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ARTICLE ) Check for updates
Surveillance of multiple congenital anomalies; searching for
new associations

Joan K. Morris 1&, Jorieke E. H. Bergman 2 Ingeborg Barisic?, Diana WeIIesIey4, David Tucker’, Elizabeth Limb’,
Marie-Claude Addor®, Clara Cavero-Carbonell 7, Carlos Matias Dias®, Elisabeth S. Draper®,

Luis Javier Echevarria-Gonzalez-de-Garibay'®, Miriam Gatt'', Kari Klungseyr'>'3, Nathalie Lelong'®, Karen Luyt'>,

Anna Materna-Kiryluk'®, Vera Nelen'”, Amanda Neville'?, Isabelle Perthus'®, Anna Pierini*’, Hanitra Randrianaivo-Ranjatoelina®’,
Judith Rankin®?, Anke Rissmann {23, Florence Rouget®*, Geraldine Sayers®®, Wladimir Wertelecki @ 2°,

Agnieszka Kinsner-Ovaskainen?” and Ester Garne®®

© The Author(s) 2023

Many human teratogens are associated with a spectrum of congenital anomalies rather than a single defect, and therefore the
identification of congenital anomalies occurring together more frequently than expected may improve the detection of teratogens.
Thirty-two EUROCAT congenital anomaly registries covering 6,599,765 births provided 123,566 cases with one or more major
congenital anomalies (excluding chromosomal and genetic syndromes) for the birth years 2008-2016. The EUROCAT multiple
congenital anomaly algorithm identified 8804 cases with two or more major congenital anomalies in different organ systems, that
were not recognized as part of a syndrome or sequence. For each pair of anomalies, the odds of a case having both anomalies
relative to having only one anomaly was calculated and the p value was estimated using a two-sided Fisher's exact test. The
Benjamini-Hochberg procedure adjusted p values to control the false discovery rate and pairs of anomalies with adjusted

p values < 0.05 were identified. A total of 1386 combinations of two anomalies were analyzed. Out of the 31 statistically significant
positive associations identified, 20 were found to be known associations or sequences already described in the literature and 11
were considered “potential new associations” by the EUROCAT Coding and Classification Committee. After a review of the literature
and a detailed examination of the individual cases with the anomaly pairs, six pairs remained classified as new associations. In
summary, systematically searching for congenital anomalies occurring together more frequently than expected using the EUROCAT
database is worthwhile and has identified six new associations that merit further investigation.

European Journal of Human Genetics; https://doi.org/10.1038/s41431-023-01502-w

INTRODUCTION than an isolated anomaly [1-5], identification of cases with
Identifying new teratogens is one of the main goals of a multiple congenital anomalies that occur together more fre-
congenital anomaly registry. As many known human teratogens quently than would be expected due to chance alone is likely to
are associated with a spectrum of congenital anomalies rather be more sensitive in the detection of teratogens. Around three out
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of four fetuses with a congenital anomaly have an isolated
anomaly [6]. Among the remaining fetuses many of these
anomalies are due to a chromosomal anomaly (for example,
Down syndrome), a single gene defect (for example, Noonan
syndrome) or a known teratogen (for example, cytomegalovirus
infection), but some fetuses have more than one major anomaly
without known etiology. Multiple congenital anomalies may also
occur as a consequence of a single primary anomaly (for example,
the Potter sequence resulting from renal agenesis and with
secondary lung hypoplasia and clubfoot). It is therefore important
to identify cases with two or more congenital anomalies in
different organ systems, where the pattern of anomalies has not
been recognized as part of a syndrome, known association or
sequence as these could indicate unknown teratogens or new
associations. Around 2% of all births have a congenital anomaly,
but multiple congenital anomalies occur in around 16 per 10,000
births, with specific combinations of anomalies being even rarer
[7]. Therefore, it is necessary to analyze the data from large
datasets with sufficient cases.

The aim of this study was to analyze data from the EUROCAT
network of congenital anomaly registries collected from births
between 2008 and 2016. A method to automatically identify all pairs
or triplets of anomalies occurring more frequently than would be
expected due to chance alone was developed. Once such pairs/
triplets were identified, the literature was searched to determine if
such pairs/triplets of anomalies had already been identified as being
part of an association or sequence. Any new pairs of anomalies were
examined in greater detail by the registries to determine if any
genetic test results were available.

SUBJECTS AND METHODS

The first step in the identification of multiple anomalies is correct case
classification. The EUROCAT multiple congenital anomaly algorithm has
been developed in collaboration between the EUROCAT Central Registry
and the Coding and Classification Committee and continuously improved
since 2004 [6]. The members of the Coding and Classification Committee
are geneticists and pediatricians. The algorithm classifies cases into
different groups based on ICD-10/British Paediatric Association (BPA)
codes. The aim of the algorithm is to classify congenital anomaly cases
into:

(@) Chromosomal syndromes: all cases where an unbalanced chromo-
somal anomaly has been diagnosed, irrespective of types of
anatomically defined anomalies.

(b) Genetic and environmental syndromes: all cases are due to a single
gene defect or a known environmental teratogen, irrespective of
types of anatomically defined anomalies. This includes skeletal
dysplasias and hereditary skin disorders.

(c) Isolated anomalies: all cases with one congenital anomaly/anomalies
occurring in only one organ subgroup or with a known sequence
where multiple congenital anomalies cascade as a consequence of a
single primary anomaly.

(d) Multiple congenital anomalies: cases with two or more major
congenital anomalies in different organ systems, where the pattern
of anomalies has not previously been recognized as part of a
syndrome or sequence.

Papers published in 2011 and 2014 describe the methodology and
results of the first 2 years of data [6, 7]. The computer algorithm allocates
90% of all EUROCAT cases into classification groups (a), (b) or (c).
Approximately 10% of cases are classified by the computer as potential
multiple cases and these cases were reviewed by three EUROCAT
geneticists to reach an agreement for classification as true multiple
congenital anomaly cases (d) or allocation to another group. A web-based
system for review of cases has been developed, which allows easy and fast
review of many cases and transfer of the final decision back to the central
database. If two geneticists agreed on a case classification, this was
considered the final decision. If all three geneticists disagreed or one of
them classified the case for query, the moderator made the final decision.
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Thirty-two full-member registries covering 6,599,765 births provided
154,154 cases with one or more major congenital anomalies born between
2008 and 2016. Cases with chromosomal and genetic syndromes, skeletal
dysplasias or hereditary skin disorders were excluded resulting in 123,566
cases for inclusion in this analysis.

Statistical methods

Sixty EUROCAT congenital anomaly subgroups were used in the analysis
(Appendix Table A); 57 specific congenital anomaly subgroups and three
more general congenital anomaly subgroups (neural tube defects (NTDs),
congenital heart defects (CHD) and Severe CHD [8]).

Analysis of multiple congenital anomaly cases only

All cases classified above as multiple congenital anomaly cases were
analyzed as follows. For each pair of anomalies (say A and B) the odds of a
case having anomaly B given that it had anomaly A relative to the odds of
a case having anomaly B given that it did not have anomaly A was
calculated and the associated p value estimated using a two-sided Fisher's
exact test. (Note that the odds ratio for anomaly A given anomaly B is
identical to the odds ratio for anomaly B given anomaly A—so only one
test was performed for each anomaly pair). The relative odds were not
calculated for pairs of anomalies included in the same organ or system (for
instance ventricular septal defect (VSD) and any other cardiac anomaly).
They were also not calculated for clubfoot with spina bifida or renal
dysplasia as clubfoot is considered to arise as a result of the occurrence of
spina bifida or renal dysplasia. Finally, they were not calculated for situs
inversus and any cardiac anomaly as this association is part of the
heterotaxy spectrum.

Multiple testing procedures were carried out using the
Benjamini-Hochberg procedure to control the false discovery rate. This
gave a corrected overall p value to determine statistical significance and
thus adjusted p values were calculated. Pairs of anomalies with adjusted
p values < 0.05 were examined further. The analysis was repeated for
males and females separately as hypospadias is only present in males (33
cases of indeterminate sex and 489 cases with missing sex were
excluded).

Logistic regression models were used to examine associations between
three anomalies. Each anomaly in turn was regressed on two other
anomalies and the interaction term provided an estimate of the odds ratio
for all three anomalies given any of the other two anomalies. As before,
sets of anomalies known to be related were excluded, and the
Benjamini-Hochberg procedure to control the false discovery rate was
applied to obtain adjusted p values.

Analysis of all cases with an anomaly

The above analysis was repeated on the population of all anomaly cases
(n = 123,566), not just those with multiple anomalies. The number of cases
with both anomalies remains the same, but the number of cases with each
individual anomaly increases due to the inclusion of cases with only one
anomaly. The estimated relative odds were therefore inflated, and the p
values reduced. We therefore only examined pairs of anomalies with
adjusted p values < 0.01, rather than the <0.05 cut-off used above.

Results of the statistical analysis

The EUROCAT multiple congenital anomaly algorithm followed by a review
by three EUROCAT geneticists identified 8804 (7.1%; 95% confidence
interval (Cl): 7.0-7.3) cases for the 9 years with two or more anomalies out
of all 123,566 cases without a genetic disorder. The proportion of multiple
anomaly cases was greater in males (7.1%; 95% Cl: 6.9-7.3) than in females
(6.8%; 95% Cl 6.5-7.0), though not statistically significant.

A total of 31 statistically significant positive associations between two
EUROCAT subgroups were found when analyzing the cases with multiple
congenital anomalies only and judging significance from an adjusted
p value < 0.05. These results are very similar to those obtained by analyzing
all cases with a congenital anomaly (rather than just those with multiple
anomalies) and selecting those associations with an adjusted p value of
<0.01 (Tables 1 and 2). The results were also similar when males and
females were analyzed separately.

There were no combinations of three anomaly subgroups that were
statistically significantly more likely to occur than any of the combinations
of two anomalies.
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Results of the review by the EUROCAT coding and
classification committee

The list of the 31 significant associations was reviewed by the EUROCAT
Coding and Classification Committee to determine if the pairs identified
were potential unrecognized associations or were part of a known
association or sequence or had occurred due to other reasons. Nineteen
associations were known associations or sequences already described in
the literature (Table 1). Associations were thought to be part of limb body
wall complex, OEIS complex (omphalocele-exstrophy-imperforate anus-
spinal defects), VACTERL association or sequences like Prune Belly
Sequence. One association was explained by coding errors of the
anomalies included in the association and related to a known association
(also Table 1).

Potential new associations. Eleven associations were determined
“unknown” and were selected for literature reviews and reviews of the
individual cases with the association by the Coding and Classification
Committee members in collaboration with the local registries (Table 2). For
some associations such as atrioventricular septal defect and duodenal
atresia the registries checked for the most recent karyotype testing that
may have been performed after the case was notified to the registry.
Details of these investigations including the proportion of cases with
known karyotypes are given in Table 2 ordered according to the odds
ratios.

Two anomaly pairs, microcephaly and congenital cataract; Ebstein’s
anomaly and cleft lip, were judged not to be a new association because
most of these cases were suspected of having an undiagnosed genetic
disorder. Three anomaly pairs were judged to have weak evidence in the
literature of a known association: anencephalus and gastroschisis; NTDs
and gastroschisis; encephalocele and cleft lip [9-13]. Six anomaly pairs
were judged to have evidence of a new association and will be
investigated in further detail during annual surveillance in EUROCAT:
encephalocele and anophthalmos/micropthalmos; cleft lip and anophthal-
mos/microphthalmos; hydrocephaly and hypoplastic right heart; atrioven-
tricular septal defect and duodenal atresia/stenosis; tetralogy of Fallot and
duodenal atresia/stenosis; severe CHD and duodenal atresia/stenosis.

DISCUSSION

This study examined 1386 different combinations of two
anomalies occurring in the same case and identified 31 significant
associations of which 20 were known associations. The remaining
11 significant associations were evaluated in detail and six pairs of
anomalies were considered to be new associations and not part of
any known association or sequence. The EUROCAT surveillance on
these six anomaly pairs will be continued as part of the routine
surveillance for clusters and trends.

The classification of significant associations as known associa-
tions or sequences was based on published literature. Ten
anomaly pairs were part of the limb body wall complex [14, 15],
OEIS complex [16, 17] or VACTERL association [18, 19]. The
association of neural tube defects and omphalocele was
documented previously and explains three of the anomaly pairs
found in this study [9, 20]. Newborn infants with diaphragmatic
hernia often have pulmonary hypertension [21] which keeps the
PDA open explaining one anomaly pair. We classified the anomaly
pair posterior urethral valves and clubfoot as the oligohydramnios
sequence [22]. The remaining three pairs classified in this study as
known associations are less well known but are documented in
the literature [23-25].

Of the six new associations, three pairs overlap: severe CHD,
Tetralogy of Fallot and common AV canal were found to be
associated to duodenal atresia. We only found one publication
describing a non-genetic association in two siblings [26]. As this
association is very well-described for children with Down
syndrome, we will follow up on future cases with a special focus
on genetic tests performed. However, it is unlikely that Down
syndrome will remain undiagnosed in liveborn infants. The new
association between encephalocele and an/microphthalmos was
rarely found in the literature [27]. The same holds true for an/
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microphthalmos and cleft lip, which was not found in the
literature. The last new pair of anomalies, hydrocephaly and
hypoplastic right heart syndrome, only occurred in males
and many cases had associated renal/genital anomalies. We
found three publications with these two anomalies together of
which two described cases with a genetic background [28, 29] and
one suggesting this combination of anomalies could be part of
VACTERL [30]. Further surveillance will be done for all new
associations.

Other studies have used similar approaches to identify new
associations. For example, the Co-occurring defect analysis
approach recommended by Benjamin et al. [31] and used by
Howley et al. [32], is based on a modified observed-to-expected
(O/E) ratio of co-occurring birth defects (congenital anomalies)
that was originally proposed by Khoury et al. [33]. The method
adjusts for the tendency of birth defects to cluster with other
major malformations. The data analyzed in our study firstly only
compared the occurrence of a pair of anomalies within cases that
had at least two anomalies (whereas the studies above included
isolated anomalies) and therefore the tendency to cluster did not
need to be adjusted for in the first set of analyses. The second
analysis compared pairs of anomalies to cases with only one
anomaly and as expected the odds ratios were higher. However,
when adjusted p values were calculated, a similar set of anomalies
was statistically significant at p<0.01. A second important
difference between the method adopted by Benjamin et al. [31]
was that in this analysis we excluded any cases with known
chromosome or genetic anomalies. We wanted to identify any
new anomaly clusters—we were not interested in identifying
known associations.

The strength of this study was that it was based on data from 32
EUROCAT full-member congenital anomaly registries covering
6,599,765 births between 2008 and 2016. EUROCAT has standar-
dized methods of coding and data cleaning which are adopted by
all member registries and the data quality is monitored by the use
of data quality indicators. The EUROCAT multiple congenital
anomaly algorithm identifies all cases with two or more non-
genetic major congenital anomalies in different organ systems,
where the pattern of anomalies has not been recognized as part of
an association or sequence. A limitation of the study was that it
was not possible to obtain detailed genetic information on all
cases—the researchers were dependent on the data that had
been provided to the registry as the individual cases could not be
contacted for more information.

In summary, most associations found by the statistical analysis
were known associations already described in the literature.
However, there were six new associations that need continued
investigation and will be followed by the annual EUROCAT
surveillance system.

DATA AVAILABILITY

The data analyzed during this study belong to the individual EUROCAT congenital
anomaly registries. Applications to analyze these data will be considered by the JRC-
EUROCAT management committee and if they are considered of high scientific merit,
permissions for the sharing of the data will be sought by the JRC from the relevant
registries.

CODE AVAILABILITY
The R data analysis programs are available on reasonable request from JM, the
corresponding author.
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