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Abstract

Background Subtle abnormalities in children’s intelligence, motor skills, and psychology from various assisted
reproductive treatments (ARTs) might be underdiagnosed. Understanding the prognosis of intelligence, motor skills,
and psychology in children from ART would provide parents with reasonable expectations and enable them to plan
relevant support to achieve the optimum potential in ART children.

Methods We searched PubMed, EMBASE, Ovid, Google Scholar, and Scopus databases until April 13, 2021, to identify
relevant studies. Thirty-four studies met the inclusion and exclusion criteria. The meta-analysis employed a stand-
ardized mean difference model. The outcome of this study is to compare intelligence quotient (IQ), motoric ability,
and behavioral problems between all ARTs, in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI) to natu-
rally conceived (NC) children. Subdomains of intelligence based on the Cattell, Horn, and Carroll Model (CHC Model)
of cognitive architecture, including fluid reasoning, short-term and working memory, processing speed, visual-spatial
ability, long-term memory retrieval, and crystalized intelligence (knowledge), were evaluated and summarized

in details. Motor skill was stratified into two domains: gross motoric and fine motoric. Behavioral problem was catego-
rized as externalizing and internalizing behavior.

Results Meta-analysis showed that verbal intelligence score in IVF toddlers is significantly lower than NC toddlers (p
= 0.02); conversely, ICSI toddlers scored significantly higher verbal intelligence score compared to NC toddlers (p =
0.005). Toddlers born after ART had significantly lower non-verbal intelligence score (p = 0.047). IVF toddlers scored
significantly lower fine motor score (p=0.01) compared to naturally conceived toddlers. Based on parent’s CBCL, NC
toddlers had higher total (p = 0.01) and externalizing behavior (p = 0.001) scores compared to ART toddlers. Evalua-
tion of full scale IQ and all domains of intelligence in preschool and primary school children revealed that no signifi-
cant differences exist between ART and NC children. Based on preschool and primary school parents' CBCL, IVF chil-
dren had significantly lower externalizing behavior score compared to NC children (p = 0.04). Meta-analyses of studies
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tive impacts on children’s neurodevelopment.

children, Young adolescents

on young adolescents revealed that ART young adolescents scored higher academically than their NC counterparts,
including on mathematics (p < 0.00001) and reading or language (p <0.00001).

Conclusions Despite differences in certain aspects, this finding suggests that ART is unlikely to cause nega-

Keywords Assisted reproductive treatment, In vitro fertilization, Intracytoplasmic sperm injection, Children
neurodevelopment, Intelligence quotient, Motoric skills, Behavioral problems, Toddlers, Preschool and primary school

Introduction

Over the past few decades, assisted reproductive technol-
ogy (ART) has been integrated into the standard proto-
cols to treat infertility. In 2014, there were 1,929,905 ART
cycles from 2,746 centers in 76 countries. From 2010 to
2014, the number of reported non-donor aspirations and
frozen embryo transfer cycles increased by 37.3% and
67.5%, respectively. The proportion of fresh non-donor
single embryo transfers increased from 30.0% in 2010 to
40.0% in 2014 [1].

Since its inception, numerous ART methods have been
developed to address a variety of etiologies. Ovulation
induction refers to ovarian follicle stimulation by fertil-
ity drugs to reverse anovulation or oligoovulation. Gam-
ete intrafallopian transfer (GIFT) involves removing eggs
from a woman’s ovaries and placing them in one of the
Fallopian tubes along with the man’s sperm. It is used
when the fertility problem is caused by sperm dysfunc-
tion or idiopathic (unknown cause) infertility. In vitro
fertilization is a technique that allows male and female
gametes (sperm and egg) to fertilize outside of the female
body. This technique is indicated mainly for tubal factor
infertility or if the previous methods have failed. Intracy-
toplasmic sperm injection (ICSI) is a solution to acquire
pregnancy(-ies) if most sperms are immotile. The tech-
nique involves sperm injection directly into the cyto-
plasm of a mature oocyte, thus bypassing many natural
barriers that prevent natural conception. Despite the
superiority of this technique, concerns about preventing
defective sperm from fertilizing mature oocytes are fre-
quently raised [2].

Despite the wide use of ART, there are still concerns
regarding its safety. How various assisted concep-
tion techniques to affect children’s neurodevelopmen-
tal outcomes is still unclear. Increased risks of multiple
births, preterm birth, and low birth body weight have
been described in ART compared to spontaneous preg-
nancies [3, 4]. Those risks are also associated with neu-
romotor development disturbances [5]. Our previous
meta-analysis showed that children born after ART attain
a higher risk for neurodevelopmental disorders, espe-
cially cerebral palsy (risk ratio [RR] 1.82, [1.41, 2.34];
P=0.00001) [6]. However, a question regarding subtle

clinical manifestations, i.e., intelligence, motor, and men-
tal developments, remains unanswered and less stud-
ied. A limited number of studies with various timing of
follow-ups, different ART methods, and methodological
shortcomings are the major limitations for neurodevel-
opmental risk interpretation.

There were inconsistent results regarding the neuro-
physiological and behavioral outcomes of children born
after ART. Many of these studies only focused on men-
tal and psychomotor development in the first 3 years of
life. Children at preschool to early adolescent ages, when
cognitive demand increases, motoric skills are well devel-
oped, while socioemotional and behavioral changes are
marked, have been insufficiently studied [7].

This study aimed to conclude studies on neurodevelop-
mental outcomes (intelligence, motoric, and behavior) in
children born after different ART treatments compared
to naturally conceived (NC) children at every develop-
mental stage: toddlers (1-3 years), preschool to school
age (4-8 years) and young adolescents (8—18 years).

Methods

Literature search and identification

This meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) [8] reporting guidelines. Pub-
Med, EMBASE, Ovid, Google Scholar, and Scopus data-
bases were used to collect publications up to April 13,
2021. The following search terms were applied: (repro-
ductive techniques OR assisted reproductive OR in vitro
fertilization) AND (psychomotor performance OR intel-
ligence test OR intelligence quotient OR child behavior
OR behavioral test OR temperament).

Inclusion and exclusion criteria

Studies were included if they (1) reported singleton-born
children; (2) reported neurodevelopmental outcome
scores on intelligence, language development, motoric
skill, socioemotional, or behavior; (3) reported children
born from ART techniques; and (4) reported naturally
conceived children as control. Studies were excluded if
they (1) did not include original data, such as reviews,
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systematic reviews, comments, or editorial letters; (2)
did not include a control group (e.g., case reports);
(3) could not ascertain the use of fertility treatment;
(4) was not written in English; (5) reported children
aged <12 months; (6) used unstandardized instruments
for assessment; (7) reported children born after donor
insemination, oocyte donation, or sperm donation; (8)
included children with serious health problems or neu-
rodevelopmental disorders.

Data collection and analysis

Three authors (TD, JKA, DH) reviewed the title and
abstract of every article independently. The full-text
article was thoroughly read if the abstract met the inclu-
sion criteria. Screening through the reference lists was
performed to identify publications that were previously
unidentified but relevant to this study. The following
information was retrieved: author, country, publication
year, number of participants, method of conception,
domain, and methods of neurodevelopmental assess-
ment. Newcastle-Ottawa Scale (NOS) was applied to
assess the risk of bias in the studies [9].

Data synthesis

A rigorous review was done by stratifying the result
based on age groups, as these groups represent differ-
ent developmental milestones. In this review, children
were grouped into toddler (1-3 years), preschool and
primary school age (4—11 years), and young adolescent
(12-18 years).

At the age of 1- to 3-year-old, toddlers are advancing
their sensorimotor to preoperational intelligence, where
they are progressing from learning objects and environ-
ment by touch to the development of language and com-
munication. Gross motor skill quickly develops when the
transition from crawling to walking and standing occurs.
Fine motor skills in this age group are limited to refine-
ments in reaching, grasping, and manipulating small
objects. During this period, children are also learning
to socialize mainly through playing activity, where they
learn cooperation, empathy, and develop friendships with
others [10].

Primary school is the first stage of basic education. It
bridges early childhood education to formal school edu-
cation. The programs are typically designed to provide
students with fundamental skills in literacy (reading and
writing) and mathematics, and to establish a solid foun-
dation for learning. According to ISCED classification,
primary education typically starts between the ages of 5-
to 8-year-old (1st to 3rd grade). However, in many coun-
tries, primary school starts from 4- to 12-year-old (1st to
6th grade). Gross motor is already well developed, and
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complex fine motoric tasks such as writing and typing
can already be performed [11].

At young adolescent ages, children are usually
already attending secondary school. Secondary educa-
tion prepares students for tertiary or higher education
and/or provides skills relevant to employment. In this
stage, the competencies achieved in primary school are
developed in more detail [12]. School grades can be
used as a measurement tool of academic intelligence.

By referring to the previously mentioned devel-
opmental milestones at different stages of life, three
domains of development were assessed: intelligence,
motor development, and behavior (social skills). In
addition to full scale IQ, two domains of intelligence
were assessed: verbal and non-verbal intelligence
(Performance IQ). When possible, the subdomains
of intelligence based on the Cattell, Horn, and Car-
roll Model (CHC Model) of Cognitive Architecture,
including quantitative intelligence, fluid reasoning,
short-term memory and processing speed, visual-spa-
tial ability, long-term memory retrieval, and executive
function were evaluated and summarized in details.
Verbal intelligence is the ability to understand and
reason using concepts framed in words. Verbal 1Q is
related to crystalized or comprehension knowledgeabil-
ity in the CHC model. Fluid intelligence is the ability to
solve novel reasoning problems and is correlated with
essential skills, such as comprehension, problem-solv-
ing, and learning. Short-term memory is the capacity
for holding a small amount of information in an active,
readily available state for a short interval. Processing
speed is the ability to perform simple repetitive cogni-
tive tasks quickly and fluently. Visuospatial intelligence
is the ability to perceive, analyze, and understand visual
information. Long-term memory retrieval is a process
of accessing stored memory gained from the learning
process [12].

Motoric skills were analyzed in 2 domains: gross
motoric and fine motoric. Gross motor (physical) skill
is the ability to move the whole body, which involves
core stabilizing muscles to perform everyday functions,
such as standing, walking, dressing, etc. Fine motor skill
is the ability to move minor muscles such as the wrist,
hand, fingers, feet, and toes to perform small move-
ments such as picking up objects, gripping, tool manip-
ulation, etc. [13].

Behavioral problems were categorized as exter-
nalizing and internalizing behavior. The externaliz-
ing spectrum incorporates a variety of disinhibited or
externally-focused behavioral symptoms, including
aggression, conduct problems, delinquent behavior,
oppositionality, hyperactivity, and attention problems. In
contrast, the internalizing spectrum includes a variety of
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over-inhibited or internally-focused symptoms, including
anxiety, fear, sadness/depression, social withdrawal, and
somatic complaints [14].

Another evaluated aspect was executive function.
Executive function is defined as a set of cognitive pro-
cesses that is necessary for selecting and successfully
monitoring behaviors that facilitate the attainment of
chosen goals. There are three basic executive function
components: inhibition, working memory, and cogni-
tive flexibility. Inhibition is the self-control of atten-
tion, behavior, thoughts, and/or emotions to override
a strong internal predisposition or external lure and do
what is more important. The second aspect is working
memory. Working memory is related to the act of hold-
ing information (perceptual input) in mind and manipu-
lating or connecting it to bring conceptual knowledge.
Working memory is also related to selective, focused
attention as the brain will focus on the information
held in the mind, turning out irrelevant thoughts. Cog-
nitive flexibility is the third element of executive func-
tion. One aspect of cognitive flexibility is being able to
change perspective spatially or interpersonally, which
is related to inhibition or previous perspective. Higher-
order executive functions require the simultaneous use
of multiple basic executive functions, including plan-
ning and fluid intelligence (e.g., reasoning and problem-
solving) [15].

Statistical analysis

Random effect standardized mean difference (SMD) with
a 95% confidence interval was used in the meta-analysis
for continuous data. This type of data analysis was used
to summarize studies that reported the same outcomes
measured in a variety of psychometric scales. Nonethe-
less, we were aware that this method might be unable to
identify real scale differences. RevMan version 5.3 soft-
ware (Cochrane Collaboration) was used for these pur-
poses. The inconsistency index (I?) test, which ranges
from 0 to 100%, was performed to evaluate heterogeneity
across studies. P value <0.05 or values above 50% indicate
a significant heterogeneity. The risk of bias was evaluated
by the Cochrane Risk of Bias Assessment tool (Cochrane
Collaboration).

Results

The literature searches identified 2503 studies, with
the addition of 32 studies identified through reference
screening (Fig. 1). Following a review of 96 full-text arti-
cles, 57 were excluded for failing to meet the inclusion
criteria. Five studies were excluded because they focused
on infants under 1 year of age (1 study) and reported
duplication of cohort and data in four other studies.
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Only 34 studies [16—49] were ultimately included in the
meta-analyses. The quality of the included studies that
were assessed by the Newcastle—Ottawa Scale is shown
in Supplemental Table S1 for cohort studies reporting
intelligence outcomes, Supplemental Table S2 for case—
control studies reporting intelligence outcomes, Sup-
plemental Table S3 for cohort studies reporting motoric
outcomes, Supplemental Table S4 for case—control
reporting motoric outcome, Supplemental Table S5 for
cohort studies reporting behavioral outcomes.

Characteristic of participants

Table 1 shows pooled analysis of the background charac-
teristics of the children. There were no differences in chil-
dren’s gender proportion, mother education level, and
family socioeconomic background in all age groups born
from all types of ART conceptions compared to naturally
conceived control.

Toddler (1- to 3-year-old)
Intelligence outcome
Four studies used Bayley’s Mental Development Index to
measure cognitive development in the toddler age group
[16, 19, 20, 26]. There were no significant differences in
the mental development of assisted reproductive tech-
nology (ART)-born compared to naturally conceived
(NC) toddlers (p = 0.16). There was no evidence of publi-
cation bias (p-Egger =0.506), and the data exhibited good
homogeneity (I?=0%, p=0.94) (Fig. 2A). Supplemental
Table S6 summarizes the statistics for the meta-analysis.
The McArthur Bates Language Inventory [17], Brit-
ish Naming Ability [16], Receptive Expressive Emergent
Language-II (REEL-2) [19], McArthur Communicative
Developmental Inventories (N-CDI) [21], Brunet-Lezine
language sub-scores [22, 25], and Griffith hearing and
speech sub-scores [23, 24] were used to measure lan-
guage development or verbal intelligence. There were no
significant differences in language development between
ART-born and NC toddlers (p=0.76). Although there
was significant heterogeneity (=71%, p=0.0003),
the pooled analysis did not indicate publication bias
(p-Egger=0.118) (Fig. 2B). Since the method of concep-
tion might affect heterogeneity, separate subgroup analy-
ses were performed. Good homogeneities were identified
in the analyses on IVF vs NC and ICSI vs NC (p>0.05);
high heterogeneity was only detected in the analysis
on ART vs NC group which included studies that did not
specify the mode of conception (I*=92%, p=0.00005).
The language development score of toddlers born after
IVF was significantly lower than NC toddlers (p = 0.02);
meanwhile, ICSI toddlers’ score was significantly higher
compared to NC toddlers (p=0.005).
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Fig. 1 Flow diagram of included study in meta-analysis

Non-verbal intelligence was reported in 3 studies that
used Bayley-III cognitive [15] and Griffith performance
sub-scores [23, 24]. Pooled analyses showed that non-verbal
intelligence in ART toddlers is significantly lower compared
to the NC toddlers (p=0.047) (Fig. 2C). Good homo-
geneity (P=10%, p=0.34) and lack of publication bias
(p-Egger=0.703) were both displayed in these studies.

Motoric outcome

Bayley-II Psychomotoric Development Index (PDI)
[16, 19, 20], Bayley-III motor composite score [15],
Brunet-Lezine posture and coordination [22, 25],
and Griffith locomotor and eye-hand coordina-
tion [22, 24] were utilized to assess the total motor
skill outcome. Pooled analysis showed no signifi-
cant difference in total motor score between tod-
dlers born via ART and naturally conceived toddlers
(p=0.27) (Fig. 3A). There were no evidence of data
heterogeneity (I> = 6%, p = 0.38) and publication

bias (p-Egger=0.575). Similarly, subgroup analy-
ses also revealed the insignificant differences of total
motor score in toddlers born from ART, IVF, or ICSI
compared to NC toddlers, with good homogeneity
and no publication bias (p > 0.05).

The gross motor score was obtained from the Griffith
locomotor [22, 25] and the Brunet-Lezine posture sub-
tests [23, 24], in both pooled analysis (p=0.79) and sub-
group analyses based on the method of conception (IVF,
p=0.93; ICSI, p=0.83) (Fig. 3B). Significant heteroge-
neity between studies was identified (I>=61%, p=0.03),
especially in the ICSI subgroup (I>=76%, p=0.006), sug-
gesting that factors other than conception mode might
also influenced how children developed their motor
skills.

The fine motor score in ART and NC toddlers was sim-
ilar (p=0.055) based on Brunet-Lezine’s coordination [, ]
and Griffith’s ey-hand coordination [, ] assessments. The
analyses showed low heterogeneity (I>=35%, p=0.17)
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Characteristics  Age group Reporting No. of children Ratio, p value Heterogeneity
studies (B
IVF ICSI All ART Control
Male (%) Toddler 16,21,25 225/497 303/621 0.97[0.88,1.07], 0%, 0.78
0.54
17,20 129/278 1032/2174 0.93[0.75,1.15], 0%, 0.72
052
Summary 381/831 1335/2795 0.96[0.88,1.05]. 0%, 0.94
041
Preschool 31,34,35,42 122/250 129/250 0.89[0.63,1.27], 0%, 0.91
0.53
34,35 81/164 94/170 0.79[0.51,1.21], 0%, 1.00
0.28
27,28,30,32,33 156/326 4080/7983 0.89[0.69,1.15], 0%, 0.84
0.38
Summary 359/740 4303/8403 0.871[0.73,1.05], 0%, 0.99
0.15
Young adoles- 44-46, 48,49 6410/12,495 772,649/1,509,646 1.00[0.98,1.02], 0%,0.78
cent 0.90
Mother's higher  Toddler 16,21,25 248/515 296/679 1.04[092,1.17], 0%, 0.82
education (uni- 0.58
versity or above) 17,20 74/154 3868/10,661 1.11[048,2.55],  93%,0.0002
081
Summary 322/669 4164/11,340 1.07[0.82,1.41],  83%,<0.00001
0.60
Preschool 31,34-37,42 422/779 409/763 0.93[0.75,1.16],  78%, 0.0001
0.52
34,35 65/164 73/170 0.92[0.66,1.29], 41%,0.19
0.64
28, 30,32,33 139/255 2917/6406 0.9310.80,1.08], 32%,0.22
033
Summary 626/1198 3399/7339 0.9410.83,1.07],  66%, 0.00005
037
Young adoles- 45,46, 48, 49 2907/11,293  359,623/1,505,567  1.00[0.81,1.23],  87%,<0.00001
cent 0.99
Family financial condition
Low Toddler 16,25 76/480 149/626 0.83[0.32,2.13],  91%, 0.001
0.70
17,18 53/377 2414/12,662 0.541[0.13,2.26],  90%, 0.001
040
Summary 129/857 2563/13,288 0.72[041,1.25],  859%, 0.0002
0.24
Preschool 34, 35,38 17/418 15/429 1.17[0.60,2.28], 0%, 0.99
0.64
34,35 20/173 14/170 140[0.73,2.69] 0%, 0.99
Summary 37/591 29/599 1.2910.81,2.05], 0%, 1.00
0.29
Young adoles- NR NR NR NR NR NR NR

cent
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Characteristics  Age group Reporting No. of children Ratio, p value Heterogeneity
studies (&)
IVF ICsI All ART Control
Middle Toddler 16,17,25 344/758 947/2714 1.09[0.90,1.31],  67%,0.05
0.39
Preschool 34,35,38 151/427 166/429 0971[0.72,1.29],  45%,0.16
0.89
34,35 44/164 45/170 1.02[049,2.12],  75%,0.04
0.97
Summary 195/591 211/599 0.991[0.76,1.29],  50%, 0.09
0.93
Young adoles- NR NR NR NR NR NR NR
cent
High Toddler 16,17,25 274/758 1167/2714 1.10[0.78,1.54],  83%, 0.003
0.60
Preschool 34,35,38 270/418 276/429 0.95[0.78,1.17), ~ 80%, 0.007
0.64
34,35 126/173 139/170 0.90[0.75,1.08]  57%,0.13
0.25
Summary 396/591 415/599 0.93[0.84,1.04], 63%,0.03
0.22
Young adoles- NR NR NR NR NR NR NR
cent
NR Not reported

and no publication bias (p-Egger=0.322). The subgroup
analyses revealed that toddlers born after IVF had a
noticeably lower fine motor score (p=0.01) than NC tod-
dlers. No significant disparity was noticed in ICSI tod-
dlers compared to NC toddlers (p=0.28) (Fig. 3C).

Behavior and social outcomes

According to three studies, NC mothers reported behav-
ioral issues more frequently than ART mothers, as
assessed using Achenbach’s Child Behavioral Checklist
(CBCL) [20, 21, 26]. Compared to ART children, NC
children showed higher total (p=0.01) and externaliz-
ing behavior scores (p=0.001) (Fig. 4A, C). No signifi-
cant difference was noted in internalizing behavior score
between the two groups (p=0.09) (Fig. 4B). The data
showed good homogeneities (*=0%, p>0.05) and no
publication biases.

There was no statistically significant difference
observed in the social skills of ART and NC toddlers as
assessed using Griffith’s social [23, 24], Brunet-sociability
Lezine’s [21, 25], and Vineland Adaptive Behavior socialization
[16, 19] (p=0.22) (Fig. 4D). Likewise, there were no significant
differences observed in the subgroup analyses between the
IVF (p=0.57) and ICSI (p=0.28) toddlers compared to NC
toddlers. No heterogeneity (2 = 0%, p >0.05), and publication
bias (p-Egger >0.05) were found in the analyses.

Preschool and primary school ages (4- to 11-year-old)
Intelligence outcome

Weschler Preschool and Primary School Intelligence-
Revised version (WPPSI-R) [22, 27, 31, 33, 39, 40, 42],
Weschler Abbreviated Scale of Intelligence (WASI) [30],
Weschler Intelligence Scale for Children (WISC) [36,
37], Kauffman Assessment Battery for Children (K-ABC)
[38, 41], and Revised Amsterdam Child Intelligence Test
(RAKIT) [35] were used to measure intelligence. There
was no significant difference in the overall full-scale 1Q
of ART schoolers compared to NC schoolers (p=0.31).
There was significant heterogeneity observed among the
studies (I*=50%, p=0.01), but no evidence of publication
bias was detected (p-Egger =0.438). ICSI subgroup analy-
sis also demonstrated significant heterogeneity (I*=59%,
p=0.01). Across the three subgroups, the results consist-
ently indicated that there was no significant differencebe-
tween ART and NC schoolers.

The verbal intelligence quotient was calculated
from WPPSL-R [22, 27, 31, 33, 39, 40, 42], WASI [32],
and WISC [36, 37] verbal IQ, K-ABC Knowledge sub-
test [41], RAKIT verbal meaning, learning names, and
idea production subtests [35], British Ability Scale (BAS)
vocabulary subtest [28], and Ages and Stages Question-
naire communication subtest [30] scores. In the subgroup
and overall analyses, no significant differences were
found (Fig. 5B). Nonetheless, both the overall (I?=78%,
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ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Joengbloed-Pereboom 2011 98 13.1 66 1008 15 100 30.7% -0.20 [-0.51, 0.12] —
Barnes 2004 110.9 189 51 1134 16.8 51  19.8% -0.14 [-0.53, 0.25] R
Gibson 1998 1024 83 65 103.2 7 62 24.6% -0.10 [-0.45, 0.24] — T
Agarwal 2005 922 19 41 929 135 147 24.9% -0.05 [-0.39, 0.30] .
Total (95% Cl) 223 360 100.0% -0.12 [-0.30, 0.05] -
Heterogeneity: Tau? = 0.00; Chi? = 0.41, df = 3 (P = 0.94); I = 0% k 7 0 5 s 0:5 1=

Test for overall effect: Z = 1.41 (P = 0.16)

B. Toddler Intelligence: Language Development (Verbal Intelligence) Score
NC

ART

Std. Mean Difference

Higher in NC  Higher in' ART

Std. Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
1.4.1 ART vs NC

Balayla 2017 53.9 236 175 55.6 244 1345 13.8% -0.07 [-0.23, 0.09] =

Carson 2009 81.67 14.8557 99 76 14.8557 10574 12.7% 0.38[0.18, 0.58] =

Subtotal (95% CI) 11919 26.6% 0.15 [-0.29, 0.59] —l—

Heterogeneity: Tau? = 0.09; Chi? = 12.24, df = 1 (P = 0.0005); I* = 92%

Test for overall effect: Z = 0.67 (P = 0.50)

1.4.2 IVF vs NC

Gibson 1998 91.9 76 65 95 88 62 87%  -0.38[-0.73,-0.02] —

Sutcliffe 1995 106.18 21.24 68 112.33 13.87 83 9.3% -0.35[-0.67, -0.03] = =

Place 2003 101 16.81 32 100.1 17.82 40 6.4% 0.05[-0.41,0.52] — =

Subtotal (95% Cl) 185 24.4% -0.27 [-0.50, -0.03] e

Heterogeneity: Tau? = 0.01; Chi? = 2.40, df =2 (P = 0.30); I = 17%

Test for overall effect: Z = 2.25 (P = 0.02)

1.4.31CSlvs NC

Nekkebroeck 2008 5311 2924 35 5642 2912 53 7.1% -0.11 [-0.54, 0.31] —_— 2008
Place 2003 99.2 12.68 46 100.1 17.82 40 71% -0.06 [-0.48, 0.37] - @200
Sutcliffe 2003 106.47 144 208 105.15 14.16 221 13.0% 0.09 [-0.10, 0.28] =1 @200
Vo 2021 1032 106 421 1011 98 421 14.4% 0.21[0.07, 0.34] 200
Sutcliffe 2003 108.9 17.8 56 104.8 17.5 39 7.4% 0.23 [-0.18, 0.64] ] @200
Subtotal (95% CI) 766 774 49.0% 0.14 [0.04, 0.24]

Heterogeneity: Tau? = 0.00; Chi? = 3.51, df =4 (P = 0.48); 1= 0%

Test for overall effect: Z = 2.79 (P = 0.005)

Total (95% Cl) 1205 12878 100.0% 0.02[-0.13,0.17] ?

Heterogeneity: Tau? = 0.04; Chi* = 30.65, df = 9 (P = 0.0003); I? = 71%
Test for overall effect: Z = 0.31 (P = 0.76)
Test for subgroup differences: Chi? = 10.12, df = 2 (P = 0.006), I> = 80.2%

C. Toddler Intelligence: Non-Verbal Intelligence Score

e

05 0 05 1
Higherin NC Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Rand 95% CI
Sutcliffe 2003 1016 141 56 106.5 11.7 39  8.0% -0.37 [-0.78, 0.04] B
Sutcliffe 1995 105.01 16.68 68 108.4 15.32 83 12.9% -0.21[-0.53, 0.11] 7
Balayla 2017 985 112 175 100.1 11.4 1345 459% -0.14 [-0.30, 0.02] —
Sutcliffe 2003 96.31 13.16 208 96.29 14.67 211 33.1% 0.00 [-0.19, 0.19] -
Total (95% Cl) 507 1678 100.0%  -0.12[-0.24, -0.00] g 2

ity 2 = - Chi2 = = = 12 =109 t + + d
Heterogeneity: Tau? = 0.00; Chi? = 3.32, df = 3 (P = 0.34); I = 10% a 05 0 05 1

Test for overall effect: Z = 1.99 (P = 0.05)

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

() Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Higher in NC _ Higher in ART

Fig. 2 Intelligence outcome of ART-born compared to naturally conceived (NC) toddlers as assessed with A Mental Development Index, B
Language Development (Verbal Intelligence) Score, and € Non-verbal Intelligence Score

p=0.0001) and subgroups analyses (I>=48-85%, p <0.05)

demonstrated significant heterogeneity. There were no

dence of publication biases in all groups (p-Egger >0.05).

evi-

Quantitative intelligence was extracted from WPPSI,
WISC, and WASI arithmetic subtests [31, 36, 37, 39, 40].
There was no significant difference in arithmetic subtest
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A. Toddler Motoric: Total Motor Score

ART NC Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI
211 ARTvs NC
Joengbloed-Pereboom 2011 93 15.3 56 95.63 15.2305 86  5.5% -0.17 [-0.51, 0.17]
Balayla 2017 100.8 98 175 101.8 122 1345 22.4% -0.08 [-0.24, 0.07]
Subtotal (95% CI) 231 1431 28.0% -0.10 [-0.24, 0.04]
Heterogeneity: Tau? = 0.00; Chi? = 0.21, df = 1 (P = 0.64); I’ = 0%
Test for overall effect: Z = 1.36 (P = 0.17)
21.2IVFvs NC
Sutcliffe 1995 102.7 16.3 68 105.2 13.4 83  6.1% -0.17 [-0.49, 0.15]
Place 2003 105.9 15.1 32 107.8 14.4 40 3.0% -0.13 [-0.59, 0.34]
Gibson 1998 90.4 14.4 65 89.5 15.5 62  52% 0.06 [-0.29, 0.41]
Subtotal (95% CI) 165 185 14.3% -0.08 [-0.29, 0.13]
Heterogeneity: Tau? = 0.00; Chi? = 0.95, df = 2 (P = 0.62); 1> = 0%
Test for overall effect: Z = 0.71 (P = 0.48)
21.3ICSlvs NC
Place 2003 102.9 14.1 46 107.8 14.4 40  3.5% -0.34 [-0.77, 0.09]
Agarwal 2005 94.8 12,9998 41 965 12.9998 147 53% -0.13 [-0.48, 0.22]
Sutcliffe 2003 96 154 208 97.9 143 221 16.2% -0.13 [-0.32, 0.06]
Vo 2021 103.5 9.8 421 1026 93 421 28.9% 0.09 [-0.04, 0.23]
Sutcliffe 2003 103.8 159 56 101.4 139 39 38% 0.16 [-0.25, 0.57]
Subtotal (95% CI) 772 868 57.7% -0.04 [-0.19, 0.12]
Heterogeneity: Tau? = 0.01; Chi? = 7.16, df =4 (P = 0.13); I = 44%
Test for overall effect: Z = 0.49 (P = 0.62)
Total (95% ClI) 1168 2484 100.0%

Heterogeneity: Tau? = 0.00; Chi? = 9.62, df = 9 (P = 0.38); I> = 6%
Test for overall effect: Z = 1.10 (P = 0.27)
Test for subgroup differences: Chi? = 0.31, df = 2 (P = 0.85), I?= 0%

B. Toddler Motoric: Gross Motor Score
ART NC

Study or Subgroup Mean SD_Total Mean

SD_Total Weight

(2023) 15:26

Std. Mean Difference
IV, Random, 95% CI

Risk of Bias
ABCDEFGHI JKL

Std. Mean Difference
IV, Random, 95% CI

-0.05 [-0.13, 0.04]

¢!

<+

4 05 05
Higher in NC ~ Higher in ART

Std. Mean Difference
IV, Random, 95% CI

1

Risk of Bias
ABCDEFGHIJKL

23.11IVFvs NC

Place 2003 111 19.46 32 1115 16.87 40 10.4% -0.03 [-0.49, 0.44]
Sutcliffe 1995 104.54 17.95 68 104.1 11.73 83 16.0% 0.03 [-0.29, 0.35]
Subtotal (95% Cl) 100 123 26.3% 0.01 [-0.25, 0.28]
Heterogeneity: Tau? = 0.00; Chi? = 0.04, df = 1 (P = 0.84); I = 0%

Test for overall effect: Z = 0.08 (P = 0.93)

2.3.2ICSlvs NC

Place 2003 106.5 17.79 46 111.5 16.87 40 11.6% -0.29 [-0.71, 0.14]
Sutcliffe 2003 93.1 16.05 201 9539 14.34 221 23.3% -0.15[-0.34, 0.04]
Vo 2021 106.6 9.9 421 104.7 96 421 26.6% 0.19[0.06, 0.33]
Sutcliffe 2003 101.5 159 56 964 154 39 121% 0.32[-0.09, 0.73]
Subtotal (95% Cl) 724 721 73.7% 0.03 [-0.23, 0.28]
Heterogeneity: Tau? = 0.05; Chi? = 12.48, df = 3 (P = 0.006); I> = 76%

Test for overall effect: Z = 0.21 (P = 0.83)

Total (95% Cl) 824 844 100.0%

Heterogeneity: Tau? = 0.03; Chi* = 12.70, df = 5 (P = 0.03); I = 61%
Test for overall effect: Z = 0.26 (P = 0.79)
Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.93), I = 0%

C. Toddler Motoric: Fine Motor Score
ART NC

Study or Subgroup Mean SD_Total Mean SD_Total Weight

0.02 [-0.16, 0.21]

n

-1

Std. Mean Difference
IV, Random, 95% CI

-0.5 0 05
Higher in NC  Higher in ART

Std. Mean Difference
IV, Random, 95% CI

(333 TLLL AL ]
(L LT LT DL L R 1]

Risk of Bias
ABCDEFGHIJKL

2.21IVFvs NC

Sutcliffe 1995 100.85 14.53 68 106.2 15.11 83 13.6% -0.36 [-0.68, -0.04]

Place 2003 100.9 10.81 32 104.1 11.84 40 7.5% -0.28 [-0.74, 0.19] S
Subtotal (95% CI) 123 211%  -0.33[-0.60,-0.07] -
Heterogeneity: Tau? = 0.00; Chi? = 0.08, df = 1 (P = 0.78); I* = 0%

Test for overall effect: Z = 2.45 (P = 0.01)

2.2.21CSlvs NC

Place 2003 99.2 10.29 46 1041 11.84 40  87% -044[-0.87,-0.01] — |
Sutcliffe 2003 98.92 14.73 208 100.41 14.21 221 26.2% -0.10 [-0.29, 0.09] T
Sutcliffe 2003 1061 16 56 1063 123 39  9.4% -0.01[-0.42, 0.40) D
Vo 2021 1004 97 421 1004 89 421 346% 0.00 [-0.14, 0.14] —
Subtotal (95% Cl) 731 721 78.9% -0.07 [-0.21, 0.06] >
Heterogeneity: Tau? = 0.00; Chi? = 4.01, df = 3 (P = 0.26); I> = 25%

Test for overall effect: Z = 1.08 (P = 0.28)

Total (95% Cl) 831 844 100.0% -0.14 [-0.27, 0.00] o
Heterogeneity: Tau? = 0.01; Chi? = 7.68, df = 5 (P = 0.17); I = 35% s p 0 5 s 055

Test for overall effect: Z = 1.92 (P = 0.05)

Test for subgroup differences: Chi? = 2.88, df = 1 (P = 0.09), I* = 65.3%
Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes

(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(1) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Higherin NC  Higher in ART

Page 9 of 24

Fig. 3 Motoric outcome of ART-born compared to naturally conceived (NC) toddlers as assessed with A Total Motor Score, B Gross Motor Score,
and C Fine Motor Score
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A. Toddler: Parent’s CBCL Total Behavior Problems Score
ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD _Total Weight IV, Random, 95% CI IV, Random, 95% CI
Nekkebroeck 2008 4646 89 34 50 902 53 55% -0.39 [-0.83, 0.04] r
Joengbloed-Pereboom 2011 46.1 8.1 66 49.11 11.3864 86  9.9% -0.30 [-0.62, 0.03] r
Barnes 2004 489 9 301 499 95 310 40.9% -0.11 [-0.27, 0.05] —&T
Barnes 2004 491 91 345 499 95 310 43.7% -0.09 [-0.24, 0.07) —
Total (95% CI) 746 759 100.0%  -0.13 [-0.23, -0.03] L 2

o Tau? = 0.00: Chiz = —3(P= i o } i } |
Heterogeneity: Tau? = 0.00; Chi? = 2.80, df = 3 (P = 0.42); I = 0% 5 05 1y 05 1

Test for overall effect: Z = 2.56 (P = 0.01)

B. Toddler: Parent’s CBCL Internalizing Behavior Score

Higher in NC  Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD_Total Weight 1V, Random, 95% CI 1V, Random, 95% CI ABCDEFGHI JKL
Nekkebroeck 2008 4521 9.3 33 4843 8.97 53 7.4% -0.35 [-0.79, 0.09] @@
Joengbloed-Pereboom 2011 434 9 66 46.57 10.4025 86 12.8% -0.32 [-0.64, 0.00] ®
Barnes 2004 474 10 345 48 10 310 40.7% -0.06 [-0.21, 0.09] ®
Barnes 2004 476 9.1 301 48 10 310 39.0% -0.04 [-0.20, 0.12] @
Total (95% Cl) 745 759 100.0%

-0.11[-0.23, 0.02]
;

Heterogeneity: Tau? = 0.00; Chi* = 3.83, df = 3 (P = 0.28); I* = 22%
Test for overall effect: Z = 1.72 (P = 0.09)

C. Toddler: Parent’s CBCL Externalizing Behavior Score

g

L L
05 05 1
Higher in NC Higher in ART

Risk of Bias
ABCDEFGHI

-0.17 [-0.27, -0.07]
;

ART NC Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean _SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Nekkebroeck 2008 48.06 8.98 33 51.74 8.98 53  5.4% -0.41[-0.85, 0.03] i
Joengbloed-Pereboom 2011 497 76 66 52.35 12.4667 86 10.0% -0.25[-0.57, 0.07] ~
Barnes 2004 49 83 301 504 8.7 310 40.9% -0.16 [-0.32, -0.01] —i
Barnes 2004 493 86 345 504 87 310 43.8% -0.13[-0.28, 0.03] —]
Total (95% Cl) 745 759 100.0% ’

0

Heterogeneity: Tau? = 0.00; Chi? = 1.64, df = 3 (P = 0.65); I = 0%
Test for overall effect: Z = 3.27 (P = 0.001)

D. Toddler: Social Score

1

L n
-0.5 0.5 1
Higher in NC Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
3.1.1 IVF vs NC
Gibson 1998 100.8 3 65 1014 31 62 66% -0.20 [-0.54, 0.15] — 2000000600600
Sutcliffe 1995 108.78 17.91 68 109.18 1212 83  7.8% -0.03 [-0.35, 0.29] —_—r 0006060 ®20
Place 2003 986 998 32 975 103 40 3.7% 0.11 [-0.36, 0.57] — 0000000007200
Subtotal (95% Cl) 165 185 18.0%  -0.06 [-0.27, 0.15] -
Heterogeneity: Tau? = 0.00; Chi? = 1.12, df = 2 (P = 0.57); I?= 0%
Test for overall effect: Z = 0.57 (P = 0.57)
3.1.21CSl vs NC
Sutcliffe 2003 1025 141 56 1038 14 39  4.8% -0.09 [-0.50, 0.32] —_—
Place 2003 967 1295 46 975 103 40 4.4% -0.07 [-0.49, 0.36] —_—
Sutcliffe 2003 9514 1541 208 96.06 1529 221 22.3% -0.06 [-0.25, 0.13] —e—
Vo 2021 1028 117 421 1034 94 421 438% -0.06 [-0.19, 0.08]
Agarwal 2005 986 122 41 985 10 147 6.7% 0.01 [-0.34, 0.36] J»r
Subtotal (95% Cl) 772 868 82.0%  -0.05[-0.15, 0.04]
Heterogeneity: Tau? = 0.00; Chi = 0.17, df = 4 (P = 1.00); I? = 0%
Test for overall effect: Z = 1.08 (P = 0.28)
Total (95% Cl) 937 1053 100.0%  -0.06 [-0.15, 0.03] ‘r

Heterogeneity: Tau? = 0.00; Chi? = 1.29, df =7 (P = 0.99); I = 0% '_1
Test for overall effect: Z = 1.22 (P = 0.22)

Test for subgroup differences: Chi2 = 0.00, df = 1 (P = 0.96), 1= 0%

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes

(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

() Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

L L
-0.5 0 0.5 1
Higher in NC Higher in ART

Fig. 4 Behavior and social outcomes of ART-born toddlers compared to naturally conceived (NC) toddlers as assessed using A Total Behavior
Problems Score, B Internalizing Behavior Score, C Externalizing Behavior Score, and D Social Score
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A. Preschool and Primary School: Full Scale Intelligence Quotient

Page 11 of 24

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
411 ARTvs NC
Bay 2014 1028 213207 71 1056 129 1577 7.8% -0.21 [0.45, 0.03] ®e (11}
Heineman 2019 116.29 15.8297 57 1151 15.8297 66  4.9% 0.07 [-0.28, 0.43] i @® @®
Heijligers 2018 109.55 14.18 51 106.06 9.94 35 3.6% 0.27 [-0.16, 0.71] —
Subtotal (95% Cl) 179 1678 16.3% 0.00 [-0.28, 0.29] .
Heterogeneity: Tau? = 0.03; Chi? = 4.35, df = 2 (P = 0.11); I* = 54%
Test for overall effect: Z = 0.02 (P = 0.98)
4.1.2IVF vs NC
Place 2003 101.9 11.98 17 108.4 11.95 15 1.6% -0.53[-1.24,018) ¥ —
Knoester 2008 107 16.0123 82 110 16.0123 85 59% -0.19[-0.49, 0.12] ==
Ponjaert-Kristoffersen 2005  108.36 13.37 399 109.25 13.33 454 11.6% -0.07 [-0.20, 0.07] TR
Subtotal (95% CI) 98 554 19.1% -0.10 [-0.22, 0.02] <P
Heterogeneity: Tau? = 0.00; Chi? = 1.96, df = 2 (P = 0.38); I’ = 0%
Test for overall effect: Z = 1.60 (P = 0.11)
4.1.3ICSlvs NC
Place 2003 99.7 12 17 1084 11.95 15 16% -0.71[-143,001) ¥ @
Knoester 2008 103 16.0123 86 110 16.0123 85 59% -0.44 [-0.74, -0.13] —_— ?
Winter 2014 115.55 14.41 49 118.85 127 48 4.1% -0.24 [-0.64, 0.16] — ?
Faramarzi 2016 105.9 14 28 107.2 129 32 2.8% -0.10 [-0.60, 0.41] -1 @
Leunens 2008 107.9 126 109 108.9 12.8 90 6.5% -0.08 [-0.36, 0.20] 3 T ?
Ponjaert-Kristoffersen 2005  109.11 13.89 483 109.25 13.33 454 11.9% -0.01[-0.14,0.12] i ?
Ludwig 2009 103.07 10.7 276 102.67 1073 273 10.3% 0.04 [-0.13, 0.20] b | @
Ponjaert-Kristoffersen 2004 108.6 152 239 108 142 265 10.0% 0.04 [-0.13, 0.22] (= @
Sanchez Albisua 2011 104.93 123 35 103.8 " 37 33% 0.10 [-0.37, 0.56] S
Leunens 2006 110.6 15 151 106 13.75 153 8.1% 0.32[0.09, 0.55] s
Subtotal (95% Cl) 1473 1452 64.6% -0.04 [-0.17, 0.09] L 3
Heterogeneity: Tau? = 0.02; Chi? = 21.70, df = 9 (P = 0.010); I* = 59%
Test for overall effect: Z = 0.54 (P = 0.59)
Total (95% Cl) 2150 3684 100.0% -0.05 [-0.14, 0.05]

Heterogeneity: Tau? = 0.02; Chi? = 29.92, df = 15 (P = 0.01); I = 50%

Test for overall effect: Z = 1.01 (P = 0.31)

Test for subgroup differences: Chi? = 0.72, df = 2 (P = 0.70), I’ = 0%

4

B. Preschool and Primary School: Verbal Intelligence Score

+

o-—’

0.5 0.
Higher in NC  Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI 1V, Random, 95% Cl ABCDEFGHI JKL
4.21 ART vs NC
Bay 2014 102 21.3732 71 1048 108 1577 71% -0.24 [-0.48, -0.01]
Fallah 2013 49.9 6.02 61 50.08 6.8 61 5.6% -0.03 [-0.38, 0.33]
Heineman 2019 116.92 17.2687 57 116.7 17.2687 66 5.6% 0.01[-0.34, 0.37]
Carson 2011 1125 13.891 96 1105 13.891 6244 75% 0.14 [-0.06, 0.35]
Heijligers 2018 109.16 13.75 51 105.57 9.91 35 4.8% 0.29 [-0.14, 0.72]
Subtotal (95% CI) 336 7983  30.6% 0.01[-0.17, 0.20]
Heterogeneity: Tau? = 0.02; Chi? = 7.72, df = 4 (P = 0.10); I* = 48%
Test for overall effect: Z = 0.15 (P = 0.88)
4.2.2IVF vs NC
Knoester 2008 110.67 10.3829 82 116.22 10.3829 85  6.2% -0.53 [-0.84, -0.22]
Place 2003 104.2 14.98 17 109.9 12.69 15 27% -0.40 [-1.10, 0.30]
Ponjaert-Kristoffersen 2005  108.46 1274 416 109.44 1342 469 82% -0.07 [-0.21, 0.06]
Subtotal (95% CI) 515 569 17.1% -0.30 [-0.66, 0.07]
Heterogeneity: Tau? = 0.07; Chi* = 7.61, df = 2 (P = 0.02); I* = 74%
Test for overall effect: Z = 1.61 (P = 0.11)
4.2.3I1CSlvs NC
Knoester 2008 106.22 10.3829 83 116.22 10.3829 85 6.1% -0.96 [-1.28, -0.64]
Place 2003 102.3 11.97 15 109.9 12.69 15 2.6% -0.60 [-1.33, 0.13]
Winter 2014 113.35 12.95 49 11563 10.96 48  52% -0.19[-0.59, 0.21]
Ponjaert-Kristoffersen 2005  108.75 13.77 483 109.44 13.42 469 8.2% -0.05[-0.18, 0.08]
Leunens 2008 109.3 124 109 1094 14 90 6.5% -0.01[-0.29, 0.27]
Faramarzi 2016 109.6 13.4 28 109.7 145 32 41% -0.01 [-0.51, 0.50]
Sanchez Albisua 2011 101.56 14.2 35 100.73 12.09 37  45% 0.06 [-0.40, 0.52]
Ponjaert-Kristoffersen 2004 109 137 293 107 15 265 7.9% 0.14 [-0.03, 0.31]
Leunens 2006 1133 137 151 1082 123 183 7.2% 0.39[0.16, 0.62]
Subtotal (95% CI) 1246 1194  52.2% -0.10 [-0.34, 0.14]
Heterogeneity: Tau? = 0.10; Chi? = 52.63, df = 8 (P < 0.00001); I* = 85%
Test for overall effect: Z = 0.84 (P = 0.40)
Total (95% CI) 2097 9746 100.0% -0.09 [-0.23, 0.05] L g
Heterogeneity: Tau? = 0.06; Chi? = 72.43, df = 16 (P < 0.00001); I = 78% k 7 »0= 5 0{5

Test for overall effect: Z = 1.26 (P = 0.21)

Test for subgroup differences: Chi = 2.36, df =2 (P = 0.31), I’ = 15.3%

Higher in NC  Higher in. ART

C. Preschool and Primary School: Quantitative Intelligence/ Arithmetics Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
Ponjaert-Kristoffersen 2005  10.24 2.47 483 1054 2.54 469 29.4% -0.12[-0.25, 0.01] — ® 200027200
Ponjaert-Kristoffersen 2005 10.62 2.6 416 10.54 254 469 28.0% 0.03[-0.10, 0.16] - @200 ®
Leunens 2008 97 28 151 96 29 153 12.0% 0.03[-0.19, 0.26] -1
Ponjaert-Kristoffersen 2004  11.02 2.79 293 10.75 2.85 265 19.8% 0.10 [-0.07, 0.26] N ®
Leunens 2006 10 24 109 97 24 90 81% 0.12[-0.15, 0.40] -t
Faramarzi 2016 82 25 28 78 26 32 26% 0.15 [0.35, 0.66] — 00972220
Total (95% CI) 1480 1478 100.0% 0.01 [-0.07, 0.09] L 2
Heterogeneity: Tau? = 0.00; Chi? = 6.09, df = 5 (P = 0.30); I = 18% =_1 -ol.s 0?5

Test for overall effect: Z = 0.25 (P = 0.80)

Higher in NC  Higher in ART

Fig. 5 Intelligence outcome of ART-born compared to naturally conceived (NC) pre and primary schoolers as measured with A Full Scale IQ, B
Verbal IQ, C Quantitative Intelligence/Arithmetics, D Performance IQ, E Fluid Intelligence, F Short-term Memory and Processing Speed, and G
Visual-spatial Intelligence, H Long-term Memory Retrieval/Learning Ability | Executive Function
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D. Preschool and Primary School: Non-Verbal Intelligence Score
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ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI 1V, Random, 95% CI ABCDEFGHI JKL
4.3.1 ART vs NC
Bay 2014 102 25.5648 71 105.1 16.2 1577 71% -0.19[-0.42, 0.05] N
Carson 2011 81.9 14.3867 96  83.1 14.3867 6224 8.0% -0.08 [-0.28, 0.12] -/
Heineman 2019 112.19 16.6479 57 110.8 16.6479 66  4.8% 0.08 [-0.27, 0.44] R
Heijligers 2018 106.8 13.13 51 104.37 9.16 35  37% 0.21[-0.23, 0.64] T
Subtotal (95% CI) 275 7902 23.7% -0.06 [-0.20, 0.08] L 3
Heterogeneity: Tau? = 0.00; Chi? = 3.20, df = 3 (P = 0.36); I* = 6%
Test for overall effect: Z = 0.85 (P = 0.39)
4.3.2IVFvs NC
Place 2003 99.2 13.09 17 105 12.68 15 1.8% -0.44[-1.14,027) ¥ —
Knoester 2008 109.56 10.39 82 112.67 10.39 85 57% -0.30 [-0.60, 0.01] -
Ponjaert-Kristoffersen 2005  106.06 1432 415 106.41 13.05 469 9.8% -0.03 [-0.16, 0.11] "
Subtotal (95% Cl) 514 569 17.2% -0.15 [-0.38, 0.08] P
Heterogeneity: Tau? = 0.02; Chi? = 3.61, df = 2 (P = 0.16); I* = 45%
Test for overall effect: Z = 1.28 (P = 0.20)
4.3.3ICSlvs NC
Knoester 2008 104.67 10.39 83 112.67 10.39 85  55% -0.77 [-1.08,-0.45] +——— 2020
Place 2003 97.3 15 15 105 12.68 15 1.6% -0.54[1.27,019) [ I B3
Faramarzi 2016 98.6 19.3 28 1029 13.7 35  3.0% -0.26 [-0.76, 0.24] I Do
Leunens 2008 104.4 132 109 106.2 12.6 920 6.2% -0.14 [-0.42, 0.14] -1 ®272@
Ponjaert-Kristoffersen 2004 106 16 293 106.4 146 265 8.9% -0.03[-0.19, 0.14] — 2@
Winter 2014 114.34 14.13 49 114.34 14.13 49 42% 0.00 [-0.40, 0.40] -1 @270
Ludwig 2009 103.08 10.77 276 102.67 10.73 273 8.9% 0.04[-0.13,0.21] T @220
Ponjaert-Kristoffersen 2005  106.96 14.17 483 106.41 13.05 469 9.9% 0.04 [-0.09, 0.17] T @22
Sanchez Albisua 2011 106.62 1.4 35 105.25 10.46 37  34% 0.12[-0.34, 0.59] [ R — 2000
Leunens 2006 107.9 16.3 151 103.8 152 153  7.4% 0.26 [0.03, 0.49] - ®22
Subtotal (95% CI) 1522 1471 59.1% -0.08 [-0.24, 0.08] -
Heterogeneity: Tau? = 0.04; Chi? = 32.87, df = 9 (P = 0.0001); I* = 73%
Test for overall effect: Z = 0.98 (P = 0.33)
Total (95% Cl) 2311 9942 100.0% -0.07 [-0.18, 0.03] <&
Heterogeneity: Tau? = 0.02; Chi? = 40.65, df = 16 (P = 0.0006); I* = 61% p 0 5 0: s 11
Test for overall effect: Z = 1.44 (P = 0.15) Highér inNC  Higher |n. ART
Test for subgroup differences: Chi* = 0.44, df = 2 (P = 0.80), I* = 0%
E. Preschool and Primary School: Fluid Intelligence Score
ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
4.8.1IVF vs NC
Ponjaert-Kristoffersen 2005 10.62  2.65 416 111 266 469 16.1%  -0.18 [-0.31,-0.05]
Knoester 2008 16.8 6.1613 82 16.3 4.9595 85 9.4% 0.09 [-0.21, 0.39]
Subtotal (95% Cl) 498 554 25.5% -0.08 [-0.34, 0.17]
Heterogeneity: Tau? = 0.02; Chi? = 2.55, df =1 (P = 0.11); I =61%
Test for overall effect: Z = 0.63 (P = 0.53)
4.8.21CSlvs NC
Leunens 2008 9.85 27 109 10.45 3.7 90 10.2% -0.19 [-0.47, 0.09]
Knoester 2008 15.4 4.9595 83 16.3 4.9595 85  9.4% -0.18 -0.48, 0.12]
Ponjaert-Kristoffersen 2004  11.12 248 300 11.22 251 266 14.7% -0.04 [-0.21, 0.13]
Winter 2014 12.44 2.65 49 1251 2555 48 6.8% -0.03 [-0.42, 0.37]
Ponjaert-Kristoffersen 2005 11.09  2.57 485 11.1 266 469 16.3% -0.00 [-0.13, 0.12]
Faramarzi 2016 10.9 26 28 104 1.9 32 48% 0.22[-0.29, 0.73]
Leunens 2006 9.7 33 151 8.4 3 183 121% 0.41[0.18, 0.64]
Subtotal (95% CI) 1205 1143 74.5% 0.02[-0.13, 0.17] R
Heterogeneity: Tau? = 0.02; Chi* = 16.47, df = 6 (P = 0.01); I* = 64%
Test for overall effect: Z = 0.28 (P = 0.78)
Total (95% CI) 1703 1697 100.0% -0.00 [-0.13, 0.12] ?

Heterogeneity: Tau? = 0.02; Chi? = 23.33, df = 8 (P = 0.003); I* = 66%
Test for overall effect: Z = 0.07 (P = 0.94)
Test for subgroup differences: Chi? = 0.46, df = 1 (P = 0.50), I* = 0%

-1

05
Higher in NC

o

0.5 1
Higher in ART

F. Preschool and Primary School: Short-Term Memory and Processing Speed Score

Std. Mean Difference
IV, Random, 95% CI

Risk of Bias
ABCDEFGH

ART NC Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Random, 95% CI
Winter 2014 10.86 273 49 1138 242 48  74% -0.20 [-0.60, 0.20]
Heijligers 2018 103.22 1341 51 105.69 1391 35 64% -0.18 [-0.61, 0.25]
Leunens 2008 11.1 275 109 1155 305 90 15.1% -0.16 [-0.43, 0.12]
Ludwig 2009 101.9 11.53 276 101.71 1172 273 422% 0.02 [-0.15, 0.18]
Leunens 2006 11.06667 3.033333 151  10.8 3.033333 153 23.4% 0.09 [-0.14, 0.31]
Sanchez Albisua 2011 104.94 1276 35 103.81 11.04 37  55% 0.09 [-0.37, 0.56]
Total (95% Cl) 671 636 100.0% -0.02[-0.13, 0.09]

Heterogeneity: Tau? = 0.00; Chi? = 3.51, df = 5 (P = 0.62); I> = 0%
Test for overall effect: Z = 0.31 (P = 0.76)

Fig.5 continued

—
——
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Higher in NC  Higher in ART
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G. Preschool and Primary School: Visual-Spatial Score

(2023) 15:26
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ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Random, 95% CI IV, Random, 95% CI ABCDEFGHIJKL
451 ARTvs NC
Knoester 2008 16.25 1.5616 82 17.2 5.1706 85  52% -0.25 [-0.55, 0.06] B
Carson 2011 86.1 19.8442 96 90 19.8442 6244  9.8% -0.20 [-0.40, 0.01] =
Ponjaert-Kristoffersen 2005 10.62667 32 416 10.74 3.083333 469 16.0% -0.04 [-0.17,0.10] o
Subtotal (95% Cl) 594 6798 31.0%  -0.12[0.25, 0.01] L 2
Heterogeneity: Tau? = 0.00; Chi* = 2.66, df = 2 (P = 0.26); I* = 25%
Test for overall effect: Z = 1.80 (P = 0.07)
4.5.21CSlvs NC
Winter 2014 11.82 295 49 13.15 3.06 48  32% -0.44 [-0.84, -0.04]
Knoester 2008 15.85 5.1706 86 17.2 5.1706 85 53% -0.26 [-0.56, 0.04] - =1
Leunens 2008 10.8 2.833333 109 11.16667 4.466667 9 6.0% -0.10 [-0.38, 0.18] ol
Ponjaert-Kristoffersen 2004 10.73 3.316667 293 10.94 2983333 265 12.5% -0.07 [-0.23, 0.10] i [
Faramarzi 2016 10.7 4.35 28 10.95 3.65 32 21% -0.06 [-0.57, 0.45] I
Ludwig 2009 104.57 11.03 276 104.59 1091 273 12.4% -0.00 [-0.17, 0.17] -1
Ponjaert-Kristoffersen 2005 10.85 323 483 10.74 3.083333 469 16.6% 0.03 [-0.09, 0.16] i
Sanchez Albisua 2011 108.3 10.04 35 106.86 9.87 37 25% 0.14 [-0.32, 0.61] 1
Leunens 2006 11.63333 3.166667 151 11.1 3.033333 153 8.4% 0.17 [-0.05, 0.40] ol D
Subtotal (95% CI) 1510 1452 69.0% -0.03 [-0.12, 0.06] &
Heterogeneity: Tau? = 0.01; Chi? = 11.24, df = 8 (P = 0.19); I = 29%
Test for overall effect: Z = 0.63 (P = 0.53)
Total (95% ClI) 2104 8250 100.0% -0.06 [-0.13, 0.02] <
Heterogeneity: Tau? = 0.00; Chi = 15.66, df = 11 (P = 0.15); I = 30% 5 = o Py

Test for overall effect: Z = 1.49 (P = 0.14)
Test for subgroup differences: Chi? = 1.18, df = 1 (P = 0.28), I’ = 15.1%

Higher in NC  Higher in ART

H. Preschool and Primary School: Long-term Memory Retrieval/ Learning Ability Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ponjaert-Kristoffersen 2005 11 296 485 11.14 267 469 30.6% -0.05 [-0.18, 0.08] .
Heineman 2019 0 075 46 0 125 66 3.5% 0.00 [-0.38, 0.38] I C—
Ludwig 2009 102.87 9.19 276 102.78 9.04 273 17.6% 0.01[-0.16, 0.18] o
Ponjaert-Kristoffersen 2005 1121 261 416 11.14 267 469 28.3% 0.03[-0.11, 0.16] -
Ponjaert-Kristoffersen 2004 1056 3.11 300 10.19 281 266 18.1% 0.12 [-0.04, 0.29] T
Faramarzi 2016 101 28 28 91 32 32 19% 0.33[-0.18, 0.84] ]
Total (95% CI) 1551 1575 100.0% 0.02 [-0.05, 0.09] L 3
Heterogeneity: Tau? = 0.00; Chi? = 4.10, df = 5 (P = 0.54); I = 0% 3.1 _0’ 5 1y 0’ 1=

Test for overall effect: Z = 0.63 (P = 0.53)

I. Preschool and Primary School: Executive Function Score

.5
Higherin NC Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
Fallah 2013 345 75 61 384 94 61 248%  -046[-0.82,-0.10] ——"—— 000000000066
Heijligers 2018 37.74 9.47 43 41.92 951 37 216% -0.44[-0.88,0.01 — " | . ®
Heineman 2019 2 1.75 46 2 15 66 24.1% 0.00 [-0.38, 0.38] —er

Bay 2014 51.8 11.416 7 50 9.9 1577 29.5% 0.18 [-0.06, 0.42] T

o o ?
Total (95% Cl) 221 1741 100.0% 0.15 [-0.49, 0.18] ’ .

Heterogeneity: Tau? = 0.09; Chi? = 11.42, df = 3 (P = 0.010); I> = 74%
Test for overall effect: Z = 0.89 (P = 0.37)

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(1) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Fig. 5 continued

score between ART and NC schoolers (p=0.80) (Fig. 5C).
The data exhibited good homogeneity (*=18%, p=0.30)
and no evidence of publication bias (p-Egger =0.338).
Non-verbal intelligence score was obtained from
WPPSI-R [22, 27, 31, 33, 39, 40, 42], WASI [32], WISC
[36, 37] Performance IQ subtest, K-ABC total score
excluding knowledge score [38, 41], RAKIT recognizes
figure exclusion, discs, and hidden figures [35], and

4 05 0 05 1
Higher in NC  Higher in ART

British Ability Scale (BAS) non-verbal ability [28] scores.
According to the total pooled analysis (p=0.15) and sub-
group analyses (p=0.20-0.39) (Fig. 5D), ART schoolers
had comparable non-verbal score to NC schoolers. Signif-
icant heterogeneities were noticed in the pooled (I>=61%,
p=0.0006) and ICSI subgroup (I*=73%, p < 0.0001) anal-
yses. There were no indications of publication biases in all
groups (p-Egger > 0.05) (Supplemental Table S6).
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Fluid intelligence score was derived from the picture
concepts, picture completion, and matrix reasoning sub-
tests of the WPPSI, WISC, and WASI [31, 36, 37, 39, 40,
42], the K-ABC planning subtest [38], and the RAKIT
recognize figure exclusion subtest [35] scores. The cate-
gorization of CHC intelligence model was based on Keith
et al. (2006) [50] for Weschler, Gallagher et al. (2011)
[51] for K-ABC, and Jan te Nijenhuis et al. (2004) [52]
for RAKIT subtests. As seen in Figure 5E, there were
no differences of the fluid intelligence score between
IVF (p=0.53) and ICSI (p=0.78) schoolers compared to
NC schoolers. The data exhibited moderate heterogene-
ity (I’ = 61-64%); however, no publication biases were
observed (p-Egger > 0.05).

Short-term memory and processing speed scores were
obtained from the WPPSI, WISC, and WASI picture
memory, sequencing, and digit span, coding, and sub-
stitution subtests [36, 37], K-ABC sequential processing
[38, 41], and automated working memory assessment
(AWMA) [33] scores. ART schoolers had compara-
ble short-term memory and processing speed scores with
NC schoolers (p=0.76) (Fig. 5F). The data showed homo-
geneity (*=0%, p=0.62) and indicated no publication
bias (p-Egger=0.554).

Visual-spatial intelligence score was determined
from the WPPSI, WISC, WASI block design, geomet-
ric design, and maze subtests [31, 36, 37, 39, 40, 42], the
K-ABC simultaneous processing [38, 41], the RAKIT
disks and hidden figures [35], and the British Ability
Scale II (BAS-II) spatial ability [28] subtests. There were
no discernible differences of visual-spatial intelligence
score between ART and NC schoolers, as indicated by
total (p=0.14) and subgroups analyses (p ART = 0.07; p
ICSI = 0.53) (Fig. 5G). The data exhibited homogeneity
and indicated no publication bias.

Long-term memory retrieval/ learning ability score
was obtained from WPPSI, WISC, WASI animal pegs,
and zoo location [31, 39, 40], K-ABC learning ability
[38], and NEPSY domain memory and learning [32] sub-
tests. ART schoolers exhibited equal learning ability to
NC schoolers (p=0.53) (Fig. 5H). The data were homoge-
nous (P>=0%, p=0.54), and indicated no publication bias
(p-Egger=0.443).

Executive function score was obtained from the ASQ
problem-solving [30], the Behavior Rating Inventory of
Executive Function (BRIEF) general executive compos-
ite [27, 33], and A Developmental NEuroPSYchological
Assessment (NEPSY) domain attention and executive
function [32] scores. There was no discernible difference
in the executive function score between ART and NC
schoolers (p=0.37) (Fig. 5I). Significant heterogeneity
was noted (I?=74%, p=0.010), but there was no evidence
of publication bias (p-Egger=0.533).

(2023) 15:26
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Motoric outcome

Total motor score was assessed using the Kauffman ABC
Motoric Scale [36, 37, 42], Peabody Development Motor
Scale [39], McCarthy Scales of Children’s Ability (MSCA)
motor scale index [40], Zimmer/Volkamer Motor Test
MOT 4-6 [38], and the ASQ fine and gross motor score
[30]. ART schoolers had comparable total motor score
with NC schoolers (p=0.50), although high heterogene-
ity was identified (>=75% (p=0.0002) (Fig. 6A), with no
evidence of publication bias (p-Egger=10.399).

Only five studies reported the gross and fine motor
sub-scores. The gross motor score was meta-ana-
lyzed from Kauffman ABC Motoric Scale ball and
balance scores [36, 37, 42], the Peabody Develop-
ment Motor Scale gross motor quotient [39], and the
ASQ gross motor score [30]. The fine motor score
was meta-analyzed from K-ABC motoric scale man-
ual score [36, 37, 42], Peabody Development Motor
Scale fine motor quotient [39], and ASQ fine motor
score [30]. There were no differences in the gross
and fine motor scores between ART-born and NC
schoolers (p=0.72 and 0.25, respectively). Although
there were significant heterogeneities (I*=82-84%),
there were no evidence of publication biases
detected (p-Egger > 0.05).

Behavior and social outcome

In five studies, preschool and primary schoolers’ mothers
reported internalizing, externalizing, and total behavio-
ral problems by completing Achenbach’s Child’s Behav-
ior Checklist [22, 29, 32, 33, 39]. Externalizing behavior
was also reported in one study using the German behav-
ioral questionnaire for preschoolers, Verhaltensbeur-
teilungsbogen fir Vorschulkinder (VBV), aggressive/
oppositional, hyperactivity, and attention subtests [41].
Pooled analysis indicated that NC schoolers exhib-
ited higher total behavior problems score behavioral
issues [(p=0.02), »=50% (p=0.05)] (Fig. 7A). Internaliz-
ing behavior score was not significantly different between
the two groups [(p=0.06), P=0%, (p=0.44)] (Fig. 7B).
However, externalizing behavior score was significantly
higher in NC schoolers than ART schoolers [(p=0.001,
P=0% (p=0.59)] (Fig. 7C).

In three studies, teachers also reported the behavio-
ral problems using the Teacher Report Form (TRF) [29,
32, 33]. Total behavior (p=0.64), internalizing behav-
ior (p=0.61), and externalizing behavior (p=0.20)
were not differ between NC and ART schoolers
(Fig. 7D-F). There were moderate data heterogenei-
ties (?=0-57%) and no evidence of publication bias
(p-Egger > 0.05).

Three studies reported social skills based on the ASQ
personal-social [30], NEPSY social cognition domain
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A. Preschool and Primary School: Total Motor Score
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ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
Fallah 2013 4235 102 61 46.18 84 61  8.4% -0.41[-0.77, -0.05]
Ponjaert-Kristoffersen 2004 947 156 293 99.5 1485 265 14.6% -0.31[-0.48, -0.15] —_—
Ponjaert-Kristoffersen 2005 52.33 8.88 409 5341 9.11 452 15.8% -0.12[-0.25, 0.01] ==
Leunens 2008 5.84 42 109 6.1 43 90 10.7% -0.06 [-0.34, 0.22] S
Ponjaert-Kristoffersen 2005 52.84 977 479 5341 911 452 16.0% -0.06 [-0.19, 0.07] o
Ludwig 2009 107.12 1331 276 106.15 14.03 273 14.6% 0.07 [-0.10, 0.24] T
Leunens 2006 143 189 151 124 176 153 12.5% 0.10[-0.12, 0.33] ==
Winter 2014 9.85 521 49 703 394 48 73% 0.60 [0.20, 1.01]
Total (95% CI) 1827 1794 100.0% -0.05 [-0.19, 0.09] q

Heterogeneity: Tau? = 0.03; Chi? = 27.70, df = 7 (P = 0.0002); I> = 75%
Test for overall effect: Z = 0.67 (P = 0.50)

B. Preschool and Primary School: Gross Motor Score
ART NC

Study or Subgroup Mean SD Total Mean SD Total Weight

Std. Mean Difference
IV, Random, 95% CI

4 05 0 05 1
Higher in NC Higher in ART

Std. Mean Difference
IV, Random, 95% CI

Leunens 2008 129 14 109 176 17 90 20.3%
Ponjaert-Kristoffersen 2004 96.1 143 293 986 142 265 23.3%
Fallah 2013 522 77 61 52.05 7.5 61 18.1%
Leunens 2006 0.19 058 151 0.13 0.36 153 21.9%
Winter 2014 2.87 2.88 49 1.09 163 48  16.4%
Total (95% Cl) 663 617 100.0%

Heterogeneity: Tau? = 0.08; Chi? = 22.25, df = 4 (P = 0.0002); I* = 82%
Test for overall effect: Z=0.36 (P = 0.72)

C. Preschool and Primary School: Fine Motor Score

-0.30 [-0.58, -0.02]
-0.18 [-0.34, -0.01]
0.02 [-0.34, 0.37]
0.12 [-0.10, 0.35]
0.75[0.34, 1.17)

0.05 [-0.23, 0.33] ’

—
u—

a4 05 0 05 1
Higherin NC Higher in ART

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Fallah 2013 325 127 61 403 93 61 18.0% -0.70 [-1.06,-0.33] =
Winter 2014 933 16.9 293 100.2 155 265 22.9% -0.42 [-0.59, -0.26] —
Leunens 2008 335 28 109 328 27 90 20.3% 0.03 [-0.25, 0.30] ——
Leunens 2006 057 1.2 151 05 1.02 153 21.7% 0.06 [-0.16, 0.29] b b
Ponjaert-Kristoffersen 2004 519 247 49 476 23 48 171% 0.18 [-0.22, 0.58] 1 £
Total (95% ClI) 663 617 100.0% -0.17 [-0.47, 0.12] g
Heterogeneity: Tau? = 0.09; Chi? = 25.05, df = 4 (P < 0.0001); I* = 84% e aF 73 Firm oy

Test for overall effect: Z = 1.14 (P = 0.25)

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(I) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Higherin NC  Higher ir{ ART

Fig. 6 Motoric outcome ART-born compared to naturally conceived (NC) pre and primary schoolers as assessed using A Total Motor Score, B

Gross Motor Score, and C Fine Motor Score

[32], and VBV social skill subtest [41]. The differences of
social scores between ART schoolers and NC schoolers
are insignificant [(p=0.08), ’=0% (p=0.61)] (Fig. 7D),
with no evidence of publication bias (p-Egger=0.611).

Young adolescent (12-18 years)

Intelligence outcome

Intelligence in the young adolescent age group was meas-
ured from school subject’s test scores [43—-46]. ART stu-
dents scored significantly higher than NC students in
reading or language (only from native language score)
(p=0.00001), although significant heterogeneity was

acknowledged (P*=94%, p=0.00001) (Fig. 8A). Similarly,
meta-analysis also revealed that ART students scored sig-
nificantly higher in mathematics (»p=0.00001), although
significant heterogeneity was also identified (I*=90%
(p=0.0001) (Fig. 8B). Publication bias was detected in
the analysis on mathematics score (p-Egger =0.025), but
not in the analysis on language score (p-Egger = 0.104).

Behavioral outcome

The Achenbach Children Behavior Checklist com-
pleted by parents and the Achenbach Youth Self-
Report were used to measure behavioral outcomes in
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A. Preschool and Primary School: Parents’ CBCL Total Behavior Problems Score

ART Non-ART Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Random, 95% CI 1V, Random, 95% CI ABCDEFGHI JKL
6.1.1 ART vs NC
Heineman 2019 459 10.81 46 491 9.54 66 4.8% -0.32[-0.69, 0.06] B @®
Heijligers 2018 45.51 9.61 51 4455 8.73 33 3.6% 0.10[-0.34, 0.54] -1 @®
Subtotal (95% CI) 97 99 8.5% -0.12[-0.53, 0.29] —~l—

Heterogeneity: Tau? = 0.04; Chi = 2.00, df = 1 (P = 0.16); I> = 50%
Test for overall effect: Z = 0.58 (P = 0.56)

6.1.2IVF vs NC

Colpin 2002 18.3 1.1 37 212 14.6 23 25% -0.23[-0.75, 0.29] - 1
Barnes 2004 48.9 9 301 499 95 310 27.6% -0.11[-0.27, 0.05] e
Subtotal (95% CI) 338 333 30.1% -0.12[-0.27, 0.03] L

Heterogeneity: Tau? = 0.00; Chiz = 0.19, df = 1 (P = 0.67); I*= 0%
Test for overall effect: Z = 1.52 (P = 0.13)

6.1.31CSlvs NC

Ponjaert-Kristoffersen 2004 18.2 13 293 20 134 265 251%  -0.14[-0.30,0.03] —
Bames 2004 49.1 91 345 499 95 310 295%  -0.09[-0.24,0.07] —=
Knoester 2007 22 189293 78 20 189293 75 6.9% 0.11[-0.21,0.42] —_—t
Subtotal (95% CI) 716 650 61.5%  -0.09[-0.19,0.02] <&

Heterogeneity: Tau? = 0.00; Chi? = 1.75, df = 2 (P = 0.42); I = 0%
Test for overall effect: Z = 1.57 (P = 0.12)

Total (95% Cl) 1151 1082 100.0% -0.10 [-0.18, -0.02] L 4
Heterogeneity: Tau? = 0.00; Chi? = 4.12, df = 6 (P = 0.66); 1> = 0% 5_1 _0= 5 ) 0:5 13
Test for overall effect: Z = 2.34 (P = 0.02) Higher in Non-ART Higher in ART

Test for subgroup differences: Chi? = 0.14, df = 2 (P = 0.93), I = 0%

B. Preschool and Primary School: Parents’ CBCL Internalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
6.2.1 ART vs NC
Heineman 2019 465 939 46 50.7 10.56 66  4.5% -0.41[-0.79, -0.03]
Heijligers 2018 48 1078 51 4639 932 33 3.4% 0.16 [-0.28, 0.59]
Subtotal (95% Cl) 97 99 7.9% -0.14 [-0.70, 0.42]
Heterogeneity: Tau? = 0.12; Chi? = 3.69, df = 1 (P = 0.05); I* = 73%
Test for overall effect: Z = 0.49 (P = 0.62)
6.2.2 IVF vs NC
Knoester 2007 4 46051 70 5.5 4.6051 75 6.1% -0.32 [-0.65, 0.00]
Barnes 2004 474 10 301 48 10 310 26.0% -0.06 [-0.22, 0.10]
Colpin 2002 52 35 27 5.1 47 23 21% 0.02 [-0.53, 0.58]
Subtotal (95% CI) 398 408 34.2% -0.11[-0.27, 0.05]
Heterogeneity: Tau? = 0.00; Chi? = 2.23, df = 2 (P = 0.33); I* = 10%
Test for overall effect: Z = 1.35 (P = 0.18)
6.2.3ICSlvs NC
Ponjaert-Kristoffersen 2004 4 4 293 43 41 265 23.7% -0.07 [-0.24, 0.09] -
Barnes 2004 476 91 345 48 10 310 27.8% -0.04 [-0.20, 0.11] .
Knoester 2007 5.5 6.3098 78 5.5 6.3098 75  65% 0.00 [-0.32, 0.32] N
Subtotal (95% Cl) 716 650 57.9% -0.05 [-0.16, 0.06] <&
Heterogeneity: Tau? = 0.00; Chi? = 0.19, df =2 (P = 0.91); I? = 0%
Test for overall effect: Z = 0.93 (P = 0.35)
Total (95% CI) 1211 1157 100.0% -0.08 [-0.16, 0.00] &
Heterogeneity: Tau? = 0.00; Chi? = 6.86, df = 7 (P = 0.44); I* = 0% s y 0 5 s 0:5 1=
Test for overall effect: Z = 1.87 (P = 0.06) High'er inNC  Higher in ART

Test for subgroup differences: Chi? = 0.43, df = 2 (P = 0.80), I = 0%

C. Preschool and Primary School: Parents’ CBCL Externalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
6.3.1 ART vs NC
Heineman 2019 447 1076 46 476 962 66 50% -0.29 [-0.66, 0.09] ~
Heijligers 2018 4475 972 51 4397 8.66 33 3.8% 0.08 [-0.36, 0.52] .
Subtotal (95% Cl) 97 99 8.8% -0.12[-0.48, 0.24] i
Heterogeneity: Tau? = 0.02; Chi? = 1.55, df = 1 (P = 0.21); I* = 36%
Test for overall effect: Z = 0.65 (P = 0.52)
6.3.2 IVF vs NC
Colpin 2002 5.9 5.3 27 79 6.1 23 2.3% -0.35[-091,021] ——— [
Knoester 2007 6 6.1401 70 7 6.1401 75 6.8% -0.16 [-0.49, 0.16] S
Barnes 2004 493 86 301 504 87 310 28.6% -0.13 [-0.29, 0.03] —=
Subtotal (95% Cl) 398 408  37.6% -0.15[-0.29, -0.01] L 2
Heterogeneity: Tau? = 0.00; Chi = 0.56, df = 2 (P = 0.76); I = 0%
Test for overall effect: Z = 2.08 (P = 0.04)
6.3.3ICSlvs NC
Barnes 2004 46.5 78 193 486 87 175 17.1% -0.25 [-0.46, -0.05] -
Ponjaert-Kristoffersen 2004 7 54 293 82 92 265 26.0% -0.16 [-0.33, 0.01] —=
Sanchez Albisua 2011 523 1.67 3% 51 17 37  3.4% 0.08 [-0.39, 0.54] D
Knoester 2007 8 9.4647 78 7 9.4647 75 7.2% 0.11[-0.21, 0.42] 1
Subtotal (95% Cl) 599 552 53.6% -0.12 [-0.27, 0.03] L
Heterogeneity: Tau? = 0.01; Chi? =4.39, df = 3 (P = 0.22); I? = 32%
Test for overall effect: Z = 1.57 (P = 0.12)
Total (95% Cl) 1094 1059 100.0% -0.14 [-0.23, -0.06] L 2
Heterogeneity: Tau? = 0.00; Chi? = 6.51, df = 8 (P = 0.59); I? = 0% s p 0 5 s o:s 1=
Test for overall effect: Z = 3.27 (P = 0.001) High'er inNC  Higher in ART

Test for subgroup differences: Chi? = 0.07, df = 2 (P = 0.97), I = 0%
Fig. 7 Behavior and social outcomes of ART-born compared to naturally conceived (NC) pre and primary schoolers assessed using A Parents' CBCL

Total Behavior Problems Score, B Parents' CBCL Internalizing Behavior Score, C Parents' CBCL Externalizing Behavior Score, D Teachers'TRF Total
Behavior Problems Score, E Teachers TRF Internalizing Behavior Score, F Teachers TRF Externalizing Behavior Score, and G Social Score
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D. Preschool and Primary School: Teachers’ TRF Total Behavior Problems Score

Page 17 of 24

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Heijligers 2018 4393 7.2 51 46.63 7.33 33 37.4% -0.37 [-0.81, 0.07] . —
Heineman 2019 486 822 46 504 779 66 41.6% -0.22[-0.60, 0.15] —
Colpin 2002 299 17.4 17 194 16.2 11 20.9% 0.60 [-0.18, 1.38] ]
Total (95% Cl) 114 110 100.0% -0.11 [-0.55, 0.34] ’

Heterogeneity: Tau? = 0.08; Chi? = 4.64, df = 2 (P = 0.10); I? = 57% a3
Test for overall effect: Z = 0.47 (P = 0.64)

05 0 05 1

Higherin NC  Higher in ART

E. Preschool and Primary School: Teachers’ TRF Internalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI JKL
Heijligers 2018 434 8.15 51 46.09 7.66 33 37.5% -0.33[-0.78, 0.11]
Heineman 2019 496 848 46 494 9.01 66 48.3% 0.02 [-0.35, 0.40]
Colpin 2002 9 87 17 7 49 11 142% 0.26 [-0.50, 1.02]
Total (95% CI) 114 110 100.0% -0.08 [-0.37, 0.22]

Heterogeneity: Tau? = 0.01; Chi* = 2.33, df =2 (P = 0.31); I’ = 14% i
Test for overall effect: Z = 0.51 (P = 0.61)

F. Preschool and Primary School: Teachers’ TRF Externalizing Behavi

05 0 05 1

Higher in NC  Higher in ART

ior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Heijligers 2018 4568 6.4 51 47.94 6.98 33 37.0% -0.34 [-0.78, 0.10] &
Heineman 2019 489 7.07 46 501 7.41 66 50.6% -0.16 [-0.54, 0.21] —
Colpin 2002 69 75 17 49 63 1 124% 0.27 [-0.49, 1.04] —
Total (95% Cl) 114 110 100.0% -0.17 [-0.44, 0.09] -

ity: Tau? = ; Chiz = = = : 12 = 0Y t + + {
Heterogeneity: Tau? = 0.00; Chi? = 1.86, df = 2 (P = 0.39); I? = 0% ” 05 Iy 05 1

Test for overall effect: Z = 1.27 (P = 0.20)

G. Preschool and Primary School: Social Score
ART NC
Study or Subgroup Mean SD_Total Mean SD Total Weight

Std. Mean Difference
IV, Random, 95% CI

Higher in NC  Higher in ART

Risk of Bias
ABCDEFGHI JKL

Std. Mean Difference
IV, Random, 95% CI

Heineman 2019 2 75376 57 15 61018 66 38.9% 0.07 [0.28, 0.43] o

Fallah 2013 515 7.4 61 497 84 61 386% 0.23[-0.13, 0.58] -
Sanchez Albisua 2011 59 19 35 52 19 37 225% 0.36 [0.10, 0.83] 1

Total (95% CI) 153 164 100.0% 0.20 [-0.02, 0.42] -
Heterogeneity: Tau? = 0.00; Chi? = 0.99, df = 2 (P = 0.61); 1= 0% k p 0 s o 035 1=

Test for overall effect: Z = 1.75 (P = 0.08)

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(1) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Fig. 7 continued

the young adolescent group [47-49]. No significant dif-
ferences between ART and NC young adolescents were
identified on total behavioral problems [(»p=0.20), I*=0%
(p=0.58)] (Fig. 9A) and (p=0.59), P=0% (p=0.33)
(Fig. 9D)], internalizing behavior [(p=0.42), ’=55%
(p=0.14)] (Fig. 9B) and (p=0.84), P=28% (p=0.24)]
(Fig. 9E), and externalizing behavior [(p=0.11), *=0%
(p=0.80) (Fig. 9C) and (p=0.81), *=0% (p=0.41)
(Fig. 9F)], as reported by parents and the young adoles-
cents themselves respectively.

Obstetrics and neonatal characteristics
Table 2. shows obstetrics and neonatal characteristics in
ART and NC groups. According to the data from all age

Higher in NC _ Higher in ART

groups, babies born after ART typically have lower ges-
tational ages. They also had a 1.58 to 2.34 times higher
risk of preterm birth (gestational age < 37 weeks) and 2.44
to 4.48 times higher risk of low birth weight (birth
weight <2500 g).

Discussion

This meta-analysis acknowledged that verbal IQ is
significantly lower in IVF toddlers, but higher in
ICSI toddlers, compared to NC toddlers. Furthermore,
non-verbal intelligence is significantly lower in ART
compared to NC toddlers. There are no discernible dif-
ferences in all areas of intelligence between ART and
NC preschool and primary schoolers. Interestingly,



Test for overall effect: Z = 4.82 (P < 0.00001)

B. Young Adolescent: Mathematics Score

Higher in NC Higher ir{ ART
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A. Young adolescent: Reading or Language Scores
ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI ABCDEFGH.I
Luke 2020 1,566 115.07 3307 1,550 109.48 11985 25.5% 0.14[0.11, 0.18] -
Spangmose 2017 741 244 2544 672 247 4985 24.8% 0.16 [0.11, 0.21] -
Luke 2021 1,701.2 122.88 1165 1,681 82 3979  23.1% 0.22[0.15, 0.28] -
Norrman 2018 142 44 8232 128 4.9 1499667 26.6% 0.29[0.26, 0.31] B
Total (95% Cl) 15248 1520616 100.0% 0.20 [0.12, 0.28] <&
Heterogeneity: Tau? = 0.01; Chi? = 52.35, df = 3 (P < 0.00001); I = 94% F ¥ 0 = 3 0=5

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup  Mean SD _Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Luke 2020 1,666 115.013 3307 1,550 109.476 11985 25.9% 0.14[0.11, 0.18] -
Luke 2021 1,774 1405 1119 1,752 142.6 3844 21.6% 0.15[0.09, 0.22] -
Spangmose 2017 7.291 285 2544 6.79 292 4985 24.6% 0.17[0.13, 0.22] -
Norrman 2018 13.3 46 8232 121 4.8 1499667 27.9% 0.25[0.23, 0.27] a
Total (95% CI) 15202 1520481 100.0% 0.18 [0.12, 0.25] *
Heterogeneity: Tau? = 0.00; Chi? = 28.99, df = 3 (P < 0.00001); I = 90% F ; 3.5 3 045 3

Test for overall effect: Z = 5.80 (P < 0.00001)

Risk of bias legend

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(1) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Higher in NC  Higher ln. ART

Fig. 8 Intelligence outcome of ART-born compared to naturally conceived (NC) young adolescents as assessed using A Reading/Language Score

and B Mathematics Score

meta-analyses showed that ART young adolescents
had higher intelligence scores compared to NC young
adolescents. Fine motor score in IVF toddlers is signifi-
cantly lower; nonetheless, there were no differences in
the ICSI group or total group analysis compared to NC
toddlers. In preschool and primary school groups, no
differences were found in total motor, gross motor, and
fine motor scores between ART and NC children.

We hypothesize that there are several factors that
might affect these outcomes. First, in the toddler group,
IVF conception was only reported in 3 studies [19, 22,
23], and 2 of them [19, 23] were reported in 1995 and
1998, respectively. We speculate that changes in pro-
tocols in IVF might play roles in determining the chil-
dren’s development. For example, before 2001, there was
no preimplantation genetic screening. Improvements in
IVE, freeze-thawing, and oocyte retrieval methods have
resulted in higher pregnancy and assured higher quality
of implanted embryos [53].

While non-verbal intelligence involves parietal lobes
and is linked to white matter microstructure, verbal
intelligence is related to cortical structure and thickness
of the temporal lobes and temporal pole lateral areas.
Lower white matter tract integrity has a significant nega-
tive impact on general intelligence [54]. The lateral rostral

medulla region of the brain stem controls fine motor
function [55]. Recent research discovered that single
nucleotide polymorphisms have functional effects on
neurogenesis, neuronal differentiation, or the structure
or activity of synapses [54]. To avoid any genetic defects,
the quality of the transferred embryo is crucial in the
ART procedure.

However, a study by Zhang et al. [56] revealed that sin-
gleton children born following a poor-quality embryo
transfer had comparable full-scale, verbal, and perfor-
mance intelligence as measured with the Weschler Pre-
school and Primary Scale of Intelligence in comparison
to children born following a good-quality transfer. Thus,
other factors might have a more significant role in intel-
ligence and motoric ability development.

Second, as shown in Table 2., prematurity and low
birth weight were inexplicably more common in ART
children. According to a study by Nagy et al. [57], chil-
dren who were born preterm and those who were under-
weight at birth performed worse on tests of intelligence
and executive function than children who were born
full-term, although their results were still within the nor-
mal range on average [57]. According to Casey et al., low
cortical volume and surface area are related to low birth
weight [58]. Advanced imaging techniques revealed that
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A. Young adolescent: Parents’ CBCL Total Behavior Problems Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean _SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Colpin 2008 14.71 127 24 18.75 13.73 20 13.7% -0.30 [-0.90, 0.30] —
Wagenaar 2009 4892 936 130 50.09 10.33 142 86.3% -0.12 [-0.36, 0.12] ——
Total (95% Cl) 154 162 100.0% -0.14 [-0.36, 0.08] -
Heterogeneity: Tau? = 0.00; Chi = 0.31, df = 1 (P = 0.58); I = 0% I t t {
Test ft Il effect: Z = 1.27 (P = 0.20 R =05 g 92 L

est for overall effect: Z = 1.27 (P = 0.20) Higher in NC  Higher in ART

B. Young Adolescent: Parents’ CBCL Internalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Rand 95% CI ABCDEFGHI JKL
Colpin 2008 7.25 7.33 24 1126 7.78 19 33.4% -0.52 [-1.14, 0.09] [IT]
Wagenaar 2009 51.55 9.99 130 5177 10 142 66.6% -0.02 [-0.26, 0.22] ( 1 1]
Total (95% Cl) 154 161 100.0% -0.19 [-0.65, 0.27]
Heterogeneity: Tau? = 0.07; Chi = 2.23, df = 1 (P = 0.14); I* = 55% I t 1 t {

-1 -0.5 0 0.5 1
Test for overall effect: Z = 0.80 (P = 0.42) Higher in NC  Higher in ART

C. Young Adolescent: Parents’ CBCL Externalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias

Study or Subgroup Mean _ SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Rand 95% CI ABCDEFGHI JKL
Colpin 2008 529 577 24 675 562 20 13.8%  -025[-085034] " 0006002000
Wagenaar 2009 4692 877 130 4852 995 142 862%  -0.17[0.41,0.07] — 2000@@7 722000
Total (95% CI) 154 162 100.0%  -0.18 [-0.40, 0.04] i
Heterogeneity: Tau? = 0.00; Chi? = 0.06, df = 1 (P = 0.80); I> = 0% k + + d

-0 h 1 05 0 05 1
Test for overall effect: Z=1.60 (P = 0.11) Higher in NC  Higher in ART

D. Young adolescent: Youth Self-Report Total Behavior Problems Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI ABCDEFGHI JKL
Colpin 2008 2096 2091 24 37 1877 19 18.6% -0.35 [-0.95, 0.26] 02200072060
Wagenaar 2011 4833 855 86 4841 953 97 814% -0.01[-0.30, 0.28] 2000082272000
Total (95% Cl) 110 116 100.0% -0.07 [-0.33, 0.19]
Heterogeneity: Tau? = 0.00; Chi? = 0.96, df = 1 (P = 0.33); I = 0% I t 1 t {
Test f Il effect: Z = 0.54 (P = 0.59 - 05 0 95 1
est for overall effect: Z = 0.54 (P = 0.59) Higher in NC  Higher in ART

E.Young Adolescent: Youth Self-Report Internalizing Behavior Score

ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Rand 95% CI GH |
Colpin 2008 413 399 24 585 64 20 27.7% -0.32[-0.92, 0.27] PO@
Wagenaar 2011 48.47 9.78 86 47.73 9.69 97 72.3% 0.08 [-0.21, 0.37] D@
Total (95% Cl) 110 117 100.0% -0.04 [-0.39, 0.32]
Heterogeneity: Tau? = 0.02; Chi2 = 1.39, df = 1 (P = 0.24); I* = 28% I t t + 1
Test for overall effect: Z = 0.20 (P = 0.84) 1 Hi P 0 .. 05 1
igherin NC  Higher in ART
F. Young Adolescent: Youth Self-Report Externalizing Behavior Score
ART NC Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI ABCDEFGHI J
Colpin 2002 975 74 24 11.79 8.03 19 18.7% -0.26 [-0.87, 0.34] 22@
Wagenaar 2011 48.8 8.14 86 48.62 9.53 97 81.3% 0.02 [-0.27, 0.31] 272@
Total (95% CI) 110 116 100.0% -0.03 [-0.29, 0.23]
Heterogeneity: Tau? = 0.00; Chi? = 0.67, df = 1 (P = 0.41); I?= 0% L t t t {
Test for overall effect: Z = 0.24 (P = 0.81) -+ 05 0 05 )
Higherin NC Higher in ART

Risk of bias legend .

(A) Representativeness of the exposed cohort

(B) Selection of the non-exposed cohort

(C) Ascertainment of exposure

(D) Demonstration that outcome of interest was not present at start of study
(E) Comparability of cohort on the basis of perinatal outcomes
(F) Comparability of cohort on the basis of other factors

(G) Assessment of intelligence outcome

(H) Assessment of motoric outcome

(1) Assessment of social skill

(J) Assessment of behavioral outcome

(K) Period of follow-up

(L) Adequacy of follow-up of cohort

Fig. 9 Behavior outcome of ART-born compared to naturally conceived (NC) young adolescents as assessed using A Parents' CBCL Total
Behavior Problems Score, B Parents' CBCL Internalizing Behavior Score, € Parents' CBCL externalizing Behavior Score, D Youth Self-report Total
Behavior Problems Score, E Youth Self-report Internalizing Behavior Score, and F Youth Self--report Externalizing Behavior Score
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Table 2 Pooled analysis of obstetric and neonatal characteristics

(2023) 15:26
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Characteristics  Age Group Reporting No. of Children Effect Size, p- Heterogeneity
studies (cases / total) value (1), p-value
ICSI All ART Control
Gestational Age  Toddler 14,15,19, 21 38334219 3898 4 1.88 -0.57[-0.81, 34%, 0.21
[mean + st. dev (422) (2,371) -0.34], <0.0001
(no.of children)]  pre_school 35-39,42 39.56 + 147 3961 + 1.55 -0.04[-0.19,0.10], 0%, 0.58
(971) 915) 0.55
27,32,33 39.79 4+ 132 40.1941.39 -040 [-0.64, 0%, 0.74
-0.15],0.002
Summary 39.62 4+ 143 39.75 4+ 1.51 -0.13 [-0.25, 22%, 0.25
(1,139) (2,539 -0.01],0.04
Young Adoles- 48,49 3893 4248 39.60 4 1.80 -067 [-1.07, 0%, 0.85
cent (225) (240) -0.28],0.00009
Preterm birth Toddler 14,23 10/76 13/200 2.11[095,4.66], 0%,0.94
(Gestational age 0.04
< 37 weeks) 16,18 26/165 695/10,661 223[102,487],  57%,0.13
0.04
Summary 36/341 708/ 10,861 234[1.65,333], 0%,0.46
<0.00001
Pre-school 31,32, 34-37, 62/852 38/825 1.58[1.07,232], 57%,0.02
39,42 0.02
Young Adoles- 44 - 46, 48,49 1,236/ 12,484 81,341/1,507,453  1.90[1.80,2.01],  92%, <0.00001
cent <0.00001
Birthweight Toddler 14,19 3,073.65 + 3,1293 £ 55440 -55.65[-220.91, 0%, 0.96
[mean 4+ st. dev 608.15 (200) 109.60], 0.51
(no. of children)] (76)
15,18, 21 3,304.89 + 3,45556 4+ 60144 -150.48 [-275.36, 43%,0.17
655.84 (2,258) -25.60], 0.02
(412)
Summary 3,255.96 4 640. 3,359.01 +£557.51 -103.00[-167.48, 0%, 0.42
54 (2,458) -38.53],0.002
(488)
Pre-school 31,35-39,42 2,791.99 + 3414624 4+ -621.97[-672.43,  100%, <0.00001
558.17 529.12 -571.51],
(999) (947) <0.00001
27,32,33,35 3,358.63 + 3,572.94 453194 -21361[-303.09, 0%, 0.93
595.67 (1,763) -124.14]<0.00001
(251)
Summary 2911.08 + 344796 4+ 52537 -538.10[-583.05, 100%, <0.00001
558.76 (2,625) -493.14],
(1,167) <0.00001
Young Adoles- 48,49 3,254.18 + 341305447693 -158.89[-261.37, 0%, 045
cent 633.29 (240) -56.41],0.002
(225)
Low Birthweight ~ Toddler 14,16 20/140 572/10,721 2441157,379], 0%, 0.56
(Birthweight < <0.0001
2,5009) Pre-school 30,32, 34,35 29/275 7/297 44811.99,10.09], 0%, 0.90
0.0003
Young Adoles- 45,46, 48,49 956/ 11,349 31,653/1,502,580 3401(3.18,3.64], 95%, <0.00001
cent <0.00001

the sensory-motor pathway matured more quickly in
preterm infants; however, areas of injury and disturbed
development are also visible in their parietal white

matter.

The corpus callosum left inferior longitudinal fascicu-
lus, and left dorsal visual stream mature more slowly in
preterm infants. However, if the infant is healthy, these
areas will eventually develop more quickly [59].
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Lastly, external factors might also contribute, espe-
cially to children’s intelligence. According to the find-
ings, the development of ART children at later stages
of life is arguably superior to that of NC children. Since
this study only included singletons, ART children were
probably the first to be born and may have had fewer
siblings. Additionally, the likelihood of their parents
cohabiting, remaining married, being employed, and
having higher socioeconomic, occupational, and educa-
tional levels [43—46] helped to improve early cognitive
stimulation, which impacts academic performance.

According to parental reports, NC children in the tod-
dler, preschool, and primary school age groups had more
behavioral issues.

In contrast, according to their teachers, there were
no discernible differences. There were no differences
between the young adolescent group’s self-reports and
those of their parents. As it solely depends on parents’
perceptions regarding the question related to their chil-
dren’s behavior, this self-reporting questionnaire method
may introduce potential methodological bias.

Lower birth weight, which is more common in ART
children, had a significant impact on limbic network con-
nectivity, which is in charge of emotion regulation and
internally generated thoughts [60]. However, since all of
the children in these studies had scores within normal
ranges, we surmise that their limbic development was
normal based on the most recent results. The influence
of parenting factors on a child’s externalizing and inter-
nalizing behavior may be more significant. Parenting
stress impact externalizing behavior, whereas parenting
negative engagement impact internalizing behavior [61].
Compared to naturally fertile mothers, ART mothers
express more warmth and positive feelings toward their
children and greater parental competence [26, 62, 63].
These results may indicate a tendency to report socially
acceptable responses, given that those behavior problems
were assessed using a self-reported questionnaire [64].

Limitations

The evidence is arguably weak because the current study
is a systematic review based on a limited number of stud-
ies. A type II statistical error or false negative may result
from a small sample size. This occurs when the null
hypothesis—which claims no differences between the two
groups being compared—is incorrect but still accepted
[65]. The second drawback stems from the fact that the
analyzed studies used a variety of instruments with vari-
ous scales, resulting in the evaluation of distinct areas of
motoric and intellectual development. This restriction
may have introduced bias due to heterogeneity.
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Subtest categorization and standardized mean dif-
ferences based on tested theory can overcome this
drawback. Third, the widely used method for evaluat-
ing children’s behavioral issues is based on self-reports,
which may have information bias. Fourth, the included
studies did not mention any additional pediatric medi-
cal conditions that might impact the results of their
neurodevelopmental studies. For instance, none of the
studies mentioned bronchopulmonary dysplasia, a con-
dition frequently associated with brain abnormalities in
very preterm infants [66].

Conclusion

This meta-analysis identified differences on certain
aspects of intelligence between ART and NC children.
The non-verbal intelligence score of ART toddlers was
significantly lower than that of NC toddlers; however,
preschool and primary school ART children showed
comparable results in all areas of intelligence compared
to their NC counterparts. Interestingly, ART young ado-
lescents scored significantly higher academic scores than
NC young adolescents. ART toddlers had significantly
lower fine motor skills. Parents of naturally born toddlers
and school-age children reported more overall behavio-
ral problems. However, behavior scores of young adoles-
cents from both groups were comparable. These results
may be influenced by both internal and external varia-
bles, including the year of ART procedures, prevalence of
prematurity and low birth weight, family socioeconomic
background, and parenting style.
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