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ABSTRACT

Objective: This systematic review and meta-analysis was aimed at determining whether paternal age is a risk
factor for offspring birth defects.

Results: A total of 38 and 11 studies were included in the systematic review and meta-analysis, respectively.
Compared with reference, fathers aged 25 to 29, young fathers (< 20 years) could increase the risk of urogenital
abnormalities (OR: 1.50, 95 % Cl: 1.03-2.19) and chromosome disorders (OR: 1.38, 95 % Cl: 1.12-1.52) in their
offsprings; old fathers (2 40 years) could increase the risk of cardiovascular abnormalities (OR: 1.10, 95 % ClI:
1.01-1.20), facial deformities (OR: 1.08, 95 % Cl: 1.00-1.17), urogenital abnormalities (OR: 1.28, 95 % Cl: 1.07-
1.52), and chromosome disorders (OR: 1.30, 95 % Cl: 1.12-1.52).

Conclusions: Our study indicated that paternal age is associated with a moderate increase in the incidence of
urogenital and cardiovascular abnormalities, facial deformities, and chromosome disorders.

Methods: PubMed, Web of Science, the Cochrane Library, and Embase were searched for relevant literatures
from 1960 to February 2020. The systematic review follows PRISMA guidelines. Relevant meta-analyses were
performed.

INTRODUCTION abnormalities, digestive system abnormalities, nervous
system malformations, cardiovascular abnormalities,
Previous study has shown that the overall prevalence of facial deformities, musculoskeletal abnormalities, and
birth defects in live births ranges from 3-5 % [1]. Birth chromosome disorders are shown in Supplementary
defects are a major cause of perinatal mortality, Table 1.

accounting for more than 20 % of infant deaths [2, 3].

Moreover, birth defects are one of the strongest known
risk factors for childhood cancers [4], causing serious
effects in children’s health; such defects are also
associated with high risks of preterm birth (PTB), low
birth weight (LBW), and infant death [5]. Thus, birth
defects do not only increase medical burden but also
place an economic burden on families and society [6].

According to Medical Subject Headings (MeSH) of the
PubMed database, classification of urogenital

In accordance with a consensus, young fathers are
aged 20 years and below, whereas older fathers are
older than 40 years [7]. In developed regions, such as
Europe and the USA, the proportion of late marriage
and childbirth is increasing [7, 8], whereas early
marriage and early childbearing are on the ascendancy
in developing countries [9, 10]. Some studies have
assessed the relationship between paternal age and
birth defects in offspring, but no substantive conclusion,
even contradictory has been drawn [10-12]. In previous
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years, a few systematic reviews and meta-analyses have
evaluated the relationship between paternal age
(especially advanced paternal age) and birth defects,
including congenital heart disease, cleft lip and
palate, neural tube defects, gastroschisis, and trisomy
21 syndrome. However, these studies did not include
other birth defects, such as hydranencephaly of common
nervous system malformations and trisomy 13 and
trisomy 18 syndromes of common chromosome
disorders. Moreover, systematic reviews and meta-
analyses about urogenital abnormalities and digestive
system abnormalities seem limited [11, 13, 14].
Therefore, a further systematic review and meta-analysis
of birth defects is needed to fill the gap [15-17].

This systematic review and meta-analysis focused on
the influence of paternal age, particularly of old (> 40
years old) and young fathers (< 20 years old), on
offspring birth defects in each system and chromosomal
abnormalities. This meta-analysis is the first of its kind

that focuses on the effect of paternal age on urogenital
and digestive system abnormalities; the results of this
work contributes to a comprehensive understanding of
the risk factors for birth defects and its effective
prevention.

RESULTS
Study selection and characteristics

We identified a total of 3581 articles published between
1962 and 2020 after duplicates were removed. A total of
3412 articles were directly excluded after reading the
titles and abstracts, and 131 articles were excluded after
reading the full text for the following reasons:
insufficient data (92), non-English (22), no access to the
full paper (8), and others (9) (Figure 1). Lastly, a total
of 38 and 11 studies were included in the systematic
evaluation and meta-analysis, respectively. Figure 1,
Table 1 and Supplementary Table 2 respectively show

Records identified through Additional records identified
database searching through other sources

(n=13912) (n=48)

A4 4
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Figure 1. PRISMA flow diagram for a systematic review and meta-analysis. A total of 3581 articles were identified after duplicates
removed. Out of the 3581 articles, 3412 articles were directly excluded after reading the titles and abstracts, and 131 articles were excluded for
some reasons after reading the full text. Finally, 38 and 11 studies were included in the systematic evaluation and meta-analysis, respectively.
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Table 1. Summary results of the systematic review of the association between young and old father and birth

defects.
Number of studies
Birth defects (Numbers of studies) Risk Young paternal Advancztég)aternal Total number of cases
age (<20 years) (240 years)
Urogenital Abnormalities (6) 5217
Increased 2
Decreased 0
Digestive System Abnormalities (5) 5823
Increased 0
Decreased 1
Nervous System Malformations (9) 8191
Increased 4
Decreased 0
Cardiovascular Abnormalities (11) 32190
Increased 6
Decreased 1
Facial deformity (13) 18807
Increased 4
Decreased 1
Musculoskeletal Abnormalities (14) 31479
Increased 3
Decreased 3
Chromosome Disorders (10) 18108
Increased 4
Decreased 2

the process of literature inclusion and summarize the
characteristics of the included literature.

Of the 38 studies, 18 were case-control studies, and the
rest were cohort studies. In accordance with the NOS,
the quality of research was evaluated. The following
were obtained: 27 high-quality studies (NOS scores >
7), nine medium-quality studies (NOS scores of 5-6),
and two low-quality studies (NOS scores < 4). Twenty-
six studies adjusted or controlled for maternal age, and
12 did not.

The number of reported cases is as follows: more than
1,000 in 14 studies; 101-1,000 in 19 studies, and not
more than 100 in five studies. The number of studies
conducted by region is as follows: 15 in North America
(12 in the USA), 15 in Europe (five in Norway and four
in Denmark), six in Asia (three in China), two in South
America, and only one in Africa. One study was
conducted simultaneously in the United States and the
Czech Republic. Twenty-seven studies began before
2000, and nine studies were conducted after 2000; 31
studies lasted longer than 3 years, and five studies lasted
less than 3 years. The longest study lasted for more than

40 years, whereas the shortest study lasted for less than
one year. Two studies did not report the time of study
execution.

Regarding the assessment of exposure factors (paternal
age), 32 studies clarified the paternal age. However,
different studies used various methods for categorizing
paternal age; the most common categorization of
paternal age was < 20, 20 — 24, 25 — 29, 30 — 34, 35 —
39, and > 39 years. In the present study, we defined
fathers younger than 20 years as young fathers, older
than 40 years as old fathers, and 25 — 29 years as the
reference group.

Meta-analytic results for birth defects in each system

Urogenital abnormalities

We identified six studies [14, 15, 18-21] that reported a
total of 5217 cases about urogenital abnormalities in the
systematic review; four were cohort studies, whereas
two were case-control studies. On the basis of the NOS
scoring criteria, five high-quality and one medium-
quality studies were identified. In the meta-analysis,
only two studies [14, 19] could be included. Young and
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old fathers increased the risk of offspring urogenital
abnormalities (OR: 1.50, 95 % CI: 1.03 - 2.19; OR:
1.28, 95 % CI: 1.07 — 1.52, respectively). Among the
studies, no heterogeneity was found in these two
subgroups (1= 0.0 %, 0.0 %, respectively) (Figure 2).
The results of the funnel plots and Egger’s test (P =
0.369) revealed no significant publication bias.

Digestive system abnormalities

Five studies [14, 15, 19, 20, 22] reporting a total of
5823 cases analyzed the association between paternal
age and digestive system abnormalities in offspring. Of
these studies, four were cohort studies, and one was a
case-control study. In addition, all the studies were of
high quality and adjusted for maternal age. Three
studies [14, 19, 22] were included in the meta-analysis.
The pooled ORs in the subgroup of young and old
fathers were 1.13 (95 % CI: 0.98 — 1.30) and 0.90 (95 %
Cl 0.79 — 1.02), respectively. Among the studies,
no heterogeneity was found in these two subgroups

(1= 0.0 %, 0.0 %, respectively) (Figure 3). The results
of the funnel plots and Egger’s test (P = 0.244) revealed
no significant publication bias.

Nervous system malformations

Nine papers [14, 15, 19-25] reporting a total of 8191
cases of nervous system malformations were included
in the systematic review; seven were cohort studies,
and two were case-control studies. In accordance with
the NOS scoring criteria, eight high-quality and one
medium-quality studies were identified. Five studies
[14, 19, 22-24] were included in the meta-analysis.
The pooled ORs in the subgroup of young and old
fathers were 1.23 (95 % CI: 0.94 — 1.60) and 1.12 (95
% CI: 0.97 — 1.30), respectively. Among the studies,
minimal heterogeneities were found in the two
subgroups (I° = 36.5 %, 335 %, respectively)
(Supplementary Figure 1). The results of the funnel
plots and Egger’s test (P = 0.071) revealed no
significant publication bias.

Study %
ID or (95% ClI) Weight
<20
Mclintosh (1995) - 0.70(0.10,9.20) 274
Kazaura (2004) —_— 1.10(0.50,2.40) 22.78
Mclintosh (1995) —_—— 1.30 (0.60, 2.90) 22.58
Mclintosh (1995) —_—— 1.70 (0.60, 4.50) 13.81
Mclintosh (1995) —_— 2.00(1.10,3.70) 38.09
Subtotal (l-squared =0.0%, p = 0.720) > 1.50(1.03,2.19) 100.00
240
MclIntosh (1995) —_— 0.60(0.10,3.20) 1.04
Mclintosh (1995) — 0.90 (0.60, 1.50) 14.88
Mclintosh (1995) —_— 0.90(0.20, 3.30) 1.59
Mclintosh (1995) —_— 0.90(0.20,5.60) 1.13
Mclintosh (1995) —_— 1.00(0.50, 2.10) 6.07
Mclintosh (1995) 1.10(0.10, 14.70) 0.50
Mclintosh (1995) —_— 1.10(0.20,5.40) 1.15
Mclintosh (1995) —_— 1.20(0.40, 3.90) 2.41
Mclintosh (1995) e R— 1.20(0.20, 8.80) 0.87
Kazaura (2004) - 1.30(0.80, 2.00) 14.88
Kazaura (2004) > 1.40(1.00, 1.90) 30.33
MclIntosh (1995) —_— 1.40 (0.50, 4.30) 2.70
Mcintosh (1995) —_— 1.50 (0.50, 4.90) 2.40
Mclintosh (1995) - 1.50(0.80, 3.10) 6.81
Kazaura (2004) -—— 1.60(0.80,3.20) 6.50
Mcintosh (1995) —— 1.90(1.00,3.90) 6.75
Subtotal (l-squared =0.0%, p = 0.975) > 1.28 (1.07, 1.52)  100.00
NOTE: Weights are from random effects analyi

T T

.01
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-
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Figure 2. Forest plot presenting the effect of young and old father on urogenital abnormalities in their offspring: Only two
studies could be included in the meta-analysis. Both young and old father increased the risk of urogenital abnormalities in offspring
(OR 1.50, 95%CI 1.03-2.19; OR 1.28, 95%Cl 1.07-1.52, respectively). There was no heterogeneity in these two subgroups (I2=0.0%, 0.0%,

respectively) amongst the studies.
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Cardiovascular abnormalities

Five cohort studies and six case-control studies [15, 19,
21, 22, 26-32] reported the association between paternal
age and cardiovascular abnormalities; nine high-quality
and two medium-quality studies were identified. The
total number of cases of cardiovascular system
malformations was 32,190. A meta-analysis of the data
based on four studies [19, 22, 30, 31] showed that
compared with fathers aged 25 — 29, younger fathers (<
20 years) did not increase the risk of cardiovascular
abnormalities in their children, whereas older fathers (>
40 years) did. The pooled ORs were 1.05 (95 % CI:
096 — 1.16) and 1.10 (95 % CI: 1.01 - 1.20),
respectively. Among the studies, minimal heterogeneity
was found in the two subgroups (1> = 2.1%, 37.6%,
respectively) (Supplementary Figure 2). The results of
the funnel plots and Egger’s test (P = 0.128) revealed no
publication bias.

Study
ID

<20

Facial deformities

Thirteen papers [12, 14, 15, 19-22, 33-38], including
nine cohort studies and four case-control studies,
concentrated on paternal age as a risk factor for facial
deformities in offspring; eleven were of high quality,
one was of medium quality, and one was of low
quality. A total of 18807 cases of facial deformities
(most of the cleft lip or palate) were explored in
thirteen studies. Older fathers (> 40 years) slightly
increase the risk of facial deformities in their children,
whereas younger fathers (< 20 years) did not. The
pooled ORs were 1.08 (95 % CI: 1.00 — 1.17) and
1.14 (95 % CI: 0.99 — 1.31), respectively. Among the
studies, no heterogeneity was found in the two
subgroups (1= 0.0 %, 0.0 %, respectively) [14, 19,
22, 33] (Supplementary Figure 3). The results of the
funnel plots and Egger’s test (P = 0.186) revealed no
significant publication bias.

%

Mclintosh (1995) +
Mclintosh (1995) —
Archer (2007)
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Figure 3. Forest plot presenting the effect of young and old father on digestive system abnormalities in their offspring: Three
studies were included in the meta-analysis. The pooled OR in subgroup of young fathers and old fathers was 1.13(95%Cl 0.98-1.30) and
0.90(95%Cl 0.79-1.02), respectively. There was no heterogeneity in these two subgroups (”=0.0%, 0.0%, respectively) amongst the studies.
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Musculoskeletal Abnormalities

Thirteen papers [14, 15, 19-22, 39-45], including nine
cohort studies and four case-control studies,
concentrated on paternal age as a risk factor for
musculoskeletal abnormalities in offspring; ten were of
high quality, two were of medium quality, and one was
of low quality. A total of 27546 cases of musculo-
skeletal abnormalities in fourteen studies were included
in the systematic review. We included four studies [14,
19, 22, 44] in the meta-analysis, and the results showed
that compared with fathers aged 25 — 29, younger (< 20
years) and older fathers (> 40 years) did not increase the
risk of musculoskeletal abnormalities in offspring. The
pooled ORs were 1.15 (95 % CI: 0.86 — 1.54) and 1.19
(95 % CI: 0.99 — 1.42), respectively (Supplementary
Figure 4). Among the studies, medium heterogeneity
was found in the two subgroups (1*= 53.7 % and 41.4
%, respectively). The funnel plots and Egger’s test (P =
0.004) revealed a significant publication bias. We
detected publication bias in the subgroup of young and
old fathers. The Egger’s test found no publication bias
in the subgroup of young fathers (P = 0.586) but found
such bias in the subgroup of old fathers (P = 0.002). In
addition, after correcting publication bias in the
subgroup of old fathers via the nonparametric trim-and-
fill method, the pooled OR was still not statistically
significant (OR: 1.039, 95 % CI: 0.841 — 1.284). The
funnel plots after correcting the publication bias in the
subgroup of old fathers is shown in Supplementary
Figure 5.

Chromosome disorders

Ten papers [14, 15, 17, 22, 46-51], including five
cohort studies and five case-control studies, were
identified. Among them, eight papers were of high
quality, and two were of medium quality. A total of
18108 cases of chromosome disorders, such as Trisomy
21, Trisomy 13, and Trisomy 18, were accessed in this
systematic review. We conducted meta-analysis on four
studies [14, 22, 46, 50] and revealed a moderately high
risk of chromosome disorders in newborns of young and
old fathers (OR: 1.38, 95 % CI: 1.01 — 1.89; OR: 1.30,
95 % CI: 1.12 — 1.52, respectively) in comparison with
the reference fathers (25 — 29 years) (Supplementary
Figure 6). Among the studies, medium heterogeneity
was found in the two subgroups (1= 52.6 % and 62.1%
for young and old fathers, respectively). The funnel
plots and Egger’s test (P = 0.376) revealed no
significant publication bias.

DISCUSSION

Previously, a few works involving meta-analysis
evaluated the association between paternal age and birth
defects; however, most of them explored birth defects in
general, without sorting the defects by systems. Based

on the results of our meta-analysis, young fathers (< 20
years) could increase the risk of urogenital
abnormalities and chromosome disorders in their
offspring, whereas old fathers (> 40 years) could
increase the risk of cardiovascular abnormalities, facial
deformities, urogenital abnormalities, and chromosome
disorders in their offspring. However, no significant
difference was found between fathers younger than 20
or older than 40 in the incidence of musculoskeletal
malformations, nervous system malformations, and
digestive malformations in their offspring in
comparison with fathers aged 25 — 29. Overall, the
heterogeneities of the studies we included were small.
Although, publication bias was found in the literature of
skeletal musculoskeletal birth defects, the original
conclusion did not change after correction by the
nonparametric trim-and-fill method. Table 2 sum-
marizes the main findings of the meta-analysis.

As for cardiovascular abnormalities, a previous study
suggested that older fathers were not a risk factor (OR:
1.15, 95 % CI: 0.96 — 1.36); this finding is consistent
with our results [52]. However, the other study was in
line with our results in cardiovascular abnormalities
(OR: 1.27, 95 % CI: 1.14 — 1.42) [53]. Our meta-
analysis controlled for the confounding of maternal age,
and we included not only congenital heart defects but
also vascular malformations. This might indicate that
the difference is due to additional vascular mal-
formations. Conversely, their meta-analysis did not set
an age reference group for fathers, whereas our
reference group was 25 — 29 years. Two meta-analyses
were consistent with our findings that advanced paternal
age did not increase the risk of facial deformities;
however, these studies focused on orofacial clefts only
[52, 54]. Our finding that paternal age was not a risk
factor was similar to that of Oldereid [52] (OR: 0.98, 95
% CI: 0.72 — 1.32) in nervous system malformations but
different with Jia [55]; the latter reported that younger
paternal age (< 20) significantly increased the risk of
neural tube defects compared with 25 — 29 years (OR:
1.41 (1.10-1.81)). However, our study encompasses hot
only neural tube defects but also other neurological
diseases, such as hydrocephalus.

The exact mechanism by which young and old paternal
age increase the risks of birth defects in offspring is
unclear. However, the decline in sperm quality in older
men has been demonstrated by several studies, even
resulting in infertility. Androgen levels drop
significantly in older fathers, and some significant
abnormalities in sperm parameters, including the
decrease in the total number of Sertoli cells, have been
identified in human and animal models [56-59]. Aging
could result in testicular histomorphology abnormalities
[60], which are the underlying mechanisms of infertility
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Table 2. Summary results of the meta-analyses of the association between young and old father and birth defects.

Birth defects

Paternal age(years) Pooled estimate (with Heterogeneity

Publication bias

95% CI) ()

Urogenital Abnormalities NO
<20 1.50 (1.03-2.19) 0.0%
>40 1.28 (1.07-1.52) 0.0%

Digestive System Abnormalities NO
<20 1.13(0.98-1.30) 0.0%
>40 0.90(0.79-1.02) 0.0%

Nervous System Malformations NO
<20 1.23(0.94-1.60) 36.5%
>40 1.12(0.97-1.30) 33.5%

Cardiovascular Abnormalities NO
<20 1.05 (0.96-1.16) 2.1%
>40 1.10 (1.01-1.20) 37.6%

Facial Deformities NO
<20 1.14 (0.99-1.31) 0.0%
>40 1.08 (1.00-1.17) 0.0%

Musculoskeletal Abnormalities YES
<20 1.15(0.86-1.54) 53.7%
>40 1.19(0.99-1.42) 41.4%

Chromosome Disorders NO
<20 1.38 (1.01-1.89) 52.6%
>40 1.30 (1.12-1.52) 62.1%

and adverse pregnancy outcomes in older men. Sperms
are also associated with an increased abnormal
chromosome segregation during meiosis, which may
lead to chromosomal defects, including trisomy 21 in
progeny [61-63]. Studies have shown that an increase
in the number of genetic mutations carried by offspring
is related to the age at which the parents conceived [64].
As the father grows older, the number of mutations in
the father’s genome increases, leading to an increase in
the incidence of congenital malformations in offspring
[11, 65].

Older paternal age may be harmful to the offspring’s
health in terms of genetic mutations, telomere length,
and epigenetics [66]. Several lines of evidence suggest
that epigenetic changes occur in the sperm of older
fathers, particularly defects in DNA methylation [67-
69]. As fathers age, they are exposed to various
environmental risk factors, which are involved in the
formation and maintenance of epigenetic patterns; these
epigenetic modifications have serious consequences for
offspring, often contributing to the early onset of
diseases [70, 71]. Common environmental risk factors
include physical factors (such as radiation and high
temperature), chemical factors (such as alcohol,
aromatic compounds, heavy metals), and biological
factors (such as viruses and bacteria). Older fathers
have less antioxidant capacity, and environmental risk
factors which may lead to new mutations and DNA

damage in some key DNAs related to fetal development
[72—74]. Interestingly, a study found that young and old
fathers increase the risks of new dominant autosomal
mutations, leading to various birth defects in their
offspring [75].

A few studies have found that young fathers increase
the risk of adverse pregnancy outcomes; unfortunately,
fewer studies have focused on the mechanisms. Steiner
found that younger fathers have a higher risk of
chromosomal aneuploidy in their offspring [76].
Interestingly, Steiner assumed if a 35-year-old woman
receives the sperm of a 20-year-old man, her offspring
almost doubled their risks of aneuploidy compared with
the sperm of a 40-year-old man; meanwhile, the odds of
a dominant de novo mutation increased. Moreover, a
recent study maintains that young fathers could
contribute a substantial load of point mutations to their
offspring [77]. Chromosomal aneuploidy and point
mutations may partially explain that young fathers
increase the risk of some birth defects in newborns, but
other factors might be involved, too. The early-bearing
population may be at low socioeconomic status [78].
Consequently, factors, including the nutrition of the
father or the pregnant woman, and the family's health
care affect the health of the fetus in many ways. This
phenomenon may be due to unplanned pregnancies
among young people, who probably do not take prenatal
supplements (such as folic acid) and may be
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continuously exposed to environmental risk factors
(such as smoking) [79-83]. Young fathers may take in
additional acrylamide because of special dietary habits
and high-temperature food [84]. The metabolites of
acrylamide have strong genotoxicity [84], which can
indirectly lead to the alkylation of protamine, DNA
breakage, and chromosome aberration [85, 86]. Some
substances in the semen of young fathers may alter the
normal structure and function of sperm, leading to birth
defects. Uric acid is highly concentrated in young male
semen [87]; such high concentration has been shown to
adversely affect sperm morphology and functions [88].
This may be a potential mechanism despite the lack of
relevant clinical data validation. Young fathers under
stress may contribute to poor birth outcomes, as pre-
pregnancy stress may lead to changes in epigenetics
[89, 90]. In short, although the exact mechanism is
unclear, birth defects caused by young and older fathers
may be attributed to some interactions between
environmental and genetic factors.

Our findings showed that paternal age, particularly that
of young or old fathers is associated with an increased
risk of birth defects, indicating that men’s childbearing
age should not be too early or too late. Moreover, the
implementation of strategic interventions and
appropriate preventive measures to reduce the risks of
birth defects in offspring are of paramount importance.
We found that epidemiological studies in developing
countries (especially in Africa, Latin America, and
Asia) are relatively few, and future research needs to
happen in these regions. Furthermore, some birth
defects, such as those of the respiratory, endocrine, and
skin systems, have been poorly studied. This requires
further study to fill this gap. Future research may also
focus on the mechanisms by which paternal age leads to
birth defects in offspring for improved prevention and
intervention.

Strengths and limitations

We investigated the influences of old and young
paternal age on offspring in this systematic review and
meta-analysis. This study neither summarized all birth
defects into one category nor analyzed a single birth
defect; instead, the study divided them into seven
categories according to body regions or systems. The
analysis from a systematic perspective is unable to
lower the heterogeneity among studies but also
incorporate papers about birth defects as many as
possible. Moreover, we included some literature
published recently in the systematic evaluation. The
number of cases of birth defects included in our study
was large, with each study sample covering over 5,000
cases, among which the number of cases of
cardiovascular abnormalities and musculoskeletal

abnormalities exceeded 30,000 cases. Studies that did
not control for the confounding of maternal age were
excluded, and all high-quality studies (NOS score > 7)
were included in the quantitative synthesis, thus
improving the reliability of the results to a certain
extent. Lastly, this work is the first meta-analysis on the
effect of paternal age on urogenital abnormalities in
offspring. This can guide clinicians to use some
methods before or after delivery, such as ultrasound
examination, to check these potential defects in
offspring.

However, this systematic review and meta-analysis also
have some limitations. Although, tens of studies were
retrieved, only a few studies could involve quantitative
synthesis as some studies did not control for
confounding factors, such as maternal age or different
stratification methods of father’s age. Again, most of
the estimates and 95 % CI are close to 1.00. For the
limitation of the number of articles, we could not
perform the subgroup analysis of the countries, years,
and specific "isolated" malformations of the study.
Although most of the birth defects were included in this
meta-analysis, some unusual birth defects, such as
respiratory birth defects, were not available. In addition,
different studies may have some differences in the
definition and classification of birth defects. Some
research may only study live births, whereas some
studies include birth defects during stillbirth and thus
may reduce the accuracy of the results to some extent.
The marked etiologic and pathogenic heterogeneity
involved in organ systems and body region
malformations in this meta-analysis might constitute a
major bias regarding the etiologic effect of paternal age.
The results showed that heterogeneity was almost
minimal (most of 1< 50 %), except for musculoskeletal
birth defects and chromosomal abnormalities (Table 2).
However, this heterogeneity may not be important
because the systematic review and meta-analysis are
based exclusively on observational studies and not on
intervention trials. We do not circumscribe the meta-
analysis to those specific "isolated" malformations but
classified them by body regions because the number of
studies on specific birth defects is limited.

CONCLUSIONS

The results of this systematic review and meta-analysis
showed that young fathers (< 20 years) could increase
risks of urogenital abnormalities and chromosome
disorders in their offspring. On the other hand, old fathers
(= 40 years) could increase risks of cardiovascular
abnormalities, facial deformities, urogenital abnormalities,
and chromosome disorders in their offspring. In general,
younger fathers had less effect on birth defects compared
with older ones. Albeit of a moderate effect, we have yet
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to understand the plausible effects of young or old
paternal age in the onset of congenital defects in their
offspring. To determine whether paternal age have an
adverse effect on specific "isolated” malformations in
offsprings, more high-quality prospective cohort studies
are needed to be conducted in the future.

MATERIALS AND METHODS

This study strictly followed the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analyses
(PRISMA) criteria. The protocol has been registered
with PROSPERO (CRD42020180376).

Search strategy and selection criteria

We systematically searched original research on Pubmed,
Web of Science, the Cochrane Library, and Embase
online databases from 1960 to February 2020; references
to selected articles were also searched. The retrieval
process on PubMed database is as follows: (‘“Paternal
Age”’[Mesh] OR (((“male age” OR “man age”) OR “men
age’) OR “father age”)) AND (“Congenital
Abnormalities”[Mesh] OR ((((((“congenital abnormality”
OR “congenital disorder””) OR “congenital disorders”) OR
“congenital malformation”) OR “congenital
malformations”) OR “birth defect”) OR “birth defects”)).
All terms were searched through a combination of the
field “Title / Abstract,” but no filters were used to retrieve
the literature.

Inclusion criteria

Observational epidemiologic studies, including cohort
and case-control studies published in English; examined
the association between paternal age and birth defects in
infants; reported ORs and 95 % confidence intervals
(Cls) or had raw data available. For multiple
publications using the same database, we chose the
study that contains the most comprehensive
information.

Exclusion criteria

Studies that were not adjusted or controlled for maternal
age, had unclassified birth defects, had no available full
text or complete data, and involved animal experiments.

Outcome measures

This study mainly focuses on urogenital abnormalities,
digestive system abnormalities, nervous system
malformations, cardiovascular abnormalities, facial
deformities, musculoskeletal  abnormalities, and
chromosome disorders. All these defects have been
mentioned in the introduction. Supplementary Table 3
shows the selected birth defects of each study included
in the meta-analysis.

Data extraction and quality assessment

Studies that met the inclusion criteria were
independently reviewed by two authors (Y.F. and J.X.),
and discrepancies between the authors were resolved
through a consensus with a third author (Z.F.). The
following information were extracted in a standardized
format: first author and year of publication, study period
and location, study design, sample size (case/population
or case/control), types of birth defects, paternal age
categorization, ORs (95 % CI), and adjusted factors.

The methodological quality of the study was evaluated
independently by two evaluators (Y.F. and J.X.) in
accordance with the Newcastle-Ottawa Quality
Assessment Scale (NOS) [91]. NOS has been widely
used to evaluate the quality of cohort and case-control
studies and strongly recommended by Cochrane. We
defined a score of 7-9 as high quality, 5-6 as medium
quality, and 04 as low quality. The conflicting results
were resolved through a discussion between two
authors.

Statistical analysis

To improve reliability, we only included the studies of
the reference group with fathers aged 25-29 years into
the quantitative meta-analysis. Moreover, studies
included in the meta-analysis should be at least adjusted
or controlled for maternal age. We quantitatively
synthesized the ORs (95 % CI) of each study and
compared birth defects in the offspring of young (< 20
years old) and old fathers (> 40 years old) with those of
fathers aged 25-29 years old. The results in this study
only report random-effect models due to the potential
heterogeneity of the study. Funnel plots and Egger’s test
were used to assess publication bias, and a
nonparametric trim-and-fill method was conducted to
correct publication bias. Statal2.0 was used for
statistical analysis, and p < 0.05 was considered
statistically significant.

AUTHOR CONTRIBUTIONS

H. Z. and K. Z. designed this study. Y. F. and Y. W.
performed the literature search and study selection. Y.
F., J. X. and Z. F. extracted the data and assessed the
quality of studies. Y. F. and M. P. conducted the
statistical analysis. Y. F. drafted the article. All authors
contributed to the final version of the manuscript.

ACKNOWLEDGMENTS
We very grateful to Joseph Lasong for the improving

the language and “Xiaoyaojun Study Hall” for sharing
the methodological knowledge of meta-analysis.

www.aging-us.com 25381

AGING



CONFLICTS OF INTEREST
The authors have no conflicts of interest.
FUNDING

This work was funded by National Key R&D Program
of China (2018YFC1004300, 2018YFC1004304),
National Natural Foundation of China (Grant numbers:
81701539).

REFERENCES

1. Kirby RS. The prevalence of selected major birth
defects in the United States. Semin Perinatol. 2017;
41:338-44.
https://doi.org/10.1053/j.semperi.2017.07.004
PMID:29037343

2. Almli LM, Alter CC, Russell RB, Tinker SC, Howards PP,
Cragan J, Petersen E, Carrino GE, Reefhuis J.
Association between infant mortality attributable to
birth defects and payment source for delivery - United
States, 2011-2013. MMWR Morb Mortal Wkly Rep.
2017; 66:84-87.
https://doi.org/10.15585/mmwr.mm6603a4
PMID:28125575

3. Heron M. Deaths: Leading Causes for 2014. National
vital statistics reports: from the Centers for Disease
Control and Prevention, National Center for Health
Statistics, National Vital Statistics System. 2016; 65:1-96.
PMID:27376998

4. Birth defects associated with higher risk of childhood
cancers: forty specific birth defect-childhood cancer
associations were identified as statistically significant.
Am J Med Genet A. 2019; 179:1908-09.
https://doi.org/10.1002/ajmg.a.40462 PMID:31503403

5. Honein MA, Kirby RS, Meyer RE, Xing J, Skerrette NI,
Yuskiv N, Marengo L, Petrini JR, Davidoff MJ, Mai CT,
Druschel CM, Viner-Brown S, Sever LE, and National
Birth Defects Prevention Network. The association
between major birth defects and preterm birth.
Matern Child Health J. 2009; 13:164-75.
https://doi.org/10.1007/s10995-008-0348-y
PMID:18484173

6. Hobbs CA, Cleves MA, Simmons CJ. Genetic
epidemiology and congenital malformations: from the
chromosome to the crib. Arch Pediatr Adolesc Med.
2002; 156:315-20.
https://doi.org/10.1001/archpedi.156.4.315
PMID:11929362

7. Bray |, Gunnell D, Davey Smith G. Advanced paternal
age: how old is too old? J Epidemiol Community
Health. 2006; 60:851-53.

10.

11.

12.

13.

14.

15.

16.

https://doi.org/10.1136/jech.2005.045179
PMID:16973530

Martin JA, Hamilton BE, Osterman MJ, Curtin SC,
Matthews TJ. Births: final data for 2013. National vital
statistics reports: from the Centers for Disease Control
and Prevention, National Center for Health Statistics,
National Vital Statistics System. 2015; 64:1-65.
PMID:25603115

Marteleto L, Lam D, Ranchhod V. Sexual behavior,
pregnancy, and schooling among young people in
urban South Africa. Stud Fam Plann. 2008; 39:351-68.
https://doi.org/10.1111/j.1728-4465.2008.00180.x
PMID:19248720

Mvune N, Bhana D, Mayeza E. Umhlalaphansi and
inkwari: teenage men’s accounts on becoming fathers.
Cult Health Sex. 2019; 21:147-59.
https://doi.org/10.1080/13691058.2018.1459843
PMID:29688135

Green RF, Devine O, Crider KS, Olney RS, Archer N,
Olshan AF, Shapira SK, and National Birth Defects
Prevention Study. Association of paternal age and risk
for major congenital anomalies from the national birth
defects prevention study, 1997 to 2004. Ann
Epidemiol. 2010; 20:241-49.
https://doi.org/10.1016/j.annepidem.2009.10.009
PMID:20056435

Martelli DR, Cruz KW, Barros LM, Silveira MF, Swerts
MS, Martelli Junior H. [Maternal and paternal age, birth
order and interpregnancy interval evaluation for cleft
lip-palate]. Braz J Otorhinolaryngol. 2010; 76:107-12.
https://doi.org/10.1590/51808-86942010000100018
PMID:20339698

Yang Q, Wen SW, Leader A, Chen XK, Lipson J, Walker
M. Paternal age and birth defects: how strong is the
association? Hum Reprod. 2007; 22:696—-701.
https://doi.org/10.1093/humrep/del453
PMID:17164268

Mclntosh GC, Olshan AF, Baird PA. Paternal age and
the risk of birth defects in offspring. Epidemiology.
1995; 6:282-88.
https://doi.org/10.1097/00001648-199505000-00016
PMID:7619937

Zhu JL, Madsen KM, Vestergaard M, Olesen AV, Basso
O, Olsen J. Paternal age and congenital malformations.
Hum Reprod. 2005; 20:3173-77.
https://doi.org/10.1093/humrep/deil86
PMID:16006461

Langlois PH, Moffitt KB, Scheuerle AE. A modified panel
of sentinel congenital anomalies for potential use in
mutation epidemiology based on birth defects registry
data. Am J Med Genet A. 2014; 164:2187-99.

https://doi.org/10.1002/ajmg.a.36623 PMID:24917548

www.aging-us.com 25382

AGING


https://doi.org/10.1053/j.semperi.2017.07.004
https://pubmed.ncbi.nlm.nih.gov/29037343
https://doi.org/10.15585/mmwr.mm6603a4
https://pubmed.ncbi.nlm.nih.gov/28125575
ttps://pubmed.ncbi.nlm.nih.gov/27376998/
https://doi.org/10.1002/ajmg.a.40462
https://pubmed.ncbi.nlm.nih.gov/31503403
https://doi.org/10.1007/s10995-008-0348-y
https://pubmed.ncbi.nlm.nih.gov/18484173
https://doi.org/10.1001/archpedi.156.4.315
https://pubmed.ncbi.nlm.nih.gov/11929362
https://doi.org/10.1136/jech.2005.045179
https://pubmed.ncbi.nlm.nih.gov/16973530
https://pubmed.ncbi.nlm.nih.gov/25603115/
https://doi.org/10.1111/j.1728-4465.2008.00180.x
https://pubmed.ncbi.nlm.nih.gov/19248720
https://doi.org/10.1080/13691058.2018.1459843
https://pubmed.ncbi.nlm.nih.gov/29688135
https://doi.org/10.1016/j.annepidem.2009.10.009
https://pubmed.ncbi.nlm.nih.gov/20056435
https://doi.org/10.1590/S1808-86942010000100018
https://pubmed.ncbi.nlm.nih.gov/20339698
https://doi.org/10.1093/humrep/del453
https://pubmed.ncbi.nlm.nih.gov/17164268
https://doi.org/10.1097/00001648-199505000-00016
https://pubmed.ncbi.nlm.nih.gov/7619937
https://doi.org/10.1093/humrep/dei186
https://pubmed.ncbi.nlm.nih.gov/16006461
https://doi.org/10.1002/ajmg.a.36623
https://pubmed.ncbi.nlm.nih.gov/24917548

17.

18.

19.

20.

21.

22.

23.

24,

25.

Dzurova D, Pikhart H. Down syndrome, paternal age
and education: comparison of California and the Czech
Republic. BMC Public Health. 2005; 5:69.
https://doi.org/10.1186/1471-2458-5-69
PMID:15963229

Avilés LA, Alvelo-Maldonado L, Padro-Mojica |,
Seguinot J, Jorge JC. Risk factors, prevalence trend, and
clustering of hypospadias cases in Puerto Rico. J
Pediatr Urol. 2014; 10:1076-82.
https://doi.org/10.1016/j.jpurol.2014.03.014
PMID:24857284

Kazaura M, Lie RT, Skjaerven R. Paternal age and the
risk of birth defects in Norway. Ann Epidemiol. 2004;
14:566-70.
https://doi.org/10.1016/j.annepidem.2003.10.003
PMID:15350956

Materna-Kiryluk A, Wisniewska K, Badura-Stronka
M, Mejnartowicz J, Wieckowska B, Balcar-Boron A,
Czerwionka-Szaflarska M, Gajewska E, Godula-
Stuglik U, Krawczynski M, Limon J, Rusin J,
Sawulicka-Oleszczuk H, et al. Parental age as a risk
factor for isolated congenital malformations in a
Polish population. Paediatr Perinat Epidemiol. 2009;
23:29-40.
https://doi.org/10.1111/j.1365-3016.2008.00979.x
PMID:19228312

Savitz DA, Schwingl PJ, Keels MA. Influence of paternal
age, smoking, and alcohol consumption on congenital
anomalies. Teratology. 1991; 44:429-40.
https://doi.org/10.1002/tera.1420440409
PMID:1962288

Archer NP, Langlois PH, Suarez L, Brender I,
Shanmugam R. Association of paternal age with
prevalence of selected birth defects. Birth Defects Res
A Clin Mol Teratol. 2007; 79:27-34.
https://doi.org/10.1002/bdra.20316 PMID:17120236

Curry CJ, Lammer EJ, Nelson V, Shaw GM.
Schizencephaly: heterogeneous etiologies in a
population of 4 million California births. Am J Med
Genet A. 2005; 137:181-89.

https://doi.org/10.1002/ajmg.a.30862 PMID:16059942

Glass HC, Shaw GM, Ma C, Sherr EH. Agenesis of the
corpus callosum in California 1983-2003: a population-
based study. Am J Med Genet A. 2008; 146:2495-500.
https://doi.org/10.1002/ajmg.a.32418

PMID:18642362

Riccardi VM, Dobson CE 2nd, Chakraborty R, Bontke C,
Opitz JM. The pathophysiology of neurofibromatosis:
IX. Paternal age as a factor in the origin of new
mutations. Am J Med Genet. 1984; 18:169-76.
https://doi.org/10.1002/ajmg.1320180121
PMID:6430086

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Abqgari S, Gupta A, Shahab T, Rabbani MU, Ali SM,
Firdaus U. Profile and risk factors for congenital heart
defects: a study in a tertiary care hospital. Ann Pediatr
Cardiol. 2016; 9:216-21.
https://doi.org/10.4103/0974-2069.189119
PMID:27625518

Bassili A, Mokhtar SA, Dabous NI, Zaher SR, Mokhtar
MM, Zaki A. Risk factors for congenital heart diseases
in Alexandria, Egypt. Eur J Epidemiol. 2000; 16:805-14.
https://doi.org/10.1023/a:1007601919164
PMID:11297222

Cedergren Ml, Selbing AJ, Kéllén BA. Risk factors for
cardiovascular malformation—a study based on
prospectively collected data. Scand J Work Environ
Health. 2002; 28:12-17.
https://doi.org/10.5271/sjweh.641 PMID:11873776

Downing KF, Riehle-Colarusso T, Gilboa SM, Lin AE,
Oster ME, Tinker SC, Farr SL, and National Birth Defects
Prevention Study. Potential risk factors for ebstein
anomaly, national birth defects prevention study,
1997-2011. Cardiol Young. 2019; 29:819-27.
https://doi.org/10.1017/5S1047951119000970
PMID:31159903

Olshan AF, Schnitzer PG, Baird PA. Paternal age and the
risk of congenital heart defects. Teratology. 1994;
50:80-84.

https://doi.org/10.1002/tera.1420500111
PMID:7974258

Su XJ, Yuan W, Huang GY, Olsen J, Li J. Paternal age and
offspring congenital heart defects: a national cohort
study. PLoS One. 2015; 10:e0121030.
https://doi.org/10.1371/journal.pone.0121030
PMID:25806788

Zhan SY, Lian ZH, Zheng DZ, Gao L. Effect of fathers’
age and birth order on occurrence of congenital heart
disease. J Epidemiol Community Health. 1991;
45:299-301.

https://doi.org/10.1136/jech.45.4.299 PMID:1795151

Berg E, Lie RT, Sivertsen A, Haaland @A. Parental age
and the risk of isolated cleft lip: a registry-based study.
Ann Epidemiol. 2015; 25:942-7.e1.
https://doi.org/10.1016/j.annepidem.2015.05.003
PMID:26092647

Bille C, Skytthe A, Vach W, Knudsen LB, Andersen AM,
Murray JC, Christensen K. Parent’s age and the risk of
oral clefts. Epidemiology. 2005; 16:311-16.
https://doi.org/10.1097/01.ede.0000158745.84019.c2
PMID:15824545

Harville EW, Wilcox AJ, Lie RT, Abyholm F, Vindenes
H. Epidemiology of cleft palate alone and cleft palate
with accompanying defects. Eur J Epidemiol. 2007;
22:389-95.

www.aging-us.com

25383

AGING


https://doi.org/10.1186/1471-2458-5-69
https://pubmed.ncbi.nlm.nih.gov/15963229
https://doi.org/10.1016/j.jpurol.2014.03.014
https://pubmed.ncbi.nlm.nih.gov/24857284
https://doi.org/10.1016/j.annepidem.2003.10.003
https://pubmed.ncbi.nlm.nih.gov/15350956
https://doi.org/10.1111/j.1365-3016.2008.00979.x
https://pubmed.ncbi.nlm.nih.gov/19228312
https://doi.org/10.1002/tera.1420440409
https://pubmed.ncbi.nlm.nih.gov/1962288
https://doi.org/10.1002/bdra.20316
https://pubmed.ncbi.nlm.nih.gov/17120236
https://doi.org/10.1002/ajmg.a.30862
https://pubmed.ncbi.nlm.nih.gov/16059942
https://doi.org/10.1002/ajmg.a.32418
https://pubmed.ncbi.nlm.nih.gov/18642362
https://doi.org/10.1002/ajmg.1320180121
https://pubmed.ncbi.nlm.nih.gov/6430086
https://doi.org/10.4103/0974-2069.189119
https://pubmed.ncbi.nlm.nih.gov/27625518
https://doi.org/10.1023/a:1007601919164
https://pubmed.ncbi.nlm.nih.gov/11297222
https://doi.org/10.5271/sjweh.641
https://pubmed.ncbi.nlm.nih.gov/11873776
https://doi.org/10.1017/S1047951119000970
https://pubmed.ncbi.nlm.nih.gov/31159903
https://doi.org/10.1002/tera.1420500111
https://pubmed.ncbi.nlm.nih.gov/7974258
https://doi.org/10.1371/journal.pone.0121030
https://pubmed.ncbi.nlm.nih.gov/25806788
https://doi.org/10.1136/jech.45.4.299
https://pubmed.ncbi.nlm.nih.gov/1795151
https://doi.org/10.1016/j.annepidem.2015.05.003
https://pubmed.ncbi.nlm.nih.gov/26092647
https://doi.org/10.1097/01.ede.0000158745.84019.c2
https://pubmed.ncbi.nlm.nih.gov/15824545

36.

37.

38.

39.

40.

41.

42.

43.

44,

https://doi.org/10.1007/s10654-007-9129-y
PMID:17484027

Liu Q, Fan X, Liu S, Wang L, Jiang Y, Chen X. Maternal
risk factors for severe microtia/atresia in China: a case-
control study. Int J Pediatr Otorhinolaryngol. 2018;
115:139-44.
https://doi.org/10.1016/j.ijporl.2018.09.033
PMID:30368374

Derelli Tufekci E, Ozdiler E, Altug AT, Sancak O, Ozdiler
O, Tastan H. TGFa/Hinfl polymorphisms contribute to
nonsyndromic cleft lip and palate in turkish patients.
Genet Test Mol Biomarkers. 2018; 22:568-73.
https://doi.org/10.1089/gtmb.2018.0104
PMID:30183356

Yun C, Wang Z, He P, Guo C, Chen G, Zheng X.
Prevalence and parental risk factors for speech
disability associated with cleft palate in Chinese
children-a national survey. Int J Environ Res Public
Health. 2016; 13:1168.
https://doi.org/10.3390/ijerph13111168
PMID:27886104

Barbosa-Buck CO, Orioli IM, da Graga Dutra M, Lopez-
Camelo J, Castilla EE, Cavalcanti DP. Clinical
epidemiology of skeletal dysplasias in South America.
Am J Med Genet A. 2012; 158:1038-45.

https://doi.org/10.1002/ajmg.a.35246 PMID:22407836

Chabra S, Gleason CA, Seidel K, Williams MA. Rising
prevalence of gastroschisis in Washington State. J
Toxicol Environ Health A. 2011; 74:336-45.
https://doi.org/10.1080/15287394.2011.534424
PMID:21240733

Kazaura MR, Lie RT, Irgens LM, Didriksen A, Kapstad M,
Egenaes J, Bjerkedal T. Increasing risk of gastroschisis
in Norway: an age-period-cohort analysis. Am J
Epidemiol. 2004; 159:358—-63.
https://doi.org/10.1093/aje/kwh051 PMID:14769639

Orioli IM, Castilla EE, Scarano G, Mastroiacovo P. Effect
of paternal age in achondroplasia, thanatophoric
dysplasia, and osteogenesis imperfecta. Am J Med
Genet. 1995; 59:209-17.
https://doi.org/10.1002/ajmg.1320590218
PMID:8588588

Urhoj SK, Mortensen LH, Nybo Andersen AM.
Advanced paternal age and risk of musculoskeletal
congenital anomalies in offspring. Birth Defects Res B
Dev Reprod Toxicol. 2015; 104:273-80.
https://doi.org/10.1002/bdrb.21167 PMID:26663788

Vu LT, Nobuhara KK, Laurent C, Shaw GM. Increasing
prevalence of gastroschisis: population-based study in
California. J Pediatr. 2008; 152:807-11.
https://doi.org/10.1016/j.jpeds.2007.11.037
PMID:18492521

45.

46.

47.

48.

49.

50.

51.

52.

53.

Waller DK, Correa A, Vo TM, Wang Y, Hobbs C, Langlois
PH, Pearson K, Romitti PA, Shaw GM, Hecht JT. The
population-based prevalence of achondroplasia and
thanatophoric dysplasia in selected regions of the US.
Am J Med Genet A. 2008; 146:2385-89.

https://doi.org/10.1002/ajmg.a.32485 PMID:18698630

Agopian AJ, Marengo LK, Mitchell LE. Predictors of
trisomy 21 in the offspring of older and younger
women. Birth Defects Res A Clin Mol Teratol. 2012;
94:31-35.

https://doi.org/10.1002/bdra.22870 PMID:22125229

Corona-Rivera JR, Martinez-Macias FJ, Bobadilla-
Morales L, Corona-Rivera A, Pefia-Padilla C, Rios-Flores
IM, Flores-Guevara PA, Orozco-Vela M, Aranda-
Sanchez Cl, Brukman-Jiménez SA. Prevalence and risk
factors for Down syndrome: a hospital-based single-
center study in Western Mexico. Am J Med Genet A.
2019; 179:435-41.

https://doi.org/10.1002/ajmg.a.61044 PMID:30666778

De Souza E, Alberman E, Morris JK. Down syndrome
and paternal age, a new analysis of case-control data
collected in the 1960s. Am J Med Genet A. 2009;
149:1205-08.

https://doi.org/10.1002/ajmg.a.32850 PMID:19449414

De Souza E, Morris JK, and EUROCAT Working Group.
Case-control analysis of paternal age and trisomic
anomalies. Arch Dis Child. 2010; 95:893-97.
https://doi.org/10.1136/adc.2009.176438
PMID:20584846

Kazaura MR, Lie RT. Down’s syndrome and paternal
age in Norway. Paediatr Perinat Epidemiol. 2002;
16:314-19.
https://doi.org/10.1046/j.1365-3016.2002.00446.x
PMID:12445147

Naguib KK, Al-Awadi SA, Moussa MA, Bastaki L, Gouda
S, Redha MA, Mustafa F, Tayel SM, Abulhassan SA,
Murthy DS. Trisomy 18 in Kuwait. Int J Epidemiol. 1999;
28:711-16.

https://doi.org/10.1093/ije/28.4.711 PMID:10480700

Oldereid NB, Wennerholm UB, Pinborg A, Loft A,
Laivuori H, Petzold M, Romundstad LB, Séderstrom-
Anttila V, Bergh C. The effect of paternal factors on
perinatal and paediatric outcomes: a systematic review
and meta-analysis. Hum Reprod Update. 2018;
24:320-89.

https://doi.org/10.1093/humupd/dmy005
PMID:29471389

Peng J, Meng Z, Zhou S, Zhou Y, Wu Y, Wang Q, Wang
J, Sun K. The non-genetic paternal factors for
congenital heart defects: a systematic review and
meta-analysis. Clin Cardiol. 2019; 42:684-91.
https://doi.org/10.1002/clc.23194 PMID:31073996

www.aging-us.com

25384

AGING


https://doi.org/10.1007/s10654-007-9129-y
https://pubmed.ncbi.nlm.nih.gov/17484027
https://doi.org/10.1016/j.ijporl.2018.09.033
https://pubmed.ncbi.nlm.nih.gov/30368374
https://doi.org/10.1089/gtmb.2018.0104
https://pubmed.ncbi.nlm.nih.gov/30183356
https://doi.org/10.3390/ijerph13111168
https://pubmed.ncbi.nlm.nih.gov/27886104
https://doi.org/10.1002/ajmg.a.35246
https://pubmed.ncbi.nlm.nih.gov/22407836
https://doi.org/10.1080/15287394.2011.534424
https://pubmed.ncbi.nlm.nih.gov/21240733
https://doi.org/10.1093/aje/kwh051
https://pubmed.ncbi.nlm.nih.gov/14769639
https://doi.org/10.1002/ajmg.1320590218
https://pubmed.ncbi.nlm.nih.gov/8588588
https://doi.org/10.1002/bdrb.21167
https://pubmed.ncbi.nlm.nih.gov/26663788
https://doi.org/10.1016/j.jpeds.2007.11.037
https://pubmed.ncbi.nlm.nih.gov/18492521
https://doi.org/10.1002/ajmg.a.32485
https://pubmed.ncbi.nlm.nih.gov/18698630
https://doi.org/10.1002/bdra.22870
https://pubmed.ncbi.nlm.nih.gov/22125229
https://doi.org/10.1002/ajmg.a.61044
https://pubmed.ncbi.nlm.nih.gov/30666778
https://doi.org/10.1002/ajmg.a.32850
https://pubmed.ncbi.nlm.nih.gov/19449414
https://doi.org/10.1136/adc.2009.176438
https://pubmed.ncbi.nlm.nih.gov/20584846
https://doi.org/10.1046/j.1365-3016.2002.00446.x
https://pubmed.ncbi.nlm.nih.gov/12445147
https://doi.org/10.1093/ije/28.4.711
https://pubmed.ncbi.nlm.nih.gov/10480700
https://doi.org/10.1093/humupd/dmy005
https://pubmed.ncbi.nlm.nih.gov/29471389
https://doi.org/10.1002/clc.23194
https://pubmed.ncbi.nlm.nih.gov/31073996

54.

55.

56.

57.

58.

59.

60.

61.

Herkrath AP, Herkrath FJ, Rebelo MA, Vettore MV.
Parental age as a risk factor for non-syndromic oral
clefts: a meta-analysis. J Dent. 2012; 40:3-14.
https://doi.org/10.1016/j.jdent.2011.10.002
PMID:22019990

Jia 5, Wei X, Ma L, Wang Y, Gu H, Liu D, Ma W, Yuan Z.
Maternal, paternal, and neonatal risk factors for neural
tube defects: a systematic review and meta-analysis.
Int J Dev Neurosci. 2019; 78:227-35.
https://doi.org/10.1016/j.iidevneu.2019.09.006
PMID:31563704

Harman SM, Metter EJ, Tobin JD, Pearson J, Blackman
MR, and Baltimore Longitudinal Study of Aging.
Longitudinal effects of aging on serum total and free
testosterone levels in healthy men. Baltimore
longitudinal study of aging. J Clin Endocrinol Metab.
2001; 86:724-31.
https://doi.org/10.1210/jcem.86.2.7219
PMID:11158037

Kaler LW, Neaves WB. Attrition of the human Leydig
cell population with advancing age. Anat Rec. 1978;
192:513-18.

https://doi.org/10.1002/ar.1091920405 PMID:736271

Parkening TA, Collins TJ, Au WW. Paternal age and its
effects on reproduction in C57BL/6NNia mice. J
Gerontol. 1988; 43:B79-84.
https://doi.org/10.1093/geroni/43.3.b79
PMID:3361087

Petersen PM, Seierge K, Pakkenberg B. The total
number of Leydig and Sertoli cells in the testes of men
across various age groups - a stereological study. J
Anat. 2015; 226:175-79.
https://doi.org/10.1111/joa.12261 PMID:25545958

Tanemura K, Kurohmaru M, Kuramoto K, Hayashi Y.
Age-related morphological changes in the testis of the
BDF1 mouse. J Vet Med Sci. 1993; 55:703-10.
https://doi.org/10.1292/jvms.55.703 PMID:8286519

Bonduelle M, Van Assche E, Joris H, Keymolen K,
Devroey P, Van Steirteghem A, Liebaers I. Prenatal
testing in ICSI pregnancies: incidence of chromosomal
anomalies in 1586 karyotypes and relation to sperm
parameters. Hum Reprod. 2002; 17:2600-14.

64.

65.

66.

67.

68.

69.

https://doi.org/10.1016/j.cell.2012.06.030
PMID:22817899

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P,
Magnusson G, Gudjonsson SA, Sigurdsson A,
Jonasdottir A, Jonasdottir A, Wong WS, Sigurdsson G,
Walters GB, et al. Rate of de novo mutations and the
importance of father’s age to disease risk. Nature.
2012; 488:471-75.

https://doi.org/10.1038/nature11396 PMID:22914163

Aitken RJ, De luliis GN, Finnie JM, Hedges A, McLachlan
RI. Analysis of the relationships between oxidative
stress, DNA damage and sperm vitality in a patient
population: development of diagnostic criteria. Hum
Reprod. 2010; 25:2415-26.
https://doi.org/10.1093/humrep/deq214
PMID:20716559

Xavier MJ, Roman SD, Aitken RJ, Nixon B.
Transgenerational inheritance: how impacts to the
epigenetic and genetic information of parents affect
offspring health. Hum Reprod Update. 2019;
25:518-40.
https://doi.org/10.1093/humupd/dmz017
PMID:31374565

Jenkins TG, Aston Kl, Pflueger C, Cairns BR, Carrell DT.
Age-associated sperm DNA methylation alterations:
possible implications in offspring disease susceptibility.
PLoS Genet. 2014; 10:e1004458.
https://doi.org/10.1371/journal.pgen.1004458
PMID:25010591

Milekic MH, Xin Y, O’Donnell A, Kumar KK, Bradley-
Moore M, Malaspina D, Moore H, Brunner D, Ge Y,
Edwards J, Paul S, Haghighi FG, Gingrich JA. Age-related
sperm DNA methylation changes are transmitted to
offspring and associated with abnormal behavior and
dysregulated gene expression. Mol Psychiatry. 2015;
20:995-1001.

https://doi.org/10.1038/mp.2014.84

PMID:25092244

Yatsenko AN, Turek PJ. Reproductive genetics and the
aging male. J Assist Reprod Genet. 2018; 35:933-41.
https://doi.org/10.1007/s10815-018-1148-y
PMID:29524155

https://doi.org/10.1093/humrep/17.10.2600 70. Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD,
PMID:12351536 Hanson MA. Epigenetic mechanisms and the mismatch

62. Martin RH, Rademaker AW. The effect of age on the concept of the developmental origins of health and
frequency of sperm chromosomal abnormalities in disease. Pediatr Res. 2007; 61:5R—10R.
normal men. Am J Hum Genet. 1987; 41:484-92. https://doi.org/10.1203/pdr.0b013e318045bedb
PMID:3631081 PMID:17413851

63. Wang J, Fan HC, Behr B, Quake SR. Genome-wide 71. Nilsson EE, Sadler-Riggleman I, Skinner MK.
single-cell analysis of recombination activity and de Environmentally induced epigenetic transgenerational
novo mutation rates in human sperm. Cell. 2012; inheritance of disease. Environ Epigenet. 2018;
150:402-12. 4:dvy016.

www.aging-us.com 25385 AGING


https://doi.org/10.1016/j.jdent.2011.10.002
https://pubmed.ncbi.nlm.nih.gov/22019990
https://doi.org/10.1016/j.ijdevneu.2019.09.006
https://pubmed.ncbi.nlm.nih.gov/31563704
https://doi.org/10.1210/jcem.86.2.7219
https://pubmed.ncbi.nlm.nih.gov/11158037
https://doi.org/10.1002/ar.1091920405
https://pubmed.ncbi.nlm.nih.gov/736271
https://doi.org/10.1093/geronj/43.3.b79
https://pubmed.ncbi.nlm.nih.gov/3361087
https://doi.org/10.1111/joa.12261
https://pubmed.ncbi.nlm.nih.gov/25545958
https://doi.org/10.1292/jvms.55.703
https://pubmed.ncbi.nlm.nih.gov/8286519
https://doi.org/10.1093/humrep/17.10.2600
https://pubmed.ncbi.nlm.nih.gov/12351536
https://pubmed.ncbi.nlm.nih.gov/3631081
https://doi.org/10.1016/j.cell.2012.06.030
https://pubmed.ncbi.nlm.nih.gov/22817899
https://doi.org/10.1038/nature11396
https://pubmed.ncbi.nlm.nih.gov/22914163
https://doi.org/10.1093/humrep/deq214
https://pubmed.ncbi.nlm.nih.gov/20716559
https://doi.org/10.1093/humupd/dmz017
https://pubmed.ncbi.nlm.nih.gov/31374565
https://doi.org/10.1371/journal.pgen.1004458
https://pubmed.ncbi.nlm.nih.gov/25010591
https://doi.org/10.1038/mp.2014.84
https://pubmed.ncbi.nlm.nih.gov/25092244
https://doi.org/10.1007/s10815-018-1148-y
https://pubmed.ncbi.nlm.nih.gov/29524155
https://doi.org/10.1203/pdr.0b013e318045bedb
https://pubmed.ncbi.nlm.nih.gov/17413851

72.

73.

74.

75.

76.

77.

78.

79.

80.

https://doi.org/10.1093/eep/dvy016
PMID:30038800

Cocuzza M, Athayde KS, Agarwal A, Sharma R, Pagani
R, Lucon AM, Srougi M, Hallak J. Age-related increase
of reactive oxygen species in neat semen in healthy
fertile men. Urology. 2008; 71:490-94.
https://doi.org/10.1016/j.urology.2007.11.041
PMID:18342194

Desai N, Sabanegh E Jr, Kim T, Agarwal A. Free radical
theory of aging: implications in male infertility.
Urology. 2010; 75:14-19.
https://doi.org/10.1016/j.urology.2009.05.025
PMID:19616285

Taylor JL, Debost JP, Morton SU, Wigdor EM, Heyne
HO, Lal D, Howrigan DP, Bloemendal A, Larsen JT,
Kosmicki JA, Weiner DJ, Homsy J, Seidman JG, et al.
Paternal-age-related de novo mutations and risk for
five disorders. Nat Commun. 2019; 10:3043.
https://doi.org/10.1038/s41467-019-11039-6
PMID:31292440

Auroux M. [Age of the father and development].
Contracept Fertil Sex. 1993; 21:382-85.
PMID:7920923

Steiner B, Masood R, Rufibach K, Niedrist D, Kundert O,
Riegel M, Schinzel A. An unexpected finding: younger
fathers have a higher risk for offspring with
chromosomal aneuploidies. Eur J Hum Genet. 2015;
23:466-72.

https://doi.org/10.1038/ejhg.2014.122 PMID:25005732

Forster P, Hohoff C, Dunkelmann B, Schirenkamp M,
Pfeiffer H, Neuhuber F, Brinkmann B. Elevated
germline mutation rate in teenage fathers. Proc Biol
Sci. 2015; 282:20142898.
https://doi.org/10.1098/rspb.2014.2898
PMID:25694621

Frolov P, Alali J, Klein MD. Clinical risk factors for
gastroschisis and omphalocele in humans: a review of
the literature. Pediatr Surg Int. 2010; 26:1135-48.
https://doi.org/10.1007/s00383-010-2701-7
PMID:20809116

Cresci M, Foffa I, Ait-Ali L, Pulignani S, Gianicolo EA,
Botto N, Picano E, Andreassi MG. Maternal and
paternal environmental risk factors, metabolizing
GSTM1 and GSTT1 polymorphisms, and congenital
heart disease. Am J Cardiol. 2011; 108:1625-31.
https://doi.org/10.1016/j.amjcard.2011.07.022
PMID:21890078

Deng K, Liu Z, Lin Y, Mu D, Chen X, Li J, Li N, Deng Y, Li
X, Wang Y, Li S, Zhu J. Periconceptional paternal
smoking and the risk of congenital heart defects: a
case-control study. Birth Defects Res A Clin Mol
Teratol. 2013; 97:210-6.

81.

82.

83.

84.

85.

86.

87.

88.

https://doi.org/10.1002/bdra.23128
PMID:23554276

Figueiredo JC, Ly S, Magee KS, lhenacho U, Baurley
JW, Sanchez-Lara PA, Brindopke F, Nguyen TH,
Nguyen V, Tangco MI, Giron M, Abrahams T, Jang G,
et al. Parental risk factors for oral clefts among
Central Africans, Southeast Asians, and Central
Americans. Birth Defects Res A Clin Mol Teratol.
2015; 103:863-79.
https://doi.org/10.1002/bdra.23417 PMID:26466527

Krapels IP, Zielhuis GA, Vroom F, de Jong-van den Berg
LT, Kuijpers-Jagtman AM, van der Molen AB, Steegers-
Theunissen RP, and Eurocran Gene-Environment
Interaction Group. Periconceptional health and
lifestyle factors of both parents affect the risk of live-
born children with orofacial clefts. Birth Defects Res A
Clin Mol Teratol. 2006; 76:613-20.
https://doi.org/10.1002/bdra.20285 PMID:16955502

Kuciene R, Dulskiene V. Parental cigarette smoking and
the risk of congenital heart septal defects. Medicina
(Kaunas). 2010; 46:635-41.

PMID:21252599

Dybing E, Sanner T. Risk assessment of acrylamide in
foods. Toxicol Sci. 2003; 75:7-15.
https://doi.org/10.1093/toxsci/kfgl65 PMID:12805639

Von Tungeln LS, Churchwell MI, Doerge DR, Shaddock
JG, McGarrity L), Heflich RH, Gamboa da Costa G,
Marques MM, Beland FA. DNA adduct formation and
induction of micronuclei and mutations in B6C3F1/tk
mice treated neonatally with acrylamide or
glycidamide. Int J Cancer. 2009; 124:2006-15.
https://doi.org/10.1002/ijc.24165

PMID:19123476

Von Tungeln LS, Doerge DR, Gamboa da Costa G,
Matilde Marques M, Witt WM, Koturbash |, Pogribny
IP, Beland FA. Tumorigenicity of acrylamide and its
metabolite glycidamide in the neonatal mouse
bioassay. Int J Cancer. 2012; 131:2008-15.
https://doi.org/10.1002/ijc.27493

PMID:22336951

Vince S, Zura Zaja |, Samardzija M, Maji¢ Balié¢ I, Vili¢ M,
burici¢ D, Valpoti¢ H, Markovi¢ F, Milinkovié¢-Tur S. Age-
related differences of semen quality, seminal plasma,
and spermatozoa antioxidative and oxidative stress
variables in bulls during cold and warm periods of the
year. Animal. 2018; 12:559-68.
https://doi.org/10.1017/51751731117001811
PMID:28735578

Banihani SA. Role of uric acid in semen. Biomolecules.
2018; 8:65.

https://doi.org/10.3390/biom8030065
PMID:30065172

www.aging-us.com

25386

AGING


https://doi.org/10.1093/eep/dvy016
https://pubmed.ncbi.nlm.nih.gov/30038800
https://doi.org/10.1016/j.urology.2007.11.041
https://pubmed.ncbi.nlm.nih.gov/18342194
https://doi.org/10.1016/j.urology.2009.05.025
https://pubmed.ncbi.nlm.nih.gov/19616285
https://doi.org/10.1038/s41467-019-11039-6
https://pubmed.ncbi.nlm.nih.gov/31292440
https://pubmed.ncbi.nlm.nih.gov/7920923
https://doi.org/10.1038/ejhg.2014.122
https://pubmed.ncbi.nlm.nih.gov/25005732
https://doi.org/10.1098/rspb.2014.2898
https://pubmed.ncbi.nlm.nih.gov/25694621
https://doi.org/10.1007/s00383-010-2701-7
https://pubmed.ncbi.nlm.nih.gov/20809116
https://doi.org/10.1016/j.amjcard.2011.07.022
https://pubmed.ncbi.nlm.nih.gov/21890078
https://doi.org/10.1002/bdra.23128
https://pubmed.ncbi.nlm.nih.gov/23554276
https://doi.org/10.1002/bdra.23417
https://pubmed.ncbi.nlm.nih.gov/26466527
https://doi.org/10.1002/bdra.20285
https://pubmed.ncbi.nlm.nih.gov/16955502
https://pubmed.ncbi.nlm.nih.gov/21252599
https://doi.org/10.1093/toxsci/kfg165
https://pubmed.ncbi.nlm.nih.gov/12805639
https://doi.org/10.1002/ijc.24165
https://pubmed.ncbi.nlm.nih.gov/19123476
https://doi.org/10.1002/ijc.27493
https://pubmed.ncbi.nlm.nih.gov/22336951
https://doi.org/10.1017/S1751731117001811
https://pubmed.ncbi.nlm.nih.gov/28735578
https://doi.org/10.3390/biom8030065
https://pubmed.ncbi.nlm.nih.gov/30065172

89. Lane M, Robker RL, Robertson SA. Parenting from 91. Cota GF, de Sousa MR, Fereguetti TO, Rabello A.

before conception. Science. 2014; 345:756—60. Efficacy of anti-leishmania therapy in visceral
https://doi.org/10.1126/science.1254400 leishmaniasis among HIV infected patients: a
PMID:25124428 systematic review with indirect comparison. PLoS Negl

Trop Dis. 2013; 7:€2195.
https://doi.org/10.1371/journal.pntd.0002195
PMID:23658850

90. Rodgers AB, Bale TL. Germ cell origins of posttraumatic
stress disorder risk: the transgenerational impact of
parental stress experience. Biol Psychiatry. 2015;
78:307-14.
https://doi.org/10.1016/j.biopsych.2015.03.018
PMID:25895429

www.aging-us.com 25387 AGING


https://doi.org/10.1126/science.1254400
https://pubmed.ncbi.nlm.nih.gov/25124428
https://doi.org/10.1016/j.biopsych.2015.03.018
https://pubmed.ncbi.nlm.nih.gov/25895429
https://doi.org/10.1371/journal.pntd.0002195
https://pubmed.ncbi.nlm.nih.gov/23658850

SUPPLEMENTARY MATERIALS

Supplementary Figures

Study %
D or (95% Cl) Weight

<20

Archer (2007)
Archer (2007)
Curry (2005)
Archer (2007)
Glass (2008)
Mclintosh (1995)
Glass (2008)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Curry (2005)
Kazaura (2004a)
Mclintosh (1995)
Meclintosh (1995)
Mclintosh (1995)
Mclintosh (1995)
Subtotal (I-squared = 36.5%, p = 0.066)

240

Kazaura (2004a)
Mcintosh (1995)
Kazaura (2004a)
Mclintosh (1995)
Mcintosh (1995)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Archer (2007)
Archer (2007)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Kazaura (2004a)
Mclintosh (1995)
Kazaura (2004a)
Mcintosh (1995)
Archer (2007)
Glass (2008)
Kazaura (2004a)
Mclintosh (1995)
Mclintosh (1995)
Glass (2008)
Mclintosh (1995)
Mclintosh (1995)
Mclintosh (1995)
Mclntosh (1995)
Kazaura (2004a)
Mclintosh (1995)
Kazaura (2004a)
Mclintosh (1995)
Mclintosh (1995)
Mcintosh (1995)
Subtotal (I-squared = 33.5%, p = 0.030)

NOTE: Weights are from random effects analysis

! I
.01 100

N

|.||.|.||“l‘H

’unyw"|'

COO0O0O0O0OO0OONOROO-W
QN2 OAONDINNOOO R 2O

DANNODBODODDNNW=NN
o
SSSESESSeeEleeEese

SQONPBRONONNNONSOI ==

COVODELPROPRONWHIDON

SONNNSS23 323000000
-

mebbhahbbhbemmmg
PNOOOOO00000000WOOO
823000000000 00000
SENOOANORDINON O 200

DI DN NOOOBRNDNYWN2RO
=]

0.00

0

P A A A A A A A A A A A A A A A A

e

POLONNDDOWOLR LT =040 ANNNDLEDRAINNDOO D
SONOBRDNNWOOODHWNDWN =0 L 000U DO ML L
PENOBORONNORONAIIHIZBPNVOROONNNORINOCO

Ll .|.||||||11:111111HH

v\*MWH“*T*TI'I“ T

o
@
=

100.00

SRNNNNNNNNNNA 2222333322 200000000000000
S NODODODNNWNONODDNWWNNND22D0OOOORRRNDIDNWW
NOOOOOOOOOOWOOOONOOO0OOO0OO0OOO0OOWMOOOOOO0OO0O00O
P08 S8 0000 0000000000000 00000000038

COWBROWNORDBROOBNNBORDDDIBNDNONNNNWW=SO =
NO O OO0 0000 ONOO000NoO000000HWOO0000S0mO
WPLPLaNGHODRONNDNONWNDOOBONDIWWWWORNOOOD

SAOSANSONUOOWNNWANWNWSA S22 a a3 aaNASNWS
SROBROVOOOCOROCORCO0COoCONLOooooCceoS

=

=

Decreased risk Increased risk

Supplementary Figure 1. Forest plot presenting the effect of young and old father on nervous system malformations in their
offspring: Five studies were included in the meta-analysis. The pooled OR in subgroup of young fathers and old fathers was
1.23(95%Cl 0.94-1.60) and 1.12(95%Cl 0.97-1.30), respectively. There was minimal heterogeneity in these two subgroups (1°=36.5%, 33.5%,
respectively) amongst the studies.
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Olshan (1994) 2.20 (0.50, 9.90) 0.34
Olshan (1994) 2.70 (1.30, 5.80) 1.25
Olshan (1994) 340(0.90,12.20)  0.45
Subtotal (I-squared = 37.6%, p = 0.008) 1.10 (1.01, 1.20) 100.00

NOTE: Weights are from random effects analysis
I T
o 1 . 100
Decreased risk Increased risk

Supplementary Figure 2. Forest plot presenting the effect of young and old father on cardiovascular abnormalities in their
offspring: Meta-analysis of the data based on four studies showed that, compared with fathers aged 25 to 29, younger
fathers (<20 years) did not increase the risk of cardiovascular abnormalities in their children, while older fathers (>40 years)
did, the pooled OR was 1.05 (95%Cl 0.96-1.16) and 1.10 (95%Cl 1.01-1.20), respectively. There was minimal heterogeneity (1=
2.1%, 37.6%, respectively) amongst the studies.
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Study %

ID or (95% Cl) Weight
<20
Kazaura (2004a) —— 0.70 (0.30, 1.50) 3.06
Archer (2007) — 0.87 (0.62, 1.22) 17.30
Mclntosh (1995) —_—— 1.10 (0.40, 3.00) 1.95
Archer (2007) - 1.13 (0.86, 1.47) 27.59
Kazaura (2004a) T— 1.20 (0.90, 1.80) 16.50
Mclntosh (1995) —1— 1.20 (0.70, 2.10) 6.57
Berg (2015) — 1.34 (0.98, 1.84) 19.98
Kazaura (2004a) —_—— 1.40 (0.60, 2.50) 3.89
Mclntosh (1995) ——— 1.80 (0.80, 3.90) 3.16
Subtotal (l-squared = 0.0%, p = 0.581) 0 1.14 (0.99, 1.31) 100.00
240
Mclntosh (1995) ——— 0.60 (0.20, 1.90) 0.49
Mclntosh (1995) ——— 0.70 (0.30, 2.00) 0.68
Kazaura (2004a) —_— 0.90 (0.50, 1.50) 2.04
Archer (2007) - 0.91 (0.71, 1.16) 10.22
Berg (2015) -+ 0.97 (0.80, 1.17) 17.04
Kazaura (2004a) - 1.00 (0.80, 1.30) 10.44
Mclntosh (1995) — 1.00 (0.60, 1.60) 2.56
Kazaura (2004a) 1.10 (0.50, 2.50) 0.95
Kazaura (2004a) - 1.10 (0.80, 1.60) 512
Kazaura (2004a) —— 1.10 (0.60, 1.80) 2.04
Kazaura (2004a) —— 1.10 (0.50, 2.50) 0.95
Mclntosh (1995) —— 1.10 (0.80, 1.60) 512
Berg (2015) — 1.12(0.92, 1.58) 8.42
Berg (2015) —T— 1.18 (0.78, 1.79) 3.57
Kazaura (2004a) T 1.20(0.90, 1.70) 6.09
Kazaura (2004a) T 1.20 (0.90, 1.60) 7.44
Mclntosh (1995) —t— 1.20 (0.60, 2.10) 1.57
Archer (2007) T 1.23 (0.94, 1.61) 8.50
Kazaura (2004a) T 1.40 (0.90, 2.20) 3.08
Mclntosh (1995) —_—— 1.40 (0.60, 3.20) 0.88
Mclntosh (1995) ——— 1.50 (0.80, 2.70) 1.66
Mclntosh (1995) ——— 1.60 (0.70, 3.60) 0.92
Mclntosh (1995) —_— 2.50(0.50, 13.20) 0.23
Subtotal (I-squared = 0.0%, p = 0.940) D 1.08 (1.00, 1.17) 100.00
NOTE: Weights are from random effects analysis
| |
.01 1 100

Decreased risk Increased risk

Supplementary Figure 3. Forest plot presenting the effect of young and old father on facial deformities in their offspring:
Four studies were included in the meta-analysis. Older fathers (>40 years) slightly increase the risk of facial deformities in their
children, while younger fathers (<20 years) did not, the pooled OR was 1.08 (95%Cl 1.00-1.17) and 1.14 (95%Cl 0.99-1.31), respectively. There
was no heterogeneity in these two subgroups (I2=O.O%, 0.0%, respectively) amongst the studies.
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Study %
D or (95% Cl) Weight
=20
Vu (2008) —_— 0.70 (0.20, 3.90) 3
Archer (2007) —t 0.71(0.44, 1.13) 1713
Kazaura (2004a) — 0.90 (0.70, 1.10) 28.24
Archer (2007) —— 1.42 (0.98, 2.05) 20.76
Meintosh (1885) —_—t— 1.50 (0.40, 6.20) 384
Vu (2008) —— 1.60 (1.10, 2.10) 2251
Mcintosh (1995) — 1.80 (0.50, 6.90) 424
Mclintosh (1985) —— 270(0.30,21.20) 176
Subtotal (l-squared = 53.7%, p = 0.035) Lol 1.15 (0.86, 1.54) 100.00
240
Archer (2007) —_— 0.49 (0.15, 1.24) 2.59
Kazaura (2004a) - 0.90 (0.60, 1.10) 14.72
Kazaura (2004a) + 1.00 (0.80, 1.20) 21.84
Kazaura (2004a) + 1.00 (0.90, 1.20) 21.84
Mclintosh (1995) —_— 1.10 (0.20, 4.40) 128
Archer (2007) o 1.19 (0.87, 1.62) 1441
Mclntosh (1995) H— 1.30(0.10,15.40)  0.50
Vu (2008) —_— 1.30(0.70, 2.20) 7.07
Meintosh (1995) _ 1.80 (0.40, 7.90) 137
Melntosh (1995) —_ 1.80 (0.60, 6.00) 221
Melntosh (1895) —_—T 2.30(0.30, 15.80) 079
Mcintosh (1985) —_— 2.40 (1.20, 5.10) 495
Meclintosh (1995) —_— 2.70 (0.40, 19.70) 0.82
Mcintosh (1895) T 3.10(0.90, 10.70) 194
Meintosh (1995) — 320(0.90,11.30)  1.88
Melintosh (1995) —— 5.50 (1.00, 30.40) 1.06
Mcintosh (1995) —————a———> 10.10(1.80, 100.80) 077
Subtotal (l-squared = 41.4%, p = 0.038) ] 1.19 (0.89, 1.42) 100.00
NOTE: Weights are from random effects analysis

T T

01 1 100
Decreased risk Increased risk

Supplementary Figure 4. Forest plot presenting the effect of young and old father on musculoskeletal abnormalities in their
offspring: Five studies were included in the meta-analysis and the results showed that, compared with fathers aged 25 to 29,
younger fathers (<20 years) and older fathers (>40 years) did not increase the risk of musculoskeletal abnormalities in
offspring, the pooled OR was 1.15 (95%Cl 0.86-1.54) and 1.19 (95%Cl 0.99-1.42), respectively. There was medium
heterogeneity (I2= 53.7%, 41.4%, respectively) amongst the studies.

Filled funnel plot with pseudo 95% confidence limits

theta, filled

o
|

-2 —

4 -

1.5

s.e. of: theta, filled

Supplementary Figure 5. The Funnel plots after correcting publication bias in the subgroup of old father by the
nonparametric trim and fill method: After correcting publication bias in the subgroup of old fathers by the nonparametric

trim and fill method, the pooled OR was still not statistically significant (OR 1.039; 95%Cl 0.841-1.284). The dots represent the
included studies, and the little square represents complementary studies.
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Study

%

ID or (95% ClI) Weight
<20
Kazaura (2002) —_—— 0.93 (0.33, 2.57) 7.42
Archer (2007) —_— 0.96 (0.45, 1.93) 12.39
Agopian (2012) T 1.18 (0.93, 1.50) 31.44
Archer (2007) o 1.25 (0.93, 1.65) 29.07
Archer (2007) —_—— 2.16 (0.78,5.67) 7.84
Mclintosh (1995) —m 3.80(1.80, 8.10) 11.85
Subtotal (l-squared =52.6%, p = 0.061) 4 1.38 (1.01, 1.89) 100.00
240
Archer (2007) ——] 0.40 (0.16, 0.96) 2.51
Archer (2007) — 0.87 (0.57,1.33) 7.44
Archer (2007) + 1.05(0.88, 1.24) 14.08
Agopian (2012) 1 1.16 (0.95, 1.42) 13.21
Agopian (2012) B 1.35(1.04, 1.76) 11.38
Kazaura (2002) - 1.36 (1.10, 1.68) 12.89
Mclintosh (1995) o= 1.50 (1.00, 2.30) 7.58
Kazaura (2002) - 1.563 (1.19,1.97) 11.70
Kazaura (2002) —— 1.78 (1.30, 2.45) 9.90
Mclintosh (1995) —— 1.90 (1.10, 3.30) 5.37
Mclintosh (1995) - 2.00(1.00, 3.90) 3.93
Subtotal (l-squared = 62.1%, p = 0.003) O 1.30 (1.12, 1.52) 100.00
NOTE: Weights are from random effects analysis

T T

.01
Decreased risk

-

Increased risk

100

Supplementary Figure 6. Forest plot presenting the effect of young and old father on chromosome disorders in their
offspring: Meta-analysis including four studies which showed a moderate high risk of chromosome disorders in newborns of
both young and old fathers (OR 1.38, 95%Cl 1.01-1.89; OR 1.30, 95%Cl 1.12-1.52, respectively), compared with the reference
fathers (25-29 years). There was medium heterogeneity (1= 52.6%, 62.1%, respectively) amongst the studies.
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SUPPLEMENTARY TABLES

Please browse Full Text version to see the data of Supplementary Table 2.

Supplementary Table 1. Classification of 7 congenital malformations according to PubMed database.

Classification

Birth defects

Links

Urogenital
abnormalities

Digestive
system
abnormalities

Nervous system
abnormalities

Cardiovascular
abnormalities
Facial
deformities
Musculoskeletal
abnormalities

Chromosome
disorders

bladder extrophy, cryptorchidism, disorders of sex
development, epispadias, Fraser syndrome, fused kidney,
hypospadias, multicystic dysplastic kidney, hereditary
nephritis, pyelectasis, and retrocaval ureter
anorectal malformations, imperforate anus, biliary atresia
and choledochal cyst, diaphragmatic eventration,
esophageal atresia, Hirschsprung disease, intestinal atresia,
Meckel’s diverticulum, and pancreaticobiliary maljunction
agenesis of corpus callosum, central nervous system cysts,
central nervous system vascular malformations, Dandy—
Walker syndrome, hereditary sensory and autonomic
neuropathy, hereditary sensory and motor neuropathy,
hydranencephaly, malformations of cortical development,
neural tube defects, optic nerve hypoplasia, and septo-
optic dysplasia
Congenital heart defects and vascular malformations

congenital microtia, eye abnormalities, and stomatognathic
system abnormalities
arthrogryposis, campomelic dysplasia, cervical rib
syndrome, craniofacial abnormalities, funnel chest,
gastroschisis, Hajdu—Cheney syndrome, congenital hip
dislocation, Klippel-Feil syndrome, laryngomalacia,
congenital limb deformities, pectus carinatum, synostosis,
and tracheobronchomalacia

22011 deletion syndrome, Angelman syndrome,
Beckwith—Wiedemann syndrome, branchiootorenal
syndrome, Cri du Chat Syndrome, De Lange syndrome,
Down syndrome, holoprosencephaly, Jacobsen distal 11q
deletion syndrome, Prader-Willi syndrome, Rubinstein—
Taybi syndrome, sex chromosome disorders, Silver—
Russell syndrome, Smith—Magenis syndrome, Sotos
syndrome, Trisomy 13 syndrome, Trisomy 18 syndrome,
WAGR syndrome, Williams syndrome, and Wolf-
Hirschhorn syndrome

https://www.nchi.nlm.nih.gov/mesh/68014564

https://www.ncbi.nlm.nih.gov/mesh/68004065

https://www.ncbi.nlm.nih.gov/mesh/68009421

https://www.ncbi.nlm.nih.gov/mesh/68018376

https://www.ncbi.nlm.nih.gov/mesh/68000013

https://www.ncbi.nlm.nih.gov/mesh/68009139

https://www.ncbi.nlm.nih.gov/mesh/68025063
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Supplementary Table 2. The characteristics of the included studies in the systematic review.

Supplementary Table 3. Selected birth defects of each study included in meta-analysis.

Classification

Birth defects

Reference

Urogenital Abnormalities

Digestive System Abnormalities

Nervous System Malformations

Cardiovascular Abnormalities

Facial Deformities

Musculoskeletal Abnormalities

birth defect in renal
Renal agenesis
Cystic kidney
Obstructive renal defects
Hypospadias
Atresia of the urethra
Pyloric stenosis
Anal
Tracheoesophageal fistula
Atresia of the intestine
Hirschsprung’s disease
Anencephaly

Spina bifida

Encephalocele

Isolated Schizencephaly

Non-Isolated Schizencephaly
Agenesis of the Corpus Callosum
Hypoplasia of the Corpus Callosum
Neural tube defects
Hydrocephaly
Microcephaly
Other CNS
Ventricular septal defect

Atrial septal defects

Patent ductus arteriosus
Coarctation of aorta
Pulmonary artery anomalies
Tetralogy of Fallot
Transposition of great vessels
Pulmonary valve anomalies
CHDs
Circulatory

Cleft palate alone, Cleft lip £ cleft palate

Ear/Face/Neck
Congenital cataracts
Craniosynostosis
Gastroschisis

Limb, Reduction defect of upper limb,

Reduction defect of upper limb

Kazaura (2004a)
Mclntosh (1995)
Mclntosh (1995)
Mclntosh (1995)
Mclntosh (1995)
Mclntosh (1995)

Archer (2007), Mclntosh (1995)
Kazaura (2004a)
Mclntosh (1995)
Mclntosh (1995)
Mclntosh (1995)

Archer (2007), Kazaura (2004a),
Mclntosh (1995)

Archer (2007), Kazaura (2004a),
Mclntosh (1995)

Archer (2007)
Curry (2005)
Curry (2005)
Glass (2008)
Glass (2008)

Kazaura (2004a), MciIntosh (1995)
Kazaura (2004a), Mcintosh (1995)
Mclntosh (1995)

Kazaura (2004a)

Archer (2007), Olshan (1994), Su
(2015)

Archer (2007), Olshan (1994), Su
(2015)

Olshan (1994), Su (2015)
Olshan (1994), Su (2015)
Olshan (1994)

Olshan (1994), Su (2015)
Olshan (1994)

Olshan (1994)
Cedergren (2002), Kazaura (2004a)
Kazaura (2004a)

Archer (2007), Berg (2015), Kazaura
(2004a), Mclntosh (1995)
Kazaura (2004a)
Mclntosh (1995)

Avrcher (2007)

Archer (2007), Vu (2008)
Kazaura (2004a), Mcintosh (1995)

Chondrodystrophy Mclntosh (1995)
Anomaly of the diaphragm Mclntosh (1995)
Chromosome Disorders Trisomy 21 Agopian (2012), Kazaura (2002),
Mclntosh (1995)
Trisomy 13 Archer (2007)
Trisomy 18 Archer (2007)
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