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Abstract Birth defects are a major cause of infant morbidity
and mortality and contribute substantially to long-term dis-
ability. One out of every 33 babies is born with some type of
birth defect. Despite decades of research on environmental,
behavioral, and genetic risk factors, the vast majority
of birth defects still occur without a known cause. It
is possible that birth defects are largely stochastic (and
unavoidable) events, at which efforts to investigate their
causes would be futile and unjustified. In this commen-
tary, we argue for the continued research into risk/
preventive factors of human birth defects, and outline
why epidemiological studies are suitable for such en-
deavors. First, we discuss what factors to target (genetic
or environmental) and how to define the pertinent re-
search questions. Then, we present a short review of
both epidemiological contributions in the past and ap-
proaches to advance the field in the future. After con-
sidering also their limitations, we conclude that modern
epidemiologic approaches are invaluable to advance our
understanding of risk factors for human birth defects,
and that interdisciplinary collaborations will also be es-
sential to further our knowledge.
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Introduction to the Scope of the Commentary

This era of austerity has forced funding agencies to constantly
consider where to spend the scarce resources, and the resulting
harsh trade-offs require prioritizing certain fields of study over
others. Investigators have to anticipate and follow the funders’
directions; or take the risk and continue doing what they think
is important, or simply know how to do. In that sense, there is
competition both between and within fields of research. Shall
all investigators go after popular topics such as obesity, or are
orphan disorders such as many specific birth defects also rel-
evant? Within birth defects research, shall we focus on ge-
nome analyses or on non-genetic causes; on animal models
or on human studies? Or, perhaps, to be more appropriate,
shall we discuss what the most pressing questions are first,
and which approaches can provide valid answers to these
questions second? Inspired by a workshop on “Developing
an Interdisciplinary Research Agenda for Genetics of Birth
Defects” held at the US National Institutes of Health in
2014, we share some of our thoughts below.

First, Is There Anything to Study or are Most Birth Defects
Stochastic Events?

To discuss whether epidemiologic methods are appropriate to
study birth defects, we first have to decide whether we want to
spend the limited research funding available to investigate
birth defects at all. Let’s briefly review the burden and origins
of birth defects: One out of every 33 babies is born with some
type of birth defect [1]. Deaths due to birth defects account for
more than 21 % of all infant deaths, making them the leading
cause of infant mortality. Birth defects are also associated with
serious and often life-long disabilities; they are a leading cause
of years of potential life lost, and account for much of the
disability in children in the USA and most developed coun-
tries. Worldwide, congenital anomalies are the tenth leading
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cause of loss of disability-adjusted life years, accounting for
2.9 % of all years of life lived with disabilities [2, 3]. To
achieve any reduction of this substantial infant mortality and
childhood disability, we need to understand why and how
birth defects occur. But, can we?

Some identified causes of congenital malformations in-
clude chromosomal defects, single gene defects, and a few
environmental agents. However, despite decades of research
on environmental, behavioral, and genetic risk factors, the
vast majority (estimated at two thirds) of birth defects still
occur without known cause [4]. Embryological processes are
incredibly complex and inevitably subject to imperfections. In
fact, as fundamental as biological variability is, so are the
intrinsic errors of the processes. If birth defects are largely
the result of stochastic, unavoidable events, then efforts to
investigate their causes will be futile and unjustified. Howev-
er, the existence of known clearly teratogenic agents suggests
that others may remain unidentified. Moreover, deviant pat-
terns of occurrence—across time, or between/within popula-
tions—also points toward non-stochastic influences. If re-
search to date has allowed us to explain a third of human birth
defects, advances in science (technology, methods, data)
should be able to explain more of such probabilistic events,
particularly when the causes are either commonly occurring,
or rare but with high penetrance. Unless we believe that the
majority of defects are a result of nature playing dice, identi-
fying and understanding risk/preventive factors should have
great implications for prevention and/or management of high-
risk pregnancies. Conclusion: With only a small fraction of
defects possible to predict or prevent with current knowledge,
and all of the remainder unlikely to be just stochastic, it seems
imperative to promote further research to identify the risk/
preventive factors for human birth defects.

Shall we Focus on Genetic or Non-Genetic Causes?

It is widely accepted that deterministic causes of birth defects
are genetic, environmental or, most likely, a combination of
the two (i.e., multifactorial) [5]. However, despite this prevail-
ing idea, there is insufficient evidence for us to estimate the
specific contribution of genes, environment, or their interac-
tion. Although it is widely accepted that some structural de-
fects recur in families [6—13], very few large population-based
studies have attempted to use information on familial cluster-
ing to quantify the genetic versus environmental influence for
the liability of malformations. To inform future directions for
both funders and researchers, efforts to quantify the relative
contributions of genetic and/or environmental factors to birth
defect etiology should be of top priority.

Since little can be done (for now) to modify genetic factors,
prevention depends upon the detection of environmentally
determined, modifiable teratogens. However, the genetic
background may also be relevant for prevention since it may
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interact with other factors, which can themselves be modified.
For example, among the few teratogens that have been iden-
tified are traditional anticonvulsants [14, 15], yet far from all
fetuses exposed to anticonvulsants will develop
malformations. A case report of anticonvulsant-exposed dizy-
gotic twins has showed that they can be discordant in physical
features [16], and recent observations in pregnancy registers in
the UK [17] and Australia [18] also suggest that the risk of
anticonvulsant embryopathy may depend on genetic suscepti-
bility to the teratogenic effect of these drugs. Conclusion:
Without a formal quantification of the relative contribution
of genetic and environmental causes, or their interaction, any
prioritization will be a subjective preference of the decision
maker. Epidemiological studies allow identification of both
genetic and environmental risks on the population level; and
some may allow the evaluation of gene-environment interac-
tions as well. Population-based family designs can also be
used to answer questions about genetic vs. environmental con-
tributions to the (population) variation in birth defects, provid-
ing vital information for future research directions.

What are the Pertinent Questions from a Biologic, Clinical,
or Public Health Perspective?

If we agree it is important to investigate birth defects, the next
step will be to identify what the pertinent questions are. From
a public health perspective, the most important aim should be
to (1) identify the modifiable causes of birth defects, which
will allow intervention and prevention of cases (e.g., by
avoiding environmental exposures—teratogens). Additional-
ly, it should be of great clinical value to (2) identify predictors
of birth defects—including potential genetic influence—
which can help inform family planning (e.g., from quantifica-
tion of absolute risk in specific human populations) and re-
duce morbidity through targeted screening and early interven-
tion. Conclusion: The most pressing question may be how to
prevent, or at least predict, birth defects.

How can we Answer These Questions?

Given that we agree on the pertinent questions, what would be
the most suitable approaches to study them? Toxicological or
in vitro studies provide limited information since we rarely
know the specific teratogenic mechanisms [19]. A classic ex-
ample is thalidomide, for which these mechanisms have
remained unknown for decades. Animal models have provid-
ed vital insights to our understanding of common aspects of
embryogenesis, and allow manipulations that would never be
feasible in human studies. However, sometimes results are not
directly translated into human risk because of considerable
variations in teratogenic effects between mammalian species
[20e, 21]. In humans, clinical trials are often unfeasible be-
cause most risk factors are non-randomizable for logistic (e.g.,
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genes) or ethical (e.g., smoking) reasons. Information from
randomized experiments in humans would only be available
either as a secondary safety outcome or in the few instances
where they test preventive agents (e.g., folic acid supplemen-
tation) [22]. However, the former usually exclude women who
might become pregnant, particularly if there is any suspicion
of adverse effects from animal studies. Therefore, we are
mostly left with observational studies, briefly summarized in
the following sections.

What Epidemiological Designs are Available and/or Best?

General support for epidemiological approaches can be ob-
tained from reviewing the historical evidence. For major te-
ratogens such as thalidomide, which increases the risk of spe-
cific malformations more than 100-fold, clinical observations
were able to identify clusters of exposed and affected mother-
offspring pairs [23-25]. Even then, over 10,000 children had
been affected by the time the drug was retracted from the
market. Unlike thalidomide, most known teratogens will have
amore modest risk, making their identification more challeng-
ing [26¢]. To avoid another thalidomide tragedy, we now have
proactive surveillance systems for pharmaceuticals, described
below, which have helped to successfully identify also more
modest teratogens (e.g., traditional anticonvulsants) [27].
Some epidemiological studies have been specifically designed
to study birth defects, such as the large cohort study of over
50,000 pregnancies in the US Collaborative Perinatal Project
[28]. Despite the large sample size, this study was nevertheless
unable to evaluate most specific drugs, given the relatively
small number of women exposed and the relatively rare out-
comes under consideration [29]. Nowadays, cohort studies
commonly focus on pregnancies specifically exposed to the
factor (drug) of interest, i.e., pregnancy registries [30]. Yet, it
still takes time to find and enroll enough numbers of exposed
women soon after conception; and the registries often have
limited sample sizes to look at specific malformations. For
specific malformations, we favor case—control studies of birth
defects, which would be more efficient if the exposure is not
too infrequent [31]. Observations from these epidemiological
designs have contributed to establish what is arguably the
flagship for birth defects prevention, namely periconceptional
folic acid supplementation to prevent neural tube defects
(NTDs) [32, 33]. One lesson learned from these folic acid
studies is that well-conducted observational studies can be as
valid as randomized clinical trials to identify preventive fac-
tors for birth defects [34]. Finally, in the last decade, epidemi-
ologists are increasingly using information from health care
databases, i.e., administrative claims files, electronic medical
records, or well-established population registers of health and
demographic characteristics (e.g., from Scandinavian coun-
tries) [35, 36]. These sources were not specifically designed
to study birth defects, but efforts to utilize such prospectively

collected health care data can still be desirable with respect to
costs, numbers of pregnancies included, validity (e.g., no re-
call bias) and generalizability (i.e., population based). Nowa-
days, with the new surveillance systems established, epidemi-
ological studies may not only be as valid but also much more
efficient than clinical trials to identify risk or preventive fac-
tors for human birth defects.

What Epidemiological Methods are Available and/or Best?

Strong risk factors can be identified with crude simple epide-
miologic methods [26¢]. To rule out strong teratogenic effects
(e.g., over 20 % risk of malformations after prenatal exposure
to thalidomide), enrollment of 100 exposed pregnancies in a
simple uncontrolled cohort might suffice. This is because the
effect of major teratogens is so large that it overwhelms the
potential impact of common methodological biases on relative
risks. However, weaker factors are more difficult to identify,
and will require larger samples and accurate estimates, i.c.,
carefully designed studies. Validity is crucial for modest
effects.

For these modest risks, it is important to stick to the fol-
lowing “good practice” principles: (I) Consider specific birth
defects, (II) consider specific factors (e.g., individual drugs),
(IIT) focus on the etiologically relevant gestational period, (IV)
obtain accurate measures of exposure and outcome, (V) enroll
enough subjects to attain sufficient statistical power, (VI)
avoid preferential publication in the context of multiple com-
parisons, (VII) replicate studies to confirm or refute initial
findings, (VIII) write a detailed protocol (well-designed study,
well-specified comparisons, appropriate analytic plan, etc.)
that could be registered or shared, (IX) careful publication
(expose and discuss limitations, present sensitivity analyses
that quantify uncertainty, rational interpretation of scientific
evidence, etc), and (X) transparent communication to
stakeholders.

In addition to these principles, we may sometimes need to
implement modern epidemiologic approaches. For instance,
to avoid selection bias (e.g., by not adjusting for intermediate
variables), evaluate direct and indirect effects (e.g., mediation
analyses), or reduce confounding (e.g., propensity scores or
inverse probability weighting). As an example, modern causal
approaches could help us understand the role of plurality and
prematurity on the effect of assisted reproduction technology
(ART) on certain birth defects (Fig. 1).

The direct acyclic graph (DAG)’s validity depends on the
identification of the correct relationship between the factors
(nodes) and inclusion of all potential common causes of the
exposure and outcome of interest. Vital knowledge to inform
the DAGs will often originate from a broad range of disci-
plines, from genetics to anthropology. Epidemiological stud-
ies can benefit from other approaches indirectly (i.e., using
their results to inform hypotheses and designs) and directly

@ Springer



34

Curr Epidemiol Rep (2015) 2:31-36

ART

Common causes

Multiples ———— Preterm birth —— Septal defects

Fig. 1 Example of a direct acyclic graph (DAG) to apply causal thinking to birth defects. These causal networks can help us identify confounders
(common causes) and mediators (multiples and preterm birth) of the exposure association to (specific) birth defects

(e.g., incorporating genetic and epigenetic testing). Therefore,
interdisciplinary collaboration and integration of different ap-
proaches is essential for the understanding of causes and pre-
dictors of human birth defects.

In conclusion, all epidemiological studies should keep in
mind some basic principles; some may need to consider ad-
vanced methods. We believe that epidemiological research is
necessary to understand the origins of birth defects, to predict
them, and to prevent them. However, it is not sufficient. Inter-
disciplinary collaborations will help move the field forward on
more solid foundations.

Counter Argument: Limitations of Epidemiological Studies

While the prevention of NTDs is a success story, it may not
necessarily be representative for other types of birth defects.
Before the role of folic acid in NTD prevention was discov-
ered, great variation in the occurrence of NTDs both over time
and geographic areas had been described. Temporal trends
and regional clusters would not be observed for completely
stochastic events, thus pointing to the presence of one or more
determinants that explained the variability. Further indications
of an environmental influence came from observations that
migrants acquired the risk in their new country of residence.
In contrast to NTDs, most other birth defects show less vari-
ation in their occurrence across time and space. To infer from
this observation alone that their occurrence is mostly stochas-
tic may however be an oversimplification.

A major challenge to study birth defects in pregnancy co-
horts is the right truncation of the cohort by the spontaneous
abortion and therapeutic termination of pregnancies after pre-
natal diagnosis of a congenital malformation. The total risk of
miscarriage is 12 to 15 % in women at their healthiest years of
reproduction (age 25 to 35), and it is reasonable to expect that
severe and lethal malformations are common reasons for
spontaneous abortions. In Europe, about 4 % of pregnancies
are terminated after prenatal diagnosis of birth defects and
18 % of all fetuses with malformations are terminated follow-
ing prenatal screening [37]. The proportion of terminations
varies among specific defects [38+] and among populations.
Thus, the commonly quoted prevalence of malformations at
birth of around 3 % does not reflect the incidence of
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malformations during embryo development. Inability to mea-
sure the true incidence can have important consequences for
etiological studies of birth defects, particularly if the exposure
influences the degree of selection (a problem not even ran-
domized controlled trials can solve).

From a methodological standpoint, an optimal study design
would allow consideration of all fetuses, terminated or not.
For a majority of miscarriages, however, pathological analysis
will never be feasible, as they may not even lead to a medical
procedure. Those that occur under medical supervision are
still unlikely to undergo diagnostic scrutiny with respect to
specific type of defect(s). If studies generally need to be spe-
cific to a given defect to provide useful etiological informa-
tion, inclusion of miscarriages would only add noise due to
loss of specificity. If we believe that most teratogens influence
specific processes, they may also mostly produce specific
birth defects. Again, speculative, this could imply that sto-
chastic events, including chromosomal aberrations, will in
comparison be responsible for a greater portion of wide-
striking (multi-organ) disruptions, which are not compatible
with life. If so, spontaneous abortions would represent a larger
part of the stochastic quota and would, if included, rather lead
to more noise in the quest to find causal factors. Also, from a
public health perspective, miscarriages—sometimes not even
noticed by the woman—and major birth defects may be
completely different outcomes. While fertility and fetal viabil-
ity are inarguably important, we may, as a society, be most
interested in birth defects among those who survive the first
trimester.

Conclusions

In summary, to quantify absolute risk in humans and inform
couples based on their genetic and non-genetic characteristics
we need prediction models based on data from a large number
of humans (i.e., epidemiological studies). To identify causes
of birth defects that may lead to prevention of cases in
humans, we need causal inference thinking informed by data
from a large number of humans (i.e., epidemiological studies).
Epidemiologic approaches can be valuable for the
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identification of both teratogens and their interaction with ge-
netic determinants. Thereby, they can further our understand-
ing not only on currently unknown risk factors but also on
known ones. To identify potential new teratogens, we have
learnt from the thalidomide conundrum that we need to be
proactive. To further our understanding of known risk factors,
epidemiologic studies have been crucial to understand the
relevance of folic acid pathways for birth defects. We learnt
from folic acid that epidemiological plausibility can support
biological findings as much as biological plausibility can sup-
port epidemiological ones. Although our aim has been to dis-
cuss the role of epidemiological studies, we also note that
models from basic sciences and animal studies must be used
to guide the design of epidemiologic studies. Hence, we con-
clude that yes, modern epidemiologic approaches are invalu-
able to furthering our understanding of risk factors for human
birth defects. However, translational approaches and interdis-
ciplinary collaborations will also be essential to further our
knowledge.
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