 6 (17.7) 

Large-for-gestational age (n(%)) 2 (5.9) 4 (11.8) 4 (11.8) 

Induction of labor (n(%)) 8 (23.5) 12 (37.5) 14 (43.8) 

Cesarean section (n(%)) 10 (29.4) 12 (35.3) 17 (50.0) 

    

Neonatal outcome    

Admission to NICU (n(%)) 0 4 (11.8) 1 (2.9) 

Days at NICU (days) 0 17 (6-30) 3 (3-3) 

Neonatal morbidity (n(%)) 2 (5.9) 6 (17.7) 3 (8.8) 

     Minor neonatal morbidity (n(%)) 2 (5.9) 6 (17.7) 3 (8.8) 

     Major neonatal morbidity (n(%)) 0 0 0 

Neonatal mortality (n(%)) 0 0 0 

    

 

IVF indicates in vitro fertilization; NC-IVF, natural cycle IVF. 

Data are mean (± SD), median (interquartile range) or number (%), as 

appropriate.  
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Table III Feto-placental data at scan. 

 

 

Fertile 

 

(n=34) 

NC-IVF 

 

(n=34) 

Conventional 

IVF 

(n=34) 

p-

value 

Gestational age (weeks,days) 31,4 (29,4-33,3) 30,5 (29,2-32,6) 31,1 (29,2-33,0) 0.720 

Estimated fetal weight (g) 1840 (1526-2210) 1660 (1353-1991) 1780 (1404-2053) 0.285 

Estimated fetal weight centile 69 (32-87) 45 (14-83) 63 (19-81) 0.422 

Cerebroplacental ratio (z-score) 0.31 (± 1.04) -0.12 (± 1.19) 0.16 (± 1.59) 0.257 

Ductus venosus PI (z-score) -0.48 (± 0.80) -0.46 (± 1.01) -0.80 (± 0.81) 0.217 

     

 

IVF indicates in vitro fertilization; NC-IVF, IVF in natural cycle. 

Data are mean (± SD) or median (interquartile range) as appropriate.  
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Table IV Fetal cardiac assessment of the study groups. 

 

Fetal echocardiography§ 
Fertile 

(n=34) 

NC- IVF 

(n=34) 

IVF Fresh ET 

(n=34) 

Crude 

p-value 

Adjusted 

p-value¥ 

Linear 

trend 

p-value¥ 

       

Cardio-thoracic ratio 0.28 ± 0.04 0.31 ± 0.04* 0.31 ± 0.04* 0.003 <0.001 <0.001 

Left atrium-to-heart area 16.37 ± 3.07 17.30 ± 3.78* 16.75 ± 2.70*† 0.512 <0.001 0.004 

Right atrium-to-heart area 17.22 ± 2.92 18.23 ± 3.29 19.10 ± 3.20*† 0.057 <0.001 <0.001 

Left ventricular sphericity 

index 
1.94 ± 0.29 1.95 ± 0.30 1.79 ± 0.22*† 0.025 <0.001 <0.001 

Right ventricular sphericity 

index 
1.65 ± 0.25 1.73 ± 0.37* 1.56 ± 0.22*† 0.065 <0.001 <0.001 

Left-free wall thickness 

(mm) 
3.56 ± 0.95 3.95 ± 0.64* 3.87 ± 0.79* 0.157 <0.001 <0.001 

Septal wall thickness (mm) 3.42 ± 0.82 3.70 ± 0.55* 3.63 ± 0.54* 0.214 <0.001 <0.001 

Relative wall thickness 0.72 ± 0.32 0.85 ± 0.30* 0.83 ± 0.24* 0.238 <0.001 <0.001 

Left myocardial 

performance index  
0.47 ± 0.08 0.48 ± 0.08* 0.50 ± 0.07*† 0.240 <0.001 <0.001 

       

 

IVF indicates in vitro fertilization; NC-IVF, IVF in natural cycle.  

Data are mean ± SD. 

§ Cardiac morphometry results measured at end diastole, except for atrial areas. 

 Atria data normalized by dividing by cardiac area and multiplied by 100. 

¥ Comparisons adjusted by linear regression analyses for gestational age and 

fetal weight at scan, and birthweight centile: 

   *P<0.05 as compared with fertile. 

   †P<0.05 as compared to natural cycle IVF. 
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Study 4 

 

Fetal neurosonography and infant neurobehavior 

in assisted reproductive technologies following 

fresh and frozen embryo transfer 
 

 

Boutet ML, Eixarch E, Ahumada-Droguett P, Nakaki A, Crovetto F, Cívico MS, 

Borrás A, Manau D, Gratacós E, Crispi F, Casals G.  

Ultrasound Obstet Gynecol. 2022 Apr 25.  

doi: 10.1002/uog.24920. 

 

Status: Published online ahead of print. 
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SUPPORTING INFORMATION 
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Table SI Distribution of crude ASQ Z-scores below -2 standard deviations from the SC 

population mean. 

 
SC 

 
(n=55) 

ART Frozen 
ET 

(n=59) 

ART Fresh 
ET 

(n=59) 

Communication domain (n(%)) 0 7 (11.9) 8 (13.6) 

Gross-motor domain (n(%)) 2 (3.6) 2 (3.4) 0 

Fine-motor domain (n(%)) 3 (5.5) 3 (5.1) 4 (6.8) 

Problem-solving domain (n(%)) 3 (5.5) 0 4 (6.8) 

Personal-social domain (n(%)) 3 (5.5) 9 (15.3) 8 (13.6) 

At least one of the domains (n(%)) 8 (14.5) 10 (16.9) 13 (22.0) 

Global score (n(%)) 1 (1.8) 6 (10.2) 5 (8.5) 

 

SC indicates spontaneously conceived pregnancies; ART, assisted reproductive 

technologies pregnancies; ET, embryo transfer. 

Data are number (percentage). 
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Table SII Pearson´s correlations between each Ages & Stages Questionnaires´ score 

domain and sulci depth. 

Whole sample ART population 

Sulci depth p-value ρ coefficient Sulci depth p-value ρ coefficient 

Communication score 

Parieto-occipital <0.001 0.40 Parieto-occipital <0.001 0.40 

Cingulate  0.003 0.23 Cingulate  0.017 0.22 

Calcarine  <0.001 0.51 Calcarine  <0.001 0.49 

Gross-motor score 

Parieto-occipital <0.001 0.30 Parieto-occipital 0.045 0.19 

Cingulate  <0.001 0.34 Cingulate  0.100 0.15 

Calcarine  <0.001 0.43 Calcarine  <0.001 0.36 

Fine-motor score 

Parieto-occipital 0.045 0.16 Parieto-occipital 0.049 0.18 

Cingulate  0.033 0.17 Cingulate  0.069 0.17 

Calcarine  <0.001 0.29 Calcarine  <0.001 0.32 

Problem-solving score 

Parieto-occipital <0.001 0.26 Parieto-occipital <0.001 0.33 

Cingulate  0.188 0.10 Cingulate  0.096 0.16 

Calcarine  <0.001 0.35 Calcarine  <0.001 0.39 

Personal-social score 

Parieto-occipital <0.001 0.37 Parieto-occipital 0.003 0.28 

Cingulate  <0.001 0.28 Cingulate  0.045 0.19 

Calcarine  <0.001 0.47 Calcarine  <0.001 0.34 
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ART indicates pregnancies conceived by assisted reproductive technologies. 

Significant correlations are in bold font. 
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Table SIII Baseline, fertility and perinatal characteristics of the study populations 

excluding the cases of transfer in blastocyst stage. 

 

SC 

 

(n=70) 

ART 

Frozen ET 

(n=41) 

ART 

Fresh ET 

(n=56) 

Maternal characteristics    

Age (y) 34.4 (30.1-37.3) 35.5 (33.6-37.4) 36.0 (34.0-37.8)* 

Body Mass Index 23.2 (20.6-25.7) 23.5 (20.8-26.2) 23.4 (21.2-27.8) 

Caucasian (n(%)) 48 (68.6) 32 (78.0) 49 (87.5)* 

Nulliparity (n(%)) 40 (57.1) 34 (82.9)* 52 (92.9)* 

Hypertension (n(%)) 1 (1.4) 1 (2.4) 0 

Cardiovascular disease (n%)) 1 (1.4) 2 (4.9) 2 (3.6) 

Diabetes (n(%)) 0 0 0 

Autoimmune disease (n(%)) 3 (4.3) 0 2 (3.6) 

Thyroid disease (n(%)) 2 (2.9) 2 (4.9) 4 (7.1) 

Kidney disease (n(%)) 1 (1.4) 1 (2.4) 0 

Epilepsy (n(%)) 1 (1.4) 0 0 

Psychopharmaceuticals exposure during pregnancy 

(n(%)) 
3 (4.3) 1 (2.4) 3 (5.4) 

Self-reported smoking habit during pregnancy (n(%)) 13 (18.6) 7 (17.1) 10 (17.9) 

Self-reported alcohol intake during pregnancy (n(%)) 9 (12.9) 4 (9.8) 4 (7.1) 

Self-reported drug use during pregnancy (n(%)) 0 0 0 

University level education (n(%)) 37 (53.9) 29 (70.7) 40 (71.4) 

Employee rate (n(%)) 46 (65.7) 28 (68.3) 44 (78.6) 
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Fertility and ART characteristics 

Infertility cause (n(%)) 
  

 

Unexplained 0 12 (29.3) 26 (46.4) 

Endometriosis 0 4 (9.8) 8 (14.3) 

Tubal obstruction 0 5 (12.2) 7 (12.5) 

Male factor 0 20 (48.8) 22 (39.3) 

Preimplantation genetic diagnosis 0 1 (2.4) 0 

Transferred embryos (n) 0 2.0 (2.0-2.0) 2.0 (2.0-2.0) 

Transfer of ICSI embryos (n(%)) 0 39 (95.1) 55 (98.2) 

    

Perinatal characteristics 

Pregnancy complications (n(%)) 
  

 

   Preterm delivery 2 (2.9) 2 (4.9) 2 (3.6) 

   Preeclampsia 2 (2.9) 4 (9.8) 1 (1.8) 

   Gestational diabetes 4 (5.7) 3 (7.3) 4 (7.1) 

   Placenta previa 0 0 0 

   Abruptio placentæ 0 1 (2.4) 0 

    

Aspirin exposure from first trimester (n(%)) 9 (12.9) 5 (12.2) 3 (5.4) 

Prenatal corticoid exposure (n(%)) 1 (1.4) 2 (4.9) 1 (1.8) 

    

Delivery data    

Gestational age at birth (weeks, days) 40.0 (39.0-40.4) 40.0 (38.6-41.0) 40.2 (39.2-41.0) 

Birthweight (grams) 3280 (3030-3540) 3240 (3030-3540) 3245 (2860-3650) 

Birthweight (centile) 41 (19-67) 37 (18-58) 36 (12-68) 

   Birthweight below the 10th centile (n(%)) 11 (15.7) 5 (12.2) 10 (17.9) 
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   Birthweight above the 90th centile (n(%)) 4 (5.7) 1 (2.4) 5 (8.9) 

Induction of labour (n(%)) 24 (34.3) 25 (61.0)* 29 (51.8) 

Caesarean section (n(%)) 21 (30.4) 17 (41.5) 15 (26.8) 

Female (n(%)) 37 (52.9) 17 (41.5) 29 (51.8) 

 

Neonatal outcome (n(%)) 
  

 

Admission to NICU 9 (12.8) 4 (9.8) 2 (3.6) 

Minor neonatal morbidity 11 (15.7) 6 (14.6) 4 (7.1) 

Major neonatal morbidity 0 0 0 

Neonatal mortality  0 0 0 

    

 

SC indicates spontaneously conceived pregnancies; ART, pregnancies conceived by 

assisted reproductive technologies; ET, embryo transfer; ICSI, intracytoplasmic sperm 

injection; NICU, neonatal intensive care unit.  

Data are median (interquartile range) or number (percentage), as appropriate. 

Significant differences are in bold font. 

* P<0.05 as compared to SC. 

 

 

 

 

 

 

 

 

 

 

 



 



Fetal programming in assisted reproductive technologies 

María Laura Boutet 

 - 181 - 

Study 5 

 

Maternal and fetal haemopexin and α1-

microglobulin concentrations in pre-eclamptic IVF 

pregnancies according to presence of corpus 

luteum at embryo transfer 
 

Boutet ML, Youssef L, Erlandsson L, Hansson E, Manau D, Crispi F, Casals G, 

Hansson SR.  

Reprod Biomed Online. 2022 Jul; 45(1):135-145. doi: 10.1016/j.rbmo.2022.01.005. 

 

Status: Published 

Impact factor: 3.828 

Quartile: 1st 
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Differential concentrations of maternal and fetal hemopexin and α1-microglobulin in preeclampsia 

from IVF pregnancies depending on the presence of corpus luteum at embryo transfer 

 

 

Appendix A 

 

Methods 

 

Ovarian stimulation protocols 

The ovarian stimulation protocol for IVF and the gonadotropin doses were chosen according to age and 

ovarian reserve markers. Either long agonist or antagonist protocols were used. Ovarian stimulation was 

achieved with daily doses from 150 to 300 IU of recombinant follicle stimulating hormone (FSHr, Gonal-

F; Merck-Serono S.A., Madrid, Spain) alone or with the addition of 75 IU of recombinant luteinizing 

hormone (LHr, Luveris; Merck-Serono S.A., Madrid, Spain) or human menopausal gonadotropin (hMG, 

Menopur, Ferring SA, Madrid, Spain). The human chorionic gonadotropin (hCG) administration 

(Ovitrelle 250 mg s.c., Serono S.A.) was indicated in the presence of two or more follicles ≥18 mm of 

diameter, with ≥4 follicles measuring ≥14 mm in association with a consistent rise in serum estradiol 

concentration. Ultrasound (US)-guided transvaginal oocyte retrieval was performed 36 hours after hCG 

administration.  

 

Embryo culture and cryopreservation protocols  

Embryo culture was carried out in microdrops of Global Media (Life Global, CooperSurgical Målov, 

Denmark) under mineral oil at 37ºC in an atmosphere of 6.5% CO2 and 7% O2. Embryo quality was 

assessed according to the ASEBIR criteria (Balaban et al., 2011). The quality of blastocysts was assessed 

according to the criteria of Gardner and Schoolcraft (Gardner et al., 2000).  

Vitrification and warming protocols of both cleavage embryos and blastocysts were performed using 

commercially available kits (Kitazato, Tokyo, Japan) according to the method described by Kuwayama 

(Kuwayama, 2007). After warming, embryos were cultured in Global medium containing 10% protein 

substitute supplement (Life Global, CooperSurgical, Målov, Denmark) until embryo transfer. Cleavage 

embryos with at least 50% of their cells intact immediately after warming and further development after a 

24 hours culture period were considered as surviving embryos and transferred. Surviving blastocysts were 

defined as re-expanded or starting to re-expand within 2 h after warming. 

 

ET protocols 

FET was performed in all cases under endometrial preparation with transdermal estrogens (Evopad 50 

mcg; Janssen, Toledo, Spain) with 3 patches replaced every 72 hours, or oral estradiol valerate 

(Progynova 2 mg every 8h; Bayer, Barcelona, Spain). Estrogen was started the first day of the cycle and 

US monitoring was performed after 12-15 days of treatment. Vaginal natural progesterone (200 mg every 

8 hours) was added when endometrial thickness was ≥7 mm by US (Progeffik; Effik, Alcobendas, Spain; 

or Utrogestan; SEID, Barcelona, Spain). The first day of progesterone treatment was considered day 0, 

cleavage embryos were thawed on day 3 and transferred on day 4, and blastocyst embryos were thawed 

and transferred on day 5. Supplementation with estrogens and progesterone was performed until the 12th 

week of pregnancy. FET in natural cycles were not included in the present investigation to achieve more 

homogeneity in this group. Artificial cycles were chosen depending on patient’s preference, or in the 

absence of regular menstrual cycles. 

In fresh ET cases, vaginal natural progesterone was started the morning after the oocyte retrieval with a 

dose of 200 mg every 8 hours. Cleavage embryos were transferred on day 3 and blastocysts on day 5. 

Pregnancy was diagnosed by a positive serum β-hCG test 12 days after ET and a transvaginal 

ultrasonography was performed in all pregnancies at 5-6 weeks of gestation.  
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Appendix B 
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Appendix C 

 

Figure.C1. Concentrations of heme scavengers in maternal and fetal blood in the study population. 

Dot plots represent a) maternal hemopexin concentrations, b) maternal α1-microglobulin concentrations, 

c) fetal hemopexin concentrations, d) fetal α1-microglobulin concentrations. Boxes show median and 

interquartile range. SC indicates spontaneously conceived pregnancies; IVF CL, IVF pregnancies after 

ET with corpus luteum; IVF no CL, IVF pregnancies following ET without corpus luteum, A1M, α1-

microglobulin. Values and comparisons are adjusted by multiple linear regression for maternal age, 

ethnicity, oocyte-donation, frozen embryo transfer cycle, prematurity, gestational age and weight centile 

at sampling. Exposition groups are compared for each perinatal result (normotensive, preeclampsia). 

† P-value<0.05 as compared to IVF CL. 
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6. Discussion 
 

 

This thesis adds evidence on the impact of ART on fetal cardiac and brain 

development, as well as the importance of corpus luteum during conception. 

This research is based on a comprehensive characterization of a prospectively 

constructed cohort of singleton pregnancies achieved by different ART 

techniques and also SC using fetal US assessment and a set of biomarkers 

measured in biological specimens collected at delivery. It provides evidence 

supporting that pregnancy and fetal development are differentially affected by 

diverse ART strategies. The current research project assesses the influences of 

infertility per se, ovarian stimulation, IVF laboratory procedures and embryo 

transfer protocols on specific pregnancy and offspring´s outcomes, improving 

our knowledge on different ART procedures´ safety in terms of the offspring’s 

health. The main findings of each sub-study will be discussed in the following 

paragraphs. 

 

6.1 Fetal cardiac remodeling and dysfunction in ART 

In the first three studies (Study 1, 2 and 3) of this PhD, we could demonstrate 

that fetuses from both fresh and frozen embryo transfer present signs of fetal 

cardiac remodeling and suboptimal function, with more pronounced 

changes after fresh embryo transfer, that SC fetuses from subfertile couples 

show similar cardiac structure and function to those of SC fetuses from fertile 

couples, and that fetuses from NC-IVF cycles also show signs of cardiac 

remodeling and suboptimal function.  

Our findings on fetal cardiac remodeling and dysfunction in the ART 

population are in line with those previously described in intrauterine (Bi et 

al., 2022; Rizzo et al., 2020; Valenzuela-Alcaraz et al., 2013) and postnatal life 

(Ceelen et al., 2008; Forton et al., 2019; Meister et al., 2018; Scherrer et al., 2012; 

Valenzuela-Alcaraz et al., 2019; von Arx et al., 2015). Fetuses from ART show 

a cardiac pattern of concentric ventricular remodeling together with dilated 

atria, reduced longitudinal motion and impaired relaxation, consistent with 

studies reporting increased pulmonary pressures in ART children under 

stressful conditions such as high altitude. These findings are subclinical, 

being most parameters within normal ranges. 
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Within pregnancies from conventional (stimulated) IVF, fresh and frozen 

embryo transfer cycles display distinctive perinatal risk profiles, being the 

fresh embryo transfer procedure associated to higher rates of FGR and PTB, 

and the frozen embryo transfer to increased preeclampsia rates. These ART 

modalities imply important differences in the early manipulation of embryos 

due to their eventual exposure to high concentrations of cryoprotectants, 

thawing procedures (Berntsen et al., 2019), and the replacement of embryos 

in an endometrial cavity with structural and functional differences 

determined by the OS exposure (Maheshwari et al., 2018). Alternatively, the 

adverse pregnancy outcomes mentioned above represent conditions that -

although in a qualitatively different way- have been individually linked to 

fetal cardiac remodeling (Crispi et al., 2020b). In Study 1, we compared 

cardiac morphometry and function in fetuses from fresh and frozen embryo 

transfer finding the ART-associated features in both groups, with a different 

effect size. The frozen embryo transfer population showed milder cardiac 

features as compared to the fresh embryo transfer group, even after adjusting 

analyzes for adverse pregnancy outcomes. 

All published studies reporting fetal cardiac performance in ART include SC 

subjects from fertile couples. However, considering that infertility per se and 

subjacent parental factors could potentially influence their cardiovascular 

development, singletons from subfertile couples (with a TTP over 12 months) 

may constitute a more suitable group for comparison (Berntsen et al., 2019). 

For Study 2, we were able to recruit a cohort of ART and SC fetuses from 

subfertile couples with an equivalent infertility background in terms of 

duration and etiology, revealing the presence of cardiac remodeling and 

dysfunction only in the ART population as compared to SC fetuses from 

subfertile and fertile couples. Moreover, our data in Study 2 reflect that 

fetuses from both SC groups show consistent similar results for each 

parameter assessed, failing to demonstrate that the cardiac features in ART 

were promoted by the underlying infertility factors. 

All previous reports on fetal cardiac outcomes in ART have been conducted 

on conventional or stimulated cycles. Because of the potential impact of the 

controlled OS on the oocyte and the endometrium, OS has also been 

proposed as a contributing factor to suboptimal cardiac performance in ART 

fetuses (Valenzuela-Alcaraz et al., 2019). We conducted a nested case-control 

study including fetuses from IVF performed in natural cycle (NC-IVF), 
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fetuses from IVF with controlled OS (conventional IVF), and SC fetuses from 

fertile couples as negative controls, finding no significant differences 

between both IVF groups for each of the cardiac parameters assessed (Study 

3). Thus, our data do not support the hypothesis that avoiding ovarian 

stimulation would prevent the occurrence of fetal cardiac remodeling in ART 

subjects. 

In the current research project, the fetal cardiac features reported for the ART 

population seem to be associated to the pregnancies achieved by IVF 

procedure, not to the underlying infertility nor the OS. Moreover, more 

pronounced features were demonstrated in stimulated cycles with fresh 

embryo transfer as compared to those with frozen embryo transfer.  

 

6.2 Fetal brain cortical development in ART 

The Study 4 is the first publication exploring fetal brain cortical development 

in ART offspring. Due to the difference on size effect in our fetal cardiac 

results between fresh and frozen embryo transfer modalities, we aimed to 

study the neurodevelopmental outcome in each of these groups and compare 

it with the neurodevelopment of an SC group. Our results show that fetuses 

from IVF present a distinctive pattern of brain cortical folding associated to 

suboptimal neurodevelopment at 12 months of corrected age, particularly in 

communication, personal-social, problem-solving, and motor areas. These 

features are consistently more pronounced in the fresh embryo transfer 

population as compared to the frozen embryo transfer group. The novelty of 

this study lies in the fact that it explores the fetal brain cortex before relevant 

postnatal factors begin to influence neurodevelopment. 

So far the neurodevelopment of IVF subjects has mostly been studied in 

children and adolescents with inconsistent results (Bergh and Wennerholm, 

2020; Berntsen and Pinborg, 2018; Pinborg, 2019). These inconsistencies range 

from higher rates of neurodevelopmental deficits (Bowen et al., 1998; 

Goldsmith et al., 2018; Källén et al., 2005; Levin et al., 2019; Liu et al., 2017; 

Rumbold et al., 2017; Strömberg et al., 2002) to reassuring results (Agarwal 

et al., 2005; Bay et al., 2013b; Hart and Norman, 2013; Middelburg et al., 2008; 

Norrman et al., 2018), with no significantly different outcomes between ART 

and SC offspring. Overall, studies on long-term cognitive, psychomotor, and 

behavioral development have extensive methodological limitations. First, 

only few studies include infertility-related variables (such as cause and 
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length) to acknowledge its impact on the study outcome (Bay et al., 2014, 

2013a; Carson et al., 2011a; Drenth Olivares et al., 2019; Källén et al., 2011, 

2005; Kissin et al., 2015; Zhu et al., 2009). Secondly, many of the identified 

risk associations were only observed in subgroups or disappeared after 

adjustment for relevant potential confounders, such as multiplicity and 

gestational age at birth (Agarwal et al., 2005; Bowen et al., 1998; D’Souza et 

al., 1997; Ericson et al., 2002; Fountain et al., 2015; Hvidtjørn et al., 2011, 2010; 

Kissin et al., 2015; Klemetti et al., 2006; Knoester et al., 2008; Pinborg et al., 

2004; Sandin et al., 2013; Strömberg et al., 2002). Furthermore, the factors that 

might affect neuropsychological development are not restricted to the 

perinatal period. Couples undergoing fertility treatments may differ from 

those conceiving spontaneously in demographic characteristics as age, 

highest educational level achieved, and socioeconomic status (Carson et al., 

2011b), but also in the way they support learning (Spangmose et al., 2019) 

and acknowledge health issues on their offspring (Källén et al., 2005). In 

addition, some neurodevelopmental outcomes are not properly assessed: 

although there is enough evidence for the heritability of intelligence, most 

studies on child intelligence quotients have not accounted for parental 

intelligence level (Plomin and Von Stumm, 2018). Thirdly, most studies 

restrict outcomes to the risk of mental disorders that required hospitalization 

or early intervention services (Bay et al., 2013a; Ericson et al., 2002; Hvidtjørn 

et al., 2011, 2010; Källén et al., 2011, 2005; Klemetti et al., 2006; Lidegaard et 

al., 2005; Maimburg and Væth, 2007; Pinborg et al., 2003, 2010; Sandin et al., 

2013; Strömberg et al., 2002; Sun et al., 2007). Finally, although register-based 

studies are able to generate reliable results on mental health disorders 

diagnosed with a low selection bias, this type of data may not be sensitive 

enough to detect more subtle neurodevelopmental deficits, and mild 

conditions could be underrepresented. They have also the inherent 

limitations associated to the recording procedures, and the retrospective 

nature of the studies that in several cases prevent an adequate modeling 

considering relevant confounding variables. 

A reassuring study on long-term neurological outcome in ART subjects 

involving a large multinational cohort from Denmark, Finland, Sweden, and 

Norway has recently been published. It has merged the data from historical 

registries used in previous publications and has the longest follow-up period 

on ART neurologic outcome so far. In it, whereas the rate of some learning, 
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motor functioning and conduct disorders (like ASD and ADHD) is reported 

to be increased among ART children, the absolute risk was moderate (Rönö 

et al., 2022).  

Our findings were more evident in the fresh as compared to the frozen 

embryo transfer group, in line with a registry study reporting higher mental 

disorders´ risk (ASD and intellectual disability) in IVF, particularly in the 

fresh embryo transfer population using ICSI due to male factor infertility 

(Sandin et al., 2013). Nevertheless, in the mentioned study, a higher risk of 

mental retardation was observed in ICSI with frozen embryo transfer when 

restricting the analysis to singleton (Sandin et al., 2013). However, a recent 

uncontrolled follow-up study found no differences at comparing academic 

performance between fresh and frozen embryo transfer in adolescents 

(Spangmose et al., 2019). 

 

6.3 Maternal and fetal heme scavengers´ profile in ART according 

to the presence of corpus luteum 

In Study 5 we expose the different behavior of the heme scavengers 

hemopexin and α1-microglobulin in normotensive and preeclampsia 

populations classified by mode of conception and the presence of corpus 

luteum at embryo transfer. In line with previous studies, we report indirect 

signs of hemoglobin-induced oxidative stress in preeclampsia cases, being 

these findings more pronounced in IVF pregnancies achieved in absense of 

corpus luteum. As compared to SC pregnancies, maternal hemopexin was 

significantly higher in IVF preeclampsia pregnancies with one or several 

corpora lutea and significantly lower in IVF pregnancies lacking corpus 

luteum. Additionally, in severe cases of preeclampsia, we found significantly 

higher α1-microglobulin levels in maternal plasma in IVF pregnancies 

conceived in absence of corpus luteum as compared to SC and IVF treatments 

in which corpora lutea were preserved.  

Most pregnancies obtained through ART treatments begin in a non-

physiological endocrine environment (Conrad and Baker, 2013). Unlike SC 

singleton pregnancies occurring in the presence of a single corpus luteum, 

IVF cycles with replacement of autologous fresh embryos result in a 

supraphysiologic number of corpora lutea, and in some embryo transfer 

protocols, the pituitary-ovarian axis is purposely suppressed by means of 
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estradiol supplementation in the context of an artificial cycle, preventing the 

development of the corpus luteum. Therefore, in SC pregnancies the corpus 

luteum seems to play an important role in the production and release of 

crucial hormones for implantation, placentation, and pregnancy support, 

whereas usually in ART protocols, exogenous progesterone and estrogens 

are provided in order to support the gestation. However, the corpus luteum 

activity is not limited to these hormones (Conrad and Baker, 2013). 

Interestingly, animal models have demonstrated that relaxin, a potent 

vasodilator and stimulus of decidualization is also secreted by the corpus 

luteum and contributes to the cardiovascular and renal adaptations seen in 

pregnancy (Conrad, 2011; Debrah et al., 2006). In humans, plasma relaxin has 

also been reported to be untraceable in a cohort lacking corpus luteum, but 

significantly elevated in a multiple corpora lutea cohort throughout 

pregnancy (Conrad et al., 2019). In women undergoing IVF in the absence of 

corpus luteum, the cardiovascular and endothelial function are impaired and 

preeclampsia risk elevated from the first trimester, suggesting that relaxin or 

other vasoactive factors synthesized by this structure contributes to the 

transformation of the maternal circulation before the corpus luteal-placental 

shift, after which placental hormones may intervene (Conrad et al., 2019). 

In physiological conditions, human pregnancy presents distinctive changes 

in the cardiovascular system, involving a reduction in mean arterial pressure 

together with an increase in cardiac output and a decrease in systemic 

vascular resistance even before the establishment of the maternal-fetal-

placental unit (Chapman et al., 1998; Clapp and Capeless, 1997). 

Furthermore, clinical presentation of preeclampsia is preceded by maternal 

vascular dysfunction (Staff, 2019). Recent clinical studies have reported 

impaired cardiovascular function in early pregnancy in women conceiving 

by IVF treatments in the absence of corpus luteum (Conrad et al., 2020, 2019; 

Von Versen-Hoÿnck et al., 2019). The natural decline of mean arterial 

pressure was absent and vascular endothelial function resulted impaired in 

pregnancies achieved with 0 or multiple corpora lutea, albeit in different 

ways (Conrad et al., 2020; Von Versen-Hoÿnck et al., 2019). Altered maternal 

circulating levels of syncytiotrophoblast stress biomarkers such as soluble 

fms-like tyrosine kinase-1 (sFlt-1) and placental growth factor (PlGF) have 

also been reported in gestations with 0 or multiple corpora lutea as compared 

to SC, with higher sFlt-1/PlGF ratios thorough pregnancy (Conrad et al., 
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2019). The relaxin concentrations correlated with abnormal vascular 

reactivity (Von Versen-Hoÿnck et al., 2019) and prorenin, renin’s inactive 

precursor, also secreted by the corpus luteum (Wiegel et al., 2020). 

Furthermore, together with any direct impact on maternal vascular 

adaptations by the early corpus luteum activity, its hormone secretion has 

been demonstrated to persist after the first trimester (Conrad et al., 2019), and 

also an indirect impact on placentation could explain the later development 

of preeclampsia.  

Whether the presence of corpus luteum prevents the onset of oxidative stress 

through the contribution of vasoactive factors prior to the establishment of 

the uteroplacental circulation should be further studied. Nevertheless, this 

approach to perinatal outcomes in ART supports the strategy of developing 

a corpus luteum if possible, to prevent preeclampsia occurrence. 

 

6.4 Strengths and limitations 

This research project has some strengths and limitations that should be 

acknowledged.  

Among the strengths, it is based on a comprehensively characterized 

prospective cohort, including complete data from conception up to birth. All 

IVF pregnancies were recruited from a single center, ensuring homogeneity 

in IVF ovarian stimulation and endometrial preparation protocols, 

laboratory procedures, and embryo culture conditions. It includes different 

IVF treatment strategies and two unexposed groups from both fertile and 

subfertile couples, enabling us to increase our knowledge on fetal 

programming and pregnancy development related to subfertility and ART 

procedures. SC were matched with ART pregnancies by maternal age at last 

menstrual period. We have used a well-defined and strict methodology for 

assessing fetal growth, heart and brain by US, and maternal and fetal heme 

scavengers in plasma samples. At data analysis, results were carefully 

normalized and or corrected by relevant confounding factors to allow 

consistent comparisons between groups. 

Among the limitations, we first acknowledge that matching ART unexposed 

and exposed populations by parity, a relevant variable regarding pregnancy 

outcomes, has not been possible due to the lower nulliparity rate in the SC 

pregnancies from fertile couples as compared to subfertile couples 

undergoing IVF procedures or not. To overcome this issue, adjustments for 
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nulliparity were performed at data analyses in each of the studies. Secondly, 

research into ART pregnancies faces difficulties in unraveling the infertility 

background from the IVF procedure itself. We have been able to recruit a 

subfertile cohort comparable with the IVF with fresh embryo transfer 

regarding infertility length and etiology for Study 3. Future studies on 

neurodevelopment including this subfertile cohort are warranted. Thirdly, 

although the data collection process through personal interviews and review 

of clinical records was exhaustive, due to the unique preconcepcional and 

early clinical management of ART pregnancies, conditions associated to 

decreased fertility and the presence of vanishing twin phenomenon have 

probably been underdiagnosed in the SC group. As opposed to most of the 

SC population, couples undertaking ART had a complete fertility evaluation 

before treatment, and they had also undergone two US examinations prior 

to their 11-14 weeks´ scan. We have excluded the vanishing twin cases in our 

case-control studies (Studies 3 and 5) and repeated the analysis after 

excluding the vanishing twin cases in each of our cohort studies (Studies 1, 

2 and 4) obtaining similar results. Fourthly, in order to first approach this 

research avoiding the influence of a major confounder, we have not included 

ongoing multiple pregnancies in our cohort. Fifthly, in Study 4 there was a 

higher proportion of embryo transfer at blastocyst stage in the frozen embryo 

transfer as compared to the fresh embryo transfer group, which has been 

object of sub-analysis as well, obtaining similar results after the exclusion of 

cases of transfer in this embryonic stage. Sixthly, in this perinatal cohort 

approximately 18% of the eligible patients declined participation when 

invited. Although not included and included populations were similar in 

terms of baseline characteristics, a potential selection bias cannot be fully 

discarded. Seventhly, especially in the ultrasound studies (Studies 1 to 4), 

we acknowledge multiple comparisons as a potential limitation. Despite the 

relatively high number of comparisons, fetal echocardiographic findings 

(Studies 1 to 3) were concordant within the populations and consistent with 

previously published data in fetal and children’s studies. The 

neurosonographic features for the ART fetuses were also consistent between 

them and overall showed significant positive correlations with the infant 

outcomes (Study 4). In addition, we have applied Bonferroni corrections to 

each comparison in order to attenuate the mass-significance effect. Finally, 

although significantly different from the SC population, the fetal cardiac and 
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neurodevelopmental features presented for the ART offspring in this thesis 

are mostly subclinical and not necessarily pathologic. Furthermore, their 

long-term implications remain uncertain, as the evidence in later life stages 

remain controversial and this is still a relatively young population. 

Extrapolation from young populations with similar risk profiles and known 

prevalence of morbidity and mortality later in life suggest that they may be 

important. However, the association between fetal outcome and adult 

disease should be assessed in further follow-up studies. 

 

6.5 Relevance, clinical and future research implications 

This thesis contributes to the body of knowledge on safety in ART, providing 

additional evidence for the existence of fetal cardiac programming in 

pregnancies achieved by ART as well as differences in fetal brain cortical 

development associated to ART. We also report a differential behavior of 

preeclampsia-related scavengers in maternal and fetal plasma at delivery 

according to the presence of corpus luteum at first trimester of pregnancy, 

supporting the strategy of embryo transfer in the presence of corpus luteum 

if possible, to avoid preeclampsia and thus improve maternal and fetal 

health. The association between fetal outcomes and factors as infertility, OS, 

and embryo transfer has been studied, increasing the knowledge about safety 

in ART, and therefore contributing to assess the risk-benefit ratio of the 

different therapeutic strategies in assisted reproduction.   

Our findings warrant further studies to assess the etiopathogenic 

mechanisms associated to cardiac remodeling, differential 

neurodevelopment, and occurrence of perinatal complications such 

preeclampsia in the ART population. Likewise, optimization of ART 

protocols and preventive interventional measures to be applied since 

intrauterine life for improving the ART offspring´s perinatal, cardiovascular, 

and neurodevelopmental outcomes should be further explored.  
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7. Conclusions 
 

 

1. Fetuses from both fresh and frozen embryo transfer cycles present signs 

of cardiac remodeling and suboptimal function, with more pronounced 

changes after fresh as compared to frozen embryo transfer. 

 

2. Fetuses conceived spontaneously by subfertile couples do not show signs 

of cardiac remodeling and dysfunction as those observed in IVF fetuses, 

and their cardiac structural and functional features are similar to those of 

SC fetuses from fertile couples. 

 

3. Fetuses from ART show signs of cardiac remodeling as compared to SC 

fetuses from fertile couples, even in NC- IVF cycles. 

 

4. Fetuses conceived by ART show a distinctive pattern of brain cortical 

development and suboptimal infant neurodevelopment, with more 

pronounced changes in fresh embryo transfer offspring. 

 

5. Pregnancies lacking corpus luteum at the time of conception associate 

more altered heme scavenger´s concentrations in preeclampsia, 

suggesting that the corpus luteum activity could influence perinatal 

outcomes through lower levels of oxidative stress. 

 

6. These results underscore the importance of future studies assessing 

adverse perinatal outcomes and long-term cardiovascular and 

neurological health in offspring conceived by ART. 
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