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CONTRIBUTION

What are the novel findings of this work?
Comparison of brain cortical folding in fetuses conceived
by assisted reproductive technology (ART) and fetuses
conceived spontaneously showed distinct differences,
with reduced sulci depth and lower Sylvian fissure
grading score in ART fetuses, and more pronounced
changes in the fetuses conceived by ART using fresh
embryo transfer (ET) than those conceived using
frozen ET. ART infants also showed lower Ages and
Stages Questionnaires scores, especially in the fresh
ET group.

What are the clinical implications of this work?
Neurosonography is an appropriate tool to identify
subtle brain differences among fetuses conceived by
ART. These findings suggest the existence of in-utero
brain reorganization associated with ART, and support
neurodevelopmental follow-up in offspring conceived
by ART.

ABSTRACT

Objective We aimed to explore fetal cortical brain
development by neurosonography in fetuses conceived
by assisted reproductive technology (ART), including
frozen and fresh embryo transfer (ET), compared with
those conceived spontaneously (SC), and to investigate
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its association with infant neurobehavior at 12 months of
age.

Methods This was a prospective cohort study of 210
singleton pregnancies, including 70 SC pregnancies, 70
conceived by in-vitro fertilization (IVF) following frozen
ET and 70 conceived by IVF after fresh ET. Fetal
neurosonography was performed at 32 ± 2 gestational
weeks to assess cortical development. Sulci depths were
measured offline and normalized by biparietal diameter
(BPD). Ages and Stages Questionnaires (ASQ) were
completed postnatally, at 12 ± 1 months of corrected age.
Neurosonographic findings were adjusted by regression
analysis for maternal age, ethnicity, parity, fetal sex and
fetal-weight centile and gestational age at scan, and ASQ
scores were adjusted for maternal age, ethnicity, parity,
educational level and employment status, gestational age
at birth, breastfeeding, infant sex and infant age at the
ASQ evaluation.

Results Overall, in comparison to the SC fetuses,
fetuses conceived by ART showed statistically sig-
nificant differences in cortical development, with
reduced parieto-occipital sulci depth adjusted for BPD
(mean ± SD: fresh ET, 12.5 ± 2.5 vs frozen ET, 13.4 ± 2.6
vs SC, 13.4 ± 2.6, P < 0.001), cingulate sulci depth
adjusted for BPD (median (interquartile range (IQR)):
fresh ET, 5.8 (4.2–7.4) vs frozen ET, 5.8 (4.1–7.5)
vs SC, 6.5 (4.8–7.8), P = 0.001) and calcarine sulci
depth adjusted for BPD (median (IQR): fresh ET, 13.5
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(10.1–16.1) vs frozen ET, 14.5 (12.1–15.8) vs SC, 16.4
(14.3–17.9), P < 0.001), together with lower Sylvian fis-
sure grading score. Changes in cortical development were
more pronounced in the fresh ET than in the frozen ET
group. ART infants showed lower ASQ scores as com-
pared to SC infants, particularly in the fresh ET group
(mean ± SD global ASQ Z-score: fresh ET, –0.3 ± 0.4 vs
frozen ET, –0.2 ± 0.4 vs SC, 0 ± 0.4, P < 0.001).

Conclusions Fetuses conceived by ART show a distinctive
pattern of cortical development and suboptimal infant
neurodevelopment, with more pronounced changes in
those conceived following fresh ET. These findings
support the existence of in-utero brain reorganization
associated with ART and warrant follow-up studies to
assess its long-term persistence. © 2022 The Authors.
Ultrasound in Obstetrics & Gynecology published by
John Wiley & Sons Ltd on behalf of International Society
of Ultrasound in Obstetrics and Gynecology.

INTRODUCTION

The number of pregnancies conceived by assisted repro-
ductive technologies (ART) is increasing worldwide1.
There is a growing interest in the neurodevelopment
of people conceived by ART, and this has been stud-
ied mostly in children and adolescents. Some follow-up
studies have suggested suboptimal neurodevelopment in
ART offspring compared with the general population,
although there are inconsistencies in the literature2–4.
Fresh and frozen embryo transfer (ET) in in-vitro fertiliza-
tion (IVF) cycles show different perinatal risk profiles5–7,
and some registry-based studies have revealed poorer neu-
rologic results for those conceived using frozen compared
with fresh ET in singleton pregnancies8. This incon-
sistency between previous studies reporting postnatal
neurodevelopment in ART offspring might be explained
partially by the influence of socioeconomic and educa-
tional levels during childhood and adolescence that limit
direct comparisons with spontaneously conceived (SC)
offspring.

Prenatal neurosonography enables accurate evaluation
of fetal brain cortical folding, a surrogate marker of brain
maturation, prior to any influence of postnatal factors.
Interestingly, only two previous studies have explored the
central nervous system in fetuses conceived by ART vs SC,
with contradictory results, reporting differences between
these groups in first-trimester brain volumes9 and no
differences during the second trimester10. However, no
study has evaluated fetal brain cortical development in
the third trimester of pregnancy, which would be the
optimal time period in which to study prenatal brain
maturation.

We aimed to explore fetal cortical brain development by
neurosonography in fetuses conceived by ART, including
frozen and fresh ET, compared with SC fetuses, and to
investigate its association with infant neurobehavior at
12 months of age.

SUBJECTS AND METHODS

Study populations and protocol

We conducted a prospective cohort study of 210 singleton
pregnancies between 2017 and 2020, including 70 SC
pregnancies and 140 conceived by IVF after frozen ET
(n = 70) or fresh ET (n = 70). All ART pregnancies
were recruited from a single center during the first
trimester (Assisted Reproduction Unit, Hospital Clı́nic
de Barcelona), ensuring homogeneity among the study
participants with respect to ovarian stimulation and
endometrial preparation protocols, laboratory procedures
and embryo culture conditions. In addition, a group
of SC pregnancies was recruited during the third
trimester from fertile couples (with a time-to-pregnancy
of no longer than 12 months) who were attending
the BCNatal Barcelona Center for Maternal Fetal and
Neonatal Medicine (Hospital Clı́nic and Hospital Sant
Joan de Déu). Enrolment of the SC population started
11 months after the beginning of recruitment of the ART
participants, and each SC pregnancy was matched to
both a fresh and a frozen ET pregnancy by maternal
age (± 1 year) and gestational age at neurosonography
(± 1 week). Pregnancies conceived after oocyte-donation
cycles were not eligible for inclusion. Intrauterine
infection, fetal malformation or chromosomal anomaly
were considered exclusion criteria. Figure 1 summarizes
the study population.

Maternal demographics, ART-related variables,
obstetric variables and, following delivery, perinatal
outcomes, were collected directly by patient interview
and by review of medical records. Gestational age was
calculated according to crown–rump length (CRL)
measurement at first-trimester ultrasound examination11.
Small-for-gestational age was defined as birth weight
< 10th centile and large-for-gestational age as birth weight
> 90th centile12, according to local standards13. Preterm
birth was defined as delivery prior to the 37th week of
gestation. Pre-eclampsia was defined by new-onset hyper-
tension (≥ 140 mmHg systolic blood pressure and/or
≥ 90 mmHg diastolic blood pressure, on two occasions
at least 4 h apart, after 20 weeks’ gestation) together
with proteinuria (≥ 300 mg protein or protein/creatinine
ratio ≥ 0.3 in 24-hour urine sample) or, in the absence
of proteinuria, new onset of maternal thrombocytopenia,
renal insufficiency, liver dysfunction, pulmonary edema or
neurological features14. Gestational diabetes was defined
as glucose intolerance with either onset or first recognition
during pregnancy, and was diagnosed by means of a
pathologic oral glucose tolerance test (usually indicated
after determination of an altered fasting glucose or an
altered glucose challenge test from the second trimester
onwards, according to the National Diabetes Data Group
(NDDG) guidelines15. Major neonatal morbidity was
defined by the presence of at least one of the following:
bronchopulmonary dysplasia, necrotizing enterocolitis,
intraventricular hemorrhage, periventricular leukomala-
cia, retinopathy, persistent ductus arteriosus and sepsis.
Minor neonatal morbidity was defined by the presence

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
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Neurodevelopment in offspring conceived by ART 3

Eligible SC pregnancies
(n= 89)

Excluded (n= 19):
· Fetal anomaly (n= 2) 
· Withdrew consent (n= 9) 
· Inadequate image quality (n= 8)

SC pregnancies included
(n= 70 (79%))

SC ART: frozen ET ART: fresh ET

Eligible frozen ET pregnancies
(n= 107)

Excluded (n= 37):  
· Miscarriage (n= 9) 
· Fetal anomaly (n= 4) 
· Delivery before neurosonography (n= 4) 
· Withdrew consent (n= 3)  
· Inadequate image quality (n= 17)

Frozen ET pregnancies included
(n= 70 (65%))

Eligible fresh ET pregnancies
(n= 112) 

Excluded (n= 42):  
· Miscarriage (n= 12)
· Fetal anomaly (n= 3)
· Delivery before neurosonography (n= 5) 
· Withdrew consent (n= 4) 
· Inadequate image quality (n= 18)

Fresh ET pregnancies included
(n= 70 (63%))

Lost to follow-up (n= 10)
Withdrew consent (n= 1)

Lost to follow-up (n= 8)
Withdrew consent (n= 2)
Incomplete data (n= 1) 

Lost to follow-up (n= 11) 
Withdrew consent (n= 4)

SC infants included
(n= 55 (79%)) 

Frozen ET infants included
(n= 59 (84%)) 

Fresh ET infants included
(n= 59 (84%)) 

Neurosonography

Ages & Stages
Questionnaires 

Figure 1 Flow diagram summarizing the study populations of pregnancies conceived spontaneously (SC) or using assisted reproductive
technology (ART) with fresh or frozen embryo transfer (ET).

of at least one of the following: respiratory distress,
hyperbilirubinemia and anemia. Perinatal mortality was
defined by either intrauterine fetal death after 22 weeks
of pregnancy or neonatal death within the first 28 days of
age.

The study protocol included performance of fetal
neurosonography in the third trimester and completion
of Ages and Stages Questionnaires16 (ASQ) at 12 months
of corrected age. This study was conducted according
to the Declaration of Helsinki for Medical Research
involving Human Subjects17; the study protocol was
evaluated and approved by the local ethics committee
(HCB/2017/0714) and all participants provided their
written informed consent.

ART protocols

Ovarian stimulation

The ovarian stimulation protocol for IVF and the
gonadotropin doses were chosen according to the
woman’s age and ovarian reserve markers. Long agonist
or antagonist protocols were used. Ovarian stimulation
was achieved with daily doses of 150–300 IU recom-
binant follicle stimulating hormone (FSHr) (Gonal-F®;
Merck-Serono S.A., Madrid, Spain), alone or with the
addition of 75 IU recombinant luteinizing hormone (LHr)
(Luveris®; Merck-Serono S.A.) or human menopausal
gonadotropin (HMG) (Menopur®; Ferring SA, Madrid,
Spain). Administration of human chorionic gonadotropin
(hCG) (Ovitrelle®; 250 mg s.c., Merck-Serono S.A.)
was indicated in the presence of two or more follicles
≥ 18 mm in diameter, with four or more follicles
measuring ≥ 14 mm in association with a consistent
rise in serum estradiol concentration. Ultrasound-guided
transvaginal oocyte retrieval was performed 36 h after
hCG administration.

ART laboratory procedures

After fertilization by IVF or intracytoplasmic sperm
injection (ICSI), embryo culture was carried out in
microdrops of Global Media (LifeGlobal, CooperSurgical,
Målov, Denmark) under mineral oil at 37◦C in an
atmosphere of 6.5% carbon dioxide (CO2) and 7%
oxygen (O2). Embryo quality was assessed according
to the Asociación Española para el estudio de la
Biologı́a Reproductiva (ASEBIR) criteria18. The quality
of blastocysts was assessed according to the criteria of
Gardner et al.19.

Vitrification and warming protocols of both cleavage
embryos and blastocysts were performed using commer-
cially available kits (Kitazato, Tokyo, Japan) according
to the method described by Kuwayama20. After warm-
ing, embryos were cultured in Global Media containing
10% protein substitute supplement (LifeGlobal) until
ET. Cleavage embryos with at least 50% of their cells
intact immediately after warming and further develop-
ment after a 24-h culture period were considered as
surviving embryos and transferred. Survival of blasto-
cysts was defined by their re-expanding or starting to
re-expand within 2 h after warming.

In cases undergoing preimplantation genetic testing
for monogenic defects, embryos underwent biopsy
on day 3 and unaffected embryos were transferred
or cryopreserved 2 days later at blastocyst stage. In
those undergoing preimplantation genetic testing for
aneuploidies, trophectoderm biopsy at blastocyst stage
and subsequent vitrification was performed.

ET protocols

In pregnancies undergoing IVF with fresh ET, vaginal
natural progesterone was started the morning after
oocyte retrieval (200 mg per 8 h). Cleavage embryos were
transferred on day 3 and blastocysts on day 5.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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4 Boutet et al.

Frozen ET was performed either during the woman’s
natural cycle or using an endometrial preparation proto-
col. The choice of natural cycle depended on the regularity
of the patient’s menstrual cycle and their preference.
For frozen ET with natural cycle, ultrasound surveillance
was started on day 8–9 of the cycle (depending on the
cycle duration) and, once the dominant follicle reached a
mean diameter of 17–18 mm, daily follow-up was carried
out until its disappearance, that day then being defined
as day 0. Frozen ET with endometrial preparation was
achieved using transdermal estrogen (Evopad 50 μg, three
patches replaced every 72 h (Janssen, Toledo, Spain)) or
oral estradiol valerate (Progynova, 2 mg every 8 h (Bayer,
Barcelona, Spain)). Estrogen was started on the first day of
the cycle and ultrasound monitoring was performed after
12–15 days of treatment. Vaginal natural progesterone
(200 mg every 8 h (Progeffik®, Effik, Alcobendas, Spain or
Utrogestan®, SEID, Barcelona, Spain)) was added when
endometrial thickness was ≥ 7 mm on ultrasound. The
first day of progesterone treatment was considered day 0.
Cleavage embryos were thawed on day 3 and transferred
on day 4, and blastocyst embryos were thawed and trans-
ferred on day 5. Supplementation with estrogens and pro-
gesterone was performed until the 12th week of pregnancy.

Pregnancy was diagnosed by a positive serum β-hCG
test 12 days after ET and transvaginal ultrasound exam-
ination was performed in all pregnancies at 5–6 weeks of
gestation.

Fetal neurosonography

Neurosonographic acquisition

A detailed two-dimensional neurosonographic exam-
ination was performed in all fetuses during the third
trimester (32 ± 2 weeks), using a Voluson 730 Expert
(GE Healthcare, Zipf, Austria) ultrasound machine.
Structural brain normality was confirmed using a stan-
dardized protocol, following the International Society of
Ultrasound in Obstetrics and Gynecology (ISUOG) guide-
lines21. This included axial planes (transventricular and
transthalamic), obtained by a transabdominal approach,
and coronal planes (transthalamic, transcaudate and

transcerebellar), obtained by a transvaginal approach in
fetuses with cephalic presentation and transabdominally
in fetuses with breech presentation. We excluded patients
with image quality that was insufficient for delineation
of measurements (mainly due to fetal presentation or
patient intolerance of the transvaginal approach, but also
because of the presence of severe endometriosis, previous
abdominopelvic surgery, high maternal body mass index
or placenta previa).

Image processing, linear measurements and assessment
of cortical folding

Measurements were performed offline, using OsiriX
MD 12.0 imaging software (Pixmeo SARL, Geneva,
Switzerland), by a single experienced examiner, who
was blinded to the study group. To provide rigorous
measurements that were perpendicular to the midline,
a straight line lying along the interhemispheric fissure
was traced in every plane, from frontal to occipital
bone in axial views and from cranial to caudal bone in
coronal views. Brain structures were measured according
to previous studies22–25. Briefly, fissures and sulci depths
were measured in millimeters (Figure 2) and values were
corrected by dividing by the biparietal diameter and
multiplying by 100 to normalize them according to head
size22,23. Parieto-occipital sulcus depth was evaluated in a
plane slightly cranial to the transventricular plane, where
the full depth or triangle shape of the sulcus could be
visualized, drawing a perpendicular line from the midline
to the apex of the sulcus23. Cingulate sulcus depth was
measured in the coronal transthalamic plane, drawing
a perpendicular line from the midline to the apex of
the sulcus. Calcarine sulcus depth was measured in the
coronal view, using the transcerebellar plane, drawing a
perpendicular line from the midline to the apex of the
sulcus. All sulci measurements were performed excluding
the cortex and only the side distal to the transducer was
measured.

The degree of cortical development of the Sylvian
fissure and parieto-occipital, cingulate and calcarine
sulci was evaluated according to methodology described

Figure 2 Ultrasound images demonstrating fetal neurosonographic measurements (solid lines): (a) axial transthalamic plane showing
measurement of parieto-occipital sulcus depth; (b) coronal transthalamic plane showing measurement of cingulate sulcus; and (c) coronal
transcerebellar plane showing measurement of calcarine sulcus depth. Dashed line corresponds to the interhemispheric fissure.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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Neurodevelopment in offspring conceived by ART 5

previously26, assigning grading scores on a scale from 0
(no maturation) to 5 (maximum maturation).

For the sulci depth measurements, an intraobserver
intraclass correlation coefficient (ICC) of 0.685–0.971
and an interobserver ICC of 0.773–0.917 were reported
in our previous publication24. In the same report, the
Cohen’s kappa coefficient calculated for the sulci grading
scores lay between 0.894 and 0.955 for intraobserver
variability and between 0.765 and 0.906 for interobserver
variability.

Postnatal ASQ assessment

Postnatal neurobehavior was assessed at a mean age of
12 ± 1 months of corrected age by means of a Spanish
version of the ASQ (2nd edition), a first-level compre-
hensive screening program used widely to determine
children’s performance compared with standards taken
from typically developing children of the same age, and
validated for its application by both parents and primary
caregivers16,27. The ASQ screening system comprises sev-
eral questionnaires designed for use from 4 to 60 months,
providing information on five different domains at each
age: communication, personal-social, problem-solving,
gross-motor and fine-motor skills. In most cases, these
questionnaires identify accurately infants or young
children who need further evaluation to determine
whether they require early intervention services. For the
current study, parents completed the questionnaires and
emailed them to the researchers. In order to compare the
ASQ score results among groups, we calculated Z-scores
using the SC population as a reference group.

Statistical analysis

Data management and statistical analyses were performed
using STATA 16 software (Statacorp, College Station,
TX, USA). The prespecified study outcomes were fetal
neurosonographic measurements and postnatal neurobe-
havioral scores per domain. The independent or exposure
variable of interest was the mode of conception (spon-
taneous, ART with frozen ET, ART with fresh ET).
Normal distribution of continuous variables was checked
using the Shapiro–Wilk test and histograms. Descrip-
tive statistics and results were expressed as mean (± SD),
median (interquartile range) or n (%), as appropriate.
After checking the fulfilment of each test’s assumptions,
comparisons among the study groups were made by
ANOVA or Kruskal–Wallis tests with Bonferroni cor-
rection for continuous variables and Pearson’s chi-square
test for categorical variables. Neurosonographic findings
between groups were adjusted for confounding factors
(maternal age, ethnicity, parity, fetal sex and fetal weight
centile and gestational age at scan) by multiple regres-
sion analyses. Normalized neurobehavioral Z-scores from
each domain (communication, gross-motor, fine-motor,
problem-solving and personal-social skills) and from the
global performance (sum of the five domains) were calcu-
lated using the correspondent SC group mean and SD by

means of the following formula: Z-score = (score − mean
score for SC)/SD for SC. Neurobehavioral comparisons
among groups were adjusted by linear regression for
maternal age, ethnicity, parity, educational level and
employment status, gestational age at birth, breastfeed-
ing, infant sex and infant age at postnatal evaluation.
Correlations between normalized neurosonographic and
ASQ findings were investigated using the Spearman corre-
lation coefficient, ρ. All reported P-values are two-sided.
The significance level was set at 0.05 for all statistical
tests.

Sample size calculation

Since there are no data on cortical brain assessment
by ultrasound in ART compared with SC fetuses,
the sample size was calculated based on a previous
publication that acknowledged ultrasonographic changes
in cortical folding between third-trimester fetuses with
ventriculomegaly vs controls24. In a proportion of 1 : 1,
for a two-sided 95% CI and 80% power, samples of 36
and 63 patients per experimental group were calculated
for detecting a 15% difference in normalized calcarine
and parieto-occipital sulci depths, respectively. Therefore,
the study design aimed for an initial recruitment of at
least 70 patients per study group.

RESULTS

Baseline and perinatal characteristics

Baseline characteristics (Table 1) and perinatal outcomes
(Table 2) were similar among the study groups, with the
exception of higher rates of nulliparity and induction of
labor among the ART groups compared with the SC group
and a higher proportion of Caucasian ethnicity in the fresh
ET population. Regarding causes of infertility, there was
a higher proportion of unexplained infertility in the fresh
ET than in the frozen ET group, with no difference in the
rates of endometriosis, tubal obstruction, male factor and
preimplantation genetic diagnosis, nor in the rate of ICSI
or the number of embryos transferred. There was a higher
proportion of blastocysts transferred in the frozen ET than
in the fresh ET group. Frozen ET was performed in pro-
grammed cycles in 78.6% (n = 55) of cases and in natural
cycles in 21.4% (n = 15). There were no significant differ-
ences between groups regarding the gestational age at CRL
assessment for pregnancy dating (mean ± SD: SC group,
12.5 ± 0.6 weeks vs ART frozen ET, 12.5 ± 0.6 weeks vs
ART fresh ET, 12.5 ± 0.5 weeks, P = 0.505).

Fetal neurosonography

Gestational age and estimated fetal weight were similar
at neurosonographic assessment in all three groups
(Table 3). Cephalic dimensions were similar between
groups. Both ART populations showed less profound
cingulate and calcarine sulci depths compared with the

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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6 Boutet et al.

Table 1 Baseline and fertility characteristics in pregnancies conceived spontaneously (SC) or using assisted reproductive technology (ART)
with fresh or frozen embryo transfer (ET)

ART

Characteristic SC (n = 70) Frozen ET (n = 70) Fresh ET (n = 70)

Maternal characteristics
Age (years) 34.4 (30.1–37.3) 35.8 (33.7–37.6) 35.9 (33.9–37.7)
Body mass index (kg/m2) 23.2 (20.6–25.7) 23.4 (20.3–25.9) 23.1 (20.9–27.2)
Caucasian 48 (68.6) 58 (82.9) 63 (90.0)*
Nulliparous 40 (57.1) 58 (82.9)* 65 (92.9)*
Chronic hypertension 1 (1.4) 2 (2.9) 0
Cardiovascular disease 1 (1.4) 2 (2.9) 3 (4.3)
Diabetes 0 1 (1.4) 1 (1.4)
Autoimmune disease 3 (4.3) 3 (4.3) 2 (2.9)
Thyroid disease 2 (2.9) 2 (2.9) 5 (7.1)
Kidney disease 1 (1.4) 1 (1.4) 0
Epilepsy 1 (1.4) 0 1 (1.4)
Psychopharmaceutical exposure during pregnancy 3 (4.3) 1 (1.4) 3 (4.3)
Self-reported smoking habit during pregnancy 13 (18.6) 9 (12.9) 11 (15.7)
Self-reported alcohol intake during pregnancy 9 (12.9) 8 (11.4) 5 (7.1)
Self-reported drug use during pregnancy 0 0 0
University-level education 37 (52.9) 41 (58.6) 40 (57.1)
Employment rate 46 (65.7) 52 (74.3) 56 (80.0)

Fertility and ART characteristics
Cause of infertility/indication for ART

Unexplained — 20 (28.6) 35 (50.0)†
Endometriosis — 7 (10.0) 11 (15.7)
Tubal obstruction — 7 (10.0) 7 (10.0)
Male factor — 35 (50.0) 27 (38.6)
Preimplantation genetic diagnosis — 4 (5.7) 5 (7.1)

Number of embryos transferred — 2.0 (1.0–2.0) 2.0 (2.0–2.0)
Transfer of ICSI embryo — 68 (97.1) 68 (97.1)
Transfer in blastocyst stage — 41 (58.6) 14 (20.0)†
Vanishing twin — 29 (41.4) 14 (20.0)

Data are given as median (interquartile range) or n (%). *P < 0.05 vs SC. †P < 0.05 vs ART with frozen ET. ICSI, intracytoplasmic sperm
injection.

Table 2 Perinatal characteristics in pregnancies conceived spontaneously (SC) or using assisted reproductive technology (ART) with fresh or
frozen embryo transfer (ET)

ART

Characteristic SC (n = 70) Frozen ET (n = 70) Fresh ET (n = 70)

Pregnancy complications
Preterm delivery 2 (2.9) 5 (7.1) 2 (2.9)
Pre-eclampsia 2 (2.9) 7 (10.0) 2 (2.9)
Gestational diabetes 4 (5.7) 5 (7.1) 6 (8.6)
Placenta previa 0 1 (1.4) 0
Placental abruption 0 1 (1.4) 0
Aspirin exposure from first trimester onwards 9 (12.9) 10 (14.3) 4 (5.7)
Prenatal corticoid exposure 1 (1.4) 4 (5.7) 2 (2.9)

Delivery data
Gestational age at birth (weeks) 40.0 (39.0–40.4) 39.5 (38.4–41.0) 40.2 (39.1–41.0)
Birth weight (g) 3280 (3030–3540) 3280 (3050–3550) 3235 (2876–3630)
Birth-weight centile 41 (19–67) 40 (18–60) 36 (11–64)
Birth weight < 10th centile 11 (15.7) 6 (8.6) 12 (17.1)
Birth weight > 90th centile 4 (5.7) 5 (7.1) 5 (7.1)
Induction of labor 24 (34.3) 40 (57.1)* 35 (50.0)*
Cesarean section 21 (30.0) 29 (41.4) 19 (27.1)
Female gender 37 (52.9) 28 (40.0) 39 (55.7)

Neonatal outcome
Admission to neonatal intensive care unit 9 (12.9) 6 (8.6) 2 (2.9)
Minor neonatal morbidity 11 (15.7) 11 (15.7) 4 (5.7)
Major neonatal morbidity 0 0 0
Neonatal mortality 0 0 0

Data are given as n (%) or median (interquartile range). *P < 0.05 vs SC.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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Neurodevelopment in offspring conceived by ART 7

SC group, and the fresh ET group presented less profound
parieto-occipital sulci depth compared with both the SC
and the frozen ET groups. Lower cortical grading scores
were also observed in both ART groups at the level of
the Sylvian fissure and the parieto-occipital and calcarine
sulci as compared with the SC population (Figure 3).
Overall, differences in cortical development, as reflected
in sulci depth, were more pronounced in the fresh ET
compared with the frozen ET group (Table 3). These

reported neurosonographic differences were statistically
significant after adjustment for maternal age, ethnicity,
parity, fetal sex and gestational age and estimated fetal
weight centile at ultrasound scan.

Infant ASQ scores

Infant ASQ results were available in 173 cases (Figure 4).
The fresh ET group presented lower global ASQ scores

Table 3 Fetal neurosonographic results in pregnancies conceived spontaneously (SC) or using assisted reproductive technology (ART) with
fresh or frozen embryo transfer (ET)

ART

Characteristic SC (n = 70) Frozen ET (n = 70) Fresh ET (n = 70) P

Gestational age at scan (weeks) 31.6 (29.3–32.5) 31.2 (29.3–32.2) 30.5 (29.4–32.0) 0.192
EFW at scan (g) 1775 ± 435 1716 ± 340 1678 ± 346 0.325
EFW at scan (centile) 43 (20–79) 57 (33–82) 46 (21–72) 0.303
EFW < 10th centile 8 (11.4) 8 (11.4) 9 (12.9) 0.967
EFW > 90th centile 16 (22.9) 11 (15.7) 8 (11.4) 0.188
Cephalic presentation 60 (85.7) 64 (91.4) 58 (82.9) 0.315
Left laterality 42 (60.0) 45 (64.3) 39 (55.7) 0.585
Biparietal diameter (mm)* 78.3 ± 6.4 78.1 ± 4.5 78.4 ± 4.5 0.910
Occipitofrontal diameter (mm)* 102.9 ± 6.9 101.8 ± 5.3 101.1 ± 5.9 0.171
Head circumference (mm)* 289.8 ± 19.6 288.0 ± 14.4 286.8 ± 15.1 0.401
Normalized parieto-occipital sulcus depth*† 13.4 ± 2.6 13.4 ± 2.6 12.5 ± 2.5‡§ < 0.001
Normalized cingulate sulcus depth*† 6.5 (4.8–7.8) 5.8 (4.1–7.5)‡ 5.8 (4.2–7.4)‡ 0.001
Normalized calcarine sulcus depth*† 16.4 (14.3–17.9) 14.5 (12.1–15.8)‡ 13.5 (10.1–16.1)‡§ < 0.001

Data are given as median (interquartile range), mean ± SD or n (%). *P-values adjusted by maternal age, ethnicity, parity, fetal sex and
gestational age and fetal weight centile at scan. †Data normalized by dividing by biparietal diameter and multiplying by 100. ‡P < 0.05 vs
SC. §P < 0.05 vs ART with frozen ET. EFW, estimated fetal weight.

Sylvian fissure Parieto-occipital sulcus

Calcarine sulcusCingulate sulcus

Grading

0 1 2 3 4

Percentage
20 40 60 80 1000

Frozen ET

SC

Fresh ET

Percentage
20 40 60 80 1000

Frozen ET

*

*

*

*

*

*

SC

Fresh ET

Percentage
20 40 60 80 1000

Frozen ET

SC

Fresh ET

Percentage
20 40 60 80 1000

Frozen ET

SC

Fresh ET

(a) (b)

(c) (d)

Figure 3 Distribution of main sulci and Sylvian fissure grading scores in fetuses of pregnancies conceived spontaneously (SC) or using
assisted reproductive technology with fresh or frozen embryo transfer (ET): (a) Sylvian fissure; (b) parieto-occipital sulcus; (c) cingulate
sulcus; and (d) calcarine sulcus. P-values adjusted for maternal age, ethnicity, parity, fetal sex, and gestational age and fetal weight centile at
scan. *P < 0.05 vs SC.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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8 Boutet et al.
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SC Frozen ET Fresh ETSC Frozen ET Fresh ETSC Frozen ET Fresh ET

Figure 4 Adjusted Z-scores of infant Ages & Stages Questionnaire domains at 12 months of age among study groups according to mode of
conception, either spontaneously (SC) (n = 55) or using assisted reproductive technology (ART) with fresh or frozen embryo transfer (ET)
(n = 59 each): (a) global score; (b) communication skills; (c) personal-social skills; (d) gross-motor skills; (e) fine-motor skills; and (f) prob-
lem-solving skills. Z-score values and P-values adjusted for maternal age, ethnicity, parity, educational level and employment status,
gestational age at delivery, breastfeeding, infant sex and infant age at evaluation. Individual ( ) and median ( ) values are shown. *P < 0.05
vs SC. †P < 0.05 vs ART with frozen ET.

as compared with the SC and the ART with frozen
ET populations (mean ± SD global ASQ Z-score: fresh
ET, –0.3 ± 0.4 vs frozen ET, –0.2 ± 0.4 vs SC, 0 ± 0.4,
P < 0.001). Moreover, the fresh ET group showed
significantly lower scores for communication, motor and
problem-solving skills compared with both the SC group
and the frozen ET group. Both groups of infants conceived
by ART showed significantly lower scores compared with
the SC group in the personal-social domain. Results were
statistically significant after adjustment for maternal age,
ethnicity, parity, educational level, employment status,
breastfeeding, infant sex, gestational age at birth and
infant age at postnatal evaluation. The distribution of
cases with Z-scores below −2 SD from the spontaneously
conceived study population mean is given according to
domain in Table S1.

Fetal neurosonographic cortical features and infant
global ASQ scores showed a weak but statistically
significant positive correlation in the overall popu-
lation with (parieto-occipital sulcus depth: ρ = 0.23,
P = 0.003; cingulate sulcus depth: ρ = 0.21, P = 0.008;
calcarine sulcus depth: ρ = 0.32, P < 0.001) and within
the ART population (parieto-occipital sulcus depth:
ρ = 0.22, P = 0.017; cingulate sulcus depth: ρ = 0.20,
P = 0.032; calcarine sulcus depth: ρ = 0.29, P = 0.001).
In addition, there were statistically significant positive
correlations between these parameters and each of the
ASQ domains, except for the cingulate sulcus in motor
and problem-solving areas (Table S2).

DISCUSSION

We report third-trimester neurosonographic results in
fetuses conceived by ART which suggest association with
a distinctive pattern of cortical development, along with
suboptimal infant neurobehavior at 12 months of age. To
our knowledge, this is the first study assessing prenatal
brain cortical development in ART offspring. We report
less profound parieto-occipital, cingulate and calcarine
sulci depths, together with lower cortical grading scores,
in ART fetuses.

Cortical folding is a complex process of prenatal
brain organization, in which the smooth brain surface
evolves into a system of sulci and gyri associated
with rapid cortical expansion in functional areas in
ventricular and subventricular zones28. Parieto-occipital,
cingulate and calcarine sulci increase in depth with
gestational age23,26 and the Sylvian fissure undergoes
a process of operculization29. Changes in cortical
development have been described in fetuses with growth
restriction (FGR), congenital heart defects (CHD) and
non-severe ventriculomegaly. Whereas FGR, with or
without pre-eclampsia, has been associated with only
reduced Sylvian fissure depth25,30,31, fetuses with CHD32

or isolated ventriculomegaly24,33 have been reported
to experience a widespread suboptimal cortical folding
process, with shallower sulci depths and delayed
operculization, similar to that observed in our ART
population.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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Neurodevelopment in offspring conceived by ART 9

Our reported differences in fetal cortical development in
ART pregnancies correlated weakly with suboptimal neu-
robehavior in infancy, in communication, personal-social,
problem-solving and motor domains. Complex functions
at the cortical level are distributed across several neural
networks34. The calcarine sulcus is part of the primary
visual cortex. The parieto-occipital sulcus participates
in visuospatial working memory35. The cingulate sulcus
is involved in cognitive36, motor37, emotional and
social-behavioral38,39 processing; its deficiency has been
described in psychiatric disorders such as schizophrenia,
attention deficit hyperactivity disorder and autism spec-
trum disorder40,41. Therefore, the changes observed in our
population in these structures may have contributed par-
tially to the neurobehavioral features found at 12 months.
Previous follow-up studies in infants and children con-
ceived by ART showed inconsistent cognitive, psychomo-
tor and behavioral results42–47. These inconsistencies
may be explained by differences in the ART populations,
the influence of cofactors such as infertility, multiple
gestation, prematurity or other perinatal complications
associated with ART8,48–52, and the effect of different
postnatal socioeconomic and educational levels50. Cou-
ples undergoing fertility treatment may differ intrinsically
from those conceiving spontaneously in demographic
characteristics such as age, educational level and socio-
economic position50, and also in the way in which they
encourage learning53,54 and acknowledge health issues in
their offspring55. As many factors influence neurodevel-
opment after birth, the uniqueness of the current study is
our description of fetal brain changes in utero, occurring
before exposure to postnatal influences.

It has been proposed that neurodevelopment in fetuses
conceived by ART might be influenced by the underlying
parental subfertility, ovarian stimulation and/or IVF
procedures. The observed differences between our three
study groups could have been triggered by their different
intrauterine vasoactive and hormonal milieu56–61, but
also by changes in cardiac function: brain and heart
development take place simultaneously in utero and often
share morphogenetic programs62. Fetuses conceived by
ART show differences in growth and cardiac shape
and function compared with SC fetuses, fresh ET being
associated with fetal smallness6,63 and cardiac remodeling
and dysfunction64,65, and frozen ET with macrosomia63,
hypertensive disorders of pregnancy5,66 and milder
cardiac changes65,67.

Interestingly, our findings were more pronounced in
the fresh ET than in the frozen ET group, contrary
to a registry-based study reporting a statistically higher
risk of neurodevelopmental delay associated with ART
(particularly ICSI using ejaculated sperm with fresh and
frozen ET), with higher risk for ICSI with frozen ET,
when restricting the analysis to singletons8. Nevertheless,
no differences were reported between fresh and frozen ET
when comparing academic performance in adolescents, in
an uncontrolled follow-up study, in which, however, mild
conditions may have been underrepresented68. A birth
cohort study with a 2-year follow-up reported reassuring

results for ART, but it was underpowered to detect
differences between the fresh and frozen ET modalities69.

Strengths and limitations

Among the strengths of our study is that it is the first
to examine cortical development in fetuses conceived
by ART. We present a well-phenotyped cohort from
a single center, with all study groups having been
included prospectively. All patients underwent a detailed
neurosonographic examination to exclude any additional
abnormality of the central nervous system, preventing the
inclusion of conditions that could potentially bias our
results. Another strength of this study is the use of both
sulci depth measurements and grading of fissures and
sulci, providing quantitative objective data along with
cortical maturation status. To ensure high image quality
and accurate assessment of cortical folding parameters,
ultrasonographic measurements were performed offline,
following a strict and reliable protocol, by a single trained
neurosonographer who was blinded to the mode of
conception. Finally, we adjusted for potential confounders
in our models for both prenatal and postnatal outcomes.

Among the limitations of our study is that the potential
contribution of infertility factors to outcome cannot be
separated from the contribution of the ART procedure
itself. Moreover, regarding embryonic stage at ET, there
was a different proportion of blastocysts transferred
in the two ART groups. We therefore performed a
sub-analysis, excluding the cases with transfer at the
blastocyst stage (Tables S3 and S4 and Figure S1) and,
even though the power decreased, significant differences
between the study groups remained. Furthermore, the
frozen ET group itself was heterogeneous, with 15%
of ET performed with the woman’s natural cycle. The
conditions associated with decreased fertility were likely
to have been underdiagnosed in the SC population.
The reported neurosonographic differences were subtle,
with most outcomes lying within normal ranges; their
postnatal persistence needs to be investigated. Due to
technical reasons, particularly shadowing from the fetal
skull, we measured only the side of the brain distal to the
transducer, which could have biased our results in case
of asymmetry. The ASQ used to assess postnatal perfor-
mance at 12 months is mainly a screening tool, subject to
reporting bias, and it was applied only once, rather than
longitudinally. Finally, although the mass-significance
effect was attenuated by applying Bonferroni correction
to each comparison, we cannot exclude that some of the
apparent differences could have been due to chance.

Conclusions

Fetuses conceived by ART showed a distinctive pattern of
cortical development and suboptimal infant neurodevel-
opment at 12 months, with more pronounced changes in
those conceived following fresh ET. Our results provide
new evidence for the existence of in-utero brain reor-
ganization associated with ART and for the importance

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2022.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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10 Boutet et al.

of neurodevelopmental follow-up and assessment of the
long-term consequences in ART offspring.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article:

Figure S1 Distribution of cortical grading scores of main sulci in fetuses of pregnancies conceived
spontaneously or using assisted reproductive technology with fresh or frozen embryo transfer, excluding cases
of transfer in the blastocyst stage.

Table S1 Distribution of crude Ages and Stages Questionnaire Z-scores below −2 SD from the spontaneously
conceived study population mean

Table S2 Pearson’s correlations between each Ages & Stages Questionnaire domain score and sulci depth in
entire study population of pregnancies conceived spontaneously or using assisted reproductive technology
(ART) with fresh or frozen embryo transfer, and in only those conceived by ART

Tables S3 and S4 Baseline, fertility and perinatal characteristics (Table S3) and fetal neurosonographic
assessment (Table S4) of pregnancies conceived spontaneously or using assisted reproductive technologies with
fresh or frozen embryo transfer, excluding cases of transfer in the blastocyst stage
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