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KEY MESSAGE
Singleton pregnancies after fresh embryo transfer show comparable embryonic growth, but a lower birthweight 
percentile and lower prevalence of preterm birth compared to pregnancies after frozen–thawed embryo transfer, but 
also in comparison with natural pregnancies. These observations warrant further elucidation.

ABSTRACT
Research question: Are there differences in prenatal growth trajectories and birth outcomes between singleton pregnancies 
conceived after IVF treatment with frozen–thawed extended culture embryo transfer at day 5, fresh embryo transfer at day 
3 or naturally conceived pregnancies?
Design: From a prospective hospital-based cohort, 859 singleton pregnancies were selected, including 133 conceived 
after IVF with frozen–thawed embryo transfer, 276 after fresh embryo transfer, and 450 naturally conceived pregnancies. 
Longitudinal 3D ultrasound scans were performed at 7, 9 and 11 weeks of gestation for offline crown–rump length (CRL) 
and embryonic volume 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 and fresh embryo 
transfer. Birthweight percentiles after fresh embryo transfer were lower than after frozen–thawed embryo transfer (38.0 versus 
48.0; P = 0.046, respectively). The prevalence of non-iatrogenic preterm birth (PTB) was significantly lower in pregnancies 
resulting from fresh embryo transfer compared with frozen–thawed embryo transfer (4.7% versus 10.9%; P = 0.026, 
respectively). Compared with naturally conceived pregnancies, birthweight percentiles and percentage of non-iatrogenic PTB 
were significantly lower in pregnancies after fresh embryo transfer and gestational age at birth was significantly higher.
Conclusions: This study shows that embryonic growth is comparable between singleton pregnancies conceived after fresh 
and frozen–thawed embryo transfer. The lower relative birthweight and PTB rate in pregnancies after fresh embryo transfer 
than after frozen–thawed embryo transfer and naturally conceived pregnancies warrants further investigation.
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INTRODUCTION

S ince the birth of the first IVF 
baby in 1978, today more than 
8 million children have been 
conceived via treatment with 

assisted reproductive technology (ART) 
worldwide (Boulet et al., 2015; Sullivan 
et al., 2013). Success rates in terms of 
ongoing pregnancy rates per cycle have 
increased to 30% (Ferraretti, 2017). 
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 
(Alhelou et al., 2018; Chronopoulou and 
Harper, 2015; Goodman et al., 2016). 
Improvements in cryopreservation 
techniques have contributed to a live 
birth rate after frozen–thawed embryo 
transfer of up to 40% per transfer 
(Wong et al., 2014; Zeilmaker et al., 
1984). Because 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 ovarian 
hyperstimulation syndrome (OHSS) is 
significantly decreased because embryo 
transfer takes place in either a natural 
cycle or a hormone replacement therapy 
cycle (Wong et al., 2017). However, 
the increasing use of frozen–thawed 
embryos may not be without concerns. 
Recent studies show that pregnancies 
resulting from frozen–thawed embryo 
transfer are associated with an increased 
risk of maternal hypertensive disorders 
in pregnancy, large for gestational age 
(LGA) babies and high birthweight, when 
compared with pregnancies resulting 
from fresh embryo transfer (Maheshwari 
et al., 2018; Wei et al., 2019).

Various explanations for the reported 
differences between the pregnancy 
outcomes of fresh and frozen embryo 
transfer have been postulated. One 
is the detrimental effect of ovarian 
stimulation on the receptiveness of the 
endometrium and subsequent embryo 
implantation for fresh embryo transfer. 
During a menstrual cycle, the human 
endometrium is receptive to implantation 
for about 4–6 days; synchronization of 
embryo and endometrium is crucial for 
successful implantation (Cha et al., 2012; 
Macklon and Brosens, 2014; Quenby and 
Brosens, 2013). It has been suggested that 

outcomes after fresh embryo transfer are 
affected by supraphysiologic hormone 
concentrations, as a consequence of 
ovarian stimulation treatment, which 
may affect synchronization by altering 
the level and timing of endometrial 
receptivity, with subsequent suboptimal 
implantation, embryonic growth and 
development (Bourgain and Devroey, 
2003; Devroey et al., 2004; Kolibianakis 
et al., 2002).

Another explanation is that the freeze–
thaw procedure of cryopreservation 
directly affects embryo cell and DNA 
quality and programming of CpG and 
histone methylation profiles (Chatterjee 
et al., 2017).

Based on current literature, it remains 
unclear which periods and mechanisms 
during pregnancy are most vulnerable 
to insults that affect embryonic and fetal 
growth trajectories. One 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 (Steegers-
Theunissen et al., 2013).

Nowadays, in early pregnancy, 
embryonic growth and development 
can be measured by 2D ultrasound 
techniques. The introduction of 3D 
ultrasound in combination with virtual 
reality techniques allows in-depth 
perception and assessment of novel 
volumetric measurements. This approach 
provides a great opportunity to study 
embryonic growth in early pregnancy 
by measuring both crown–rump length 
(CRL) and embryonic volume more 
precisely (Rousian et al., 2010; Verwoerd-
Dikkeboom et al., 2008).

The primary aim of this study was to 
compare prenatal growth trajectories 
and birth outcomes between singleton 
pregnancies conceived after IVF 
treatment with either frozen–thawed 
extended culture embryo transfer at day 
5 or fresh embryo transfer at day 3. A 
secondary aim was to compare these two 
groups of pregnancies with pregnancies 
following natural conception.

MATERIALS 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 Center, Rotterdam, 
the Netherlands on 15 October 2004. 
Written informed consent was obtained 
from all women and their male partners 
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 Gynecology of the 
Erasmus MC, University Medical Center, 
Rotterdam, the Netherlands (Rousian 
et al., 2018; Steegers-Theunissen et al., 
2016). 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, 
have been eligible for participation 
in this ongoing cohort. During the 
inclusion period, patients were allowed to 
participate more than once.

For the current analysis women from 
the total study group recruited up until 
August 2018 were selected. The study 
only included women who conceived 
through IVF treatment, with or without 
intracytoplasmic sperm injection (ICSI), 
either after frozen–thawed day 5 embryo 
transfer or fresh day 3 embryo transfer, 
and women who conceived naturally 
with a regular cycle between 21 and 
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 were excluded because pregnancy 
dating is based on CRL by ultrasound 
measurements. Because CRL is one of the 
main outcome parameters in this study, 
inclusion of pregnancies dated based on 
CRL would be statistically incorrect.

IVF and cryopreservation procedures
Ovarian stimulation, oocyte retrieval, 
IVF procedures and assessment of 
embryo morphology were performed 
as described previously (Hohmann 
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et al., 2003). Embryos were cultured in 
Vitrolife's G5 series (Vitrolife Sweden AB, 
Goteborg, Sweden) until 17 November 
2014; and from this date in SAGE 
1-Step™ (Origio/Cooper Surgical™, 
Måløv, Denmark). Embryo evaluation and 
selection for transfer were carried out 
on day 3 after oocyte retrieval. Selection 
was based on developmental stage and 
morphology, as 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 (Ebner et al., 
2009). 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 
1.0 mol/l dimethyl sulfoxide (DMSO) 
for 10 min, then transferred to 1.5 mol/l 
DMSO in culture medium and loaded 
into embryo straws (CBS High Security, 
Cryo Bio System, Saint-Ouen-sur-
Iton, France). Next, cryopreservation 
was performed by slow freezing in a 
controlled-rate freezer (Kryo 360, Planer, 
Sunbury-on-Thames, UK). Straws were 
cooled to –6°C before seeding and 
subsequently cooled to –40°C at 0.3°C/
min. Finally, the straws were cooled 
rapidly at –25°C/min to –140°C, before 
immersion in liquid nitrogen and storage 
in nitrogen vapour. Duration of storage 
varied between 1 month and 5 years.

Thawing of embryos was performed 
typically in the afternoon, 4 days after 
the detection of a spontaneous ovulatory 
surge by urinary LH testing performed 
in a natural cycle. Up until March 2016, 
this procedure was carried out at room 
temperature by consecutive washes in 
decreasing concentrations of DMSO 
in buffered culture medium. After that, 
thawing was performed using the Quinn's 
Advantage™ Thaw Kit (CooperSurgical, 
Trumbull, CT, USA) according to the 
manufacturer's instructions. After thawing, 
the embryos were checked 1 h 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, i.e. 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
Standardized 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 behaviours. Extracted 
data included maternal age, parity, 
geographic origin, educational level, 
and periconceptional use of cigarettes, 
alcohol and folic acid supplements.

The gestational age of pregnancies 
after frozen–thawed embryo transfer 
was calculated based on the time of 
fertilization and the moment of embryo 
transfer (corresponding to a day 5 
embryo or gestational age of 19 days). 
The gestational age of pregnancies after 
fresh embryo transfer was calculated 
based on the conception date (= 
oocyte retrieval date corresponding to 
gestational age of 17 days). For naturally 
conceived pregnancies, the gestational 
age was calculated based on the reported 
last menstrual period. Furthermore, to 
calculate estimated fetal weight (EFW), 
second trimester fetal growth parameters 
(head circumference, abdominal 
circumference and femur length) were 
obtained during the fetal anomaly 
scan around 20 weeks of gestation, 
and retrieved from medical records. 
Pregnancy outcomes such as gestational 
age, weight and fetal sex at birth, as well 
as pregnancy-induced hypertension (PIH), 
pre-eclampsia 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 or 
frozen–thawed embryo transfer.

Geographic origin was categorized 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 categorized 
according to the definition of Statistics 
Netherlands into 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 supplement use was defined as 
daily periconceptional use of a folic acid 
supplement (0.4, 0.5 or 5.0 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 gestational age at delivery 
<37+0 weeks. Iatrogenic causes of PTB 
were removed for subgroup analysis. 
All inductions of labour were defined 
as iatrogenic. However, in this study 
population, induction of labour was only 
indicated where there was a suspicion of 
macrosomia.

Ultrasound data
From November 2010 until 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 weeks 
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 Electric 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 used for analysis 
(Verwoerd-Dikkeboom et al., 2008). 
Besides allowing depth perception, 
V-Scope also offers the possibility 
of measuring the embryonic volume 
(semi-) automatically, using grayscale 
differences. The embryonic volume 
measurements were performed once, 
as previously described (Rousian et al., 
2010), and all measurements were 
performed by trained research staff.

Statistical analysis
Baseline characteristics were compared 
using the Kruskal–Wallis test for 
continuous variables and the chi-squared 
test for categorical variables.

To assess the correlation between 
ultrasound measurements of the same 
pregnancy, linear mixed models were 
used to assess the associations of 
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embryonic growth between pregnancies 
conceived after fresh and frozen–thawed 
embryo transfer. Embryonic growth 
trajectories of pregnancies after frozen–
thawed embryo transfer were compared, 
with pregnancies after fresh embryo 
transfer 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 
embryonic volume, which led to linearity 
with gestational age.

To adjust for potential confounders, 
two different models were constructed 
with pregnancies after fresh embryo 
transfer as reference. Model 1 was 
adjusted for gestational age only. Model 
2 was additionally adjusted for fetal sex 
and the maternal covariates age, body 
mass index (BMI), geographic origin, 
parity, education, and periconceptional 
use of cigarettes, alcohol and folic acid 
supplements.

Second trimester EFW was calculated 
using the Hadlock formula:

log(EFW) =  1.326 − 0.00326 × AC × FL 
+ 0.0107 × HC + 0.0438 
× AC + 0.158 × FL

(Hadlock et al., 1985) with HC (head 
circumference), AC (abdominal 
circumference) and FL (femur length) in 
cm. Percentiles of EFW were calculated 
from population-based fetal growth 
charts (Gaillard et al., 2011).

To adjust for fetal sex and gestational age 
at delivery, weight at birth was expressed 
in percentiles based on Dutch reference 
curves for birthweight (Hoftiezer et al., 
2016). Differences in birthweight 
percentiles, birthweight and gestational 
age at birth were studied using the 
Kruskal–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 Statistics for 
Windows, Version 25.0 (IBM Corp., 
Armonk, NY, USA) and R version 3.1.3, 
2015 for Windows (R Foundation for 
Statistical Computing, Vienna, Austria).

RESULTS

A total of 1676 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 were no significant 
differences between the groups of 
pregnancies complicated by congenital 
anomalies and pregnancies without 
congenital anomalies between fresh 
embryo transfer, frozen embryo transfer 
and naturally conceived pregnancies 
(P = 0.211) (data not shown).

From the 859 included pregnancies, 
133 were conceived after frozen–
thawed embryo transfer, 276 after fresh 
embryo transfer, and 450 after natural 
conception. Of the 133 pregnancies after 
frozen–thawed embryo transfer, 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 
embryo transfer and after frozen–thawed 
embryo transfer. Included pregnancies 
were significantly different regarding 
maternal age (32.4 versus 31.5 years, 
P = 0.002), parity (52.3% versus 45.1% 

First trimester 
inclusions
n =1676

n =1284 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
n =859

No ultrasound available (n =392)

IVF/ICSI 
Fresh ET
n = 276

IVF/ICSI 
Frozen-thawed ET

n = 133

Natural 
conception

n = 450

FIGURE 1 Flow chart showing inclusion and exclusion criteria of the study population. ET = embryo transfer; ICSI = intracytoplasmic sperm 
injection; IUI = intrauterine insemination; OI = ovulation induction.
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nulliparous, P = 0.014), geographic origin 
(83.1% versus 75.2% Western, P = 0.001) 
and periconceptional use of folic acid 
supplements (83.2% versus 75.3% 
adequate use, P = 0.001) as compared 
with excluded pregnancies (data not 
shown).

Baseline characteristics
At baseline, women pregnant after 
frozen–thawed embryo transfer were 
significantly less often nulliparous than 
women pregnant after fresh embryo 
transfer (60.9% and 72.5%, P = 0.018) 
and used alcohol significantly more 
frequently (28.6% and 19.2%, P = 0.033) 
(TABLE 1). Pregnancies after frozen–thawed 
embryo transfer were less often the 
result of a double embryo transfer 
than pregnancies after fresh embryo 
transfer (3.8% versus 13.4%, P = 0.003), 
however the incidence of a vanishing twin 
syndrome was comparable (0.8% versus 
1.1%, P = 0.747).

Other baseline characteristics were not 
significantly different between the two 
groups.

When compared with naturally conceived 
pregnancies, it was shown that women 
pregnant after fresh embryo transfer 
were significantly older than women who 
conceived naturally (33.0 and 31.8 years, 
P = 0.001) (Supplementary Table 1). 

Furthermore, there were significant 
differences between women in the 
frozen–thawed embryo transfer, fresh 
embryo transfer and naturally conceived 
group regarding maternal parity 
(nulliparous: 60.9%, 72.5% and 37.3%, 
respectively; P < 0.001) and alcohol 
consumption (28.6%, 19.2% and 37.9%, 
respectively; P < 0.001). Women who 
conceived naturally also used folic acid 
significantly less frequently than women 
pregnant after fresh or frozen–thawed 
embryo transfer (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 embryo transfer 
compared with pregnancies after fresh 
embryo transfer showed no significant 
differences for CRL (beta –0.003; 95% 
CI –0.045, 0.037) and embryonic volume 
measurements (beta 0.006; 95% CI 
–0.019, 0.030) (TABLE 2). After adjusting for 
the confounders (model 2, see Materials 
and methods, Statistical analysis), similar 
results were observed regarding CRL 
(beta –0.010; 95% CI –0.055, 0.035) 
and embryonic volume measurements 
(beta –0.001; 95% CI –0.028, 0.027). 
The crude comparison with naturally 
conceived pregnancies revealed a 
positive association for pregnancies 
after fresh embryo transfer and CRL 

(beta 0.060; 95% CI 0.015, 0.105) and 
embryonic volume (beta 0.039; 95% 
CI 0.016, 0.062), and pregnancies after 
frozen–thawed embryo transfer and 
embryonic volume (beta 0.044; 95% 
CI 0.015, 0.074). In model 2, significant 
associations remained for fresh embryo 
transfer and frozen–thawed embryo 
transfer and embryonic volume (fresh: 
beta 0.047; 95% CI 0.014, 0.081); 
frozen–thawed embryo transfer: beta 
0.046; 95% CI 0.018, 0.075) (TABLE 2).

Second trimester
The z scores of mid-pregnancy EFW 
were comparable in pregnancies after 
frozen–thawed embryo transfer and after 
fresh embryo transfer (median z scores 
74.5 and 66.9, respectively; P = 0.068). 
When compared with naturally conceived 
pregnancies, it was demonstrated that 
fetuses after frozen–thawed embryo 
transfer have a higher mid-pregnancy 
EFW than naturally conceived fetuses 
(median z score: 74.5 and 68.1; pairwise 
comparison: P = 0.020) (TABLE 3).

Birth outcomes
The median birthweight percentile of 
pregnancies after frozen–thawed embryo 
transfer was significantly higher than of 
pregnancies after fresh embryo transfer 
(48 and 38; P = 0.046), whereas the 
gestational age at birth was lower (275 
and 276 days; P = 0.044) (TABLE 3). There 

TABLE 1 BASELINE CHARACTERISTICS OF THE STUDY POPULATION OF PREGNANT WOMEN

Maternal characteristic IVF/ICSI Frozen–thawed ET n = 133 IVF/ICSI Fresh ET n = 276

Median IQR Median IQR P-value Missing

Age, years 32.8 29.5–36.0 33.0 30.2–36.1 0.456 0

BMI, kg/m2 24.3 21.7–27.7 24.4 21.7–28.0 0.778 17

Nulliparous, n/% 81 60.9 200 72.5 0.018 0

Geographic origin: Western, n/% 103 77.4 233 84.4 0.084 0

Education, n/% 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: n/%

 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

BMI = body mass index; ET = embryo transfer; ICSI = intracytoplasmic sperm injection; 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.



284 RBMO  VOLUME 43  ISSUE 2  2021

were no significant differences regarding 
the frequencies of PIH, pre-eclampsia 
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 
embryo transfer group than in the 
frozen–thawed embryo transfer group 
(4.7% versus 10.9%; P = 0.026).

When compared with naturally conceived 
neonates, it was found that neonates 
after fresh embryo transfer have a 
lower relative birthweight (birthweight 

percentile 38.0 and 48.0; 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, pre-eclampsia 
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 embryo transfer compared 
with naturally conceived pregnancies 
(4.7% and 9.2%; pairwise comparison: 
P = 0.033).

DISCUSSION

This study showed that pregnancies after 
fresh embryo transfer compared with 
pregnancies after frozen–thawed embryo 
transfer exhibit similar first-trimester 
growth trajectories and mid-pregnancy 
EFW, but a lower relative birthweight 
and overall and non-iatrogenic PTB 
rates. Furthermore, the data showed 
that transfer of a fresh day 3 embryo 
resulted less often in PTB compared with 
extended culture frozen–thawed embryo 
transfer. The latter group of pregnancies 
show similar pregnancy outcomes 

TABLE 2 BETA VALUES FROM THE MODELS FOR THE DIFFERENT MODES OF CONCEPTION WITH RESPECT TO 
ESTIMATES OF EMBRYONIC GROWTH TRAJECTORIES OF SERIAL CRL AND EV MEASUREMENTS

Mode of 
conception

Model 1a Model 2b

CRL EV CRL EV

Beta (95% CI) √mm P-value Beta (95% CI) 3√cm3 P-value Beta (95% CI) √mm P-value Beta (95% CI) 3√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

BMI = body mass index; CRL = crown–rump length; ET = embryo transfer; EV = embryonic volume; GA = gestational age.
a Model 1: adjusted for GA.
b Model 2: model 1 + maternal covariates (age, BMI, parity, education, geographic origin, smoking, alcohol, folic acid, fetal sex).

TABLE 3 SECOND TRIMESTER ESTIMATED FETAL WEIGHT AND BIRTH OUTCOMES FOR THE DIFFERENT MODES OF 
CONCEPTION

Birth outcome IVF/ICSI pregnancies 
Frozen–thawed ET n = 133

IVF/ICSI pregnancies 
Fresh ET n = 276

Naturally conceived 
pregnancies n = 450

Second trimester (median, IQR) P-value P-value Missing

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)

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, g 3373 3045–3680 3333 3000–3649 0.607 3355 2965–3713 0.869 40

Third trimester (n, %)

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 causes 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

Pre-eclampsia 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

Data are presented as median (IQR) or as n (%).

ET = embryo transfer; ICSI = intracytoplasmic sperm injection; IQR = interquartile range.

Significantly different between:
a Frozen–thawed ET and naturally conceived pregnancies;
b Fresh ET and naturally conceived pregnancies.
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compared to naturally 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 embryo 
transfer were observed. There were 
differences, however, between embryonic 
growth of frozen–thawed and fresh 
embryo transfer as compared with 
naturally conceived embryos, suggesting 
an effect of ART. These 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 embryo transfer 
and intrauterine insemination (IUI) 
(Ginod et al., 2018). It was shown that 
pregnancies after both frozen–thawed 
and fresh embryo transfer exhibit higher 
embryonic growth in the first trimester 
of pregnancy than natural pregnancies, 
which is line with a previous study in 
a subset of the same cohort showing 
embryos after IVF/ICSI pregnancies to be 
larger (Eindhoven et al., 2014).

This study found that the relative 
birthweight was lower in pregnancies 
after fresh embryo transfer than in 
pregnancies after frozen–thawed embryo 
transfer. This is in line with previous 
reports suggesting lower birthweights of 
babies born after fresh embryo transfer 
as compared with frozen–thawed 
embryo transfer (Ginod et al., 2018; 
Spijkers et al., 2017; Vidal et al., 2017). 
Although birthweight percentiles were 
significantly lower after fresh embryo 
transfer, 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 
(Kyle and Pichard, 2006; Painter et al., 
2005). 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 post-partum cognitive and 
behavioural development. Therefore, 
the current results support longitudinal 
follow-up of children conceived via 
diverse treatments with ART to provide 
insight into these associations.

There was a lower risk of PTB in 
pregnancies after fresh embryo transfer 
compared with pregnancies conceived 
after frozen–thawed embryo transfer. 
This is in contrast to recent studies: 
Maheshwari et al. (2018) reported a 
significant decrease in the prevalence 
of PTB after frozen–thawed embryo 
transfer as compared with fresh embryo 
transfer (Maheshwari et al., 2018; Wei 
et al., 2019). The current study was 
conducted with fresh embryo transfers 
on day 3 in a time period that this 
was routine clinical practice in most 
IVF clinics and also in the study clinic. 
Surplus embryos were cultured for 
one extra day before freezing and one 
extra day after thawing to investigate 
viability before transfer. In this 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 
longer 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 embryo transfer compared 
with blastocyst-stage embryo transfer 
(Chambers et al., 2015; Marconi et al., 
2019), whereas one larger and two 
smaller studies report a greater risk 
of PTB after blastocyst-stage embryo 
transfer compared with cleavage-stage 
embryo transfer (Dar et al., 2013; Kallen 
et al., 2010; Kalra et al., 2012). The 
current study, in which frozen–thawed 
day 5 or blastocyst-stage embryos 
were transferred, shows no increased 
risk of PTB. No previous studies have 
investigated the effect of cryopreservation 
and extended culture on first-trimester 
embryonic growth and the incidence of 
PTB, therefore a power analysis has not 
previously been possible. The post hoc 
sample size calculation using an alpha-
level of 0.05 and power of 80% revealed 
that at least 190 participants are needed 
to accurately show significance, which was 
the case in the current study. This study 
was not powered to investigate the effect 
of cryopreservation in subgroups of IVF 
and ICSI. Previous studies have shown no 
differences in first-trimester embryonic 
growth and development (Hoek et al., 
2020) and live birth rate (Abbas et al., 
2020; Geng et al., 2020) between 
conventional IVF and ICSI pregnancies. 
However, the potential additional effect of 
the process of cryopreservation has not 
yet been investigated and so 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 endometrium quality 
and receptivity for subsequent embryo 
implantation. Supraphysiologic hormone 
concentrations of FSH and human 
chorionic gonadotrophin during ovarian 
stimulation may affect synchronization 
of embryo and endometrium by altering 
the level and timing of endometrial 
receptivity, with subsequent altered 
implantation, and embryonic and 
placental growth and development 
(Bourgain and Devroey, 2003; Devroey 
et al., 2004; Kolibianakis et al., 2002).

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 (Iwatani et al., 2006). 
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–thaw process (Stinshoff et al., 
2011; Zhao et al., 2012). 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 pre-eclampsia. Pregnancies resulting 
after frozen–thawed embryo transfer 
are associated with more anatomic and 
vascular placental pathology (Kaser et al., 
2015; Sacha et al., 2020). Furthermore, 
epigenetic differences in placentae are 
described, with different microRNA 
expression profiles in term placentae after 
frozen–thawed and fresh embryo transfer 
(Hiura et al., 2017). The influence of the 
cryopreservation process on trophoblast 
and placental functioning needs further 
elucidation.

A strength of this study is the collection 
of multiple prospective longitudinal (3D) 
ultrasound examinations during the first 
and second trimesters of pregnancy and 
the resulting pregnancy outcome data. 
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Naturally conceived pregnancies were 
also included as reference group, allowing 
a comparison of outcomes between 
fresh and frozen–thawed embryo transfer 
from a wider perspective. Furthermore, 
innovative methods and standardized 
protocols were used to precisely 
measure the outcome variables. The 
study corrected for multiple confounders 
to minimize residual confounding, yet 
due to the observational character of 
the study this can never be completely 
excluded. The analyses were adjusted 
to minimize the effects of baseline 
differences between the three groups. 
Additionally, the embryo with the best 
morphological appearance is generally 
used for fresh embryo transfer, meaning 
that embryos used for frozen–thawed 
embryo transfer are automatically 
of lower morphological quality. This 
might have affected the results. The 
current findings cannot be automatically 
extrapolated to other IVF clinics because 
the study population was from a tertiary 
hospital, which has consequences for 
external validation of the results.

The majority of pregnancies resulting 
from frozen–thawed embryo transfer 
occurred after transfer in a natural cycle 
(n = 108). Previous studies, however, 
showed no differences regarding live 
birth rate, PTB and birthweight after 
frozen–thawed embryo transfer in natural 
versus hormonal cycles (Ghobara et al., 
2017; Ginstrom Ernstad et al., 2019; 
Groenewoud et al., 2013). Furthermore, 
the current study consisted of only 
frozen–thawed embryo transfer after 
slow freezing, while newer techniques 
like vitrification were not included. 
There is some evidence that the clinical 
pregnancy rate after vitrification is higher 
than with slow freezing (Rienzi et al., 
2017). However, clinical outcomes such 
as PTB and birthweight are comparable 
between vitrified and slow-frozen 
embryos (Gu et al., 2019). Patients 
were allowed to participate more than 
once in the current study, but as this 
relates to only a small proportion of the 
study population, it is unlikely to have 
affected the results, and so no additional 
adjustments were made for this.

Due to the increasing success of IVF/
ICSI treatment and supernumerary 
good quality embryos, an increasing 
number of children are being born after 
a frozen–thawed embryo transfer. Also, 
the freeze-all strategy is increasingly 
applied to optimize success rates, to 

circumvent OHSS risk and to prevent a 
possible detrimental effect of the ovarian 
stimulation on endometrial receptivity and 
implantation rates (Wong et al., 2017).

It is reassuring that pregnancy outcome 
and PTB rates in pregnancies after frozen–
thawed embryo transfer are comparable 
to pregnancies after natural conception. 
The lower risk of PTB after fresh embryo 
transfer as compared to frozen–thawed 
and natural conceptions suggests that 
fresh embryo transfer may provide some 
advantages to extended culture of frozen–
thawed embryo transfer. Furthermore, 
the impact of extended culture of these 
cryopreserved embryos after thawing 
warrants further investigation. Overall, 
the current findings for pregnancies 
after frozen–thawed embryo transfer are 
reassuring with regards 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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