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General introduction and aims

Developmental Origins of Health and Disease
A series of studies by professor David Barker published in the early 1990s, demonstrating 
associations between birthweight, early life mortality and adult death from ischemic heart 
disease, laid the foundation for the Barker hypothesis, now known as the paradigm of the 
Developmental Origins of Health and Disease (DOHaD) (1-5). The main concept of this 
paradigm is that, in order to increase extra-uterine survival, the developing fetus adapts to 
the intra-uterine environment. This may result in altered growth, structure, and function of 
several tissues. However, as a result of a mismatch between intra-uterine and extra-uterine 
conditions, these prenatal adaptations can induce an increased risk for postnatal adverse 
health outcomes, such as adiposity. Mechanisms of epigenetic programming, which are 
heritable and acquire changes in the genetic material that do not affect the underlying DNA 
sequence, have been proposed to underlie embryonic and fetal programming (6). Initially, 
studies involving the DOHaD paradigm focused on environmental factors during the second 
half of pregnancy and birth outcomes. As evidence emerged that also environmental factors 
during the first half of pregnancy and even during the preconception period can be crucial 
for offspring health, the DOHaD society recognised the importance of the periconception 
period in 2016. As standard obstetric care generally starts around 10 weeks of gestation, 
a significant part of this period has unfortunately already passed, together with the 
opportunity to optimise health. 

Figure 1. An overview of developmental processes in the periconception period (7). 

The periconcep�onal period
Gametogenesis - Fer�lisa�on - Implanta�on - Embryogenesis - Placenta�on

Gesta�onal age in weeks

0-10

-10-14 0 2 4 6 8 10

From Steegers-Theunissen et al. The periconception period, reproduction and long-term health of offspring: The importance of 
the one-carbon metabolism. Hum Reprod Update, Volume 19, Issue 6. November/December 2013, Pages 640-655. Reprinted with 
permission from: Oxford University Press.
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Developmental processes in the periconception period
The periconception period comprises 14 weeks prior to fertilisation up until 10 weeks 
thereafter and can therefore be divided into two periods; the preconception period and 
the postconception period (7). The preconception period lasts 14 weeks and starts with 
differentiation of pre-antral follicles (8). During this period, the male and female gametes 
and the female endometrium are prepared for fertilisation and subsequent implantation. 
During the postconception period, the zygote undergoes major alterations to facilitate 
implantation and embryonic development, whereas the endometrium interacts with the 
embryo to initiate placental development (Figure 1).

Gametogenesis
The first part of gametogenesis starts early in embryonic development, in the embryonic 
gonadal ridge. In female embryos, primordial germ cells (PGCs) undergo several rounds of 
mitosis and differentiate into oogonia. Next, meiosis I is initiated and the primary oocytes 
are enclosed by a layer of pre-granulosa cells. This leads to the formation of primordial 
follicles, which remain in this resting state until recruitment in postnatal reproductive life (9). 
Although over 7 million primordial follicles are formed during fetal life, only approximately 2 
million are present at birth. Until menarche another 1.5 million of these primordial follicles 
are lost and at the time of the first menstrual period approximately 400.000 to 600.000 
will remain in the ovaries. Every month approximately 1000 follicles will be recruited out 
of the primordial pool and only one will eventually be selected to become the dominant 
follicle. Hence, only 400-600 will reach the ovulatory stage during reproductive life (10). 
It takes approximately 85 days from primordial follicle activation to the pre-ovulatory 
stage (11). During the early follicular phase of the menstrual cycle, oocyte recruitment is 
initiated by follicle stimulating hormone (FSH). The rising oestrogen concentrations during 
the late follicular phase trigger the surge of luteinizing hormone (LH), which induces final 
maturation of the dominant follicle. During this surge, meiosis I is completed, resulting in 
a large haploid oocyte. Immediately thereafter, meiosis II is initiated, which is completed 
upon fertilisation (12, 13). This specific regulation of meiotic divisions allows the fertilised 
oocyte to maintain maximal cytoplasmic volume. This cytoplasm contains essential factors 
and structures for the first cleavage divisions, such as mitochondria, proteins and mRNA. 
In males, gametogenesis is resumed at puberty and continues until death. The complete 
process of spermatogenesis takes approximately 78-120 days. During this period, germ cells 
undergo major morphological and biomedical alterations, such as chromatin remodelling 
and formation of the acrosomal cap, to gain full motility and fertilising capacity (14). It is of 
utmost importance to optimise the in vivo environment in which these processes take place, 
as it can potentially affect future embryonic development.
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Fertilisation and preimplantation embryo development
Successful fertilisation is the first important step in embryogenesis. After ovulation, the 
oocyte migrates through the female reproductive tract, where it reaches the sperm in the 
ampulla of the fallopian tube. After binding to the zona pellucida, the individual sperm 
releases its acrosome, which contains enzymes to promote penetration (15). After fusion 
of the oocyte and sperm membranes, the nucleus of the sperm enters the cytoplasm of 
the oocyte. This fusion triggers a cortical reaction in the oocyte, which prevents entry of 
other sperm by making the zona pellucida impermeable (16). Simultaneously, the oocyte 
completes meiosis II.

After fertilisation, the so-called zygote contains the haploid female and male pronuclei. 
Before the parental genetic material can be paired, the highly condensed chromatin of the 
sperm has to undergo major transformations. Protamines are replaced by maternal histones 
and the majority of the paternal genome is actively demethylated (17). Approximately 
18-20 hours after entry of the sperm, the pronuclear membranes disintegrate and the 
maternal and paternal chromosomes align on the equatorial plate, after which the first 
cleavage division takes place (18). After 3 successful cleavage divisions, approximately 3 
days after fertilisation, the embryo consists of 8 cells. From this moment onwards, the 
cell-to-cell adherence increases by the spreading of tight junctions. After several more 
cleavage divisions, the embryo consists of approximately 16-32 cells and appears as a lump 
of indistinguishable cells named a morula (19). In contrast to the paternal genome, the 
maternal genome passively demethylates over the course of these cleavage stages, with the 
exception of imprinted regions (20-23).   

With the formation of a cavity within the morula at day 5 after fertilisation, the embryo 
enters the blastocyst stage (24). At this stage, two types of cells can be distinguished, 
the trophectoderm and the inner cell mass (ICM) (25). The ICM further develops into the 
epiblast and the hypoblast. The epiblast is the tissue layer that will form the future embryo, 
whereas the trophoblast and hypoblast will give rise to extra-embryonic tissues, such as the 
placenta and yolk sac (26). After reaching the uterine cavity, the hatching blastocyst adheres 
to the endometrial epithelium and the process of implantation is initiated. 

Post-implantation embryo development
Embryonic growth and development after implantation can be divided into two periods. 
In the first period, lasting from embryonic day 7 until day 20 (3-5 weeks of gestation), the 
amniotic cavity and bilaminar embryonic disc, which consists of the epiblast and hypoblast, 
are formed (27). Next, the epiblast undergoes gastrulation. During gastrulation, cells of 
the epiblast differentiate into three germ layers, the ectoderm, mesoderm and endoderm, 
each of which will give rise to specific tissues, and the axes of the body (i.e. dorsal-ventral 
and anterior-posterior) are established (28, 29). The second period, lasting from embryonic 
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day 20 to approximately embryonic day 60 (5-10 weeks of gestation), primarily consists of 
organogenesis and growth. Organogenesis starts with the process of neurulation, during 
which the early nervous system is formed (30). Other essential structures that are formed 
include the circulatory system and somites, which will give rise to the vertebral column (31, 
32). With the closure of the secondary palate at the 10th week of gestation, the embryonic 
period is finished. As the basis for all organs and structures is formed, this is also the 
period in which congenital malformations originate (33). Embryonic development is very 
well documented and classified by the Carnegie Institute in the early 1900s. The Carnegie 
classification system comprises the period from fertilisation up until the fetal period and 
is based on pathological research of internal and external morphological development, 
irrespective of age and size (34) (Figure 2).   

Figure 2. Embryonic development, classified by the Carnegie stages (35).

3 cm

Carnegie2322212019181716157  8   9 10 11 12  13   14
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From Bakker et al. An interactive three-dimensional digital atlas and quantitative database of human development. Science. 2016 
Nov 25;354(6315). Reprinted with permission from AAAS.

Placental development
Placental development is initiated after successful hatching of the blastocyst onto the 
endometrium (36). The aforementioned trophoblast cells of the blastocyst interact 
with the surface epithelium to invade in the underlying endometrium, which transforms 
during pregnancy into specialised tissue called the decidua. Next, the trophoblast cells 
differentiate into two distinct layers: the inner mononucleated cytotrophoblast and outer 
multinucleated syncytiotrophoblast (37). In the syncytiotrophoblast lacunae appear, which 
enlarge and merge, resulting in a trabecular system. Meanwhile, on the maternal side, 
the syncytiotrophoblast erodes maternal tissue, allowing blood from the spiral arteries to 
flow into the lacular network (38). In the underlying cytotrophoblast layer, chorionic villi 
are formed and expand into the surrounding syncytiotrophoblast. Some of these villi will 
connect to the basal layer of the decidua, the so-called anchoring villi, to ensure a firm 
connection to the uterine wall, whereas the villi growing outward into the intervillous space 
will enlarge the surface area for maternal-fetal nutrient exchange (39). On the maternal 
side of the placenta, spiral arteries are invaded by extravillous trophoblast cells, which 
replace the vascular endothelium and smooth muscle cells (40). Moreover, invasion of 
extravillous trophoblast cells also causes temporary arterial plugs, which may protect the 
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developing embryo from excessive oxidative stress by decreasing maternal blood flow and 
gradually dissolve between week 10 and 11 of gestation (38, 41, 42). This process of vascular 
remodelling allows maternal blood to flow through the intervillous space with low pressure, 
so that gasses and nutrients can optimally be exchanged between mother and fetus. We 
and others hypothesise that suboptimal vascular remodelling plays an important role in the 
pathophysiology of placenta-related pregnancy complications such as pregnancy-induced 
hypertension and preeclampsia (43-45). 

Epigenetic (re)programming during the periconception period
During fertilisation, the haploid oocyte and sperm fuse and their genetic information 
is combined, resulting in a diploid zygote. Since the 19th century, it has been recognised 
that inheritable information is transmitted from parents to offspring through genetic 
material inside the gametes (46). However, over the last century it has become evident 
that transgenerational transmission of inhereditary information is not fully explained by the 
DNA-sequence alone (47). This has led to the introduction of the term ‘epigenetics’, defined 
as the study of changes in the function of genes that are inheritable through mitosis and/
or meiosis, that do not involve a modification of DNA sequencing and can be reversible 
(48). There are several mechanisms by which gene expression is regulated, including DNA 
methylation, histone modifications and through noncoding RNAs (49). Of these mechanisms, 
DNA methylation is the most widely studied. During mammalian reproduction, two major 
epigenetic reprogramming events take place. The first is during gametogenesis, when PGCs 
are demethylated genome-wide, and sex-specific methylation patterns, i.e. imprints, are 
established during the final stages of gametogenesis. The second event is during early 
embryo development. After fertilisation, the parental genomes undergo genome-wide 
demethylation followed by the establishment of unique de novo methylation patterns post-
implantation (50). Despite these extensive reprogramming events, numerous epigenetic 
modifications resist these erasures and replacements. As a result, non-genomic inhereditary 
information can be transmitted to the offspring and affect its phenotype. Although these 
inherited epigenetic marks are relatively stable throughout life, environmental forces can 
result in adaptive epigenetic modifications. Through the gametes, these environmental 
forces have the potential to impact next generations. 

Periconception environment: Obesity 
An example of such an environmental force is the availability of food. Historically, the availability 
of food, i.e. energy, depended greatly on the environment and climate changes, and shortages 
of food and starvation were relatively common. The ability to accumulate excessive energy 
in times of abundance provided great evolutionary advantages, especially during times of 
famine. By storing excessive energy as fat, primary functions such as energy metabolism, 
immune function, and reproduction could be maintained. During this period, obesity was even 
considered as attractive; since it was associated with fertility and prosperity (51).
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With the agricultural revolution, food became more abundant and obesity more common. 
However, adipose tissue is more than simply an energy depot; it secretes various 
cytokines, hormones and growth factors, and when its quantity exceeds physiological 
levels, numerous processes are chronically disrupted on immune, endocrine and vascular 
levels (52, 53). Already in the Roman era, obesity was recognised by Hippocrates as a 
disease of imbalance (54).

Over the past decades, the global prevalence of obesity has risen to epidemic proportions, 
i.e. 20%, thereby affecting millions of people across every age, sex, race and income level 
(55-57). It is believed that the increased availability to inexpensive calorie-dense food and 
decreased energy expenditure, e.g., sedentary lifestyle, have attributed significantly (58). 
The social consequences of this increased prevalence are immense. Obesity is associated 
with many non-communicable diseases such as diabetes mellitus type 2, hypertension and 
cancer (55, 57). As a result, obese people have a lower quality adjusted life expectancy, as 
morbidity and mortality are higher (59, 60). 

However, the detrimental impact of obesity extends beyond the current generation (61). 
Since adiposity also affects women of reproductive age, it has the potential to impact 
growth, development and long-term health of the next generation. Although adipose tissue 
is important for physiological reproductive processes such as oogenesis, excessive levels 
can have adverse effects on reproduction (56). This is substantiated by several studies 
showing that pregnancies in women with an elevated body mass index (BMI) are more 
often complicated with a congenitally malformed fetus or preeclampsia (62). Furthermore, 
maternal nutrition during pregnancy, especially in the first-trimester, is not only associated 
with childhood obesity, but more importantly, also with increased risks of cardiovascular 
and metabolic morbidity and mortality in adulthood (63, 64). 

Obesity has also been described to impact other crucial processes in the periconception 
period, such as gametogenesis, fertilisation and implantation. For example, elevated levels 
of adiposity are associated with increased oestrogen production, which inhibits secretion 
of gonadotrophins (65). As a result, overweight and obese women have a higher incidence 
of anovulation and disturbances in follicle maturation (66). The follicular microenvironment 
itself is also altered, i.e. higher levels of triglycerides, insulin, and lactate, which 
detrimentally affects oocyte function and embryo developmental potential (67, 68). This is 
further underlined by research demonstrating reduced conception rates in overweight and 
obese women who conceive naturally (69). Although the exact mechanisms are not yet fully 
understood, studies suggest that mitochondrial dysfunction, DNA damage and epigenetic 
programming, caused by increased oxidative stress and altered glucose and oestrogen 
levels, may play a role in the poorer reproductive performance of obese women (70-72). 
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Periconception environment: Assisted reproductive technologies 
For most of history, involuntary childlessness was considered divine intervention. Throughout 
the ages, various remedies for infertility have been proposed; couples consulted an oracle 
or priest, used sexual organs of animals or underwent spa treatment, all to enhance their 
fertility (73). It is only since the Scientific Revolution that reproduction is acknowledged 
as a matter of biology. With the discovery of spermatozoa by Antoni van Leeuwenhoek 
in 1677, the first step towards assisted reproduction was made (74). Three centuries and 
numerous technological advancements later, different assisted reproductive technologies 
can be used to improve the chances of achieving a pregnancy. These modalities include 
ovulation induction to stimulate regular ovulation in women with ovulatory dysfunction, 
intrauterine insemination and in vitro fertilisation (IVF) with or without intracytoplasmic 
sperm injection (ICSI) to facilitate fertilisation of the oocyte by the sperm. The latter two 
modalities are relatively complicated, as fertilisation takes place ex-vivo and in-vitro which 
requires meticulous handling of the gametes. It is only a few decades since the first IVF-baby 
(1978) and ICSI-baby (1991) were born (75, 76).

During these treatments, the ovaries are hyperstimulated with exogenous FSH. To prevent 
premature ovulation, stimulation treatment is often preceded by a gonadotrophin releasing 
hormone (GnRH) agonist to induce downregulation of LH production or accompanied by 
a GnRH-antagonist to prevent a premature LH-surge (77). After sufficient follicle growth, 
oocyte maturation is triggered 35 hours prior to retrieval with human gonadotrophin 
(hCG), which resembles endogenous LH. Oocytes are retrieved through ultrasound-guided 
aspiration and transported to the laboratory where they are prepared for fertilisation by the 
sperm. Usually this is ejaculated sperm, either fresh or frozen, but also surgically retrieved 
testicular or epididymal sperm can be used, depending on the male factor underlying the 
subfertility. In IVF treatment, the oocyte and sperm are brought together in a petri dish 
to promote spontaneous fertilisation. In ICSI treatment, a single sperm cell is directly 
injected into the cytoplasm of the oocyte. After successful fertilisation and pre-implantation 
development, the best embryo is selected for transfer based on morphological criteria (78, 
79). Since 1984, it is also possible to cryopreserve surplus embryos of adequate quality for 
an optional later transfer (80). 

During IVF/ICSI, there are several alterations to the physiological processes in the 
periconception period. For example, the environment in which the preimplantation embryo 
is cultured is considerably different from the female reproductive tract. Moreover, the 
process of cryopreservation of embryos is unparalleled in the physiological periconception 
period. Even after transferring the embryo back into the physiological environment of the 
uterus, the consequences of in-vitro fertilisation can be noticed. Pregnancies after IVF/ICSI 
treatment with either fresh or frozen-thawed embryo transfer (ET) have increased risks for 
several complications, such as congenital malformations and preterm birth, when compared 
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to naturally conceived pregnancies (81, 82). However, the majority of studies investigating 
short-term health in IVF/ICSI offspring demonstrate reassuring results (83, 84). Yet, there are 
some studies showing that children born after IVF/ICSI treatment have a higher prevalence 
of precursors of impaired cardio-metabolic health, such as obesity and elevated blood 
pressure, than naturally conceived offspring (85). These observations could be worse in adult 
life and may ultimately result in chronic cardio-metabolic disease. It has been suggested 
that epigenetic reprogramming is one of the underlying mechanisms and that other factors 
such as chronic excessive oxidative stress and mitochondrial dysfunction are also involved 
(86). This has been supported by animal studies showing that IVF alters methylation and 
gene expression in blastocysts. When these alterations persist into adulthood, they can 
result in vascular and metabolic dysfunction and may even be transmitted to the next 
generation (87). Also in humans, a link between IVF/ICSI and epigenetic modifications has 
been suggested, as some epidemiological studies indicate a higher incidence of imprinting 
disorders in children conceived via IVF/ICSI (88, 89). As IVF and ICSI are relatively new 
and complicated treatments, it remains unclear during which processes the gametes and 
embryos are most vulnerable for these perturbations.  

Hypothesis of this thesis
In summary, it is evident that a disruption of the biological environment in which 
periconceptional processes take place, can have a lifelong effect on offspring health (90, 
91). For example, an abundance of adipose tissue, i.e. obesity, results in chronically elevated 
levels of oxidative stress and an altered follicular microenvironment. Also, during IVF 
treatment, either with or without ICSI, the gametes and embryos are exposed to additional 
in vitro stressors. From this background, we hypothesise that early embryonic environmental 
factors, with an emphasis on maternal obesity and features of assisted reproductive 
technologies, impair embryo growth and development during the preimplantation and 
post-implantation period, as well as the development of the placenta. 

Aims of this thesis
The main aim of this thesis is to investigate periconceptional maternal obesity and features 
of artificial reproductive technology as exposures, in association with preimplantation and 
post-implantation embryo and placental outcome (Figure 3).
The main objectives of this thesis are to investigate:
1.	 The impact of maternal obesity on periconceptional outcomes, including preimplantation 

and post-implantation embryo growth and development (Part I).
2.	 Associations between features of in vitro fertilisation and preimplantation and post-

implantation embryo growth and development and placental development (Part II).
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 Figure 3. Illustration of the objectives of this thesis.   

Maternal obesity

Iatrogenic factors

Methodology
All studies described in this thesis were conducted at the Department of Obstetrics and 
Gynaecology of the Erasmus University MC, Rotterdam, the Netherlands (Figure 4). 

Rotterdam Periconception Cohort
The Rotterdam Periconception Cohort (Predict study) is an ongoing prospective cohort 
study, conducted from 2009 onwards and embedded in the patient-care of the Erasmus 
University MC (92). This cohort study is designed as a life course approach of research and 
care and aims to identify risk, predictive and preventative factors for a healthy pregnancy in 
the critical periconception period. Women and their male partners are enrolled during this 
period, with follow-up until 12 months after delivery. Women of at least 18 years of age, 
less than 10 weeks pregnant with a singleton pregnancy and able to speak and read the 
Dutch language, were eligible for participation. Throughout participation, data on parental 
characteristics, general health, medical (obstetric) history, diet and lifestyle are collected 
through self-administered extensive questionnaires, which are verified by a researcher. 
Furthermore, women undergo 3D transvaginal ultrasound examinations at weeks 7, 9 and 
11 of gestation, at which data is collected to perform precise embryonic and placental 
measurements offline.

Virtual Placenta study   
Between January 2017 and March 2018, the Virtual Placenta study was performed as 
a sub-cohort of the Predict study (93). Similar inclusion and exclusion criteria as for the 
Predict study were applied and participating couples received the same questionnaires. 
As the Virtual Placenta study focused on imaging placental development, additional data 
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such as Doppler waveforms of the uterine artery, were collected at the regular study visits. 
Moreover, women underwent extra ultrasound examinations at 13, 22 and 32 weeks of 
gestation. 

Virtual EmbryoScope study
The Virtual EmbryoScope study is embedded as a sub-cohort in the Predict study and 
conducted from 2017 onwards. In this study, couples are included prior to undergoing IVF 
treatment, with or without ICSI. After enrolment, participating couples fill out an adapted 
version of the questionnaire that Predict participants receive in the first trimester of 
pregnancy. Thereafter, women undergo ovarian stimulation and oocyte retrieval conform 
routine care. After fertilisation, the resulting zygotes are cultured in the EmbryoScope to 
obtain time-lapse information. Furthermore, both men and women have their blood drawn 
at the moment of fresh ET, to validate diet and lifestyle information. Follow-up information 
on clinical treatment outcomes is retrieved from medical records. Moreover, Virtual 
EmbryoScope participants with an ongoing singleton pregnancy after either fresh or frozen-
thawed ET, are eligible to continue participation in the Predict study.

Figure 4. Overview of the studies and data used for this thesis. 

Questionnaire
(3D) Ultrasounds
blood withdrawal

Questionnaire QuestionnaireQuestionnaire
Cord blood

(3D) Ultrasounds(3D) Ultrasounds
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Questionnaire Timelapse
Blood withdrawel

Virtual EmbryoScope Predict

Virtual Placenta

Visualisation techniques
To study associations between maternal and laboratory exposures and (preimplantation) 
embryo development, fetal development and placental development in detail, it is of utmost 
importance to adequately and precisely visualise this period.  

Preimplantation embryo development
Preimplantation embryo development is traditionally studied by morphological evaluation 
at standardised time points, thereby disregarding the majority of development (78, 79). The 
introduction of time-lapse monitoring has allowed to continuously monitor preimplantation 
development and has provided the opportunity to improve embryo selection (94, 95). The 
EmbryoScopeTM is an incubator with a specialised built-in microscope, which automatically 
records the embryo in seven focal planes every 10 minutes. Moreover, the EmbryoScopeTM 
is a controlled environment for undisturbed embryo culture, as there is no need to handle 
or move the embryo for assessment (Figure 5). 
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Figure 5. Preimplantation embryo development until day 3 after fertilisation.
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Post-implantation embryonic development 
It is possible to study post-implantation embryonic development from 5 weeks of gestation 
onwards by using two-dimensional (2D) transvaginal ultrasound. Clinically, first-trimester 
ultrasound is applied as a diagnostic tool for pregnancy localisation and viability (96). By 
adding a third dimension (3D) to these images, visualisation improves and more structures 
can be measured. However, these 3D images are usually depicted on a 2D-screen, thereby 
not optimally using the depth that the third dimension provides. To better use this third 
dimension, images can be visualised using virtual reality (VR) techniques. An example of 
a VR system is the Barco I-Space. This system transforms the 3D-ultrasound dataset to an 
interactive VR hologram, which allows adequate depth perception and manipulation of the 
projected images (97, 98). 

By projecting the first-trimester 3D-ultrasound images, gathered using high-resolution 
transvaginal ultrasound probes, into the Barco I-Space, besides measurements of simple 
structures like the crown-rump length (CRL), more complex structures such as the length 
of the limbs and umbilical cord can be measured more accurately (99, 100). The latter two 
examples are both measurements that can only be measured using real depth perception, 
as provided by VR. Moreover, the combination of first-trimester transvaginal 3D-ultrasound 
with VR techniques also provides the opportunity to measure the volume of (extra-)
embryonic structures as well as to assess features of morphological development for the 
classification of the Carnegie stages (101, 102) (Figure 6).
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Figure 6. 3D-ultrasound images of embryonic development in the Barco I-Space.

A B C Embryonic volumeCrown-rump length3D-ultrasound of an embryo in the Barco I-Space

Legend: A) 3D ultrasound dataset projected in the I-Space. B) Measurement of the crown-rump length. C) Measurement of the 
embryonic volume.

Placental development
In clinical practice, placental function and development is measured during the second 
half of pregnancy, by studying fetal growth and (uterine) blood flow. In early pregnancy, 
placental development and functioning can also be studied using 3D ultrasound techniques 
for placental volume measurements (PV; including trophoblast and vasculature). These 
measurements can be performed offline with the rotational method of Virtual Organ 
Computer-aided AnaLysis (VOCAL) tool (103). The volume is rotated around its vertical axis 
in 12 steps of 15°. In each 2D-image, the total pregnancy and gestational sac is delineated, 
thereby creating volumes of these structures (Figure 7a, 7b). By subtracting the volume 
of the gestational sac from the total pregnancy volume, the placental volume can be 
determined. 

The combination of 3D ultrasound with power Doppler (PD) allows visualisation of the vessels, 
or the so-called utero-placental vasculature volume (uPVV, including mainly maternal decidual 
vessels). When combined with a VR system, 3D-PD ultrasound images can be projected as a 
hologram, which allows precise measurements of the uPVV (93)(Figure 7c).     

Figure 7. 3D-ultrasound images of placental development. 

CTotal pregnancy volume Gestational sac volume Utero-placental vascular volume

Legend: A) Delineation of the total pregnancy volume using VOCAL. B) Delineation of the gestational sac volume using VOCAL. C) 
Measurement of the utero-placental vasculature volume in the Barco I-Space using VR. 
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ABSTRACT 
Background: Over the past decades, the prevalence of obesity has increased worldwide, 
which has significant consequences for reproduction. Although most studies regarding 
obesity and reproduction focus on pregnancy outcome and complications, it is generally 
assumed that these complications originate in the relatively understudied periconception 
period. This study aims to provide an overview of the evidence on the impact of maternal 
body mass index (BMI) on oocyte quantity and maturity and preimplantation embryo 
quality during in vitro fertilisation treatment, first-trimester growth and development, and 
miscarriage.

Methods: A systematic search was conducted on Embase, Medline, PubMed, Web of Science, 
Cochrane and Google Scholar databases for relevant studies published up to January 2021. 
Eligible studies were selected after full-text assessment by three authors and consensus 
was reached through discussion. The ErasmusAGE tool was used to score methodological 
quality. 

Results: The initial search identified 13,906 articles, of which 101 human and animal studies 
were retrieved for full-text assessment, resulting in 75 articles for analyses. Maternal 
BMI was negatively associated with the number of (mature) oocytes in 7 (n=25) human 
studies and 1 (n=3) of the animal studies and with preimplantation embryo quality in 13 
(n=35) human studies and 8 (n=10) animal studies. First-trimester growth was significantly 
associated with maternal BMI in 4 (n=9) studies. Nineteen of the 44 articles described a 
significant association between a higher maternal BMI and miscarriage.

Conclusion: This review demonstrates a small impact of maternal BMI on periconceptional 
outcomes in humans. In animals, this association is more evident, as conditions are 
standardised and confounding is minimised. As numerous studies show a negative 
association between maternal BMI and reproductive success, future research should 
focus on causal pathways, early and adequate recognition of complications and preventive 
strategies. 
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Maternal BMI and periconception outcomes

INTRODUCTION
Over the past 50 years, the global prevalence of obesity has increased from 4.5% to 19.5%, 
reaching pandemic proportions (1, 2). Leader in this emerging global health problem are 
the United States of America, with over 40% of the adult population classifying as obese 
(3). However, the prevalence of obesity has also started to rise in developing countries, 
which is likely due to improved economy and wealth (4, 5). This pandemic of obesity does 
not exclude women in the reproductive period, which has far reaching consequences. For 
example, children of obese women have an increased risk of being obese themselves or 
developing cardiovascular diseases (6, 7). Expanding our knowledge on how adiposity 
impacts reproduction may improve the health of future generations and halt the increasing 
prevalence of obesity.  

It is generally believed that excess energy consumption, limited energy expenditure and 
genetic predisposition are involved in the pathophysiology of overweight and obesity 
(8). The abundance of stored fats leads to increased levels of proinflammatory cytokines 
and free fatty acids, secreted by adipocytes. These increased levels dysregulate lipid and 
glucose metabolism, which contribute to disruptions on endocrine, immune and vascular 
levels (9). As a result, overweight and obesity are positively associated with numerous non-
communicable diseases, which greatly attributes to the impact of this emerging health 
problem (10). For example, an extensive meta-analysis has demonstrated that obesity in 
females is associated with a more than 12-fold increased risk of diabetes type 2 (10).

Interestingly, several non-communicable diseases find their origin early in life. Already in 
1986, Barker et al. have shown that prenatal and early life nutrition is linked to ischaemic 
heart disease in adult life (11). This, together with many similar findings, has led to the 
paradigm of Developmental Origins of Health and Disease (DOHaD), which postulates that 
environmental exposures in utero may have serious consequences for an individual’s short-
term and long-term health (12).

Moreover, it is stated that the periconception period, defined as 14 weeks prior to and 10 weeks 
after conception, is critical for a healthy pregnancy (13). In this period, several crucial processes 
take place. During gametogenesis, spermatozoa and oocytes are prepared for fertilisation by 
major morphological and molecular alterations. After fertilisation, chromatin in the maternal 
and paternal genome undergoes extensive reorganisation to the embryonic configuration, 
which is crucial for developmental potency (14, 15). As limited genome transcription occurs 
during the first two cell cycles, it is considered likely that maternal factors stored in the oocyte 
are important for these transitions. After the zygote has undergone cleavage divisions, the 
embryo undergoes compaction and then the first lineage specification event occurs, resulting 
in formation of the blastocyst that is ready to implant. After implantation, the blastocyst will 
initiate placentation and gastrulation, which is the onset for the development of major organ 
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systems. Finally, with the closure of the secondary palate of the embryo in week 10 after 
fertilisation, the periconception period ends.

Most studies regarding maternal BMI and pregnancy so far have focussed on complications, 
birthweight and neonatal outcomes. The impact of BMI on relevant periconceptional 
outcome measures are less well studied, although most of them underlie perinatal 
outcomes. Normally, the periconception period is a challenging period to study. This is 
because pregnancy is often not recognised until several weeks after conception, expecting 
couples often announce pregnancy only at the end of the first-trimester and even more 
couples keep their wish to conceive private (16). These barriers are minimised during 
assisted reproduction techniques (ART), thereby giving physicians and researchers the 
opportunity to provide adequate care and study processes normally not visible in naturally 
conceived pregnancies.

Since an elevated BMI has a profound impact on health and susceptibility to non-
communicable diseases, it is likely that it also has a detrimental impact on the processes 
involved in human reproduction, such as gametogenesis, fertilisation, and embryonic 
growth and development. With this systematic review, we aim to give an overview of the 
evidence on associations between periconceptional maternal BMI and oocyte quantity and 
maturity, and preimplantation embryo quality during in vitro fertilisation treatment, first-
trimester growth and development, and miscarriage. 

METHODS 
Search strategy
Searches were performed using the databases of Embase, Medline, PubMed, Web of Science, 
Google Scholar and the Cochrane databases. The search strategies consisted of MeSH terms 
and keywords including, but not limited to, BMI, obesity, overweight, anthropometric, 
preconception, pregnancy, crown-rump length, growth, miscarriage, preimplantation, 
development, quality and embryo. These were combined using the Boolean operator 
‘or’. We searched reference lists from included studies and systematic reviews to include 
relevant remaining articles. The search protocol was designed and registered a priori with 
the PROSPERO registry (Prospero 2018: CRD42018106519).

Systematic review eligibility criteria
Main outcomes are divided into preimplantation and post-implantation outcomes. 
Preimplantation outcomes comprised of oocyte parameters (total number, metaphase II 
oocytes), embryo morphology, and embryonic quality. First-trimester embryonic growth 
(crown-rump length, estimated fetal weight and other parameters of growth) and 
miscarriage were considered as post-implantation outcomes. Databases were searched 
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until January 2021. The results of all the outcome searches were combined with ‘or’. The 
results of maternal BMI and outcome searches were then combined with ‘and’.

Inclusion and exclusion criteria
Human observational cohort studies, cross-sectional studies and case control studies 
published prior to January 2021 were eligible for inclusion in the review. Animal studies were 
eligible for inclusion in the review only if they reported on preimplantation outcomes. We 
excluded letters, conference abstracts, editorials, case reports, reviews and meta-analyses. 
Articles that only reported on second-trimester, third-trimester growth or birth outcomes, 
the impact of oocyte donor BMI, and articles not published in English were also excluded.

Study selection, full text review and data extraction
LD, MR and MR  selected papers for the full-text review independently from each other, based 
on title and abstract revision. Full-text review and data extraction were also independently 
carried out by LD, MR and MR. Data were entered into a template specifically designed 
for this review and differences were resolved by discussion between these three authors. 
Extracted data included the country of origin, year of publication, study design, study 
population (including human or animal), exposures of interest, outcome data, exclusion 
criteria, statistical analysis, potential confounders, results and conclusion. If possible, 
absolute numbers and estimated effects were recalculated to odds ratios (OR) to facilitate 
comparison of studies. 

Quality of study and risk of bias
To assess the quality of the studies included in this review, we used the ErasmusAGE quality 
score for systematic reviews (Table 1). This tool is based on previously published scoring 
systems and consists of five items, covering study design, study size, method of measuring 
exposure and outcome and analysis (17, 18). The parameters for these items can be adapted, 
based on literature and expert discussion, as relevant for each review. Each of the five items 
can be assigned zero, one or two points, generating a total score between zero and ten, with 
ten representing the highest quality.   

RESULTS
Study selection
The flowchart depicted in Figure 1 summarises the process of literature search and study 
selection. The initial search yielded 24,676 records, of which 10,413 were duplicates. Of the 
remaining 14,263 records, a total of 14,162 were excluded because they did not fulfil the 
selection criteria. The full texts of 101 articles were read, of which 30 were excluded. Cross-
reference checking led to an additional inclusion of 4 articles, resulting in 75 remaining 
articles for analysis. 
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Table 1. ErasmusAGE quality score form for systematic reviews adjusted for: Maternal BMI and periconception growth and 
development: A systematic review. 

Original: ErasmusAGE, 24 June 2013.

This quality score can be used to assess the quality of studies included in systematic reviews and meta-analyses 
and is applicable to both interventional and observational studies. The score was designed based on previously 
published scoring systems (PMID 20724400, https://www.nccmt.ca/knowledge-repositories/search/14). The 
quality score is composed of five items, and each item is allocated 0, 1 or 2 points. This allows a total score 
between 0 and 10 points, of which 10 represents the highest quality. 

The version presented below is a general version and requires adaptation for each review separately, e.g. what 
is a small or large study size within the study field, what exposure and outcome measurement methods are 
adequate, and what the key confounders are. Decisions on these detailed criteria should be based on literature, 
guidelines and/or discussions with experts. The criteria should be defined prior to the review process. 
1 Study design
0
1
2

for studies with cross-sectional data collection
for studies with longitudinal data collection (both retrospective and prospective)
for intervention studies

2 Study size (predefined)*
0
1
2

small population for analysis (preimplantation: <160; post-implantation: <1000 patients)
intermediate population for analysis (preimplantation: 160-400; post-implantation: 1000-10,000 patients)
large population for analysis (preimplantation: >400; post-implantation: >10,000 patients

3 Exposure
Observational studies

0
1
2

0 if the study used no appropriate exposure measurement method or if not reported
1 if the study used moderate quality exposure measurement methods
2 if the study used adequate exposure measurement method 

4 Outcome
0
1
2

if the study used no appropriate outcome measurement method or if not reported
if the study used moderate quality outcome measurement methods
if the study used adequate outcome measurement methods (Sperm quality according to WHO, sperm 
epigenetics, miscarriage, preterm birth, small for gestational age, fetal abnormalities)

5 Adjustments †*
0
1
2

if findings are not controlled for at least key confounders 
if findings are controlled for key confounders 
if findings are additionally controlled for additional covariates or when an intervention is adequately rando-
mized

* Needs to be specified for each review, based on literature, guidelines and/or expert opinions in the field.

† Either adjusted for in the statistical analyses; stratified for in the analyses; or not applicable (e.g. a study in women only does 
not require controlling for sex
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Figure 1. Flowchart of in- and excluded studies. 

The characteristics of the included studies are demonstrated in Table 2. Of these 75 articles, 
65 are human studies, of which 29 are identified as prospective, and 24 as retrospective 
cohort studies, 10 as cross-sectional studies and 2 as case control study, and 10 are animal 
studies, respectively. 
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Maternal BMI and periconception outcomes
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Preimplantation outcomes: Human studies
Thirty-eight studies investigated differences in preimplantation outcomes for maternal BMI. 
Of these, 23 reported on oocytes retrieved during IVF/ICSI treatment (19-41) (Table 3). The 
majority (n=19), found no impact of maternal BMI on the number of oocytes retrieved. One 
study, by Wang et al. reported more oocytes retrieved during IVF treatment in women with a 
BMI ≥25 kg/m2 than in women with a BMI <25 kg/m2, but not during ICSI treatment (39). Three 
studies reported a lower oocyte yield for higher BMI, although Zhang et al. only observed 
this after conventional stimulation as opposed to minimal stimulation (Clomiphene citrate in 
conjunction with daily injection of 75-150 IU gonadotrophin) (24, 40, 41). 

Nineteen studies reported on oocyte maturity, of which the majority (n=14) found no impact 
of maternal BMI  (19-24, 26, 29, 30, 34-38, 41-45). Mirabi et al. described an inverse relation 
between the percentage of mature oocytes and maternal BMI (30). One reported  a lower 
percentage and three a lower number of mature oocytes for a higher maternal BMI (24, 34, 
41, 44).

Eight studies investigated the percentage or total number of fertilised oocytes that reached the 
cleavage stage (23, 24, 27, 32, 35, 37, 39, 41), of which five observed no impact of maternal BMI. 
Wang et al. reported more embryos reaching the cleavage-stage and more usable embryos for 
maternal BMI ≥25 kg/m2 in the IVF group, whereas Setti et al. and Di Gregorio et al. reported a 
lower number of cleavage embryos for a higher maternal BMI (24, 35, 39). Six studies reported 
on embryo morphology in the cleavage stage, of which only Garcia-Ferreyra et al. described 
fewer cells per embryo for women with a BMI >25 kg/m2 than for women with a normal BMI 
(46). Three articles studied morphokinetic development (19, 47, 48). Although the majority 
of associations was non-significant, all studies reported at least one significant association 
between a higher maternal BMI and slower preimplantation embryo development.  

Furthermore, 19 studies investigated preimplantation embryo quality (19, 21-23, 26, 27, 
29, 31, 32, 34, 35, 37, 38, 40, 45, 46, 49-51). Albeit several scoring systems were applied, 
most studies found no significant association (n=15). Four studies described lower quality of 
cleavage embryos with increasing BMI, although Metwally et al. only observed this in women 
aged <35 years (27, 29, 35, 37). 

Fourteen studies investigated blastocyst outcomes (21, 30, 33-35, 41, 42, 44, 46, 52-56), of 
which 8 investigated the total number or rate of embryos that reached the blastocyst stage. 
The majority (n=6) found no significant impact of maternal BMI. Two studies showed a lower 
blastocyst formation rate in women with a BMI ≥25 kg/m2 (42, 46). Seven of the 14 studies 
reported on blastocyst quality. Of these, Braga et al. reported decreased expansion and hatching 
for increasing BMI, while the inner cell mass (ICM) and trophectoderm (TE) quality was not 
affected by BMI (52). Mirabi et al. reported better blastocyst quality for normal weight women 
than for obese women, whereas the remaining articles found no differences (21, 30, 46, 54-56).
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In summary, only 7 studies showed associations between maternal BMI and number of 
(mature) oocytes and 12 reported that a higher maternal BMI is associated with reduced 
embryo quality.

Preimplantation outcomes: Animal studies
Ten animal studies investigated the impact of a high fat diet on preimplantation outcomes, 
all in mice (Table 4). Three articles investigated in vivo embryo development (57-59). Fabian 
et al. showed no impact of body fat on the number of oocytes, although the number of 
immature oocytes was higher in obese mice (57). Kubandova et al. found a significantly 
higher number of embryos per dam in mice with 8-11% body fat than in mice with a 
physiological amount of body fat (7-8%), whereas both Sirotkin et al. and Kubandova et al. 
reported reduced embryo development in dams with <7% or >11% body fat, compared to 
dams with 7-8% or 8-11% body fat. 

Two studies investigated the number of oocytes ovulated after 12 weeks of either high fat 
or control diet, of which only Finger et al. reported more ovulated oocytes in the control 
group (60, 61). 

Five studies investigated cleavage stage embryos (60, 62-65), of which 3 compared 
morphology. Both Luzzo et al. and McPherson et al. reported better in vivo embryo 
morphology at 46 and 44 hours post-hCG, respectively, for mice fed a control diet (63, 65). 
In addition, McPherson et al. also reported poorer in vitro embryo development after 43 
hours of culture for obese female mice. Ma et al. reported no impact of maternal diet on 
the number of zygotes that developed to the 2-cell stage in vivo (64). However, for mice fed 
a control diet, a higher proportion of the embryos developed into six-to-eight-cell embryos. 
Two other studies reported on morphokinetic embryo development after 12 weeks of high 
fat diet. Binder et al. showed a delay in reaching the 2- to 8-cell stage in obese mice, whereas 
Finger et al. only observed a 1 hour delay in pronuclear breakdown (60, 62). Yet, when 
developmental timings were based on embryo pronuclear breakdown as t=0, significant 
differences were observed from the 5-cell division onwards.  

All studies investigating the direct impact of maternal high fat diet, reported on blastocyst 
outcomes (n=7) (60-66). Two showed no impact of maternal diet on the number of blastocysts 
(61, 66). Finger et al. observed an 11% decrease in the percentage of fertilised zygotes reaching 
the blastocyst stage after high fat diet (60). Luzzo et al. also observed that more of the embryos 
that reached the 2-cell stage developed to blastocysts in the control group than in the high fat 
diet group (63). Two studies reported on embryo morphology after in vitro fertilisation. Of 
these, Ma et al. demonstrated better developmental potential 97 and 114 hours post-hCG for 
embryos of normal weight mice than embryos of obese mice (64). McPherson et al. observed 
no impact of maternal diet on in vitro embryo development after 74 and 91 hours of culture,  
but did observe reduced in vivo blastocyst development after maternal high fat diet (65).
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Four studies investigated total blastocyst cell number, three of which also investigated ICM 
and TE cell number (60, 62, 65, 66). Igosheva et al. reported no impact of maternal diet on 
blastocyst cell number after in vivo fertilisation, whereas McPherson et al. reported lower 
cell numbers for maternal high fat diet (65, 66). In addition, the latter study also reported 
comparable blastocyst numbers after in vitro fertilisation, which is in contrast to the studies 
of Binder et al. and Finger et al., who both reported reduced blastocyst numbers for maternal 
high fat diet after in vitro fertilisation (60, 62). Regarding total ICM cell counts, Igosheva et al. 
and Finger et al. reported no differences, whereas McPherson et al. observed a reduced total 
ICM cell count after both in vivo and in vitro development for maternal high fat diet (60, 65, 
66). Igosheva et al. reported a comparable TE cell count after in vivo fertilisation, whereas 
McPherson et al observed a reduced TE cell count for maternal high fat diet. Finger et al. 
reported a lower TE cell count after in vitro fertilisation. No impact was found on the ratio of 
ICM:TE cell numbers. 

In 8 out of 10 animal studies the maternal BMI was negatively associated with number of 
(mature) oocytes and preimplantation embryo quality.

Miscarriage
The association between maternal BMI and miscarriage was evaluated in 44 studies (Table 5).  
Of these, 33 were performed in women pregnant after IVF/ICSI treatment and 11 in women 
who conceived naturally. Of this latter group, 3 articles studied preconceptional BMI and 8 
first-trimester BMI. The definition of miscarriage varied considerably between the studies, 
ranging from embryonic loss prior to 5 weeks of gestation to no live birth. Although the 
majority divided maternal BMI into categories according to the WHO classification, 11 
articles applied alternative cut-off values for the normal weight maternal BMI category. 

Of the 33 studies that were performed in pregnancies after IVF/ICSI treatment (19, 20, 24, 
25, 27, 28, 31, 33-40, 42-46, 49-51, 53-55, 67-73), one investigated BMI as a continuous 
variable and showed a positive association (71). Six studies applied cut-off values not 
described by the WHO. Of these, two studies applied a cut-off value of ≥24 kg/m2 for being 
overweight, of which Zhong et al. demonstrated higher odds of miscarriage for overweight 
women (27, 73). Two applied a cut-off value of ≥23 kg/m2, which was associated with an 
increased risk of miscarriage in both (49, 51). Furthermore, two studies defined a BMI <20 
kg/m2 as being underweight, of which Bellver et al. showed higher odds of a miscarriage for 
underweight women (20, 70). 
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Four articles studied the association between maternal BMI and miscarriage by applying 
an alternative classification that divides obesity into three sub-classes, resulting in 6 groups 
of maternal BMI (31, 36, 40, 69). Of these, Romanski et al. described increased odds for a 
miscarriage in women with a BMI 25.0-39.9 kg/m2, whereas Moragianni et al. showed this 
for women with a BMI  >40 kg/m2  (31, 69). Shah et al. and Zander-Fox et al. demonstrated 
no significant associations (36, 40).

Five studies applied the classical WHO-classification (19, 34, 43, 53, 68). Of these, two 
reported a positive association between obesity and miscarriage, one between underweight 
and miscarriage and two demonstrated no significant associations.

Nonetheless, the majority subdivided maternal BMI in two groups: <25 and ≥25 kg/m2. Six of 
them reported no association with miscarriage (25, 28, 35, 37, 38, 42). Rittenberg et al. reported 
increased odds of miscarriage for women with an elevated BMI after both fresh embryo 
transfer (ET) as well as after frozen-thawed ET (33). In line with this, Wang et al. demonstrated 
increased odds for miscarriage only after IVF, but not after ICSI for women with a BMI  
≥25 kg/m2 (39).

Of the remaining studies, 4 demonstrated no significant association between maternal BMI 
and miscarriage (24, 44, 46, 50, 55, 67). Two reported a positive association between obesity 
and miscarriage and one between overweight and miscarriage (54, 72, 74). 
 
Of the 11 studies that were performed in women who conceived naturally (75-85), three 
studied the independent variable, i.e. weight and BMI, on a continuous scale (76, 81, 82). 
Chaemsaithong et al. and Syngelaki et al. reported higher odds of a miscarriage for an 
increased BMI, whereas van Ravenswaaij et al. reported no association between weight and 
miscarriage. Syngelaki et al. also reported a higher risk of miscarriage in women with a BMI 
of 30-34.9 kg/m2 and ≥35 kg/m2. 

Three studies applied the classical WHO-classification, of which 2 showed no significant 
associations (75, 80). One study divided the obesity category in 30-39.9 kg/m2 and ≥40 kg/
m2 and found a positive association in the latter group (77).

Five studies applied cut-off values not described by the WHO, of which 2 reported no significant 
associations (78, 79, 83-85). Two defined a normal BMI as 18.5-23.9 kg/m2, which both found 
that a BMI <18.5 kg/m2 and ≥28 kg/m2 was associated with higher odds of miscarriage (79, 84). 
One reported higher odds of a miscarriage in women with a BMI ≥27.5 kg/m2 (85). 

To summarise, 19 of the 44 articles described a significant association between maternal 
BMI and miscarriage. 
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First-trimester growth and development
Nine articles evaluated the association between maternal BMI and first-trimester growth 
and development (86-94) (Table 6), of which six studied CRL. Of these, three investigated 
maternal BMI on a continuous scale (87, 92, 93). Only Thagaard et al. reported a smaller 
CRL for a higher BMI. Of those that that investigated BMI in categories, only Selovic et al. 
reported a significant association, i.e. a larger CRL for overweight and obese women (89-91). 

Cowans et al. reported a thicker nuchal translucency for a higher maternal BMI (88). 
Biparietal diameter (BPD) was studied by Thagaard et al. and Zhang et al., of which only the 
first showed a smaller BPD for a higher BMI (92, 94). Zhang et al. reported impact of maternal 
BMI on estimated fetal weight, femur length and abdominal circumference (94). Bak et al. 
studied the impact of BMI on the discrepancy between estimated due dates based on last 
menstrual period versus CRL measurements, and reported higher odds for discrepancy in 
both underweight as well as overweight and obese women (86). 

In summary, there is no irrefutable association between maternal BMI and first-trimester 
growth and development.

DISCUSSION
Oocyte and preimplantation embryo quality
Maternal BMI was associated with lower numbers of (mature) oocytes in only a few studies. 
In all of the human studies, selection of ovarian stimulation protocols and/or dosage was 
based on patient characteristics such as age, antral follicle count and previous response. 
Although individualised ovarian stimulation treatment likely confounds the association 
between BMI and oocyte yield, standardising treatment should be avoided as this may result 
in a higher incidence of poor ovarian response or ovarian hyperstimulation syndrome (95). 
Better indicators of oocyte developmental competence might be morphological factors, 
molecular markers or intracellular temperature (96). Yet, research on these indicators in 
association with maternal BMI or diet remains scarce, especially in humans. 

We did not find clear evidence that maternal BMI affects human preimplantation embryo 
quality. A possible explanation is that the majority of study populations were relatively small, 
especially when compared to studies investigating post-implantation outcomes. Another 
explanation is that most clinics set a minimum and maximum BMI prior to treatment, which 
limits the possibilities to study the impact of extremities in maternal BMI. Moreover, there 
are many factors that affect preimplantation embryo quality, such as culture conditions, 
maternal age and folic acid supplementation (52, 74, 97-99). Thus, more sensitive markers 
of preimplantation embryo quality are needed.
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The majority of included animal studies reported negative associations between high fat diet 
and in vivo preimplantation embryo outcomes. A possible explanation is that the embryos 
are longer exposed to the maternal diet, thereby it is a more accurate reflection of natural 
development. A suboptimal maternal diet affects the composition of fluids in the female 
reproductive tract. For example, excess triglycerides and lactate accumulate in the maturing 
oocyte, thereby affecting its metabolism and subsequently reducing embryo developmental 
potential (100). Similar mechanisms have been described for uterine luminal fluids, i.e. the 
direct embryo environment. Proper embryo-maternal interaction is critical for programming 
and development of (extra-)embryonic cell lineages, thus critical for fetal growth trajectories 
(101). It is likely that a suboptimal maternal diet has a detrimental effect on this interaction, 
thereby negatively impacting in vivo embryo development. As embryos for in vitro development 
are cultured in synthetic medium, development is impacted to a lesser extent by maternal 
factors, which is also suggested by an  animal study in this review (65). 

Miscarriage
A high maternal BMI was associated with an increased risk of miscarriage in 19 out of the 44 
studies (20, 31, 33, 39, 45, 49, 51, 54, 68, 69, 71, 72, 76, 77, 79, 81, 84, 85). Variations in the 
moment or method of BMI measurement may underlie the inconsistent results. 

Although the exact underlying mechanisms are not completely elucidated, it has been 
suggested that increased insulin resistance alters the endometrium by a reduced production 
of adhesion factors and lower serum levels of immunosuppressive proteins (102). Oocyte 
donations are an elegant model to study the distinct role of the endometrium in miscarriages. 
Interestingly, these studies report inconclusive results on the association between recipient 
BMI and miscarriage rate (103, 104). So in conclusion, it is likely that other factors, such as 
immunological dysregulation, are also involved in the aetiology of miscarriages (105). 

First-trimester growth and development
The majority of studies did not show an irrefutable association between maternal BMI and 
first-trimester growth and development. A possible explanation is that during the first 10 
to 11 weeks of gestation, the embryo is supported by histotrophic nutrition trough the yolk 
sac, i.e. maternal endometrial gland secretions (106, 107). Little is known of the impact 
of maternal obesity on histotrophic nutrition, although some studies show alterations in 
endometrial function (108, 109). Another explanation is that the effect of maternal BMI 
is relatively small during the first-trimester but increases as pregnancy progresses, which 
also explains the numerous studies demonstrating associations between maternal BMI and 
pregnancy outcomes (110, 111). 
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Strengths and limitations
This is the first study to systematically review the evidence currently available on the 
impact of maternal BMI on periconceptional outcomes. By including studies from different 
continents, the risk of inclusion bias was reduced and the generalizability of our results 
increased. Another strength is that the majority of studies had a prospective cohort 
design, which reduces the risk of reverse causality, recall and selection bias. This review 
also included animal studies using rodent models of high-fat diet-induced obesity. Although 
it has been suggested that these models do not directly translate to human obesity, they 
facilitate to study the impact of overnutrition independent of confounders (112). Moreover, 
it is possible to study preimplantation development after in vivo fertilisation. As embryos 
are longer exposed to the maternal diet, it is likely a more accurate reflection of natural 
reproduction.

Nonetheless, the overall amount and quality of evidence was relatively low. Furthermore, 
maternal BMI was categorised according to different classifications, embryo quality was 
studied using multiple scoring systems and the definition of miscarriage ranged from 
embryonic loss prior to 5 weeks of gestation to no live birth. This considerable variation 
in exposures and outcomes hampered comparison of results and performing extensive 
meta-analyses. Also, the included studies were at risk for several biases. Firstly, some were 
based on self-reported BMI, allowing social desirability bias. Secondly, couples with an 
early miscarriage or unplanned pregnancy were generally not included, thereby inducing 
selection bias. Finally, the majority of studies were performed in couples undergoing 
IVF/ICSI treatment, which hampers extrapolation to couples who conceive naturally and 
investigation of the full range of BMI, since extremities are often excluded from treatment.

Conclusion
This systematic review shows that in humans, the evidence supporting our hypothesis that 
maternal obesity has a detrimental impact on periconceptional outcomes, is relatively 
scarce. In animal studies, however, there is more evidence supporting this hypothesis, 
which further underlines the difficulty of reliable BMI assessment and the multifactorial 
aetiology of periconceptional outcomes in humans. Standardisation of outcome definition 
and measurement in future studies, together with data sharing, will facilitate researchers to 
perform robust meta-analyses and calculate risk ratios, which will improve our understanding 
of the true impact of maternal BMI on periconceptional outcomes (113). 

The alarming increase in the prevalence of obesity over the past decades is of major concern (1).  
It is associated with an increased risk of pregnancy complications and reduced fertility, 
thereby affecting reproductive success (114). Therefore, further research should focus on 
causal pathways, early and adequate recognition and preventive strategies. For the latter, 
the periconception period can be a critical window of opportunity, as people are more open 
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to behavioural change (115). Proper diet and lifestyle adaptations would not only increase 
current health and offspring health, but also reduce subsequent diseases later in life and 
perinatal morbidity and mortality.  
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ABSTRACT 
Background: Overweight and obesity affect millions of people globally, which has also serious 
implications for reproduction. For example, treatment outcomes after in vitro fertilisation 
(IVF) are worse in women with a high body mass index (BMI). However, the impact of 
maternal BMI on embryo quality is inconclusive. Our main aim is to study associations 
between preconceptional maternal BMI and morphokinetic parameters of preimplantation 
embryos and predicted implantation potential. In addition, associations with clinical IVF 
outcomes are investigated.

Methods: From a tertiary hospital, 268 women undergoing IVF or IVF with intracytoplasmic 
sperm injection (ICSI) were included; 143 normal weight, 79 overweight and 46 obese 
women. The embryos of these women were cultured in the EmbryoScope, a time-lapse 
incubator. The morphokinetic parameters of preimplantation embryos and predicted 
implantation potential, assessed by the KIDScore algorithm were longitudinally evaluated 
as primary and secondary outcomes, respectively. The tertiary outcomes included clinical 
outcomes, i.e. fertilisation, implantation and live birth rate.

Results: After adjustment for patient- and treatment-related factors, we demonstrated in 
938 embryos that maternal BMI is negatively associated with the moment of pronuclear 
appearance (βtPNa -0.070 hours (95%CI -0.139, -0.001), p=0.048), pronuclear fading (βtPNf 
-0.091 hours (95%CI -0.180, -0.003), p=0.043 and the first cell cleavage (βt2 -0.111 hours 
(95%CI -0.205, -0.016), p=0.022). Maternal BMI was not significantly associated with the 
KIDScore and tertiary clinical treatment outcomes. In embryos from couples with female 
or combined factor subfertility, the impact of maternal BMI was even larger (βtPNf -0.170 
hours (95%CI -0.293, -0.047), p=0.007; βt2 -0.199 hours (95%CI -0.330, -0.067), p=0.003). 
Additionally, a detrimental impact of BMI per point increase was observed on the KIDScore 
(β -0.073 (se 0.028), p=0.010).

Conclusions: Higher maternal BMI is associated with faster early preimplantation 
development. In couples with female or combined factor subfertility, a higher BMI is 
associated with a lower implantation potential as predicted by the KIDScore. Likely due 
to power issues, we did not observe an impact on clinical treatment outcomes. However, 
an effect of faster preimplantation development on post-implantation development is 
conceivable, especially since the impact of maternal BMI on pregnancy outcomes has been 
widely demonstrated.
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INTRODUCTION
Overweight and obesity affect millions of people of all ages, genders, ethnicities and income 
levels (1). Although the pathophysiology of adiposity is highly complex and multifactorial, 
it is fundamentally caused by a positive energy imbalance and influenced by genetic and 
numerous environmental factors (2, 3). Surplus energy is stored as fat, which leads to a 
disruption of numerous physiological processes on endocrine, immune and vascular levels 
(4). This explains why an elevated body mass index (BMI) is associated with various non-
communicable diseases, such as diabetes type 2 and cancer (5, 6).

Obesity and overweight not only increase the risk of non-communicable diseases, but 
can also impact reproduction (7). As almost half of the women in the reproductive period 
are overweight or obese, this has serious consequences. Adiposity affects metabolic and 
endocrine processes involved in fertility, which leads to an increased risk of miscarriages, 
reduced conception rate and anovulation (8-10). Therefore, overweight and obesity are 
likely overrepresented in women receiving fertility treatment, such as in vitro fertilisation 
(IVF) (11). 

Outcomes after IVF treatment are poorer in women with a high BMI compared to normal 
weight women (12-14). The mechanisms by which adiposity affects reproduction are not 
yet fully understood. It is suggested that obesity interferes with biological processes and 
pathways at endocrine, follicular, uterine and embryonic levels (15-18). For example, obesity 
increases follicular fluid concentrations of lipids, metabolites and inflammatory markers, 
and impacts gene expression of cumulus cells, which can impair oocyte development (19, 
20). Interestingly, the impact of maternal BMI on embryo quality is inconclusive (18, 21-23). 

Since three decades, preimplantation embryo development can be closely observed with 
time-lapse imaging (24). This technique is increasingly used to study associations between 
embryo development and implantation, and to improve embryo selection by algorithms 
such as the KIDScore (25). Prospective randomised trials report conflicting results on the 
improvement of success rates after embryo selection based on time-lapse parameters, and 
also indicate that these parameters are subject to patient-related factors (26, 27). Moreover, 
previous studies investigating the impact of BMI on these parameters report conflicting results 
and are exclusively performed in cycles with intracytoplasmic sperm injection (ICSI) (28, 29). 

From this background, the main aim of this study is to investigate the hypothesis that a high 
maternal BMI is detrimentally associated with preimplantation embryo quality, as assessed 
by developmental time-lapse parameters and predicted implantation potential (KIDScore). 
In addition, we also investigated associations with clinical treatment outcomes after IVF/
ICSI treatment.
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METHODS
Study design 
The data used for this study was collected between May 2017 and December 2019 as part of 
the Virtual EmbryoScope study. This is an ongoing prospective sub-study of the Rotterdam 
Periconception Cohort, an observational open prospective tertiary hospital-based cohort, 
embedded in the outpatient clinic of the Department of Obstetrics and Gynaecology of the 
Erasmus MC, University Medical Center, Rotterdam, The Netherlands (30). The Rotterdam 
Periconception Cohort focuses on periconceptional influences on reproductive success and 
adverse pregnancy outcomes and health of the offspring up to 1 year of age. For this study, 
subfertile couples with an indication for IVF/ICSI treatment, aged 18 years or older with 
adequate understanding of the Dutch language were eligible for participation. 

Figure 1. Flowchart of the VIRTUAL EmbryoScope study population embedded in the Rotterdam Periconception Cohort. 

Preconceptional 
subfertile women

Female inclusions

Total female 
inclusions 
N = 268

N = 396

N = 395

N = 46

Embryos N = 398

Embryos N = 162

No female 
measurements 
N = 1

No timelapse data 
available N = 35
 
Total fertilisation 
failure N = 14

Oocyte donation or 
vitrification N = 8

>1 year between 
study intake and 
fertilisation N = 6

TESE-ICSI N = 64

Obese women 
N = 79

Embryos N = 294

Overweight women 
N = 143

Embryos N = 482

Normal weight women

Abbreviations: TESE, testicular sperm extraction. ICSI, intracytoplasmic sperm injection.
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For this study, couples were excluded if: 1) no fertilisation occurred and no embryos were 
available (n=14); 2) the embryos were not cultured in the EmbryoScope (n=35); 3) IVF/
ICSI treatment was performed with donated or vitrified oocytes (n=8); 4) treatment was 
performed after >1 year following inclusion in the study (n=6) or 5) ICSI was performed with 
testicular extracted sperm (n=64) (Figure 1).

In vitro fertilisation procedures and time-lapse imaging
Ovarian stimulation, oocyte retrieval and IVF/ICSI procedures were performed as previously 
described (31, 32). Women underwent ovarian stimulation with either recombinant follicle 
stimulating hormone (rFSH) or urinary FSH, with gonadotrophin-releasing hormone (GnRH) 
agonist or GnRH-antagonist co-treatment. Ovarian stimulation protocols were standardised; 
the distribution of GnRH-agonist or -antagonist protocol reflects policy changes over time 
and not patient selection. FSH dosage was based on maternal age, BMI, antral follicle count, 
anti-mullerian hormone (AMH) level and prior response to gonadotrophins (if applicable). 
Final follicular maturation was triggered with human chorionic gonadotrophin (hCG) or a 
GnRH-agonist. Oocytes were collected 35 hours later and cultured in SAGE human tubal 
fluid medium (HTF, CooperSurgical, Trumbull, CT, USA); supplemented with 5% human 
serum albumin (CooperSurgical) under an oil overlay (CooperSurgical). 

After insemination, IVF oocytes were cultured overnight in drops of 100 µl HTF medium in 
universal GPS dishes (CooperSurgical) under oil. The next morning, only fertilised dipronucleate 
oocytes were transferred to an EmbryoSlide (Vitrolife, Goteborg, Sweden) for culture in the 
EmbryoScopeTM time-lapse incubator (Vitrolife). ICSI oocytes were denuded and transferred 
to an EmbryoSlide directly after sperm injection. Injected oocytes or embryos were cultured 
individually in 25 µl of SAGE 1-Step medium (Cooper Surgical) under 1.4 ml oil. Culture in the 
EmbryoScopeTM was conform conventional culture, performed using customised settings, with 
a temperature setting of 36.8 oC and in an atmosphere containing 7% O2 and 4.5% CO2. This 
atmosphere was validated to result in a pH of the SAGE 1-Step culture medium of 7.2-7.3.

Images were automatically recorded every 10 minutes after exposure to a single red 
LED (635 nm, <0.1 second per image) with a monochrome CCD camera. On day 3 after 
fertilisation, embryo evaluation and selection for embryo transfer (ET) was based on 
conventional morphology, i.e. number of blastomeres, fragmentation, size equality, and 
signs of early compaction, without the support of time-lapse information. Selection of 
embryos for cryopreservation was performed on day 4, based on the degree of compaction 
and fragmentation.

Two weeks after ET, implantation was biochemically confirmed by a positive β-hCG test.  
Pregnancy was confirmed by ultrasound at 7 and 12 weeks of gestation by the presence of 
a gestational sac and fetal heartbeat



78 Chapter 3

Study parameters
Participants completed a preconceptional questionnaire covering demographic and lifestyle 
details. A researcher verified all data at study entry and measured anthropometrics. 
Subfertility diagnoses were retrieved from medical records and, when applicable, stratified 
according to the WHO classification of anovulation (33).

Time-lapse parameters were annotated manually according to the definitions of the ESHRE 
consensus for dynamic monitoring of human preimplantation development (34). All freshly 
transferred and cryopreserved embryos were annotated for the following morphokinetic 
parameters: pronuclear appearance (tPNa), pronuclear fading (tPNf), t2, t3, t4, t5, t6, t7 
and t8. tPNa was defined as the first frame in which both pronuclei had appeared, and 
tPNf as the first frame in which both had faded. Timing of reaching the 2-, 3-, 4-, 5-, 6-, 
7-, and 8-cell stage was defined as t2, t3, t4, t5, t6, t7 and t8, respectively. Some of these 
parameters were used to assign each embryo a KIDScore (Supplemental table 1). This is a 
generally applicable embryo deselection tool based on 6 parameters, of which the lowest 
score (=1) corresponds with a chance of implantation of 5%, whereas the highest score (=5) 
corresponds with a 36% chance of implantation (25). Validation of the KIDScore in our clinic 
showed that KIDScore 1 embryos implant in 23% of cases, increasing to 52% for KIDScore 
5 embryos after SET. Internal validation of inter-observer reproducibility demonstrated 
extremely close agreement for the timings of tPNf until t5 (intraclass correlation coefficient 
(ICC) >0.95). A moderate agreement was found for t6, t7 and t8 (ICC 0.23-0.40). 

Clinical treatment outcomes were retrieved from medical records. Pre-transfer clinical 
treatment outcomes included: fertilisation rate, which was calculated by dividing the 
number of fertilised oocytes by the number of metaphase II oocytes retrieved and embryo 
usage rate, which was calculated by dividing the number of usable embryos, i.e. all 
freshly transferred and cryopreserved, by the number of fertilised oocytes. Post-transfer 
clinical treatment outcomes included: a positive β-hCG-test, fetal heartbeat, live birth and 
cumulative pregnancy rate, which was defined as an ongoing pregnancy resulting from 
either fresh ET or frozen-thawed ET from the studied treatment cycle within a two year 
follow-up period.

Statistical analyses 
Based on initial reports in human embryos, preimplantation embryos from obese women 
are expected to be developmentally delayed (35). Based on culture of the first 900 embryos 
in our EmbryoScopeTM, average time needed from pronuclear disappearance to the 4-cell 
stage was 16.7 hours (SD +/-5). The intra-cluster correlation coefficient (ICC) was 0.16. To 
show a delay of at least 2 hour (0.4SD) in reaching the 4-cell stage, while correcting for 
statistical clustering of embryos derived from the same patient (1+([average no. of embryos/ 
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patient]-1)*ICC = 1+4*0.1591= 1.64), we needed 100*1.64 = 164 embryos in each group to 
achieve an 80% power to detect this 2 hour difference at α= 0.05. 

Continuous baseline data were compared between women with normal weight, overweight 
and obesity, using Kruskall-Wallis tests for continuous data and chi-square tests for 
categorical data.

Analyses of morphokinetic parameters were performed on transferred and cryopreserved 
embryos. Since couples often have multiple embryos and embryos from a couple are likely to 
exhibit comparable developmental patterns, linear regression analyses are not appropriate. 
Therefore, we applied linear mixed models with time-lapse parameters as response variables 
and BMI as independent variable.

Proportional odds models were used to study the association between maternal BMI and 
the KIDScore, using the ordinal package in R (Rune Haubo B Christensen). This model is 
for ordinal outcomes like the KIDScore, with patient-specific intercepts to account for the 
correlation between sibling embryos.

Associations between BMI and continuous treatment outcomes, such as fertilisation rate, 
were analyzed using linear regression. For associations between BMI and dichotomous 
outcomes, such as a positive β-hCG-test, logistic regression was applied. 

All associations were studied with maternal BMI as a continuous variable. Two models 
were constructed for analyses on morphokinetic parameters and the KIDScore; a crude 
model without adjustments and the adjusted model with adjustments for maternal age, 
fertilisation method, type of ovarian stimulation and paternal BMI and age. Analyses on 
treatment outcomes were adjusted for maternal age and type of ovarian stimulation. Post-
hoc analyses were performed with maternal BMI divided into categories of normal weight 
(BMI ≤25 kg/m2), overweight (BMI>25kg/m2) and obese (BMI>30 kg/m2), with normal weight 
as reference category. Furthermore, we stratified analyses of morphokinetic parameters 
for fertilisation method, as a 2-hour delay between insemination and fertilisation has been 
suggested for IVF embryos (36). In addition, we performed sub-analyses of embryos of 
couples with only a female subfertility diagnosis (e.g. endometriosis or PCOS) and a male 
partner with normal semen parameters, or combined female and male factor subfertility. 
All analyses were performed in SPSS statistics 25.0 (IBM, Armonk, USA) and R (R: A language 
and Environment for Statistical Computing, version 3.1.3, 2015 for Windows, R Core Team, 
Vienna, Austria). Two-sided P-values <0.05 were considered significant.
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RESULTS
Baseline characteristics
A total of 268 women (n=938 embryos) were included, of whom 143 were of normal weight 
(n=482 embryos), 79 overweight (n=294 embryos) and 46 obese (n=162 embryos) (Figure 1).  
Baseline characteristics were comparable between the three groups, except that normal 
weight women were more often highly educated than overweight and obese women 
(62.7%, 51.9% and 30.4%, respectively, p=0.004) (Table 1). Additionally, types of female type 
subfertility are not significantly different between the three groups (Supplemental table 2).

Table 1. Baseline characteristics of the VIRTUAL EmbryoScope study population (n=268). 
Normal weight 

women
N=143

Overweight women
N=79

Obese women
N=43

P-value MissingMedian/N IQR/% Median/N IQR/% Median/N IQR/%
Maternal factors
Age, years 34.3 30.5-38.3 32.9 29.2-36.6 36.3 30.3-39.6 0.110 0
Geographic origin, Western 119 83.3 68 86.1 37 80.4 0.709 1
Educational level 0.004 1
    Low 6 4.2 6 7.6 5 10.9
    Intermediate 47 33.1 27 58.7 32 40.5
    High 89 62.7 41 51.9 14 30.4
Folic acid supplements, yes 135 95.1 75 94.9 42 91.3 0.632 1
Vitamins, yes 80 60.6 37 50.7 17 41.5 0.073 22
Alcohol, yes 63 44.4 27 34.2 18 39.1 0.328 1
Cigarettes, yes 19 13.4 12 15.2 7 15.2 0.914 1
Treatment factors
Cause of subfertility 0.987 0
    Female factor 44 30.8 22 27.8 12 26.1
    Male factor 51 35.7 30 38.0 17 37.0
    Combined 28 19.6 17 21.5 9 19.6
    Unexplained 20 14.0 10 12.7 8 17.4
ICSI, yes 79 55.2 50 63.3 28 60.9 0.478 0
Oocytes aspirated 8 5-12 9 6-14 8 5-12 0.278 2
Ovarian stimulation, GnRH-agonist 26 18.2 18 22.8 12 26.1 0.459 0
IQR, interquartile range. ICSI, intracytoplasmic sperm injection. Significant differences are depicted in bold.  

Morphokinetic parameters
Linear mixed model analyses showed negative betas for all morphokinetic parameters, 
indicating a faster development for every increase in BMI point (Table 2). However, this was 
only significant for tPNf (βcrude -0.119 hours (95%CI -0.206, -0.031), p=0.008; βadjusted -0.091 
hours (95%CI -0.180, -0.003), p=0.043) and t2 (βcrude -0.142 hours (95%CI -0.235, -0.049), 
p=0.003; βadjusted -0.111 hours (95%CI -0.205, -0.016), p=0.022). Stratification for fertilisation 
method demonstrated that the negative beta for tPNa is almost exclusively based on ICSI 
embryos (Table 3). Interestingly, sub-analyses of embryos from couples with female or 
combined factor subfertility showed an even larger impact of BMI on tPNf (βcrude -0.164 
hours (95%CI -0.286, -0.042), p=0.009; βadjusted -0.170 hours (95%CI -0.293, -0.047), p=0.007) 
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and t2 (βcrude -0.194 hours (95%CI -0.323, -0.064), p=0.004; βadjusted -0.199 hours (95%CI 
-0.330, -0.067), p=0.003) (Table 4).

Table 2. The impact of maternal BMI on morphokinetic parameters.
Morphokinetic 
parameter

Crude Adjusted
MissingBeta (95%CI) hours P-value Beta (95%CI) hours P-value

tPNa -0.074 (-0.163, 0.015) 0.102 -0.070 (-0.139, -0.001) 0.048 448*
tPNf -0.119 (-0.206, -0.031) 0.008 -0.091 (-0.180, -0.003) 0.043 23
t2 -0.142 (-0.235, -0.049) 0.003 -0.111 (-0.205, -0.016) 0.022 3
t3 -0.100 (-0.223, 0.023) 0.109 -0.039 (-0.168, 0.089) 0.548 5
t4 -0.122 (-0.246, 0.001) 0.053 -0.087 (-0.220, 0.047) 0.201 8
t5 -0.102 (-0.266, 0.061) 0.220 -0.053 (-0.229, 0.122) 0.549 13
t6 -0.100 (-0.263, 0.063) 0.229 -0.073 (-0.251, 0.105) 0.418 33
t7 -0.069 (-0.242. 0.103) 0.429 -0.014 (-0.204, 0.175) 0.881 65
t8 -0.002 (-0.178, 0.174) 0.982 0.067 (-0.125, 0.259) 0.492 151
CI, confidence interval. Adjusted for maternal age, fertilisation method, type of ovarian stimulation and paternal BMI and age. 
* In cases of regular IVF, embryos are only transferred to the EmbryoScope after PN inspection, thus tPNa cannot be observed.

Post-hoc analyses demonstrated a significantly positive beta for t8 in embryos of overweight 
women, when compared to embryos of normal weight women, (βcrude 1.744 hours (95%CI 
0.087, 3.401), p=0.039; βadjusted 2.541 hours (95%CI 0.774, 4.308), p=0.005) (Table 5). Embryos 
of obese women reached tPNf and t2 faster than embryos of normal weight women (tPNf: 
βcrude -1.065 hours (95%CI -2.082, -0.047) , p=0.040; t2: βcrude -1.311 hours (95%CI -2.934, 
-0.227), p=0.018; t2: βadjusted -1.101 hours (95%CI -2.195, -0.008), p=0.048). 

Implantation potential, predicted by the KIDScore
The association between maternal BMI and predicted implantation potential, assessed by 
the KIDScore, was studied by a proportional odds model. The crude model showed a non-
significant effect estimate of -0.019 (se 0.015, p=0.206), indicating a lower KIDScore for a 
higher BMI. The adjusted model demonstrated a comparable estimate (β -0.020 (se 0.017), 
p=0.218). 

Interestingly, sub-analyses of embryos from couples with either a female or a combined 
factor subfertility diagnosis demonstrated a significant impact of BMI on the KIDScore (βcrude 
-0.049 (se 0.025), p=0.052; βadjusted -0.073 (se 0.028), p=0.010). These observations indicate 
that a higher maternal BMI has a detrimental impact on the predicted implantation potential 
of embryos of women with an underlying cause for their subfertility.

Post-hoc analyses of maternal BMI into categories also demonstrated non-significant 
associations between either overweight or obesity and predicted implantation potential 
(βoverweight 0.008 (se 0.014, p=0.547); βobesity -0.253 (se 0.174, p=0.178)). Similar results were 
found in the adjusted model (βoverweight 0.126 (se 0.192, p=0.403); βobesity -0.260 (se 0.192, 
p=0.177)).
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Pre- and post-transfer clinical treatment outcomes
Crude linear regression analysis was applied to investigate associations between maternal 
BMI and the tertiary outcomes. The association between maternal BMI and total number 
of fertilised oocytes showed that for every point increase in BMI, the total number of 
fertilised oocytes per patient increased 0.024 (95%CI -0.075, 0.124, p=0.630), yet this was 
not significant (Table 6). Maternal BMI was also not significantly associated with other pre- 
or post-transfer clinical treatment outcomes, such as implantation rate (odds ratio 0.994 
(95%CI 0.936, 1.054), p=0.994). 

Table 6. The impact of maternal BMI on IVF/ICSI treatment outcome parameters.

Pre-transfer
Crude Adjusted

Beta (95%CI) P-value Beta (95%CI) P-value
Total fertilised oocytes 0.024 (-0.075, 0.124) 0.630 0.031 (-0.067, 0.129) 0.532
Fertilisation rate -0.003 (-0.009, 0.003) 0.329 -0.003 (-0.009, 0.003) 0.303
Total usable embryos 0.018 (-0.049, 0.085) 0.605 0.021 (-0.046, 0.088) 0.536
Usage rate 0.000 (-0.007, 0.007) 0.913 0.000 (-0.007, 0.007) 0.928
Post-transfer OR (95%CI) P-value OR (95%CI) P-value
Positive β-hCG-test n=106 0.994 (0.936, 1.054) 0.994 0.997 (0.938, 1.060) 0.930
Gestational sac n=97 0.997 (0.939, 1.059) 0.923 1.000 (0.940, 1.064) 0.998
Fetal heartbeat n=90 0.985 (0.927, 1.047) 0.630 0.986 (0.926, 1.050) 0.663
Live born1 n=61 0.998 (0.92, 1.069) 0.949 1.000 (0.932, 1.073) 0.992
Cumulative pregnancy2 n=132 1.036 (0.977, 1.097) 0.238 1.044 (0.983, 1.109) 0.163
Adjusted for maternal age and type of ovarian stimulation. CI, confidence interval. OR, odds ratio. 1) missing n=22 2) missing n=8. 

Post-hoc analyses of pre- and post-transfer clinical treatment outcomes of overweight and 
obese women as separate groups demonstrated no significant associations, when compared 
to normal weight women (Table 7).
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DISCUSSION
Summary of findings
This study aimed to investigate the hypothesis that an elevated BMI in women undergoing 
IVF/ICSI treatment has a detrimental impact on 1) preimplantation morphokinetic parameters 
until day 3 of development, 2) predicted implantation potential and 3) pre- and post-transfer 
clinical treatment outcomes. We observed that a higher maternal BMI is associated with a 
faster progression through the cleavage stages. No significant association of maternal BMI 
with predicted implantation potential, as assessed by the KIDScore algorithm, was shown. 
However, in embryos of couples with female or combined factor subfertility, maternal BMI 
was associated with faster early embryonic development and lower predicted implantation 
potential. In addition, no significant associations were shown between maternal BMI and 
the tertiary clinical treatment outcomes.

When maternal BMI was divided into categories, we observed delayed reaching of the 8-cell 
stage in embryos of overweight women, whereas embryos of obese women reach the 2-cell 
stage faster than embryos of normal weight women. Morphokinetic embryonic quality and 
clinical treatment outcomes were comparable between the three groups. 

Interpretation
In the first study investigating the impact of maternal BMI on morphokinetic parameters, 
embryos of normal weight and obese infertile donors developed comparably (29). However, 
recently a delay in late cleavage divisions (t5, t8) was shown for embryos of overweight and 
obese women, which is (partially) in contrast to our findings (28). This study is not directly 
comparable to ours, as ICSI cycles were studied exclusively, whereas we studied both IVF 
and ICSI cycles. This may have direct implications, by differences in fertilisation techniques, 
as well as indirect, by differences in study population. In contrast to the study of Bartolacci 
et al., Leary et al. reported that embryos of overweight and obese women reach the morula 
stage, and subsequently the blastocyst stage, faster than embryos of normal weight women, 
although these embryos also have a higher rate of cleavage-stage arrest (35). Although it is 
beyond the scope of the current study, the impact of maternal BMI on blastocyst formation 
rate, an important predictor for implantation, remains inconclusive. Some report no impact 
or negative impact of high maternal BMI on blastocyst formation, whereas a recent large 
study reports a higher blastocyst formation rate for obese women (35, 37-41). 

It is hypothesised that maternal adiposity may have an effect prior to fertilisation. The altered 
metabolic environment, as a result of an imbalanced diet and chronic excessive oxidative 
stress, contributes to an abnormal follicular microenvironment (20, 42). This aberrant 
microenvironment can derange several pathways including the one-carbon metabolism, 
which is important for numerous processes involved in reproduction, such as protein and 
DNA synthesis and redox regulation (43). This hypothesis is supported by mouse studies 
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showing an effect of obesity on oocyte polarisation, reactive oxygen species levels and DNA 
methylation, including methylation of metabolism-related genes, such as the leptin promotor 
region (44, 45). In humans, it has been demonstrated that rising BMI affects regulation of 
oocyte RNA expression and oocyte metabolism (35, 46, 47). Furthermore, the maternally-
inherited genome passively demethylates with each cell-division, reaching the lowest level 
at the blastocyst stage, whereas the paternally-inherited genome actively demethylates 
within eight hours after fertilisation (48-50). Similarly, studies of human preimplantation 
embryos show that oocyte molecular programs are gradually degraded during the first 
three days after fertilisation and those of the embryo genome are activated, culminating 
between the 4- and 8-cell stage (51-53). This suggests that early preimplantation embryonic 
development is primarily driven by the maternal (epi-)genome. 

A common cause of female subfertility is polycystic ovarian syndrome (PCOS), which 
is associated with obesity. PCOS is characterised by a combination of polycystic ovaries, 
hyperandrogenism and anovulation (54, 55). Research in women with PCOS undergoing IVF/
ICSI shows impaired developmental competence of oocytes, yet preimplantation embryonic 
development is unaffected (56-59). In our study, sub-analyses of embryos of women with 
PCOS demonstrated no significant impact of BMI on morphokinetic parameters (data not 
shown).

Interestingly, the differences in individual morphokinetic parameters did not translate into 
differences in the KIDScore distribution. Although the KIDScore is based on only a limited 
number of parameters, the impact of maternal BMI on these parameters may be too 
small to induce a shift in the distribution of KIDScores. In embryos of couples with female 
or combined factor subfertility, however, we found a larger impact of BMI on individual 
morphokinetic parameters, which may explain the significant negative impact of maternal 
BMI on the KIDScore. As this is the first study to investigate the impact of maternal BMI 
on a morphokinetic quality score, comparison to other studies is limited. The KIDScore is a 
widely applicable morphokinetic (de)selection tool, as it ranks embryo’s according to their 
implantation potential, regardless of the fertilisation technique used and culture conditions 
applied (25). Furthermore, it has a high blastulation predictability and performs superior 
to conventional morphology evaluation for predicting live births, when applied to day 3 
embryos (60). However, morphokinetic based embryo selection may not be accessible for 
all fertility clinics, as time-lapse imaging is a relatively expensive technique when compared 
to conventional culture. In line with this, there are several studies that have investigated 
the impact of maternal BMI on conventional morphological quality. Although these studies 
differ in terms of parameters of morphological quality and statistical methods, only one 
demonstrated an impact of maternal BMI on embryo morphology, suggesting that the 
impact of maternal BMI on embryonic quality is relatively small (18, 21, 28, 61, 62). 
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As a tertiary outcome we have addressed the impact of maternal BMI on clinical treatment 
outcomes in our dataset and found no significant associations. It is very likely that the 
absence of significant findings can be explained by a lack of power. Yet, the detrimental 
impact of maternal BMI on success rates of IVF/ICSI treatment has been widely shown in 
other studies. A recent meta-analysis of over 600,000 women reported a 15% smaller chance 
of a live birth after IVF/ICSI treatment for obese women compared to normal weight women 
(63). Moreover, an additional factor in post-transfer outcomes is the uterine environment. 
A large retrospective study of over 9,500 normal weight oocyte donors reported lower 
success rates for obese recipients than for normal weight recipients (64). Although the exact 
mechanisms by which obesity alters endometrial receptivity are poorly understood, it is 
suggested that decidualisation is impaired by genetic dysregulation (65-67). 

Strengths and limitations
By applying a standardised method to measure BMI prior to IVF/ICSI treatment, instead of 
relying on self-reported data, we reduced the risk of response bias. Moreover, BMI was also 
categorised according to the World Health Organization classification to facilitate comparison 
between studies. Statistical strengths are the application of linear mixed model analyses, 
which takes the clustering-effect of multiple embryos from one women into account, and 
adjustments for important treatment factors and paternal factors such as age and BMI, 
so that maternal effects could be studied independently. Another strength is the use of 
the KIDScore to evaluate embryonic morphokinetic quality at day 3 after fertilisation. This 
deselection tool is universally applicable and has area under the curve of 0.65 for prediction 
of implantation, which can be considered as a fair predictor (25).

The main limitation of our study is that we have only data until day 3 of development and 
not until the blastocyst stage, as this is associated with higher rates of pregnancy and live 
birth (68). This study was conducted in a time in which fresh transfer of cleavage embryos 
was routine care in most IVF clinics, including ours, but future research should include 
embryonic development until day 5. Also, due to the inclusion of IVF treatments, the moment 
of pronuclear appearance could not be observed in these cases. Although the diverse study 
population increases the generalizability of our results, it can also be considered a weakness. 
As it included both IVF and ICSI treatments and different stimulation protocols, it is a source 
of possible bias and may elicit divergent results. Furthermore, it is standard care at our clinic 
to only perform IVF/ICSI treatment in women with a BMI <34 kg/m2, as IVF/ICSI treatment 
in women with a higher BMI is rarely feasible and associated with increased pregnancy 
complications (69). Nonetheless, this practice induces a selection bias for this study. Also, 
our study population did not comprise any women with underweight. This limited the 
possibilities to investigate the impact of the full range of maternal BMI. Finally, this study 
was performed at a tertiary university based hospital. Although not all subfertile couples 
were in need of tertiary referral or care, our results cannot be automatically extrapolated 
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to the general subfertile population, which may have consequences for the external validity 
of this study.

Conclusions
In this study we show that maternal BMI is positively associated with faster progression 
through the pronuclear and early cleavage stages and negatively with embryo implantation 
potential. So far, and very likely due to lack of power, no associations between maternal BMI 
and clinical treatment outcomes were observed. 

Overweight and obesity are complex diseases and often the result of the interplay between 
nutrition, lifestyle and genetics. Future research is needed to elucidate the pathophysiological 
processes involved in the effects of maternal BMI on preimplantation development. Possible 
explanations might be found in alterations in oocyte quality, DNA damage and decreased 
cytoplasmic quality, as we observed an impact of maternal BMI on embryo quality in 
couples with female or combined factor subfertility. In addition, potential metabolic 
alterations underlying the observed differences in preimplantation development may 
also have consequences for post-implantation development. Although not demonstrated 
in this study, the negative effect of increased BMI on ART treatment outcomes has been 
widely reported. Moreover, maternal overweight and obesity have serious implications for 
pregnancy outcome and offspring health. Therefore, it is recommended to optimise lifestyle 
to achieve a healthy weight prior to IVF/ICSI treatment, for example by effective eHealth 
coaching programs (70, 71). A healthy weight maximises the general efficiency of the 
treatment and minimises alterations in the (early) development of the future generation.
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Supplemental material

Supplemental table 1. Morpokinetic parameters of the KIDScore algorithm.
Morphokinetic parameter
Number pronuclei equals 2 at the 1-cell stage
Time from insemination to pronuclear fading (tPNf)
Time from insemination to the 2-cell stage
Time from insemination to the 3-cell stage
Time from insemination to the 5-cell stage
Number of cells 66 hours after fertilisation 

Supplemental table 2. Female type of subfertility, stratified for maternal BMI.
Normal weight N = 72 Overweight N = 39 Obese N = 21

N (%) N (%) N (%) P-value
Uterine factor 4 (5.6) 0 (0.0) 0 (0.0) 0.179
Tubal factor 14 (19.4) 7 (17.9) 4 (19.0) 0.982
Endometriosis 22 (30.6) 9 (23.1) 8 (38.1) 0.459
PCOS 26 (36.1) 18 (46.2) 9 (42.9) 0.566
WHO-2 non-PCOSa 9 (12.5) 3 (7.7) 0 (0.0) 0.201
WHO-3a 2 (2.8) 1 (2.6) 1 (4.8) 0.895
Otherb 0 (0.0) 2 (5.3) 0 (0.0) NA
The sum of diagnoses is higher than the sum of participants, as some women received multiple diagnoses. PCOS. Polycystic 
Ovarian Syndrome. WHO, World Health Organisation.  
a Stratified according to the WHO classification of anovulation (72).  
b Cases included hyperprolactinemia, and ovulation disorder, not specified according to the WHO classification. 
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ABSTRACT 
Objective: Women with obesity have an increased risk of pregnancy complications. Although 
complications generally present in the second and third trimester of pregnancy, most of 
them develop in the periconception period. Moreover, fetal sex also impacts pregnancy 
course and outcome. Therefore, our aim is to study (sex-specific) associations between 
periconceptional maternal body mass index (BMI) and embryonic growth and morphological 
development. 

Methods: A total of 884 women with singleton pregnancies were selected from the 
Rotterdam Periconception Cohort, comprising 15 women with underweight, 483 with 
normal weight, 231 with overweight and 155 with obesity. Longitudinal three-dimensional 
ultrasound examinations were performed at 7, 9 and 11 weeks of gestation for offline 
measurements of crown-rump length (CRL), embryonic volume (EV), and Carnegie stages. 
Analyses were adjusted for maternal age, parity, ethnicity, education and periconceptional 
lifestyle. 

Results: A negative trend was observed for embryos of women with obesity (βEV -0.03, 
p=0.086), whereas embryonic growth and developmental trajectories in women with 
overweight were comparable to those with normal weight. Maternal underweight was 
associated with faster morphological development (βCarnegie 0.78, p=0.004). After stratification 
for fetal sex, it was demonstrated that female embryos of underweight women grow and 
morphologically develop faster than those of normal weight women (βEV 0.13, p=0.008; 
βCarnegie 1.39, p<0.001), whereas female embryos of women with obesity grow slower (βEV 
-0.05, p=0.027). 

Conclusion: We found that periconceptional maternal underweight is associated with 
faster embryonic growth, especially in females. In contrast, female embryos of women with 
obesity grow slower than female embryos of women with normal weight. This may be the 
result of altered female adaptation to the postnatal environment. Future research should 
focus on strategies for optimizing preconceptional maternal weight, to reduce BMI-related 
pregnancy complications and improve the health of future generations.
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INTRODUCTION
Over the past few decades the prevalence of obesity has increased rapidly across every 
age, sex, race and income level (1). Although the etiology of obesity is highly complex and 
multifactorial, excessive energy consumption and a sedentary lifestyle play important 
roles in the pathogenesis (2). The abundance of stored fat leads to a dysregulation of lipid 
and glucose metabolism, as well as to increased levels of cytokines, secreted by excess 
adipocytes (3). As a result, the majority of physiological processes is chronically disrupted 
on endocrine, immune and vascular levels, which explains why obesity is associated with 
numerous non-communicable diseases, such as diabetes mellitus type 2, hypertension and 
cancer. According to the World Health Organization (WHO), obesity is a major emerging 
preventable public health issue of a similar proportion as undernutrition (4). 

This epidemic of obesity also includes women of reproductive age. Women with obesity 
of reproductive age have an additional burden, as obesity can also disrupt physiological 
processes involved in fertility and pregnancy (5, 6). Altered gonadotrophin and steroid 
hormone levels contribute to anovulation, but even regularly ovulating women with an 
elevated body mass index (BMI) have reduced conception rates (7). Once women with 
obesity do conceive, pregnancies are at increased risk for both complications affecting the 
mother, such as pregnancy induced hypertension, pre-eclampsia and gestational diabetes, 
as well as complications affecting the fetus, such as macrosomia, birth defects and stillbirth 
(5, 8). Interestingly, also fetal sex has an impact on pregnancy course and outcome. Male 
fetuses are larger at birth and may be at higher risk for developing pregnancy complications 
(9, 10).

However, knowledge is scarce about when in pregnancy the pathophysiological mechanisms 
underlying these increased risks arise. We hypothesise that maternal obesity-related 
pregnancy complications have a strong origin in the periconception period, defined as 
14 weeks prior until 10 weeks after conception (11). It is during this period, that crucial 
processes such as fertilisation, embryogenesis, placentation and adaptation to pregnancy 
take place. Moreover, these processes take place in the maternal body serving as the direct 
environment. Studies have shown that a suboptimal maternal environment can have serious 
consequences for both pregnancy course as well as offspring health later in life (12, 13).

The majority of studies regarding maternal periconceptional BMI and first-trimester 
outcomes focused on the risk of miscarriage and congenital malformations, and show that 
this is increased in women with overweight or obesity (14, 15). Less is known about the 
effect of maternal BMI on first-trimester growth and development. The few studies that 
have been performed were based on measurements at the end of the first-trimester, 
thereby neglecting a large part of the periconception period (16, 17). 
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The introduction of three-dimensional (3D) ultrasound techniques, in combination 
with virtual reality (VR), allows in-depth perception and assessment of novel volumetric 
measurements of the embryo in the first-trimester as early as 7 weeks of gestation. This 
approach provides the opportunity to study embryonic growth and development by precise 
measurements of CRL, embryonic volume (EV) and even morphological development, 
defined by the Carnegie stages (18-20).

From this background, our main aim is to investigate associations between periconceptional 
maternal BMI and (sex-specific) first-trimester embryonic growth and morphological 
developmental trajectories using state-of-the-art imaging techniques. The secondary aim is 
to study the impact of maternal BMI on second-trimester fetal size and neonatal outcomes. 

METHODS
Study population
The data used for this study was collected as part of the Rotterdam Periconception Cohort. 
This ongoing prospective tertiary hospital-based cohort is conducted since November 2010 
at the outpatient clinic of the Department of Obstetrics and Gynaecology of the Erasmus 
MC, University Medical Center, Rotterdam, The Netherlands (21). Women who were at least 
18 years of age, with an ongoing singleton pregnancy <10 weeks of gestational age (GA) 
were eligible for participation.

Women with a strict regular cycle between 25-31 days, who conceived naturally and women 
who conceived after in vitro fertilisation (IVF) treatment were selected for this study. Women 
pregnant after oocyte donation, pregnancies resulting in a miscarriage, fetal death, fetuses 
or neonates with congenital malformations, and terminated pregnancies were excluded 
(Figure 1).

Ethical approval
This study was approved by the local Medical Ethical and Institutional Review Board of the 
Erasmus MC, University Medical Center, Rotterdam, The Netherlands (MEC-2004-277). Prior 
to participation, all participants provided written informed consent.
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Figure 1. Flowchart of the study population. 

Predict study
N = 1676

N = 1280

N = 15

N = 884

No ultrasound available N = 392
No BMI measured N = 4

N = 396

Termination of pregnancy N = 17
Intrauterine fetal death N = 11
Congenital anomaly N = 23
Oocyte donation N = 17
Irregular menstrual cycle N = 328

Underweight
N = 483

Normal weight
N = 231

Overweight
N = 155
Obese

First-trimester ultrasound data and measurements
In the pilot study, between November 2010 and December 2012, women received weekly 
transvaginal 3D ultrasound scans from enrollment up to the 13th week of pregnancy. 
Thereafter, ultrasound scans were performed only in week 7, 9, and 11 of gestation, as 
this was sufficient to accurately model growth (21, 22). Trained sonographers performed 
ultrasound examinations with a 6-12 MHz transvaginal probe using GE Voluson E8 
equipment and 4D-View software (General Electrics Medical Systems, Zipf, Austria). To 
optimally use the third dimension, 3D ultrasound data were transferred afterwards to the 
Barco I-Space (a Cave Automatic Virtual Environment–like virtual reality (VR) system) (23). 
Next, an interactive VR hologram was created using V-scope volume rendering software, 
which allowed true depth perception. 

The CRL was measured three times per ultrasound examination by using a tracing 
application, and the mean of these measurements was used for analyses (19). Embryonic 
volume (EV) was measured (semi-)automatically, using differences in gray scales. EV was 
measured once per ultrasound examination conform the technique previously described 
(18). Stages of morphological development were assessed by applying the Carnegie criteria 
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for internal and external morphological characteristics (24). The accuracy and reliability of 
these measurements and classification have been previously described as excellent (18-20). 

Study parameters
At enrollment, standardised anthropometric measurements were performed, including 
height with 0.1 cm accuracy and weight with 0.1 kg accuracy (anthropometric rod and 
weighing scale; SECA, Hamburg, Germany). Women completed questionnaires regarding 
general characteristics and periconceptional nutrition and lifestyle. Extracted data included 
age, obstetric history, geographical background, educational level and use of cigarettes, 
alcohol and folic acid supplements. All data were verified by research administration at 
study entry. Geographical background was categorised into Western or non-Western 
and educational level into low, medium and high, according to the definition of Statistic 
Netherlands. Use of cigarettes and alcohol was defined as any use during the periconception 
period, defined as 14 prior to 8 weeks after conception (11). Periconceptional daily use of 
folic acid supplements was defined as adequate, whereas no or post-conception initiation 
was defined as inadequate.

GA was based on the reported last menstrual period for naturally conceived pregnancies. 
For pregnancies conceived after IVF, GA was based on the conception date. This is the oocyte 
retrieval date minus 14 days for pregnancies after fresh embryo transfer (ET) and the ET date 
minus 19 days for pregnancies after frozen-thawed ET.

Second-trimester ultrasound data were retrieved from the anomaly scan, which is performed 
between 18 and 22 weeks GA. Extracted data included estimated fetal weight (EFW), head 
circumference (HC), biparietal diameters (BPD), abdominal circumference (AC) and femur 
length (FL). 

Neonatal outcomes were retrieved from questionnaires and verified by medical records. 
Extracted data included sex, GA, and weight at birth. Small for gestational age (SGA) was 
classified as birthweight <10th percentile and large for gestational age (LGA) was classified as 
birthweight >90th percentile. Preterm birth (PTB) was defined as delivery <37+0 GA.

Statistical analyses
The study population was stratified based on the BMI classification of the WHO, resulting 
in four groups of women; 1) underweight (BMI <18.5 kg/m2), 2) normal weight (BMI 
18.5-24.9 kg/m2), 3) overweight (BMI 25-29.9 kg/m2) and 4) obese (≥30 kg/m2) . Baseline 
characteristics were compared using Kruskall-Wallis tests for continuous variables and Χ2 for 
categorical variables.
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Associations between maternal BMI categories and embryonic growth and morphological 
development were studied using linear mixed models, for which pregnancies of women 
with a normal BMI were used as reference category. To obtain linearity, CRL was root-
transformed and EV was cube root-transformed. In model 1 we adjusted for GA only. Model 
2 was additionally adjusted for maternal age, parity, conception method, geographical 
background, educational level and periconceptional use of cigarettes, alcohol and folic acid 
supplements.

Second-trimester EFW and individual  growth parameters were expressed as percentiles, 
since GA and fetal size are highly correlated and based on population-based fetal growth 
charts (25, 26). Differences in percentiles between the four groups were studied using 
Kruskall-Wallis tests.

Birthweight was also expressed in percentiles based on Dutch reference curves, which 
take fetal sex and GA at birth into account (27). Differences in birthweight, birthweight 
percentiles and GA at birth between the four groups were studied using Kruskall-Wallis 
tests. Differences in the prevalence of SGA, LGA and PTB were assessed by X2. Sub-analyses 
were performed after stratification for fetal sex. All analyses were performed using SPSS 
25.0 (IBM SPSS Statistics, Armonk, NY). P-values ≤0.05 were considered significant.

RESULTS
Study population 
The study population comprised 884 pregnant women; 15 with underweight, 483 of normal 
weight, 231 with overweight and 155 with obesity (Figure 1). Underweight women were 
significantly younger than those with normal weight and overweight (31.0, 32.6 and 32.6 
years, respectively, p=0.030) and had a lower waist-hip ratio than those with overweight 
and obesity (0.77, 0.87, 0.88, respectively, p<0.001) (Table 1). Normal weight women were 
slightly higher educated when compared to women with underweight, overweight and 
obesity (p<0.001). Women with obesity were less often from a Western background than 
normal weight women (74.2% vs. 87.2%, p=0.002), and reported a lower periconceptional 
use of folic acid supplements (76.2% vs. 86.9% p=0.013) and alcohol (21.7% vs. 33.8%, 
p=0.031). These women also conceived less often after IVF/ICSI treatment than women with 
underweight and overweight (39.4% vs. 73.3% and 49.8%, p=0.036).
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Table 1. Baseline characteristics of the Rotterdam Periconception cohort population, stratified for maternal body mass index 
categories.

Underweight 
N=15

Normal weight 
N=483

Overweight 
N=231

Obesity 
N=155

Median / N
(IQR /%)

Median / N 
(IQR /%)

Median / N 
(IQR /%)

Median / N
(IQR /%) P-value Missing

Age, years 31.0 (25.5-34.0) 32.6 (29.9-35.5) 32.6 (29.4-36.1) 31.8 (27.7-35.5) 0.030c,d,f,h

Waist hip ratio 0.77 (0.76-0.84) 0.83 (0.79-0.88) 0.87 (0.80-0.92) 0.88 (0.83-0.94) <0.001d,e,f,g 37
Nulliparous 11 (73.3) 271 (56.1) 111 (48.1) 76 (49.0) 0.055
IVF/ICSI, yes 11 (73.3) 222 (46.0) 115 (49.8) 61 (39.4) 0.036e,h

Western ethnicity 12 (80.0) 421 (87.2) 188 (81.4) 115 (74.2) 0.002f,g

Education <0.001c,f,g 21
    Low 3 (20.0) 23 (4.8) 19 (8.6) 18 (12.1)
    Middle 4 (26.7) 139 (29.1) 85 (38.3) 68 (45.6)
    High 8 (53.3) 315 (66.0) 118 (53.2) 63 (42.3)
Alcohol, yesa 3 (20.0) 162 (33.8) 62 (30.0) 33 (21.7) 0.031g 11
Smoking, yesa 3 (20.0) 62 (12.9) 41 (18.1) 21 (13.8) 0.299 11
Folic acid, yesb 13 (86.7) 417 (86.9) 185 (81.5) 115 (76.2) 0.013g 11
Fetal sex, male 5 (33.3) 248 (52.1) 116 (51.1) 73 (47.4) 0.412 12
IQR, interquartile range.  
a.	 Any use during the 14 weeks prior to 10 weeks after conception.  
b.	 Daily use during the 14 weeks prior to 10 weeks after conception.  
c.	 Significantly different between women with underweight and normal weight.  
d.	 Significantly different between women with underweight and overweight.  
e.	 Significantly different between women with underweight and obesity.  
f.	 Significantly different between women with normal weight and overweight. 
g.	 Significantly different between women with normal weight and obesity. 
h.	 Significantly different between women with overweight and obesity. 

First-trimester embryonic growth and morphological development 
In the total study population it was found that embryos of women with obesity are 
significantly smaller regarding EV trajectories than embryos of women of normal weight in 
model 1 (β -0.04 (95%CI -0.07, -0.01) p=0.017) (Table 2). In model 2, we observed a similar 
trend (β -0.03 (95%CI -0.06, 0.00) p=0.086). 

After retransformation, the EV trajectories of embryos of underweight women is on average 
0.62 cm3 larger (7.7%) at 11 weeks GA than embryos of normal weight women, whereas 
for embryos of women with overweight this is 0.01 cm3 smaller (-0.2%) and for embryo of 
women with obesity this is 0.38 cm3 (-4.7%) (Figure 2). Embryos of underweight women 
proceeded faster through the Carnegie stages than embryos of normal weight women 
in both models (βmodel 1 0.73 (95%CI 0.20, 1.25) p=0.006; βmodel 2 0.78 (95%CI 0.25, 1.31) 
p=0.004). CRL trajectories were comparable between the four groups. 
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Figure 2. Embryonic trajectories of embryonic volumes (EV) and Carnegie stages for maternal underweight (red), normal weight 
(yellow), overweight (purple) and obesity (blue).  
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Boxes show the relative and absolute differences at 7 and 10 or 11 weeks GA compared to pregnancies with maternal normal 
weight.

After stratification for fetal sex, it was observed in model 1 that female embryos of women 
with obesity have a smaller CRL and EV than those of women with normal weight (βCRL -0.11 
(95%CI -0.19, -0.03) p=0.010; βEV -0.06 (95%CI -0.10, -0.02) p=0.003). For EV this association 
was significant in model 2 (βEV -0.05 (95%CI -0.09, -0.01) p=0.027). In contrast, female 
embryos of underweight women were larger regarding EV (βmodel 1 0.12 (95%CI 0.02, 0.21) 
p=0.020; βmodel 2 0.13 (95%CI 0.03, 0.23) p=0.008) and proceeded faster through the Carnegie 
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stages (βmodel 1 1.31 (95%CI 0.66, 1.95) p<0.001; βmodel 2 1.39 (95%CI 0.74, 2.05) p<0.001). For 
male embryos, CRL, EV and Carnegie stages were comparable between the four groups.

Sub-analyses of first-trimester growth and morphological development after exclusion of 
pregnancies resulting in SGA, PTB or pre-eclampsia demonstrated an attenuated impact of 
BMI in the adjusted model (Supplemental table 1).

Second-trimester fetal size
In the total population, percentiles of EFW, HC, BPD, AC and FL were not significantly different 
between the fetuses of women in the four BMI categories (Table 3, supplemental table 2). 
Comparable results were observed after stratification for fetal sex (Supplemental table 2). 

Neonatal outcomes
Neonates of underweight women showed a lower relative birthweight than neonates of 
women with overweight or obesity (26th, 49th and 52th percentile, respectively, p=0.003) and 
lower absolute birthweight than neonates of women with normal weight, overweight or 
obesity (3000, 3350, 3338 and 3400 grams, respectively, p=0.001) (Table 3). The prevalence 
of PTB was also higher in this group compared to neonates of women with normal weight, 
overweight or obesity (26.7%, 6.6%, 8.6% and 12.0%, respectively, p=0.012).

Table 3. Second trimester and neonatal outcomes for maternal body mass index categories. 
Underweight 

N=15
Normal weight 

N=483
Overweight 

N=231
Obesity
N=155

P-value Missing
Median / N 

(IQR /%)
Median / N 

(IQR /%)
Median / N 

(IQR /%)
Median / N 

(IQR /%)
EFW, percentiles 74.5 (56.0-83.9) 68.3 (45.4-86.2) 71.8 (45.6-89.0) 72.3 (44.1-90.6) 0.610 54
Birthweight, percentiles 26 (7-46) 44 (22-69) 49 (24-78) 52 (24-85) 0.003b.c 63
Birthweight, grams 3000 (2645-3310) 3350 (3050-3650) 3338 (2969-3716) 3400 (2950-3780) 0.026c 27
Gestational age, days 275 (258-279) 275 (268-282) 274 (266-281) 271 (264-278) 0.001a,b,c 30
SGA 5 (33.3) 66 (14.6) 28 (13.3) 17 (11.9) 0.147 63
LGA 0 (0) 33 (7.3) 23 (10.9) 32 (22.4) <0.001c,d,e 63
Preterm birth 4 (26.7) 31 (6.6) 19 (8.6) 18 (12.0) 0.012a,b,d 30
IQR, interquartile range. EFW, estimated fetal weight. SGA, small for gestational age. LGA, large for gestational age. 
a.	 Significantly different between women with underweight and normal weight.  
b.	 Significantly different between women with underweight and overweight.  
c.	 Significantly different between women with underweight and obesity.  
d.	 Significantly different between women with normal weight and obesity. 
e.	 Significantly different between women with overweight and obesity.

Neonates of women with obesity were born earlier and more often preterm than neonates 
of normal weight women (271 vs. 275 days, p=0.001, 12.0% vs. 6.6%, p=0.012, respectively) 
and were more often LGA compared to women with underweight, normal weight and 
overweight (22.4%, 0.0%, 7.3% and 10.9%, respectively, p<0.001).
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DISCUSSION
In this study we investigated associations between periconceptional maternal BMI, divided 
into categories, and embryonic growth and morphological development, fetal size and 
neonatal outcomes. We show that embryos of underweight women grow and morphologically 
develop faster than embryos of normal weight women. A trend was observed for a slower 
growth in embryos of women with obesity. After stratification for fetal sex, we observed 
that female embryos of underweight women grow and develop faster than those of normal 
weight women, whereas female embryos of women with obesity grow slower. Interestingly, 
these effects were not observed in male embryos.

No impact of periconceptional maternal BMI was observed on second-trimester growth. 
Neonates of underweight women had a lower relative and absolute birthweight compared 
to neonates of normal weight women. The prevalence of PTB was higher in neonates of both 
women with underweight as well as those with obesity than in neonates of normal weight 
women, yet neonates of women were with obesity more often LGA whereas neonates of 
underweight women were more often SGA.

To our knowledge, we are the first to investigate the impact of periconceptional maternal 
BMI categories on first-trimester embryonic growth and morphological development in a 
longitudinal fashion. Previous studies have investigated this association based on a single 
measurement of CRL. Thagaard et al. reported a negative association with obesity, whereas 
Gordon et al. showed no association (16, 17). In line with the results of Thagaard et al., we 
observed a trend towards a negative association between maternal obesity and embryonic 
growth. A possible explanation for the fact that we were unable to demonstrate a significant 
impact, is the lack of power, as the group of Thagaard et al. consisted of 1,400 women with 
obesity. A post-hoc power analysis demonstrated that we needed to include 261 women 
with obesity to demonstrate a significant difference (data not shown).

Slower first-trimester growth in pregnancies of women with obesity is not in line with 
perinatal outcomes, as these pregnancies have an increased risk of macrosomia and LGA 
(28). However, during the first-trimester, maternal-embryonic nutrient exchange is relatively 
limited, as it is prevented by trophoblast plugs until 10 to 11 weeks of gestation (29). It is 
only after gradual dissolution of these plugs that nutrient exchange is enabled. Therefore, 
it is hypothesise that obesity has an impact prior to maternal-fetal nutrient exchange, for 
example on a follicular level or on early maternal-embryo interaction in the oviduct. Animal 
studies show that obesity induces mitochondrial dysfunction and affects preimplantation 
embryo metabolism (30). Furthermore, it also reduces the levels of regulatory molecules in 
the reproductive tract involved in embryonic development, such as colony stimulating factor 
2 (CSF2) (31).
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Moreover, we also observed a positive association between maternal underweight and first-
trimester morphological development. Underweight women often consume an insufficient 
amount of nutrients to optimally perform physiological processes, such as maintaining the 
one-carbon metabolism. This metabolism is essential for cellular physiology, as it is involved 
in biosynthesis, methylation and redox reactions (32). Lack of important nutrients, such as 
proteins and folate, can derange the one-carbon metabolism, with serious consequences. For 
example, genome-scale analyses of DNA methylation in adults, exposed to periconceptional 
famine six decades earlier, showed differentially methylated regions involved in positive 
regulation of growth and early developmental processes (33). This might also explain why 
prenatal exposure to undernutrition is associated with numerous non-communicable 
diseases, such as metabolic syndrome and vascular diseases (34). 

Furthermore, the associations between maternal periconceptional BMI and first-trimester 
growth and morphological development was only demonstrated in female embryos. Sex 
differences in the rate of fetal growth and birthweight have long been recognised (35). 
However, recent findings show an impact of sex on embryonic development already prior to 
implantation, as male preimplantation embryos develop faster than female embryos (36, 37). 
A dominant concept in current literature is that differences in survival and pregnancy outcomes 
for fetal sex are the result of different growth strategies. It is hypothesised that females are 
more sensitive to signals from the maternal environment, such as obesity or underweight, 
leading to moderate changes in growth and a better adaptation to postnatal environment. 
Males on the other hand, have a more divergent growth curve, as they adapt poorly by 
inducing minimal changes in gene expression and biological processes when exposed to an 
adverse environment (38, 39). This hypothesis is supported by mouse studies demonstrating 
that maternal prenatal diet has a larger metabolic effect in male offspring than in female 
offspring, whereas in placentas prenatal maternal diet has an opposite effect (40, 41). Another 
mouse study also showed that changes in secretions of maternally derived CSF2 alter female 
development differently than male development in terms of growth and methylation (42). 
This may explain our observations, as CSF2 levels are affected by adiposity (31).

Our study did not demonstrate a significant association between maternal BMI categories 
and second-trimester fetal size. Research regarding this subject remains inconclusive, as 
some report a positive association and others report no association (43-47). It is suggested 
that differences in study design, population and statistical methods underlie these 
inconsistent results. However, it has been demonstrated that maternal obesity does not 
hamper accurate estimation of fetal weight (48). 

The impact of maternal BMI on neonatal outcomes has been widely studied, with a focus on 
birthweight and preterm birth. An extensive meta-analysis of 45 studies shows that women 
with overweight or obesity have increased odds of a neonate born LGA (ORoverweight 1.53; 
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ORobesity 2.08), whereas underweight women have an OR of 1.81 for a SGA neonate (28). Our 
results regarding neonatal outcomes are in line with these large studies. It is likely that the 
increased odds for SGA neonates in underweight women and LGA in women with overweight 
or obesity can be attributed to malnutrition or overnutrition in these women. Moreover, we 
found that pregnancies in women with underweight or obesity result more often in PTB. 
Although the increased risk for preterm birth in underweight women has been frequently 
reported in other large studies, the underlying mechanisms remain largely unknown (49-
52). The increased risk for preterm birth in women with obesity is also observed in two 
large meta-analyses, both including over 1 million pregnancies (53, 54). Regarding preterm 
birth, it is suggested that elective preterm deliveries due to maternal or fetal risks, such 
as preeclampsia and gestational diabetes, underlie this increased risk (55, 56). This is 
confirmed in our data, as the incidence of preterm birth is no longer significantly different 
between the four BMI groups after exclusion of iatrogenic preterm births (data not shown). 
Moreover, our sub-analyses of first-trimester growth and morphological development after 
exclusion of pregnancies resulting in SGA, PTB or pre-eclampsia also suggest that especially 
these pregnancies are associated with a detrimental impact of maternal BMI. Adequate 
growth and development in the first-trimester is crucial for fetal, neonatal and postnatal 
health (57, 58). Our study is in line with the paradigm of Developmental Origins of Health 
and Disease (DOHaD), which posits that the environment during gestation, and potentially 
even preconceptionally, can have lifelong effects on offspring health (59).  

A major strength of our study is the extensive collection of first-trimester longitudinal 3D 
ultrasound data, which enables innovative and precise measurements to accurately model 
growth. Also, by taking both growth as well as morphological development into account, 
we were able to thoroughly study the impact of maternal BMI. Furthermore, weight and 
length to calculate BMI were measured at enrolment by a trained research nurse, thereby 
reducing the risk of reporting bias. Moreover, by including data on second-trimester growth 
and pregnancy outcome we were able to study the impact of periconceptional maternal 
BMI over the complete course of pregnancy.

However, this study also has some limitations. Firstly, patients were recruited from a 
tertiary university hospital, which reduces the external validity of our results to the general 
population. Secondly, despite the adjustments for potential confounders in our analyses, 
residual confounding cannot be excluded, as this is inherent to the observational cohort 
design. Moreover, the possibility of overadjustment in the underweight group cannot be 
excluded. Finally, although we were able to demonstrate significant associations between 
maternal underweight and first-trimester growth and morphological development, it is 
recommended to interpret our results with caution, as it is based on a limited number of 
participants in this subgroup.
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In conclusion, we demonstrate a trend towards a negative association of maternal obesity and 
first-trimester growth trajectories. We also show a positive association between maternal 
underweight and first-trimester embryonic growth and morphological development, 
especially in female embryos. 

Despite the global epidemic of obesity, a considerable amount of people are still malnourished, 
in low and middle incomes countries but also in Western society. Our observations further 
underline the need to recognise and monitor these people, as the found effect estimates for 
underweight are more than twice as large as those for smoking (βEV -0.047)(60). As a final 
statement, future research should focus on strategies for optimisation of maternal weight 
prior to pregnancy, so that the prevalence of BMI-related pregnancy complications reduces 
and the health of future generations improves.
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Supplemental table 2. Second trimester growth parameters stratified for maternal body mass index categories, in the total 
population and stratified for fetal sex.
  Underweight 

N=15
Normal weight 

N=483
Overweight 

N=231
Obesity 
N=155

Median (IQR) Median (IQR) Median (IQR) Median (IQR) P-value Missing

To
ta

l 
po

pu
la

tio
n

EFW 74.5 (56.0-83.9) 68.3 (45.4-86.2) 71.8 (45.6-89.0) 72.3 (44.1-90.6) 0.610 54
HC 60.9 (35.9-76.5) 58.0 (35.2-76.3) 62.0 (35.9-77.5) 57.5 (33.1-76.1) 0.875 52
BPD 57.0 (12.6-76.5) 46.7 (21.7-75.7) 50.4 (19.5-74.3) 43.4 (18.8-68.3) 0.707 64
AC 71.5 (63.8-85.4) 76.9 (58.5-91.1) 78.1 (56.6-92.4) 78.9 (52.8-91.1) 0.979 53
FL 79.3 (53.5-81.6) 61.3 (39.1-81.7) 67.5 (45.7-81.9) 69.6 (38.7-87.8) 0.124 53

Fe
m

al
e 

fe
tu

se
s

EFW 74.1 (55.7-77.0) 65.4 (41.7-84.1) 61.4 (40.0-84.4) 60.4 (36.7-84.5) 0.831 28
HC 73.2 (76.7-23.7) 48.5 (29.1-68.2) 49.1 (26.3-67.8) 47.7 (22.8-68.0) 0.520 28
BPD 67.9 (93.9-63.2) 36.7 (16.5-63.8) 35.6 (11.6-60.7) 28.2 (12.1-61.4) 0.284 35
AC 71.0 (63.2-86.1) 71.8 (55.3-87.6) 70.5 (52.0-89.5) 69.6 (41.2-87.4) 0.610 28
FL 67.6 (50.2-81.7) 61.4 (39.8-81.9) 61.1 (41.8-81.4) 68.6 (31.1-87.1) 0.861 28

M
al

e 
fe

tu
se

s EFW 75.6 (52.6-88.3) 70.1 (49.1-90.4) 80.4 (54.6-93.1) 82.8 (54.1-92.8) 0.179 22
HC 54.7 (25.4-79.8) 65.8 (45.3-82.6) 71.7 (47.3-84.1) 65.2 (81.0-33.7) 0.663 20
BPD 49.8 (5.4-79.8) 60.1 (30.1-82.9) 65.0 (31.1-85.1) 58.6 (33.7-74.0) 0.533 25
AC 72.0 (58.5-90.6) 79.9 (62.0-93.0) 83.9 (67.0-94.0) 87.4 (66.3-94.3) 0.482 21
FL 80.1 (52.9-86.2) 63.4 (37.2-81.7) 68.0 (46.3-82.3) 71.6 (49.6-88.1) 0.106 21

IQR, interquartile range. EFW, estimated fetal weight. HC, head circumference. BPD, biparietal diameter. AC, abdominal 
circumference. FL, femur length. 
EFW was calculated using the Hadlock formula: log(EFW) = 1.326 − 0.00326 × AC × FL + 0.0107 × HC + 0.0438 × AC + 0.158 × FL.
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ABSTRACT
Purpose: To study the impact of culture media on preimplantation morphokinetics used for 
predicting clinical outcomes.

Methods: All IVF- and ICSI-cycles performed between 2012 and 2017 with time-lapse 
information available, were included. In November 2014, culture medium was changed 
from Vitrolife G-1 PLUS to SAGE 1-Step. Each embryo was retrospectively assigned a 
morphokinetic-based KIDScore for prediction of implantation. Clinical outcomes were 
retrieved from medical records. Linear mixed models were used to study differences in 
morphokinetic parameters, a proportional odds model for KIDScore ranking and logistic 
regression for differences in clinical outcomes. All analyses were adjusted for patient and 
treatment characteristics.

Results: In 253 (63.1%) cycles, embryos (n=671) were cultured in Vitrolife and in 148 (36.9%) 
cycles, embryos (n=517) were cultured in SAGE. All cleavage divisions occurred earlier for 
SAGE embryos than for Vitrolife embryos (2-cell: -2.28 (95%CI -3.66, -0.89), 3-cell: -2.34 
(95%Cl -4.00, -0.64), 4-cell: -2.41 (95%CI -4.11, -0.71), 5-cell: -2.54 (95%CI -4.90, -0.18), 
6-cell: -3.58 (95%CI -6.08, -1.08), 7-cell: -5.62 (95%CI -8.80, -2.45) and 8-cell: -5.32 (95%CI 
-9.21, -1.42) hours, respectively). Significantly more embryos cultured in SAGE classified for 
the highest KIDScore compared to embryos cultured in Vitrolife (p<0.001). No differences 
were observed in clinical outcomes.

Conclusion: Our results demonstrate an impact of culture medium on preimplantation 
embryo developmental kinetics, which affects classification within the KIDScore algorithm, 
while pregnancy outcomes were comparable between the groups. This study underscores 
the need to include the type of culture medium in the development of morphokinetic-based 
embryo selection tools. 
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INTRODUCTION
Since the first successful in vitro fertilisation (IVF) treatment in 1978, delivery rates 
have increased to over 30% per oocyte pick up (1-4). This increase can be attributed to 
several advances, which have led to improvements in culture conditions (5-7). However, 
in vitro culture conditions still poorly mimic the human in vivo environment and it has 
been hypothesised that the in vitro environment during IVF exposes the preimplantation 
embryo to additional stressors. To minimise the detrimental effects of the in vitro culture 
environment on human embryo development, past research aimed to improve culture 
media for IVF. Two competing approaches regarding IVF media have been advocated, often 
paraphrased as: ‘back to nature’ and ‘let the embryo choose’ (8).

The first approach is based on the knowledge of embryo metabolism and compositions of 
fluids in the female reproductive tract, resulting in sequential media for fertilisation, the 
cleavage stages and blastocyst development (9). For the second approach, culture media 
components were systematically adjusted using mouse preimplantation embryos, resulting 
in a single step formulation that enabled culture of human embryos from fertilisation up to 
the blastocyst stage (10-12). 

Although studies suggest that culture in single step media results in the development of more 
blastocysts than culture in sequential culture media, clinical outcomes are similar (13-16). 
This may be attributed to either differences in the composition of media or to the fact that 
single step culture media allow undisturbed embryo culture, as there is no need to transfer 
the embryo to the next culture medium on day 3 of development (17). Despite comparable 
implantation rates between media, some studies report differences in fetal size, birthweight 
and even postnatal weight at 2 years (18-20). Recently we have demonstrated that these 
differences can arise as early as the first-trimester, as embryos cultured in SAGE 1-Step exhibit 
faster growth and development than embryos cultured in Vitrolife G-1 PLUS (21). 

Little is known if these differences are also observed prior to implantation. Since 1997, 
preimplantation embryo development can be closely observed with time-lapse imaging (22). 
This technique is increasingly used to investigate the association between preimplantation 
development and implantation, and to improve embryo selection for transfer. However, 
prospective randomised trials on time-lapse based embryo selection report conflicting 
results on the improvement of success rates, and indicate that embryo developmental 
kinetics are subject to patient related factors and local laboratory variables (23-25). To 
prevent that these variables affect embryo selection, an universally applicable algorithm 
for embryo selection has been developed (26). This algorithm, the Known Implantation 
Data (KID) Score, is a (de)selection tool that ranks embryos according to their implantation 
potential, regardless of patient characteristics, the fertilisation technique used and culture 
conditions applied. Moreover, it has a high blastulation predictability and performs superior 
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to conventional morphology evaluation for predicting live births, when applied to day 3 
embryos (27). 

Reports on the impact of the type of culture medium on morphokinetics are conflicting, 
and the impact on the performance of morphokinetic selection algorithms remains poorly 
investigated (28-31). In this study, we retrospectively compare morphokinetics between 
embryos cultured in Vitrolife G-1 PLUSTM and SAGE 1-StepTM. The primary aim of this 
study is to investigate associations between these two culture media and preimplantation 
embryo morphokinetic parameters in both IVF and intracytoplasmic sperm injection (ICSI) 
treatments. The secondary aim is to investigate the impact of culture medium on the 
predicted implantation potential as assessed by the KIDScore algorithm. This is compared 
to the observed implantation potential by studying the associations between culture media 
and clinical outcomes. Expanding our knowledge will not only help in understanding the 
role of culture medium in preimplantation embryonic development, but can also help in 
improving embryo selection.

METHODS
Study design and participants
This patient registry cohort study was conducted between 31 January 2012 and 26 July 2017 
at the outpatient Fertility Clinic of the Division of Reproductive Endocrinology and Infertility, 
Department of Obstetrics and Gynaecology of the Erasmus MC, University Medical Center 
Rotterdam, The Netherlands. Couples undergoing IVF or ICSI treatment with ejaculated 
sperm, and who had their embryos cultured in the EmbryoScopeTM time-lapse incubator 
(Vitrolife, Goteborg, Sweden) were included. If a couple underwent multiple cycles during 
the study period, only the first treatment cycle was included. This is defined as the first 
cycle for the wish to conceive during the study period. The morphokinetic parameters were 
extracted from the EmbryoViewerTM database, while data on patient characteristics and 
clinical outcomes were retrieved from medical records. A (post-hoc) sample size calculation 
revealed that a sample of at least 132 embryos per culture medium had 80% power to 
detect a 1-hour difference with a significance level (α) of 5% (two-tailed). 

Ovarian stimulation, oocyte retrieval and IVF procedures
Ovarian stimulation, oocyte retrieval and IVF and ICSI procedures were performed as 
described previously, with the following modifications: women underwent ovarian 
stimulation with either a GnRH-agonist or GnRH-antagonist combined with recombinant-
follicle stimulating hormone (rFSH) or urinary-FSH administration (32, 33). Ovarian 
stimulation protocols are standardised at our centre and the distribution of GnRH-agonist 
or GnRH–antagonist protocols reflects policy changes over time and not patient selection. 
FSH or rFSH dosage was based on female age, antral follicle count and prior response to 
gonadotrophins (if applicable). Final follicular maturation, i.e. ovulation, was triggered 



125

5

Culture medium and preimplantation embryo development

with human chorionic gonadotrophin (hCG) or a GnRH-agonist. Oocytes were collected 35 
hours later and cultured in G-IVF PLUS (Vitrolife, Goteborg, Sweden) during the period from 
January 31st, 2012 to November 17th, 2014. From November 17th, 2014 onwards, oocytes 
were cultured in SAGE human tubal fluid medium (HTF, CooperSurgical, Trumbull, CT, United 
States of America); supplemented with 5% human serum albumin (CooperSurgical) under 
an oil overlay (CooperSurgical). Oocytes were subsequently fertilised conform routine IVF 
or ICSI procedures. For manipulation of the oocytes for ICSI outside the incubator, either 
G-MOPS plus (Vitrolife) or SAGE HEPES buffered HTF (CooperSurgical) was used. 

Embryo culture, annotations and transfer
IVF oocytes were cultured overnight in drops of 100µl fertilisation medium in universal 
GPS dishes (CooperSurgical) under oil after insemination. The next morning, only fertilised 
oocytes with two pronuclei were transferred to an EmbryoSlide (Vitrolife). Denuded ICSI 
oocytes were transferred to an EmbryoSlide directly after injection. Oocytes or embryos 
were individually cultured in the EmbryoScope in 25 µl of culture medium under 1.4 ml oil. 

Between January 31st, 2012 and November 17th, 2014, embryos were cultured using G-1 
PLUS medium (Vitrolife). After embryo selection for transfer on day 3, remaining embryos 
were transferred to a fresh EmbryoSlide containing G-2 PLUS medium. From November 
17th, 2014 onwards, SAGE 1-Step medium (Cooper Surgical) was used for culture from day 
0/1 until day 4, primarily for practical reasons. During the complete study period, fresh 
embryo transfer (ET) was performed on day 3 after ovum pick-up. Embryos were evaluated 
on a single image acquired 66-68 hours after fertilisation without support of time-lapse 
information and selection was based on number of blastomeres, fragmentation, size 
equality, and signs of early compaction. Remaining embryos with more than 12 blastomeres 
or 30% of compaction were selected for cryopreservation on day 4. 

Embryos were cultured at 36.8 oC in an atmosphere containing 7% oxygen. To achieve a 
stable pH-level of 7.2-7.3, the level of CO2 was adjusted to 5.5% for the Vitrolife media and 
4.5% CO2 for the SAGE media in all incubators. In our clinic it is standard care to transfer a 
single embryo. Only women aged ≥38 years without medical contra-indications or women 
who underwent 2 or more fresh IVF or ICSI cycles could opt for double embryo transfer. 
Pregnancy was confirmed biochemically by a positive hCG test (two weeks after ET) and by 
ultrasound (5 weeks after ET). The cumulative pregnancy rate was defined as a pregnancy 
resulting from either fresh ET or any frozen-thawed ET of embryos from the treatment cycle 
included in the study cohort within a two year follow-up period.

Time-lapse imaging and assessment
Every 10 minutes, images were recorded automatically in seven focal planes (15 μm intervals) 
with a monochrome CCD camera after exposure to a single red LED (635 nm, <0.1 second per 
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image, total light exposure time <50 sec/day per embryo). For IVF embryos, t=0 was defined as 
the moment of insemination. For ICSI embryos, t=0 was defined as the moment of injection of 
the last oocyte. Depending on the number of oocytes, the total procedure takes between 20-
50 minutes. Manual annotations were performed according to the definitions and guidelines 
of the ESHRE consensus for dynamic monitoring of human preimplantation development 
(34). All freshly transferred and cryopreserved embryos were individually annotated for the 
following developmental time points: tPNf, t2, t3, t4, t5, t6, t7 and t8. tPNF was defined as the 
first frame on which both pronuclei had faded. The exact timings of reaching the 2-, 3-, 4-, 5-, 
6-, 7-, and 8-cell stage of each embryo were defined as t2, t3, t4, t5, t6, t7 and t8, respectively. 
Furthermore, intervals between developmental timings were calculated (t3-t2 and t5-t4). If 
the interval t3-t2 was 5 hours or less, the embryo was registered as direct unequal cleaving 
(DUC). These parameters were used by the Vitrolife embryo-viewer software to assign each 
embryo a KIDScore. This score is based on the KIDScore algorithm (Vitrolife), a generally 
applicable morphokinetic algorithm for implantation based on six parameters (Supplemental 
table 1) (26). In this algorithm a KIDScore of 1 corresponds with a low predicted implantation 
potential, whereas embryos classified as score 5 have a high predicted implantation potential 
(5% vs. 36% in the dataset based on which the model was developed). The inter-observer 
and intra-observer agreement for developmental events observed by time-lapse images is 
reported to be high (35-37). Internal validation of inter-observer reproducibility demonstrated 
extremely close agreement for the timings of tPNf until t5 (intraclass correlation coefficient 
(ICC) >0.95). A moderate agreement was found for t6, t7 and t8 (ICC 0.23-0.40).

Statistical analyses
Continuous baseline data were tested using Mann-Whitney U test and categorical baseline 
data were tested using chi-square test. Time-lapse data were analysed using linear mixed 
models, which offer the possibility to analyse repeated measurements, multiple embryos 
from the same woman and are able to deal with missing values. In these models, time-
lapse parameters were the response variables and culture medium was the independent 
variable. To adjust for potential confounders, two models were constructed. Model 1 only 
took similarities between embryos from the same women, also known as clustering, into 
account. Model 2 was additionally adjusted for female age, fertilisation method (IVF or 
ICSI), type of ovarian stimulation protocol (agonist or antagonist), culture under low oxygen 
conditions and the passage of time. The latter variable is based on the assumption that overall 
embryo quality gradually improves over time due to minor and unknown improvements in 
practice (38-40). Two sub-analyses regarding morphokinetic development were performed. 
The first was performed in ICSI treatments only, as t=0 corresponds to the actual moment of 
fertilisation in ICSI embryos, whereas in IVF embryos there is an approximately 2-hour delay 
between insemination and fertilisation (41). For this analysis, similar models were constructed 
but not adjusted for fertilisation method. The second sub-analysis was performed in freshly 
transferred embryos that implanted successfully, using linear regression, as only one embryo  
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per patient is considered and there is no effect of clustering.

The effect of the culture medium on the KIDScore was investigated using a proportional 
odds model, a model for ordinal outcomes with patient specific intercepts to account for 
correlation between embryos (42). Here, we also performed a sub-analysis that considered 
only the group of freshly transferred embryos that implanted successfully, by using a chi-
square test.

Clinical outcomes were analysed using logistic regression and adjusted for female age, 
fertilisation method and stimulation protocol, as other laboratory procedures were similar 
between the two media. 

Embryos cultured in Vitrolife were used as reference in all analyses. All statistical analyses 
were performed in SPSS statistics 24.0 (IBM, Armonk, USA) and R (R: A language and 
Environment for Statistical Computing, version 3.1.3, 2015 for Windows, R Core Team, 
Vienna, Austria). Two-sided P-values <0.05 were considered significant. 

RESULTS 
Four-hundred and one treatment cycles were included in this study population. In 253 
(63.1%) cycles, the embryos (n=671) were cultured in Vitrolife medium; in the remaining 
cycles (n=148, 36.9%), embryos (n=517) were cultured in SAGE medium. This number of 
embryos is sufficient to demonstrate a 1-hour differences, according to our (post-hoc) 
power analysis. Patient and treatment characteristics are shown in Table 1. Female age, 
body mass index (BMI) and number of aspirated oocytes were comparable between the 
two groups. Ovarian stimulation using GnRH- agonist co-treatment was more common in 
the Vitrolife group than in the SAGE group (30.0% and 77.1%, respectively, p<0.001). The 
Vitrolife group included less ICSI treatment cycles than the SAGE group (41.1% and 98.0%, 
respectively, p<0.001). 

Table 1. Baseline characteristics of study population. 
 
 

Vitrolife G-1 PLUS SAGE 1-Step  
P-valueMedian/N IQR / % Median/N IQR / %

Women (embryos) 253 (671)   148 (517)    
Age, years 34.5 30.6-38.8 34.0 29.8-38.1 0.458
BMI, kg/m2* 23.4 21.3-26.8 24.0 21.8-26.4 0.233
Fertilisation, ICSI 104 41.1 145 98.0 <0.001
Stimulation protocol, agonist** 27 30.0 108 77.1 <0.001
Oocytes aspirated per patient, n 7 4-10 6 4-9 0.572
BMI, body mass index. ICSI, intracytoplasmic sperm injection. IQR, interquartile range. 
* missing n=201. ** missing n=171
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Morphokinetic parameters
After adjustment for clustering, female age, fertilisation method, type of ovarian stimulation 
co-treatment, oxygen levels at culture and overall improvement in embryo development 
over time, linear mixed model analysis shows that embryos cultured using SAGE medium 
reached the pronuclear fading moment 2.13 (95%CI -3.41, -0.84, p=0.001) hours faster than 
embryos cultured in Vitrolife medium (Table 2). The cleavage divisions to the 2-, 3-, 4-, 5-, 
6-, 7, and 8-cell stage occurred 2.28 (95%CI -3.66, -0.89, p=0.001), 2.34 (95%CI -4.00, -0.64, 
p=0.07), 2.41 (95%CI -4.11, -0.71, p=0.006), 2.54 (95%CI -4.90, -0.18, p=0.035), 3.58 (95%CI 
-6.08, -1.08, p=0.005), 5.62 (95%CI -8.80, -2.45, p=0.001) and 5.32 (95%CI -9.21, -1.42, 
p=0.008) hours faster, respectively. SAGE embryos reach the 2-cell stage 7.4% faster and the 
8-cell stage 6.0% faster than Vitrolife embryos (Figure 1). 

Table 2. Differences in morphokinetic parameters of IVF and ICSI embryos cultured in SAGE 1-step compared to Vitrolife G-1 PLUS. 

Morphokinetic 
parameter

Model 1   Model 2*  
P-value MissingBeta (95% CI), hours P-value Beta (95% CI), hours

tPNf -2.10 (-2.68, -1.51) <0.001 -2.13 (-3.41, -0.84) 0.001 31
t2 -2.09 (-2.71, -1.46) <0.001 -2.28 (-3.66, -0.89) 0.001 21
t3 -2.98 (-3.74, -2.22) <0.001 -2.34 (-4.00, -0.64) 0.007 34
t4 -2.10 (-2.86, -1.34) <0.001 -2.41 (-4.11, -0.71) 0.006 50
t5 -3.39 (-4.43, -2.34) <0.001 -2.54 (-4.90, -0.18) 0.035 97
t6 -3.12 (-4.29, -1.94) <0.001 -3.58 (-6.08, -1.08) 0.005 452
t7 -3.43 (-4.92, -1.95) <0.001 -5.62 (-8.80, -2.45) 0.001 550
t8 -3.27 (-5.17, -1.38) 0.001 -5.32 (-9.21, -1.42) 0.008 626
t3-t2 -0.82 (-1.36, -0.28) 0.003  0.18 (-1.03, 1.39) 0.767 34
t5-t4 -1.49 (-2.25, -0.73) <0.001 -0.18 (-1.88, 1.53) 0.839 97
t3-tPNf -0.93 (-1.48, -0.39) 0.001 -0.15 (-1.37, 1.07) 0.807 63
(t5-t3)/(t5-t2)  0.00 (-0.02, 0.03) 0.716 -0.03 (-0.09, 0.02) 0.205 97
*Adjustments were made for female age, fertilisation method, type of ovarian stimulation, lowered oxygen culture and overall 
improvement in embryo development over time. CI, confidence interval.

The SAGE group contained more ICSI treatment cycles and to investigate the possibility that 
this is the underlying cause for the faster developmental kinetics observed in this group, we 
also performed a sub-analyses of ICSI embryos only (n=757). These analyses showed that 
ICSI embryos cultured in SAGE (n=513) reach the pronuclear fading moment faster than ICSI 
embryos cultured in Vitrolife medium (n=244). These analyses confirmed that ICSI embryos 
cultured in SAGE reach the 2- (-3.09h (95%CI -5.14, -1.03) p=0.003), 5- (-4.67h (95%CI -9.47, 
-0.05) p=0.047), 6- (-7.25h (95%CI -12.96, -1.55) p=0.013) and 7-cell stage (-9.21h (95%CI 
-17.75, -0.67) p=0.035) faster than ICSI embryos cultured in Vitrolife (Table 3). 

DUC was more prevalent in SAGE embryos than in Vitrolife embryos (n=79 (15.4%) vs. n=57 
(8.9%) respectively, p=0.001). Exclusion of DUC embryos did not change the observation 
of faster embryo development in the SAGE group (data not shown). It is likely that the 
observation of significantly more DUC embryos in SAGE medium is related to the difference 



129

5

Culture medium and preimplantation embryo development

in IVF:ICSI treatment ratio between the two culture media, as comparable DUC rates are 
observed in ICSI-embryos only (SAGE: 15.5%; Vitrolife: 12.2%, p=0.235). 

Figure 1. Morphokinetic developmental trajectories of preimplantation embryos cultured in Vitrolife G-1 PLUS (light blue) and SAGE 
1-step medium (dark blue). 
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Table 3. Differences in morphokinetic parameters of ICSI embryos cultured in SAGE 1-Step compared to Vitrolife G-1 PLUS culture 
medium. 

Morphokinetic 
parameter

Model 1   Model 2*  
Beta (95% CI), hours P-value Beta (95% CI), hours P-value

tPNf -1.91 (-2.60, -1.21) <0.001 -2.69 (-4.73, -0.65) 0.010
t2 -1.93 (-2.67, -1.18) <0.001 -3.09 (-5.14, -1.03) 0.003
t3 -2.95 (-3.96, -1.94) <0.001 -2.22 (-5.58, 1.13) 0.193
t4 -2.19 (-3.21, -1.17) <0.001 -1.63 (-5.13, 1.87) 0.360
t5 -2.28 (-4.14, -1.41) <0.001 -4.76 (-9.47, -0.05) 0.047
t6 -3.34 (-4.77, -1.90) <0.001 -7.25 (-12.96, -1.55) 0.013
t7 -3.86 (-5.62, -2.10) <0.001 -9.21 (-17.75, -0.67) 0.035
t8 -4.65 (-6.90, -2.39) <0.001 -9.13 (-19.30, 1.05) 0.078
t3-t2 -0.81 (-1.57, -0.05) 0.037  1.13 (-1.52, 3.79) 0.400
t5-t4 -0.70 (-1.66, 0.25) 0.148 -2.92 (-6.44, 0.60) 0.104
t3-tPNf -1.07 (-1.85, -0.29) 0.008  0.38 (-2.38, 3.14) 0.786
(t5-t3)/(t5-t2)  0.01 (-0.02, 0.05) 0.472 -0.09 (-0.21, 0.04) 0.178
*Adjustments were made for female age, type of ovarian stimulation, lowered oxygen culture and overall improvement in 
embryo development over time. CI, confidence interval.

To investigate if the faster development in SAGE medium is related to embryo quality, 
we performed sub-analyses of only IVF- and ICSI-embryos that successfully implanted 
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after fresh ET (n=143). These also demonstrated that embryos cultured in SAGE reached 
the moment of pronuclear fading, t2, t4 and t6 faster than embryos cultured in Vitrolife, 
suggesting faster development in SAGE medium for embryos with similar implantation 
potential (Supplemental table 2). 

Retrospective assignment of KIDScores
The distribution of KIDScores was significantly different between embryos cultured in SAGE 
and embryos cultured in Vitrolife (proportional odds model: p<0.001) (Figure 2). Embryos 
cultured in SAGE fell significantly more often within the optimal time ranges corresponding 
to a KIDScore of 5 than embryos cultured in Vitrolife (n=240 (46.4%) and n=52 (7.7%), 
respectively). At the same time, more embryos cultured in SAGE had a KIDScore of 1 than 
embryos cultured in Vitrolife (n=91 (17.6%) and n=58 (8.6%), respectively). In a small number 
of embryos, a KIDScore could not be assigned (Vitrolife n=58 (8.6%), SAGE n=10 (1.9%)) due 
to the fact that some developmental stages could not be assessed on the available images. 

Sub-analysis of the freshly transferred embryos that implanted successfully, demonstrated 
a similar distribution across the KIDScores (Figure 2). It was found that the majority of 
successfully implanted embryos in the Vitrolife group classified for a KIDScore of 4, whereas 
for successfully implanted SAGE embryos the majority classified for the optimal KIDScore of 5. 

Clinical treatment outcomes
Table 3 demonstrates the clinical outcomes per patient after culture in SAGE and Vitrolife. 
After fresh ET (n=372), 80 (33.6%) women in the Vitrolife group and 63 (47.0%) women in 
the SAGE group had a positive hCG-test. Crude logistic regression analysis, with Vitrolife as 
reference, showed an odds ratio (OR) of 1.81 (95%CI 1.21, 2.71, p=0.004) for positive hCG-
test, 1.93 (95%CI 1.29, 2.88, p=0.001) for presence of a gestational sac, 1.75 (95%CI 1.14, 
2.69, p=0.010) for presence of fetal heartbeat and 1.45 (95%CI 0.92, 2.28, p=0.110) for live 
birth for embryos cultured in SAGE (Table 4). However, after adjustment for female age, 
fertilisation method and type of ovarian stimulation, none of the clinical outcomes after 
fresh ET were significantly different.

The crude OR for cumulative pregnancy rate, i.e. a pregnancy resulting either after fresh ET 
or after frozen-thawed ET within a two-year follow-up period after oocyte retrieval, is 1.70 
(95%CI 1.12, 2.57, p=0.013) for embryos cultured in SAGE. However, after adjustments, we 
found no differences for this clinical treatment outcome between the culture media.
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Figure 2. Distribution of KIDScores of embryos cultured in Vitrolife G-1 PLUS (light blue) and SAGE 1-Step medium (dark blue). 
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Table 4. Clinical outcomes per patient after culture in SAGE 1-step compared to culture in Vitrolife G-1 PLUS. 
  Vitrolife 

G-1 PLUS 
SAGE 

1-Step 
Crude   Adjusted*

 
P-value MissingN (%) N (%) OR (95% CI) P-value OR (95% CI)

After fresh ET N=238 N=134
Positive hCG-test 80 (33.6) 63 (47.0) 1.81 (1.21, 2.71) 0.004 1.74 (0.82, 3.69) 0.150 0
Gestational sac 76 (31.9) 62 (46.3) 1.93 (1.29, 2.88) 0.001 1.80 (0.85, 3.85) 0.128 0
Fetal heartbeat 61 (25.6) 48 (44.0) 1.75 (1.14, 2.69) 0.010 1.58 (0.71, 3.52) 0.256 0
Live born 54 (23.2) 37 (28.7) 1.45 (0.92, 2.28) 0.110 0.99 (0.43, 2.31) 0.986 10
After fresh and frozen ETs N=253 N=148
Cumulative ongoing pregnancy 86 (34.0) 69 (46.6) 1.70 (1.12, 2.57) 0.013 1.80 (0.84, 3.90) 0.134 0
 *Adjustments were made for female age, fertilisation method and type of ovarian stimulation.  
ET, embryo transfer. OR, odds ratio. CI, confidence interval. 

DISCUSSION 
The aims of this study were to compare embryo morphokinetics and clinical outcomes 
between two different embryo culture media used during conventional IVF and during 
ICSI treatment. We observed that embryos cultured in SAGE culture medium reached the 
pronuclear fading moment earlier and proceeded faster through all the cleavage divisions 
than embryos cultured in Vitrolife, regardless of the fertilisation method. These embryos also 
qualified significantly more often for the highest KIDScore, suggesting a higher implantation 
potential. However, when only successfully implanted embryos were considered, those 
cultured in SAGE still showed faster development. Also, we found no significant differences 
in clinical outcomes, such as implantation and cumulative pregnancy rate, after correction 
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for confounders. This suggests that culture medium has a direct impact on embryo 
developmental kinetics, but this does not necessarily reflect in implantation potential. 

Although the timing of cleavage divisions is different between embryos cultured in Vitrolife 
and embryos cultured in SAGE, it remains unknown which specific components drive 
these differences. It has been suggested that variations in pyruvate, lactate, amino acid 
and glucose concentrations between culture media may affect embryo morphokinetics and 
metabolism (43-45). In mice, it has been shown that fast-cleaving embryos have a higher 
glucose consumption rate than slow-cleaving embryos (46). This is seemingly in contrast 
with our results, as we observe faster development of embryos cultured in the medium 
with lower glucose content (SAGE). Yet, during the first stages of human preimplantation 
embryo development pyruvate and lactate are the primary source of energy, and high levels 
of glucose during the cleavage stages might be counterproductive for preimplantation 
development (47, 48). 

Other components in culture media, such as amino acid concentrations, are also likely to 
have a significant effect on early embryo development. Amino acids are important during 
the cleavage stages, as they regulate embryo physiology (49-52). It has been demonstrated 
that embryos with a lower amino acid turnover develop more often to the blastocyst stage 
and have less DNA damage (53-55). This is in line with the ‘quiet embryo hypothesis’ of 
Leese (56), which postulates that embryos with a low metabolism have a higher viability as 
they endure environmental stress relatively well. However, the presence of amino acids in 
culture medium is ambivalent, as they also contribute to ammonium build-up. High levels 
of ammonium can have a detrimental effect on embryo development and pregnancy rates 
(57, 58). Minimizing ammonium build-up is especially critical for single step media, as not 
refreshing the media might otherwise result in detrimental ammonium levels during 5 days 
of culture. 

In addition to the unknown mechanisms underlying the differences in morphokinetics, the 
clinical impact of these differences is also largely unknown. Although several studies indicate 
that fast-developing embryos have a higher potential for implantation, the added clinical 
value of numerous (de)selection tools has yet to be conclusively established (26, 46, 59-64). 
For example, after undisturbed culture in a self-contained incubator, clinical outcomes are 
comparable between morphokinetic-based and morphology-based embryo selection (61). It 
is likely that the differences we observed in individual morphokinetic parameters between 
culture media, translated to differences in our studied deselection tool, the KIDScore. We 
showed that a larger proportion of SAGE embryos qualified for the highest score, compared 
to Vitrolife embryos, which might be explained by more embryos reaching the 8-cell stage 
before 66 hours after fertilisation. Although the predicted implantation potential, i.e. the 
KIDScore, was higher in the SAGE group, the observed implantation potential, as well as 
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cumulative pregnancy rate, were comparable between the two culture media. Interestingly, 
after implantation, SAGE embryos also exhibit faster growth and development than Vitrolife 
embryos (21).

Since the KIDScore was developed for general applicability in different treatment and 
culture conditions, its test characteristics were not studied in specific culture media. Yet, 
our results suggest that the type of culture medium may impact the discriminatory value 
of the KIDScore. For example, even in embryos that implanted successfully, the KIDScore 
was significantly different between culture media. Moreover, the KIDScore distribution 
of transferred and cryopreserved Vitrolife embryos is considerably different from the 
distribution described by Petersen et al (26). However, it should be noted that the KIDScore 
algorithm and its distribution are based on embryos that had been selected for transfer, 
whereas we included all embryos that had been selected for transfer and cryopreservation. 

Since we show that type of culture medium affects multiple individual morphokinetic 
parameters, our findings may have consequences for the discriminatory value and 
applicability of other (de)selection tools. Therefore, it is recommended that IVF-clinics 
should either validate morphokinetic-based selection tools prior to implementation or 
develop their own clinic-specific selection tool, since the ideal developmental kinetics of 
human embryos under different culture conditions remains largely unknown.

Previous research regarding the effect of culture medium on morphokinetic parameters 
in human embryos is scarce and reports conflicting results. Some studies report no effect 
of culture medium on morphokinetic parameters, whereas others demonstrate faster 
development for single step culture medium (28-31). Despite the fact that randomisation 
was applied in all of these studies, sample sizes were small, statistical analyses were mainly 
based on t-testing and none of the studies corrected for clustering of multiple embryos 
from one woman. Without considering clustering, it is possible that observed effects are 
essentially based on a large number of embryos from only a few patients. Therefore, we 
applied linear mixed models, which enable precise modelling of embryo development by 
taking into account both clustering as well as confounders such as age and type of ovarian 
stimulation. Also, a post-hoc power-analysis confirmed that the size of our study population 
is sufficient to demonstrate a 1-hour difference in preimplantation development. Another 
benefit of this patient registry cohort is the diverse study population. Our study population 
consisted of IVF as well as ICSI treatments, and different ovarian stimulation approaches have 
been used, which increases the generalizability of our results. However, the ratio of IVF:ICSI 
treatments was not comparable within the groups of studied culture media. It is essential 
to correct for fertilisation method when studying time-lapse parameters, as differences 
between IVF- and ICSI-embryos have been suggested (65). We approached this in two 
ways: we adjusted for fertilisation method in our linear mixed model and also performed 
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a sensitivity analysis in ICSI embryos only. By doing so, we demonstrate an impact of the 
culture medium as early as the moment of pronuclear fading in analyses both including all 
embryos as well as including ICSI embryos only. However, others have suggested to use tPNf 
as a starting point (41). With this method, a potential impact on the moment of pronuclear 
fading is missed, and observations in subsequent cleavage stages might also be affected.  

The main limitation of our study is that we only data have data available from the cleavage 
stage development and not up to the blastocyst stage. As blastocyst transfer is associated 
with higher pregnancy and live birth rates (66), assessment of this stage is likely to be 
more informative. This study was performed in a time in which fresh transfer of cleavage 
embryos was routine care in most IVF clinics, including ours. Future research should 
include blastocyst development as it may provide a more extensive understanding of the 
impact of culture medium. Although our patient data for BMI and stimulation regimen is 
incomplete, the sensitivity analysis showed similar results for patients with complete data 
(n=230) and patients with incomplete data (n=171), suggesting a low risk of selection bias 
(data not shown). The studied culture media were used during consecutive time periods. To 
minimise this effect of confounding due to a secular trend, we also corrected for laboratory-
specific changes and the moment of culture. Finally, despite the adjustments for potential 
confounders in our analyses, residual confounding cannot be excluded, as this is inherent to 
the observational study design.

Conclusion 
Our results demonstrate an impact of culture medium on preimplantation embryo 
developmental kinetics and this affects classification within the KIDScore algorithm. Other 
studies show that culture medium can alter post-implantation growth as early as the 
second trimester of pregnancy and even impact offspring health at nine years of age (18, 
67). However, it remains unknown which specific component(s) in culture medium drive 
these differences. Since over half a million babies are born after IVF and ICSI treatment 
each year, more studies should shift the focus from the effects of IVF culture conditions on 
implantation to their effect on (preimplantation) embryo development (68). Moreover, early 
embryonic development has been linked to postnatal health and development (69). This, in 
combination with the results of Dumoulin et al., further warrants the need to elucidate 
the association between preimplantation embryo kinetics, post-implantation growth and 
offspring health.
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Supplemental material

Supplemental table 1. Morpokinetic parameters of the KIDScore algorithm.
Morphokinetic parameter
Number pronuclei equals 2 at the 1-cell stage
Time from insemination to pronuclear fading (tPNf)
Time from insemination to the 2-cell stage (t2)
Time from insemination to the 3-cell stage (t3)
Time from insemination to the 5-cell stage (t5)
Number of cells 66 hours after fertilisation 

Supplemental table 2. Differences in morphokinetic parameters of implanted embryos (n=143) cultured in SAGE 1-Step compared 
to Vitrolife G-1 PLUS culture medium after fresh embryo transfer.

Morphokinetic 
parameter

Model 1   Model 2*  
MissingBeta (95% CI), hours P-value Beta (95% CI), hours P-value 

tPNf -2.51 (-3.38, -1.64) <0.001 -2.44 (-4.42, -0.45) 0.017 1
t2 -2.65 (-3.62, -1.68) <0.001 -2.80 (-4.99, -0.61) 0.013 0
t3 -2.79 (-4.06, -1.52) <0.001 -2.66 (-5.50, 0.18) 0.066 2
t4 -2.82 (-3.98, -1.65) <0.001 -3.45 (-6.01, -0.80) 0.011 2
t5 -2.88 (-4.71, -1.04) 0.002 -3.70 (-7.99, 0.59) 0.090 5
t6 -4.12 (-6.04, -2.21) <0.001 -4.34 (-8.53, -0.14) 0.043 45
t7 -3.78 (-6.03, -1.53) 0.001 -3.81 (-8.81, 1.78) 0.133 58
t8 -2.75 (-5.29, -0.21) 0.034 -2.46 (-7.91, 3.00) 0.372 75
t3-t2 -0.04 (-1.07, 0.98) 0.935  0.36 (-1.95, 2.66) 0.760 2
t5-t4 -0.26 (-1.70, 1.18) 0.724 -0.09 (-3.40, 3.23) 0.959 5
t3-tPNf -0.21 (-1.22, 0.79) 0.675 -0.07 (-2.31, 2.17) 0.950 3
(t5-t3)/(t5-t2) -0.01 (-0.06, 0.04) 0.651 -0.05 (-0.15, 0.06) 0.351 5
*Adjustments were made for female age, fertilisation method, type of ovarian stimulation, lowered oxygen culture and overall 
improvement in embryo development over time. CI, confidence interval.
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ABSTRACT 
Research question:  Are there (sex-specific) differences in first-trimester embryonic growth 
and morphological development between two culture media used for in vitro fertilisation 
(IVF) and intracytoplasmic sperm injection (ICSI) treatment?

Design:  A total of 835 singleton pregnancies from a prospective hospital-based cohort 
study were included, of which 153 conceived after IVF/ICSI treatment with Vitrolife G-1 
PLUS culture medium, 252 after culture in SAGE 1-Step and 430 naturally conceived. 
Longitudinal three-dimensional ultrasound examinations were performed at 7, 9 and 11 
weeks of gestation for offline biometric (crown-rump length, CRL), volumetric (embryonic 
volume, EV), and morphological (Carnegie stage) measurements. 

Results: Embryos cultured in SAGE 1-Step grow faster than those cultured in Vitrolife G-1 
PLUS (βEV 0.030 ∛cm3 (95%CI 0.008-0.052), p=0.007). After stratification for fetal sex, male 
embryos cultured in SAGE 1-Step demonstrate faster growth than those cultured in Vitrolife 
G-1 PLUS (βEV 0.048 ∛cm3 (95%CI 0.015-0.081), p=0.005). When compared to naturally 
conceived embryos, those cultured in SAGE 1-Step grow faster (βEV 0.040 ∛cm3 (95%CI 
0.012-0.069), p=0.005). This association was most pronounced in male embryos (βEV 0.078 
∛cm3 (95%CI 0.035-0.120), p<0.001).

Conclusions: Here we show that SAGE 1-Step culture medium accelerates embryonic growth 
trajectories compared to Vitrolife G-1 PLUS and naturally conceived pregnancies, especially 
in male embryos. Further research should focus on the impact of culture media on postnatal 
development and the susceptibility to non-communicable diseases.
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INTRODUCTION
Globally, over ten million children have been conceived through in vitro fertilisation (IVF) 
treatment since the birth of the first IVF baby in 1978 (1, 2). Success rates have increased to a 
livebirth rate of 28% per oocyte aspiration, which can be attributed to several advancements, 
such as intra cytoplasmic sperm injection (ICSI) and improved culture conditions (3, 4). 
Moreover, pregnancies after IVF/ICSI still have an increased risk of several complications, 
such as preterm birth (PTB) and congenital anomalies, despite all efforts to optimise 
culture conditions (5). Interestingly, it has also been suggested that these complications 
are associated with fetal sex (6). Although the pathophysiology of these complications 
is complex and not yet fully understood, investigating the role of culture conditions may 
provide useful insights to reduce the prevalence of pregnancy complications after IVF/ICSI 
pregnancies.

Improvements in culture conditions aim to mimic the physiologic in vivo environment, 
as the in vitro milieu exposes the preimplantation embryo to stressors not present in the 
in vivo milieu (4, 7, 8). Regarding culture media formulations, two main protocols can 
be distinguished. In the sequential protocol, different media are used for fertilisation, 
cleavage and blastocyst stages. In the single-step protocol, a single medium is used for 
all stages. Although the exact composition of culture media is usually not disclosed by 
the manufacturers, considerable differences in glucose, lactate, pyruvate, methionine 
and other amino acid concentrations between culture media have been observed after 
mass spectrometry or colorimetry analysis (9-11). Interestingly, clinical outcomes such as 
pregnancy rate per oocyte aspiration are similar for the two protocols (12).

A second important issue is that variations in IVF/ICSI-procedures can impact not only 
success rates, but also post-implantation development. For example, culture medium used 
during the first 3 days post-fertilisation can affect fetal size, birthweight and even postnatal 
weight at 2 years of age (13-15). However, less is known about the impact of culture media 
on embryonic growth and morphological development in the first-trimester of pregnancy. 
This is an important period in which rapid cell division, proliferation and differentiation 
for organogenesis take place (16). Appropriate growth and development in the first-
trimester is crucial for a healthy pregnancy and life course. This is substantiated by studies 
demonstrating associations between morphological development and fetal growth rate, and 
between first-trimester crown-rump lenght (CRL), birthweight and cardiovascular outcomes 
in childhood (17-20). First-trimester embryonic growth and morphological development 
can be meticulously studied by combining three-dimensional (3D) ultrasound techniques 
with virtual reality (VR). This allows in-depth perception and precise assessment of novel 
volumetric and morphologic measurements (21). 
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Moreover, there is also some evidence that IVF/ICSI-procedures affect the sex ratio in favour 
of males (22, 23). A possible explanation is that male and female preimplantation embryos 
respond differently to the additional stress of the in vitro procedures. In rats, exposure to 
prenatal stress affects males and females differently in terms of gene expression and cognitive 
and hormonal responses (24, 25). In humans, less is known if exposure to culture medium 
impacts post-implantation embryonic growth and development also in a sex-specific manner.

In this study, the primary aim is to compare embryonic growth and morphological 
development in IVF/ICSI pregnancies conceived after culture in two different, widely used 
culture media, for the total study population as well as for male and female embryos 
separately. The secondary aim is to compare second-trimester size and perinatal outcomes. 
Finally, we aim to compare post-implantation growth and development after culture in 
these two media with natural conception.

METHODS
Study population
This study is embedded in the Rotterdam Periconception Cohort, an ongoing prospective 
tertiary care hospital-based study, conducted since November 2009 at the outpatient clinic 
of the Department of Obstetrics and Gynaecology of the Erasmus MC, University Medical 
Center, Rotterdam, The Netherlands (26). The data used for this study was obtained 
between November 2009 and August 2018. Women of ≥18 years with an ongoing intra-
uterine singleton pregnancy less than 10+0 weeks pregnant were eligible for participation. 
Women pregnant after IVF/ICSI were recruited from the outpatient clinic of Reproductive 
Medicine. Women pregnant after natural conception were recruited from the outpatient 
clinic of Obstetrics. Reasons for referral to this outpatient clinic varied from complications 
in a previous pregnancy (e.g. severe postpartum hemorrhage) to non-pregnancy related 
conditions (e.g. endometriosis, rheumatic disease). During the inclusion period, patients 
were allowed to participate more than once.

For this study, only women who conceived via IVF/ICSI treatment and women who conceived 
naturally with a regular cycle were selected. Pregnancies conceived after oocyte donation, 
intra-uterine insemination or hormonal therapy and pregnancies resulting in a miscarriage, 
fetal death, fetuses or neonates with congenital malformations, and terminated pregnancies 
were excluded (Figure 1). The prevalence of fetal death, congenital malformations and 
terminated pregnancies was comparable between the two media (Supplemental table 1).

Ethical approval
This study was approved on October 15th, 2004, by the local Medical Ethical and Institutional 
Review Board of the Erasmus MC, University Medical Centre, Rotterdam, The Netherlands 
(MEC-2004-227). All participants provided written informed consent. 
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In vitro fertilisation and culture procedures 
Ovarian stimulation, oocyte retrieval, subsequent IVF/ICSI procedures, and embryo 
morphology assessment were performed as described previously (27, 28). During the period 
from 1 January 2010 to 17 November 2014, retrieved oocytes were submitted to routine 
IVF or ICSI procedures and cultured in G-IVF PLUS (G5-series, Vitrolife, Goteborg, Sweden) 
overnight for fertilisation. After fertilisation, embryos were transferred to G-1 PLUS cleavage 
stage medium (Vitrolife, Goteborg, Sweden). On day 3, surplus embryos were transferred 
to a fresh dish containing G-2 PLUS medium for further culture to day 4. From 17 November 
2014 until the end of the study period, SAGE 1-Step medium (Origio/Cooper Surgical, 
Trumbull, Connecticut, United States of America) was used for culture from day 0 until day 
4. During the study period, embryo transfer (ET) was performed on day 3 after fertilisation 
and supernumerary embryos of adequate quality, based on number of blastomeres and 
amount of compaction, were cryopreserved on day 4 by slow freezing (29). During the study 
period, it was routine care in most IVF clinics, including ours, to perform fresh transfer of 
cleavage embryos. No other modifications to the procedures than the change in culture 
medium have been made during the study period. 

Study parameters
At enrolment, standardised anthropometric measurements were performed. Women filled 
out questionnaires regarding general characteristics and periconceptional nutrition and 
lifestyle. Geographic origin was categorised into Western or Non-Western and educational 
level was categorised according to the definition of Statistics Netherlands (30). For 
pregnancies conceived after IVF/ICSI, gestational age (GA) was based on the conception 
date, which is the oocyte retrieval date minus 14 days for pregnancies after fresh ET and 
the ET date minus 19 days for pregnancies after frozen-thawed ET. For naturally conceived 
pregnancies, GA was based on the reported last menstrual period. 

First-trimester growth was expressed by serial CRL and embryonic volume (EV) 
measurements, and morphological development was assessed by Carnegie stages, based 
on internal and external characteristics (31). These measurements provide more detailed 
information on growth and development than the CRL only, which is a length measurement 
performed in one single plane. For the volume and morphological measurements all three 
dimensions, including depth of the embryo are taken into account, which may be more 
sensitive parameters for embryonic growth (32). Second-trimester estimated fetal weight 
(EFW), head circumference (HC), biparietal diameter (BPD), abdominal circumference 
(AC) and femur length (FL) were retrieved from the second-trimester anomaly scan. Birth 
outcomes such as sex, GA, weight at birth and pregnancy complications were retrieved 
from medical records. Birthweight <10th percentile was classified as small for gestational 
age (SGA) and birthweight >90th percentile was classified as large for gestational age (LGA). 
PTB was defined as delivery <37+0 GA. 
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Ultrasound data
Ultrasound examinations were performed in gestational week 7, 9 and 11 by trained 
sonographers with a 6-12 MHz transvaginal probe using GE Voluson E8 equipment and 
4D-View software (General Electrics Medical Systems, Chicago, IL, United States of America,). 
Afterwards, 3D ultrasound data were transferred to the Barco I-Space (a Cave Automatic 
Virtual Environment–like virtual reality (VR) system) to optimally use the third dimension 
(33). By using the V-scope volume rendering software, an interactive VR hologram was 
created, allowing true depth perception. The technique, accuracy and reliability of CRL and 
EV measurements and Carnegie classification have been previously described (31, 32, 34).

Statistical analyses
The study population was stratified in three groups of pregnancies; 1) after IVF/ICSI treatment 
with G-1 PLUS cleavage stage medium, 2) after IVF/ICSI treatment with SAGE 1-Step medium 
and 3) naturally conceived. Baseline characteristics were compared by Kruskall-Wallis tests 
for continuous variables (since not all variables were parametrically distributed) and by chi-
square tests for categorical variables. If these tests yielded significant results, post-hoc tests 
for pairwise comparisons, i.e. chi-square tests and Dunn-Bonferroni tests, were performed 
so that the underlying significant difference could be identified.

The associations between culture media and first-trimester growth and morphological 
development were assessed by linear mixed models. Prior to analyses, CRL was root-
transformed and EV was cube root-transformed to approximate linearity. Analyses were 
performed using Vitrolife G-1 PLUS as reference category. In model 1 we adjusted for 
GA only. Model 2 was additionally adjusted for maternal age, BMI, parity, geographical 
background, level of education and periconceptional use of alcohol, cigarettes and folic acid 
supplements. Additionally, these analyses were also performed using naturally conceived 
pregnancies as reference category. To create graphs of embryonic growth trajectories, the 
EV was estimated per week of GA based on model 1, and retransformed to the original 
values by cubing. 

Percentiles of EFW, HC, BPD, AC and FL were calculated from population-based fetal growth 
charts (35, 36). Differences were studied using Kruskall-Wallis tests. Birthweight was 
expressed in percentiles based on Dutch reference curves, which take GA at birth and fetal 
sex into account (37). Differences in birthweight percentiles, birthweight and GA at delivery 
were analyzed by the Kruskall-Wallis test as well and differences in prevalence of PTB, SGA 
and LGA by X2. Sub-analyses were performed for each fetal sex separately for first- and 
second-trimester growth and development and for type of ET, i.e. fresh or frozen-thawed. 
P-values ≤0.05 were considered significant. All analyses were performed using SPSS 25.0 
(IBM SPSS Statistics, Armonk, NY). 
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RESULTS
Baseline characteristics 
The study population comprised 153 pregnancies after IVF/ICSI treatment with Vitrolife G-1 
PLUS culture medium and 252 after culture in SAGE 1-Step and 430 naturally conceived 
pregnancies (Figure 1). A total of 42 women participated twice, of which 6 patients 
participated with both a naturally conceived and an IVF/ICSI pregnancy, and 3 with 
pregnancies after IVF/ICSI treatment with Vitrolife G-1 PLUS culture medium as well as after 
treatment SAGE 1-Step medium. Women pregnant after IVF/ICSI treatment with Vitrolife G-1 
PLUS culture medium were less often nulliparous than those after IVF/ICSI treatment with 
SAGE 1-Step culture medium (60.1% and 73.4%, p<0.001) (Table 1). The other characteristics 
were comparable between these two groups. 

Figure 1. Flowchart of the study population.

Predict study
N = 1676

N = 1284

N = 153 N = 252 N = 430

N = 835

No ultrasound available N = 392

N = 449

Termination of pregnancy N = 17
Intrauterine fetal death N = 11
Congenital anomaly N = 23
Oocyte donation N = 17
Irregular menstrual cycle N = 334
Other artificial reproductive 
technologies N = 47

IVF/ICSI
Vitrolife G1-PLUS

IVF/ICSI
SAGE 1-Step

Naturally
conceived
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Table 1. Baseline characteristics of the study population, stratified for culture medium used during IVF/ICSI treatment and 
naturally conceived pregnancies. 

IVF/ICSI
Vitrolife G1-PLUS N=153

IVF/ICSI
SAGE 1-Step N=252

Naturally conceived 
pregnancies N=430

Median / N (IQR /%) Median / N (IQR /%) Median / N (IQR /%) P-value Missing
Age, years 32.8 (30.1-35.9) 33.0 (29.8-36.2) 31.9 (29.0-35.1) 0.002d,e

Body mass index, kg/m2 24.2 (21.7-27.7) 24.4 (21.7-27.8) 24.4 (22.2-28.5) 0.183 36
Nulliparous 92 (60.1) 185 (73.4) 156 (36.3) <0.001c,d,e

Western geographic origin 125 (81.7) 207 (82.1) 360 (83.7) 0.794  
Education 0.055 20
    Low 8 (5.4) 19 (7.9) 34 (8.0)
    Middle 62 (41.6) 91 (37.6) 126 (29.7)
    High 79 (53.0) 132 (54.5) 264 (62.3)
Alcohol, yesa 31 (20.5) 57 (22.9) 163 (38.3) <0.001d,e 9
Smoking, yesa 15 (9.9) 34 (13.7) 73 (17.1) 0.084 9
Folic acid supplements, yesb 145 (96.7) 240 (96.4) 302 (70.7) <0.001d,e 9
Embryo transfer, frozen-thawed 46 (30.1) 83 (32.9) n/a 0.548
IQR, interquartile range. ET, embryo transfer

a.	 Any use during the 14 weeks prior to 10 weeks after conception. 
b.	 Daily use during the 14 weeks prior to 10 weeks after conception.
c.	 Significantly different between pregnancies after culture in Vitrolife G-1 PLUS and in SAGE 1-Step after pairwise 

comparisons.
d.	 Significantly different between pregnancies after culture in Vitrolife G-1 PLUS and naturally conceived pregnancies after 

pairwise comparisons.
e.	 Significantly different between pregnancies after culture in SAGE 1-Step and naturally conceived pregnancies after 

pairwise comparisons.

Comparison of post-implantation growth and development between the two culture 
media
Embryos cultured in SAGE 1-Step grow significantly faster regarding EV than embryos cultured 
in Vitrolife G-1 PLUS in both models (model 1 β 0.025 (95%CI 0.004-0.045), p=0.017; model 
2 β 0.030 (95%CI 0.008-0.052), p=0.007 (Table 2)). Interestingly, after stratification, this was 
only observed in embryos after fresh ET (model 1 β 0.036 (95%CI 0.010-0.062), p=0.007; 
model 2 β 0.031 (95%CI 0.004-0.059), p=0.024 (Supplemental table 2)). Furthermore, 
growth patterns of embryos after IVF and embryos after ICSI are comparable (Supplemental 
figure 1). After stratification for fetal sex, this finding was only observed in male embryos 
(model 1 β 0.044 (95%CI 0.014-0.074) p=0.004; model 2 β 0.048 (95%CI 0.015-0.081), 
p=0.005). No significant differences were observed for CRL and the Carnegie stages in the 
total population as well as after stratification for fetal sex. 

In the total study population, percentiles of EFW, HC, BPD, AC and FL were comparable 
between the two culture media (Table 3). After stratification for fetal sex, similar results 
were observed for both female and male fetuses.
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Table 2. First-trimester embryonic growth and morphological development after culture in SAGE 1-Step, relative to culture in 
Vitrolife G-1 PLUS, in the total population and stratified for fetal sex .

Model 1 Model 2
Vitrolife G-1 PLUS SAGE 1-Step Vitrolife G-1 PLUS SAGE 1-Step

Beta (95%CI) P-value Beta (95%CI) P-value Beta (95%CI) P-value Beta (95%CI) P-value
Total 

population
N=405

CRL, √mm Reference 0.017 
(-0.022, 0.056)

0.339 Reference 0.026 
(-0.015, 0.067)

0.213

EV, ∛cm3 Reference 0.025 
(0.004, 0.045)

0.017 Reference 0.030 
(0.008, 0.052)

0.007

Carnegie 
stage

Reference 0.035 
(-0.132, 0.202)

0.682 Reference 0.099 
(-0.082, 0.280)

0.283

Females
N=194

CRL, √mm Reference 0.022 
(-0.044, 0.088)

0.508 Reference 0.038 
(-0.037, 0.114)

0.313

EV, ∛cm3 Reference 0.010 
(-0.023, 0.042)

0.554 Reference 0.009 
(-0.026, 0.046)

0.596

Carnegie 
stage

Reference 0.184 
(-0.099, 0.467)

0.119 Reference 0.340 
(-0.012, 0.692)

0.058

Males
N=199

CRL, √mm Reference 0.038 
(-0.016, 0.092)

0.167 Reference 0.049 
(-0.012, 0.109)

0.113

EV, ∛cm3 Reference 0.044 
(0.014, 0.074)

0.004 Reference 0.048 
(0.015, 0.081)

0.005

Carnegie 
stage

Reference 0.281 
(-0.156, 0.307)

0.520 Reference 0.083 
(-0.172, 0.338)

0.907

CRL, crown rump length. EV, embryonic volume. 
Model 1: Adjusted for GA.
Model 2: Adjusted for GA, maternal age, BMI, parity, geographical background, level of education, periconceptional use of 
alcohol, cigarettes and folic acid supplements.
Fetal sex was unknown in 12 pregnancies. 

Table 3. Percentiles of second-trimester fetal growth parameters of pregnancies after IVF/ICSI with Vitrolife G1-PLUS or SAGE 
1-Step and naturally conceived pregnancies, in the total population and stratified for fetal sex. 
 
 

 
 

IVF/ICSI 
Vitrolife G1-PLUS N=153

IVF/ICSI
SAGE 1-Step N=252

Naturally conceived 
pregnancies N=430

   

Median (IQR) Median (IQR) Median (IQR) P-value Missing
Total

population
EFW 69.0 (44.6-85.9) 71.6 (49.2-89.0) 68.2 (42.9-87.4) 0.270 65
HC 58.7 (36.4-77.5) 58.5 (37.6-76.8) 58.1 (32.7-76.1) 0.734 63
BPD 52.1 (28.1-75.6) 48.6 (23.0-74.9) 44.8 (18.7-70.4) 0.072 75
AC 78.4 (56.5-90.1) 78.5 (58.8-92.7) 77.1 (57.1-91.0) 0.632 64
FL 61.1 (39.3-81.3) 69.5 (45.7-82.5) 63.1 (39.1-82.8) 0.357 64

Females EFW 60.3 (37.1-80.5) 62.5 (44.9-84.1) 64.1 (40.5-85.2) 0.693 30
HC 48.1 (32.0-67.3) 45.8 (26.5-63.3) 50.5 (26.6-71.0) 0.418 30
BPD 37.1 (24.9-64.5) 34.3 (13.4-57.8) 35.6 (12.4-61.8) 0.210 35
AC 68.7 (47.7-83.9) 70.7 (50.0-88.2) 72.2 (52.3-88.5) 0.615 30
FL 56.9 (38.6-78.6) 65.5 (43.1-83.1) 63.1 (39.8-83.1) 0.526 30

Males EFW 76.8 (51.9-90.8) 83.4 (61.7-92.2) 71.1 (44.6-89.9) 0.033a 29
HC 66.7 (48.5-81.0) 72.0 (57.1-84.7) 64.6 (40.7-81.6) 0.047a 27
BPD 63.5 (37.7-85.0) 65.4 (37.9-87.2) 56.6 (28.6-79.0) 0.014a 32
AC 83.4 (63.4-93.3) 86.7 (68.7-95.0) 79.7 (60.4-92.3) 0.114 28
FL 64.0 (45.2-87.5) 69.6 (46.1-81.7) 61.3 (38.2-82.6) 0.322 28

IQR, interquartile range. EFW, estimated fetal weight. HC, head circumference. BPD, biparietal diameter. AC, abdominal 
circumference. FL, femur length. EFW was calculated using the Hadlock formula: log(EFW) = 1.326 − 0.00326 × AC × FL + 0.0107 
× HC + 0.0438 × AC + 0.158 × FL. Fetal sex was unknown in 20 pregnancies. 

a.	 Significantly different between pregnancies after culture in SAGE 1-Step and naturally conceived pregnancies after 
pairwise comparisons.



152 Chapter 6

Absolute and relative birthweight, gestational age at birth and fetal sex ratio were comparable 
in pregnancies after culture in Vitrolife G-1 PLUS and culture in SAGE 1-Step (Table 4). 
Furthermore, the prevalence of PTB, SGA and LGA in pregnancies after culture in either Vitrolife 
G-1 PLUS or SAGE 1-Step was comparable. Finally, rate of pregnancy induced hypertension, 
preeclampsia and gestational diabetes mellitus were comparable between both media. 

Table 4. Perinatal outcomes stratified for culture medium used during IVF/ICSI treatment and naturally conceived pregnancies.
IVF/ICSI

Vitrolife G-1 PLUS
N=153

IVF/ICSI
SAGE 1-Step

N=252

Naturally conceived  

N=430
P-value MissingMedian / N (IQR /%) Median / N (IQR /%) Median / N (IQR /%)

Fetal sex, male 77 (51.3) 122 (50.2) 211 (50.0) 0.961 20
Birthweight percentile 42 (19-74) 41 (20-70) 48 (23-76) 0.168 65
Birthweight, grams 3350 (3046-3650) 3337 (2995-3675) 3350 (2963-3705) 0.913 40
Gestational age, days 276 (269-283) 276 (267-283) 272 (265-279) 0.001a,b 51
Small for gestational age 22 (15.0) 33 (15.7) 56 (13.6) 0.772 65
Large for gestational age 14 (9.5) 16 (7.6) 50 (12.1) 0.197 65
Preterm birth 8 (5.3) 23 (10.5) 42 (10.1) 0.176 50
Pregnancy induced hypertension 7 (4.8) 12 (4.9) 39 (9.2) 0.052 21
Preeclampsia 3 (2.1) 9 (3.7) 21 (5.0) 0.253 21
Gestational diabetes mellitus 9 (6.2) 24 (9.8) 30 (7.1) 0.342 21
IQR, interquartile range.

a.	 Significantly different between pregnancies after culture in Vitrolife G-1 PLUS and naturally conceived pregnancies.
b.	 Significantly different between pregnancies after culture in SAGE 1-Step and naturally conceived pregnancies.

Comparison of post-implantation growth and development between the two culture 
media and naturally conceived pregnancies
Embryos cultured in SAGE 1-Step show faster embryonic growth than naturally conceived 
pregnancies, depicted by CRL, EV and morphological development in model 1 (βCRL 0.053 
(95%CI 0.005-0.101), p=0.031; βEV 0.043 (95%CI 0.018-0.068), p=0.001; βCarnegie 0.214 (95%CI 
0.049-0.379), p=0.011, respectively) (Table 5). In model 2, this was only significant for EV (β 

0.040 (95%CI 0.012-0.069, p=0.005). 

After stratification, it was observed in female embryos cultured in SAGE-1 Step medium 
showed faster morphological development than naturally conceived female embryos in 
model 2 (β 0.292 (95%CI 0.001-0.584), p=0.049), but this was not reflected in embryonic 
growth. Male embryos cultured in SAGE 1-Step medium grew and developed morphologically 
faster compared to naturally conceived embryos (βCRL 0.083 (95%CI 0.011-0.155), p=0.024; 
βEV 0.078 (95%CI 0.041-0.115), p<0.001; βCarnegie 0.272 (95%CI 0.017-0.526), p=0.036) 
according to model 1, with similar effects for EV in model 2 (βEV 0.078 (95%CI 0.035-0.120), 
p<0.001). Male embryos cultured in Vitrolife G-1 PLUS also show faster embryonic growth 
depicted by EV and morphological development than those naturally conceived (βEV 0.047 
(95%CI 0.006-0.088), p=0.025; βCarnegie 0.284 (95%CI 0.018-0.551), p=0.036) according to 
model 1, with similar effects for EV in the model 2 (βEV 0.049 (95%CI 0.002-0.095), p=0.040).
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After retransformation, the EV of embryos cultured in SAGE 1-Step is on average 0.52 cm3 
larger (6.7%) at 11 weeks GA than naturally conceived embryos, whereas for embryos 
cultured in Vitrolife G-1 PLUS this is 0.25 cm3 (3.2%) (Figure 2). In female embryos these 
estimates are smaller for SAGE 1-Step: 0.14 cm3 (1.8%) and there was no difference for 
Vitrolife G-1 PLUS: 0.00 cm3 (0.0%), whereas for males these were larger (SAGE 1-Step: 0.92 
cm3 (12.6%); Vitrolife G-1 PLUS: 0.53 cm3 (7.3%)). 

The second-trimester growth parameters were not significantly different between 
pregnancies after culture in Vitrolife G-1 PLUS or SAGE 1-Step and naturally conceived 
pregnancies. After stratification for fetal sex, it was observed that male fetuses cultured 
in SAGE 1-Step had a larger EFW (83.4 and 71.1, respectively, p=0.033), HC (72.0 and 64.6, 
respectively, p=0.047) and BPD (65.4 and 56.6, respectively, p=0.014) than those naturally 
conceived (Table 3). Other growth parameters were comparable.

Gestational age was shorter in naturally conceived pregnancies than pregnancies after 
IVF/ICSI treatment with culture in either Vitrolife G-1 PLUS or SAGE 1-Step (272, 276 and 
276 days respectively, p=0.001). No differences were observed in other birth outcomes or 
complications between the three groups (Table 4). 

DISCUSSION 
This study demonstrates a faster first-trimester embryonic growth after culture in SAGE 
1-Step medium compared to culture in Vitrolife G-1 PLUS. A sex-specific effect was observed 
after culture in SAGE 1-Step medium; meaning a faster embryonic growth in male embryos. 
Regarding second-trimester fetal growth and perinatal outcomes, no significant differences 
were observed between the culture media in the total population and in males and females 
separately. 

Finally, when embryos cultured in SAGE 1-Step were compared to naturally conceived 
pregnancies we observed the following: 1) faster growth in male embryos, 2) faster 
morphological development in female embryos, and 3) a larger EFW, HC and BPD in male 
fetuses when second-trimester growth parameters were studied.

In only one other study the impact of culture medium on first-trimester growth was 
investigated. No differences were observed in first-trimester CRL between embryos cultured 
in Vitrolife G1.3 PLUS and Cook K-SICM (15). However, the same study did show a difference 
in second-trimester BPD and HC between pregnancies after culture in Vitrolife G1.3 PLUS 
and Cook K-SICM, which is also seen in our study when SAGE 1-Step was compared to 
naturally conceived pregnancies. Yet, when the current study method is compared to those 
of Nelissen et al, there are fundamental differences. Besides the difference in studied culture 
media, they only used a single CRL measurement performed at 7-8 weeks GA as a parameter 
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Figure 2. Trajectories of embryonic growth presented by embryonic volumes (EV) after culture in Vitrolife G-1 PLUS (orange, n=153), 
SAGE 1-Step (red, n=252) and naturally conceived pregnancies (blue, n=430), in the total population and stratified for fetal sex. 
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for first-trimester growth. In a small subset an additional transabdominal CRL measurement 
at 12 weeks GA was performed. Finally, they applied other statistical methods. These 
differences might explain the different results between both studies. 

An explanation for the observed differences in first-trimester growth and morphological 
development of pregnancies after culture in different media, is that during the first half 
of pregnancy, the primary determinant is the embryos’ own (epi-)genetic blueprint (38). 
During the second half of pregnancy however, external factors (i.e. maternal, placental or 
environmental) have a stronger effect on fetal growth, which might mitigate or correct the 
effect of different culture media (35, 39-41). Interestingly, in another study performed by our 
group, preimplantation development was several hours faster in embryos cultured in SAGE 
1-Step than in embryos cultured in Vitrolife G-1 PLUS (42). Although embryonic growth was 
already deviant during culture, this study indicates that growth diverged after implantation. 
Additionally, the differences in first-trimester embryonic growth were primarily observed in 
EV, but not in CRL. Although CRL measurements are the gold standard for embryonic growth 
and relatively easy to perform, EV measurements have added value. It has been described 
in structurally or chromosomally abnormal embryos that CRL was comparable to normal 
embryos while EV was smaller, indicating a higher sensitivity (43).

It is possible that the embryonic epigenome is affected by different aspects of IVF/ICSI 
treatment (44, 45). One of these aspects is the possibility to cryopreserve surplus embryos 
and transfer them in a following cycle. However, pregnancies after frozen-thawed ET are 
associated with increased post-implantation growth (46). Therefore, we performed stratified 
analyses in pregnancies after fresh ET and after frozen-thawed ET. Although the proportion 
of pregnancies after frozen-ET was smaller in both media (Vitrolife 30.1% and SAGE 32.9%), 
the results of these analyses indicate that the effect of culture medium is more pronounced 
in freshly transferred embryos. A possible explanation might be that the cryopreservation 
process moderates the impact of culture media. 

Another aspect of IVF/ICSI treatment is the diversity in culture media and its ingredients. 
Culture media vary notably in concentrations of energy substrates and nutrients (10, 11). 
For example, methionine, an essential amino acid, is present in SAGE 1-Step but not in 
Vitrolife G-1 PLUS. Methionine is one of the methyl donors in the one carbon metabolism, 
which is essential for molecular biological processes involved in growth and morphological 
development, i.e. cell replication, differentiation, apoptosis and epigenetic programming (16, 
47). Furthermore, the glucose concentration in Vitrolife G-1 PLUS is approximately 2.5 fold 
higher than in SAGE 1-Step (10, 11). Yet, preimplantation embryos have a limited capacity 
to utilise glucose prior to compaction and high levels of glucose might even be detrimental 
for early development (48). Little is known about the effects of high levels of glucose 
during in vitro and post-implantation development in humans. Several reports show that 
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prenatal maternal hyperglycaemia acts as a primary teratogen (49). Additionally, extensive 
research has demonstrated that women with poor-regulated diabetes have an increased 
risk of severe pregnancy complications, such as miscarriages, congenital malformations and 
babies born large for gestational age (50, 51). Interestingly, the increased risk for congenital 
malformations appears to be restricted to male infants (52). 

We also found the impact of culture medium to be more pronounced in male embryos, 
suggesting a sex-specificity in the response or susceptibility to environmental stressors. It is 
likely that differences in chromosomal content between the sexes, i.e. X/Y chromosomes, 
contribute to the observed discrepancies between male and female embryos in the 
associations between culture medium and first-trimester growth trajectories. Sex 
chromosome-encoded genes are expressed at different levels, since Y-linked genes are 
exclusively expressed in males and X-linked genes have a higher expression in females 
during early development (53, 54). Differences in the expression of these genes can lead to 
sex-related differences directly by interfering in molecular pathways and indirectly through 
the regulation of autosomal genes, thereby affecting the susceptibility to environmental 
stressors such as culture media (55). This is supported by mouse studies showing that 
even optimised IVF conditions can reprogram post-implantation growth, fat deposition and 
glucose homeostasis in a sexually dimorphic fashion (56, 57). 

Second-trimester growth parameters and perinatal outcomes were largely comparable 
between culture media in our study. There are several studies that investigated the impact 
of culture medium used during IVF/ICSI treatment on birthweight. A clear overview of these 
studies shows that only five out of eleven studies demonstrate significant differences in 
birthweight between culture media (58). These studies vary greatly in design, statistical 
methods and studied culture media. An explanation for the fact that we did not find any 
differences in absolute and relative birthweight, might be due to differences in these 
factors, e.g. culture medium and sample size. Moreover, it does not eliminate the possibility 
that specific culture medium components alter the susceptibility to develop diseases later 
in life. For example, the observed effects of culture medium on first-trimester growth and 
morphological development are comparable to those of smoking (βCRL -0.055) (59, 60). The 
association between maternal prenatal smoking and susceptibility to diseases, even into 
adulthood, is indisputable and many efforts to stop maternal preconceptional smoking have 
been made (61, 62). Although little is known about the associations between susceptibility 
to diseases in adulthood and IVF/ICSI treatment variables such as culture medium, it has 
been demonstrated that first-trimester growth is inversely associated with cardiovascular 
outcomes in childhood, independent of birthweight (17). 

To our knowledge, there are no studies that compared post-implantation growth and 
development in pregnancies after culture in different media with post-implantation 
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growth and development after natural conception, which complicates comparison and 
interpretation. However, numerous studies have demonstrated that pregnancies after 
IVF/ICSI treatment are at increased risk for several complications (5). Since we observe an 
impact of culture medium on first-trimester growth, it might be that culture media may also 
play a role in the pathogenesis of pregnancy complications, as these often originate in the 
periconception period (16). 

Strengths and limitations 
The unique and extensive collection of longitudinal first-trimester 3D ultrasound data 
using state-of-the-art imaging techniques, enables precise and innovative measurements 
that provided sufficient power to accurately model growth. By taking both growth as well 
as morphological development into account we were able to meticulously investigate 
the impact of the different culture media. Moreover, since data on second-trimester and 
pregnancy outcome were also included, the impact of culture medium across the complete 
course of pregnancy could be studied. 

However, the two studied culture media were used during consecutive periods. Although 
there were no changes in laboratory variables such as oxygen level and incubators, a possible 
bias cannot be excluded. Furthermore, since the participants were recruited from a tertiary 
university hospital, the external validity of this explorative study is limited. To minimise the 
effects of potential confounders, adjusted analyses were performed. Also, patients were 
allowed to participate more than once in our study. However, this is only a small proportion 
of our study population, and sensitivity analyses, in which second time participation was 
excluded, demonstrated similar results (data not shown).   Finally, residual confounding, due 
to unmeasured conditions, cannot be excluded, as the study has an observational cohort 
design. 

In conclusion, we show that culture media significantly impact post-implantation embryonic 
growth trajectories and morphological development, which are associated with health 
and the development of non-communicable diseases later in life. Therefore, it is of 
utmost importance to optimise this environment (63). Moreover, differences in childhood 
phenotype between culture media have already been observed (64). So, as a final statement, 
we recommend culture media manufacturers to extend the focus towards offspring health 
when optimizing culture media, as 2-4% of the children born today are the result of an IVF/
ICSI treatment (65). 
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Supplemental material

Supplemental table 1. Comparison of exclusions between pregnancies after culture in Vitrolife G-1 PLUS, SAGE 1-Step, and 
naturally conceived pregnancies.

IVF/ICSI
Vitrolife G-1 PLUS

N=168

IVF/ICSI
SAGE 1-Step

N=265

Naturally 
conceived  

N=814 P-value
N % N % N %

Termination of pregnancy 1 0.6 1 0.4 13 1.6 0.212
Intra-uterine fetal death 1 0.6 3 1.1 7 0.9 0.839
Congenital anomaly 5 3 7 2.6 11 1.4 0.201
*These numbers deviate from the numbers depicted in figure 1. This can be explained by the fact that some of the pregnancies 
were excluded during a later stage of the selection process.

Supplemental table 2. First-trimester embryonic growth and morphological development after culture in SAGE 1-Step, relative to 
culture in Vitrolife G-1 PLUS, after fresh ET and after frozen-thawed ET.

Model 1 Model 2
Vitrolife G-1 PLUS SAGE 1-Step Vitrolife G-1 PLUS SAGE 1-Step

Beta 
(95%CI)

P-value Beta 
(95%CI)

P-value Beta 
(95%CI)

P-value Beta 
(95%CI)

P-value

Fresh ET CRL, √mm Reference 0.025 
(-0.020, 0.071)

0.276 Reference 0.017 
(-0.029, 0.063)

0.467

EV, ∛cm3 Reference 0.036 
(0.010, 0.062)

0.007 Reference 0.031 
(0.004, 0.059)

0.024

Carnegie stage Reference 0.085 
(-0.113, 0.284)

0.397 Reference 0.106 
(-0.108, 0.321)

0.327

Frozen-
thawed 
ET

CRL, √mm Reference -0.00 
(-0.076, 0.076)

0.997 Reference 0.030 
(-0.054, 0.114)

0.482

EV, ∛cm3 Reference -0.008 
(-0.056, 0.041)

0.754 Reference 0.007 
(-0.049, 0.061)

0.807

Carnegie stage Reference -0.054 
(-0.359, 0.250)

0.772 Reference 0.063 
(-0.263, 0.389)

0.702

Model 1: Adjusted for GA. 
Model 2: Adjusted for GA, maternal age, BMI, parity, geographical background, level of education, periconceptional use of 
alcohol, cigarettes and folic acid supplements.
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Supplemental figure I. Trajectories of embryonic growth presented by crown rump length (CRL) and embryonic volumes (EV) after 
in vitro fertilisation (IVF, orange) or intracytoplasmic sperm injection (ICSI, purple).
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ABSTRACT
Research question: Are there differences in prenatal growth trajectories and birth outcomes 
between singleton pregnancies conceived after in vitro fertilisation (IVF) treatment with 
either frozen-thawed extended culture embryo transfer (ET) at day 5, fresh ET at day 3 or 
naturally conceived pregnancies?

Design: From a prospective hospital-based cohort, a total of 859 singleton pregnancies 
were selected, including 133 conceived after IVF with frozen-thawed ET, 276 after fresh ET, 
and 450 naturally conceived pregnancies. Longitudinal three-dimensional (3D) ultrasound 
scans were performed at 7, 9 and 11 weeks of gestation for offline crown-rump length (CRL) 
and embryonic volume (EV) measurements. Second trimester estimated fetal weight was 
based on growth parameters obtained during the routine fetal anomaly scan at 20 weeks of 
gestation. Birth outcome data were collected from medical records. 

Results: No differences regarding embryonic growth trajectories were observed between 
frozen-thawed ET and fresh ET. Birthweight percentiles after fresh ET were lower than after 
frozen-thawed ET (38.0 vs 48.0 (p=0.046) respectively). The prevalence of non-iatrogenic 
preterm birth was significantly lower in pregnancies resulting from fresh ET as compared to 
frozen-thawed ET (4.7% vs 10.9% (p=0.026) respectively). Compared to naturally conceived 
pregnancies, birthweight percentiles and percentage of non-iatrogenic PTB were significantly 
lower in pregnancies after fresh ET and gestational age at birth was significantly higher.

Conclusion: Here we show that embryonic growth is comparable between singleton 
pregnancies conceived after fresh and frozen-thawed ET. The lower relative birthweight and 
PTB rate in pregnancies after fresh ET than after frozen-thawed ET and naturally conceived 
pregnancies warrants further investigation.
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INTRODUCTION 
Since the birth of the first in vitro fertilisation (IVF) baby in 1978, worldwide more than eight 
million children are conceived via assisted reproductive techniques (ART) (1, 2). Success 
rates in terms of ongoing pregnancy rates per cycle have increased to 30% (3). There are 
numerous factors underlying the increasing success rates, such as improvements in embryo 
culture conditions and the ability to cryopreserve surplus embryos for later transfer (4-6). 
Improvements in cryopreservation techniques have attributed to a live birth rate after frozen-
thawed ET of up to 40% per transfer (7, 8). Since pregnancy and live birth rates are similar for 
fresh and frozen embryos, an increasing number of fertility clinics are applying the ‘freeze-all 
strategy’ as standard treatment. A great advantage of the ‘freeze-all strategy’ is a reduction 
in ART-related maternal morbidity. The incidence of  the ovarian hyperstimulation syndrome 
(OHSS) is significantly decreased since ET takes place in either a natural cycle or a hormonal 
replacement treatment (HRT) cycle (9). However, the increasing use of frozen-thawed 
embryos may not be without concerns. Recent studies show that pregnancies resulting from 
frozen-thawed ET are associated with an increased risk of maternal hypertensive disorders 
in pregnancy, babies large for gestational age (LGA) and high birthweight, when compared 
to pregnancies resulting from fresh ET (10, 11). 

Various explanations for the reported differences between the pregnancy outcomes of fresh 
and frozen ET have been postulated. One is the detrimental effect of ovarian stimulation 
on the receptiveness of the endometrium and subsequent embryo implantation for fresh 
ET. During a menstrual cycle, the human endometrium is receptive to implantation for 
about 4-6 days; and synchronisation of embryo and endometrium is crucial for successful 
implantation (12-14). It has been suggested that outcomes after fresh ET are affected by 
supraphysiologic hormone levels, as a consequence of ovarian stimulation treatment, which 
may affect synchronisation by altering the level and timing of endometrial receptivity, with 
subsequent suboptimal implantation, embryonic growth and development (15-17). Another 
explanation is that the freeze-thaw procedure of cryopreservation directly affects embryo 
cell and DNA quality and programming of CpGs and histone methylation profiles (18). 

Based on current literature, it remains unclear which periods and mechanisms during 
pregnancy are most vulnerable for insults that affect embryonic and fetal growth trajectories. 
Our hypothesis is that the origin of these differences in prenatal growth trajectories lies in 
the periconception window, defined as 14 weeks before until 10 weeks after conception. 
This is the period of oogenesis, spermatogenesis, embryogenesis, placentation, and early 
maternal adaptation to pregnancy. During this period, embryonic structures proliferate and 
differentiate and embryonic cells have the highest developmental plasticity (19). 

Nowadays, in early pregnancy, embryonic growth and development can be measured 
by two-dimensional (2D) ultrasound techniques. The introduction of 3D ultrasound in 
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combination with virtual reality (VR) techniques allows in-depth perception and assessment 
of novel volumetric measurements. This approach provides the great opportunity to study 
embryonic growth in early pregnancy by measuring more precisely crown-rump length 
(CRL), but also embryonic volume (EV) (20, 21).

The primary aim of this study is to compare prenatal growth trajectories and birth outcomes 
between singleton pregnancies conceived after in vitro fertilisation (IVF) treatment with 
either frozen-thawed extended culture embryo transfer (ET) at day 5 and fresh ET at day 3. 
Secondary, we compared these two groups of pregnancies with pregnancies after natural 
conception.

MATERIAL AND METHODS 
Ethical approval
This study was conducted according to the guidelines laid down in the Declaration of Helsinki 
and all procedures involving patients were approved by the Medical Ethical and Institutional 
Review Board of the Erasmus MC, University Medical Centre, Rotterdam, the Netherlands 
on 15th October 2004. Written informed consent was obtained from all women and their 
male partner at enrolment.

Study population
The data for this study were collected in the Rotterdam Periconception Cohort (Predict 
study), an ongoing prospective tertiary hospital-based cohort embedded in the outpatient 
clinic of the Department of Obstetrics and Gynaecology of the Erasmus, University Medical 
Center Rotterdam, the Netherlands (22, 23). From November 2010 onwards, women of at 
least 18 years of age with an ongoing intrauterine singleton pregnancy, who are less than 
8 weeks pregnant are eligible for participation in this ongoing cohort. During the inclusion 
period, patients were allowed to participate more than once.

For the current analysis we selected women from the total study group recruited up 
until August 2018. We only included women who conceived through IVF treatment, with 
or without ICSI, either after frozen-thawed day 5 ET or fresh day 3 ET and women who 
conceived naturally with a regular cycle between 21-35 days and known first day of last 
menstrual period. Pregnancies conceived in women with a regular menstrual cycle are 
dated based on the first day of their last menstrual period, and for women with a cycle of 
<25 or 31>days, also on cycle length. Women with an irregular cycle are excluded because 
pregnancy dating is based on CRL by ultrasound measurements. Since, in our study CRL is 
one of the main outcome parameters, inclusion of pregnancies dated based on CRL would 
be statistically incorrect.
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In vitro fertilisation and cryopreservation procedures
Ovarian stimulation, oocyte retrieval, IVF procedures and assessment of embryo morphology 
were performed as described previously (24). Embryos were cultured in Vitrolife G5 series 
(Vitrolife, Goteborg, Sweden) until 17 November 2014; and from this moment onwards in SAGE 
1-StepTM (Origo/Cooper Surgical™, Denmark). Embryo evaluation and selection for transfer 
were carried out on day 3 after oocyte retrieval. Selection was based on developmental 
stage and morphology, per standard procedures. Cell number, regularity of blastomeres, 
fragmentation and morphological aspects such as signs of early compaction were recorded. 
Supernumerary embryos were cultured until day 4, when selection for cryopreservation was 
performed based on the degree of embryo compaction and the presence of fragmentation 
as described previously (25). Only embryos with at least 30% compaction, or embryos 
with more than 12 blastomeres were selected for cryopreservation. First, embryos were 
incubated in culture medium containing 1.0M dimethyl sulfoxide (DMSO) for 10 minutes, 
transferred to 1.5M DMSO in culture medium and loaded into straws (CBS High Security 
embryo straw, CryoBioSystem, Saint-Ouen-Sur-Iton, France). Next, cryopreservation was 
performed by slow freezing in a controlled-rate freezer (Kryo 360, Planer, Sunbury-on-
Thames, United Kingdom). Straws were cooled to -6 ˚C before seeding and subsequently 
cooled to -40 ˚C at 0.3 ˚Cmin-1. Finally, the straws were cooled rapidly at -25 ˚Cmin-1 to -140 
˚C, before immersion in liquid nitrogen and storage in nitrogen vapor. Duration of storage 
varied between 1 month and up to five years.

Thawing of embryos was performed typically in the afternoon, four days after the 
detection of a spontaneous ovulatory surge by urinary LH testing performed in a natural 
cycle. This procedure occurred at room temperature by consecutive washes in decreasing 
concentrations of DMSO in buffered culture medium until March 2016. After that, thawing 
was performed using the Quinn’s Advantage™ Thaw Kit (CooperSurgical, Trumbull, United 
States of America) according to manufacturer’s instructions. After thawing, the embryos 
were checked 1 hour later for survival and then cultured overnight in 1 ml Sage 1-Step 
culture medium at 37˚C in an atmosphere of 5% CO2 and 7% O2. The next afternoon, that 
is 5 days after the spontaneous LH surge, embryo morphology was assessed and embryos 
were transferred only if they showed post-thaw progression in development. 

Study parameters
Standardised anthropometric measurements were carried out, including maternal height 
with 0.1 cm accuracy and weight with 0.1 kg accuracy (anthropometric rod and weighing 
scale; SECA, Hamburg, Germany). Women completed self-administered questionnaires 
regarding general characteristics as well as periconceptional lifestyle behaviors. Extracted 
data included maternal age, parity, geographic origin, educational level, periconceptional 
use of cigarettes, alcohol and folic acid (FA) supplements. 
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The gestational age of pregnancies after frozen-thawed ET was calculated based on the time 
of fertilisation and the moment of ET (corresponding to a day 5 embryo or GA of 19 days). 
The GA of pregnancies after fresh ET was calculated based on the conception date (=oocyte 
retrieval date corresponding with GA of 17 days). For naturally conceived pregnancies, 
the GA was calculated based on the reported last menstrual period. Furthermore, to 
calculate estimated fetal weight (EFW), second trimester fetal growth parameters (head 
circumference (HC), abdominal circumference (AC) and femur length (FL)) were obtained 
during the fetal anomaly scan around 20 weeks of gestation, and retrieved from medical 
records. Pregnancy outcomes such as GA, weight and fetal sex at birth as well as pregnancy 
induced hypertension (PIH), preeclampsia (PE) and gestational diabetes mellitus (GDM) 
were also retrieved from medical records and delivery reports. For the IVF/ICSI population 
medical records were searched to determine whether pregnancy was conceived after a 
fresh ET or frozen-thawed ET.

Geographic origin was categorised as Western (both parents born in a country in North 
America, Oceania or Europe, Turkey excluded) or Non-Western (one of the parents born 
in Turkey or a country in Africa, Asia or South America). Educational level was categorised 
according to the definition of Statistics Netherlands in low (primary/lower vocational/ 
intermediate secondary), intermediate (higher secondary/intermediate vocational) or 
high (higher vocational/university). Smoking and alcohol were defined as any nicotine or 
alcohol use in the periconception period. Folic acid (FA) supplement use was defined as 
daily periconceptional use of a FA supplement (0.4mg, 0.5mg or 5 mg). Small for gestational 
age (SGA) was defined as birthweight below the 10th percentile and LGA was defined as 
birthweight above the 90th percentile. Preterm birth (PTB) was defined as GA at delivery 
<37+0 weeks. Iatrogenic causes of preterm birth were removed for subgroup analysis. All 
inductions of labor were defined as iatrogenic. However, in our study population induction 
of labour was only indicated where there was a suspicion of macrosomia.

Ultrasound data
From November 2010 untill December 2012 women received weekly transvaginal 3D 
ultrasound scans from enrolment up to the 13th week of pregnancy. From December 2012 
onwards, the number of ultrasound scans was reduced to three scans at the 7th, 9th and 11th 
week of gestation, as this was sufficient to accurately model growth. Ultrasound scans were 
performed with a 6-12 MHz transvaginal probe using GE Voluson E8 equipment and 4D View 
software (General Electrics Medical Systems, Zipf, Austria).

Subsequently, images were transferred to the Barco I-Space (a Cave Automatic Virtual 
Environment–like virtual reality system). The V-Scope volume rendering application creates 
an interactive hologram, allowing real depth perception. Using a tracing application, the 
CRL was measured three times per embryo, and the mean of these measurements was 
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used for analysis (21). Besides allowing depth perception, V-Scope also offers the possibility 
to measure the EV (semi-) automatically. For this purpose, gray scale differences are used. 
The EV measurements are performed once, as previously described (20). All measurements 
were performed by trained research staff. 

Statistical analysis
Baseline characteristics were compared using the Kruskall-Wallis test for continuous 
variables and the Chi-squared test for categorical variables. 

To consider the correlation between the ultrasound measurements of the same pregnancy, 
we used linear mixed models to assess the associations of embryonic growth between 
pregnancies conceived after frozen-thawed ET and fresh ET. Embryonic growth trajectories 
of pregnancies after frozen-thawed ET were compared to pregnancies after fresh ET as 
reference. Additionally, embryonic growth trajectories of both groups were also compared 
with natural pregnancies. For analysis, a square root transformation was applied to the CRL 
and a third root transformation to EV, which led to linearity with GA. 

To adjust for potential confounders, two different models were constructed with pregnancies 
after fresh ET as reference. Model 1 was adjusted for GA only. Model 2 was additionally 
adjusted for fetal sex and the maternal covariates age, body mass index (BMI), geographic 
origin, parity, education, periconceptional use of cigarettes, alcohol and FA supplement use. 
Second trimester EFW was calculated using the Hadlock formula with HC, AC and FL in 
centimeter: log(EFW) = 1.326 − 0.00326 × AC × FL + 0.0107 × HC + 0.0438 × AC + 0.158 × FL 
(26). Percentiles of EFW were calculated from population-based fetal growth charts (27). 
To adjust for fetal sex and GA at delivery, weight at birth was expressed in percentiles based 
on Dutch reference curves for birthweight (28). Differences in birthweight percentiles, 
birthweight and GA at birth were studied using the Kruskall-Wallis test. Differences in PTB, 
SGA and LGA were studied using the Chi-squared test.

P-values <0.05 were considered statistically significant. All analyses were performed using 
SPSS package 25.0 (IBM SPSS Statistics, Armonk, NY) and R (R: A language and Environment 
for Statistical Computing, version 3.1.3, 2015 for Windows, R Core Team, Vienna, Austria).

RESULTS 
1,676 pregnant women were included in the Rotterdam Periconception Cohort. Patients 
who did not receive first-trimester ultrasound examinations were excluded (n=392). 
Furthermore, 425 pregnancies were excluded because of termination of pregnancy (n=17), 
intrauterine fetal death (n=11), congenital anomalies (n=23), oocyte donation (n=17), 
pregnancies after other artificial reproductive technologies (n=29) and women with an 
irregular cycle (n=328) (Figure 1). There are no significant differences between the groups 
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of pregnancies complicated by congenital anomalies and pregnancies without congenital 
anomalies between fresh ET, frozen ET and naturally conceived pregnancies (p=0.211) (data 
not shown).

Figure 1. Flowchart of inclusion and exclusion of the study population.

First-trimester
inclusions
N = 1676

N = 1284

N = 276 N = 133 N = 450

N = 859

No ultrasound available N = 392

Termination of pregnancy N = 17
Intrauterine fetal death N = 11
Congenital anomaly N = 23
Oocyte donation N = 17
OI and IUI  N = 29
Irregular menstrual cycle N = 328

N = 425

IVF/ICSI
Fresh ET

IVF/ICSI
Frozen-thawed ET

Natural
conception

OI, ovulation induction. IUI, intrauterine insemination. IVF, in vitro fertilisation. ICSI, intracytoplasmic sperm injection. ET, embryo 
transfer.   

From the 859 included pregnancies, 133 were conceived after frozen-thawed ET, 276 after 
fresh ET, and 450 after natural conception. Of the 133 pregnancies after frozen-thawed 
ET, 13 were after a freeze-all strategy. A total of 42 women participated twice, of which 
5 patients participated with both a naturally conceived and an IVF/ICSI pregnancy, and 9 
with both a pregnancy after fresh ET and after frozen-thawed ET. Included pregnancies are 
significantly different regarding maternal age (32.4 vs. 31.5 years, p=0.002), parity (52.3% 
vs. 45.1% nulliparous, p=0.014), geographic origin (83.1% vs. 75.2% Western, p=0.001) and 
periconceptional use of folic acid supplements (83.2% vs. 75.3% adequate use, p=0.001) as 
compared to excluded pregnancies (data not shown). 
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Baseline characteristics:
At baseline, women pregnant after frozen-thawed ET were significantly less often nulliparous 
than women pregnant after fresh ET (60.9% and 72.5%, p=0.018) and used alcohol 
significantly more (28.6% and 19.2%, p=0.033) (Table 1). Pregnancies after frozen-thawed 
ET were less often the result of a double embryo transfer (DET) than pregnancies after fresh 
ET (3.8% vs. 13.4%, p=0.003), however the incidence of a vanishing twin syndrome was 
comparable (0.8% vs. 1.1%, p=0.747). Other baseline characteristics were not significantly 
different between the two groups. 

Table 1. Baseline characteristics of study population of pregnant women.
IVF/ICSI

Frozen-thawed ET 
N = 133

IVF/ICSI
Fresh ET
N = 276

P-value MissingMedian / N IQR / % Median / N IQR /N
Maternal characteristics
Age, years 32.8 29.5-36.0 33.0 30.2-36.1 0.456 0
Body mass index, kg/m2 24.3 21.7-27.7 24.4 21.7-28.0 0.778 17
Nulliparous 81 60.9 200 72.5 0.018 0
Geographic origin: Western 103 77.4 233 84.4 0.084 0
Education 0.650 14
    Low 7 5.4 20 7.5
    Middle 53 41.1 100 37.6
    High 69 53.5 146 54.9
Periconceptional lifestyle
Alcohol, yesa 38 28.6 52 19.2 0.033 5
Smoking, yesa 15 11.3 34 12.5 0.714 5
Folic acid, yesb 128 96.2 261 96.7 0.826 6
Treatment characteristics
Double embryo transfer 5 3.8 37 13.4 0.003 0
Vanishing twin syndrome 1 0.8 3 1.1 0.747 0
IQR, interquartile range. IVF, in vitro fertilisation. ICSI, intracytoplasmic sperm injection. ET, embryo transfer. 
a.	 Any use during the 14 weeks prior to 10 weeks after conception.  
b.	 Daily use during the 14 weeks prior to 10 weeks after conception.

When compared with naturally conceived pregnancies, it was demonstrated that women 
pregnant after fresh ET were significantly older than women who conceived naturally (33.0 
and 31.8 years, p=0.001) (Supplemental table 1). Furthermore, there were significant 
differences between women in the frozen-thawed, fresh ET and naturally conceived group 
regarding maternal parity (nulliparous: 60.9%, 72.5% and 37.3%, respectively, p<0.00)) 
and alcohol consumption (28.6%, 19.2% and 37.9%, respectively, p<0.001). Women who 
conceived naturally also used folic acid significantly less adequate than women pregnant 
after fresh ET or after frozen thawed ET (71.1%, 96.7% and 96.2%, respectively, p<0.001).

First-trimester: 
The linear mixed model regression analysis (model 1) of pregnancies following frozen-
thawed ET compared to pregnancies after fresh ET, showed no significant differences for 
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CRL (β -0.003 (95%CI -0.045, 0.037)) and EV measurements (β 0.006 (95%CI -0.019, 0.030)) 
(Table 2). After adjusting for the confounders (model 2, see Statistical analysis section of 
the Methods and Materials), similar results were observed regarding CRL (β -0.010 (95%CI 
-0.055, 0.035)) and EV measurements (β -0.001 (95%CI -0.028, 0.027)). The crude comparison 
with naturally conceived pregnancies revealed a positive association for pregnancies after 
fresh ET and CRL (β 0.060 (95%CI 0.015, 0.105)) and EV (β 0.039 (95%CI 0.016, 0.062)), 
and pregnancies after frozen-thawed ET and EV (β 0.044 (95%CI 0.015, 0.074)). In model 2, 
significant associations remained for fresh ET and frozen-thawed ET and EV (fresh: β 0.047 
(95%CI 0.014, 0.081); frozen-thawed ET: β 0.046 (95%CI 0.018, 0.075)) (Table 2). 

Table 2. Beta’s from the models for the different modes of conception with respect to estimates of embryonic growth trajectories 
of serial crown-rump length (CRL) and embryonic volume (EV) measurements. 

Model 1 Model 2
CRL EV CRL EV

Beta (95%CI) 
√mm

P-value Beta (95%CI) 
∛∛cm3

P-value Beta (95%CI) 
√mm

P-value Beta (95%CI) 
∛∛cm3

P-value

Fresh ET reference reference reference reference

Frozen-thawed ET -0.003 
(-0.045, 0.037)

0.853 0.006 
(-0.019, 0.030)

0.644 -0.010 
(-0.055, 0.035)

0.662 -0.001 
(-0.028, 0.027)

0.969

Naturally conceived reference reference reference reference
Fresh ET 0.060 

(0.015, 0.105)
0.008 0.039 

(0.016, 0.062)
0.001 0.051 

(-0.004, 0.106)
0.071 0.047 

(0.014, 0.081)
0.006

Frozen-thawed ET 0.057 
(-0.001, 0.115)

0.055 0.044 
(0.015, 0.074)

0.003 0.044 
(-0.022, 0.111)

0.191 0.046 
(0.018, 0.075)

0.001

ET, embryo transfer. CRL, crown rump length. EV, embryonic volume. GA, gestation age.  
Model 1: Adjusted for GA.  
Model 2: Model 1 + maternal covariates (age, body mass index, parity, education, geographic origin, smoking, alcohol, folic acid, 
fetal sex).

Second trimester:
The z-scores of mid-pregnancy EFW were comparable in pregnancies after frozen-thawed ET 
and after fresh ET (median z-scores 74.5 and 66.9, respectively (p=0.068)). When compared 
to naturally conceived pregnancies, it was demonstrated that fetuses after frozen-thawed 
ET have a higher mid-pregnancy EFW than naturally conceived fetuses (median z-score: 74.5 
and 68.1, p=0.020) (Table 3). 

Birth outcomes:
The median birthweight percentile of pregnancies after frozen-thawed ET was significantly 
higher than of pregnancies after fresh ET (48 and 38 (p=0.046)), whereas the gestational 
age at birth was lower (275 and 276 days (p=0.044)) (Table 3). There were no significant 
differences regarding the frequencies of PIH, PE and GDM between the two groups. However, 
when iatrogenic causes of PTB (induction or suspicion of macrosomia) were excluded, the 
prevalence of PTB was significantly lower in the fresh ET group than in the frozen-thawed ET 
group (4.7% vs. 10.9%, p=0.026).
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Table 3. Second trimester estimated fetal weight and birth outcomes for the different modes of conception
IVF/ICSI pregnancies 

frozen-thawed ET 
N = 133

IVF/ICSI pregnancies 
fresh ET
N = 276

Naturally conceived 
pregnancies

N = 450
P-value MissingSecond trimester Median IQR Median IQR P-value Median IQR

Estimated fetal weight, z-score 74.5 55.8-89.1 66.9 45.9-87.9 0.068 68.1 41.6-87.4 0.072a 42
Third trimester Median IQR Median IQR P-value Median IQR P-value Missing
Birthweight percentile 48 24-79 38 18-69 0.046 48 24-76 0.021b 65
Gestational age, days 275 266-281 276 270-283 0.044 272 256-280 <0.001b 53
Birthweight, grams 3373 3045-3680 3333 3000-3649 0.607 3355 2965-3713 0.869 40
Third trimester N % N % P-value N % P-value Missing
Small for gestational age 13 11.8 43 17.1 0.204 59 13.7 0.329 65
Large for gestational age 12 10.9 19 7.5 0.292 53 12.3 0.151 65
Preterm birth, total 14 11.8 15 5.9 0.050 41 9.4 0.125 53
Preterm birth, excluding 
iatrogenic 

13 10.9 12 4.7 0.026 40 9.2 0.054b 53

Pregnancy induced 
hypertension

10 7.8 12 4.4 0.116 40 9.1 0.072 23

Preeclampsia 5 3.9 7 2.6 0.470 21 4.7 0.354 23
Gestational diabetes mellitus 12 9.4 21 7.8 0.581 33 7.5 0.771 23
IQR, interquartile range. IVF, in vitro fertilisation. ICSI, intracytoplasmic sperm injection. ET, embryo transfer.
Significantly different between a) frozen-thawed ET and naturally conceived pregnancies, and b) fresh ET and naturally conceived 
pregnancies. 
Data are presented as Median (IQR) or as numbers (%).

When compared to naturally conceived neonates, it was found that neonates after fresh 
ET have a lower relative birthweight (birthweight percentile: 38 and 48, p=0.021) and 
were born a few days earlier (gestational age: 272 and 276 days, p<0.001). There were no 
significant differences regarding the frequencies of PIH, PE and GDM between the three 
groups. In addition, no significant differences in absolute birthweight and the frequencies 
of SGA and LGA were observed. However, the prevalence of non-iatrogenic PTB was lower 
in pregnancies after fresh ET compared to naturally conceived pregnancies (4.7% and 9.2% 
p=0.033).

DISCUSSION 
We observed that pregnancies after fresh ET compared with pregnancies after frozen-
thawed ET exhibit similar first-trimester growth trajectories and mid-pregnancy EFW, but 
a lower relative birthweight and overall and non-iatrogenic PTB rates. Furthermore, our 
data showed that transfer of a fresh day 3 embryo resulted less often in PTB compared to 
extended cultured frozen-thawed ET. The latter group of pregnancies show similar pregnancy 
outcomes as compared to natural conceived pregnancies, suggesting that application of a 
freeze-all strategy could be an acceptable option.

Despite using a highly sensitive technique, no differences in embryonic growth trajectories 
between pregnancies after fresh and frozen-thawed ET were observed. We did however 
find differences between embryonic growth of frozen-thawed and fresh ET as compared to 
natural conceived embryos, suggesting an effect of artificial reproductive techniques. Our 
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findings are in agreement with a recent study which showed that the size of the embryo 
in the first-trimester was not significantly different between pregnancies after fresh or 
frozen-thawed ET and IUI (29). We revealed that pregnancies both after frozen-thawed and 
fresh ET exhibit larger embryonic growth in the first-trimester of pregnancy than natural 
pregnancies, which is line with our previous study in a subset of the same cohort showing 
embryos after IVF/ICSI pregnancies to be larger (30).

We found that the relative birthweight was lower in pregnancies after fresh ET than in 
pregnancies after frozen-thawed ET. This is in line with previous reports suggesting lower 
birthweights of babies born after fresh ET as compared to frozen-thawed ET (29, 31, 32). 
Although birthweight percentiles were significantly lower after fresh ET, it is a crude birth 
outcome, influenced by many maternal conditions and exposures. For example, studies in 
babies born during the Dutch hunger winter showed comparable birthweights, however 
later in life these babies were at increased risk for cardiovascular disease and cancer (33, 34). 
Hence, subtle epigenetic effects of the cryopreservation procedure might only be seen after 
years of childhood development. So comparable pregnancy outcomes do not necessarily 
mean comparable postpartum cognitive and behavioral development. Therefore, our 
results are supportive of longitudinal follow-up of children conceived via diverse assisted 
reproduction techniques to provide insight into these associations. 

We find a lower risk of PTB in pregnancies after fresh ET as compared to pregnancies 
conceived after frozen-thawed ET. This is in contrast with recent studies; Maheshwari et al. 
report a significant decrease in the prevalence of PTB after frozen-thawed ET as compared 
to fresh ET (10, 11). Our study was conducted with fresh embryos transfers on day 3 in a time 
period that this was routine clinical practice in most IVF clinics and also in our clinic. Surplus 
embryos were cultured for one extra day before freezing and one extra day after thawing 
to investigate viability before transfer. In our study it is difficult to distinguish the effect of 
cryopreservation on PTB versus the effect of extended embryo culture, as all cryopreserved 
embryos are cultured for a longer time than freshly transferred embryos. 

Studies investigating the effect of extended culture on risk of PTB report conflicting results. 
Two large studies show no enhanced risk of PTB after cleavage-stage ET compared to 
blastocyst-stage ET (35, 36), whereas one larger and two smaller studies report a greater risk 
of PTB after blastocyst-stage ET compared to cleavage-stage ET (37-39). Our study in which 
frozen-thawed day 5 or blastocysts stage embryos were transferred shows no increased risk 
of PTB. No previous studies investigated the effect of cryopreservation and extended culture 
on first-trimester embryonic growth and the incidence of PTB, therefore a power analysis 
was not possible on beforehand. The posthoc sample size calculation using an α-level of 
0.05 and power of 80%, revealed that at least 190 participants are needed to accurately 
show significance, which are present in our current study. Our study was not powered to 
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investigate the effect of cryopreservation in subgroups of IVF and ICSI. Previous studies have 
shown no differences in first-trimester embryonic growth and development (40) and live 
birth rate (41, 42) between conventional IVF and ICSI pregnancies. However, the potential 
additional effect of the process of cryopreservation has not yet been investigated and 
therefore, future larger studies should take this technique into account.  

Various explanations for the reported differences have been postulated. One of these is the 
effect of ovarian stimulation on the endometrium quality and receptivity for subsequent 
embryo implantation. Supraphysiologic hormone levels of follicle stimulating hormone and 
human chorionic gonadotropin during ovarian stimulation may affect synchronisation of 
embryo and endometrium by altering the level and timing of endometrial receptivity, with 
subsequent altered implantation, embryonic and placental growth and development (15-
17). 

Moreover, in the study period, cleavage stage embryos were cryopreserved using a 
slow-freeze method with (DMSO) as cryoprotectant agent. The addition of DMSO to the 
culture medium of mouse embryos can cause changes in RNA, protein expression of 
DNA methyltransferases and histone modifying enzymes, resulting in differences in the 
overall epigenome and structurally abnormal embryos (43). Moreover, the whole process 
of freezing and thawing can also affect general cell structure and DNA stability. In bovine 
embryos, expression and methylation of imprinted and developmentally important genes 
is significantly altered after the freeze-thawing process (44, 45). Embryonic growth and 
pregnancy outcomes are dependent on trophoblast and placental functioning, where 
placental dysfunction is strongly associated with vascular related pregnancy complications, 
such as PTB and preeclampsia. Pregnancies resulting after frozen-thawed ET are associated 
with more anatomic and vascular placental pathology (46, 47). Furthermore, epigenetic 
differences in placentae are described, with different microRNA expression profiles in term 
placentae after frozen-thawed ET and fresh ET (48). The influence of the cryopreservation 
process on trophoblast and placental functioning needs further elucidation. 

Strengths and limitations
A strength of this study is the collection of multiple prospective longitudinal (3D) ultrasound 
examinations during the first and second trimester of pregnancy and the resulting 
pregnancy outcome data. We also included naturally conceived pregnancies as reference 
group, allowing us to compare outcomes between fresh and frozen-thawed ET in a wider 
perspective. Furthermore, we used innovative methods and standardised protocols to 
precisely measure the outcome variables. We corrected for multiple confounders to 
minimise residual confounding, yet due to the observational character of the study this 
can never be completely excluded. The analyses were adjusted to minimise the effects of 
baseline differences between the three groups. Additionally, the embryo with the best 
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morphological appearance will generally be used for fresh ET, which means that embryos 
used for frozen-thawed ET are automatically of lesser morphological quality. This might 
have affected our results. Our findings cannot be automatically extrapolated to other IVF 
clinics, as our study population is from a tertiary hospital which has consequences for the 
external validation of the results. 

The majority of pregnancies resulting from frozen-thawed ET occurred after transfer in a 
natural cycle (n=108). Previous studies, however, showed no differences regarding live birth 
rate, preterm birth and birthweight after frozen-thawed ET in natural vs. hormonal cycles (49-
51). Furthermore, our study consisted of only frozen-thawed ET after slow-freezing, while 
newer techniques like vitrification were not included in our study. There is some evidence 
that the clinical pregnancy rate after vitrification is higher over slow-freezing (52). However, 
clinical outcomes, such as preterm birth and birthweight, are comparable between vitrified 
and slow-frozen embryos (53). Patients were allowed to participate more than once in our 
study, however as this is a small proportion of our study population, it is unlikely to have 
affected our results. Therefore, we did not make additional adjustments for this.

Conclusion
Due to the increasing success of IVF/ICSI treatment and supernumerary good quality 
embryos, a rising number of children are being born after a frozen-thawed ET. Also, the 
freeze-all strategy is increasingly applied to optimise success rates, to circumvent OHSS 
risk and to prevent a possible detrimental effect of the ovarian stimulation on endometrial 
receptivity and implantation rates (9). 

It is reassuring that pregnancy outcome and PTB rates in pregnancies after frozen-thawed 
ET are comparable to pregnancies after natural conception. The lower risk of PTB after 
fresh ET as compared to frozen-thawed and natural conceptions, suggest that fresh ET 
may provide some advantages to extended culture of frozen-thawed ET. Furthermore, 
the impact of extended culture of these cryopreserved embryos after thawing warrants 
further investigation. Overall, our findings for pregnancies after frozen/thawed ET are 
reassuring with regard to safety. However, little is known about offspring health later in life 
when conceived through IVF/ICSI. So, ideally, before adopting a general policy of elective 
freezing of all embryos after IVF/ICSI, more research is needed to assess the impact of the 
cryopreservation procedure on embryo development and offspring health later in life. 
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Supplemental material

Supplemental table 1. Baseline characteristics of study population of pregnant women.
IVF/ICSI

Frozen-thawed ET
N = 133

IVF/ICSI
Fresh ET
N = 276

Naturally conceived 
pregnancies

N = 450
Median / N IQR /% Median / N IQR /% Median / N IQR /% P-value Missing

Maternal characteristics
Age, years 32.8 29.5-36.0 33.0 30.2-36.1 31.8 28.9-35.0 <0.01e 0
Body mass index, kg/m2 24.3 21.7-27.7 24.4 21.7-28.0 24.4 22.1-28.7 0.16 36
Nulliparous 81 60.9 200 72.5 168 37.3 <0.01c,d,e 0
Geographic origin: Western 103 77.4 233 84.4 378 84.0 0.16 0
Education 0.16 20
    Low 7 5.4 20 7.7 34 7.7
    Middle 53 41.4 100 37.6 137 30.9
    High 69 53.5 146 54.9 273 61.5
Periconceptional lifestyle
Alcohol, yesa 38 28.6 52 19.2 169 37.9 <0.01c,d,e 9
Smoking, yesa 15 11.3 34 12.5 77 17.3 0.10 9
Folic acid, yesb 128 96.2 261 96.7 318 71.1 <0.01d,e 9
IQR, interquartile range.  
a.	 Any use during the 14 weeks prior to 10 weeks after conception.  
b.	 Daily use during the 14 weeks prior to 10 weeks after conception. 
c.	 Significantly different between pregnancies after frozen-thawed ET and after fresh ET. 
d.	 Significantly different between pregnancies after frozen-thawed ET and naturally conceived pregnancies. 
e.	 Significantly different between pregnancies after fresh ET and naturally conceived pregnancies.
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ABSTRACT
Study question: Does frozen-thawed or fresh embryo transfer (ET) influence utero-placental 
(vascular) development, when studied using three-dimensional (3D) ultrasound and virtual 
reality imaging techniques?

Summary answer: In the first-trimester, placental developmental parameters, i.e. placental 
volume (PV) and utero-placental vascular volume (uPVV), were comparable between 
pregnancies resulting from frozen-thawed ET, fresh ET and natural conception; in the second 
and third trimester, uterine artery Doppler indices were lower in pregnancies after frozen-
thawed ET compared to pregnancies after fresh ET and natural conception.

What is known already: Pregnancies after frozen-thawed ET are at risk of developing 
placenta-related pregnancy complications. There is strong evidence that impaired first-
trimester spiral artery remodelling is involved in the pathophysiology of these complications. 
Studies on longitudinal placental development in pregnancies with different modes of 
conception, i.e. after frozen-thawed ET, fresh ET or natural conception, are lacking.

Study, design, size, duration: Women with singleton pregnancies were included before 10 
weeks of gestation, between January 2017 and July 2018, as a subcohort of the ongoing 
Rotterdam Periconception cohort. Results were partially validated in 722 women from the 
total cohort, which was conducted from November 2010 onwards.

Participants/materials, setting, methods: A total of 214 women, of whom 32 conceived after 
frozen-thawed ET, 56 conceived after fresh ET and 126 conceived naturally, were selected. 
PV and uPVV measurements were obtained at 7, 9 and 11 weeks of gestation by transvaginal 
three-dimensional (3D) (power Doppler) ultrasound. The uterine artery pulsatility index 
(UtA-PI) and resistance index (UtA-RI) were measured transvaginally at 7, 9, 11 and 13 weeks 
and abdominally at 22 and 32 weeks of gestation by pulsed wave Doppler ultrasound. In 
the validation cohort, the PV was measured in 722 women. Associations between mode of 
conception and placental development were studied using linear mixed models. 

Main results and the role of chance: First-trimester parameters of placental development, 
i.e. PV, uPVV, UtA-PI and UtA-RI, were comparable between pregnancies after frozen-
thawed and fresh ET and naturally conceived pregnancies. In our validation cohort, 
comparable results were found for PV. However, second- and third-trimester UtA-PI and 
UtA-RI in pregnancies after frozen-thawed ET were significantly lower than in pregnancies 
after fresh ET (βUtA-PI -0.158 (95%CI -0.268, -0.048), p=0.005; βUtA-RI -0.052 (95%CI -0.089, 
-0.015), p=0.006). Second- and third- trimester uterine artery indices in pregnancies after 
fresh ET were comparable to those in pregnancies after natural conception. 

Limitations and reasons for caution: The main limitation of this study is the lack of power 
to optimally detect differences in placental development and placenta-related pregnancy 
outcomes between pregnancies after different modes of conception. Moreover, our 
population was selected from a tertiary hospital and included a relatively limited number 
of pregnancies. Therefore, external validity of the results should be confirmed in a larger 
sample size. 

Wider implications of the findings: These findings indicate no significant impact of 
conception mode on early placental development and a beneficial impact for frozen-thawed 
ET on second- and third-trimester Doppler indices. This suggests that frozen-thawed ET may 
not be as detrimental for placental perfusion as previous research has demonstrated. As the 
number of clinics applying the ‘freeze-all strategy’ increases, future research should focus 
on establishing the optimal uterine environment, with regards to hormonal preparation, 
prior to ET to reduce placental-related pregnancy complications after frozen-thawed ET.
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INTRODUCTION 
In vitro fertilisation treatment (IVF) is a relatively successful fertility treatment to achieve 
pregnancy. However, these pregnancies are associated with increased risks of placenta-
related pregnancy complications, such as preeclampsia and fetal growth restriction (1). These 
complications also have consequences for long-term maternal and offspring health (2, 3). 
Moreover, recent studies have demonstrated that some complications are more prevalent 
in pregnancies after frozen-thawed embryo transfer (ET) than after fresh ET (4, 5). However, 
a potential life-threatening complication of IVF treatment is the ovarian hyperstimulation 
syndrome (OHSS), which is caused by pharmacologic ovarian stimulation (6). To lower the 
risks of this complication, an increasing number of fertility clinics transfer only frozen-
thawed embryos as the standard procedure (7). Although this strategy does not seem to 
reduce IVF success rates in terms of implantation, there may be serious consequences for 
the prevalence of preeclampsia after IVF-treatment (8).

A well-developed placenta is essential for successful pregnancy. It is crucial that the placenta 
is able to exchange gasses and supply nutrients to facilitate the embryo in reaching its 
full growth potential (9). Placental development starts 6-10 days after conception, when 
embryonic trophoblast cells invade the decidua (10). The maternal decidua is supplied 
with blood from the spiral arteries, which extensively remodel from the first-trimester 
onwards after invasion of the extravillous trophoblast (11). Deficiencies in remodelling have 
been associated with severe pregnancy complications, such as miscarriage, fetal growth 
restriction and preeclampsia (12, 13).

IVF-treatment procedures can have several consequences for embryo implantation and 
placental development. For example, it has been suggested that the supraphysiological 
levels of hormones used for ovarian stimulation during IVF-treatment impact endometrial 
development (14-16). Also, studies show that the hormonal preparation of the endometrium 
prior to frozen-thawed ET may have a detrimental effect on maternal adaptation to 
pregnancy (17).

It is challenging to assess in vivo placental development during pregnancy. To measure 
features of placental development, two-dimensional (2D) and three-dimensional (3D) 
ultrasound techniques, as well as 3D power Doppler (PD) can be applied. Such features 
include first-trimester placental volume (PV), utero-placental vascular volume (uPVV) 
and uterine vascular parameters such as pulsatility and resistance indices of the uterine 
arteries (UtA-PI and UtA-RI). Some of these features have been associated with birthweight, 
placental weight and even placenta-related pregnancy complications (18-22). 

Less is known about the impact of IVF treatment with fresh or frozen-thawed ET on these 
features of first-trimester placental development. The only two studies that distinguished 
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between pregnancies after fresh and frozen-thawed ET have demonstrated a larger first-
trimester PV in pregnancies after frozen-thawed ET than in pregnancies after fresh ET (23, 
24). However, both studies had a cross-sectional design and PV was obtained at the end 
of the first-trimester. Although this may provide insight in the pathophysiology underlying 
the increased risk of placenta-related pregnancy complications in pregnancies after frozen-
thawed ET, longitudinal data of several features of placental development are lacking. It is 
likely that variations in IVF-treatment have already had an impact on placental development 
earlier in gestation, as implantation initiates placental development by inducing alterations 
in the decidua and spiral arteries (25). Therefore, our aim is to study differences in placental 
development, measured by longitudinal 2D and 3D (including virtual reality (VR)) ultrasound 
measurements in the first, second and third trimester, between pregnancies resulting from 
fresh ET, frozen-thawed ET and after natural conception.

METHODS
Study population
The data used for this study was collected as part of the VIRTUAL Placenta study (Dutch 
Trial Register number: 6684), a subcohort of the Rotterdam Periconception Cohort (Predict 
Study), which focuses on ultrasound markers of (early) placentation (26). This study was 
conducted from January 2017 to March 2018 at the outpatient clinic of the Department 
of Obstetrics and Gynaecology of the Erasmus MC, University Medical Center, Rotterdam, 
the Netherlands. Women 18 years and older, before 10 weeks of gestation with a viable 
singleton pregnancy were eligible for participation. To validate our results in a larger cohort, 
we studied the associations between mode of conception and PV in the total Rotterdam 
Periconception Cohort. Other features of placental development were not measured in this 
study. The Predict study is an ongoing prospective cohort study, which has been conducted 
from November 2010 onwards after a pilot phase. Eligibility criteria were similar to those of 
the VIRTUAL Placenta study. Pregnancies after intrauterine insemination (IUI) or ovulation 
induction (OI) were included as natural conceptions, since fertilisation occurs in vivo and 
gonadotrophin levels are within physiological ranges. Pregnancies after oocyte donations, 
pregnancies resulting in a miscarriage and drop-outs were excluded. 

Ethical approval 
The studies were approved by the Medical Ethical and Institutional Review Board of the 
Erasmus University Medical Center, Rotterdam, The Netherlands (MEC-2004-227 and METC 
2015-494). Prior to participation, written informed consent was obtained from women and 
their partners, as well as on behalf of their unborn child.

In-vitro fertilisation, cryopreservation and culture procedures 
Procedures for ovarian stimulation, oocyte retrieval, IVF, intracytoplasmic sperm injection 
(ICSI) and assessment of embryo morphology were performed as described extensively in 
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two other publications (27, 28). Until November 2014 embryos were cultured in Vitrolife G5 
series (Vitrolife, Goteborg, Sweden); thenceforth embryos were cultured in SAGE 1-StepTM 

(CooperSurgical, Trumbull, CT, United States of America). Evaluation and selection of 
embryos for transfer was performed on day 3 after oocyte retrieval, based on morphology. 
Supernumerary embryos of adequate quality were cultured until day 4, when selection 
for cryopreservation was performed based on the degree of compaction and presence 
of fragmentation (29). Firstly, selected embryos were incubated for 10 minutes in culture 
medium containing 1.0 di-methyl sulfoxide (DMSO) and loaded into straws (CBS High Security 
embryo straw, CryoBioSystem, Saint-Ouen-Sur-Iton, France). Secondly, cryopreservation was 
performed by slow-freezing the straws in a controlled rate freezer (Kryo 360, Planer, Sunbury-
on-Thames, United Kingdom) to -40 °C at -0.3°C/min. Subsequently, the straws were cooled 
rapidly at -25 °C/min to -140 °C. Finally, after immersion in liquid nitrogen, the straws were 
stored in nitrogen vapour. Duration of storage varied between 1 month to 5 years. 

If patients had a regular menstrual cycle, frozen-thawed ET was performed in a natural cycle. 
If patients had an irregular or absent menstrual cycle, frozen-thawed ET was performed in a 
hormonally-prepared endometrium. This was achieved by increasing dosages of intravaginal 
estrogens and optionally daily injections of a GnRH-agonist. Embryos were thawed 
four days after spontaneous ovulation, or after approximately 19 days of endometrial 
preparation. Until March 2016, this was accomplished by consecutive washes in decreasing 
concentrations of DMSO in buffered culture medium at room temperature. Thereafter, 
the Quinn’s AdvantageTM Thaw Kit (CooperSurgical) was used for thawing. One hour after 
thawing, embryos were checked for survival and cultured overnight in an atmosphere 
of 5% CO2 and 7% O2 in 1 ml of SAGE 1-Step culture medium at 37°C. The following day, 
morphology was evaluated and only embryos demonstrating developmental progression 
were transferred.  

Study parameters
At enrolment, women completed a self-administered questionnaire regarding general 
characteristics and periconceptional lifestyle factors. All data were verified by a research 
nurse and anthropometric measurements were performed. Mean arterial pressure (MAP) 
was calculated using the following formula: (systolic blood pressure + 2*diastolic blood 
pressure)/3. In IVF/ICSI pregnancies, medical records were screened to assess conception 
mode (i.e. frozen-thawed ET or fresh ET) and fertilisation method (IVF or ICSI). Geographical 
origin was classified conform the definition of Statistics Netherlands, i.e. Western or 
non-Western. Educational level was categorised into low, intermediate and high. Use of 
cigarettes or alcohol was defined as any use during the periconception period, defined 
as 14 weeks prior to conception to 10 weeks after (30). Preconception daily use of folic 
acid supplements was defined as adequate, whereas no or post-conception initiation was 
defined as inadequate. 
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In pregnancies after IVF/ICSI, gestational age (GA) at ultrasound was determined based 
on the moment of transfer. For frozen-thawed ET, GA was calculated by adding 19 days 
to the date of transfer, since frozen-thawed embryos were transferred at day 5 of embryo 
development. For fresh ET, GA was calculated by adding 14 days to the date of oocyte 
retrieval. In pregnancies after natural conception, GA at ultrasound was based on the last 
menstrual period (LMP). If participants had a regular menstrual cycle of <25 or >32 days, GA 
was adjusted for the duration of the menstrual cycle. If LMP was unknown or if the GA based 
on LMP and GA based on crown-rump length (CRL) differed >7 days, GA was based on the 
CRL at ultrasound performed at 9 weeks of gestation.

Ultrasound data
All ultrasound scans were performed according to the international guidelines for safe use 
of (Doppler) ultrasound imaging in pregnancy (31). Ultrasound images were obtained by 
three trained researches who have their expertise in first-trimester imaging. All three also 
first conducted a learning curve and their reliability was tested, which was good for all three. 
Placental volume (PV, cm3) was measured by using 3D ultrasound volumes of the whole 
gestational sac including the placenta, obtained at week 7, 9 and 11 of gestation, using a 
6-12 MHz transvaginal probe compatible with the GE Voluson E8 and E10 Expert system in 
the total cohort. A minimum of two volumes were recorded in a perpendicular angle (90°) 
to increase the chances of obtaining a complete and high-quality volume. PV was measured 
offline by using Virtual Organ Computer-Aided AnaLyses (VOCAL) software. This technique 
has been previously described and is validated to measure PV in the first-trimester of 
pregnancy, with intra-class correlation coefficients (ICC) >0.97 (32). 

uPVV was measured in 3D-PD ultrasound volumes in the subcohort, obtained by conform 
PV, with standardised settings (pulse repetition frequency 0.6 kHz, wall motion filter ‘low1’, 
quality ‘high’, gain -8.0) and expressed in cm3. The uPVV was measured offline on a VR 
desktop system, which projects the ultrasound datasets as holograms that can be enlarged 
and rotated for more precision (33). By erasing the volume of the embryonic and myometrial 
vessels, only the vessels up to the myometrial-placental border remained, thus the uPVV. 
This technique has an ICC >0.94 (33). 

The pulsatility index (PI) and resistance index (RI) of the uterine artery (UtA) was measured 
bilaterally in threefold at week 7, 9, 11 and 13 of gestation by using transvaginal pulsed 
wave Doppler ultrasound in the subcohort. The mean of these indices at each measurement 
moment was used for analysis. At week 22 and 32 of gestation, these indices were measured 
transabdominally by a single researcher with expertise in second- and third-trimester 
ultrasound imaging. 
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Statistical analyses
The study populations were stratified into three groups according to mode of conception: 
pregnancies after IVF/ICSI with 1) fresh ET or 2) frozen-thawed ET and 3) naturally conceived 
pregnancies. Baseline characteristics between these three groups were compared with 
either the Kruskall-Wallis test (continuous variables) or X2 (categorical variables). The 
associations between conception mode and PV, uPVV, UtA-PI and UtA-RI were assessed 
by linear mixed models. Prior to analyses, PV and uPVV were cube-root transformed to 
obtain linearity. For the UtA indices, the linear mixed models were performed separately 
for first-, second- and third-trimester measurements. All linear mixed model analyses were 
performed using both pregnancies after fresh ET as well as naturally conceived pregnancies 
as reference. This approach enables comparison between all modes of conception. Two 
linear mixed models were constructed; the first was adjusted for GA only (model 1) and 
the second was additionally adjusted for confounders based on literature (model 2). Similar 
models were applied in our validation cohort. P-values <0.05 were considered statistically 
significant. All analyses were performed in SPSS 24.0 (IBM SPSS Statistics, Armonk, NY).  

RESULTS
Baseline characteristics
The VIRTUAL Placenta study population comprised 32 pregnancies after frozen-thawed ET, 
56 after fresh ET and 126 that were naturally conceived, corresponding to a total of 1114 
measurements (Figure 1). Of the IVF/ICSI pregnancies, 49 (55.6%) were after the first cycle 
of ovarian stimulation. Six women in the frozen-thawed ET group did not have a fresh ET 
after fertilisation, four due to OHSS. In the frozen thawed-ET-group, eight received hormonal 
preparation and 22 did not. Of the 126 naturally conceived pregnancies, five were achieved 
by a natural IUI cycle, eight were by OI and two were from a combination of IUI and OI. 

Figure 1. Flowchart of the Rotterdam Periconception subcohort: The VIRTUAL Placenta study. 

Virtual Placenta
study

N = 241

N = 32

N = 214

Drop-out N = 1
Miscarriage N = 22
Oocyte donation N = 4

IVF/ICSI Frozen-thawed ET

Measurements N = 163
N = 56

IVF/ICSI Fresh ET

Measurements N = 300
N = 126

Natural conception

Measurements N = 651

PV, placental volume. ET, embryo transfer.
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The women who were pregnant after natural conception were less often nulliparous than 
women pregnant after IVF/ICSI with either frozen-thawed ET or fresh ET (39.7%, 71.9%, and 
81.8%, respectively, p<0.001) and had used folic acid supplements adequately less often 
(73.6%, 100% and 93.8%, respectively, p<0.001). Women pregnant after fresh ET were more 
often from a Western background compared to women pregnant after frozen-thawed ET 
and after natural conception (90.9%, 71.9% and 77.8%, respectively, p=0.048) (Table 1). 
Maternal age, BMI, MAP, level of education, use of alcohol and cigarettes and fertilisation 
method were comparable between the three groups. 

 Table 1. Baseline characteristics of the VIRTUAL Placenta subcohort, stratified for the mode of conception.
IVF/ICSI

Frozen-thawed ET 
N=32

IVF/ICSI
Fresh ET 

N=56

Natural 
conception 

N=126
P-value

 
MissingMedian / N IQR /% Median / N IQR /% Median / N IQR /%

Maternal characteristics  
Age, years 33.3 29.4-36.4 33.1 29.3-36.2 31.4 28.8-34.5 0.098 0
Body mass index, kg/m2 24.2 21.9-28.4 23.9 21.8-27.3 25.3 22.5-29.7 0.118 0
MAP, mmHg 82.5 76.7-88.2 80 76.7-83.3 80 75.3-85.1 0.202 0
Nulliparous 23 71.9 45 81.8 50 39.7 <0.001d,e 1
Geographical origin, Western 23 71.9 50 90.9 98 77.8 0.048c,e 0
Education 0.698 6
    Low 4 12.5 4 7.3 10 8.3  
    Middle 8 28.1 22 40.0 38 31.4  
    High 19 59.4 29 52.7 73 60.3  
Alcohol, yesa 13 40.6 10 17.9 34 27.0 0.067 0
Smoking, yesb 7 21.9 5 8.9 16 12.7 0.219 0
Folic acid, yesb 30 93.8 56 100 92 73.6 <0.001d,e 1
Fertilisation method, ICSI 15 46.9 38 67.9 NA 0.053 0
IQR, interquartile range. MAP, mean arterial pressure.

a.	 Any use during the 14 weeks prior to up to 10 weeks of gestation.
b.	 Daily use during the 14 weeks prior to up to 10 weeks of gestation. 
c.	 Significantly different between pregnancies after frozen-thawed ET and after fresh ET.
d.	 Significantly different between pregnancies after frozen-thawed ET and naturally conceived pregnancies.
e.	 Significantly different between pregnancies after fresh ET and naturally conceived pregnancies.

The validation cohort of the Predict study comprised a total of 722 pregnancies; 96 after 
frozen-thawed ET, 184 after fresh ET and 442 were naturally conceived (Supplemental 
figure 1). In the frozen-thawed ET group, 18 received hormonal preparation and 78 did not. 
Maternal age, BMI, parity, periconceptional use of alcohol and folic acid and fertilisation 
method were significantly different between the three groups (Supplemental table 1). 

Placental Volume (PV) and uterine Placental Vascular Volume (uPVV)
The first-trimester PV growth trajectories in pregnancies after frozen-thawed ET were 
comparable to growth trajectories in pregnancies after fresh ET (model 1: β -0.007 (95%CI 
-0.184, 0.170), p=0.936; model 2: β -0.026 (95%CI:-0.206, 0.155), p=0.778) and after natural 
conception (model 1: β 0.002 (95%CI -0.160, 0.163), p=0.983; model 2: β 0.006 (95%CI 
-0.162, 0.174), p=0.940) (Table 2). A β greater than 0 indicates increased growth, whereas a β 
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below 0 indicates reduced growth compared to the reference category. First-trimester PV in 
pregnancies after fresh ET was also comparable to PV in pregnancies after natural conception 
(Table 2). Similar results were observed in the validation cohort for both models (Table 3). 

Table 2. First-trimester trajectories of placental development and uterine artery indices in VIRTUAL Placenta subcohort for 
pregnancies after frozen-thawed ET (n=32), fresh ET (n=56), and after natural conception (n=126). 

  Model 1 Model 2
Beta (95%CI) P-value Beta (95%CI) P-value

PV
 ( 

 ) Frozen-thawed ET -0.007 (-0.184, 0.170) 0.936 -0.026 (-0.206, 0.155) 0.778
Fresh ET Reference Reference
Frozen-thawed ET 0.002 (-0.160, 0.163) 0.983 0.006 (-0.162, 0.174) 0.940
Fresh ET 0.003 (-0.127, 0.134) 0.962 0.013 (-0.132, 0.158) 0.857
Natural conception Reference Reference

uP
VV

 ( 
 ) Frozen-thawed ET 0.121(-0.098, 0.340) 0.276 0.075 (-0.147, 0.297) 0.506

Fresh ET Reference Reference
Frozen-thawed ET 0.071 (-0.121, 0.263) 0.465 0.112 (-0.085, 0.311) 0.262
Fresh ET -0.052  (-0.207, 0.103) 0.505 -0.009 (-0.180, 0.162) 0.916
Natural conception Reference Reference

U
tA

-P
I

Frozen-thawed ET 0.028 (-0.159 0.215) 0.767 0.023 (-0.178, 0.223) 0.833
Fresh ET Reference Reference
Frozen-thawed ET -0.112 (-0.305, 0.080) 0.251 -0.130 (-0.330, 0.070) 0.200
Fresh ET -0.148 (-0.304, 0.009) 0.064 -0.125 (-0.298, 0.048) 0.155
Natural conception Reference Reference

U
tA

-R
I

Frozen-thawed ET -0.012 (-0.039, 0.015) 0.383 -0.012 (-0.041, 0.017) 0.408
Fresh ET Reference Reference
Frozen-thawed ET -0.022 (-0.050, 0.005) 0.112 -0.021 (-0.050, 0.007) 0.114
Fresh ET -0.011 (-0.034, 0.011) 0.322 -0.003 (-0.028, 0.021) 0.783
Natural conception Reference Reference

PV, placental volume. uPVV, utero-placental vascular volume. UtA-PI, uterine artery pulsatility index. UtA-RI, uterine artery 
resistance index. CI confidence interval.
Model 1: Adjusted for GA. 
Model 2: Adjusted for GA, parity, periconceptional folic acid supplement use and smoking. 

First-trimester uPVV in pregnancies after frozen-thawed ET were comparable to uPVV in 
pregnancies after fresh ET and naturally conceived pregnancies in both models (Table 2). 
First-trimester uPVV in pregnancies after fresh ET was also similar to uPVV in pregnancies 
after natural conception in both models (Table 2).

Table 3. First-trimester trajectories of placental volume in the total cohort for pregnancies after frozen-thawed ET (n=93), fresh 
ET (n=172), and after natural conception (n=435). 
  Model 1 Model 2

Beta (95%CI) ∛∛cm3 P-value Beta (95%CI) ∛∛cm3 P-value

Frozen-thawed ET 0.016 (-0.076, 0.108) 0.735 0.016 (-0.080, 0.111) 0.742
Fresh ET Reference Reference
Frozen-thawed ET 0.030 (-0.057, 0.117) 0.493 0.021 (-0.071, 0.112) 0.657
Fresh ET 0.007 (-0.061, 0.075) 0.849 -0.018 (-0.092, 0.056) 0.632
Natural conception Reference Reference
95%CI, 95% confidence interval. 
Model 1: Adjusted for GA.
Model 2: Adjusted for GA, parity, periconceptional use of folic acid supplements and smoking. 
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Table 4. Second- and third-trimester trajectories of uterine indices in the VIRTUAL Placenta subcohort for pregnancies after 
frozen-thawed ET (n=32), fresh ET (n=56), and after natural conception (n=126).

Model 1 Model 2
Beta (95%CI) P-value Beta (95%CI) P-value

U
tA

-P
I

Frozen-thawed ET -0.122 (-0.238, -0.029) 0.013 -0.158 (-0.268, -0.048) 0.005
Fresh ET Reference Reference
Frozen-thawed ET -0.115 (-0.218, -0.012) 0.029 -0.104 (-0.211, 0.002) 0.055
Fresh ET 0.019 (-0.063, 0.101) 0.647 0.048 (-0.042, 0.138) 0.291
Natural conception Reference Reference

U
tA

-R
I

Frozen-thawed ET -0.043 (-0.078, -0.008) 0.018 -0.052 (-0.089, -0.015) 0.006
Fresh ET Reference Reference
Frozen-thawed ET -0.033 (-0.066, -0.001) 0.043 -0.028 (-0.062, 0.005) 0.093
Fresh ET 0.010 (-0.016, 0.035) 0.454 0.020 (-0.008, 0.048) 0.159
Natural conception Reference Reference

UtA-PI, uterine artery pulsatility index. UtA-RI, uterine artery resistance index. CI confidence interval.
Model 1: Adjusted for GA. 
Model 2: Adjusted for GA, parity, periconceptional folic acid supplement use and smoking. 

Uterine Artery Indices
First-trimester UtA-PI and UtA-RI trajectories were not significantly different between 
pregnancies after frozen-thawed ET, fresh ET and after natural conception in both models 
(Table 2). 

In the second and third trimester, the decline of UtA-PI in pregnancies after frozen-thawed 
ET was stronger compared to the UtA-PI in pregnancies after fresh ET (Model 1: β -0.122 
(95%CI -0.238, -0.029), p=0.013; Model 2: β -0.158 (95%CI -0.268, -0.048), p=0.005) 
indicating a lower distal vascular resistance (Table 4). This was also observed when compared 
to pregnancies after natural conception in the crude model (β -0.115 (95%CI -0.218, -0.012), 
p=0.029). 

Second- and third- trimester UtA-RI decline in pregnancies after frozen-thawed ET was 
stronger than after fresh ET (Model 1: β -0.043 (95%CI -0.078, -0.008), p=0.018; Model 2: β 
-0.052 (95%CI -0.089, -0.015), p=0.006) (Table 4). Similar associations were observed when 
compared to naturally conceived pregnancies (model 1: β -0.033 (95%CI -0.066, -0.001), 
p=0.043). The second- and third-trimester UtA-PI and UtA-RI in pregnancies after fresh ET 
were similar to the indices in pregnancies after natural conception pregnancies, suggesting 
no difference in placental perfusion. 

DISCUSSION 
Summary of results
The current study is the first to investigate longitudinal differences in non-invasive 
parameters of placental development between pregnancies of different conception modes, 
i.e. after frozen-thawed ET, after fresh ET and after natural conception. In the first-trimester, 
placental developmental parameters (PV, uPVV, UtA-PI and UtA-RI) were comparable 
between pregnancies after frozen-thawed ET, after fresh ET and after natural conception. 
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In the second and third trimester, however, pregnancies after frozen-thawed ET showed a 
lower UtA-PI and UtA-RI compared to pregnancies after fresh ET, which suggests a lower 
distal vascular resistance. Interestingly, these indices were comparable between pregnancies 
after fresh ET and after natural conception. Validation analyses of the association between 
first-trimester PV and conception mode in a larger cohort demonstrated similar results.

Comparison with literature and Interpretation
Two previous studies have investigated differences in first-trimester PV between 
pregnancies after fresh ET and after frozen-thawed ET (23, 24). The study populations of 
these studies consisted of 532 (Rizzo et al.) and 252 (Choux. et al.) pregnancies. Contrary 
to our findings, both studies show that PV is smaller in pregnancies after frozen-thawed ET 
than in pregnancies after fresh ET. The method of cryopreservation may be of importance 
when investigating placental development. Research shows higher pregnancy rates for 
vitrification when compared to slow-freezing, but perinatal outcomes are comparable 
between the two methods (34, 35). As Choux et al. applied cryopreservation methods 
similar to ours, and Rizzo et al. did not report the method of cryopreservation, our results 
may not be generalizable to vitrification. There are also considerable differences between 
these studies and ours. The first difference is that the results of these studies were based 
on a single measurement from an abdominally acquired ultrasound, whereas we performed 
multiple vaginal ultrasound examinations in the first-trimester. Secondly, in both studies the 
ultrasound examination was performed at a later GA than in our study, i.e. between 11+0 
and 13+6 weeks of gestation. To explain these differences further, we performed additional 
linear regression analyses of PV at 7, 9 and 11 weeks of gestation independently, showing 
no significant differences between pregnancies after fresh ET, after frozen-thawed ET and 
after natural conception (data not shown). Finally, the study by Rizzo et al., provided no 
information on endometrial preparation prior to frozen-thawed ET, whereas Choux et al. 
investigated PV in pregnancies after frozen-thawed ET in hormonally-induced cycles. Hence, 
these study populations are not comparable to ours, in which approximately 75% of all 
frozen-thawed ETs were performed in a natural cycle. A sensitivity analysis excluding frozen-
thawed ETs in a hormonally-induced cycle also demonstrated no significant association 
between PV and conception mode (data not shown). However, another explanation might 
be that the current study was insufficiently powered to detect associations between PV and 
conception mode.

Nevertheless, there is emerging evidence that the endocrine uterine environment at the 
moment of ET plays a critical role in maternal vascular adaptation to pregnancy and thus might 
affect placental development (36-38). During hormonally-induced cycles, the hypothalamic-
pituitary axis is suppressed by consecutive administration of estrogen and progesterone to 
prepare the endometrium for transfer. As a result, the corpus luteum is absent, whereas it is 
present in natural cycles as a major source of reproductive and vasoactive hormones, such 
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as prorenin. Conrad et al. suggested that the presence of a corpus luteum is essential for an 
optimal maternal hormonal environment during implantation and hemodynamic adaption 
to pregnancy, and its absence may impact the maternal physiology and pregnancy outcome 
(39). This might explain why we did not find any differences in first-trimester placental 
developmental parameters between naturally conceived pregnancies and pregnancies 
after frozen-thawed ET, as the corpus luteum is present in the majority of pregnancies after 
frozen-thawed natural cycle ET.

Since there are multiple corpora lutea after ovarian stimulation followed by fresh ET, one 
may also expect differences in first-trimester placental developmental parameters between 
pregnancies after fresh ET and naturally conceived pregnancies. However, we did not observe 
such differences. Most studies that have investigated first-trimester placental development 
after IVF do not distinguish between pregnancies after fresh ET and after frozen-thawed 
ET, which complicates comparison to previous results. Rifouna et al., investigated uPVV 
in relation to conception mode and showed no differences in uPVV between naturally 
conceived pregnancies and pregnancies after IVF (32). Their study population comprised 84 
naturally conceived pregnancies, 59 pregnancies after fresh ET and 11 after frozen-thawed 
ET, but no distinction was made between pregnancies after fresh ET and after frozen-ET due 
to the small sample size. The lack of distinction between pregnancies after fresh ET and after 
frozen-thawed ET is also observed in studies regarding first-trimester uterine artery indices 
and conception mode. Only Cavoretto et al. demonstrated a lower first-trimester UtA-PI in 
pregnancies after frozen-thawed ET than in pregnancies after fresh ET, whereas Rizzo et al. 
found no differences (23, 40). 

In the second and third trimester, we found a stronger decline in UtA-PI and UtA-RI in 
pregnancies after frozen-thawed ET than in pregnancies after fresh ET. This observation is 
in contrast with the reported increased risk for placenta-related pregnancy complications 
in pregnancies after frozen-thawed ET, which are associated with increased uterine artery 
indices (4, 5, 41). Although beyond the scope of this study, we found no associations with 
the incidence of placenta-related pregnancy complications in our cohort (data not shown). 
Moreover, we found decreased indices in pregnancies after frozen-thawed ET, which was 
also observed by Cavoretto et al. (40). 

Recently, a major randomised controlled trial in 1508 women with polycystic ovarian 
syndrome (PCOS) showed that the risk of preeclampsia is higher after elective frozen-
thawed cleavage ET than after fresh cleavage ET, which was not observed in 2157 ovulatory 
women (42, 43). This might be explained by the overt difference in study populations, as 
pregnant women with PCOS are at increased risk for preeclampsia (44). However, another 
considerable difference is the endometrial preparation preceding the elective frozen-thawed 
ET. For ovulatory women, the frozen-thawed ET was primarily performed in a natural cycle, 
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whereas for women with PCOS, this was in a hormonally-induced cycle. Together with 
our results, this supports the hypothesis that placental development after frozen-thawed 
natural cycle ET might be superior to placental development after frozen-thawed hormonal 
treatment cycle ET.

Strengths and limitations
The main strength of this study is the collection of longitudinal non-invasive measurements 
of early placental development using 3D ultrasound in combination with VR. Placental 
parameters were measured by experienced researchers and the applied innovative 
techniques have an excellent reproducibility (33) Furthermore, our results regarding 
the associations between conception mode and PV, a thoroughly studied non-invasive 
parameter of placental development, were validated in a larger cohort in the same setting 
and study design with over 700 participants. Finally, the evaluation of both naturally 
conceived pregnancies as well as pregnancies after fresh ET as a reference category enabled 
interpretation of our results in a wider perspective. 

The main limitation of this study is the relatively small size of the VIRTUAL Placenta study 
to detect differences in placental development and placenta-related pregnancy outcomes 
between pregnancies of different modes of conception. Also, our frozen-thawed ET group 
consisted of both freeze-all cycles as well as cycles with an initial fresh ET. This may have 
implications, as it is not a homogeneous study population. Moreover, we performed 
cryopreservation on day 4 using a slow-freeze method and frozen-thawed ET was usually 
performed in a natural cycle. As this is not common practice for all clinics, this may have 
affected our results and their generalisability. Although we adjusted for multiple confounders 
to minimise the effect of differences between groups, e.g. previous unsuccessful ET, we 
cannot eliminate residual confounding, due to the observational character of this study. For 
example, the endometrium might have been a confounding factor in our analyses, but the 
small sample size and inconsistent data collection prevented adequate adjustment. Finally, as 
this study was conducted at a tertiary hospital, the naturally conceived pregnancies were at 
risk of developing pregnancy complications due to the presence of maternal comorbidities. 
This may have consequences for the extrapolation of our results to the general population. 

Conclusion
In this study, we investigated differences in placental development between pregnancies 
resulting from fresh ET, frozen-thawed ET and natural conception, but did not find differences 
in first-trimester placental development. Furthermore, second- and third-trimester uterine 
artery indices in pregnancies after frozen-thawed ET were lower than indices in pregnancies 
after fresh ET, and this is associated with higher placental perfusion. This is in contrast 
with findings of other studies demonstrating a higher risk of placenta-related pregnancy 
complications after frozen-thawed ET (4, 5). These complications have serious implications 
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for short- and long-term maternal and offspring health (45). In conclusion, this study can 
be considered hypothesis generating. For example, the maternal hormonal environment 
at the moment of frozen-thawed ET may have an essential role in placental development. 
Larger longitudinal studies are necessary to study this hypothesis and should also include 
measurements of this maternal environment, e.g. endometrial thickness or quality. These 
studies are crucial, since approximately 1% of all newborns are conceived after frozen-
thawed ET and the number of frozen-thawed ETs only continues to rise (46, 47). 
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Supplemental material

Supplemental figure 1. Flowchart of the Rotterdam Periconception Cohort. 
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General discussion

This thesis demonstrates that maternal BMI and differences in assisted reproductive 
technologies are associated with preimplantation and post-implantation embryo and 
placental development. 

Maternal adiposity and embryonic growth and development 
This thesis demonstrates a detrimental impact of a higher maternal BMI on periconceptional 
outcomes, thereby underlining the importance of a healthy weight prior to conception 
(Figure 1). An issue to consider in these associations is the classification of obesity by 
BMI, since it is not a uniform reflection of the amount of body fat for all populations. For 
example, an identical level of body fat, age and gender results in a higher BMI in Caucasians 
than in Chinese, meaning Caucasians are less adipose than other ethnicities for a similar 
BMI (1). Secondly, by only studying BMI, other critical components, e.g. the distribution of 
body fat, are neglected. Some researchers have even suggested that the waist to hip ratio 
(WHR), might be a stronger predictor for fertility than BMI (2, 3). Finally, nutritional quality 
should also be considered. Deficiencies in nutrients such as proteins, fibres, minerals and 
vitamins can further promote oxidative stress and impact periconceptional processes (4). 
This is supported by several studies showing that a strong adherence to Western or ‘junk’ 
diets are negatively associated with semen quality, fertility, fetal size and positively with the 
occurrence of congenital malformations, independent of BMI (5-8).

As numerous studies demonstrate that overweight and obesity are associated with 
lower odds of a healthy pregnancy, the majority of health care providers recommend 
preconceptional weight loss. However, the evidence underlying this recommendation 
remains inconclusive (9-11). Hence, we propose a more sustainable solution by shifting the 
focus from weight loss treatment to lifestyle improvements to gain a healthy weight, such 
as increasing vegetable and fruit intake. Since people are more motivated for behavioural 
changes during life-changing events such as pregnancy, the periconception period is an 
optimal moment to break the vicious cycle of transgenerational transmission of unhealthy 
lifestyle (12, 13). An example of such an intervention is www.smarterpregnancy.co.uk 
(Dutch: www.slimmerzwanger.nl), a web-based and cost-effective mHealth application for 
lifestyle improvement (14, 15). Nevertheless, without the support of solid public health 
strategies, such as nudging or food taxes to promote individual healthy lifestyle behaviour 
on a larger scale, such interventions are hard to implement (16, 17).

Targets for improving IVF/ICSI treatment outcomes: Transparency and 
collaboration
Studying associations between variables in IVF/ICSI treatment and reproductive outcomes 
can be challenging for several reasons. General differences in patient characteristics and 
lifestyle factors between women undergoing IVF/ICSI and those who conceive naturally in 
our cohort, e.g. age and folic acid use, can confound the associations with periconceptional 



214 Chapter 9

and perinatal outcomes. Next, several steps in the process from fertilisation to implantation 
are highly subjected to selection. Firstly, with ICSI, the spermatozoon is manually selected 
by humans instead of by the female reproductive tract (18). Secondly, when an IVF/ICSI 
cycle yields multiple good-quality embryos, only one or two are selected for transfer and the 
remaining are cryopreserved. Finally, transfer of a good-quality embryo does not guarantee 
implantation, which suggests a selective role for the endometrium as well. Another 
challenge is the aetiology underlying the subfertility, which can affect periconceptional and 
perinatal outcomes. For example, in women with severe endometriosis, fertilisation rate, 
embryo quality, and pregnancy rate are lower than in women with tubal infertility, possibly 
due to higher levels of local and chronic oxidative stress (19, 20). Additionally, it has been 
demonstrated that different phenotypes of PCOS have a heterogeneous effect on embryo 
development and pregnancy complications (21-24). 

To overcome these challenges, it might be imperative to assemble a collaboration of IVF-
clinics, so that it is easier to study homogenous (sub)groups and minimise the risk of bias. 
However, the field of infertility treatment is highly competitive. In this 20-billion-dollar 
industry, transparency and consensus are often lacking. For example, culture media are 
regulated as class III medical devices in Europe (25). To obtain a CE certificate, manufacturers 
have to submit an extensive technical file, including justification and risk of each component 
in the medium and (post-)clinical evaluation, to a Notified Body (26). Yet, it remains unclear 
how this system operates and how post-market surveillance is carried out. Additionally, 
for many stakeholders in this industry, the course of pregnancy and offspring health are 
often of secondary or minor importance to achieving a pregnancy. Although pregnancy 
rates might increase by modifications in culture media, ovarian stimulation protocols or 
transfer policies, it cannot be excluded that long-term offspring health is unaffected (27). In 
fact, this thesis indicates that there might be an (sex-specific) impact of such modifications 
(Figure 1). To meticulously investigate associations between different IVF practices and long-
term offspring health, treatment data should be linked to national registries. As 1 out of 30 
children born today is conceived through IVF/ICSI and as physicians have a responsibility 
towards both the prospective parents and the future child to provide the best care, there is 
an urgent need for transparency on culture media and other treatment variables, as well as 
for surveillance of long-term offspring health outcomes.  

Future implications for research and clinical practice 
Preimplantation embryo development
Visualising preimplantation embryo development can provide unique insights into the 
physiological processes involved in early embryo development. In naturally conceived 
pregnancies, this is virtually impossible, but during IVF/ICSI treatment it is vital for treatment 
success, since embryo selection is primarily based on morphology (28). However, the 
considerable variation in timing of embryo evaluation and applied scoring systems between 
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IVF-clinics remain major obstacles. These variations can impair objective classification of 
embryos, thereby potentially avoiding embryos with implantation potential, and hamper 
performing robust meta-analyses. Time-lapse imaging of embryo development allows 
undisturbed culture and a more objective assessment. As it monitors preimplantation 
embryo development more frequently, it has been proposed as a promising strategy for 
improving embryo selection, thereby reducing the time to pregnancy. This is beneficial 
for both patients and clinicians, as it reduces infertility-related stress and increases cost-
effectivity. Yet, prediction of pregnancy solely based on embryo morphokinetics remains 
challenging. Although several prediction algorithms have been developed, the most accurate 
has an area under the curve of 0.69, which can be considered as a fair predictor (29). There 
are several external factors which can affect developmental kinetics, such as culture media 
and maternal BMI (Figure 1). It is relevant to study the impact of such exposures on kinetics, 
as their implementation in prediction models may improve the accuracy. Moreover, these 
models enable clinicians to inform couples of their personalised chances of implantation 
after transfer, thereby managing their expectations and potentially reducing grief after 
unsuccessful treatment.

Figure 1. Overview of the main findings in this thesis. 

Culture m
edium

: =

Culture medium:  

Cryopreservation:   /= 

Cryopreservation:  Culture medium: 

₌

Maternal obesity

Iatrogenic factors

Legend: ↑ positive association; ↓ negative association; = no association

From blastocyst to heartbeat 
It takes more than transferring a morphologically good embryo to achieve a pregnancy. 
Nonetheless, the processes between embryo transfer and ultrasound detection, i.e. 
implantation and early embryonic development, are complex and remain poorly understood. 
Since the post-implantation embryo can be properly examined at the earliest at six weeks of 
gestation, this period is considered a black box in periconceptional research. 
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Uncovering this box may provide unique insights into the role of the placenta in fetal growth, 
embryo-specific growth potentials and the relation between preimplantation and post-
implantation development. In this thesis, such a relation is suggested by the comparable 
effects on preimplantation and post-implantation embryo development of external 
influences, such as culture medium or maternal BMI. Based on the resembling impact of 
elevated maternal BMI and Vitrolife culture medium on embryo development, it can even 
be hypothesised that increased glucose concentrations in the embryo environment reduce 
embryonic growth. 

To properly investigate such hypotheses, information regarding individual preimplantation 
embryo development should be integrated with information regarding its post-implantation 
development. This can be achieved by combining (three-dimensional) VIRTUAL EmbryoScope 
data with post-implantation ultrasound markers from the Rotterdam Periconception Cohort. 
Although it is believed that numerous (epi-)genetic and molecular pathways play a crucial role 
during this critical period, the majority remains to be unraveled. Yet, upcoming techniques 
show promising results. For example, by in vitro culturing of human embryos beyond the 
blastocyst stage it is possible to investigate key events in early human development, such as 
lineage segregation and cell-fate specification (30). Another upcoming technique is single-
cell sequencing of the (epi)genome, transcriptome and proteome, which is a powerful 
instrument for mapping the molecular landscape of embryonic and placental development 
(31). Although each technique has its own limitations, its application will contribute to 
understanding the (patho)physiological mechanisms in early human development.

Post-implantation embryonic and placental development 
Accurate pregnancy dating is vital for providing optimal prenatal care. Traditionally, this is 
based on CRL measurements, since first-trimester growth was believed to be uniform for all 
embryos. (32, 33). However, first-trimester growth and development are affected by internal 
factors, such as maternal age and fetal sex, as well as by external factors, such as maternal 
nutrition or culture medium used during IVF/ICSI treatment (34, 35). By dating pregnancy 
based on first-trimester CRL measurements, gestational age can be incorrectly adjusted, 
thereby missing the potential opportunity for first-trimester identification of pregnancies at 
risk. A more eligible marker for gestational age might be the assessment by Carnegie stages, 
as it also takes morphological characteristics into account and is overall less impacted by 
external factors than CRL and EV. Currently, Carnegie measurements are not feasible for 
daily clinical practice, as they can only be performed by using VR. However, given the global 
advancements in VR, automatic assessment of the Carnegie stages may become a feasible 
method for pregnancy dating. Another, more practical, solution may be customizing first-
trimester growth curves by including maternal and embryonic characteristics. Nevertheless, 
to increase the accuracy of pregnancy dating, further research is warranted.
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Studies in this thesis also demonstrate a sex-specific impact of factors such as maternal BMI 
and culture media (Figure 1). Although the impact of fetal sex on first-trimester growth and 
development has only been demonstrated a few decades ago, differences in birth outcomes 
between male and female neonates were already reported in 1786 (36). Sex-specific 
differences occur as early as the second day after fertilisation and persist even decades after 
birth, affecting the pathophysiology of various non-communicable diseases (37). Proposed 
mechanisms are maternal-embryonic interactions, differences in expression of chromosomal 
content, sex-specific adaptations to developmental stressors and sex steroids influencing 
growth and development (38-41). Since many non-communicable diseases are related to 
adaption to prenatal stressors, including sexual dimorphism in transgenerational research will 
unravel sex-specific associations. By identifying these associations, we have the opportunity 
for prevention or early detection, thereby potentially reducing the burden of such diseases.

Finally, for optimal post-implantation growth and development, optimal placental 
development is crucial. More insight into the association between the maternal (hormonal) 
environment during implantation and subsequent placental development could further 
contribute to prevention and prediction of placenta-related pregnancy complications. Yet, 
future studies should not only focus on in vivo placental development but also on in vivo 
placental function, as function is more important than size.

Society and clinical care 
Currently, the prevalence of overweight and obesity is historically high across all generations. 
This, in combination with the gradually increasing uptake of assisted reproductive 
technologies, has serious implications for embryonic and fetal development (42, 43). 
Clinicians should be aware of such associations, so they can properly inform and support 
their patients by offering effective lifestyle care. Currently, prenatal care starts from the end 
of the first-trimester onwards, when the opportunity to prevent adverse outcomes, i.e. the 
periconception period, has largely passed (13). The periconception period is a relatively 
undervalued period in reproduction, and therefore challenging to study. Hence, it is difficult 
to demonstrate its importance to the general population. To raise awareness in this group, 
education should ideally take place at a public level and prior to reproduction (44, 45). 
Promising interventions can be found in the school system or in contraceptive counselling 
(46, 47).  A specific population are subfertile couples, as they are often more receptive to 
advice. Moreover, their gametes and embryos will be exposed to the additional stressors of 
IVF/ICSI treatment, which further stresses the importance of an adequate preconceptional 
diet and lifestyle (48-50). Preconceptional counselling on nutrition and lifestyle empowers 
subfertile couples and increases their chance of pregnancy (51). To conclude, improving the 
periconceptional in vivo environment, e.g. by preconceptional counselling and optimising 
the external, i.e. in vitro, embryo environment, will contribute to the health of future 
generations.
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SUMMARY
The Developmental Origins of Health and Disease (DOHaD) paradigm postulates that the 
developing human fetus adapts to signals from the intra-uterine environment to increase 
the chances of extra-uterine survival. Initially, research on this paradigm focused on the 
second half of pregnancy and perinatal outcomes. However, due to increasing knowledge 
from molecular biology, epigenetics and translational research, the focus shifted towards the 
periconception period. Many adverse birth outcomes originate in this period, defined as 14 
weeks prior to fertilisation until 10 weeks thereafter. Vital processes such as gametogenesis, 
fertilisation, implantation, embryogenesis and placentation take place in this timeframe. 
Disruption of the biological environment in which these processes take place can have a 
lifelong effect on offspring health. For example, an obese environment results in chronically 
elevated levels of oxidative stress and is associated with an increased risk of congenital 
malformations. Also, during in vitro fertilisation (IVF) with or without intracytoplasmic 
sperm injection (ICSI) treatment, the gametes and embryos are exposed to iatrogenic in vitro 
stressors. Therefore, the aim of this thesis is to increase our knowledge regarding the impact 
of environmental factors, in particular maternal obesity and features of IVF treatment, on 
both preimplantation as well as post-implantation embryo development and placenta 
development. The background is provided in the introduction of this thesis (Chapter 1).

In Part I of this thesis, we studied associations between maternal obesity and periconcep-
tional outcomes, i.e. embryo growth and development. 

In Chapter 2, we performed a systematic review of 75 studies and provided an overview 
of the evidence on the impact of periconceptional maternal BMI on oocyte quality, 
preimplantation embryo quality and post-implantation growth and development. In 19 out 
of 44 studies, high maternal BMI was shown to increase the risk of miscarriage. In 7 out of 25 
studies in humans and in 1 out of 3 animal studies, a negative association between maternal 
BMI and the number of (mature) oocytes was demonstrated. Reduced pre-implantation 
embryo quality was associated with higher maternal BMI in 12 out of 35 human studies 
and in 8 out of 10 animal studies. These results suggest a detrimental impact of higher 
maternal BMI on periconceptional outcomes in humans. In animal studies, this association 
is more evident, due to standardised study conditions and minimised confounding by other 
factors. Therefore, clinicians should emphasise the importance of a healthy weight prior to 
pregnancy, as obesity is also associated with pregnancy complications. 

A relatively new method to study preimplantation embryo development and quality is the 
use of time-lapse imaging. In Chapter 3, we investigated the impact of preconceptional 
maternal BMI on embryo developmental time-lapse parameters, predicted implantation 
potential, assessed with the KIDScore algorithm and clinical treatment outcomes. In 938 
embryos of 268 couples undergoing IVF/ICSI treatment, we showed that a higher maternal 
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BMI is associated with faster early preimplantation embryo development, but not with the 
KIDScore or treatment outcomes. In embryos from couples with female or combined factor 
subfertility, higher maternal BMI is associated with a lower KIDScore, i.e. lower predicted 
implantation potential. As obesity is often the result of a complex interplay between 
nutrition, lifestyle and genetics, further research should focus on elucidating the underlying 
pathophysiological processes.

These observed differences in preimplantation embryo development could also have 
consequences for post-implantation development. Therefore, we investigated in more 
than 800 pregnancies whether there are associations between maternal BMI and post-
implantation growth and morphological development (Chapter 4). Longitudinal three-
dimensional ultrasound examinations were performed at 7, 9 and 11 weeks of gestation for 
offline measurements of crown-rump length (CRL), embryonic volume (EV) and embryonic 
developmental stages (Carnegie stages), using virtual reality techniques. We showed 
that periconceptional maternal underweight is associated with faster embryonic growth, 
especially in female embryos. In contrast, female embryos of women with obesity grow 
slower than those of women with normal weight. With these results, we further underline 
the importance of a healthy maternal weight, diet and lifestyle for optimal embryonic 
growth and development.

In Part II of this thesis, we investigated the impact of various IVF/ICSI treatment factors on 
embryo and placenta development. 

In Chapter 5, we studied the impact of culture media on preimplantation morphokinetic 
parameters, predicted implantation potential, assessed with the KIDScore algorithm, and 
clinical treatment outcomes. This was assessed by comparing Vitrolife G-1 PLUS medium 
with SAGE 1-Step medium, using a patient registry with more than 400 treatment cycles. 
All cleavage divisions occurred earlier in SAGE-cultured embryos than in Vitrolife-cultured 
embryos. Since significantly more SAGE-cultured embryos had the highest KIDScore 
than Vitrolife-cultured embryos, culture medium also affects the predicted implantation 
probability. Clinical treatment outcomes were comparable between the two culture media. 
These findings add to the existing knowledge that IVF-clinics should validate morphokinetic-
based selection tools prior to implementation or develop their own clinic-specific selection 
tool, since even optimal developmental kinetics are affected by culture medium.

It is known that culture media are associated with birthweight, but knowledge regarding 
the impact of embryonic and fetal growth and other perinatal outcomes is generally lacking. 
Therefore, in Chapter 6, we studied and compared these outcomes between pregnancies 
established after culturing embryos in Vitrolife G-1 PLUS medium and in SAGE 1-Step medium. 
Embryos cultured in SAGE 1-Step grow faster than those cultured in Vitrolife G-1 PLUS,  
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especially male embryos. Regarding second-trimester fetal growth and perinatal outcomes, 
no significant differences were observed between the culture media in the total population 
and in male and female embryos separately. Our findings indicate a sex-specific susceptibility 
to stressors such as culture media. It remains to be studied however if these differences also 
translate to differences in long-term health outcomes. 

We hypothesised that also cryopreservation may impact growth and development. 
Therefore, in Chapter 7 we studied differences in embryonic and fetal growth trajectories 
and perinatal outcomes between IVF/ICSI pregnancies after frozen-thawed extended culture 
embryo transfer (ET) at day 5, after fresh ET at day 3 and naturally conceived pregnancies. 
After research in over 850 pregnancies, we demonstrated that embryonic growth in the 
first-trimester of pregnancy was not affected by cryopreservation of the embryo. It was 
notable that premature birth occurred less frequently in the freshly transferred embryo 
group compared to the frozen-thawed embryo group. This latter finding warrants further 
investigation of the underlying mechanisms and should be validated, as it may have 
implications for the transfer strategy of IVF-clinics.

Pregnancies after frozen-thawed ET are at increased risk of developing placenta-related 
pregnancy complications. In Chapter 8, we investigated whether or not cryopreservation 
prior to embryo transfer affects utero-placental (vascular) development, using three-
dimensional (3D) ultrasound and virtual reality imaging techniques. In the first-trimester, 
placental size and growth were comparable between pregnancies resulting from frozen-
thawed ET, fresh ET and natural conception. In the second and third trimester, uterine artery 
Doppler indices were lower in pregnancies after frozen-thawed ET compared to pregnancies 
after fresh ET and natural conception. These findings indicate that cryopreservation prior 
to transfer may not be as detrimental for placental perfusion as previous research has 
suggested. To reduce placental-related pregnancy complications after frozen-thawed ET, the 
optimal uterine environment prior to ET, including hormonal preparation, remains to be 
investigated.

Summarizing, in this thesis the evidence for the importance of a healthy maternal weight 
during the periconception period and optimal embryo environment during IVF/ICSI 
treatment is further substantiated. We showed that a high maternal BMI may be detrimental 
for several periconceptional outcomes, in particular preimplantation and post-implantation 
embryo growth and development. As maternal obesity also has a detrimental impact on 
perinatal outcomes and offspring health, there is an urgent need for both prevention as well 
as effective and sustainable treatment, such as digital and ‘blended’ lifestyle care (www.
smarterpregnancy.co.uk and ‘Healthy Pregnant’). 

Summary
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Additionally, we demonstrated that culture medium alters both preimplantation as well as 
post-implantation embryo growth and development. Interestingly, embryonic and placental 
development in pregnancies after transfer of a cryopreserved embryo is comparable to that 
in pregnancies after fresh ET. These findings, in combination with studies reporting on the 
impact of culture media and cryopreservation on perinatal outcomes, ask for longitudinal 
follow-up of IVF/ICSI offspring, so that treatment safety and efficiency can be thoroughly 
evaluated.

To conclude, optimizing the environment in which periconceptional processes take place, 
by improving preconceptional diet and lifestyle and IVF/ICSI practices, are investments that 
will eventually advance the health of current and future generations during the life course.
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SAMENVATTING
Het Developmental Origins of Health and Disease (DOHaD) paradigma gaat ervan 
uit dat de ontwikkelende foetus zich aanpast aan signalen uit de baarmoeder om de 
kansen op overleving na de geboorte te vergroten. Aanvankelijk richtte het onderzoek 
naar dit paradigma zich vooral op de periode rondom de geboorte en tweede helft van 
de zwangerschap. Echter, door toenemende kennis vanuit de moleculaire biologie en 
epigenetica is het aandachtsgebied verschoven naar de periconceptie periode. De meeste 
ernstige zwangerschapscomplicaties ontstaan in deze periode, gedefinieerd als 14 weken 
voorafgaand de bevruchting tot 10 weken erna. Essentiële processen als gametogenese, 
bevruchting, innesteling, embryogenese en placentatie vinden plaats in dit tijdsbestek. 
Verstoring van de biologische omgeving waarin deze processen plaatsvinden kan een 
levenslang effect hebben op de gezondheid van de volgende generatie. Bijvoorbeeld, een 
obese omgeving leidt tot chronisch oxidatieve stress en is geassocieerd met een verhoogd 
risico op o.a. aangeboren afwijkingen. Ook tijdens een in vitro fertilisatie (IVF) behandeling, 
met of zonder intracytoplasmische sperma injectie (ICSI), worden de gameten en embryo’s 
blootgesteld aan iatrogene in vitro stressoren. Het doel van dit proefschrift is om meer 
kennis te verkrijgen over de invloed van omgevingsfactoren gedurende de embryonale 
ontwikkeling, in het bijzonder maternale obesitas en factoren van een IVF behandeling, 
op zowel pre- als post-implantatie embryonale ontwikkeling en op de ontwikkeling van 
de placenta. De achtergrond hiervan is beschreven in de introductie van dit proefschrift 
(Hoofdstuk 1).

In Deel I van dit proefschrift bestudeerden we verbanden tussen maternale obesitas en 
periconceptionele uitkomsten, zoals embryonale groei en ontwikkeling. 

In Hoofdstuk 2 hebben we een systematisch literatuuronderzoek van 75 artikelen uitgevoerd 
en een overzicht gegeven van de invloed van periconceptionele maternale BMI op de 
kwaliteit van de eicel, het preimplantatie embryo en de post-implantatie embryonale groei 
en ontwikkeling. In 19 van de 44 studies werd aangetoond dat een hoge maternale BMI 
het risico verhoogt op het krijgen van een miskraam. In 7 van de 25 studies in mensen en 
in 1 van de 3 dierstudies werd een negatief verband aangetoond tussen de maternale BMI 
en het aantal (rijpe) eicellen. Een verminderde kwaliteit van het preimplantatie embryo is 
geassocieerd met een hogere maternale BMI in 12 van de 35 studies in mensen, en in 8 
van de 10 dierstudies. Deze resultaten suggereren een nadelige invloed van een hogere 
maternale BMI op periconceptionele uitkomsten in de mens. In dierstudies is deze associatie 
duidelijker, door gestandaardiseerde condities van het onderzoek en minder verstoring door 
andere factoren. De conclusie is dan ook dat clinici meer aandacht zouden moeten hebben 
voor het belang van een gezond gewicht voorafgaand aan de zwangerschap, aangezien 
obesitas ook in verband wordt gebracht met zwangerschapscomplicaties.  

Samenvatting



230 Chapter 10

Een relatief nieuwe methode om de ontwikkeling en kwaliteit van preimplantatie embryo’s 
te bestuderen is het gebruik van time-lapse beeldvorming. In Hoofdstuk 3 onderzochten 
we de invloed van de preconceptionele maternale BMI op de time-lapse parameters van de 
embryonale ontwikkeling, de implantatiekans, voorspeld met het KIDScore algoritme, en de 
klinische behandeluitkomsten. In 938 embryo’s van 268 paren die een IVF/ICSI behandeling 
ondergingen, toonden we aan dat een hogere maternale BMI geassocieerd is met een 
snellere ontwikkeling van het preimplantatie embryo net na de bevruchting, maar niet 
met de KIDScore of behandeluitkomsten. Bij embryo’s van subfertiele paren, waarbij een 
maternale of gecombineerde oorzaak voor de subfertiliteit gevonden werd, is een hogere 
maternale BMI geassocieerd met een lagere KIDScore, oftewel een lagere voorspelde 
implantatiekans. Aangezien obesitas vaak het resultaat is van een complexe wisselwerking 
tussen voeding, leefstijl en genen, zou verder onderzoek zich moeten toespitsen op het 
ophelderen van de onderliggende pathofysiologische processen.

Deze verschillen in preimplantatie embryonale ontwikkeling zouden ook gevolgen kunnen 
hebben voor de post-implantatie embryonale ontwikkeling. Daarom onderzochten we 
in meer dan 800 zwangerschappen of er associaties zijn tussen de maternale BMI en de 
embryonale groei en morfologische ontwikkeling na implantatie (Hoofdstuk 4). Longitudinale 
driedimensionale echoscopische onderzoeken werden uitgevoerd bij 7, 9 en 11 weken 
zwangerschap voor offline metingen van de kopstuitlengte (CRL), embryonaal volume (EV) 
en embryonale ontwikkelingsstadia (Carnegie stadia), waarbij we gebruik hebben gemaakt 
van virtual reality technieken. We toonden aan dat maternaal ondergewicht tijdens de 
periconceptie periode geassocieerd is met snellere embryonale groei, vooral bij vrouwelijke 
embryo’s. Vrouwelijke embryo’s van obese vrouwen groeien daarentegen langzamer 
dan vrouwelijke embryo’s van vrouwen met een normaal gewicht. Met deze resultaten 
onderstrepen we nogmaals het belang van een gezonde voeding, leefstijl en gewicht van de 
moeder voor een optimale embryonale groei en ontwikkeling.

In Deel II van dit proefschrift onderzochten we de invloed van verschillende factoren van 
een IVF/ICSI behandeling op de embryonale en placentaire ontwikkeling. 

In Hoofdstuk 5 onderzochten we de invloed van het kweekmedium op preimplantatie 
morphokinetische parameters, de voorspelde kans op implantatie, berekend met het 
KIDScore algoritme, en op de klinische behandelingsresultaten. Dit werd onderzocht door 
het medium Vitrolife G-1 PLUS te vergelijken met het SAGE 1-Step medium, gebruikmakend 
van de patiëntenregistratie met meer dan 400 behandelingscycli. Alle celdelingen vonden 
eerder plaats bij in SAGE gekweekte embryo’s dan bij embryo’s gekweekt in Vitrolife. 
Aangezien aanzienlijk meer in SAGE gekweekte embryo’s de hoogste KIDScore hadden 
dan in Vitrolife gekweekte embryo’s, beïnvloedt het kweekmedium dus ook de voorspelde 
kans op implantatie. De klinische behandelingsresultaten waren vergelijkbaar tussen de 
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twee kweekmedia. Deze bevindingen dragen bij aan de bestaande kennis dat IVF-klinieken 
de op morphokinetiek gebaseerde selectiemodellen moeten valideren voorafgaand aan 
implementatie of juist kliniek specifieke selectiemodellen moeten ontwikkelen, omdat zelfs 
de optimale embryonale ontwikkeling wordt beïnvloed door het kweekmedium.

Bekend is dat kweekmedia geassocieerd zijn met het geboortegewicht, maar kennis over 
de invloed op de embryonale en foetale groei en andere perinatale uitkomsten ontbreekt 
grotendeels. Daarom hebben we in Hoofdstuk 6 deze uitkomsten bestudeerd en vergeleken 
tussen zwangerschappen die tot stand kwamen na het kweken van embryo’s in Vitrolife G-1 
PLUS medium en in SAGE 1-Step medium. Embryo’s die in SAGE 1-Step zijn gekweekt groeien 
sneller dan in Vitrolife gekweekte embryo’s, met name mannelijke embryo’s. Er werden 
geen significante verschillen vastgesteld in de foetale groei in het tweede trimester en de 
perinatale uitkomsten tussen de beide kweekmedia in de totale populatie en in mannelijke 
en vrouwelijke embryo’s afzonderlijk. Onze bevindingen wijzen op een geslacht-specifieke 
gevoeligheid voor stressoren zoals het kweekmedium. Het moet echter nog worden 
onderzocht of deze verschillen zich ook vertalen naar verschillen in gezondheidsuitkomsten 
op lange termijn. 

Ook het invriezen van embryo’s zou de groei en ontwikkeling kunnen beïnvloeden. In 
Hoofdstuk 7 onderzochten we daarom de embryonale en foetale groeipatronen en perinatale 
uitkomsten tussen IVF/ICSI zwangerschappen na terugplaatsing van een ingevroren embryo 
doorgekweekt tot dag 5, na verse embryo terugplaatsing (ET) op dag 3 en natuurlijk 
verwekte zwangerschappen. Na onderzoek van meer dan 850 zwangerschappen stelden we 
vast dat de groei van het embryo in het eerste trimester van de zwangerschap vergelijkbaar 
was tussen de vers teruggeplaatste embryo’s en embryo’s die waren ingevroren. Opvallend 
was dat vroeggeboorte minder vaak voorkwam in de groep met de teruggeplaatste verse 
embryo’s dan in de groep met ingevroren embryo’s. Deze laatste bevinding vraagt om verder 
onderzoek naar de onderliggende mechanismen en moet gevalideerd worden, aangezien 
het implicaties kan hebben voor de terugplaatsingsstrategie. 

Zwangerschappen na terugplaatsing van een ingevroren embryo zouden mogelijk 
ook een verhoogd risico hebben op het ontwikkelen van placenta-gerelateerde 
zwangerschapscomplicaties. In Hoofdstuk 8 bestudeerden we de invloed van het al dan 
niet invriezen van een embryo voorafgaand aan de terugplaatsing op de utero-placentaire 
(vasculaire) ontwikkeling met behulp van driedimensionale (3D) echografie en virtual reality 
beeldvormingstechnieken. In het eerste trimester was de grootte en groei van de placenta 
vergelijkbaar tussen zwangerschappen na terugplaatsing van een vers of ingevroren embryo 
en natuurlijke conceptie. In het tweede en derde trimester waren de Doppler-parameters 
van de arterie Uterina lager in zwangerschappen na ingevroren ET dan in zwangerschappen 
na verse ET en natuurlijke conceptie. Deze bevindingen wijzen erop dat het vooraf invriezen 
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van een embryo mogelijk niet zo schadelijk is voor de placentaire perfusie als eerder 
onderzoek suggereert. Om placenta-gerelateerde zwangerschapscomplicaties na ingevroren 
ET te verminderen, moet het optimale uterine milieu voorafgaand aan ET, met betrekking 
tot o.a. de hormonale voorbereiding, nader worden onderzocht.

Samenvattend, in dit proefschrift wordt het belang van een gezond maternaal gewicht 
tijdens de periconceptieperiode en een optimale embryonale omgeving tijdens de IVF/
ICSI behandeling verder onderbouwd. We hebben aangetoond dat een hoge BMI van de 
moeder nadelig kan zijn voor de verschillende periconceptionele uitkomsten, waaronder de 
preimplantatie en post-implantatie embryonale groei en ontwikkeling. Aangezien maternale 
obesitas ook een nadelige invloed heeft op de perinatale uitkomsten en de gezondheid 
van het kind, is er dringend behoefte aan zowel preventie als een effectieve en duurzame 
behandeling tegen obesitas, zoals digitale en ‘blended’ leefstijlzorg (www.slimmerzwanger.
nl en ‘Gezond Zwanger’). 

Bovendien hebben we aangetoond dat het kweekmedium een effect heeft op zowel de 
preimplantatie als de post-implantatie embryonale groei en ontwikkeling. Interessant is 
dat de embryonale ontwikkeling in zwangerschappen na terugplaatsing van een ingevroren 
embryo vergelijkbaar is met die in zwangerschappen na terugplaatsing van een vers 
embryo. Deze bevindingen, in combinatie met studies naar de invloed van kweekmedia en 
cryopreservatie op perinatale uitkomsten, vragen om longitudinale follow-up van IVF/ICSI 
nakomelingen, zodat de veiligheid en efficiëntie van de behandeling uitvoerig geëvalueerd 
kan worden.

Concluderend kan worden gesteld dat het optimaliseren van omgeving waarin 
periconceptionele processen plaatsvinden, door verbetering van preconceptionele voeding 
en leefstijl en IVF/ICSI behandelingen, een investering is die uiteindelijk de gezondheid van 
de huidige en toekomstige generaties ten goede zal komen.
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64th Annual scientific meeting of the SRI, Orlando, USA. Poster	 2017	 1.0
Annual Wladimiroff award meeting, department of O&G. Oral 	 2017-2019	 3.0
Sophia Research Day 2017, Rotterdam, The Netherlands. Oral	 2017	 1.0
54th Annual Gynaecongres, Amersfoort, The Netherlands. Oral	 2018	 1.0
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11th DOHaD Congress, Melbourne, Australia. Oral	 2019	 1.0
66th Annual scientific meeting of the SRI, Paris, France. Poster	 2019	 1.0
Sophia Research Day 2019, Rotterdam, The Netherlands. Oral	 2019	 1.0
67th Annual scientific meeting of the SRI, Vancouver, Canada. Poster	 2020	 1.0
37th Annual scientific meeting of the ESHRE, online. Oral 	 2021	 1.0
68th Annual scientific meeting of the SRI, Boston, USA. Poster	 2021	 1.0

2. Teaching
Supervising students of the minor ‘Mystery of Creation’	 2017	 0.5
Tutoring of 1st-year Medicine students	 2017-2018	 2.5
Supervising master thesis C.S Kramer, 4th year Diet & Nutrition student	 2018 	 2.0
Coaching of Bachelor Medicine students	 2019-2021	 2.5
Supervising students of the minor ‘Voeding en Leefstijl’	 2019	 0.5
Supervising master thesis M.J.J. van Trigt, 4th year Medicine student	 2020	 2.0
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DANKWOORD

Dit is het dan, het laatste hoofdstuk van mijn proefschrift. Met dit hoofdstuk sluit ik ook 
mijn tijd als promovendus af, een tijd van groei en plezier maar ook van geduld, vallen, en 
opstaan. Veel mensen hebben direct of indirect bijgedragen aan de totstandkoming van dit 
proefschrift, in dit hoofdstuk wil ik een aantal van hen bedanken. 

Om te beginnen met de belangrijkste; de deelnemers van de Predict, VIRTUAL Placenta 
en EmbryoScope studie. Bedankt voor de tijd die jullie hebben vrijgemaakt om uitgebreide 
vragenlijsten in te vullen en (meerdere keren) naar het ziekenhuis te komen voor 
onderzoeken. Daarnaast wil ik jullie bedanken voor vertrouwen dat jullie ons hebben 
gegeven in een periode waarin onzekerheid soms de overhand heeft. Het was bijzonder om 
jullie fertiliteitstraject en vroege zwangerschappen van zo dichtbij te mogen mee te maken. 
Zonder jullie had dit boekje niet bestaan.  

Beste prof. R.P.M. Steegers-Theunissen, beste Régine, het was de zomer van 2015 dat jij 
mij als medisch student de kans bood om mij te ontwikkelen als wetenschapper, waarvoor 
ik erg dankbaar ben. Al vroeg in mijn promotie-traject, tussen de vriezers van EE-22, zag ik 
hoe gedreven en vastberaden je bent om de onderste steen, of samples, boven te krijgen. Ik 
bewonder je optimisme en vertrouwen; ondanks dat het jaren heeft geduurd voordat ook 
maar één van mijn artikelen werd geaccepteerd bleef jij geloven in een goede uitkomst. Ik 
kijk met plezier terug op de besprekingen, congressen in het buitenland en autoritten naar 
Voorburg. 

Beste prof. J.S.E. Laven, beste Joop, ongeveer een jaar na de start van het promotietraject 
kwam jij in beeld als mijn tweede promotor. Ik kende je als docent van de bachelor en 
degene die mij de kans gaf om te voorkomen dat ik mijn laatste bachelor jaar over moest 
doen (al weet jij dit waarschijnlijk niet meer). Na enige tijd wennen en veel te veel ‘u’ zeggen 
ben ik je eerlijke mening en kritische blik gaan waarderen. Met jouw brede interesse en 
bijzondere anekdotes is geen enkele bespreking of overleg ooit saai geweest. Bedankt voor 
je eerlijkheid en de deur die altijd open stond.

Beste dr. ir. E.B. Baart, beste Esther, jouw enthousiasme over embryonale ontwikkeling en IVF 
heeft aanstekelijk gewerkt. Ook al begon ons project met obesitas, het is niet voor niets dat 
de helft van dit boekje gevuld is met studies over het in vitro milieu. Jouw scherpzinnigheid 
en uitgebreide kennis over ontwikkelingsbiologie hebben menig manuscript verbeterd. 
Bedankt voor je grondige blik en fijne samenwerking. 

Beste dr. Rousian, beste Melek, ook al voegde jij je iets later bij het ‘promotieteam’, je bent 
voor mij onmisbaar geweest. Ik zou niet weten hoe en of dit boekje er was gekomen zonder 
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Dankwoord

jouw hulp. Ik bewonder je harde werken, hoe je vaak 26 uur in een dag weet te krijgen 
en kliniek, wetenschap en gezin zo moeiteloos weet te combineren. Wat ik ontzettend 
waardeer is dat je altijd meedenkt en oplossingsgericht bent. Dankjewel voor je luisterende 
oor, dat ik altijd met je kan overleggen (van 22:00 ’s avonds, op het speelplein tot onderweg 
in de auto), en voor de geruststellende woorden dat echt alles goed komt. Dit boekje laat 
zien dat jij je gelijk hebt gekregen. 

Geachte leden van de promotiecommissie, hartelijk dank voor het kritisch beoordelen van 
het proefschrift en het vervullen van de rol als opponent tijdens de plechtigheid. 

Beste co-auteurs, bedankt voor jullie ondersteuning, toevoegingen en hulp bij alle 
manuscripten. Mijn dank gaat in het bijzonder uit naar dr. Willemsen en dr. Schoenmakers. 
Beste Sten, bedankt voor je statische expertise en geduld wanneer je uitlegde hoe bepaalde 
analyses in elkaar zaten. Het programma ‘R’ zal nooit m’n favoriet worden, maar met jouw 
hulp en uitleg is het toch nog goed gekomen met de analyses. Beste Sam, bedankt voor 
je steun, relativerende woorden en de scherpe suggesties bij het schrijven van het cryo-
manuscript van Jeffrey en mij. Toch jammer dat de ‘Frozen-voorkant’ het niet heeft gehaald. 

Dank aan al mijn collega’s waarmee ik de afgelopen jaren heb samengewerkt; collega-
promovendi van de Voortplantingsgeneeskunde, Prenatale Diagnostiek, Generation R 
en Sociale Verloskunde, bedankt voor alle gezellige koffiemomenten, lunches en borrels 
vol ervaringen en anekdotes. Vier jaar lang data verzamelen, analyseren, opschrijven en 
presenteren kan voelen als een eeuwigheid maar met jullie is het voorbij gevlogen.  

Dr. Koster, beste Wendy, groen als gras kwam ik destijds bij jou binnen als student. Dankzij 
jouw fijne begeleiding, scherpe blik en kennis van statistiek heb ik toen niet alleen mijn 
allereerste artikel mogen schrijven maar ook de leuke kanten van wetenschap ontdekt. 
Matthijs, Annelies, Sanne, Jorine en Irene, als ervaringsdeskundigen maakten jullie mij als 
student en later jonge promovenda wegwijs in de Predict-studie, bedankt voor jullie hulp 
en wijze adviezen. Lieve Eline, je was de moeder van de 22e nog voordat Jules en Boris er 
waren. Zonder jouw excelsheets, draaiboeken, (aanmoedings-)posters en tips was de weg 
naar deze dag waarschijnlijk met veel meer hobbels en minder gezelligheid geweest. Lieve 
Igna, zowel op de 22e als in het Reinier heb ik een hele fijne tijd met je gehad. Ik bewonder 
hoe je anderen altijd helpt, hoe druk je het zelf ook hebt. Dionne, mijn allereerste directe 
collega. Wat was het fijn om samen onze eerste stappen in het onderzoek en later ook in de 
kliniek te zetten. Lieve Rianne, onze tijd samen op de 22e was maar kort, maar daarbuiten 
des te langer. Ik kijk met plezier terug op al onze trips, zowel naar de bar, een congres, 
als het terras in Lagos en hoop dat we dit nog lang kunnen voortzetten. Katinka, ik heb 
genoten van je, soms onnavolgbare, grappen en hoop dat je jouw patiënten met evenveel 
precisie behandeld als waarmee je een broodje kaas belegt. Lieve Roos, mijn laatste dagen 
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als promovendus heb ik met plezier naast jou doorgebracht. Het was soms niet altijd even 
efficiënt, maar de open en lompe opmerkingen maakten alles goed. Dat wij elkaar konden 
helpen met schrijven en afbeeldingen knutselen was ook nog eens mooi meegenomen. 
Lieve Eva, bedankt dat je hebt me wegwijs gemaakt in de EmbryoScope, samen hebben 
we meer geannoteerd dan ons lief is. Wat fijn om te zien dat je je plek hebt gevonden 
als huisarts in opleiding. Lieve Fieke, Olivier, Eline, Sophie, Sharissa, Damiat, Batoul en 
Eleonora, bedankt voor alle momenten tussen het werken door; wekelijkse cake-creaties, 
klaagzangen en nabesprekingen. Ik kijk uit naar al jullie promoties. Jacky en Meertien, ook 
al hebben we nooit samengewerkt, ik vond het heel gezellig dat jullie dagelijks bij de koffie 
en lunch aansloten! 

Lieve Jeffrey, ook jij verdient een eigen alinea, na 3 jaar lang mijn kamergenoot te zijn 
geweest. Eerst nog aan de gang, maar dankzij Eline’s vrijgevigheid kregen we een rustige 
kamer met uitzicht. Dat rust ver te zoeken was met jou als kamergenoot heb ik voor lief 
genomen. Ik kan mij geen dag herinneren dat we niet hebben gelachen; van met/om onze 
collega’s tot aan de wekelijkse internetgekkies. Hopelijk heb je, na enige tijd in opleiding 
te zijn tot gynaecoloog, inmiddels ontdekt waar het 3e gat zit. Niet alleen de buikspieren 
werden getraind, met het overschot van tussendoortjes (chocoladekruidnoten, inclusietaart 
bij Bep en galettes) hebben we ook nog ¼ marathon en bruggenloop gerend. Dankzij jou ben 
ik gaan inzien hoe fijn het is om te klagen en dat de binnenbocht vaak een prima optie is. 
Bedankt voor de afgelopen jaren, je bent een lot uit de loterij!

Lieve Melissa, wat ben ik blij dat jij vandaag naast me staat. Onze gezamenlijke carrière 
begon zo’n 18 jaar geleden op het CLD en toen je ook bij Régine kwam promoveren was de 
cirkel weer rond. Door af en toe de dag beginnen met een ‘môh’, voelde het bijna als thuis.
Ik kijk met veel plezier terug op de reizen die we hebben gemaakt. Door Australië cruisen 
komt op de eerste plaats, al staat samen misselijk in een bootje dobberen bij Vancouver op 
een goede tweede plaats. Ik houd van je nuchterheid en het vermogen om overal de lol van 
in te zien. Bedankt voor je onvoorwaardelijke steun en vriendschap, met jou naast mij is 
geen berg te hoog.

Lieve Joke, als research verpleegkundige bij de Predict-studie maakte jij mij, toen nog 
student, wegwijs in alle logistiek en dataverzameling die bij de studie komt kijken. Bedankt 
voor al het werk wat je verzet met het includeren, controleren en administreren en de 
gezellige gesprekken tussen de spreekuren door. 

Daarnaast wil ik de artsen, verpleegkundigen en doktersassistenten van het 
Voortplantingscentrum en de medewerkers van het IVF-laboratorium bedanken voor al 
jullie hulp in de logistiek van de studies. Bedankt dat jullie meedachten om een (voor mij en 
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Jeffrey) handig patiënt-programma in elkaar te draaien, meehielpen met de bloedafnames 
en zorgden dat er ook daadwerkelijk EmbryoScope-beelden werden gemaakt. 

Beste collega’s uit het Reinier de Graaf Gasthuis, bedankt voor jullie geduld en vertrouwen 
tijdens mijn eerste stappen in de kliniek. Het was een tijd van vallen en opstaan en heeft me 
meer gebracht en geleerd dan waar ik van te voren op mocht hopen. 

Lieve Neelke, Lisanne en Kira, wat fijn dat wij elkaar hebben gevonden tijdens de co-
schappen. Ook al bewandelen we nu allemaal ons eigen pad en drinken we niet meer elke 
vrijdag biertjes (of wijn), ik ben blij met onze vriendschap en luister met plezier naar jullie 
belevenissen en ervaringen. 

Lieve Marit, vanaf het moment dat jij mijn huisgenoot werd heb ik er een vriendin 
bijgekregen. Ook al is het niet meer een gang maar een hele straat die ons scheidt, ik geniet 
nog steeds van onze avonden op de bank en in de kroeg.

Sommige vriendschappen voelen bijna als familie. Lieve Annemarije, Dave, Manon, Patrick, 
Merel, Bas, Liza, Dennis, Mare, Lise, Imane, en Merel, ik mag van geluk spreken met jullie 
als mijn vrienden! Het is vaak een zootje ongeregeld maar altijd een feest. Merel, zoals 
beloofd, wil ik jou in het bijzonder bedanken voor alle thuiswerkdagen dat je mijn collega 
was. Ik heb genoten van je kantoortaal, onze vrijmibo’s op het balkon en draaisessies op de 
strijkplank. Manon, ook zoals jou beloofd, bedankt voor de eindeloze telefoongesprekken, 
het afmaken van mijn zinnen en de input voor dit proefschrift, al er is helaas weinig van in 
het boekje terecht gekomen. Annemarije, in dit rijtje mag jij niet ontbreken. Ook al hebben 
(of maken) we het regelmatig druk, bedankt dat je altijd voor mij klaar staat. 

Lieve Lise, je vond het een eer om mijn paranimf te zijn. Je moest eens weten wat voor een 
eer het voor mij is dat jij vandaag, en alle andere dagen, naast mij staat. Wat ooit begon als 
voetbalmaatjes is uitgegroeid tot zoveel meer. Met jouw luisterend oor, intuïtie en analytisch 
inzicht is er niets wat een probleem blijft. Het is moeilijk te omschrijven hoeveel onze 
vriendschap voor mij betekent maar weet dat het me gelukkig maakt. Ik ben ongelofelijk 
trots op wat je de afgelopen jaren hebt bereikt en hoop dat wij nog heel lang samen zullen 
kletsen, koken, wandelen, lachen, huilen en dansen. Lieve Lise, bedankt voor alles. 

Twan en Manouk, lieve broer en zus, wat is het fijn om te zien dat we ondanks onze totaal 
verschillende persoonlijkheden elkaar nog steeds weten te vinden. Waardering uitspreken 
doen we niet vaak, maar ik ben blij met jullie als mijn broertje en zusje. Jullie houden me 
met beide benen op de grond.  

Dankwoord
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Lieve Pap en Mam, jullie zijn de basis van mijn bestaan en hebben me gemaakt tot wie ik 
ben. Jullie hebben mij altijd gestimuleerd om het beste uit mijzelf te halen en ook wanneer 
het tegenzit vol te houden. Bedankt voor alles wat jullie voor mij hebben gedaan, jullie 
onvoorwaardelijke steun en volste vertrouwen.

Tot slot, liefste Daan, mijn laatste woorden van dit proefschrift zijn aan jou. Je bent mijn 
beste vriend, steun en toeverlaat en grootste motivator. Bedankt voor al jouw liefde, begrip 
en stabiliteit, ik kijk uit naar alles wat we nog gaan beleven.
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