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Objective: To evaluate whether the use of assisted reproductive techniques (ARTs) affected the gonadal function of the offspring.
Numerous concerns have emerged over the years about the use of ARTs and their effects on the health of the offspring.
Evidence Review: Data were extracted through extensive searches in the PubMed and Scopus databases from their establishment until
August 2022. Meta-analysis was performed following the Preferred Reporting Items for Systematic Review and Meta-Analysis
Protocols guidelines. All eligible studies were selected according to the Population, Exposure, Comparison/Comparator, Outcomes,
Study design model. All studies that analyzed pubertal development and testicular and ovarian function of offspring conceived
using ARTs were included. The quality of the studies was assessed using the Cambridge Quality Checklists. For the different
outcomes, the standardized mean difference (SMD), the mean difference, and the odds ratio were evaluated. Cochran-Q and I2

statistics were used to evaluate statistical heterogeneity. Differences in pubertal development, hormone levels, and sperm function
in ART-conceived subjects compared with spontaneously conceived (SC) control subjects.
Results: Children conceived using ART do not appear to have impaired pubertal development or achievement of pubertal milestones.
From an endocrine point of view, ART-conceived males showed lower sex hormone-binding globulin levels than the control group
(SMD ¼ �0.25 [�0.44, �0.05]; I2 ¼ 29%) and a tendency to lower testosterone levels (SMD ¼ �0.16 [�0.32, 0.01]; I2 ¼ 0). Lower
levels of inhibin B, on the other hand, were present only in intracytoplasmic sperm injection-born males compared with the control
group (SMD ¼ �0.24 [�0.44, �0.04]; I2 ¼ 0). In females, higher luteinizing hormone levels were found in the ART group than in
the control group (SMD ¼ 0.33 [0.06, 0.59]; I2 ¼ 17%). In contrast, lower levels of 17ß-estradiol were observed only in the
intracytoplasmic sperm injection group compared with girls with SC (SMD ¼ �0.39 [�0.74, �0.03]; I2 ¼ 0). However, no definitive
conclusions can be drawn considering the heterogeneity of hormonal assessments in females. Finally, young adults born from ART
had a reduced sperm concentration (SMD ¼ �0.34 [�0.57, �0.11]; I2 ¼ 0), total sperm count (SMD ¼ �0.28 [�0.51, �0.05];
I2 ¼ 0), and normal sperm morphology (SMD ¼ �0.35 [�0.58, �0.13]; I2 ¼ 0) compared with those SC.
Conclusion: A slight alteration in the function of the male germinal epithelium appears to be associated with the use of ART, as shown
by the reduced levels of inhibin B and the altered sperm parameters. (Fertil Steril Rev� 2023;4:152–73.�2023 by American Society for
Reproductive Medicine.)
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ESSENTIAL POINTS

� To our knowledge, this is the first systematic review and meta-analysis attempting to evaluate the effects of assisted reproductive
technique (ART) on offspring gonadal function.

� Leydig cell function appears to be preserved in the offspring conceived using ART.
� The spermatogenic function appears to be worse in offspring conceived using ART.
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I nfertility is a condition that affects approximately 15% of
couples in the world, with a significant economic impact
on the health care system largely related to the use of as-

sisted reproductive techniques (ARTs) (1). In fact, because of
Louise Brown’s birth with conventional in vitro fertilization
(IVF) in 1978, the use of ART has increased gradually to the
point that >5 million infants have been conceived with these
techniques. In some countries, the rate of infants born using
ART is >5% (2).

However, numerous concerns have emerged over the
years about the use of these techniques and their effect on
the health of offspring. According to Barker’s (3) theory of
the developmental origins of health and disease, prenatal
exposure to an altered microenvironment could be associated
with long-term disease. Indeed, an association of these tech-
niques with adverse obstetric and perinatal outcomes has
been suggested, such as the risk of low birth weight, preterm
delivery, small-for-gestational-age (SGA), stillbirth, perinatal
mortality, and admission to a neonatal intensive care unit (4).
It has also been suggested that the microenvironment plays a
role in increasing the risk of birth defects, cancers, growth and
development disorders, and chronic diseases, such as diabetes
mellitus, obesity, and cardiovascular disease (4).

In particular, the interference of the procedures used for
ART on DNAmethylation reprogramming during gametogen-
esis and embryogenesis has been proposed as the underlying
mechanism for these alterations. A recent meta-analysis
examined this issue, concluding that the methylation pattern
of offspring conceived after ARTmay be different from that of
spontaneously conceived (SC) offspring. However, the hetero-
geneity of the studies and the lack of prospective studies of
adequate size did not allow definitive conclusions to be drawn
in this regard (5). To confirm the epigenome’s possible alter-
ation, meta-analytic studies have shown an increased preva-
lence of imprinting disorders, such as Beckwith-Wiedemann,
Angelman, Prader-Willi, and Silver-Russell syndromes in
newborns conceived using ART (6, 7).

Although several studies have evaluated the impact of
ART on the metabolic, cardiovascular, and psychoneurologic
development of offspring (4), there is little evidence on the
impact of these techniques on pubertal development and
reproductive function of the offspring. However, it has been
suggested that these functions may also be impaired. Indeed,
a recent meta-analysis showed an increase in the rate of uro-
genital abnormalities (cryptorchidism and hypospadias), in
newborns conceived using ARTs. These conditions, in turn,
may be associated with abnormalities in reproductive func-
tion (8). It has been also observed that the expression of genes
involved in reproductive function, such as spermatogenesis
and centriole-associated 1–like gene that encodes for sperio-
lin, could also be altered in ART-conceived offspring (9). This
protein is involved in the formation of the sperm centriole. An
alteration of the methylation of the gene that encodes it could,
therefore, alter the formation of the centriole, which in turn
plays a fundamental role in the correct motility of spermato-
zoa and the formation of the first centrosome of the embryo
(10). Furthermore, alterations in the formation and quality
of this centriole have been associated with idiopathic infer-
tility (10). Finally, a recent cohort study involving a total of
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122,321 children conceived using ART and 6,576,410 chil-
dren conceived naturally in Denmark, Finland, Norway, and
Sweden found a higher rate of diagnoses related to puberty
disorders in the former than in the latter. In particular, chil-
dren conceived using ART appear to be at a higher risk of pre-
cocious and delayed puberty even after adjusting for various
risk factors, including gestational age, which is one of the
main mechanisms proposed for the alteration of puberty in
these children. This suggests a direct role of ART, even if
the effects mediated by underlying parental infertility cannot
be excluded (11). Taking these considerations into account,
the reproductive function of offspring conceived using ART
is undoubtedly an aspect that deserves further and more
in-depth evaluation.

This systematic review and meta-analysis were under-
taken to examine all the evidence present to date in the liter-
ature regarding the association between ART and pubertal
development and hormonal and reproductive function.
MATERIALS AND METHODS
This study was conducted using the preferred reporting items
for systematic review and meta-analysis protocols guidelines
(12) (Supplemental Table 1, available online).
Search Strategy

The data were extracted through extensive searches of the
PubMed, Scopus, Web of Science, and Cochrane reviews da-
tabases from their creation through December 2022. The
search strategy included a combination of several medical
subjects headings terms and keywords. In particular, the
followingmedical subjects headings terms were used: ‘‘Repro-
ductive Techniques, Assisted,’’ ‘‘Sperm Injections, Intracyto-
plasmic,’’ ‘‘Fertilization in Vitro,’’ ‘‘Puberty,’’ and
‘‘Hormone.’’ Moreover, the following keywords were also
used: ‘‘in vitro fertilization,’’ ‘‘IVF,’’ ‘‘intrauterine insemina-
tion,’’ ‘‘IUI,’’ ‘‘offspring,’’ ‘‘follicular count,’’ ‘‘sperm,’’ and
‘‘ICSI.’’ For other keywords, whenever possible, the asterisk
operator has been used to include several terms simulta-
neously. In detail, the keyword ‘‘assisted reproductive techn*’’
was used to include the terms assisted reproductive technique,
assisted reproductive technology, and assisted reproductive
technics. Similarly, using the search terms ‘‘pubert*’’ and
‘‘hormon*,’’ we wanted to include the terms puberty, pubertal,
hormone, and hormonal at the same time. The specific search
strings used for each database queried are reported in
Supplemental Table 2 (available online).

Initially, studies were evaluated for inclusion by reading
their abstracts. Only articles in English were selected.

When the abstract was not sufficient to determine
whether the article-contained data are useful for the meta-
analysis, the full texts of the articles were evaluated carefully.
The identification of eligible studies was performed indepen-
dently by 2 different researchers (A.C. and R.C.). Any dis-
agreements were resolved by a third author (A.E.C.). Other
articles were extracted manually by searching the reference
lists of the selected articles using the keywords indicated
above.
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SYSTEMATIC REVIEW AND META-ANALYSIS
Inclusion and Exclusion Criteria

All eligible studies were selected according to the Population,
Exposure, Comparison/Comparator, Outcomes, Study design
model (Table 1). All studies reporting the effects of ART on pu-
bertal development or hormonal or reproductive function of
the offspring were included. Case reports, comments, letters
to the editor, systematic or narrative reviews, animal studies,
and those studies that did not allow to extract the outcomes of
interest were excluded from the analysis. Studies in which the
offspring were born from infertile parents who did not un-
dergo infertility treatment were also excluded.
Data Extraction

Data extraction was performed by one author (A.C.) and veri-
fied by a second one (R.C.). The following data were collected:
the first author’s name, age of publication, study design, the
total number of patients (including the respective controls)
for each outcome, the age of patients (including the respective
controls), a type of outcome assessed, and the method of
outcome assessment.
Quality Assessment

The quality assessment of the articles included in this system-
atic review and meta-analysis was performed using the
‘‘Cambridge Quality Checklists’’ (13). In detail, it is composed
of 3 checklists and evaluates the following domains: corre-
lates, risk factors, and causal risk factors. The correlates
checklist evaluates the appropriateness of the sample size
and the quality of the outcome measurements. The checklist
for risk factors assigns high-quality scores only to those
studies with appropriate time-ordered data. Finally, the causal
risk factor checklist evaluates the type of study design, as-
signing the highest score to randomized clinical trials and
the lowest score to cross-sectional studies without a control
group. To draw confident conclusions about correlates, the
correlated score must be high. To draw confident conclusions
TABLE 1

Selection criteria in included studies Population, Exposure, Comparison/C
review and meta-analysis.

PICOS criteria Included

Population Human offspring
Exposure ART (including IVF, ICSI, IUI, FET, ET, COS, OI, a

Comparison SC
Outcome Pubertal development for both sex

Hormonal function for both sex
Sperm function for male
Follicular count for female

Study design Observational cohort, cross-sectional, and case-

ART ¼ assisted reproductive techniques; COS ¼ controlled ovarian stimulation; ET ¼ embryo trans
injection; IUI ¼ intrauterine insemination; IVF ¼ in vitro fertilization; OI ¼ ovulation induction; SC ¼
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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about risk factors, both the checklists for correlates and risk
factor scores must be high. To draw confident conclusions
about causal risk factors, all scores on the 3-checklist scores
must be high.
Statistical Analysis

Given the heterogeneity of outcome measurement methods,
the standard mean difference (SMD) with the 95% confiden-
tial interval (CI) was calculated for quantitative variables
(hormonal values, sperm parameters, testicular volume, and
mean follicle count). Because age at menarche was assessed
in all girls by questionnaire, the mean difference (MD) with
the 95% CI was calculated for this outcome. Instead, the
odds ratio (OR) with the 95% CI was calculated for dichoto-
mous variables (Tanner stage, menarche prevalence, and
polycystic ovary syndrome [PCOS] prevalence). The formula
suggested by Hozo et al. (14), which allows estimating the
mean and standard deviation having only the median and
range values, was used for the studies whose data are reported
as median and range, and it was not possible to have those
values from the investigators. For hormone levels, all values
were standardized to the same unit of measurement before be-
ing used in the quantitative analysis. In particular, for testos-
terone, all values were converted to nmol/L, for luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) to IU/
L, for sex hormone-binding globulin (SHBG) to nmol/L, for
inhibin B to pg/mL, for 17ß-estradiol to ng/L, for antim€uller-
ian hormone (AMH) to ng/mL, and for dehydroepiandroster-
one sulfate (DHEA) to mmol/L.

The Cochran-Q and I2 statistics were used to evaluate the
statistical heterogeneity. Specifically, if I2 resulted in %50%,
the studies’ variation was considered homogenous. When I2

was higher than 50%, there was significant heterogeneity be-
tween the studies. Because the population or a true effect can
be expected to vary between studies, then a random effects
model was used for the analysis. All P values of %.05 were
considered statistically significant. Quantitative analysis
omparator, Outcomes, Study design model of the current systematic

Excluded

/
nd HT) Studies in which the offspring was

born from infertile parents who
did not receive fertility treatment

/
/

control study designs Case reports, comments, letters to
the editor, systematic or
narrative reviews, in vitro
studies, and animal studies

fer; FET ¼ frozen embryo transfer; HT ¼ hormonal treatment; ICSI ¼ intracytoplasmic sperm
spontaneous conception.
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was performed using RevMan software version 5.4 (Cochrane
Collaboration, Oxford, United Kingdom) and Comprehensive
Meta-Analysis Software (version 2) (Englewood, NJ).

We performed a cumulative analysis to evaluate the chro-
nological trend of statistical significance over a period of
time. To accomplish this, the effect size and the corresponding
CI were calculated after chronologically adding each study.
The P value trend and statistical inference were used to
draw inferences about the strength of the association, its
vulnerability to variation, and the history of variation.

We performed the sensitivity analysis with the exclu-
sion method one study at a time. Therefore, the pooled ef-
fect size and corresponding CI were calculated after the
exclusion of one study at a time. A study that resulted in
an inference changing after its exclusion was labeled a
‘‘-sensitive study.’’

We analyzed the presence of publication bias quantita-
tively from the asymmetry of the funnel plot, which suggested
some missing studies on one side of the graph. A quantitative
analysis of publication bias was performed using Egger’s
intercept test, which assessed the statistical significance of
publication bias. In cases of publication bias, unbiased esti-
mates were calculated using the ‘‘trim and fill’’ method (15).

RESULTS
Using the search strategy mentioned above, we found 5,353
records. After excluding 2,496 duplicates, the remaining
2,857 articles were evaluated for inclusion in the systematic
review. Of these, 1,234 were deemed not pertinent after hav-
ing read their titles and abstracts; 1,605 were excluded
because they were reviews (n ¼ 580), systematic reviews
and meta-analyses (n ¼ 10), conference proceedings
(n ¼ 63), book chapters (n ¼ 60), comments (n ¼ 25), letters
to the editor (n ¼ 12), editorials (n ¼ 11), short surveys
(n ¼ 13), and animal studies (n ¼ 830). The remaining 19 ar-
ticles have been carefully read. On the basis of the inclusion
and exclusion criteria, 3 studies were excluded because of
the inability to extract the data required, and one study was
excluded because the offspring were born to infertile parents
who did not receive infertility treatment to achieve pregnancy
(16). Finally, 15 articles met our inclusion criteria. Therefore,
they were included in this meta-analysis (17–31) (Fig. 1).

Information on the study design, the type of population
and their age, the outcomes analyzed, and the methodology
used to assess the outcome is reported in Table 2. Analysis
of study quality showed that all studies had a medium risk
of bias (Table 3).
Tanner Stage

Four studies evaluated the presence of differences in pubertal
development as assessed by the Tanner stage between ART-
conceived children and SC children (17–20). None of the
studies found significant differences in the prevalence of
different Tanner stages between the 2 groups regarding
both pubic hair and genitalia in males and pubic hair and
breasts in females. Only the study by Belva et al. (17)
showed the presence of intracytoplasmic sperm injection
(ICSI)-conceived girls with reduced breast development
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compared with the control group, even after adjustment for
risk factors (age and body mass index, maternal educational
level and birth weight, and gestational age and parity).
Quantitative analysis was only possible for 2 of these 4
studies (17, 20). This analysis showed a comparable OR for
specific Tanner genital stages between boys born using ICSI
and these SC (Fig. 2). In particular, the OR of Tanner stage 2
did not significantly differ between the ICSI and SC groups
(OR ¼ 1.69 [0.60, 4.77]; P¼ .32) (Fig. 2A). Heterogeneity
analysis showed the absence of heterogeneity, as
demonstrated by the Q-test (Q-value ¼ 0.021; P¼ .885) and
I2 ¼ 0. Similarly, the OR of Tanner stage 3 did not
significantly differ in ICSI vs. boys with SC (OR ¼ 1.06
[0.43, 2.64]; P¼ .90) (Fig. 2B). In this case, a significant
heterogeneity (Q-test: Q-value ¼ 2.677; P¼ .102; I2 ¼ 63%)
was found among the studies. The OR of Tanner stage 4 did
not differ in ICSI vs. boys with SC (OR ¼ 0.88 [0.54, 1.44];
P¼ .62) (Fig. 2C). The analysis of heterogeneity (Q-test:
Q-value ¼ 1.688; P¼ .194; I2 ¼ 41%) showed significant
heterogeneity. The OR of Tanner stage 5 did not differ in
ICSI vs. SC boys (OR ¼ 0.89 [0.58, 1.35]; P¼ .57) (Fig. 2D).
In this case, there was an absence of significant
heterogeneity (Q-test: Q-value ¼ 1.142; P¼ .707; I2 ¼ 0).

No study was sensitive enough to alter the above-reported
results (data not shown). Cumulative analysis showed that
these results remained nonsignificant after adding each study
(data not shown). A publication bias analysis could not be per-
formed because of the limited number of studies.

The OR of the Tanner stage 2 female breast in the ICSI vs.
SC group was not statistically significant (OR ¼ 2.32 [0.49,
10.99]; P¼ .29) (Fig. 3A), and no heterogeneity was found be-
tween studies (Q-test: Q-value ¼ 0.572; P¼ .449; I2 ¼ 0). On
the other hand, the quantitative analysis showed a slightly
statistically higher OR of the Tanner stage 3 female breast
in the ICSI group compared with the SC group (OR ¼ 1.90
[1.04, 3.49]; P¼ .04) (Fig. 3B) with no interstudy heterogeneity
(Q-test: Q-value ¼ 0.1276; P¼ .59; I2 ¼ 22%). One study (17)
was sensitive enough to alter the above-reported results. Its
removal resulted in the loss of significance of the OR
(OR¼ 1.284 [0.528, 3.124]; P¼ .582). The ORs of Tanner stage
4 (OR¼ 0.75 [0.50, 1.12]; P¼0.16) and 5 (OR ¼ 0.70 [0.44,
1.12]; P¼ .16) (Fig. 3C, D, respectively) were nonsignificant.
No heterogeneity was found between studies (Q-test: Q-value
¼ 0.808; P¼ .352; I2 ¼ 0; Q-test: Q-value ¼ 0.117; P¼ .732;
I2 ¼ 0) for both analyses. No study was sensitive enough to
alter the above-reported results (data not shown). The cumu-
lative analysis showed that these results remained nonsignif-
icant after the addition of each study (data not shown). An
analysis of publication bias could not be performed because
of the limited number of studies.
Testicular and Ovarian Volume

Data on testicular volume are present in 3 studies (21–23). In
one study, testicular length was analyzed in 88 prepubertal
children conceived through ICSI. The length of the testis and
penis was normal for the age (21). The other 2 studies
evaluated the testicular volume of young adults conceived
with ART compared with that of young SC adults. Notably,
155



FIGURE 1

Flow chart of the studies included in the systematic review and meta-analysis.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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Jensen et al. (22) found that young adults born to mothers who
had undergone fertility treatments had, on average, lower
testicular volume than SC young adults. This finding is not
confirmed by the study by Belva et al. (23), which showed a
mean testicular volume in boys born from ICSI comparable
with that of SC boys. Quantitative analysis of these 2 studies
showed no differences in testicular volume between groups
conceived with ART and those after SC (SMD ¼ �0.05
[�0.37, 0.27]; P¼ .75). Again, there was no heterogeneity
between studies (Q-test: Q-value ¼ 1.907; P¼ .167; I2 ¼
47%) (Fig. 4).

Only 3 studies have evaluated ovarian volume using ul-
trasound. In one study, the analysis was performed on new-
borns with breast buttons born from ART. The study found
prepubertal ovarian volume consistent with age (24). In a sec-
ond study, the ovaries were analyzed in pubertal-age girls
conceived using ICSI and compared with pubertal SC girls.
Volumes did not differ significantly between the 2 groups.
However, the data are not shown (25). Furthermore, the third
study, which compared ART-conceived pubertal girls with SC
peers, failed to find a difference in ovarian volume between
the 2 groups (26).

Two studies analyzed follicular counts in girls born from
ART vs. SC (25, 26). Quantitative analysis observed no differ-
ences in mean follicular count between the 2 groups
(SMD ¼ �0.07 [�0.47, 0.34]; P¼ .75), and no interstudy het-
erogeneity was found (Q-test: Q-value ¼ 0.639; P¼ .424;
I2 ¼ 0) (Fig. 5A). Furthermore, in both groups, the proportion
of women with polycystic ovarian appearance was compara-
ble (OR ¼ 1.03 [0.12, 8.91]; P¼ .98). No interstudy heteroge-
neity was found (Q-test: Q-value ¼ 1.711; P¼ .191; I2 ¼
44%) (Fig. 5B).
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For both testicular and ovarian volume analyses, no
studies were sensitive enough to alter the above results
(data not shown). Cumulative analysis showed that these re-
sults remained nonsignificant after adding each study (data
not shown). A publication bias analysis could not be per-
formed because of the limited number of studies.
Pubertal Milestones

The achievement of important pubertal milestones was eval-
uated in 6 studies. These include age at menarche in girls, age
of facial hair appearance, voice deepening and first nocturnal
ejaculation in boys, and the appearance of axillary hair and
acne in both genders (17–20, 26, 27). All studies except one
that evaluated age at menarche showed no difference
between children conceived using ART and SC children (17,
18, 20). The only study that found a difference reported a
delay in age at menarche in the ART group compared with
the control group, even after correction for confounding
factors (26). The quantitative analysis of the 4 studies that
evaluated this aspect did not confirm any difference in the
mean age at menarche between girls conceived using ART
or SC girls regardless of the ART method used (MD ¼ 0.06
[�0.24, 0.35]; P¼ .70). Heterogeneity analysis showed no
heterogeneity between studies (Q-test: Q-value ¼ 8.378;
P¼ .039; I2 ¼ 49%) (Fig. 6A). Also, Egger’s regression model
and funnel plots reported no risk of bias (intercept ¼ 3.16,
95% CI: �9.98–16.29, P¼ .20) (Supplemental Fig. 1,
available online). Similarly, the OR of having menarche was
also comparable between the group of girls conceived using
ART and SC girls, regardless of the technique used
(OR ¼ 0.97 [0.67, 1.41]; P¼ .88). No interstudy
VOL. 4 NO. 2 / APRIL 2023



TABLE 2

The Main characteristics of the studies included.

Author Study design Country

Data collection

period

Case sample

size

Control sample

size

Age of

cases

Age of

controls

Outcomes

assessed

Method of

evaluation of the

outcome

Belva et al.,
2010 (31)

Longitudinal
cohort study

Belgium Between January
2008 and November 2009

50 boys were
conceived
using ICSI

/ 14 y / Inhibin B ELISA

Belva et al.,
2011 (30)

Cross-sectional Belgium Between January 2008
and April 2010

58 boys
were conceived

using ICSI

62 boys SC 14.3 � 0.4 y 14.1 � 0.4 y Salivary testosterone Radioimmunoassay

Belva et al.,
2012 (17)

Cross-sectional Belgium Between January 2008
and March 2011

217 ICSI-conceived
children (F ¼ 101;

M ¼ 116)

223 SC children
(F ¼ 108;
M ¼ 115)

F ¼ 14 � 0.5 y
M ¼ 14 � 0.4 y

F ¼ 14.3 � 0.
M ¼ 14.3 � 0 y

Tanner scores
for breast and
pubic hair in
females and for
genital and pubic
hair in males

Physical
examination

The mean age of
menarche

Questionnaire

Belva et al.,
2016 (23)

Cross-sectional Belgium Between March 2013
and April 2016

54 young male
adults conceived

using ICSI

57 SC young
male adults

19.5 � 0.7 y 20 � 1.2 y Sperm parameters WHO 2010
manual

Belva et al.,
2017a (25)

Cross-sectional Belgium Between March
2013 to April 2016

71 singleton females
conceived using

ICSI

81 SC women
age-matched

19.3 � 0.6 y 19.5 � 0.9 y AMH, Estradiol,
FSH, and
DHEAs

Electro-chemiluminescent
assay

Mean follicle
number per
ovary

Transvaginal
ultrasound

Belva et al.,
2017b (29)

Cross-sectional Belgium Between March
2013 to April 2016

54 young male
adults conceived

using ICSI

57 SC young
male adults

19.5 � 0.7 y 20 � 1.2 y FSH, LH,
and TT

Electro-chemiluminescence
immunoassay

Inhibin B ELISA
Beydoun et al.,

2011 (27)
Cross-sectional USA NR 166 (F ¼ 95; M ¼ 71)

young adults
conceived using

IVF

/ TS ¼ 21.2 � 2.2 y / Puberty onset
and age of
achievement
of pubertal
developmental
milestones

Self-administered
questionnaire

Ceelen et al.,
2008 (18)

Cross-sectional Netherlands Between March 2003
and March 2006

233 IVF children
(F ¼ 118;
M ¼ 115)

233 SC children
from infertile
mothers (F ¼ 118;
M ¼ 115)

F ¼ 12.4 � 2.6 y
M ¼ 12 � 2.6 y

F ¼ 12.4 � 2.
M ¼ 12 � 2.6

Pubertal
development

Tanner's stage
was assessed
using a physical
examination

49 IVF girls 49 SC girls from
infertile mothers

14.9 � 1.5 y 14.8 � 1.7 y The mean age
of menarche

Questionnaire

67 IVF boys and 72
IVF girls

68 boys and 75
girls SC from
infertile mothers

F ¼ 13.7 � 2.1 y
M ¼ 13.6 � 2 y

F ¼ 13.5 � 2.
M ¼ 13.6 � 2

Skeletal age RX

40 IVF boys and 19
IVF girls

35 boys and 20
girls SC from
infertile mothers

F ¼ 11.4 � 0.9 y
M ¼ 14.7 � 1.6 y

F ¼ 11.2 � 0.
M ¼ 15 � 1.5

LH, FSH Immunofluorometric
assays

Estradiol Double-antibody
Radioimmunoassay

TT and DHEAS Coat-A-Count radioimmunoassay
De Schepper

et al.,
2009 (21)

Cross-sectional Belgium NR 88 male children
conceived using

ICSI

/ 8.5 (7.9–9.1) y
median
(min–max)

/ Testicular size
expressed the
length
in mm and
penis size

Physical examination

59 male children
born using ICSI

37 SC male
children

8.5 (7.9–9.1) y
median
(min–max)

Aged between
7.8–9.7 y

Inhibin B ELISA
AMH Two-step two-site immunoassay
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TABLE 2

Continued.

Author Study design Country

Data collection

period

Case sample

size

Control sample

size

Age of

cases

Age of

controls

Outcomes

assessed

Method of

evaluation of the

outcome

Ernst et al.,
2019 (19)

Prospective
cohort study

Denmark From 2012
to 2018

1464 children
conceived using

ART (902 using COS,
480 using IVF or
ICSI, 82 others)

(F ¼ 745; M ¼ 719)

8,541 SC children
from fertile parents
(F ¼ 4,403;
M ¼ 4,138)

/ / Puberty onset
and age of
achievement of
pubertal
developmental
milestones

Self-administered questionnaire

3,280 SC children
from infertile
parents (F ¼
1,669; M ¼ 1,611)

Jensen et al.,
2007 (22)

Cross-sectional Denmark From 2001
to 2005

47 males born from
mothers who

received fertility
treatment (25/47
received hormonal

treatment)

1,702 males born
from a fertile
mother

/ / Sperm
parameters

WHO 1992 was
modified in
accordance with
Jorgensen et al.
1997 (48)

Rate of
cryptorchidism

Question

Testicular volume Physical
examination

39 males born
from mothers who
received fertility

treatment

1,222 males born
from a fertile
mother

/ / FSH, LH,
and TT

Time-resolved-immunofluorometric
assay

Inhibin B Enzymatic
assay

SHBG /
Kai et al.,

2007 (28)
Cross-sectional Denmark Between 1998

and 2005
72 male ICSI
newborns and
83 male IVF
newborns

598 SC male
newborns

ICSI ¼ 3.5
(2.6–4.5) mo

IVF ¼ 3.4
(2.6–4.5) mo

3 (2.5–4.2) m Testosterone
and estradiol

RIA

fT Vermeulen’s formula
LH, FSH,

and SHBG
Fluoroimmunometric assay

Inhibin B Enzyme-immunometric assay
Merino et al.,

2019 (26)
Cross-sectional Chile NR 22 girls conceived

using ART
53 SC girls 14.3 � 1.5 y 13.9 � 1.3 y Follicle count

and ovarian
size

Ultrasound

Inhibin B
and AMH

Enzymatic Assay

Testosterone and
androstenedione

Radioimmunoassay

LH, FSH, and SHBG Immunoradiometric assay
Rojas-Marcos

et al., 2005 (24)
Case series USA Between May 2001

and April 2004
7 children conceived

using ART (F ¼ 6;
M ¼ 1)

/ 11.6 � 5.9 mo / Cortisol, Estradiol,
DHEAs, and TT

Chemiluminescence

17aOH-P, D4A,
and estrone

RIA

LH and FSH Microenzyme immunoassay
TT, 17aOH-P,

and DHEAs
RIA for patients

2,4,6, and 7
Ovarian size Ultrasound
Bone age Radiography

Sonntag et al.,
2020 (20)

Cross-sectional Germany NR 274 ICSI singleton
(F ¼ 141;
M ¼ 133)

273 SC (F ¼ 142;
M ¼ 131)

TS ¼ 16.5 � 0.5 y
F ¼ 16.5 � 0.5 y
M ¼ 16.5 � 0.5 y

TS ¼ 16.5 � 0 y
F ¼ 16.5 � 0.
M ¼ 16.3 � 0 y

Pubertal
development

Tanner's
stage was
assessed using a
physical
examination

FSH, LH,
estradiol, TT,
and AMH

Electro-chemiluminescence
immunoassay

Inhibin B ELISA

AMH ¼ antim€ullerian hormone; DHEAs ¼ dehydroepiandrosterone sulfate; ELISA ¼ enzyme-linked immunosorbent assay; F ¼ female; FSH ¼ follicle-stimulating hormone; fT ¼ free testosteron CSI ¼ intracytoplasmic sperm injection; IVF ¼ in vitro fertilization;
LH ¼ luteinizing hormone; M ¼ male; NR ¼ not reported SC ¼ spontaneously conceived; RIA ¼ radioimmunoassay; TT ¼ total testosterone; 17aOH-P ¼ 17a-hydroxyprogesterone; SHBG ¼ sex ormone-binding globulin; / ¼ data not available.
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TABLE 3

Evaluation of studies quality using ‘‘The Cambridge Quality Checklists.’’

Author and year of
publication Checklist for correlates Checklists of risk factors

Checklist of causal risk
factors Total

Belva et al., 2010 (31) 2 3 3 8/15
Belva et al., 2011 (30) 2 1 5 8/15
Belva et al., 2012 (17) 2 1 5 8/15
Belva et al., 2016 (23) 3 1 5 9/15
Belva et al., 2017a (25) 1 1 5 7/15
Belva et al., 2017b (29) 2 1 5 8/15
Beydoun et al., 2011 (27) 1 1 1 3/15
Ceelen et al., 2008 (18) 1 1 2 4/15
De Schepper et al., 2009 (21) 1 1 2 4/15
Ernst et al., 2019 (19) 2 1 5 8/15
Jensen et al., 2006 (22) 3 1 2 6/15
Kai et al., 2007 (28) 2 1 5 8/15
Merino et al., 2019 (26) 2 1 5 8/15
Rojas-Marcos et al., 2005

(24)
1 3 3 7/15

Sonntag et al., 2020 (20) 2 1 5 8/15
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heterogeneity was found (Q-test: Q-value¼ 0.045; P¼ .832; I2

¼ 0) (Fig. 6B). Furthermore, only one study observed a lower
ovulation rate in girls conceived using ART compared with SC
girls (26).

The few studies that have evaluated the achievement of
pubertal milestones in boys have found no differences be-
tween the ART-conceived and the SC groups (19, 27).

For the analysis of pubertal milestones, no studies were
sensitive enough to alter the above-reported results (data
not shown). A cumulative analysis showed that these results
remained nonsignificant after adding each study (data not
shown).
Hormonal Values

Eleven of the 15 studies identified in this meta-analysis eval-
uated serum hormone levels in ART-conceived children (18,
20–22, 24–26, 28–31), and in 9 of these studies, there is a
comparison with a population of SC children (18, 20–22,
25, 26, 28–30). In 2 studies, hormone measurements were
performed on newborns (23, 27). In particular, Mau Kai
et al. (28) evaluated hormone levels in children with an
average age of 3 months, the period when mini-puberty is
present, and showed that children born from ART have lower
total and free testosterone values and a higher LH/testos-
terone ratio than SC children even after adequate for gesta-
tional age and singleton selection. This finding was
confirmed only in ICSI-conceived children performed for
paternal infertility. The children had a 27.3% and 23.4%
reduction in total and free testosterone levels, respectively,
and a 60% increase in the LH/total testosterone ratio
compared with SC children. In contrast, no differences were
found between infants born from IVF performed for maternal
infertility and SC infants. This finding seems to point atten-
tion to the possible role of paternal infertility in causing
reproductive harm to offspring (28).
VOL. 4 NO. 2 / APRIL 2023
Another study compared the serum levels of AMH and
inhibin B in 8-year-old prepubertal children born from ICSI
with those of SC children of the same age. The study found
no differences between the 2 groups. Furthermore, no differ-
ences were found in the levels of these 2 hormones in children
conceived with ICSI children from fathers with severe oligo-
zoospermia (concentration <5 mil/mL) compared with those
with less severe forms (21).

Regarding hormone levels in pubertal ART-conceived
boys, only one study analyzed salivary testosterone levels
in ICSI-born and SC boys and found no differences between
the 2 groups (30). Furthermore, no correlation was found be-
tween the severity of the father’s oligozoospermia and the
salivary testosterone levels in the offspring, thus also ruling
out the role of paternal infertility (30). On the other hand, 4
studies evaluated the hormone levels in the blood (18, 20,
22, 29). Three of these studies found no statistically signifi-
cant differences in hormone levels analyzed between the
ART-conceived and SC boys (18, 22, 29). Although in the
study by Jensen et al. (22), there was a trend toward a reduc-
tion in testosterone levels and the free androgen index (FAI).
In contrast, in the study by Belva et. al. (29), there was a higher
prevalence of boys with inhibin B<10 percentile and FSH of
>90 percentile in the ICSI-conceived boys compared with SC
boys. Conversely, the study by Sonntag et al. (20) showed a
significant increase in estrogen and a decrease in the testos-
terone/17ß-estradiol ratio in boys conceived using ICSI
compared with the SC group, and a trend toward lower levels
of inhibin B. Quantitative analysis showed significantly
reduced levels of SHBG (SMD ¼ �0.24 [�0.47, �0.01];
P¼ .05] in ART patients than in controls, in particular in
ICSI patients (Fig. 7A) and lower levels of inhibin B only in
the ICSI subgroups (SMD ¼ �0.24 [�0.44, �0.04]; P¼ .02]
(Fig. 7B) (20, 22). In both analyses, no interstudy heterogene-
ity was found (Q-test: Q-value ¼ 1.419; P¼ .234; I2 ¼ 29%,
and Q-test: Q-value¼ 3.208; P¼ .201; I2¼ 37%, respectively).
Furthermore, it revealed a trend toward a reduction in
159



FIGURE 2

(A) Forest plot showing the odds ratio (OR) of Tanner stage 2 in male assisted reproductive technique (ART)-conceived children and spontaneously
conceived (SC) children. (B) Forest plot showing the OR of Tanner stage 3 in male ART-conceived children and SC children. (C) Forest plot showing
the OR of Tanner stage 4 in male ART-conceived and SC children. (D) Forest plot showing the OR of Tanner stage 5 in male ART-conceived children
and SC children.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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FIGURE 3

(A) Forest plot showing the odds ratio (OR) of Tanner stage 2 in female assisted reproductive technique (ART)-conceived children and
spontaneously conceived (SC) children. (B) Forest plot showing the OR of Tanner stage 3 in female ART-conceived children and SC children. (C)
Forest plot showing the OR of Tanner stage 4 in female ART-conceived children and SC children. (D) Forest plot showing the OR of Tanner
stage 2 in female ART-conceived children and SC children.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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FIGURE 4

Forest plot showing standardized mean difference (SMD) in testicular volume between assisted reproductive technique (ART)-conceived and
spontaneously conceived (SC) boys.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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testosterone levels in boys conceived with ART compared
with SC boys regardless of the ART method used (SMD¼
�0.16 [�0.32, 0.01]; P¼ .06] (Fig. 7C) (18, 20, 22, 29). No het-
erogeneity was found between studies (Q-test: Q-value ¼
0.289; P¼ .865; I2 ¼ 0).

Instead, not significantly different levels of LH (SMD ¼
�0.11 [�0.27, 0.05]; P¼ .17] (Fig. 8A), FSH (SMD ¼ 0.06
[�0.10, 0.22]; P¼ .47; I2 ¼ 0] (Fig. 8B), and FAI (SMD ¼
0.07 [�0.13, 0.27]; P¼ .49] (Fig. 8C) were found (18, 20,
22, 29). No heterogeneity was found between studies (Q-
test: Q-value ¼ 2.091; P¼ .554; I2 ¼ 0; and Q-test: Q-value
¼0.667; P¼ .881; I2 ¼ 0; and Q-test: Q-value ¼ 1.097;
P¼ .295; I2 ¼ 8%). The Egger’s regression model and funnel
plots reported no risk of bias (intercept ¼ �2.66, 95% CI:
�7.72 to�2.41, P¼ .07, Supplemental Fig. 2A, available on-
line: intercept ¼ �0.38, 95% CI: �5.68 to 4.92, P¼ .39,
Supplemental Fig. 2B). A publication bias analysis could
not be performed for FAI because of the limited number of
studies.

Regarding the female gender, only 5 studies reported hor-
monal values (18, 20, 24–26). One of these was performed on
newborn girls with breast buttons and revealed normal
prepubertal hormone levels, excluding the possibility of
precocious puberty (24). Another 4 studies measured
hormone levels in pubertal ART-conceived girls and
compared them with SC girls (18, 20, 25, 26). Quantitative
analysis was possible for these 4 studies. In particular, Sonn-
tag et al. (20) included only women who were not using con-
traceptives and had 17ß-estradiol levels <60 pg/mL. Belva
et al. (25) included only data from women who did not use
contraceptives (25). The analysis found higher mean LH levels
162
in ART-conceived girls than SC girls (SMD¼ 0.34 [0.04, 0.64];
P¼ .02) (Fig. 9A) (18, 20, 25, 26) and without heterogeneity
between studies (Q-test: Q-value ¼ 3.763; P¼ .288; I2 ¼
17%). The Egger’s regression model and funnel plots reported
no risk of bias (intercept¼ 2.20; 95% CI:�9.73– 4.14; P¼ .25,
Supplemental Fig. 3, available online). The studies by Ceelen
et al. (18) and Merino et al. (26) were identified as sensitive
enough to change the results of the analysis (SMD ¼ 0.25
[-0.04, 0.15]; P¼ .08 and SMD ¼ 0.25 [�0.06, 0.16]; P¼ .11,
respectively). No differences were found in DHEAs levels
(SMD ¼ 0.50 [�0.29, 1.30]; P¼ .22) in the group of girls
conceived using ART compared with SC girls (18, 25). In
contrast, Ceelen et al. (18) found higher levels of this hormone
in girls born using IVF compared with SC controls (Fig. 9B)
(17). Analysis of heterogeneity showed the presence of inter-
study heterogeneity (Q-test: Q-value ¼ 2.836; P¼ .09; I2 ¼
63%). No study was found to be sensitive enough to change
these results. A cumulative analysis showed that data became
nonsignificant after adding the study by Ceelen et al. (18)
(data not shown). A publication bias analysis could not be
performed because of the limited number of studies. Further-
more, no differences were found for FSH (SMD¼ 0.19 [�0.07,
0.45]; P¼ .16] and no heterogeneity was found between
studies (Q-test: Q-value ¼ 0.588; P¼ .899; I2 ¼ 0)
(Fig. 10A). No study was sensitive enough to alter the
above-reported results (data not shown). Furthermore, the cu-
mulative analysis showed that these results remained nonsig-
nificant after adding each study (data not shown). The Egger’s
regression model and funnel plots reported no risk of bias
(intercept ¼ 0.295; 95% CI: �4.63–5.23, P¼ .41,
Supplemental Fig. 4A, available online).
VOL. 4 NO. 2 / APRIL 2023



FIGURE 5

(A) Forest plot showing standardized mean difference (SMD) of follicular count between assisted reproductive technique (ART)-conceived and
spontaneously conceived (SC) girls. (B) Forest plot showing the odds ratio (OR) of having polycystic ovaries in ART-conceived and SC girls.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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Analysis of AMH showed the absence of interstudy heteroge-
neity (Q-test: Q-value ¼ 2.535; P¼ .282; I2 ¼19%), and re-
sulted in the absence of any significant difference (SMD ¼
�0.08 ([0.41, 0.25]; P¼ .62) (Fig. 10B). The Egger’s regression
model and funnel plots reported no risk of bias (intercept ¼
�2.24; 95% CI:�49.52–45.04; P¼ .33, Supplemental Fig. 4B).
VOL. 4 NO. 2 / APRIL 2023 163
The serum levels of testosterone were not significantly
different [SMD ¼ �0.19 [�0.61, 0.23]; P¼ .38; (Q-test:
Q-value ¼ 1.753; P¼ .185; I2 ¼ 42%) (Fig. 10C), as well as
those of the SHBG (SMD ¼ 0.25 [�0.07, 0.56]; P¼ .12;
Q-test: Q-value ¼ 0.154; P¼ .694; I2 ¼ 0) (Fig. 10D), FAI
(SMD ¼ �0.27 [�0.59, 0.04]; P¼ .09; Q-test: Q-value ¼



FIGURE 6

(A) Forest plot showing mean difference (MD) in age at menarche between assisted reproductive technique (ART)-conceived and spontaneously
conceived (SC) girls. (B) Forest plot showing the odds ratio (OR) of having menarche in ART-conceived and SC girls.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.

164 VOL. 4 NO. 2 / APRIL 202

SYSTEMATIC REVIEW AND META-ANALYSIS
3



FIGURE 7

(A) Forest plot showing standardized mean difference (SMD) in sex hormone-binding globulin (SHBG) levels between assisted reproductive
technique (ART)-conceived and spontaneously conceived (SC) boys. (B) Forest plot showing SMD in inhibin B levels between ART-conceived
and SC boys. (C) Forest plot showing SMD in total testosterone (TT) levels between ART-conceived and SC boys.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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FIGURE 8

(A) Forest plot showing standardized mean difference (SMD) in luteinizing hormone (LH) levels between assisted reproductive technique (ART)-
conceived and spontaneously conceived (SC) boys. (B) Forest plot showing SMD in follicle-stimulating hormone (FSH) levels between ART-
conceived and SC boys. (C) Forest plot showing SMD in free androgen index (FAI) between ART-conceived and SC boys.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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FIGURE 9

(A) Forest plot showing standardized mean difference (SMD) in luteinizing hormone (LH) levels between assisted reproductive technique (ART)-
conceived and spontaneously conceived (SC) girls. (B) Forest plot showing SMD in dehydroepiandrosterone sulfate (DHEAs) levels between
ART-conceived and SC girls.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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FIGURE 10

(A) Forest plot showing standardized mean difference (SMD) in follicle-stimulating hormone (FSH) levels between assisted reproductive technique
(ART)-conceived and spontaneously conceived (SC) girls. (B) Forest plot showing SMD in antiM€ullerian hormone (AMH) levels between ART-
conceived and SC girls. (C) Forest plot showing SMD in total testosterone (TT) levels between ART-conceived and SC girls. (D) Forest plot
showing SMD in sex hormone-binding globulin (SHBG) levels between ART-conceived and SC girls. (E) Forest plot showing SMD in free
androgen index (FAI) between ART-conceived and SC girls. (F) Forest plot showing SMD in inhibin B levels between ART-conceived and SC girls.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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0.011; P¼ .916; I2 ¼ 0] (Fig. 10E), and inhibin B (SMD ¼ 0.06
(�0.45, 0.58); P¼ .81; Q-test: Q-value ¼ 2.615; P¼ .106; I2 ¼
61%) (Fig. 10F), independently from the type of ART method
used (18, 20, 25, 26). Regarding estrogen levels, only in the
subgroup of girls born by ICSI was found a significant reduc-
tion compared with the control group (SMD ¼ �0.39 [�0.74,
�0.03]; P¼ .03). The analysis revealed the presence of inter-
study heterogeneity (Q-test: Q-value ¼ 8.431; P¼ .038; I2

¼63%) (Fig. 11) (17, 19, 24, 25). The Egger’s regression model
and funnel plots reported no risk of bias (intercept ¼ 4.147;
95% CI: �12.86–21,16; P¼ .20, Supplemental Fig. 5, avail-
able online).
168
Only one single study evaluated androstenedione and
found no differences between the groups (25). For the analysis
of testosterone, AMH, SHBG, FAI, and inhibin B, no study was
sensitive enough to alter the above-reported results (data not
shown). The cumulative analysis showed that these results
remained nonsignificant after the addition of each study
(data not shown).
Sperm Parameters

Only 2 studies evaluated the sperm parameters of youngsters
conceived with ART and compared themwith SCmen (22, 23).
VOL. 4 NO. 2 / APRIL 2023



FIGURE 11

Forest plot showing standardized mean difference (SMD) in estradiol levels between assisted reproductive technique (ART)-conceived and
spontaneously conceived (SC) girls.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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In particular, the quantitative analysis of these 2 studies
found that ART-conceived men had significantly reduced
sperm concentration (SMD ¼ �0.34 [�0.57, �0.11];
P¼ .004; Q-test: Q-value ¼ 0,064; P¼ .80; I2 ¼ 0) (Fig. 12A),
total sperm count (SMD ¼ �0.28 [�0.51, �0.05]; P¼ .02;
Q-test: Q-value ¼ 0.894; P¼ .344; I2 ¼ 0] (Fig. 12B), and
sperm normal morphology (SMD ¼ �0.35 [�0.58, �0.13];
P¼ .002; Q-test: Q-value ¼ 0.519; P ¼ .471; I2 ¼ 0)
(Fig. 12C) compared with controls. For the analysis of the total
sperm count, the study by Belva et al. (23) was sensitive
enough to alter the above-reported results. Its removal re-
sulted in a loss of significance (SMD ¼ �0.193 [�0.487,
0.097]; P¼ .192). On the other hand, no difference was found
for semen volume (SMD ¼ 0.02 [�0.39, 0.43]; P¼ .92; Q-test:
Q-value ¼ 3.035; P¼ .082; I2 ¼ 67%) (Fig. 12D). Regarding
motility, because the type of motility analyzed is not specified
in the study by Jensen et al. (22), it was not possible to perform
the quantitative analysis. However, significantly reduced
motility was found in this study in men born to mothers
who received fertility treatments compared with the control
group (22). Instead, in the study by Belva et al. (23), both pro-
gressive and total motility were comparable between the 2
groups. However, the total motile sperm count was lower in
ICSI-conceived men than in SC men (23).
VOL. 4 NO. 2 / APRIL 2023
DISCUSSION
To our knowledge, this is the first meta-analysis that has at-
tempted to evaluate the effects of ART on pubertal develop-
ment and gonadal function in offspring. To date, it is
unclear what mechanisms correlate the use of ART with the
overall long-term health of offspring. Even less investigated
is the correlation with the reproductive health of the
offspring. However, some hypotheses have been proposed
that would see a direct and indirect role of ART. Indirect
mechanisms include the possibility of direct vertical trans-
mission of male infertility from father to son, as also sug-
gested by some evidence demonstrating the transmission of
Y-chromosome microdeletions from infertile fathers to sons
(32, 33). Another indirect mechanism appears to be related
to birth weight. Indeed, one meta-analytic study observed
an increased risk of SGA in children conceived using ART
compared with those conceived spontaneously (34). In turn,
it was observed that SGA boys and girls on average reached
pubertal milestones earlier than those adequate for gesta-
tional age (35). Furthermore, SGA is associated with hyperan-
drogenism and decreased ovarian and uterine volume in
women (36) and testicular hypofunction in men (37).

As far as direct mechanisms are concerned, to date, it is
still difficult to separate the role of underlying infertility
169



FIGURE 12

(A) Forest plot showing standardizedmean difference (SMD) of sperm concentration between assisted reproductive technique (ART)-conceived and
spontaneously conceived (SC) boys. (B) Forest plot showing SMDof total sperm count between ART-conceived and SC boys. (C) Forest plot showing
SMD of sperm morphology between ART-conceived and SC boys. (D) Forest plot showing SMD of sperm volume between ART-conceived and SC
boys.
Crafa. ART and offspring gonadal function. Fertil Steril Rev 2023.
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from the procedures performed during ART. It is even more
difficult to understand which procedures are associated with
the certainty of these alterations (gamete manipulations, cul-
ture media, ovarian stimulation, and the use of frozen or fresh
embryos) (4). In ICSI, a role may also be because of the inva-
siveness of the technique itself. In fact, the sperm injection
technique could be associated with impaired decondensation
of the sperm nucleus, which in turn is associated with embry-
onic aneuploidies. Furthermore, accidental disruption of the
oocyte meiotic spindle, with possible abnormalities in chro-
mosomal segregation or alteration of oocyte pH because of
prolonged oocyte handling outside, in turn, associated with
an increase in stress-induced aneuploidy rates, could also
play a role (38). Among the most studied interfering mecha-
nisms is that of ovarian stimulation. In particular, animal
studies have shown that male mice born from mothers who
have undergone controlled ovarian hyperstimulation have
reduced methylation of the H19 gene at the level of sperm
DNA (39). This finding appears to be of considerable interest
because a reduction in the methylation of the H19 gene has
been observed in patients with oligozoospermia, particularly
at the level of the CCCTC-binding factor-binding site (40,
41). Another study in mice demonstrated that controlled
ovarian hyperstimulation may be associated with delayed pu-
bertal transition and an irregular estrous cycle possibly
caused by aberrant growth and maturation of follicles in
170
female offspring (42). All of this evidence suggests that ART
may play a role in altering the reproductive function of
offspring by various mechanisms. However, these mecha-
nisms still need to be better elucidated.

In our meta-analysis, we found that pubertal develop-
ment generally proceeds normally and regularly reaches pu-
berty milestones. Consequently, a study of an American
cohort of children conceived using IVF found no increase in
the rate of precocious or delayed puberty compared with the
general population (27). Quantitative analysis showed that
in girls alone, there is a higher OR in ICSI-conceived girls
with Tanner stage 3 breasts than in SC girls. This suggests
the possibility of a slight delay. However, the quantitative
analysis is on the basis of only 2 studies and could be influ-
enced by the study by Belva et al. (16) who found breast
growth retardation in ICSI-conceived girls compared with
girls with SC. However, considering the study’s cross-
sectional nature, it is impossible to know whether these girls
have successfully reached full development.

Hormonally, our meta-analysis showed reduced SHBG
levels in ART-conceived boys compared with boys with SC.
Sex hormone-binding globulin plays a transport role for sex
steroids by regulating circulating concentrations of free hor-
mones and their transport to target tissues (43). However, in
our study, the reduction in SHBG levels was not accompanied
by significant differences in total and free testosterone levels.
VOL. 4 NO. 2 / APRIL 2023
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Given the close association of SHBG levels with metabolic
syndrome (43, 44) and considering that there is a greater
risk of adiposity and insulin resistance in ART-conceived
offspring (45), it is possible to hypothesize that the lower
levels found in our meta-analysis could be explained by a
possible higher prevalence of metabolic syndrome in ART-
conceived boys. However, further studies are needed to eval-
uate this specific aspect.

Quantitative analysis showed the presence of low
inhibin B levels only in the subgroup of offspring
conceived using ICSI. Inhibin B is produced by Sertoli cells,
and its levels reflect the functional state of the seminiferous
epithelium (46). Confirming this, quantitative analysis
showed a reduction in sperm concentration and sperm
count in youngsters conceived using ART. The increased
involvement of the ICSI-conceived population could be ex-
plained partly by the role of underlying paternal infertility.
Indeed, ICSI is used mainly in cases of male infertility,
which, in turn, appears to be associated with a negative
impact on the long-term health and fertility of the
offspring (32).

Regarding females, the quantitative analysis showed
higher LH levels in girls conceived using ART than in girls
with SC. Elevated LH levels may be associated with hyperan-
drogenism and the presence of PCOS (47). However, both
androgen-level analysis and ultrasound follicle count showed
no difference between the 2 groups. Furthermore, the quanti-
tative analysis showed no differences in the risk of developing
PCOS in ART-conceived girls compared with SC ones. Finally,
the quantitative analysis showed lower estrogen levels only in
the subgroup of girls conceived using ICSI compared with
girls with SC, suggesting a possible alteration of ovarian
function in this group of offspring. However, when interpret-
ing hormonal data in women, it should be taken into account
that only Merino et al. (26) specified that hormone tests were
performed in the early follicular phase, whereas in the other
studies, these data are not presented and could represent a
confounding factor.

Several limitations need to be considered when interpret-
ing the data from this meta-analysis. First, because most of
the studies are cross-sectional, it is not possible to establish
a direct cause-and-effect relationship between ART and the
gonadal function of the offspring. Second, the studies are
quite heterogeneous from each other, both in the methods
of measuring the outcome and in terms of the age of the
offspring included. Third, in some studies, there is no exact
information on the type of ART method used or the approach
used to treat infertility (19, 22, 26). Fourth, the results ob-
tained cannot be attributed with certainty to ART methods
per se or underlying parental infertility. Only half of the
studies considered the possible interference of parental infer-
tility, with conflicting results (17–19, 21, 23, 28, 30, 31). In
particular, 2 studies found no differences in inhibin B levels
among children conceived using ICSI on the basis of the
severity of paternal infertility (21, 31). Another study
reached the same conclusion on salivary testosterone levels
(30). In contrast, in the study by Mau Kai et al. (28) on
VOL. 4 NO. 2 / APRIL 2023
3-month-old infants, a reduction in testosterone levels was
observed only in infants conceived with ICSI from paternal
infertility and not in those conceived with IVF from
maternal infertility, suggesting a direct role in paternal
infertility. Two other studies found no interference in
parental infertility in the pubertal development of the
offspring and in reaching the pubertal milestones (17, 19).
The study by Ceelen et al. (18) showed higher levels of LH
and DHEAs in girls born to infertile mothers who
underwent IVF compared with those born to infertile
mothers who did not receive ovarian stimulation,
suggesting a direct role of IVF in determining hormonal
alteration. However, even in this case, it must be considered
that the analyses were not performed in the follicular phase
of the cycle. Finally, only a slight correlation was observed
between the total sperm counts of boys conceived using
ICSI and those of their fathers, suggesting that the role
associated with ICSI in reducing sperm parameters may
only be minimally dependent on paternal infertility and
could be because of the technique per se (23). This requires
studies that directly compare the different techniques with
each other. Furthermore, in the context of patients
undergoing ICSI, a comparison with children conceived
using ICSI using donor sperm could be useful in excluding
the role of paternal infertility. Fourth, most of the included
studies (17, 21, 23, 25, 29–31) were performed by the same
investigators; therefore, there may be some overlap in the
population studied. However, data from studies published
by the same investigators are never present at the same
time in the quantitative analysis, mitigating this limitation.
Finally, among the limitations of this meta-analysis, it must
be considered that the quantitative analysis is on the basis
of a few studies. For this reason, further studies are needed
to draw more confident conclusions.
CONCLUSION
This meta-analysis suggests little interference of ART on pu-
bertal development and the achievement of pubertal mile-
stones. Furthermore, Leydig cell function appears to be
preserved in the offspring conceived using ART, whereas
further studies with correct hormone measurements taken in
the early follicular phase are needed to assess ovarian func-
tion. On the other hand, scant evidence seems to suggest
the interference of ART with testicular germinal function, as
shown by the reduction of inhibin B levels and the alteration
of sperm parameters. However, further prospective studies are
needed to confirm these data and clarify the possible role of
the different ART methods and the influence of underlying
parental infertility.
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