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background: It has been 10 years since we carried out a systematic search of the literature on birth defect risk in infants born following
assisted reproductive technology (ART) compared with non-ART infants. Because of changes to ART practice since that review and the
publication of more studies the objective of this review was to include these more recent studies to estimate birth defect risk after ART
and to examine birth defect risk separately in ART singletons and multiples.

methods: We searched Medline, Embase and Current Contents databases (1978–2012). We used the same data extraction sheet and
questionnaire we had used previously with the addition of a quality score to the questionnaire. Pooled relative risk (RR) estimates were
calculated using a random effects model. All data were analysed using Comprehensive Meta-Analysis V2.

results: There were 45 cohort studies included in this review. ART infants (n ¼ 92 671) had a higher risk of birth defects [RR 1.32, 95%
confidence interval (CI) 1.24–1.42] compared with naturally conceived infants (n ¼ 3 870 760). The risk further increased when data were
restricted to major birth defects (RR 1.42, 95% CI 1.29–1.56) or singletons only (RR 1.36, 95% CI 1.30–1.43). The results for ART multiples
were less clear. When all data for multiples were pooled the RR estimate was 1.11 (95% CI 0.98–1.26) but this increased to 1.26 (0.99–
1.60) when the analysis was restricted to studies of ART twins where some adjustment was made for differences in zygosity distribution
between ART and non-ART multiples.
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conclusions: Birth defects remain more common in ART infants. Further research is required to examine risks for important sub-
groups of ART exposure.
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Introduction
It has been almost 10 years since we conducted our last systematic
review and meta-analysis examining the risk of birth defects in
infants born following assisted reproductive technology (ART) treat-
ment (Hansen et al., 2005). In 2003, we identified 25 papers for inclu-
sion in a meta-analysis, however, many more studies have since been
published. The field of ART has undergone rapid change since the
birth of Louise Brown in 1978 with new techniques or adjustments to
laboratory conditions allowing a broader group of subfertile patients
to access treatment. Pregnancy rates have improved over time and
there has been a shift towards the transfer of fewer embryos resulting
in a marked decline in the multiple pregnancy rate in many countries to-
gether with important improvements in many perinatal outcomes.
Against this changing backdrop, we were interested to see whether
more recent publications also support an increased birth defect risk,
whether the pooled estimate may have changed, and whether we
could use more stringent selection criteria for study inclusion now
that more studies are available for analysis. We were hopeful that
there would be sufficient numbers of studies to examine birth defect
risk within subgroups with greater confidence. In particular, we were
keen to look at whether there were sufficient papers to estimate
birth defect risk in ART singletons and multiples separately.

The specific aims of our study were to quantify the risk of birth
defects in ART infants compared with non-ART infants overall, and
when data on singleton and multiple births were considered separate-
ly. We followed the PRISMA guidelines for reporting of systematic
reviews and meta-analyses of observational studies (http://www
.prisma-statement.org/).

Methods

Literature search strategy and inclusion
criteria
We performed an extensive literature search of Medline, Embase and
Current Contents databases (1978–2012) using a broad combination of
search terms (Table I). The search strategy was written in Ovid, then
saved and run in each database in early September 2012. We also
reviewed the reference lists of all identified studies and review articles
to search for additional references.

The criteria for inclusion in the review stage were kept very broad, as in
our previous review, so that crude birth defect data were acceptable, as
was an absence of statistical analysis. We specifically searched for
papers that compared birth defects in IVF or ICSI infants with a
non-ART comparison group. Papers that compared children born follow-
ing one ART technique to another were not reviewed. We also did not
include papers that reported comparisons based on a single type or
group of birth defects, or conference abstracts where more detailed
papers describing the same study were unavailable.

Exclusions
We excluded non-English language papers; overlapping data (even from
different authors within the same country); papers with mixed exposure
groups [for example, including children born following ovulation induction
(OI) or intrauterine insemination (IUI) within the ‘ART’ group]; and all
studies with essentially cross-sectional design, that is, studies where
infants were not followed from birth but recruited and assessed at one
or more years of age (Table II).

Quality assessment
We used the same structured data extraction sheets and questionnaires
relating to study methodology that we had used in our previous systematic
review (Supplementary data, Fig. S1). However, for this review, we added
a scoring system to the data extraction sheet to assess study quality in
terms of birth defect assessment. We examined checklists from the Crit-
ical Appraisal Skills Programme (CASP; http://www.caspinternational.org)
in order to assign scores to appropriate sections of our data extraction
sheets; however, we retained our own questions which had been
created specifically to examine how well the studies were designed to
assess birth defect risk in particular rather than a more generic set of ques-
tions. A study was penalized, for example, where no definition of birth
defects was given and also if no distinction was made between major
and minor defects. In contrast to our previous review where we sent
out the papers to external reviewers for assessment, a single researcher
(M.H.) was responsible for extracting all of the data and completing the
questionnaires. Both crude and adjusted relative risk (RR) estimates
were extracted from each study. Where an RR was not provided we
recorded the number of infants with and without birth defects by method
of conception. We also recorded information about the study design,
methods, birth defect definition and adjustment for confounders. Each
paper was given a quality score out of a possible total of 17 points.
Studies were considered of higher methodological quality if a score of
≥12 out of 17 was achieved, medium quality if the score was between

........................................................................................

Table I Literature search strategy.

All combinations of terms in the first column with terms in the
second column (For example: IVF AND birth defect?a; IVF
AND record linkage etc.)

IVF Birth defect?

In vitro fertilisationb Congenital malformation?

In-vitro fertili?ation Congenital abnormalit$

ICSI Health AND child

Intracytoplasmic sperm injection Record linkage

Assisted reproduction

Assisted reproductive techn$c

Infertility treatment?

a‘Defect?’ will find defect or defects.
bFertili?ation will find fertilisation or fertilization.
c‘Techn$’ will find technology, technologies, technique(s) etc.
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Table II List of studies excluded from the systematic review (n 5 83).

Reason for exclusion Reference(s)

Overlapping data (All papers published from the same country were
examined for data overlap.a Papers with partial data overlap that could still
contribute several years of unique data were included in order not to lose any
information.)

Lambalk and van Hooff (2001) substantial overlap with Anthony et al. (2002)
Leslie et al. (1998) overlap with Bowen et al. (1998)
Bergh et al. (1999), Ericson and Kallen (2001), Ericson et al. (2002), Stromberg

et al. (2002), Wennerholm et al. (1997), Wennerholm et al. (1998),
Wennerholm et al. (2000) overlap with Kallen et al. (2005)

Berg et al. (2001) same data as Ericson and Kallen (2001)
Dhont et al. (1997) overlap with Dhont et al. (1999)
Sutcliffe et al. (1999) overlap with Sutcliffe et al. (2001)
Rizk et al. (1991) excerpt of Beral and Doyle (1990)
Ludwig and Diedrich (2002) data are excerpt of Ludwig and Katalinic (2002) and

ICSI group the same as Katalinic et al. (2004)
Cadman et al. (1999) same data as D’Souza et al. (1997)
Hansen et al. (2002), Hansen et al. (2008), Hansen et al. (2009) overlap with

Hansen et al. (2012)
Fisch et al. (1997) overlap with Merlob et al. (2005)
Zhu et al. (2006) overlap with Pinborg et al. (2010a)—all singletons from Zhu

would be included in larger Pinborg et al.

Insufficient data to calculate a RR estimate (e.g. data reported per pregnancy
rather than per child)

Yeh et al. (1990), FIVNAT (1995), Minakami et al. (1998), Harrison et al. (1995),
Cederblad et al. (1996), Chou et al. (2002), Nuojua-Huttunen et al. (1999),
Al-Fifi et al. (2009), Caserta et al. (2008), Daniel et al. (2000), Ezechi et al.
(2008), Gojnic et al. (2005), Kanat-Pektas et al. (2008), Szymankiewicz et al.
(2004), Baxi and Kaushal (2008), Ozer et al. (2011), Gupta et al. (2012)

No birth defects found in either groupb Lahat et al. (1999) (10 infants), Ron-El et al. (1994) (32 infants) Brandes et al.
(1992) (116 infants), Tomic and Tomic (2011) (283 infants)

Inappropriate comparison group—included both spontaneously conceived
infants and those born to infertile patients following fertility treatments other
than IVF/ICSI. Or compared birth defect data for an ART group to general
population results covering different birth years, or different regions than the
ART group.

Petersen et al. (1995), Allen et al. (2008), Beral and Doyle (1990), Yan et al.
(2011)

Total number of malformations reported rather than number of children with
malformations

Saunders et al. (1996), Al-Fifi et al. (2009), Caserta et al. (2008)

Cross-sectional design at late age (≥12 months) or other. (Excluded on the
basis that children with severe defects may have died)

Morin et al. (1989), D’Souza et al. (1997), Sutcliffe et al. (1995), Sutcliffe et al.
(2001), Sutcliffe et al. (2003), Agarwal et al. (2005), Banerjee et al. (2008), Belva
et al. (2007), Bonduelle et al. (2004), Bonduelle et al. (2005), Desmyttere et al.
(2009), Knoester et al. (2008), Place and Englert (2003), Sanchez-Albisua et al.
(2007), Shu-Chi et al. (2006)

Mixed exposure group (for example, those including children born by OI or
IUI within the ‘ART’ group)c

Addor et al. (1998), Tanbo et al. (1995), Zadori et al. (2003), Kozinszky et al.
(2003), Zadori et al. (2004), Zuppa et al. (2001), Kanat-Pektas et al. (2008),
Aslan et al. (2005), Kor-anantakul et al. (2007), Morcel et al. (2010), Sperling
et al. (2007), Welmerink et al. (2010), Ozer et al. (2011)

Foreign language papers Wang et al. (2009), Sebastiani et al. (2009), Gonzalez et al. (2006), Sanchis
Calvo et al. (2009), Rodrigues et al. (2005), Sipek et al. (2004), Snajderova et al.
(2008)

Other Schimmel et al. (2006)—infants restricted to VLBW only—excluding
terminations, stillbirths and deaths in delivery room. Data not comparable to
rest of meta-analysis. Reefhuis et al. (2009)—case–control study of select birth
defects only. Sala et al. (2011)—comparison of birth defects assessed in
pregnancies at a referral prenatal diagnosis centre (i.e. comparison group for
ART are high-risk non-ART pregnancies). Data reported per pregnancy rather
than per fetus/baby

aFor example, the 1881 ICSI and IVF singleton infants included in the study by Zhu et al. (2006) would all have been included in the larger Pinborg et al. (2010a) study of all IVF and ICSI
singletons born in Denmark between 1995 and 2006 (n ¼ 10 329), therefore only the latter study was included.
bIt is not possible to calculate an RR estimate with zero cells, therefore these studies could not contribute to the meta-analysis.
cIf possible we extracted information about IVF and/or ICSI infants separately, even if this meant using crude data. For example, El-Chaar et al. (2009) include an adjusted estimate of
birth defect risk in a mixed exposure group (ICSI + IVF + OI + IUI) but it was possible to extract crude data for the ICSI and IVF infants for use in our review.
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8.5 to 11.5, and lower quality where a score of ≤8 was assigned. These cat-
egories were chosen to reflect scores of .70%, 50–70% and ,50%. Any
papers where decisions on study quality or scoring were less certain were
discussed with a second author (C.B.) and a consensus reached.

Statistical analysis
Since the prevalence of birth defects is ,10% in all studies, we have
assumed that the (adjusted) odds ratio (OR) is equal to the (adjusted) rela-
tive risk (RR; Greenland and Thomas, 1982; McNutt et al., 2003), and
have used the term RR throughout, even if the term used in the original
paper was OR.

If effect measures were not reported in a paper, we calculated RRs and
their 95% confidence interval (CI) from the raw data. Where more than
one RR was available from a particular study (e.g. an adjusted RR estimate
as well as a crude estimate or estimates for singletons and twins separately
as well as for all infants combined) all of these were extracted and used in
relevant subgroup analyses (e.g. of crude data only).

We used the same hierarchy of RR inclusion as in our previous
meta-analysis: adjusted RR estimates in preference to crude; estimates
of major birth defect risk in preference to major and minor defects com-
bined; and estimates relating to all infants in preference to singletons or twins
only. However, since the pooled estimate of all studies included studies
which had assessed birth defects in singletons only, twins only or all
infants combined which might mask differences in birth defect risk by plur-
ality, we also examined the results of studies that had looked at birth defects
in ART singletons and multiples separately. We included estimates for ART
twins where some adjustment had been made for differences in zygosity dis-
tribution in preference to estimates including all twin infants.

Where a study provided birth defects data for ICSI and IVF infants separ-
ately compared with a single non-ART conception comparison group (e.g.
Bowen et al., 1998; Kuwata et al., 2004; Buckett et al., 2007; Davies et al.,
2012a) the data were pooled to avoid double counting of the non-ART
group. We used a random effects model to obtain pooled estimates of
the RR for all studies, and for the different subgroups assessed.

Sensitivity analyses and publication bias
In order to investigate heterogeneity between studies, we plotted the RR
estimate with its 95% CI for each study, together with the pooled esti-
mate, in forest plots. We then examined the effect on the pooled estimate
of excluding obvious outliers. We also examined the relative weights
attributed to different studies. Recalculating a pooled estimate excluding
studies with high weight allowed us to determine how sensitive the com-
bined estimate was to any one study or group of studies.

Finally, heterogeneity among studies was formally tested using the
Q-statistic (with x2 distribution and n21 degrees of freedom where n
refers to the number of studies that are combined). P-values ,0.10 were
considered statistically significant. We also examined the I2 statistic which
reflects the proportion of the observed dispersion between studies that is
due to true variation rather than random error. Values of I2 near zero
reflect that almost all the observed variation in study estimates is due to
random error whereas when I2 is large we may want to consider subgroup
analyses that might help explain the dispersion. I2 values ,25% were consid-
ered low, around 50% moderate and .75% high (Borenstein et al., 2009).

Subgroup analyses were used to investigate differences in study design
and their effect on the pooled estimate. For example studies that included
major birth defects only were compared with those that included any
defects and studies considered to be of higher methodological quality
based on our scoring system (score ≥ 12/17) were compared with
those of medium and lower quality.

Funnel plots were used to assess publication bias together with the Begg
and Mazumdar rank correlation test. A P-value ,0.10 was considered to
indicate the presence of publication bias.

All data were analysed using Comprehensive Meta-Analysis V2.

Results

Characteristics of included studies
The extensive literature search yielded 2316 citations. Of these 2193
were excluded based on the title and abstract. The full text of 77 new
articles (not included in our previous meta-analysis) was obtained
together with the full text of the 51 papers examined in our previous
meta-analysis (n ¼ 128 articles studied). These were all reports of in-
dividual studies and did not include any review papers. Following a
careful review, we excluded 83 papers for the reasons shown in
Table II. Fourteen papers that were included in our previous
meta-analysis were excluded from this review for the following
reasons: overlapping data with more recent studies (n ¼ 4; Fisch
et al., 1997; Ericson and Kallen, 2001; Hansen et al., 2002; Ludwig
and Katalinic, 2002); more stringent exclusion criteria such as the exclu-
sion of studies with mixed exposure groups (n ¼ 4; Tanbo et al., 1995;
Addor et al., 1998; Zuppa et al., 2001; Zadori et al., 2003) or cross-
sectional design (n ¼ 5; Morin et al., 1989; Sutcliffe et al., 1995, 2001,
2003; D’Souza et al., 1997); inappropriate comparison data (n ¼ 1;
Beral and Doyle, 1990). A flowchart showing the steps involved in
study selection can be found at Supplementary data, Fig. S2.

We included 45 papers with no data overlap; 34 new papers and 11
that were included in our previous meta-analysis published in 2005
(Table III). The earliest included study was published in 1995 and
the latest in 2012. A total of 92 671 ART infants were included in
the 45 studies; 68 026 (or 73%) were born in Europe and almost
half of these were born in Sweden (31 850; Fig. 1). The size of the
ART group in each study ranged from 76 to 16 280 infants. The pres-
ence of birth defects was assessed only at birth in the majority of
studies reviewed (78%).

Only 13 studies (29%) were considered of higher methodological
quality (with respect to birth defect assessment) achieving a quality
score ≥12 out of 17 (Table III); however, these 13 studies contributed
78% of the ART infants in the meta-analysis. The majority of the higher
quality studies were population-based with a clear definition of a birth
defect. All had a large sample size and all included data that were
either adjusted or matched for at least maternal age and parity.

Primary outcomes
Table IV shows the pooled estimates of birth defect risk in ART com-
pared with non-ART infants generated by meta-analyses for all studies
combined (n ¼ 45); and studies that have provided estimates of birth
defect risk in ART singletons (n ¼ 23) and multiples (n ¼ 27) separ-
ately. The final column includes studies of twin infants where some ad-
justment was made for the different zygosity distributions seen in ART
and non-ART twins (e.g. by comparing only unlike-sex twins; n ¼ 12).

Birth defect risk in all studies of ART compared with non-ART infants
The pooled estimate for all 45 studies combined was 1.32 (95% CI
1.24–1.42) indicating a significant 30% increased risk of birth defects
in children born following ART (Table IV). The individual point
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Table III Study characteristics for all 45 studies included in meta-analysis.

Authors and
publication year (birth
years included in study)

Location Population
versus
clinic-based
sample

Total number (n)
ART (% birth
defect) Total n
non-ART (% birth
defect)

ART
treatment

Plurality Defects
assessed

Age/time
assessment

Adjusted,
matched or
crude data

RR 95% CI Quality
Scorea

Adler-Levy et al. (2007)
(1988–2002)

Israel Clinic 558 (12.0)
3694 (7.4)

IVF, ICSI Twins All Birth (≥24
weeks)

Adjusted 1.20 0.83–1.72 3

Anthony et al. (2002)
(1995–1996)

The
Netherlands

Population 4224 (3.2)
314 605 (2.7)

IVF, ICSI All All Birth Adjusted 1.03 0.86–1.23 2

Apantaku et al. (2008)
(9/1999–3/2004)

UK Clinic 88 (9.1)
88 (3.4)

IVF, ICSI Singletons All Birth
(≥24 weeks)

Matched 3.5 0.6–34.0 2

Bowen et al. (1998)
(1993–1995)

Australia Clinic 173 (4.0)
80 (5.0)

IVF, ICSI Alld Major 12 months Matched 0.80 0.20–3.85 3

Buckett et al. (2007)
(1998–2003)

Canada Clinic 377 (9.0)
350 (6.6)

IVF, ICSI All All Birth Matched 2

Davies et al. (2012a, b)
(1986–2002)

Australia Population 3708 (8.2)
300 662 (5.8)

IVF, ICSI All All 5 years Adjusted 1.24 1.09–1.41 1

Dhont et al. (1999)
(1992–1997)

Belgium Population 4196 (2.9)
4196 (2.3)

IVF, GIFT Singletons+ ULS
Twins

All Birth Matched 1.25 0.96–1.64 1

El Hage et al. (2006)
(1996–2001)

Lebanon Clinic 780 (2.4)
2168 (1.1)

IVF, ICSI All All Birth Crude 2.33 1.27–4.26 3

El-Chaar et al. (2009)
(2005)

Canada Population 319 (3.4)
43 462 (1.9)

IVF, ICSI All All Birth Crudeb 1.88 0.93–3.44 3

Fujii et al. (2010)
(2006)

Japan Population 1396 (2.3)
53 566 (2.0)

IVF, ICSI,
GIFT, ZIFT

Singletons All Birth Adjusted 1.17 0.81–1.69 2

Halliday et al. (2010)
(1991–2004)

Australia Population 6946 (6.4)
20 838 (4.8)

IVF, ICSI Singletons All Not statedc Adjusted 1.36 1.19–1.55 1

Hansen et al. (2012)
(1994–2002)

Australia Population 2911 (8.2)
207 260 (5.4)

IVF, ICSI Singletons Twins Major 6 years Adjusted 1.53
1.08

1.30–1.79
0.77–1.51

1

Ho et al. (2005)
(2002–2003)

Taiwan Clinic 139 (3.6)
52 (7.7)

IVF Twins—
dichorionic

All Birth Crude 0.45 0.09–2.36 3

Isaksson et al. (2002)
(1993–3/1999)

Finland Clinic 109 (5.5)
545 (3.5)

IVF, ICSI Alld Major Birth Matched 1.61 0.51–4.33 2

Joy et al. (2008)
(2002–2003)

Ireland Clinic 76 (0)
170 (1.2)

IVF, ICSI Twins—
dichorionic

All Birth Crude 0.56h 0.02–34.49 3

Kallen et al. (2005)
(1982–2001)

Sweden Population 16 280 (3.3)
2 039 943 (2.2)

IVF, ICSI All Major
(‘weeded’)e

Birth Adjusted 1.44 1.32–1.57 1

Kallen et al. (2010a)
(2001–2007)

Sweden Population 15 570 (3.7)
689 157 (3.0)

IVF, ICSI All Major (‘Rel.
severe’)

Birth Adjusted 1.25 1.15–1.37 1

Kanyo and Konc (2003)
(12/1998–12/1999)

Hungary Clinic 134 (1.5)
894 (3.0)

IVF, ICSI All Major Birthf Crude 0.48 0.06–1.98 3
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Katalinic et al. (2004)
(8/1998–8/2000 ICSI;
1993–2001 non-ART)

Germany Population 3372 (8.7)
8016 (6.1)

ICSI All Major Birthg Adjusted 1.24 1.02–1.50 2

Klemetti et al. (2005)
(10/1996–9/1999)

Finland Population 4459 (4.4)
27 078 (2.9)

IVF, ICSI All Major 1 year? Adjusted 1.31 1.10–1.57 1

Koivurova et al. (2002)
(1990–1995)

Finland Population 304 (6.6)
569 (4.4)

IVF All All 36 months Matched 1.53 0.79–2.93 2

Koudstaal et al. (2000a)
(1992)

The
Netherlands

Clinic 307 (2.3)
307 (2.3)

IVF Singletons All Birth Matched 1.00 0.29–3.39 3

Koudstaal et al. (2000b)
(1992)

The
Netherlands

Clinic 192 (3.6)
192 (2.6)

IVF Twins All Birth Matched 1.42 0.38–5.76 3

Kuwata et al. (2004)
(1990–7/2001)

Japan Clinic 232 (9.5)
188 (2.1)

IVF, ICSI Twins –
dichorionic

All Birth Adjusted (mat
age only)

4.91 2.14–11.26 3

Lehnen et al. (2011)
(1/2000–4/2009)

Germany Clinic 142 (0)
506 (0.6)

IVF, ICSI Twins –
dichorionic

All Birth Crude 0.59i 0.03–11.90 3

Manoura et al. (2004)
(1994–7/2002)

Greece Clinic 139 (3.6)
288 (1.7)

IVF Twins All Birth Crude 2.11 0.48–9.33 3

Merlob et al. (2005)
(1986–2002)

Israel Clinic 1910 (9.1)
82 305 (4.8)

IVF, ICSI All Major Birth Crude 1.99 1.68–2.33 2

Nassar et al. (1996)
(year not stated)

Egypt Clinic 128 (2.3)
203 (1.5)

IVF All Major Birth Crude 1.60 0.21–12.12 3

Nassar et al. (2003)
(1995–2000)

Lebanon Clinic 112 (5.4)
224 (4.9)

IVF Twins All Birth Matched 1.10 0.32–3.34 3

Olson et al. (2005)
(1989–2002)

USA- Iowa Clinic 1462 (6.2)
8422 (4.4)

IVF, ICSI, ZIFT Alld Major 1 year Matched and
adjusted

1.30 1.00–1.67 1

Ombelet et al. (2005)
(1997–2003)

Belgium Population 2125 (2.4)
4185 (2.2)

ICSI Singletons+ ULS
Twins

All Birth Matched 1.11 0.77–1.58 2

Palermo et al. (2008)
(9/1993–6/2006)

USA –
New York

Clinic 229 (6.6)
194 (6.2)

ICSI Singletons All Birth Matched (mat
age only)

1.06 0.45–2.56 3

Pinborg et al. (2004)
(1995–2000)

Denmark Population 1650 (not stated)
3546 (not stated)

IVF, ICSI ULS Twins All 1–6 years Adjusted 1.24 0.97–1.58 1

Pinborg et al. (2010a)
(1995–2006)

Denmark Population 10 329 (5.9)
4800 (4.7)

IVF, ICSI Singletons Major
(‘weeded’)e

1–13years Adjusted 1.27 1.09–1.43 1

Sagot et al. (2012)
(2000–6/2009)

France Population 1071 (4.7)
4594 (2.1)

IVF, ICSI Singletons+ULS
Twins

Major Birth Matched and
adjusted

2.00
3.70

1.30–3.10,
1.10–16.90

1

Saygan-Karamursel et al.
(2006) (1999–2003)

Turkey Clinic 274 (4.4)
348 (0.9)

ICSI Twins Major Birth Adjusted (mat
age only)

3.89 0.65–23.07 3

Shebl et al. (2008a, b)
(1996–2005)

Austria Clinic 432 (3.7)
754 (3.3)

IVF, ICSI Twins All Birth Crude 1.12 0.55–2.21 3

Shevell et al. (2005)
(1999–2002)

USA Population 554 (3.5)
34 286 (1.9)

IVF, ICSI,
GIFT, ZIFT

Singletons All Birth Adjusted 0.90 0.40–2.00 3

Smithers et al. (2003)
(1991–1999)

Australia Population 514 (5.6)
2147 (5.2)

IVF, ICSI, GIFT ULS Twins All Not statedc Crude 1.09 0.69–1.67 2
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Table III Continued

Authors and
publication year (birth
years included in study)

Location Population
versus
clinic-based
sample

Total number (n)
ART (% birth
defect) Total n
non-ART (% birth
defect)

ART
treatment

Plurality Defects
assessed

Age/time
assessment

Adjusted,
matched or
crude data

RR 95% CI Quality
Scorea

Vasario et al. (2010)
(9/2004–9/2008)

Italy Clinic 168 (11.3)
278 (6.1)

IVF, ICSI Twins –
dichorionic

All Birth Adjusted 1.30 0.60–2.82 3

Verlaenen et al. (1995)
(1988–6/1994)

Belgium Clinic 140 (2.1)
140 (0)

IVF Singletons Minor Birth Matched 6.11h 0.30–
321.98

2

Wang et al. (2002)
(1986–1998)

Australia Clinic 1019 (4.3)
1019 (4.5)

IVF, ICSI, GIFT Singletons All Birth Matched 0.95 0.61–1.49 2

Wen et al. (2010)
(1996–2005)

Canada Clinic 1044 (7.7)
1910 (4.4)

IVF, ICSI Alld Major Birth Adjusted and
matched

1.58 1.10–2.27 1

Westergaard et al. (1999)
(1994–1995)

Denmark Population 2245 (4.8)
2245 (4.6)

IVF, ICSI Alld All Birth Matched 1.04 0.78–1.39 1

Yang et al. (2011)
(1995–2008)

South Korea Clinic 134 (7.5)
286 (8.0)

IVF Twins—
dichorionic

All Birth Crude 0.92 0.38–2.09 3

GIFT, gamete intrafallopian transfer; ICSI, intracytoplasmic sperm injection; ZIFT, zygote intrafallopian transfer.
aEach study was assigned a score out of 17; 1 ¼ higher quality studies with scores ≥12, 2 ¼ medium quality with scores 8.5–11.5, 3 ¼ low-quality with scores ≤8.
bThis study did include adjusted estimates of birth defect risk for a mixed exposure group including OI and IUI but we extracted crude data for IVF and ICSI infants separately.
cThe Victorian Birth Defects Register collects information on birth defects diagnosed to 15 years of age.
dMatched for plurality.
e‘Weeded’ refers to the removal of a number of more common minor conditions (e.g. preauricular tags, tongue tie, undescended testes, patent ductus arteriosus etc.).
fWe excluded one defect diagnosed in the ART group post-birth via telephone interview—this follow-up was not performed for non-ART group.
gICSI group assessed at �1 month, spontaneous conception group assessed at birth.
hThere were no birth defects found in the non-ART group in this study. We added 0.5 to allow estimation of RR and 95% CI. We excluded defects in the ART group that were diagnosed due to increased surveillance of the ART group
(ultrasound scan of heart and kidneys).
iThere were no birth defects found in the ART group in this study. We added 0.5 to allow estimation of RR and 95% CI.
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estimates for these studies ranged from 0.45 to 6.11 (see Fig. 2 forest
plot). This estimate includes studies that have grouped all infants to-
gether, studies of singletons only and studies of twins only, some of
which have adjusted for differences in zygosity distribution between
ART and non-ART twins and some of which have not. Not surprising-
ly, the heterogeneity statistic was highly significant (P ¼ 0.000) and the
I2 statistic moderately high (47%).

Birth defect risk for ART singletons and ART multiples separately
When we restricted our analysis to studies where the prevalence of
birth defects had been reported in ART singletons or ART multiples
separately the between-study heterogeneity was reduced and no
longer significant at the P , 0.1 level. The pooled estimate comparing
birth defects in ART and non-ART singletons was 1.36 (95% CI 1.30–
1.43) with no evidence of heterogeneity, I2 ¼ 0 (Fig. 3). The pooled
estimate for ART compared with non-ART multiples was 1.11 (95%
CI 0.98–1.26) with low heterogeneity, I2 ¼ 24% (Fig. 4). The
pooled estimate for singletons was significantly greater than the
pooled estimate for multiples (x2 ¼ 8.74, 1 df, P ¼ 0.003).

Birth defect risk for ART twins where some adjustment made for
differences in zygosity distribution between ART and non-ART twins
When we further restricted our pooled estimate to summarize only
the results of the 12 studies comparing ART and non-ART twins
where some adjustment had been made for the different zygosity dis-
tributions between these two groups the pooled risk of birth defects
for ART twins was 1.26 (95% CI 0.99–1.60; Fig. 5).

Sensitivity analyses and publication bias
When we looked at studies reporting results for singletons separately
there were two obvious outliers in the forest plot (Verlaenen et al.,
1995; Apantaku et al., 2008; Fig. 3). Removal of these studies had
no effect on the pooled estimate which remained at 1.36 (95% CI
1.30–1.43; Supplementary data, Table SI). Similarly, removal of the
study with the highest weight (Kallen et al., 2005) had no material
effect on the pooled risk ratio [RR 1.35 (95% CI 1.28–1.44)]. We
also ran an analysis where each study was removed in turn to
examine whether any one study had a large effect on the pooled es-
timate. The pooled estimate varied from 1.35 to 1.38 when we did
this and all 95% CIs excluded unity.

When we looked at the results for multiples separately there were a
few more outliers (Bowen et al., 1998; Kuwata et al., 2004; Manoura
et al., 2004; Ho et al., 2005; Saygan-Karamursel et al., 2006; Sagot et al.,
2012; Fig. 4). Removal of these six studies gave a slightly lower pooled
estimate [RR 1.07 (95% CI 0.97–1.18); Supplementary data, Table SI].
In contrast, removal of studies with the highest weight (Pinborg et al.,
2004; Kallen et al., 2005; Davies et al., 2012a) led to small increases in
the pooled estimate, none of which reached statistical significance.

The funnel plot (of study precision against log OR) for all studies
combined, singletons and multiples are shown at Supplementary
data, Figs S3–5. All plots are fairly symmetrical apart from the two
outliers described for singleton studies, the removal of which had
no effect on the pooled estimate for singletons. The P-value of the
Begg’s test for all analyses (i.e. all studies, singletons only, multiples
only) was .0.1 suggesting there was no obvious publication bias (Sup-
plementary data, Table SI).

Secondary outcomes: subgroup analyses
We performed a series of subgroup analyses within the different plur-
ality groups comparing studies assessing major birth defects versus any
birth defects; population versus clinic-based studies; crude versus
adjusted or matched data; large versus smaller studies; higher quality
versus lower quality studies; studies that had used different methods
of birth defect classification; studies comparing IVF versus non-ART
and ICSI versus non-ART infants, and finally grouping studies by
region (Table IV).

Crude versus adjusted/matched data
Pooled estimates incorporating only matched or adjusted data were
lower than those incorporating crude data only. In all cases where
the results of adjusted/matched studies were combined (that is for
all studies, singletons only, multiples and twins with zygosity adjust-
ment) the pooled estimate was statistically significantly increased for
ART compared with non-ART infants.

Major birth defects versus any birth defects
Only 36% of studies had compared major birth defects in ART and
non-ART infants, the remainder reporting results for any birth
defect (major or minor). The pooled estimates were generally
higher for those studies assessing major birth defects compared with
any birth defects with the exception of multiples. The pooled esti-
mates of major birth defects were almost identical across studies of
singletons only and all studies combined (RR 1.41 and 1.42), but
close to one for all multiples (RR 1.06) and 1.73 for twins where
some adjustment was made for zygosity. This last estimate pools
the results of only two studies, one of which had a very small
sample size (n ¼ 168) and a very large RR estimate (RR 3.70; Sagot
et al., 2012).

Population versus clinic-based studies
Less than half of all studies (42%) were population-based, however,
this increased to 61% of studies reporting results for singletons separ-
ately. When all studies were combined, population-based studies had
a lower pooled estimate (RR 1.29) compared with clinic-based studies
(RR 1.41) but the reverse was true for singletons (population-based
pooled RR 1.37 versus clinic-based 1.30).

Figure 1 Number of ART infants included in meta-analysis by
region of birth.
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Table IV Subgroup analyses.

Overall All studies
(92 671 infants)

ART Singletons
(48 944 singletons)

ART Multiplesa

(19 361 multiples)
Twins only, where adjustment made
for differences in zygosity
(5780 twins)

1.32 (1.24–1.42) (n 5 45)
x2 5 82.26, P 5 0.000, I2 5 47%

1.36 (1.30–1.43) (n 5 23)
x2 5 19.61, P 5 0.607, I2 5 0%

1.11 (0.98–1.26) (n 5 27)
x2 5 34.06, P 5 0.134, I2 5 24%

1.26 (0.99–1.60) (n 5 12)
x2 5 18.43, P 5 0.072, I2 5 40%

Subgroup analyses

Grouped by adjusted/matched versus crude data

Adjusted/matched 1.29 (1.22–1.37) (n ¼ 33)
x2 ¼ 44.99, P ¼ 0.063, I2 ¼ 29%

1.35 (1.28–1.42) (n ¼ 22)
x2 ¼ 17.86, P ¼ 0.658, I2 ¼ 0%

1.16 (1.00–1.35) (n ¼ 19)
x2 ¼ 28.49, P ¼ 0.055, I2 ¼ 37%

1.44 (1.05–1.98) (n ¼ 7)
x2 ¼ 14.76, P ¼ 0.022, I2 ¼ 59%

Crudeb 1.49 (1.38–1.61) (n ¼ 28)
x2 ¼ 67.47, P ¼ 0.000, I2 ¼ 60%

1.44 (1.33–1.56) (n ¼ 8)
x2 ¼ 10.74, P ¼ 0.150, I2 ¼ 35%

1.24 (1.00–1.57) (n ¼ 15)
x2 ¼ 29.20, P ¼ 0.010, I2 ¼ 52%

1.28 (0.90–1.81) (n ¼ 8)
x2 ¼ 11.35, P ¼ 0.124, I2 ¼ 38%

Major versus any defect

Major 1.42 (1.29–1.56) (n ¼ 16)
x2 ¼ 38.06, P ¼ 0.001, I2 ¼ 61%

1.41 (1.33–1.50) (n ¼ 10)
x2 ¼ 7.95, P ¼ 0.539, I2 ¼ 0%

1.06 (0.83–1.34) (n ¼ 9)
x2 ¼ 12.06, P ¼ 0.149, I2 ¼ 34%

1.73 (0.54–5.60) (n ¼ 2)
x2 ¼ 3.68, P ¼ 0.055, I2 ¼ 73%

Any defectc 1.23 (1.13–1.33) (n ¼ 30)
x2 ¼ 34.78, P ¼ 0.212, I2 ¼ 17%

1.28 (1.17–1.39) (n ¼ 13)
x2 ¼ 8.00, P ¼ 0.785, I2 ¼ 0%

1.15 (1.00–1.33) (n ¼ 18)
x2 ¼ 20.54, P ¼ 0.247, I2 ¼ 17%

1.24 (0.95–1.63) (n ¼ 10)
x2 ¼ 14.72, P ¼ 0.099, I2 ¼ 39%

Population versus clinic-based

Population 1.29 (1.21–1.36) (n ¼ 19)
x2 ¼ 28.73, P ¼ 0.052, I2 ¼ 37%

1.37 (1.30–1.44) (n ¼ 14)
x2 ¼ 12.61, P ¼ 0.478, I2 ¼ 0%

1.04 (0.93–1.18) (n ¼ 12)
x2 ¼ 12.84, P ¼ 0.304, I2 ¼ 14%

1.19 (1.01–1.39) (n ¼ 6)
x2 ¼ 4.38, P ¼ 0.496, I2 ¼ 0%

Clinic 1.41 (1.18–1.69) (n ¼ 26)
x2 ¼ 42.71, P ¼ 0.015, I2 ¼ 41%

1.30 (1.04–1.62) (n ¼ 9)
x2 ¼ 6.81, P ¼ 0.557, I2 ¼ 0%

1.35 (1.03–1.76) (n ¼ 15)
x2 ¼ 17.35, P ¼ 0.238, I2 ¼ 19%

1.25 (0.56–2.78) (n ¼ 6)
x2 ¼ 13.30, P ¼ 0.021, I2 ¼ 62%

Grouped by sample size

,500 1.41 (1.14–1.73) (n ¼ 22)
x2 ¼ 22.44, P ¼ 0.375, I2 ¼ 6%

1.32 (0.85–2.04) (n ¼ 7)
x2 ¼ 3.87, P ¼ 0.694, I2 ¼ 0%

1.41 (1.07–1.87) (n ¼ 17)
x2 ¼ 43.99, P ¼ 0.000, I2 ¼ 66%

1.49 (0.84–2.66) (n ¼ 8)
x2 ¼ 15.46, P ¼ 0.030, I2 ¼ 55%

500–2000d 1.41 (1.21–1.64) (n ¼ 12)
x2 ¼ 30.69, P ¼ 0.001, I2 ¼ 64%

1.36 (1.17–1.58) (n ¼ 9)
x2 ¼ 11.48, P ¼ 0.176, I2 ¼ 30%

1.05 (0.94–1.16) (n ¼ 10)
x2 ¼ 8.52, P ¼ 0.483, I2 ¼ 0%

1.15 (0.97–1.36) (n ¼ 4)
x2 ¼ 0.689, P ¼ 0.876, I2 ¼ 0%

.2000 1.26 (1.19–1.34) (n ¼ 11)
x2 ¼ 17.05, P ¼ 0.073, I2 ¼ 41%

1.35 (1.28–1.43) (n ¼ 7)
x2 ¼ 3.89, P ¼ 0.691, I2 ¼ 0%

Grouped by study quality—score out of 17

High (quality score ≥12) 1.33 (1.26–1.41) (n ¼ 13)
x2 ¼ 17.52, P ¼ 0.131, I2 ¼ 31%

1.37 (1.30–1.45) (n ¼ 11)
x2 ¼ 7.82, P ¼ 0.646, I2 ¼ 0%

1.08 (0.93–1.25) (n ¼ 9)
x2 ¼ 12.37, P ¼ 0.135, I2 ¼ 35%

1.20 (0.95–1.51) (n ¼ 4)
x2 ¼ 4.02, P ¼ 0.259, I2 ¼ 25%

Medium (quality score 8.5–11.5) 1.29 (1.06–1.58) (n ¼ 12)
x2 ¼ 39.98, P ¼ 0.000, I2 ¼ 72%

1.28 (1.03–1.58) (n ¼ 8)
x2 ¼ 9.71, P ¼ 0.206, I2 ¼ 28%

0.99 (0.74–1.32) (n ¼ 5)
x2 ¼ 2.34, P ¼ 0.674, I2 ¼ 0%

1.16 (0.80–1.66) (n ¼ 2)
x2 ¼ 0.33, P ¼ 0.564, I2 ¼ 0%

Low (quality score ≤8) 1.34 (1.06–1.69) (n ¼ 20)
x2 ¼ 24.68, P ¼ 0.171, I2 ¼ 23%

0.98 (0.61–1.56) (n ¼ 4)
x2 ¼ 0.09, P ¼ 0.993, I2 ¼ 0%

1.34 (0.97–1.84) (n ¼ 13)
x2 ¼ 16.66, P ¼ 0.163, I2 ¼ 28%

1.25 (0.56–2.78) (n ¼ 6)
x2 ¼ 13.30, P ¼ 0.021, I2 ¼ 62%

Grouped by method of birth defect classification

Birth defect register classification system 1.40 (1.29–1.52) (n ¼ 15)
x2 ¼ 36.46, P ¼ 0.001, I2 ¼ 62%

1.37 (1.29–1.45) (n ¼ 11)
x2 ¼ 8.55, P ¼ 0.575, I2 ¼ 0%

1.05 (0.92–1.20) (n ¼ 9)
x2 ¼ 6.91, P ¼ 0.546, I2 ¼ 0%

1.22 (0.81–1.83) (n ¼ 3)
x2 ¼ 3.77, P ¼ 0.152, I2 ¼ 47%

ICD codes 1.53 (1.02–2.31) (n ¼ 5)
x2 ¼ 16.76, P ¼ 0.002, I2 ¼ 76%

1.43 (0.95–2.16) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

1.33 (0.76–2.33) (n ¼ 4)
x2 ¼ 16.35, P ¼ 0.001, I2 ¼ 82%

1.69 (0.75–3.82) (n ¼ 3)
x2 ¼ 10.71, P ¼ 0.005, I2 ¼ 81%
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Functional impairment/surgical correction 1.29 (1.10–1.52) (n ¼ 8)
x2 ¼ 6.46, P ¼ 0.487, I2 ¼ 0%

1.51 (1.28–1.78) (n ¼ 5)
x2 ¼ 2.14, P ¼ 0.710, I2 ¼ 0%

1.18 (0.61–2.28) (n ¼ 4)
x2 ¼ 6.07, P ¼ 0.108, I2 ¼ 51%

–

None/not stated 1.18 (1.02–1.37) (n ¼ 15)
x2 ¼ 9.28, P ¼ 0.812, I2 ¼ 0%

1.06 (0.85–1.33) (n ¼ 5)
x2 ¼ 2.46, P ¼ 0.651, I2 ¼ 0%

1.19 (0.92–1.53) (n ¼ 9)
x2 ¼ 3.52, P ¼ 0.897, I2 ¼ 0%

1.12 (0.70–1.82) (n ¼ 5)
x2 ¼ 2.61, P ¼ 0.625, I2 ¼ 0%

Othere 1.11 (0.92–1.33) (n ¼ 2)
x2 ¼ 1.42, P ¼ 0.233, I2 ¼ 30%

1.36 (0.98–1.90) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

1.06 (0.66–1.69) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

1.06 (0.66–1.69) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

Grouped by treatment type

IVF versus non-ART 1.36 (1.22–1.51) (n ¼ 17)
x2 ¼ 20.36, P ¼ 0.205, I2 ¼ 21%

1.28 (1.15–1.41) (n ¼ 8)
x2 ¼ 7.83, P ¼ 0.348, I2 ¼ 11%

1.08 (0.88–1.34) (n ¼ 10)
x2 ¼ 7.67, P ¼ 0.567, I2 ¼ 0%

1.15 (0.65–2.02) (n ¼ 4)
x2 ¼ 5.80, P ¼ 0.122, I2 ¼ 48%

ICSI versus non-ART 1.37 (1.22–1.53) (n ¼ 11)
x2 ¼ 14.72, P ¼ 0.142, I2 ¼ 32%

1.42 (1.30–1.54) (n ¼ 8)
x2 ¼ 6.77, P ¼ 0.454, I2 ¼ 0%

1.36 (0.86–2.15) (n ¼ 7)f

x2 ¼ 15.01, P ¼ 0.020, I2 ¼ 60%
1.80 (0.69–4.65) (n ¼ 3)f

x2 ¼ 9.15, P ¼ 0.010, I2 ¼ 78%

Grouped by region

Asia 1.34 (0.60–2.95) (n ¼ 4)
x2 ¼ 13.32, P ¼ 0.004, I2 ¼ 77%

1.17 (0.81–1.69) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

1.35 (0.34–5.28) (n ¼ 3)
x2 ¼ 12.37, P ¼ 0.002, I2 ¼ 84%

1.35 (0.34–5.28) (n ¼ 3)
x2 ¼ 12.37, P ¼ 0.002, I2 ¼ 84%

Australia 1.31 (1.17–1.46) (n ¼ 6)
x2 ¼ 8.06, P ¼ 0.153, I2 ¼ 38%

1.34 (1.19–1.50) (n ¼ 5)
x2 ¼ 6.12, P ¼ 0.191, I2 ¼ 35%

1.11 (0.93–1.33) (n ¼ 4)
x2 ¼ 0.52, P ¼ 0.914, I2 ¼ 0%

1.08 (0.83–1.41) (n ¼ 2)
x2 ¼ 0.00, P ¼ 0.983, I2 ¼ 0%

Europe 1.27 (1.20–1.36) (n ¼ 24)
x2 ¼ 27.66, P ¼ 0.229, I2 ¼ 17%

1.38 (1.29–1.47) (n ¼ 13)
x2 ¼ 10.74, P ¼ 0.551, I2 ¼ 0%

1.04 (0.91–1.19) (n ¼ 17)
x2 ¼ 16.52, P ¼ 0.417, I2 ¼ 3%

1.25 (1.02–1.52) (n ¼ 7)
x2 ¼ 4.15 P ¼ 0.657 I2 ¼ 0%

Middle East 1.67 (1.23–2.28) (n ¼ 5)
x2 ¼ 7.78, P ¼ 0.100, I2 ¼ 49%

– 1.19 (0.84–1.67) (n ¼ 2)
x2 ¼ 0.03, P ¼ 0.870, I2 ¼ 0%

–

USA or Canada 1.38 (1.16–1.64) (n ¼ 6)
x2 ¼ 3.30, P ¼ 0.655, I2 ¼ 0%

1.36 (1.04–1.78) (n ¼ 4)
x2 ¼ 1.90, P ¼ 0.593, I2 ¼ 0%

1.55 (0.92–2.62) (n ¼ 1)
x2 ¼ 0.00, P ¼ 1.00, I2 ¼ 0%

–

aThis column includes four studies where all multiples are grouped together and data for twins cannot be extracted separately. Based on information provided in three of these publications we estimate that higher order multiples represent
,5% of infants included in this pooled estimate.
bAny one study may provide both an adjusted RR estimate and a crude RR estimate so could appear in both these subgroups.
cOne study provides both an estimate for major defects only and all defects combined.
dFor twins the sample size groupings are ,500 and .500.
eBirth defects in these two studies are classified into categories but no reference is given to a particular system of classification that would allow replication in another study.
fPooled estimate for ICSI versus non-ART multiples is heavily influenced by two smaller studies with very large RR estimates; analysis restricted to twins only influenced by one small study with very large RR estimate.
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Large versus smaller studies
When we grouped all studies or studies of multiples according to sample
size, larger studies had a lower pooled estimate compared with smaller
studies. The results for singletons were fairly consistent across small,
medium and large studies; however, the pooled estimate combining
the results of the smaller studies did not reach statistical significance.

Higher quality versus lower quality studies
When studies were grouped according to methodological quality, the
higher quality studies (with a quality score ≥12 out of 17) tended to
show increased RR estimates for singletons but lower RR estimates for
multiples. A greater proportion of singleton studies were considered
high quality (48%) than studies of multiples or twins (33%).

Figure 2 Meta-analysis of all ART and birth defect studies (n ¼ 45 studies).
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Studies grouped according to method of birth defect classification
One-third of studies did not provide any birth defect definition and
these studies had lower pooled estimates when all such studies
were grouped together (RR 1.18) and particularly when singletons
were examined separately (RR 1.06). For the three defined methods
of birth defect classification the results were fairly similar, showing
higher pooled birth defect estimates for singletons than multiples.
Many of the largest studies in the meta-analysis had used a dedicated
birth defect registry classification system and the individual risk esti-
mates from these studies ranged from 1.00 to 2.00. The pooled esti-
mates from individual studies that reported using the ‘major defects
are those that cause functional impairment or require surgical correc-
tion’ definition included many smaller studies where ART infants num-
bered ,300 (75%) and the individual risk estimates ranged from 0.49
to 6.11. The studies reliant on international classification of diseases
(ICD) codes showed high heterogeneity. When a small study with a
very large RR estimate (Kuwata et al., 2004) was removed, the
pooled estimate for all studies in this ICD-based group dropped
from 1.53 to 1.25 (95% CI 0.94–1.66). Similarly, the RR estimate
for multiples dropped from 1.33 to 1.00 (95% CI 0.71–1.41) and

for twins where some adjustment was made for zygosity the pooled
estimate dropped from 1.69 to 1.21 (95% CI 0.96–1.52), results
that were more in line with the pooled estimates for studies that
had used a birth defect registry classification system.

IVF versus non-ART and ICSI versus non-ART
There was little difference in the pooled estimate for studies examining
IVF versus non-ART births (RR 1.36) compared with studies examin-
ing ICSI versus non-ART births (RR 1.37) when all studies were
pooled. When we looked at singletons and multiples separately the
pooled estimates for ICSI versus non-ART infants were higher than
those for IVF versus non-ART infants although none of these differ-
ences reached statistical significance. The pooled estimate of ICSI
versus non-ART multiples was influenced by two small studies with
very large RR estimates (Kuwata et al., 2004; Saygan-Karamursel
et al., 2006). Removal of these two studies gave a pooled estimate
for ICSI versus non-ART multiples of 1.09 (95% CI 0.82–1.44). The
pooled estimate for ICSI versus non-ART twins where some adjust-
ment was made for zygosity also decreased (from 1.80 to 1.06)

Figure 3 Meta-analysis of ART singletons and birth defects (n ¼ 23 studies).
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when the study by Kuwata et al. (2004) was removed from the
analysis.

Studies grouped by region
When we grouped the results of all studies by region, the pooled esti-
mates were similar across regions except for the Middle East (RR
1.67). The risk of birth defects in ART compared with non-ART
infants was statistically significantly increased in all regions except
Asia when all studies were grouped together and when studies report-
ing results for singletons separately were examined. The pooled RR
estimates for ART versus non-ART multiples did not reach statistical
significance in any region, although when we restricted the studies
to those making some adjustment for differences in zygosity distribu-
tion the pooled estimate of birth defect risk in European twin studies
increased from 1.04 to 1.25 (with 95% CI 1.02–1.52).

We found that grouping population-based studies and adjusted or
matched data reduced heterogeneity. Heterogeneity was also
reduced when we grouped studies of higher quality (≥12/17)

compared with the remainder of studies of medium or lower quality
combined (data not shown). When we grouped studies by region,
those from Asia showed the highest heterogeneity (I2 ¼ 77%) and
those from the USA or Canada the lowest.

Discussion
Our systematic review and meta-analysis address the question of
whether an increased birth defect risk exists in ART compared with
non-ART infants and whether this risk differs when singletons and mul-
tiples are examined separately. Our results suggest a 32% increased
risk of birth defects in children born following ART compared with
non-ART infants and this risk increases slightly when singleton births
are examined separately (36%) and when the results are restricted
to studies examining major birth defects only (42%). For multiple
births the findings are less clear. When all multiples are grouped to-
gether, larger studies of higher quality or those assessing major birth
defects only suggest no increased birth defect risk compared with

Figure 4 Meta-analysis of ART multiples and birth defects (n ¼ 27 studies).
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non-ART multiples. However, when the pooled estimate is restricted
to studies of twins where some adjustment has been made for the dif-
fering proportions of monochorionic placentation in ART and
non-ART twins the RR estimate increases to 1.26 (95% CI 0.99–
1.60). This finding requires confirmation when more data from
larger twin studies become available since 67% of the studies included
in this subgroup analysis had a small sample size (,500) and only 33%
were considered of higher methodological quality.

We have pooled data from 92 671 ART infants; over 64 000 more
than in our previous meta-analysis (Hansen et al., 2005) and 78% came
from the 13 studies we considered of highest methodological quality
for assessing birth defect risk. Half of the studies came from Europe
which represents a shift from our last meta-analysis where 72% of
studies were European. However, in terms of actual numbers of
babies, the results are still highly dominated by Europe (73% of
included infants) because of the large population-based registers avail-
able for record linkage in Sweden, Denmark and Finland. There were
no studies from Asia in our previous meta-analysis.

There were fewer small studies (n , 500) in this meta-analysis
(49%) compared with our previous meta-analysis (68%). Twin
studies in general were smaller than singleton studies. In our previous
meta-analysis where we had access to fewer studies that were often
small in size, we chose to use a fixed effect model for combining
the data because random effects models give more weight to small
studies that may have extreme RR estimates. For this analysis, we

chose to use a random effects model which is more appropriate for
combining the results of studies that have used a variety of different
methodologies in different countries that may themselves have differ-
ent underlying population rates of birth defects. It may therefore not
be appropriate to assume a common effect size which is the basis of a
fixed effect analysis.

Although our search strategy was similar to the one used for our
previous systematic review, we tightened up our exclusion criteria
so that studies were excluded if the ‘ART’ group included children
born following OI and/or IUI. Our aim was to include only papers
comparing birth defects in children born following IVF or ICSI to
non-ART infants; however, we did not exclude studies where a
small proportion of children were also conceived by gamete intrafallo-
pian transfer (GIFT; n ¼ 7). The other major difference in exclusion
criteria was that we excluded all studies where birth defects were
assessed in ART survivors aged ≥1 year where no information was
available on stillbirths or infant deaths. These studies are essentially
cross-sectional in design and often have the main aim of assessing
neuro-developmental outcomes (e.g. Morin et al., 1989; Agarwal
et al., 2005; Shu-Chi et al., 2006; Sanchez-Albisua et al., 2007; Bane-
rjee et al., 2008; Knoester et al., 2008) or growth (e.g. Bonduelle
et al., 2004) in ART infants rather than birth defects. Unfortunately
many authors continue to publish birth defects data from these
studies when it is clear that some of the most severely affected chil-
dren will be missing from their sample (those that died in the neonatal

Figure 5 Meta-analysis of ART twins and birth defects where adjustment made for differences in zygosity distribution between ART and non-ART
twins (n ¼ 12 studies).
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period or in the first year after birth, for example). ART infants are
often identified from clinical records for these studies whilst compari-
son groups of non-ART infants are often selected from local schools
or child care centres. Whilst this may be considered appropriate for
assessing growth or neuro-developmental outcomes in ‘healthy’ chil-
dren, it introduces the possibility of a healthy control bias for the as-
sessment of birth defects. Children with severe birth defects who have
survived up to 12 months or more of age may be unable to attend
mainstream schools or child care centres and may therefore be
excluded from the comparison group (Kurinczuk et al., 2006).

Defining birth defects
Despite the fact that major birth defects are more likely to be consist-
ently reported, only 36% of studies compared major birth defects, the
remainder reporting results for any birth defect (major or minor). We
believe it is preferable to include information on only major birth
defects in studies of ART infants because: (i) these estimates avoid
the further difficulties inherent in assessing and classifying minor anom-
alies; (ii) the notification of minor anomalies is often incomplete; (iii) it
is possible that if ART infants are more closely examined than
non-ART infants there will be more minor anomalies detected in
this group than the natural conception group. It is less likely that
this will be the case for major malformations, however, as they are
more likely to be detected regardless of conception status; (iv)
major birth defects are of greater clinical significance than minor
defects and the inclusion of more common minor defects may
‘swamp’ associations of ART and more clinically important but rarer
major defects (Lancaster, 1996; Simpson, 1996; Hansen et al., 2005).

We understand, however, that when birth defect prevalence is
assessed through record linkage to population-based registers of hos-
pital admission, as in some of the large Nordic register studies, birth
defects information is only available as ICD diagnoses and it is difficult
to distinguish major defects from minor for some of these codes (e.g.
ventricular septal defect, hypospadias). However, if a study involves
physical examination of children or record linkage to a birth defects
register where a detailed classification system is used to classify
major versus minor defects then we believe reporting only major
birth defects will limit the problems associated with agreement of
what constitutes a birth defect.

In our subgroup analysis of birth defect classification methods we
identified the three most commonly used classification systems in
ART studies:

(i) ‘Major birth defects are those that generally cause functional im-
pairment or require surgical correction’. This is the birth defects
definition used by Belgian researchers in their follow-up studies of
ART infants (Bonduelle et al., 1996, 2002). The definition is prob-
lematic in that it cannot be replicated with any confidence. There
is no standard list of exclusions and since several minor defects
may also undergo surgical correction (e.g. tongue tie and poly-
dactyly) this may lead to uncertainty about whether these
defects should be included. The defects that are included,
however, may generally be of greater clinical significance and
thus avoid some of the problems associated with under-reporting
of minor birth defects.

(ii) The inclusion of any condition listed in the ICD chapter titled
‘congenital anomalies’. Studies using this classification method
have not linked to a dedicated birth defects register but have
instead generally obtained birth defects information from hospital
notes (either through direct examination of hospital records or
through record linkage to a hospital register). Since the ICD
code alone does not differentiate major or minor defects these
studies generally report pooled major and minor results. Al-
though these studies can be more easily replicated, they may
suffer from problems associated with under- and variable report-
ing of minor defects. In addition the inclusion of common minor
defects may ‘swamp’ associations of more clinically important but
rarer major defects.

(iii) Classification systems used by dedicated birth defects registers.
These include studies that have either linked to birth defects
data collected on a dedicated birth defects register or have spe-
cified that they classified birth defects in their study according to a
system used by a particular birth defects register. This would
include reference to the classification system used by
EUROCAT for example (http://www.eurocat-network.eu/).
We have also included the Swedish register-based studies and
the 2010 Pinborg study from Denmark here since they present
birth defect information defined according to ICD diagnosis
codes but they also present ‘weeded’ data where a number of
more common minor conditions have been removed (e.g. pre-
auricular tags, tongue tie, undescended testicles, unstable hips,
single umbilical artery, and patent ductus arteriosus; Kallen
et al., 2005, 2010a; Pinborg et al., 2010a). In general, it should
be easy to replicate studies included in this category with refer-
ence to the particular classification method used, and their
results should be less influenced by variation in the reporting of
minor birth defects due to an explicit list of exclusions.

The results of our subgroup analysis (Table IV) indicate that although
individual birth defects may have been included in some studies and
excluded from others in our meta-analysis depending upon the classi-
fication method chosen, the use of these three different classification
systems led to similar pooled estimates of birth defect risk. The most
important ‘within-study’ criterion is that the ‘same’ classification
system is used for both groups (ART and non-ART) in the study. Pro-
blems arise, for example, where a group of ART infants may be
assessed using a more restrictive birth defect definition and the
results compared with birth defect data for populations classified
according to a more inclusive definition (Kurinczuk and Bower,
1997); such studies are not included in our meta-analysis.

Comparison with existing reviews
There are four early (Rimm et al., 2004; Hansen et al., 2005; McDo-
nald et al., 2005a, b) and three recently published meta-analyses (Rossi
and D’Addario, 2011; Pandey et al., 2012; Wen et al., 2012) that
compare birth defects in ART and non-ART infants. Just as for individ-
ual studies, the meta-analyses have used different methodologies
resulting in different groups of studies being selected for inclusion.

The meta-analyses of McDonald et al. (2005a, b), Pandey et al.
(2012) and Rossi (Rossi and D’Addario, 2011) were all interested in
assessing a range of obstetric and perinatal outcomes in ART com-
pared with non-ART infants with a preference (in the McDonald
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and Pandey meta-analyses) for matched cohort studies. Although they
include pooled estimates of birth defect data—birth defects were not
a primary outcome so their search for birth defects data was not ex-
haustive and their results include only a subset of the available litera-
ture. McDonald et al. report a pooled estimate for seven studies of
ART singletons (4031 infants) of 1.41 (95% CI 1.06–1.88) and a
pooled estimate for four ART twins studies (n ¼ 2681 infants) of
1.14 (95% CI 0.85–1.52). Pandey et al. report a slightly higher
pooled estimate for seven studies of singletons (4382 IVF/ICSI preg-
nancies) RR 1.67 (95% CI 1.33–2.09), however, it is not clear why
birth defects data were not also extracted from at least three other
studies included in their meta-analysis (Westergaard et al., 1999; Kata-
linic et al., 2004; Pinborg et al., 2010a). Rossi and D’Addario report a
pooled estimate for four ‘controlled’ ART twin studies of 1.15 (95% CI
0.80–1.63). They also report a pooled estimate for two studies in-
cluding unlike-sex twins of 1.38 (95% CI 0.99–1.93; Rossi and
D’Addario, 2011).

The meta-analysis by Rimm et al. (2004) combined the results of 19
studies (n ¼ 35 578 infants) assessing major birth defects only. They
found a pooled estimate of 1.29 (1.01–1.67), identical to our
pooled estimate of 25 studies published soon after (Hansen et al.,
2005). Our earlier meta-analysis included 12 studies that were not
in the Rimm et al. meta-analysis [10 because of different exclusion cri-
teria (Morin et al., 1989; Tanbo et al., 1995; Fisch et al., 1997; Addor
et al., 1998; Dhont et al., 1999; Koudstaal et al., 2000a, b; Koivurova
et al., 2002; Wang et al., 2002; Sutcliffe et al., 2003) and two that may
have been missed in their search (Nassar et al., 1996; Zuppa et al.,
2001)]. They included six studies that we did not [two published
after our literature search (Place and Englert, 2003; Pinborg et al.,
2004), two that we excluded based on overlapping data with
Ericson and Kallen (2001) (Wennerholm et al., 1998, 2000), one we
considered to have an inappropriate comparison group (Palermo
et al., 2000), and a published letter (Merlob and Fisch, 2002) where
we preferred to use the earlier more detailed published paper from
the same group (Fisch et al., 1997)].

The recently published meta-analysis by Wen et al. (2012) includes
46 studies (124 468 infants), 25 of which are excluded from our
current meta-analysis for the following reasons: 10 papers were essen-
tially of cross-sectional design assessing birth defects in survivors to a
year or more (Morin et al., 1989; D’Souza et al., 1997; Sutcliffe et al.,
2003; Bonduelle et al., 2004, 2005; Agarwal et al., 2005; Belva et al.,
2007; Sanchez-Albisua et al., 2007; Knoester et al., 2008), or in one
case in full-term singletons with birthweight .2500 g (Place and
Englert, 2003); three studies examined specific types of birth defects
rather than all birth defects [Tararbit et al., 2011 examined heart
defects only, Silver et al. (1999) examined hypospadias only, and Reef-
huis et al. (2009) performed a case–control study of select birth
defects only]; five papers had overlapping or identical data to other
included papers (Zhu et al., 2006 overlaps completely with Pinborg
et al., 2010a; Ludwig and Katalinic, 2002 includes exactly the same
ICSI data as Katalinic et al., 2004; Lambalk and van Hooff, 2001 over-
laps with Anthony et al., 2002; Bergh et al., 1999 overlaps with Kallen
et al., 2005; Hansen et al., 2002 overlaps with Hansen et al., 2012)
three papers where the total number of birth defects were assessed
rather than birth defects per child (Saunders et al., 1996) or data
were presented per woman rather than per child (Al-Fifi et al.,
2009; Sala et al., 2011); two papers with mixed exposure groups

(Zadori et al., 2003; Welmerink et al., 2010); one paper with an in-
appropriate comparison group (Allen et al., 2008); and a Chinese ref-
erence that we did not pick up in our literature search (Liu and He,
2010). Our meta-analysis includes 24 papers that were not included
in the Wen paper—12 of which concerned twins only, suggesting
perhaps their search strategy was not picking up studies of ART
twins. The pooled estimate for all 46 studies included in the Wen
meta-analysis was 1.37 (95% CI 1.26–1.48) with a high heterogeneity
(Wen et al., 2012). Heterogeneity remained high for most of their sub-
group analyses probably because their inclusion criteria were broader
than ours and they did not pool data according to plurality.

Table V shows that despite the many differences in inclusion/exclu-
sion criteria particularly in the more recent meta-analyses, the results
have been remarkably consistent. This may in part be explained by the
inclusion of the large population-based series from Sweden, Denmark,
Finland and Germany in the larger meta-analyses (Rimm et al., 2004;
Hansen et al., 2005; Wen et al., 2012). The Swedish data (Kallen
et al., 2005, 2010a) contribute 34% of all ART infants in the current
meta-analysis for example.

Cause of increased birth defect risk: ART
treatment and underlying infertility
An excess risk of birth defects in ART infants is biologically plausible.
Factors associated with treatment that may increase the risk of birth
defects include the underlying causes of infertility; and aspects of the
ART procedures themselves such as the medications used, culture
media composition, length of time in culture, freezing and thawing
of embryos, altered hormonal environment at the time of implant-
ation, the manipulation of gametes and embryos or a combination
of these. The complexity of ART treatment renders the identification
of individual risk factors extremely challenging. It is very difficult to
obtain information about an individual aspect of ART treatment and
its association with a rare outcome, such as birth defects, whilst
holding all the other variables constant in sufficiently large studies.
There is growing evidence, however, that some of these factors
such as the transfer of frozen–thawed embryos or the use of different
culture media can have an impact on other more common adverse
perinatal outcomes including low-birthweight or preterm birth
(Dumoulin et al., 2010; Pinborg et al., 2012a). A recent Australian
study also suggested a difference in the risk of severe birth defects
that arise during blastogenesis depending upon whether fresh or
frozen–thawed embryos were transferred (Halliday et al., 2010).

Subfertility is known to increase risks of adverse perinatal outcome
(Ghazi et al., 1991; Thomson et al., 2005). In an attempt to tease out
the contribution of subfertility versus ART treatment to adverse peri-
natal outcomes in ART singletons, two studies have examined preterm
birth in ART and naturally conceived singletons born to the same
parents (Romundstad et al., 2008; Henningsen et al., 2011a). When
meta-analysis was used to combine the results, the adjusted risk of
preterm birth in ART versus non-ART siblings was 1.27 (95% CI
1.08–1.49) demonstrating a significantly higher risk of preterm birth
in the ART sibling (Pinborg et al., 2012a). In addition a meta-analysis
of studies comparing preterm birth in ART singletons to naturally con-
ceived singletons born to subfertile couples [time to pregnancy (TTP)
.1 year] showed a significantly higher risk of preterm birth in the ART
singletons [OR 1.55 (95% CI 1.30–1.85)], thus indicating a risk
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attributable to the ART treatment itself (Pinborg et al., 2012a). These
results suggest that subfertility, although important, is not the only
contributor to poorer perinatal outcome.

There is growing evidence that subfertile couples who manage to
conceive without the use of ART also have an increased risk of
birth defects (Zhu et al., 2006; Jaques et al., 2010; Davies et al.,
2012a), but again it is not known whether subfertility explains all of
the increased risk seen in ART compared with non-ART infants or
whether the treatments themselves further increase that risk. A
single study has directly compared birth defect prevalence in ART
infants to infants born to subfertile couples (TTP . 1 year) who con-
ceived naturally (Zhu et al., 2006). The results of this study indicate
that a mixed ART exposure group including IVF, ICSI, but also IUI,

hormonal treatment, surgery and ‘alternatives’ (treatments not
usually pooled under the heading ‘ART’) have an increased risk of
1.17 (95% CI 1.00–1.36) of being diagnosed with a birth defect,
and the risk for ICSI infants separately was further increased [adjusted
hazard ratio 1.57 (95% CI 1.11–2.23)].

The recent study by Davies et al. (2012a) included a group of ‘infer-
tile’ couples who had conceived naturally and this group had an
increased risk of birth defects compared with the fertile naturally con-
ceiving group. The authors caution, however, that the subfertile group
may have included women who received OI treatment outside the
ART clinic setting (Marino et al., 2011; Davies et al., 2012a). In re-
sponse to a letter from Rimm and Katayama (2012a) suggesting that
there was no crude increase in birth defect risk in their study if the

.......................................................................

.............................................................................................................................................................................................

Table V Comparison of our results with other published meta-analyses.

Number
of studies

Number of ART
infants included

Pooled estimate
(95% CI)

Differences in inclusion criteria—shown for Rimm
et al. and Wen et al. only

Number of studies
excluded from our
meta-analyses

Number of studies included
in our meta-analyses but not
in other

Overall

Early meta-analyses

Rimm et al. (2004) 19 35 578 1.29 (1.01–1.67) 6

Hansen et al. (2005) 25 28 638 1.29 (1.21–1.37) 12

Recent meta-analyses

Wen et al. (2012) 46 124 468 1.37 (1.26–1.48) 25

Current study 45 92 671 1.32 (1.24–1.42) 24

Singletons

Early meta-analyses

Rimm et al. (2004)

IVF 8 2064 1.51 (0.85–2.7)

ICSI 6 3948 1.33 (0.90–1.95)

Hansen et al. (2005) 15 13 059 1.31 (1.17–1.46)

McDonald et al. (2005a, b) 7 4031 1.41 (1.06–1.88)

Recent meta-analyses

Pandey et al. (2012) 7 4382 1.67 (1.33–2.09)

Current study 23 48 944 1.36 (1.30–1.43)

Multiples

Early meta-analyses

Rimm et al. (2004)

IVF 7 5561 0.92 (0.75–1.12)

ICSI 4 3197 1.18 (0.60–2.37)

McDonald et al. (2005a, b) 4 2681 1.14 (0.85–1.52)

Recent meta-analyses

Rossi and D’Addario (2011)

Adjusted 4 1556 1.15 (0.80–1.63)

Current study 27 19 361 1.11 (0.98–1.26)

Twins—some adjustment for zygosity

Rossi and D’Addario (2011) 2 1170 1.38 (0.99–1.93)

Current study 12 5780 1.26 (0.99–1.60)
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data for ART infants were compared with this ‘infertile’ naturally con-
ceiving subgroup, Davies et al. suggested that due to uncertainty about
the proportion of women in this subgroup that had truly conceived
naturally, a far better comparison would involve birth defects diag-
nosed in ART and non-ART infants born to the same mother. An
initial look at this comparison yielded a crude OR for ART siblings
compared with non-ART siblings of 1.50 (95% CI 1.08–2.09), suggest-
ing that when children born to ‘the same’ subfertile mother are con-
sidered, an excess risk associated with ART remains (Davies et al.,
2012b).

Contrary to the conclusions of Rimm et al. (2011) and Rimm and
Katayama (2012b) that ascribe all increase in birth defect risk in
ART infants to patient subfertility we suggest that the evidence from
these two studies indicates that ‘both’ infertility and ART treatment
factors may contribute to birth defect risk, just as they do for other
adverse perinatal outcomes in ART infants.

Many authors have argued that it is inappropriate to compare chil-
dren born to couples undergoing ART treatment with naturally con-
ceived children and there have been various attempts at examining
alternative comparison groups such as couples undergoing less inva-
sive IUI or OI treatments; comparing health outcomes in ART
infants to those in children born to parents who have taken a long
time to conceive; or making some adjustment for years of involuntary
childlessness.

Unfortunately none of these alternatives are themselves problem-
free. Data on years of involuntary childlessness, for example, are
often missing for large proportions of the population. In a recent
Swedish study (Sazonova et al., 2012), years of involuntary childless-
ness was missing for up to 31% of ART infants and in a Finnish
study examining obstetric outcomes in women with a long TTP, this
information was only available for 47% (Raatikainen et al., 2012). In
addition to the issue of missing data, subfertile couples who conceive
naturally may be quite different from couples requiring ART treatment
to conceive. Many couples who proceed to ART treatment, such as
those where the female partner has blocked or absent fallopian
tubes or is unable to ovulate, or where the male partner has very
low or no sperm in his ejaculate, would have little or no chance of con-
ceiving naturally. Other differences may also exist. A recent study by
Raatikainen et al. (2012) found that women who conceived naturally
with a long TTP (≥2 years) were more likely to be primiparous,
and to have had a miscarriage or an induced abortion compared
with women conceiving with ART. They were also more likely to be
overweight, to have smoked before and also during pregnancy and
to have drunk alcohol before pregnancy than women who conceived
with ART.

Rather than discounting all efforts at research in this field that do
not include a subfertile comparison group (Rimm and Katayama,
2012b), we think it is more constructive to identify questions that
may be answered with the types of data that are more commonly
available. We need to know how different types of ART exposure
and different types of underlying infertility contribute to birth defect
risk. If we find that more children with birth defects are born following
the use of one technique compared with another there may be
options to reduce this risk. For example, if vitrification gave rise to
more birth defects than slow-freezing because of exposure to high
levels of cryoprotectant we could revert to slow-freezing. If ICSI per-
formed in cases of severe male factor infertility leads to greater birth

defect risk then we may not be able to influence this risk except
through patient counselling, the use of preimplantation genetic diagno-
sis (PGD) and antenatal screening. But if the technique itself appears
to increase birth defect risk (across a broad section of underlying in-
fertility types), then we can at least prevent its use in situations
where it is not clinically indicated. To answer these questions sub-
group analyses within ART cohorts will become increasingly important
rather than comparisons to non-ART births. Very large studies are
needed to examine birth defect risk in multiple subgroups and
perhaps information from the combined Nordic databases may be
used to address some of these issues in the future (Henningsen
et al., 2011b). Data from smaller studies should not be discounted,
however, as they can be combined using meta-analysis provided the
results are clearly reported according to similarly defined subgroups.

Counselling prospective patients
When counselling couples prior to ART treatment we have previously
suggested that the relevant information is not birth defect risk once
the effect of subfertility has been removed (if indeed this can be accur-
ately quantified), but the overall risk of having a child with a birth
defect if they do use ART (Hansen et al., 2011). The results of this
and other recent meta-analyses confirm the earlier reported increase
of 30–40%. For a population with a background birth defect preva-
lence of 5% this equates to an absolute risk of 6.5–7.0%. Alongside
this information it would certainly be worth mentioning that the risk
of birth defects also appears increased in subfertile couples who do
not use ART but conceive naturally. We would, however, strongly
caution against inferring that the entire risk of birth defects following
ART can be attributed to ‘subfertility’ (Ludwig, 2012; Rimm and
Katayama, 2012b). ART is a rapidly changing field and the data upon
which we are basing our estimates of risk may not be representative
of the techniques and clinical practice in most frequent use today,
or the reasons for undergoing treatment.

Limitations
This meta-analysis groups data that cover a long time period in a field
that is moving extremely quickly. New techniques or adjustments to
laboratory conditions are frequently being introduced and essentially
changing the characteristics of the exposure as well as the case-mix
of people who access treatment. Few studies have examined
whether the prevalence of birth defects in a cohort of ART infants
has changed over time. Our own work in Western Australia
(Hansen et al., 2012) and data from the large Swedish series (Kallen
et al., 2010a) suggest a drop in birth defect prevalence although this
is not reflected in the results of our meta-analysis which are similar
to those of our earlier meta-analysis (Hansen et al., 2005). A drop
in birth defect prevalence is plausible given data from the large
Swedish registers suggest important improvements over time in
other perinatal outcomes including low-birthweight, preterm birth
and small for gestational age in ART infants (Kallen et al., 2010b).
Whilst these changes can for the most part be attributed to a large
decline in the multiple pregnancy rate which has occurred following
the shift towards double and then single embryo transfer (SET) in
Sweden, improvements in perinatal outcomes have also been
reported for singletons only (Kallen et al., 2010b; Finnstrom et al.,
2011; Sazonova et al., 2011). Potential causes for improved perinatal
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outcomes and declining birth defect rates include changes to patient-
mix over time with couples seeking treatment earlier and for a
broader range of infertility diagnoses in more recent years (Kallen
et al., 2010b). Other factors may include changes to clinical practice
and culture media, more optimal culture conditions and milder stimu-
lation protocols potentially contributing to improvements in embryo
quality and/or uterine receptivity (Hansen et al., 2012). Although
the results of the two studies (Kallen et al., 2010a; Hansen et al.,
2012) suggesting a decline in birth defect prevalence over time are en-
couraging, we caution that insufficient birth defect data exist to ascer-
tain risk for many of the newer techniques in common use in recent
years such as blastocyst culture and vitrification.

In order to provide better information for patient counselling and to
determine whether some ART exposures carry higher risk than others
we have suggested that subgroup analyses restricting comparisons to
include more homogenous exposure groups will become increasingly
important. We have shown that grouping data by plurality highlights
important differences in the magnitude of birth defect risk for singleton
and multiple births. However, we cannot yet answer important ques-
tions about birth defect risk following frozen embryo versus fresh
embryo transfer, blastocyst versus cleavage stage transfer, singletons
born following SET versus DET, vitrification versus slow-freezing,
ICSI with non-ejaculated versus ejaculated sperm, PGD/preimplanta-
tion genetic screening and in vitro maturation of oocytes, for example.
To our knowledge there has not been a single large population-based
study examining birth defect prevalence following the use of different
types of culture media.

In addition to refining our subgroups according to specific types of
ART treatment and underlying infertility, it may become increasingly
important to examine data pooled according to region. There are im-
portant regional differences in a range of ART treatment exposures.
ICSI, for example, is used in 85–96% of cycles in Latin America and
the Middle East, but less so in Australia, Europe and the USA (66–
73%). SET varies dramatically from 13 to 14% of cycles in Latin
America and the USA to 70% in Australia. In Europe, SET is used in
22.4% of cycles although there is considerable variation between indi-
vidual countries; in Sweden, for example, SET is used in 70–80% of
cycles. There is also much variation in the use of blastocyst transfer,
representing only 10% of cycles in Latin America, 32% in the UK,
36% in the USA and 50% in Australia (Zegers-Hochschild et al.,
2009; Centers for Disease Control and Prevention, 2011; Nygren
et al., 2011; Wang et al., 2011; Ferraretti et al., 2012). We grouped
studies by region in a subgroup analysis but there were probably
too few studies in all regions except Europe to allow for patient coun-
selling based on regional data.

IVF versus ICSI
Although we have shown comparisons of IVF infants to non-ART
infants and ICSI infants to non-ART infants in subgroup analyses,
our meta-analysis does not specifically address the question of
whether birth defects are more common in ICSI compared with IVF
infants. There are two meta-analyses that do address this question
(Lie et al., 2005; Wen et al., 2012) and both suggest no significant dif-
ference in risk between the two techniques. Lie et al. combined the
results of four studies to obtain pooled estimates of birth defect risk
in ICSI compared with IVF infants of 1.12 (95% CI 0.97–1.28). Wen

et al. combined the results of 24 studies to report a pooled estimate
of 1.05 for IVF births compared with ICSI births which converts to an
estimate of 0.95 (95% CI 0.83–1.10) for ICSI versus IVF infants.

We have not systematically reviewed these studies to determine
whether all the relevant literature is included or to judge the methodo-
logical quality of the included studies so we cannot make detailed
comment on the results of these meta-analyses. The results are in
contrast to a recently published population-based study from Australia
which found a significantly increased risk of birth defects in ICSI infants
compared with IVF (OR 1.47, 95% CI 1.15–1.89; Davies et al.,
2012a). We stress, however, that the latter was the only study
included in our meta-analysis which reported a significantly increased
birth defect risk in ICSI compared with IVF infants and the study
included information on births 1986–2002. Pinborg et al. (2012b)
have reviewed potential reasons for differences between the Davies
et al. results and the rest of the literature. They suggest that more
recent data (available in the Nordic countries) may show a lower
birth defect risk for ICSI infants because the technique is now used
to treat a broader range of infertile couples rather than being
restricted to those with severe male infertility (Pinborg et al., 2012b).

Why does risk differ for ART multiples?
There are a number of potential reasons why the association between
the use of ART and birth defects appears to be weaker for studies
comparing ART and non-ART multiples. ART multiples may be less
frequently exposed to the early loss of one fetus than ART singletons
(the majority of ART twins being born following the transfer of two
embryos). Estimates in the literature suggest that up to 10.4% of
ART singletons originated from a twin gestation in early pregnancy
(Pinborg et al., 2005; Shebl et al., 2008a, b). Where early pregnancy
loss of one fetus does occur it has been shown to have negative con-
sequences for the surviving fetus in terms of birthweight, growth and
neurological findings (Pinborg et al., 2005, 2007; Pinborg, 2010b) and
an impact on birth defect prevalence has also been shown (Pharoah
et al., 2009). Comparisons of ART and non-ART twins may be influ-
enced to a greater extent by contamination of the ‘non-ART’ compari-
son group with babies born following IUI or OI which may themselves
lead to small increases in birth defect risk (Reefhuis et al., 2011).
Finally, many studies have failed to consider differences in zygosity dis-
tribution between ART and non-ART twins. ART twins are much
more likely to be dizygous compared with non-ART twins and dizy-
gous twins have a reduced risk of birth defects compared with mono-
zygous twins. Our subgroup analysis suggests that making some
adjustment for differences in zygosity may increase estimates of
birth defect risk, however, these results need confirmation in larger
studies of high quality.

Conclusions
This meta-analysis includes birth defect information on 92 671 ART
infants, which represent ,2% of the estimated 5 million babies born
from these techniques worldwide. It took 25 years to reach agree-
ment that an increased birth defect risk exists in ART infants (Rimm
et al., 2004; Hansen et al., 2005), partly because the magnitude of
the risk is small, but also because of the small size of many of the
earlier studies and the reluctance to conclude that an increased risk
existed in the absence of statistical significance. We need to speed
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up our assessment of newer techniques and meta-analyses provide an
important method of doing this, provided study results are published
in such a way that they can be pooled. If authors in this area publish
detailed information about major birth defects for different subgroups
of ART exposure (ICSI, IVF, singletons, multiples, unlike-sex twins,
fresh versus frozen transfer, slow-freezing versus vitrification, blasto-
cyst versus cleavage stage transfer) and (where available) according
to different types of underlying infertility, meta-analyses of these
results may help to highlight the safest treatment options to minimize
birth defect risk. When enough information is available the results may
also allow for region- and treatment-specific counselling on birth
defect risk following different forms of ART.
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