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ARTICLE INFO ABSTRACT

Keywords: This study investigated the risk of congenital heart defects (CHD) and other congenital anomalies (CA) associated
Macrolides with first trimester use of macrolide antibiotics (mainly erythromycin, spiramycin, clarithromycin and azi-
Erythromycin

thromycin) and lincosamides (clindamycin) using a case-malformed control design.

zﬁ’;i?sﬁzgsycm Data included 145,936 babies with a CA diagnosis (livebirths, stillbirths and terminations of pregnancy for CA)
Azithromycin from 15 population-based EUROCAT registries in 13 European countries, covering 9 million births 1995-2012.
Clindamycin Cases were babies with CHD, anencephaly, orofacial clefts, genital and limb reduction anomalies associated with
Pregnancy antibiotic exposure in the literature. Controls were babies with other CA or genetic conditions. Main outcomes
First trimester were odds ratios adjusted (AOR) for maternal age and registry, with 95 % Confidence Intervals (95 %CI).

Congenital anomaly Macrolide and lincosamide exposure was recorded for 307 and 28 cases, 72 and 4 non-genetic controls, 57 and

7 genetic controls, respectively. AOR for CHD was not significantly raised (AOR 0.94, 95 %CI: 0.70-1.26 vs non-
genetic controls; AOR 1.01, 95 %CIL: 0.73-1.41 vs genetic controls), nor significantly raised for any specific
macrolide. The risk of atrioventricular septal defect was significantly raised with exposure to any macrolide
(AOR 2.98; 95 %CI: 1.48-6.01), erythromycin (AOR 3.68, 95 %CI: 1.28-10.61), and azithromycin (AOR 4.50, 95
%CI: 1.30-15.58). Erythromycin, clarithromycin, azithromycin, and clindamycin were associated with an
increased risk of at least one other CA.

Further research is needed on the risk of specific CA associated with macrolide and lincosamide use in the first
trimester, particularly relevant for the potential use of azithromycin in the treatment of COVID-19.
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1. Introduction

Macrolide antibiotics are commonly used to treat respiratory prob-
lems and certain sexually transmitted diseases [1-3]. They are generally
considered to have a good safety profile, but there have been conflicting
findings about their potential to prolong the QT interval in ECG tests of
the heart [1-4]. Azithromycin, an analogue of erythromycin, is
considered to have a better safety profile than erythromycin and clari-
thromycin [1,4]. It has a slow-acting anti-malarial property; and owing
to growing resistance to sulphadoxine-pyrimethamine (SP), its combi-
nation with chloroquine has been proposed as an alternative to the
current WHO recommended intermittent preventive treatment of ma-
laria in pregnancy with SP [5-7]. Currently, the potential use of azi-
thromycin - chloroquine combination in COVID -19 treatment is being
tested [8].

There has been debate about the potential association of macrolides
(especially erythromycin) with congenital heart defects (CHD). In 2003,
a Swedish Birth Registry study reported that first trimester use of mac-
rolides (mainly erythromycin) was associated with increased risk for
CHD (OR 1.79; 95 %CI 1.3-2.8) [9]. Subsequent updates of this study in
2005 and 2013 found similar results [10,11]. A recent UK study reported
an increased risk of CHD (adjusted relative risk 1.62; 95 %CI 1.05-2.51)
[12]. Other studies have found no significant association between
macrolides and CHD [13-27], including a 2019 meta-analysis [28].
Most studies did not have an adequate sample size and power to
investigate specific CHD.

Lincosamide antibiotics (the most common being clindamycin) are
related to the macrolides in the WHO Anatomic Therapeutic Classifi-
cation (ATC) in inhibiting bacterial protein synthesis through binding to
the 50-S part of the ribosomes. There has been very little study of this
antibiotic in pregnancy [24].

We investigate here the risk of CHD and other CAs associated with
macrolide and lincosamide antibiotics, as part of a wider study of anti-
biotics using the large European EUROmediCAT database (http://www.
euromedicat.eu/currentresearchanddata/data), derived from registries
belonging to the EUROCAT network for Surveillance of Congenital
Anomalies  (https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat
-network_en).

2. Materials and methods
2.1. Study design

The EUROmediCAT database holds data for babies with CA among
live births (LB), fetal deaths (FD) from 20 weeks gestational age and
terminations of pregnancy following prenatal diagnosis of fetal anomaly
(TOPFA) at any gestational age. It does not include any data on babies
without CA. We therefore performed a case-malformed control study.
This design is particularly suitable to investigate specificity of malfor-
mation association with medication exposure rather than the overall risk
of malformation [29] and has been validated in other studies using the
EUROmediCAT database [29,30]. Cases were babies with CA associated

Original Sample
(170,062)

SE Ireland, Reunion-France, & Ukraine registries (11,245)
L
TOPFA (Emilia Romagna Registry) (2,444)

Exclusions (24,126)* Isolated hip dislocation only (4,243)

3

leptics (2,538)

¥
Antibiotic exposure of unknown timing (3,655)*

Final Sample
(145,936)

Fig. 1. Sample size flow chart.

*One baby with isolated sequence of unspecified nature was also excluded.

¥ (90 % of registrations with unknown timing were from three registries
(Saxony_Anhalt_Germany, Poland, and Wielkopolska_Poland).

Reproductive Toxicology 100 (2021) 101-108

in the epidemiologic literature with any antibiotic exposure (see Fig. 1).
Controls were babies with other CA or genetic conditions [29]. To avoid
confusion, throughout this paper the term ‘registration’ refers to
babies/fetuses with CA including both cases and controls.

2.2. Study population and data

EUROmediCAT is a network dedicated to the study of medication
safety in pregnancy which includes EUROCAT population-based CA
registries collecting data on medication exposure during pregnancy.
Currently 20 EUROCAT registries from 14 countries participate in
EUROmediCAT with annual surveillance covering approximately
753,000 births per year throughout Europe (www.euromedicat.eu)
[31].

The registries collect and send anonymised individual case data to
the EUROmediCAT Central database. The standard data on each regis-
tration are described in EUROCAT Guide 1.4 [32]. One syndrome and up
to eight malformations are coded using International Classification of
Diseases, Ninth Revision (ICD-9) or Tenth Revision (ICD-10) codes with
British Pediatric Association (BPA)/RCPCH one-digit extensions. Reg-
istrations have one or more major malformations, using the EUROCAT
list of minor anomalies for exclusion of registrations with minor
anomalies only [32]. This list of minor anomalies includes also anom-
alies of non-congenital origin including pyloric stenosis, and Patent
Ductus Arteriosus in preterm births. All registrations are classified to
EUROCAT subgroups according to their ICD9/10-RCPCH codes, as set
out in EUROCAT Guide 1.4. [32] The sources used to obtain data on CA
vary across registries and include maternity, neonatal, and paediatric
records; fetal medicine, cytogenetic, pathology, and medical genetics
records; paediatric cardiology services; and hospital discharge and child
health records [33]. The majority of the registries record anomalies
diagnosed up to at least one year of age.

Medications taken in the first trimester of pregnancy are coded ac-
cording to the Anatomic Therapeutic Chemical (ATC) classification.
Maternal disease before and during pregnancy are recorded using ICD
codes. Most registries (84 %) collect prospective data on medication
exposure during the first trimester, mainly from maternity and other
medical files, and some collect retrospective data from interviews with
women after delivery or other sources, either alone (17 %) or in com-
bination with prospective sources (28 %) [34]. All participating regis-
tries reviewed antibiotic exposures to confirm that they were first
trimester exposures.

All registries recording information on antibiotic exposures, with
data over the period of this study (1995-2012), were eligible to
participate in the study. Eighteen of the 23 eligible registries agreed to
participate in the study.

2.3. Dataset exclusions
We applied the following exclusions to our original dataset:

1) SE Ireland, Reunion-France and Ukraine registries were excluded
because they recorded no first trimester macrolide exposure;

2) TOPFAs were excluded from the Emilia Romagna registry as infor-
mation on medications is only available for LB and FD;

3) Registrations with isolated hip dislocation/dysplasia were excluded
based on the known association with birthweight and potential for
confounding;

4) Registrations with mothers with epilepsy or pregestational diabetes,
or mothers who took anti-epileptics or hypoglycaemic agents were
excluded due to the known association with CA;

5) Registrations which had antibiotic exposures of unknown timing or
missing description were excluded.

These exclusions reduced the dataset from 170,062 to 145,936 reg-
istrations as shown in Fig. 1.


http://www.euromedicat.eu/currentresearchanddata/data
http://www.euromedicat.eu/currentresearchanddata/data
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat-network_en
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat-network_en
http://www.euromedicat.eu
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2.4. Case definition

Cases were defined as all LB, FD from 20 weeks gestational age, and
TOPFA with major CA (classified by EUROCAT subgroup) which were
signals identified from the literature, excluding those with a genetic
syndrome (see Fig. 2 and Supplementary Table S1). We conducted a
literature review of case-control and cohort studies reported in Medline
and Reprotox databases from creation up to March 2016, to identify
signals of specific CA associated with first trimester use of antibiotics.
We defined a signal as a statistically significant result of increased risk,
or a risk ratio >3, with at least two exposed cases in the first trimester
[35]. As this report focuses on macrolides, the signals identified for the
macrolides in the literature review (up to 2016) are shown in Table 1.

2.5. Control definition

We used two control groups:

Non-genetic controls: LB, FD from 20 weeks gestation, and TOPFA
with all other major CA subgroups, excluding CA subgroups that were
defined as cases or related to case CA subgroups, and excluding genetic
syndromes (Fig. 2).

Genetic controls: LB, FD from 20 weeks’ gestation, and TOPFA, with a
diagnosis of a genetic syndrome (Fig. 2). According to EUROCAT Guide
1.4, babies with genetic syndromes are defined as those diagnosed with
a genetic syndrome / microdeletion, skeletal dysplasia, or chromosomal
anomaly) [32]. The genetic controls also included registrations which
had a genetic syndrome where a signal anomaly was part of the genetic
syndrome.

Reproductive Toxicology 100 (2021) 101-108
2.6. Exposures under investigation and exposure comparison groups

Exposure in first trimester of pregnancy to any macrolide (ATC code
JO1FA), and five specific macrolide subclasses erythromycin (ATC code
JO1FAO1), spiramycin (ATC code JO1FA02), clarithromycin (ATC code
JO1FA09), azithromycin (ATC code JO1FA10). Clindamycin (JO1FF01)
was also investigated, the only lincosamide (JO1FF) antibiotic repre-
sented in the dataset. Two types of exposure comparison groups were
used: no antibiotic exposure during pregnancy (primary comparison)
and exposure to drugs other than antibiotics, excluding vitamins and
minerals (secondary comparison).

Macrolides are used as an alternative for pregnant women who are
allergic to penicillins which is considered relatively safer compared to
other types of antibiotics.'2 Hence we performed sensitivity analyses for
selected significant results using penicillins as the exposure comparison
in order to account for any residual confounding due to infection. This
approach has also been used in other studies [12,18,24].

2.7. Statistical methods

Data were analysed using STATA version 12. Odds ratios (OR), crude
(COR), adjusted (AOR) and 95 %CI were produced by logistic regression,
with statistical significance level set at 0-05. We performed analysis for
macrolides as a class, then for each of the five subclasses of macrolides.
Registries without any exposures for a specific macrolide subclass were
excluded from the analysis of that subclass. Each investigation of an
association between a macrolide and a case CA subgroup made use of the
four comparison groups i.e. the two control groups (non-genetic controls

All Congenital Anomalies (CA)
(Total Sample: 145,936 registrations)

Registrations with CA
associated with

antibiotics in literature
(109,085)

Registrations
with an
associated
genetic
syndrome
(8,383)

CASES
(100,702)

Nervous System + subcategories
Anophthalmos (Eye)

4 N

C. Glaucoma (Eye)

Ear, Face and Neck + subcategories
Congenital Heart Defects + subcategories
Choanal Atresia (Respiratory)
Orofacial Clefts + subcategories
Oesophageal atresia +/- fistula (Digestive)
Atresia/stenosis small intestine (Digestive)
Limb + subcategories

Diaphragmatic Hernia (Digestive)

Gastroschisis (Abdominal Wall)

Genital + subcategories.

-

CA subgroups associated Other CA subgroups
with macrolides in previous Including:
literature Congenital Heart Defect subcategories
(Macrolide Signals) Orofacial Cleft subcategories

Anencephaly
Congenital Heart Defects (combined)
Orofacial Clefts (combined)

Genital subcategories

Genital (combined)
Limb reduction

Registrations with anomalies related
to cases (2,707)
- Other eye (1,338)
- Duodenal atresia or stenosis (322)
- Anorectal atresia or stenosis (934)
- Atresia of bile ducts (113)

Non-Genetic Controls
(23,467)

All other EUROCAT subgroups

Genetic
Controls
(19,060)

Fig. 2. Classification of EUROCAT CA subgroups according to their status as signals in previous studies (up to 2016) of antibiotics and macrolides, used in
designation of case and control groups. All malformations shown are EUROCAT subgroups defined in EUROCAT Guide 1.4. [30].
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Table 1
Signals for Macrolides evaluated in the study (identified in the literature up to
2016).

Macrolide Signals Author/ Study Exposed AOR/RR
studied Identified year type events (Cn
Kallén
Congenital et al. Case- 29 1.79
heart defect 2003 control (1.3-2.8)
Macrolides . ]
Congenital .
. Linetal.
anomalies of 2013 Case- 6 2.8
the genital [20] : control (1.0-7.7)
organs
Kéllén
Any etal. 1.24
malformation 2005 Cohort 103 (1.0-1.5)
[10]
Kallén
Congenital et al. 1.70
heart defect 2013 Cohort 43 (1.3-2.3)
. [11]
Erythromycin Crider
et al. Case- 2.4
A hal:
HERCePiaY 2009 control (1.1-5.3)
[16]
Crider
Limb et al. Case- 14 1.8
deficiency 2009 control (1.0-3.3)
[16]
Bar-Oz
. . Congenital etal. 3.59
Azithromyein oot defect 2012 Cohort 234 (0.99-12.9)
[19]
Cooper
Orofacial et al. 4.9
clefts 2008 Cohort 2 (0.90-26.6)

[15]

AOR: adjusted odds ratio; RR: relative risk; CI: confidence interval; Madeline
was searched using the following MeSH and text terms combination: (‘Preg-
nancy’ OR all ‘text terms’) AND (‘Anti-Bacterial Agents’ OR all ‘antibiotic class/
type’) AND (‘Congenital abnormality” OR all ‘text terms’).

and genetic controls) and the two exposure comparison groups i.e. no
antibiotics exposure (primary exposure comparison) and exposed to
other medications (secondary exposure comparison). We adjusted for
the following confounders: year of birth in three time periods
(1995-2000; 2001-2006; 2007-2012), EUROCAT registry, and
maternal age in categories (<20; 20—24; 25—29; 30—34; 35—39 and
40+).

We divided our analyses into signal testing analyses regarding the
five subgroups of CA shown in Table 1, and exploratory analyses
regarding the non-macrolide antibiotic signal CA subgroups. For the
latter, all results are given in supplementary files, and only statistically
significant results with at least 3 exposed cases are given in the main
tables.

We considered a result to be robust if AOR were statistically signif-
icant in two or more analyses (using the two control groups and two
exposure comparison groups). Only results involving the primary
exposure comparison group are presented (results involving secondary
exposure comparison are found in the Supplementary Tables S4b-9b).

As our primary controls (non-genetic controls) are malformed ba-
bies, there is a possibility that some CA in this control group could be
associated with the macrolides under investigation (teratogen non-
specificity bias), leading to reduced OR [36,37]. As a sensitivity anal-
ysis, we therefore investigated the association between specific
non-genetic control subgroups and macrolides using the secondary
controls (genetic controls) as the comparison group. These results are
given in the Supplementary Table S3.
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3. Results
3.1. Study population

Our analysis dataset consisted of 145,936 registrations from 15
EUROCAT registries in 13 European countries covering an 18-year
period (1995-2012) and included 100,702 cases, 23,467 non-genetic
controls and 19,060 genetic controls (Table 2). A total of 2707 regis-
trations with CA subgroups related to that of cases were excluded from
the analysis (Fig. 2).

During the first trimester, a total of 3440 (2.36 %) women were
exposed to at least one antibiotic (Supplementary Table S2). First
trimester infection was reported for 2499 (1.71 %) women of whom
14.77 % had a record of first trimester antibiotic exposure.

Cases significantly differed from both control groups with respect to
registry and maternal age (Table 2). Cases and controls also differed by
type of birth, since the proportion of TOPFA varies by type of anomaly.

3.2. Signal testing and exploratory analysis

Overall, the proportion of cases (0.30 %) exposed to macrolides in
the first trimester was not significantly different to that of non-genetic
controls (0.29 %; AOR 0.99; 95 %CI 0.76-1.28), or genetic controls
(0.28 %; AOR 1.04; 95 %CI 0.77-1.40). Similar results were also ob-
tained for all five specific macrolides studied (Table 3).

None of the 5 signals shown in Table 1 were confirmed (Table 3).
However, although the CHD signal was not confirmed, a pattern of
increased risk for the specific heart defect atrioventricular septal defect
(AVSD) was observed for any macrolide exposure (9 exposed cases, AOR
2.98; 95 %CI 1.48-6.01); erythromycin (4 exposed cases, AOR 3.68; 95
%CI 1.28-10.61); clarithromycin (2 exposed cases, AOR 6.85; 95 %CI
1.41-33.32; see foot notes in Table 4); and azithromycin (3 exposed
cases, AOR 4.50; 95 %CI 1.30-15.58) (Table 4). These associations were
robust across both control and exposure comparison groups (see also
Supplementary Tables S4, S5, S7 and S8).

Since the 2016 literature review generating the signal CA, one
further study has generated new signals: urinary system with all mac-
rolides and respiratory system with moxifloxacin [25]. These CA sub-
groups were both included among non-genetic controls. When evaluated
for macrolide exposure, there was no evidence of any increased risk for
these CA subgroups compared to genetic controls: urinary system (AOR
0.87 95 %CI 0.55-1.39); respiratory system (AOR 0.44; 95 %CI
0.10-1.89) (Supplementary Table S3).

In the exploratory analyses of signal CA subgroups previously asso-
ciated with other antibiotics, four associations were found (Table 3):
erythromycin with diaphragmatic hernia (5 exposed cases, AOR 3.19; 95
%CI 1.22-8.32); clarithromycin with orofacial clefts (8 exposed cases,
AOR 2.94; 95 %CI 1.04-8.30); azithromycin with syndactyly (8 exposed
cases, AOR 3.80; 95 %CI 1.62-8.94); and clindamycin with hydro-
cephalus (3 exposed cases, AOR 6.63; 95 %CI 1.46, 30.18).

3.3. Sensitivity analysis

Sensitivity analyses for all significantly elevated risks using penicil-
lins as the exposure comparison group, gave AOR similar or greater than
that obtained for no antibiotics (primary exposure comparison),
although with less precision (Table 4). The study results were also not
altered when we excluded the three registries with a high proportion of
excluded registrations due to unknown antibiotic timing from the
analyses.

The overall risk for non-genetic controls as a group was not raised
compared to genetic controls (AOR 1.01; 95 %CI 0.69-1.46), confirming
absence of strong macrolide associations in this control group. With
regard to specific CA in the non-genetic control group, we found an
increased risk with macrolide exposure for teratogenic syndromes with
malformations (AOR 6.50; 95 %CI 1.92-22.03) explained by its
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Table 2

Comparison of selected maternal characteristics between cases and control groups.

Reproductive Toxicology 100 (2021) 101-108

Maternal/fetal characteristics Cases n (%)

Non-genetic controls n (%)

Chi-Squared P-value Genetic controls n (%) Chi-Squared P-value

Total 100702 (70.31) 23467 (16.38)
Maternal age group (years)

>20 4813 (4.78) 941 (4.01)
20-24 19214 (19.08) 3,844 (16.38)
25-29 29947 (29.74) 7,073 (30.14)
30-34 26830 (26.64) 6,822 (29.07)
35-39 13049 (12.96) 3,312 (14.11)
40+ 3059 (3.04) 763 (3.25)
Unknown 3790 (3.76) 712 (3.03)
Type of birth

Live birth 95595 (94.93) 22014 (93.81)
Stillbirth/fetal deaths 1072 (1.06) 306 (1.30)
TOPFA 4033 (4.00) 1147 (4.89)
Not known 2 (0.00) 0 (0.00)
Registry

Odense_Denmark 1,643 (1.63) 338 (1.44)
Tuscany_Italy 7,069 (7.02) 1,843 (7.85)
N Netherlands_Netherlands 4,719 (4.69) 1,267 (5.40)
Emilia_Romagna_Italy 6,153 (6.11) 1,820 (7.76)
Vaud_Switzerland 2,501 (2.48) 1,118 (4.76)
Zagreb_Croatia 1,434 (1.42) 309 (1.32)
Antwerp_Belgium 4,303 (4.27) 1,928 (8.22)
Saxony_Anhalt Germany 2,962 (2.94) 639 (2.72)
Cork_& Kerry_Ireland 2,196 (2.18) 381 (1.62)
Wales_United_Kingdom 11,148 (11.07) 3,523 (15.01)
Norway_Norway 7,301 (7.25) 1,316 (5.61)
Wielkopolska_Poland 9,503 (9.44) 1,837 (7.83)
Poland_Poland 35,118 (34.87) 5,652 (24.08)
French_West_Indies-France 428 (0.43) 167 (0.71)
Valencia_Spain 4,224 (4.19) 1,329 (5.66)

19060 (13.31)
<0.001 <0.001
474 (2.49)
1846 (9.69)
3651 (19.16)
4562 (23.93)
4990 (26.18)
3011 (15.80)
526 (2.76)
<0.001 <0.001
12,992 (68.16)
466 (2.44)
5,599 (29.38)
3(0.02)
<0.001 <0.001
494 (2.59)

1,679 (8.81)
1,547 (8.12)
928 (4.87)
931 (4.88)
218 (1.14)
1,078 (5.66)
418 (2.19)
710 (3.73)
2,701 (14.17)
1,122 (5.89)
1,112 (5.83)
4,729 (24.81)
256 (1.34)
1,137 (5.97)

subcategory maternal infections resulting in malformations (OR 6.44; 95
%CI 1.89-21.92) (Supplementary Table S3). These are recognised
infection syndromes such as congenital rubella/CMV/toxoplasmosis,
where antibiotic use may be expected, but numbers are very small.
Results from further analysis after excluding these teratogenic syn-
dromes from the controls were similar to the original study results.

The study results were similar when the analyses were restricted to
case subgroups with isolated CA, and when genetic controls with signal
anomalies were excluded.

4. Discussion
4.1. Main findings

In this large EUROmediCAT study, we did not find evidence of a
strong association between CHD and macrolide exposure. However, we
did find evidence regarding a threefold or more raised risk of AVSD
specifically, significantly associated with three types of macrolide,
robust across analyses with different control groups and exposure
comparison groups. AVSD accounts for 2% of CHD cases in EUROCAT
data, so it is not surprising this does not affect the overall CHD finding.
AVSD are common in babies with Down syndrome, but none of the
exposed AVSD cases had Down syndrome. The majority of negative
studies regarding macrolides and CHD [13-25], as well as those that
found an association [9-12], did not have enough power to investigate
specific subgroups of CHD. We found only one study (Crider et al. 2009)
[16] that has investigated the association between AVSD and erythro-
mycin and found an elevated risk, although not statistically significant
(AOR 2.2, CI: 0.8-6.1). This was a case-control study which obtained
exposure information retrospectively by interview, a considerable time
after exposure, thus possibly underestimating ORs.

There is evidence from animal and human studies that suggests
macrolides could have a link with some CHDs [10]. At clinical con-
centrations, macrolides can inhibit a specific cardiac potassium current
(IKr) channel, expressed by hERG (human ether a-go-go related gene).
This can then lead to a prolonged QT interval, causing a type of
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ventricular tachycardia called torsades de pointes (TdP) [4,38]. In a
developing rat embryo, particularly during the period before the heart is
inverted (corresponding to weeks 5-9 of human pregnancy), TdP can
result in pressure changes and misdirection of blood flow in the devel-
oping cardiovascular system, that can in turn lead to hypoxia and
re-oxygenation damage resulting in septal and other vessel defects
[39-43].

In further exploratory analysis of our data we found elevated risk of
diaphragmatic hernia, orofacial clefts, syndactyly, associated with first
trimester use of erythromycin, clarithromycin, and azithromycin,
respectively. None of these associations have been previously reported.
However, multiple testing may have produced some spuriously signifi-
cant results, and independent confirmation is necessary.

We could not confirm previously reported associations of macrolides
with genital anomalies, [20] erythromycin with anencephaly [16] and
limb deficiency [16], and azithromycin with orofacial clefts [15]. Since
our 2016 literature search, a new study found an association of urinary
system defects with erythromycin (AOR 2.12, CI: 1.08-4.17) [24],
which our data and other studies did not support [11,20,44-46].

Our investigation of spiramycin did not find an association with any
of the CAs studied, but this was the least frequent exposure and we had
limited statistical power. We found only one study from the literature
that investigated spiramycin, finding no increased risk [26]. Further
studies are needed on the teratogenic potential of this macrolide
antibiotic.

The only lincosamide antibiotic reported in our study population was
clindamycin. A study in Quebec found an association between clinda-
mycin exposure and musculoskeletal anomalies (a combination of limb
defects, craniosynostosis, skeletal dysplasias and abdominal wall defects
which is a large heterogeneous group), as well as an association with a
combination of ventricular septal defects, atrial septal defects and
atrioventricular septal defects [24]. We did not find evidence of these
associations among the CA subgroups we studied. We did however find
an association with hydrocephalus, again an exploratory finding which
needs confirmation in an independent dataset. There is very little pub-
lished safety data regarding clindamycin [24].
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Crude and AOR for the association between macrolides/clindamycin and each CA subgroup, using the primary exposure comparison (non-exposed), for macrolide

signal CA and for CA previously associated with other antibiotics*.

Non-Genetic Controls

Genetic Controls

Total Exposed n (%) Crude model Adjusted model® Crude model Adjusted model®
OR 95 %CI OR 95 %CI OR 95 %CI OR 95 %CI

Macrolides_JO1FA
Non-Genetic Controls 23,467 72 (0.29)
Genetic Controls 19,060 57 (0.28)
All cases 100,702 304 (0.30) 0.98 [0.76, 1.27] 0.99 [0.76, 1.28] 1.01 [0.76, 1.34] 1.04 [0.77, 1.40]
Literature signal for macrolides
Congenital heart defects 46,169 129 (0.28) 0.91 [0.68, 1.22] 0.94 [0.70, 1.26] 0.93 [0.68, 1.28] 1.01 [0.73, 1.41]
Genital 12,450 40 (0.32) 1.05 [0.71, 1.54] 0.96 [0.65, 1.42] 1.07 [0.72, 1.61] 0.95 [0.61, 1.46]
Exploratory analyses of other antibiotic signal CA
Atrioventricular septal defect 1,027 9 (0.88) 2.87 [1.43, 5.76] 2.98 [1.48, 6.01] 2.95 [1.46, 5.97] 3.09 [1.48, 6.44]
Erythromycin_JO1FAO1
Non-Genetic Controls 20345 28 (0.11)
Genetic Controls 16761 18 (0.09)
All cases 88270 119 (0.13) 0.98 [0.65, 1.48] 1.00 [0.66, 1.52] 1.26 [0.76, 2.06] 1.30 [0.78, 2.17]
Literature signal for erythromycin
Congenital heart defects 39247 54 (0.14) 1.00 [0.63, 1.58] 1.05 [0.66, 1.67] 1.28 [0.75, 2.19] 1.38 [0.79, 2.40]
Anencephalus and similar 1213 2(0.16) 1.20 [0.29,5.04] 1.02 [0.24,4.32] 1.54 [0.36,6.63] 1.12 [0.25,5.05]
Limb reduction 3121 4(0.13) 0.93 [0.33, 2.66] 1.27 [0.44, 3.66] 1.19 [0.40, 3.53] 1.31 [0.42, 4.08]
Exploratory analyses of other antibiotic signal CA
Atrioventricular septal defect 932 4(0.43) 3.13 [1.09, 8.94] 3.68 [1.28, 10.61] 4.01 [1.35, 11.87] 4.30 [1.40, 13.19]
Diaphragmatic hernia 1215 5 (0.41) 3.00 [1.16, 7.78] 3.19 [1.22, 8.32] 3.84 [1.42,10.37] 3.47 [1.25, 9.66]
Clarithromycin_JO1FA09*
Non-Genetic Controls 11898 7 (0.03)
Genetic Controls 10005 2(0.01)
All cases 60360 32 (0.05) 0.90 [0.40, 2.04] 1.17 [0.51, 2.65] 2.65 [0.64, 11.06] 2.68 [0.63, 11.34]
Exploratory analyses of other antibiotic signal CA
Oro-facial clefts 6278 8(0.13) 2.17 [0.79, 5.98] 2.94 [1.04, 8.30] 6.38 [1.35, 30.06] 7.22 [1.47, 35.37]
Cleft lip with or without palate 3822 5(0.13) 2.23 [0.71, 7.02] 3.12 [0.96, 10.16] 6.55 [1.27, 33.78] 7.43 [1.35, 40.82]
Cleft palate 2456 3(0.12) 2.08 [0.54, 8.04] 2.45 [0.62, 9.75] 6.12 [1.02, 36.63] 6.81 [1.11, 41.74]
Azithromycin_JO1FA10
Non-Genetic Controls 13325 17 (0.07)
Genetic Controls 11154 20 (0.10)
All cases 64295 79 (0.12) 0.96 [0.57,1.63] 1.14 [0.67, 1.94] 0.68 [0.42,1.12] 0.85 [0.50, 1.43]
Literature signal for azithromycin
Congenital heart defects 28,735 27 (0.09) 0.74 [0.40,1.35] 0.90 [0.49,1.65] 0.52 [0.29,0.93] 0.66 [0.35,1.23]
Oro-facial clefts 6,596 6 (0.09) 0.71 [0.28, 1.81] 0.89 [0.35, 2.28] 0.51 [0.20, 1.26] 0.54 [0.21, 1.40]
Exploratory analyses of other antibiotic signal CA
Atrioventricular septal defect 657 3 (0.46) 3.59 [1.05, 12.28] 4.50 [1.30, 15.58] 2.55 [0.76, 8.62] 2.74 [0.78, 9.63]
Syndactyly 2,211 8 (0.36) 2.84 [1.23, 6.59] 3.80 [1.62, 8.94] 2.02 [0.89, 4.60] 2.18 [0.92, 5.21]
Clindamycin_JO1FF01
Non-Genetic Controls 13325 4 (0.02)
Genetic Controls 11154 7 (0.03)
All cases 67018 28 (0.04) 1.38 [0.48, 3.94] 1.40 [0.49, 4.01] 0.63 [0.28, 1.44] 0.72 [0.30, 1.72]
Exploratory analyses of other antibiotic signal CA
Hydrocephalus 1,656 3(0.18) 6.00 [1.34, 26.82] 6.63 [1.46, 30.18] 2.74 [0.71, 10.61] 4.1 [0.97, 17.32]

" Signal CA associated with other antibiotics — only statistically significant results with at least three exposed cases shown, Other results in Supplementary Tables S3-
9; a Adjusted for year of birth, EUROCAT Registry and maternal age ; ¥ Showed elevated risk of atrioventricular septal defect based on 2 exposed cases (AOR 6.85, CI:
1.41 - 33.32); Original signals are in italics.; Anophthalmia had increased Odds ratios, but this was based on one or two exposed cases (See Supplementary Table S4-9);
Numbers in the comparison groups vary because for each specific antibiotic, registries without any exposures were excluded; Data for Spiramycin - JO1FA02 presented

in Supplementary Table S6.

Safety advice about the use of macrolides during pregnancy varies
across different countries. In the United Kingdom, the Medicines and
Healthcare products Regulatory Agency advises alternatives to clari-
thromycin and azithromycin should be prescribed during pregnancy
[47]. Our results support this position.

4.2. Strengths and limitations

The major strengths of our study include the population based data,
large sample size, detailed and standardised data on CA, and inclusion of
TOPFA, which constitute a large proportion of some CAs [48]. Addi-
tionally, exposures were mainly prospectively ascertained, and our
case-malformed control design limits recall and information bias,
especially for the small proportion of retrospectively ascertained expo-
sures [29]. Our study was hypothesis driven, and the use of two control
and exposure comparison groups together with sensitivity analysis,
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allowed us to evaluate the robustness of any associations.

Our study also had some limitations. Exposure to antibiotics (2.36 %)
was low, compared with the expected 3-14 % rate of first trimester
antibiotic exposure in the European population [9,18,49]. This suggests
antibiotic exposures were under-ascertained in our data, as was shown
also in a study comparing the registry data to linked prescription data
[50]. However, the reporting of antibiotic exposures would not have
been different between cases and controls, and is not a plausible
explanation for a specific increased risk of AVSD.

We had very little data about the indication for prescribing, or about
untreated infection, so we could not examine confounding by indication
in this way. Our sensitivity analysis comparing macrolide use with
penicillins obtained similar results to that with the primary exposure
comparison. Since macrolides and penicillins are commonly used for the
same indication, this suggests that the excess risk we found relates to
macrolides rather than the underlying infection. Other studies have used
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Table 4
Selected risk estimates for first trimester macrolide exposure compared with no
antibiotic or first trimester penicillin exposure.

Macrolides vs No Macrolides vs

antibiotic (Primary) penicillins

AOR (I AOR CI
Macrolides_JO1FA
Atrioventricular septal defect 2.98 [1.48, 6.01] 4.51 [1.71, 11.94]
Erythromycin_JO1FAO1
Atrioventricular septal defect 3.68 [1.28, 10.61] 4.24 [1.22, 14.68]
Diaphragmatic hernia 3.19 [1.22, 8.32] 4.72 [1.51, 14.71]
Clarithromycin_JO1FA09
Oro-facial clefts 2.94 [1.04, 8.30] 2.23 [0.78, 6.37]
Azithromycin_JO1FA10
Atrioventricular septal defect 4.50 [1.30, 15.58] 4.41 [1.04, 18.71]
Syndactyly 3.80 [1.62, 8.94] 3.74 [1.45, 9.65]
Clindamycin_JO1FFO1
Hydrocephalus 6.63 [1.46, 30.18] 6.42 [1.33, 31.04]

this same approach as a proxy to account for residual confounding by
indication [11,18,24].

The case-malformed control design is open to teratogen non-
specificity bias, if the controls include CA which are associated with
the exposure [29]. We examined evidence of teratogen non-specificity
bias and found no evidence of such bias; results were similar for the
secondary comparison between cases and genetic controls which cannot
be associated with first trimester medication exposure; there were no
specific CA among the controls showing an association with macrolide
exposure when compared to genetic controls; and results were similar
after excluding the few cases of congenital infection syndromes.

Finally, we conducted many tests with some significant findings
therefore possible by chance. We chose the strategy of specifying our
hypotheses in advance [51] corresponding to previous signals, and
rather than increasing the risk of Type 2 errors in exploratory analyses
aimed at signal detection, we recommend confirmation of these new
findings in independent datasets.

5. Conclusion

Our investigation did not find evidence to support the five CA signals
related to macrolides found in the literature. While a positive association
was not found between CHD as a group and macrolides, an elevated risk
was found between macrolides and specific macrolides (erythromycin,
clarithromycin and azithromycin) and AVSD. We also found elevated
risk for other anomalies associated with first trimester use of specific
macrolides and clindamycin that need further follow up in independent
datasets.
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