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Abstract

Background

Evidence on adverse effects of maternal macrolide use during pregnancy is inconsistent.
We conducted a systematic review and meta-analysis to investigate the association
between macrolide use during pregnancy and adverse fetal and child outcomes.

Methods and findings

We included observational studies and randomised controlled trials (RCTs) that recorded
macrolide use during pregnancy and child outcomes. We prioritized comparisons of macro-
lides with alternative antibiotics (mainly penicillins or cephalosporins) for comparability of
indication and effect. Random effects meta-analysis was used to derive pooled odds ratios
(OR) for each outcome. Subgroup analyses were performed according to specific types
(generic forms) of macrolide.

Of 11,186 citations identified, 19 (10 observational, 9 RCTs) studies were included (21
articles including 228,556 participants). Macrolide prescribing during pregnancy was associ-
ated with an increased risk of miscarriage (pooled ORgs 1-82, 95% Cl 1-57-2-11, three
studies, |2 = 0%), cerebral palsy and/or epilepsy (ORps 1-78, 1-18—2.69; one study), epi-
lepsy alone (ORps 2-:02, 1-30—-3-14, one study; ORgrct 1.03, 0.79-1.35, two studies), and
gastrointestinal malformations (ORgps 1-56, 1-05-2-32, two studies) compared with alterna-
tive antibiotics. We found no evidence of an adverse effect on 12 other malformations, still-
birth, or neonatal death. Results were robust to excluding studies with high risk of bias.

Conclusions

Consistent evidence of an increased risk of miscarriage in observational studies and uncer-
tain risks of cerebral palsy and epilepsy warrant cautious use of macrolide in pregnancy with
warnings in drug safety leaflets and use of alternative antibiotics where appropriate. As
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macrolides are the third most commonly used class of antibiotics, it is important to confirm
these results with high quality studies.

Introduction

Macrolide antibiotics are one of the most commonly used class of antibiotics worldwide. [1,
2]. Major members of the class include erythromycin, azithromycin and clarithromycin. Over
the last 20 years, concerns have been raised about rare but serious adverse outcomes associated
with macrolide use during pregnancy [3-6]. The strongest evidence comes from a large rando-
mised controlled trial (RCT, ORACLE Child Study II) of women with spontaneous preterm
labour (SPL), which reported an increased risk of cerebral palsy in children whose mothers
received erythromycin (3-3%) compared with no erythromycin (1-7%, Odds Ratio (OR) 1.93,
95% Confidence Interval (CI): 1-21-3-09) [6]. Increased risks of miscarriage, major malforma-
tions, and cardiovascular malformation have also been reported in some observational studies
[3,7-10], but not in others [11-13]. Currently there is no overview of the effects of macrolide
treatment during pregnancy in fetuses or children and no consensus about whether macrolides
are considered safe in pregnancy or not. In April 2015, the UK Medicines and Healthcare
products Regulatory Agency (MHRA) reviewed evidence indicating potential harmful effects
of macrolides on cerebral palsy or epilepsy reported by Meeraus et al [5], and decided there
was insufficient evidence to warn against macrolides use in pregnancy [14]. However, in Swe-
den, 2005, national policy advised against the use of erythromycin during early pregnancy [9].
Warnings have been also issued against use of azithromycin and clarithromycin in adults with
high risk of cardiovascular complications in the United States (US) [15, 16], based on evidence
of an unexpected increase in the risk of death and cardiovascular events including arrhythmias
and cardiac mortality (Azithromycin: 2 systematic reviews including 20 RCTs [17, 18]; clari-
thromycin: 1 RCT [19]).

Interpretation of existing research is challenging. In observational studies, the harm
observed after macrolides antibiotics exposure could be a consequence of infection-rather
than the use of macrolides (i.e. indication bias). On the other hand, RCTs are usually not
design to look at adverse event. In RCT's that compare macrolides with placebo, a “real” harm-
ful effect of macrolides could be masked due to its benefits of treating infection and thus only a
null or protective effect can be observed.

We conducted a systematic review and meta-analysis to determine the effects of macrolide
treatment during pregnancy on fetal and child outcomes. We prioritized comparisons between
macrolides and alternative antibiotics (mainly penicillins or cephalosporins) for assumed com-
parability of indication and treatment effects. RCT's where one of the arms included placebo or
drug combinations (e.g. erythromycin plus co-amoxiclav) are susceptible to incomparable
treatment effects and were therefore regarded as secondary comparisons. Based on previous
evidence from experimental and epidemiological studies, we hypothesized that short-term
fetal hypoxia induced by fetal arrhythmia could possibly be the underlying mechanism of
observed adverse effects of macrolides (S1 Text). We therefore included outcomes which could
potentially result from short-term fetal hypoxia (i.e. fetal and neonatal death, congenital mal-
formations, and conditions resulting from central nervous system damage). We presented
pooled effects of macrolides use in pregnancy on each outcome and explored heterogeneity of
the effect according to specific types of macrolides.
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Methods

A complete PRISMA harm checklist for this review is available in S1 Table. A protocol for this
review has not been previously published.

Eligibility criteria

Study types. We sought comparative studies which examined macrolide treatment during
pregnancy and adverse fetal and/or childhood outcomes that have been reported to be associ-
ated with fetal hypoxia. We included randomised controlled trials and observational (cohort
or case-control) studies and set different eligibility criteria for the comparator group according
to study type in order to address the risk of bias as explained below.

Participants, interventions and comparisons. The exposed populations were the fetuses
or children whose mothers were prescribed macrolide antibiotics during pregnancy. We
included studies that included all pregnancies or those that reported outcomes only in live-
births.

The primary analysis included studies comparing macrolide antibiotics with alternative
antibiotics e.g. penicillin or cephalosporin. Macrolides are recommended as the alternative for
women with suspected allergy to penicillin or cephalosporin, thereby minimising the risk of
indication bias due to infection [20, 21]. Penicillin and cephalosporin are also comparable
with macrolides in treatment effect with long-established safety records during pregnancy
[21]. This head to head comparison thus also allows the separation of possible harm of macro-
lides from their benefits of treatment on infection.

The secondary analysis includes RCT's with the following two comparisons: macrolide ver-
sus placebo and macrolides plus alternative antibiotics versus the same alternatives. Though
RCTs avoid indication bias by design, true adverse effects of macrolides may be masked by the
benefits of macrolides in reducing infection, thereby underestimating adverse effects.

Outcomes. We reviewed cohort studies of pregnant women and their children and exper-
imental studies in animals to identify outcomes that could potentially result from short term
fetal hypoxia, including fetal and neonatal death, congenital malformations, and conditions
resulting from central nervous system damage (i.e. epilepsy, cerebral palsy, ADHD and
autism) [21-23]. We excluded outcomes commonly related to chronic hypoxia (e.g. low birth-
weight, intrauterine growth restriction) or outcomes that might result from postnatal events
(e.g. abnormal cerebral ultrasonography).

Search strategy

Systematic literature searches were conducted in PubMed, Embase, Cochrane Library, Confer-
ence Proceeding Citation Index-Science and ClinicalTrials.gov from their respective inception
until Februry 15, 2018 (S2 Table). We included conference abstracts if sufficient data were pro-
vided. Further relevant studies were retrieved by hand searching the reference lists of eligible
papers and by using ‘Similar articles’ function within databases. No language restrictions were
applied.

Study selection

After removal of duplicates, the titles and abstracts of all identified records (full-text articles
and abstracts) were evaluated by reviewer HF, using a “decision tree” (S3 Table). Ten percent
of the records were also reviewed by another reviewer LW, and an inter-rater agreement was
calculated. A total of 967 studies were double reviewed with an inter-rater agreement of 81%.
All studies potentially meeting the inclusion criteria were reviewed in full by reviewer HF, and
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10% of the potentially eligible studies were reviewed by a third reviewer (LL). We resolved any
discrepancies through discussion. Reviewers were not blinded to authors, journals or
institutions.

Data extraction

We developed and piloted a data extraction sheet on 15 relevant studies. Reviewer HF
extracted relevant data from included studies. We contacted authors of potentially eligible
manuscripts by email for relevant data if this could not be extracted from the publication.
Where the same cohort was reported more than once, we extracted data from the study with
the largest sample size.

For studies reporting multiple comparisons of each specific type of macrolides (vs same
comparator), we divided the comparator group equally for each comparison. For studies pre-
senting multiple estimates of exposure on both whole pregnancy and the first trimester, the
estimate of exposure on the first trimester was included in the meta-analysis to avoid a poten-
tial dilution effect.

Risk of bias assessment

We used risk of bias assessment tools for RCT's (Cochrane Collaboration’s tool for assessing
risk of bias in randomised trials) and observational studies (Risk of Bias In Non-Randomised
Studies—of Interventions (ROBIN-I)). The tool for RCTs was modified by including sections
on masked adverse effect (susceptible when one of the arms was placebo or drug combina-
tions, as mentioned in the eligibility criteria). We considered observational comparisons of
macrolides versus alternative antibiotics to be at low or moderate risk of indication bias, pro-
vided there is no evidence of macrolides indication apart from that of alternative antibiotics
(S4 and S5 Tables) [24, 25].

Data synthesis and analysis

We estimated the pooled ORs for each adverse outcome using a random-effects meta-analysis,
considering the heterogeneity among studies which was measured by I” statistics. RCTs and
observational studies were analysed separately. In the primary analysis, we compared macro-
lides with alternative antibiotics in RCT's and observational studies. In the secondary analyses,
we included RCT's which compared (1) macrolides with alternative antibiotics, (2) macrolides
with placebo and (3) macrolides plus alternative antibiotics with the same alternatives. We
summarized the results according to specific types of macrolide in subgroup analysis. Sensitiv-
ity analysis was performed according to risks of bias.

Studies with no observed events were excluded from the meta-analysis. For studies with no
events in one of the two groups, we applied a correction proportional to the reciprocal of the
size of the contrasting study arm [26]. For observational studies, we used the adjusted OR if
reported, otherwise, we re-calculated the crude OR using the data reported. Funnel plot asym-
metry was not assessed because of an insufficient number of studies. Analyses were performed
using R 3-4-1 (R Foundation for Statistical Computing, Vienna, Austria).

Role of funding source

The funders of this study had no role in study design, data collection, analysis and interpreta-
tion, or writing of the report. The corresponding author had full access to all the data in the
study and had final responsibility for the decision to submit for publication.
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Records identified through database Additional screening (screening reference lists and
(n=11148): “Similar articles” function)
PubMed (n=5508) Embase (n=4757) (n= 38)

Cochrane (n=671) CPCIS (n=125)
ClinicalTrials.gov (n= 87)

‘, g

Search results combined

(n=11186)
> Duplicate records
i1l (n=1621)
Records screened by title and abstract (n =
9565) Records do not meet selection criteria

(n = 9466):
Not randomised controlled trials, cohort studies or case-
control studies (n = 8406)
Interventions not administered during pregnancy (n =917)
Interventions not include macrolides antibiotics, or
macrolides antibiotics used with concomitants (n = 128)
No offspring outcomes reported (n = 15)

v

v

Full-text articles assessed for eligibility (n =
99)

Full-text articles excluded, with reasons (n = 78):
Control was not pen/cephalosporin (n = 19)
Duplicate study (n = 10)
Data of macrolides not provided (n = 11)
No full text found or conference abstract (n = 14)
No interested outcome (n = 20)
Review (n = 4)

v

Articles included (n = 21):
Randomised controlled trials (n=11) Prospective cohort studies (n=1)
Retrospective cohort studies (n=8) Case- control studies (n=1)

Fig 1. Study selection.
https://doi.org/10.1371/journal.pone.0212212.g001

Results

Of the 11,186 citations identified, we selected 99 abstracts for detailed assessment (Fig 1). 14
articles based on 12 studies (2 RCT's and 10 observational studies, 190,368 pregnancies or live
births) met our inclusion criteria for primary analysis. Secondary analysis included 9 RCTs
published in 11 articles of 15,405 pregnancies. Characteristics of the included studies are listed
in S6 Table [3-8, 10, 13, 27-39].
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Fig 2. Assessment of bias. a: Evaluated as moderate risk in secondary analysis (low risk in primary analysis) due to incomparable treatment effect. b: Studies
only eligible for secondary analysis. c: In the study of Andersen (2013), the OR was adjusted by maternal age, number of previous miscarriages, income and
education. d: In the study of Le guyen, the OR was adjusted by maternal age, long-term illnesses, parity and multiple pregnancy. e: In the study of Meeraus
(2015), the Hazard Ratio was adjusted by maternal age, Townsend quintile, year of delivery, smoking, alcohol problems, obesity, illicit drug use, treatment of
chronic medical conditions and potentially neurologically-damaging infection during pregnancy. f: In the study of Muanda (2017), cases and controls were
matched by gestational age and year of pregnancy; in the analysis of specific macrolides, the ORs were adjusted by 11 covariates, e.g. maternal age, education
level, chronic comorbidities, maternal infections (urinary tract infection, respiratory tract infection, bacterial vaginosis and sexually transmitted infections) and
prior exposure to antibiotics.

https://doi.org/10.1371/journal.pone.0212212.9002

Overall, 12/14 (85-7%) articles in the primary analysis were judged to have low or medium
overall risk of bias (Fig 2). Adjusted ORs were available for four of ten observational studies [5,
7,8, 10].

All three observational studies in the primary analysis reporting the risk of miscarriage in
the primary analysis showed an increased odd of miscarriage for mothers prescribed macrolide
antibiotics compared with those prescribed alternative antibiotics, with a pooled OR of 1-82
(95% CI 1-57-2-11) (Fig 3 and S2 Fig) [3, 7, 8]. No RCTs included evaluated the risk of miscar-
riage. Given the lowest risk ratio estimate in one of the three studies as 1-51, the number
needed to harm (NNH) for miscarriage ranges from 10 at 6 weeks’ gestation to 196 at 20
weeks, with the baseline risks of 20% and 1%, respectively [7, 40]. Compared with alternative
antibiotics, odds of miscarriage increased significantly in subgroups prescribed azithromycin
and clarithromycin, but not in the subgroup prescribed erythromycin (S3 Fig).

Two RCTs (4 articles) and 2 observational studies reported the association between macro-
lides use in pregnancy and stillbirth, neonatal death or “stillbirth and neonatal mortality” [3, 6,
13, 29-31]. The odds of these outcomes did not differ between macrolides and alternative anti-
biotics prescription. (Fig 3, S2 and S4 Figs).

No increase was noted in risks for cerebral palsy or epilepsy in 2 RCTs, one of women with
SPL and the other of women with preterm, prelabour rupture of fetal membranes (pPROM)
[6, 29]. However, in one large cohort study of Meeraus et al, the odds for epilepsy and a
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Primary analysis (observational studies): macrolides versus alternative antibiotics

Fetal and neonatal
death

Neological
outcomes

Congenital
malformations

Fetal and neonatal
death
Neological
outcomes

Fetal and neonatal
death
Neological
outcomes

Events/ Pooled OR
Outcomes Studies Pregnancies (n) Prevention Risk (95% C1) P value 12(%)
Miscarriage 3 1348/41029 ) 1.82[1.57,2.11] <.001 0
Stillbirth 1 1/323 168.07[0.00,>10] 0.68
Stillbirth and neonatal mortality 1 159/22424 —— 1.01[0.71,1.45] 0.95
Cerebral palsy 1 55/30326 —r—— 1.43[0.66, 3.06] 0.36
Epilepsy 1 142/30326 == 2.02[1.30,3.14] <.001
Cerebral palsy and epilepsy 1 184/30326 —— 1.78[1.18,2.69] 0.01 .
All 4 897/28105 - 1.03[0.86,1.22] 0.76 0
Major 3 1372/19231 = 1.13[0.99, 1.29] 0.06 0
Nervous System 2 93/19557 ——i 0.95[0.38, 2.38] 0.91 25
Orafacial 2 82/19557 —t—t 1.23[0.70, 2.15] 0.48 0
Cardiovascular 4 523/37981 —e—t 1.14[0.80,1.62] 0.48 59
Ventricular/atrial septal defect 3 308/29862 e 1.16[0.83,1.62] 0.40 31
Respiratory 1 59/11438 —t— 1.22[0.67,2.22] 0.52 :
Gastrointestinal 2 149/19557 —— 1.56[1.05, 2.32] 0.03 0
Cleft palate il 20/11438 H—— 2.11[0.84,5.28] 0.11 5
Pyloric stenosis 3 169/71686 . 1.37[0.84,2.24] 0.20 29
Genito-urinary 2 254/19557 —p— 1.05[0.76, 1.44] 0.78 0
Musculo-skeletal 2 495/19557 et 1.18[0.95, 1.47] 0.14 0
Craniosynostosis il 56/11438 = 1.43[0.79, 2.59] 0.24
02 1 s
Primary analysis (RCTs): macrolides versus alternative antibiotics
Events/ Pooled OR
Studies Pregnancies (n) Prevention Risk (95% Cl) P value 12(%)
Stillbirth 2 59/4684 el 0.89[0.53,1.49] 0.66 0
Neonatal Death 2 230/5529 e 0.96[0.73,1.25] 0.75 0
Cerebral palsy 2 82/3264 R 1.31[0.84,2.04] 0.23 0
Epilepsy 2 239/3264 ' —— ' 1.03[0.79, 1.35] 0.23 0
0.2 1 5
Secondary analysis (RCTs): macrolides versus no macrolides
Events/ Pooled OR
Studies Pregnancies (n) Prevention Risk (95% C1) P value 12(%)
Stillbirth 7 153/11688 0.87[0.63,1.21] 0.42 0
Neonatal Death 6 486/13186 0.99[0.83,1.19] 0.94 0
Cerebral palsy 2 167/6434 H——t 1.50[0.93, 2.42] 0.10 0
Epilepsy 2 473/6434 1.13[0.89, 1.44) 0.10 0
02 1 5

Fig 3. Primary and secondary analysis for the association between prenatal use of macrolides and adverse child outcomes.

https://doi.org/10.1371/journal.pone.0212212.g003

composite outcome “cerebral palsy and/or epilepsy” increased significantly in unselected
mothers prescribed to macrolides compared with penicillins, with an NNH of 245 and 214,
given the baseline risks of 0.4% and 0.6%, respectively (Fig 3, S2 and S4 Figs) [5, 41].

Seven observational studies evaluated the risk of malformations. No difference in risk was
identified for “all malformations”, major malformations, cardiovascular malformations and
pyloric stenosis. The results of other organ-specific malformations were dominated by one
study of Muanda et al [36]. A significant but weak increase in the risk of gastrointestinal con-
genital malformations was observed in mothers prescribed macrolide antibiotics (with the
NNH of 744, given a baseline incidence of 2-4 per 1000 live births) [42]. Evidence for specific
types of macrolides was limited. Azithromycin was significantly associated with major, gastro-
intestinal and muscular-skeletal malformations. Erythromycin was the only macrolide signifi-
cantly associated with orofacial malformations and cleft palate or cleft lip (Fig 3, S2 and S3
Figs).

Secondary analyses of RCT's with one arm as drug combinations or placebo showed similar
results to those from the primary analysis [28, 32-35, 37, 38]. (S5 Fig). In the sensitivity analy-
sis, restriction of analyses to comparisons with low or moderate risk of bias (applicable to mis-
carriage, “all malformation” and major malformation) did not alter the conclusions of primary
analysis (57 Fig).
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Discussion

We report a systematic review and meta-analysis of associations between maternal macrolide
antibiotics exposure and adverse child outcomes. Macrolide antibiotics use during pregnancy
(vs alternative antibiotics) was associated with an increased risk of miscarriage, but evidence
for its association with cerebral palsy and epilepsy were inconsistent. We found only weak evi-
dence for an association with gastrointestinal malformations and insufficient evidence with
other malformations, stillbirth or neonatal death.

To our knowledge, this review is the first systematic assessment of the adverse fetal and
child outcomes of macrolides use during pregnancy. The increased risk of miscarriage and
inconsistent evidence for cerebral palsy and epilepsy suggests that macrolides may have the
potential to cause adverse effects when used in pregnancy. Evidence from experimental and
epidemiological studies in adults also indicates biological plausibility of embryotoxicity and
cardiotoxity of exposure to azithromycin and clarithromycin (S1 Text). As the aetiology of
these fetal adverse outcomes is multifactorial, the increase of absolute risk can be small for
some conditions. Dependencies between comparisons may exist when we split the comparator
groups and evaluated more than one outcomes from one study. Very few studies were available
for each outcome, which resulted in imprecision in the heterogeneity estimates.

To address potential bias due to treatment indication, in the primary analysis we included
only head-to-head comparisons, most of which (42 out of 47 comparisons, 89%) were between
macrolides and penicillins. Macrolides are often used as replacement therapy for patients with
penicillin allergy [20]. There are unique indications of macrolides (e.g. azithromycin for
gonorrhoea, chlamydia and mycoplasma infection) which could be linked to increased risk of
miscarriage [43]. However, the indications of clarithromycin do not include genitourinary
tract infections according to guidelines in both Europe and North America [44-47]. Yet all
three studies in this review reported consistent increased risks of miscarriage associated with
clarithromycin [3, 7, 8]. Furthermore, it is estimated that over 20% penicillins prescribed at
pregnancy are for genitourinary tract infection [1]. Therefore the increased risk of miscarriage
observed in this review is unlikely to be over-estimated due to indications of macrolides.
Among the three studies on miscarriage, two are large studies using Canadian and Danish reg-
istries. The Canadian study was a good-quality nested case-control study matched by gesta-
tional age, with adjustment for types of maternal infections (including sexually transmitted
infections) and proxies for infection severity [8]. Indication was also analysed in the Danish
study by comparing clarithromycin with erythromycin, phenoxymethylpenicillin, amoxicillin
and proton pump inhibitors adjusted by maternal characteristics, with consistent evidence of
increased risks of miscarriage in the clarithromycin group (S6 Table) [7].

Another source of bias in studies on outcomes that manifest after birth (e.g. cerebral palsy,
epilepsy and malformations) is survivor bias. Assuming an increased risk of fetal death (i.e.
miscarriage) in fetuses exposed to macrolides (vs penicillin), both fetuses exposed to macro-
lides and fetuses with adverse outcome were less likely to be selected in studies conditioning
on live-birth status. Thereby this survivor bias would weaken the association between macro-
lides and adverse outcomes in live-born children. The observed risk ratios for gastrointestinal
malformation, cerebral palsy and epilepsy in this review may therefore be underestimated due
to survivor bias. The potential effects of survivor bias is illustrated by a post-hoc simulation in
S2 Text.

Heterogeneity exists among studies due to study design (RCT or observational), population
of pregnant women studied, specific types of macrolides, and gestational ages for administer-
ing macrolides. Our analyses of RCTs were dominated by studies of mothers at high risk of
fetal infection, e.g. mothers with pPPROM or urinary tract infections. Comparing with placebo,
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these mothers stand to benefit from the treatment effect of macrolides, masking evidence of its
potential harm. However, in mothers with SPL, who bore a relatively low risk of fetal infection,
masked harm from macrolides due to its treatment benefits is reduced. Reduced risk of fetal
infection may explain the finding of significantly increased risk of cerebral palsy in mothers
with SPL, but not in mothers with pPROM in secondary analysis (S5 Fig).

Evidence of heterogeneity in adverse outcomes according to specific types of macrolides is
limited because of few studies. The increased risk of miscarriage was found predominantly
among those used azithromycin and clarithromycin in pregnancy, but not those used erythro-
mycin (1895 in total). Reasons for this difference are not clear. Fewer gastrointestinal side-
effects and better pharmacokinetic profiles (e.g. better oral bioavailability, tissue penetration
and longer half-life of elimination) of clarithromycin and azithromycin may increase their
maternal and fetal bioavailability compared with erythromycin [48]. Meanwhile, an ex vivo
experiment with term human placentas found that the transplacental transfer is higher for
clarithromycin while similar between azithromycin and erythromycin (percentage transfer at
2.6%, 3% and 6%, respectively) [49].

Timing of treatment according to critical periods of gestation also contributes to heteroge-
neous effects. Fetuses are most vulnerable to teratogenic effects during certain time windows
(e.g., day 28-56 of gestation is the critical period for heart formation) [50, 51]. Romoren et al.
found when the window of macrolides exposure was reduced from the first trimester to 28-56
days of gestation, the adjusted OR of cardiovascular malformation increased from 0-96 to 1-36,
although they were nonsignificant due to limited power [13]. This increased OR was similar to
those reported by Kallen et al in 2005 and 2014[4, 9], which was also consistent with the effect
of Ix,-blockers observed in animal studies and epidemiological studies [50, 52, 53]. These find-
ings highlight the possibility of underestimating the adverse effect of macrolides, by measuring
the macrolides exposure outside of critical period for fetal development [2, 27, 36, 54].

Clinical relevance

According to British National Formula, comment given to erythromycin usage during preg-
nancy states “Not known to be harmful” [20]. The National Institute for Health and Care
Excellence (NICE) guidance recommends erythromycin and clarithromycin as replacements
for penicillin allergy for upper respiratory infection (in pregnant women) [55]. The UK Tera-
tology Information Advisory Service recommend that “as the number of documented expo-
sures during pregnancy is limited, azithromycin should be avoided during pregnancy unless
alternatives such as erythromycin are inappropriate” and “It would be reasonable, where alter-
native antimicrobials are available, to avoid clarithromycin in the first trimester of pregnancy”
[56-58]. In view of the consistent evidence for an increased risk of miscarriage in mothers pre-
scribed macrolides, with a number needed to harm of 10 in first 6 weeks to 196 at 20 weeks of
gestation, guidelines should be updated to avoid macrolides during the first half of pregnancy.
The uncertain increased risks of cerebral palsy and epilepsy following macrolide treatment at
any point during pregnancy should be reported in drug safety leaflets and alternative antibiot-
ics recommended where appropriate.

Conclusions

Evidence is consistent with an increased risk of miscarriage in mothers prescribed macrolides
during pregnancy compared with alternative antibiotics. The risk of cerebral palsy and epi-
lepsy is uncertain, and there is weak or no evidence for adverse effects on congenital malfor-
mations. These findings warrant caution about the use of macrolides in pregnancy and use of
alternatives where appropriate. As macrolides are the third most commonly used class of
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antibiotics, it is important to confirm these results with larger, high quality studies to investi-
gate associations between specific types of macrolides and rare events, such as cerebral palsy,
epilepsy and organ-specific malformations.

Supporting information

S1 Text. Review of mechanism studies.
(DOCX)

S2 Text. Simulation on the effect of survival bias.
(DOCX)

S1 Table. PRISMA checKklist.
(DOCX)

S2 Table. Search terms.
(DOCX)

$3 Table. Decision tree for including studies.
(DOCX)

S$4 Table. Risk of bias assessment for randomised controlled trials.
(DOCX)

S5 Table. Risk of bias assessment for observational studies.
(DOCX)

S6 Table. Characteristics of included studies.
(DOCX)

S1 Fig. A suggested pathways from macrolides exposure during pregnancy to adverse child
outcomes: through an induced short-term fetal hypoxia.
(DOCX)

S2 Fig. Primary analysis (observational studies) for the association between adverse child
outcomes and prenatal use of macrolides versus alternative antibiotics.
(DOCX)

S$3 Fig. Subgroup analysis: Pooled results for specific macrolide types (observational stud-
ies).
(DOCX)

$4 Fig. Primary analysis (RCTs) for the association between adverse child outcomes and
prenatal use of macrolides versus alternative antibiotics.
(DOCX)

S5 Fig. Secondary analysis (RCTs) for the association between adverse child outcomes and
prenatal use of macrolides versus no macrolides.
(DOCX)

S6 Fig. Subgroup analysis: pooled results for specific macrolide types (RCTs, macrolides
versus no macrolides).
(DOCX)

S7 Fig. Sensitivity analysis according to risk of bias (based on primary analysis).
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0212212  February 19, 2019 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212212.s015
https://doi.org/10.1371/journal.pone.0212212

®PLOS | one

Prenatal use of macrolide antibiotics and adverse child outcomes

Acknowledgments

We thank Wilhelmine Meeraus for providing additional data (number of cerebral palsy and
epilepsy cases) and editorial assistance.

Author Contributions

Conceptualization: Heng Fan, Leah Li, Linda Wijlaars, Ruth E. Gilbert.
Data curation: Heng Fan, Leah Li, Linda Wijlaars.

Formal analysis: Heng Fan.

Funding acquisition: Heng Fan, Linda Wijlaars, Ruth E. Gilbert.
Investigation: Heng Fan, Ruth E. Gilbert.

Methodology: Heng Fan, Leah Li, Ruth E. Gilbert.

Project administration: Ruth E. Gilbert.

Resources: Ruth E. Gilbert.

Supervision: Leah Li, Linda Wijlaars, Ruth E. Gilbert.

Validation: Heng Fan, Leah Li, Ruth E. Gilbert.

Writing - original draft: Heng Fan, Ruth E. Gilbert.

Writing - review & editing: Leah Li, Linda Wijlaars, Ruth E. Gilbert.

References

1. Petersen|, Gilbert R, Evans S, Ridolfi A, Nazareth I. Oral antibiotic prescribing during pregnancy in pri-
mary care: UK population-based study. The Journal of antimicrobial chemotherapy. 2010; 65
(10):2238—46. Epub 2010/08/19. https://doi.org/10.1093/jac/dkq307 PMID: 20716554.

2. Crider KS, Cleves MA, Reefhuis J, Berry RJ, Hobbs CA, Hu DJ. Antibacterial medication use during
pregnancy and risk of birth defects: National Birth Defects Prevention Study. Archives of pediatrics &
adolescent medicine. 2009; 163(11):978-85. Epub 2009/11/04. https://doi.org/10.1001/archpediatrics.
2009.188 PMID: 19884587.

3. Einarson A, Phillips E, Mawiji F, D’Alimonte D, Schick B, Addis A, et al. A prospective controlled multi-
centre study of clarithromycin in pregnancy. Am J Perinatol. 1998; 15(9):523-5. Epub 1999/01/16.
https://doi.org/10.1055/s-2007-994053 PMID: 9890248.

4. Kallen BA, Otterblad Olausson P, Danielsson BR. Is erythromycin therapy teratogenic in humans?
Reproductive toxicology (Elmsford, NY). 2005; 20(2):209—-14. Epub 2005/05/24. https://doi.org/10.
1016/j.reprotox.2005.01.010 PMID: 15907655.

5. Meeraus WH, Petersen |, Gilbert R. Association between antibiotic prescribing in pregnancy and cere-
bral palsy or epilepsy in children born at term: a cohort study using the health improvement network.
PLoS One. 2015; 10(3):e0122034. Epub 2015/03/26. https://doi.org/10.1371/journal.pone.0122034
PMID: 25807115; PubMed Central PMCID: PMCPmc4373729.

6. Kenyon S, Pike K, Jones DR, Brocklehurst P, Marlow N, Salt A, et al. Childhood outcomes after pre-
scription of antibiotics to pregnant women with spontaneous preterm labour: 7-year follow-up of the
ORACLE Il trial. Lancet. 2008; 372(9646):1319-27. Epub 2008/09/23. https://doi.org/10.1016/S0140-
6736(08)61203-9 PMID: 18804276.

7. Andersen JT, Petersen M, Jimenez-Solem E, Broedbaek K, Andersen NL, Torp-Pedersen C, et al. Clar-
ithromycin in early pregnancy and the risk of miscarriage and malformation: a register based nationwide
cohort study. PLoS One. 2013; 8(1):e53327. Epub 2013/01/10. https://doi.org/10.1371/journal.pone.
0053327 PMID: 23301061; PubMed Central PMCID: PMCPmc3534696.

8. MuandaFT, Sheehy O, Berard A. Use of antibiotics during pregnancy and risk of spontaneous abortion.
CMAJ: Canadian Medical Association journal = journal de '’Association medicale canadienne. 2017;
189(17):E625-e33. Epub 2017/05/04. https://doi.org/10.1503/cmaj. 161020 PMID: 28461374; PubMed
Central PMCID: PMCPMC5415390 involving antidepressants and birth defects. No other competing
interests were declared.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212212  February 19, 2019 11/14


https://doi.org/10.1093/jac/dkq307
http://www.ncbi.nlm.nih.gov/pubmed/20716554
https://doi.org/10.1001/archpediatrics.2009.188
https://doi.org/10.1001/archpediatrics.2009.188
http://www.ncbi.nlm.nih.gov/pubmed/19884587
https://doi.org/10.1055/s-2007-994053
http://www.ncbi.nlm.nih.gov/pubmed/9890248
https://doi.org/10.1016/j.reprotox.2005.01.010
https://doi.org/10.1016/j.reprotox.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15907655
https://doi.org/10.1371/journal.pone.0122034
http://www.ncbi.nlm.nih.gov/pubmed/25807115
https://doi.org/10.1016/S0140-6736(08)61203-9
https://doi.org/10.1016/S0140-6736(08)61203-9
http://www.ncbi.nlm.nih.gov/pubmed/18804276
https://doi.org/10.1371/journal.pone.0053327
https://doi.org/10.1371/journal.pone.0053327
http://www.ncbi.nlm.nih.gov/pubmed/23301061
https://doi.org/10.1503/cmaj.161020
http://www.ncbi.nlm.nih.gov/pubmed/28461374
https://doi.org/10.1371/journal.pone.0212212

®PLOS | one

Prenatal use of macrolide antibiotics and adverse child outcomes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

Kallen B, Danielsson BR. Fetal safety of erythromycin. An update of Swedish data. European journal of
clinical pharmacology. 2014; 70(3):355-60. Epub 2013/12/20. https://doi.org/10.1007/s00228-013-
1624-3 PMID: 24352632.

Le Nguyen T, Araujo M, Hurault-Delarue C, Lacroix |, Damase-Michel C, Sommet A. Teratogenic risk of
macrolides during the first trimester of pregnancy: A study with two complementary approaches within
the EFEMERIS database. Fundamental and Clinical Pharmacology. 2017; 31:25. PMID: 615223251.

Lin KJ, Mitchell AA, Yau WP, Louik C, Hernandez-Diaz S. Safety of macrolides during pregnancy. Am J
Obstet Gynecol. 2013; 208(3):221.e1-8. Epub 2012/12/21. https://doi.org/10.1016/j.ajog.2012.12.023
PubMed Central PMCID: PMCPMC3581717. PMID: 23254249

Sarkar M, Woodland C, Koren G, Einarson AR. Pregnancy outcome following gestational exposure to
azithromycin. BMC Pregnancy Childbirth. 2006; 6:18. Epub 2006/06/01. https://doi.org/10.1186/1471-
2393-6-18 PMID: 16734900; PubMed Central PMCID: PMCPmc1481555.

Romoren M, Lindbaek M, Nordeng H. Pregnancy outcome after gestational exposure to erythromycin—
a population-based register study from Norway. British journal of clinical pharmacology. 2012; 74
(6):1053-62. Epub 2012/04/03. https://doi.org/10.1111/j.1365-2125.2012.04286.x PMID: 22463376;
PubMed Central PMCID: PMCPmc3522819.

Guardian T. Antibiotic used in pregnancy linked to risk of epilepsy and cerebral palsy 2015 [cited 2017].
Available from: https://www.theguardian.com/science/2015/mar/25/antibiotic-used-in-pregnancy-
linked-to-risk-of-epilepsy-and-cerebral-palsy.

FDA U. FDA Drug Safety Communication: Azithromycin (Zithromax or Zmax) and the risk of potentially
fatal heart rhythms 2013 [cited 2017 26.06.2017]. Available from: https://www.fda.gov/Drugs/
DrugSafety/ucm341822.htm.

FDA U. FDA review finds additional data supports the potential for increased long-term risks with antibi-
otic clarithromycin (Biaxin) in patients with heart disease. 2018.

Wong AYS, Chan EW, Anand S, Worsley AJ, Wong ICK. Managing Cardiovascular Risk of Macrolides:
Systematic Review and Meta-Analysis. Drug safety. 2017; 40(8):663—77. Epub 2017/04/12. https://doi.
org/10.1007/s40264-017-0533-2 PMID: 28397186.

Cheng YJ, Nie XY, Chen XM, Lin XX, Tang K, Zeng WT, et al. The Role of Macrolide Antibiotics in
Increasing Cardiovascular Risk. J Am Coll Cardiol. 2015; 66(20):2173-84. https://doi.org/10.1016/].
jacc.2015.09.029 PMID: 26564594.

Winkel P, Hilden J, Hansen JF, Kastrup J, Kolmos HJ, Kjoller E, et al. Clarithromycin for stable coronary
heart disease increases all-cause and cardiovascular mortality and cerebrovascular morbidity over
10years in the CLARICOR randomised, blinded clinical trial. (1874—1754 (Electronic)).

Britain) JFCG. British National Formulary. Pharmaceutical Press; 2016. p. 307.

Lamont HF, Blogg HJ, Lamont RF. Safety of antimicrobial treatment during pregnancy: a current review
of resistance, immunomodulation and teratogenicity. Expert opinion on drug safety. 2014; 13(12):1569—
81. https://doi.org/10.1517/14740338.2014.939580 PMID: 25189188.

Reali A, Ximenes A, Cuzzolin L, Fanos V. Antibiotic therapy in pregnancy and lactation. Journal of Che-
motherapy. 2005; 17(2):123-30. https://doi.org/10.1179/joc.2005.17.2.123 PMID: 15920896.

Briggs GG, Freeman RK. Drugs in Pregnancy and Lactation. 11 ed. Philadelphia: Wolters Kluwer;
2017.

Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The Cochrane Collabora-
tion’s tool for assessing risk of bias in randomised trials. BMJ. 2011; 343:d5928. https://doi.org/10.1136/
bmj.d5928 PMID: 22008217; PubMed Central PMCID: PMCPMC3196245.

Sterne JA, Hernan MA, Reeves BC, Savovic J, Berkman ND, Viswanathan M, et al. ROBINS-I: a tool
for assessing risk of bias in non-randomised studies of interventions. BMJ. 2016; 355:i4919. https://doi.
org/10.1136/bmj.i4919 PMID: 27733354; PubMed Central PMCID: PMCPMC5062054 http://www.
icmje.org/coi_disclosure.pdf and declare: grants from Cochrane, MRC, and NIHR during the conduct of
the study. Dr Carpenter reports personal fees from Pfizer, grants and non-financial support from GSK
and grants from Novartis, outside the submitted work. Dr Reeves is a co-convenor of the Cochrane
Non-Randomised Studies Methods Group. The authors report no other relationships or activities that
could appear to have influenced the submitted work.

Sweeting MJS, A.J.; Lambert P.C. What to add to nothing? Use and avoidance of continuity corrections
in meta-analysis of sparse data. Statistics in Medicine. 2004; 23:1351-75. https://doi.org/10.1002/sim.
1761) PMID: 15116347

Cooper WO, Hernandez-Diaz S, Arbogast PG, Dudley JA, Dyer SM, Gideon PS, et al. Antibiotics poten-
tially used in response to bioterrorism and the risk of major congenital malformations. Paediatric and
perinatal epidemiology. 2009; 23(1):18-28. Epub 2009/02/21. https://doi.org/10.1111/j.1365-3016.
2008.00978.x PMID: 19228311; PubMed Central PMCID: PMCPmc3381893.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212212  February 19, 2019 12/14


https://doi.org/10.1007/s00228-013-1624-3
https://doi.org/10.1007/s00228-013-1624-3
http://www.ncbi.nlm.nih.gov/pubmed/24352632
http://www.ncbi.nlm.nih.gov/pubmed/615223251
https://doi.org/10.1016/j.ajog.2012.12.023
http://www.ncbi.nlm.nih.gov/pubmed/23254249
https://doi.org/10.1186/1471-2393-6-18
https://doi.org/10.1186/1471-2393-6-18
http://www.ncbi.nlm.nih.gov/pubmed/16734900
https://doi.org/10.1111/j.1365-2125.2012.04286.x
http://www.ncbi.nlm.nih.gov/pubmed/22463376
https://www.theguardian.com/science/2015/mar/25/antibiotic-used-in-pregnancy-linked-to-risk-of-epilepsy-and-cerebral-palsy
https://www.theguardian.com/science/2015/mar/25/antibiotic-used-in-pregnancy-linked-to-risk-of-epilepsy-and-cerebral-palsy
https://www.fda.gov/Drugs/DrugSafety/ucm341822.htm
https://www.fda.gov/Drugs/DrugSafety/ucm341822.htm
https://doi.org/10.1007/s40264-017-0533-2
https://doi.org/10.1007/s40264-017-0533-2
http://www.ncbi.nlm.nih.gov/pubmed/28397186
https://doi.org/10.1016/j.jacc.2015.09.029
https://doi.org/10.1016/j.jacc.2015.09.029
http://www.ncbi.nlm.nih.gov/pubmed/26564594
https://doi.org/10.1517/14740338.2014.939580
http://www.ncbi.nlm.nih.gov/pubmed/25189188
https://doi.org/10.1179/joc.2005.17.2.123
http://www.ncbi.nlm.nih.gov/pubmed/15920896
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.d5928
http://www.ncbi.nlm.nih.gov/pubmed/22008217
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1136/bmj.i4919
http://www.ncbi.nlm.nih.gov/pubmed/27733354
http://www.icmje.org/coi_disclosure.pdf
http://www.icmje.org/coi_disclosure.pdf
https://doi.org/10.1002/sim.1761
https://doi.org/10.1002/sim.1761
http://www.ncbi.nlm.nih.gov/pubmed/15116347
https://doi.org/10.1111/j.1365-3016.2008.00978.x
https://doi.org/10.1111/j.1365-3016.2008.00978.x
http://www.ncbi.nlm.nih.gov/pubmed/19228311
https://doi.org/10.1371/journal.pone.0212212

®PLOS | one

Prenatal use of macrolide antibiotics and adverse child outcomes

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Eschenbach DA, Nugent RP, Rao AV, Cotch MF, Gibbs RS, Lipscomb KA, et al. A randomized pla-
cebo-controlled trial of erythromycin for the treatment of Ureaplasma urealyticum to prevent premature
delivery. The Vaginal Infections and Prematurity Study Group. Am J Obstet Gynecol. 1991; 164
(3):734—42. Epub 1991/03/01. PMID: 2003533.

Kenyon S, Pike K, Jones DR, Brocklehurst P, Marlow N, Salt A, et al. Childhood outcomes after pre-
scription of antibiotics to pregnant women with preterm rupture of the membranes: 7-year follow-up of
the ORACLE | trial. Lancet. 2008; 372(9646):1310-8. Epub 2008/09/23. https://doi.org/10.1016/S0140-
6736(08)61202-7 PMID: 18804274.

Kenyon SL, Taylor DJ, Tarnow-Mordi W. Broad-spectrum antibiotics for spontaneous preterm labour:
the ORACLE Il randomised trial. ORACLE Collaborative Group. Lancet. 2001; 357(9261):989-94.
Epub 2001/04/11. PMID: 11293641.

Kenyon SL, Taylor DJ, Tarnow-Mordi W. Broad-spectrum antibiotics for preterm, prelabour rupture of
fetal membranes: the ORACLE | randomised trial. ORACLE Collaborative Group. Lancet. 2001; 357
(9261):979-88. Epub 2001/04/11. PMID: 11293640.

Kwak HM, Shin MY, Cha HH, Choi SJ, Lee JH, Kim JS, et al. The efficacy of cefazolin plus macrolide
(erythromycin or clarithromycin) versus cefazolin alone in neonatal morbidity and placental inflamma-
tion for women with preterm premature rupture of membranes. Placenta. 2013; 34(4):346-52. Epub
2013/03/08. https://doi.org/10.1016/j.placenta.2013.01.016 PMID: 23465535.

Martin DH, Eschenbach DA, Cotch MF, Nugent RP, Rao AV, Klebanoff MA, et al. Double-Blind Pla-
cebo-Controlled Treatment Trial of Chlamydia trachomatis Endocervical Infections in Pregnant
Women. Infectious diseases in obstetrics and gynecology. 1997; 5(1):10-7. Epub 1997/01/01. https://
doi.org/10.1155/S1064744997000057 PMID: 18476128; PubMed Central PMCID: PMCPmc2364533.

McGregor JA, French Jl, Seo K. Antimicrobial therapy in preterm premature rupture of membranes:
results of a prospective, double-blind, placebo-controlled trial of erythromycin. Am J Obstet Gynecol.
1991; 165(3):632—40. Epub 1991/09/01. PMID: 1892190.

Mercer BM, Moretti ML, Prevost RR, Sibai BM. Erythromycin therapy in preterm premature rupture of
the membranes: a prospective, randomized trial of 220 patients. Am J Obstet Gynecol. 1992; 166
(3):794-802. Epub 1992/03/01. PMID: 1550145.

Muanda FT, Sheehy O, Berard A. Use of antibiotics during pregnancy and the risk of major congenital
malformations: A population based cohort study. British journal of clinical pharmacology. 2017. Epub
2017/07/20. https://doi.org/10.1111/bcp.13364 PMID: 28722171.

Tita AT, Szychowski JM, Boggess K, Saade G, Longo S, Clark E, et al. Adjunctive Azithromycin Prophy-
laxis for Cesarean Delivery. New England journal of medicine [Internet]. 2016; 375(13):[1231-41 pp.].
Available from: http://onlinelibrary.wiley.com/o/cochrane/clcentral/articles/880/CN-01260880/frame.
html.

Ye Y, Tu S, Li H. Clinic intervention study on urogenital mycoplasma infection of pregnant women. [Chi-
nese]. Zhonghua liu xing bing xue za zhi = Zhonghua liuxingbingxue zazhi. 2001; 22(4):293-5. PMID:
11718071.

Lund M, Pasternak B, Davidsen RB, Feenstra B, Krogh C, Diaz LJ, et al. Use of macrolides in mother
and child and risk of infantile hypertrophic pyloric stenosis: nationwide cohort study. Bmj. 2014; 348:
g1908. Epub 2014/03/13. https://doi.org/10.1136/bmj.g1908 PMID: 24618148; PubMed Central
PMCID: PMCPMC3949411.

Nybo Anne-Marie Andersen JW, Peter Christens, Jorn Olsen, Mads Melbye. Maternal age and fetal
loss: population based register linkage study. British medical journal. 2000; 320(7251):1708—-12. PMID:
10864550

Hirtz D, Thurman DJ, Gwinn-Hardy K, Mohamed M, Chaudhuri AR, Zalutsky R. How common are the
"common" neurologic disorders? Neurology. 2007; 68(5):326—-37. Epub 2007/01/31. https://doi.org/10.
1212/01.wnl.0000252807.38124.a3 PMID: 17261678.

Parker SE, Mai CT, Canfield MA, Rickard R, Wang Y, Meyer RE, et al. Updated National Birth Preva-
lence estimates for selected birth defects in the United States, 2004—2006. Birth defects research Part
A, Clinical and molecular teratology. 2010; 88(12):1008—16. Epub 2010/09/30. https://doi.org/10.1002/
bdra.20735 PMID: 20878909.

Mullick S, Watson-Jones D, Beksinska M, Mabey D. Sexually transmitted infections in pregnancy: prev-
alence, impact on pregnancy outcomes, and approach to treatment in developing countries. Sexually
Transmitted Infections. 2005; 81(4):294. https://doi.org/10.1136/sti.2002.004077 PMID: 16061534

The National Institute for Health and Care Excellence (NICE). CLARITHROMYCIN 2018. Available
from: https://bnf.nice.org.uk/drug/clarithromycin.html#pregnancy.

Health Canada. PRODUCT MONOGRAPH: rRAN™-CLARITHROMYCIN 2017. Available from:
https://health-products.canada.ca/dpd-bdpp/info.do?lang=en&code=87557.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212212  February 19, 2019 13/14


http://www.ncbi.nlm.nih.gov/pubmed/2003533
https://doi.org/10.1016/S0140-6736(08)61202-7
https://doi.org/10.1016/S0140-6736(08)61202-7
http://www.ncbi.nlm.nih.gov/pubmed/18804274
http://www.ncbi.nlm.nih.gov/pubmed/11293641
http://www.ncbi.nlm.nih.gov/pubmed/11293640
https://doi.org/10.1016/j.placenta.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23465535
https://doi.org/10.1155/S1064744997000057
https://doi.org/10.1155/S1064744997000057
http://www.ncbi.nlm.nih.gov/pubmed/18476128
http://www.ncbi.nlm.nih.gov/pubmed/1892190
http://www.ncbi.nlm.nih.gov/pubmed/1550145
https://doi.org/10.1111/bcp.13364
http://www.ncbi.nlm.nih.gov/pubmed/28722171
http://onlinelibrary.wiley.com/o/cochrane/clcentral/articles/880/CN-01260880/frame.html
http://onlinelibrary.wiley.com/o/cochrane/clcentral/articles/880/CN-01260880/frame.html
http://www.ncbi.nlm.nih.gov/pubmed/11718071
https://doi.org/10.1136/bmj.g1908
http://www.ncbi.nlm.nih.gov/pubmed/24618148
http://www.ncbi.nlm.nih.gov/pubmed/10864550
https://doi.org/10.1212/01.wnl.0000252807.38124.a3
https://doi.org/10.1212/01.wnl.0000252807.38124.a3
http://www.ncbi.nlm.nih.gov/pubmed/17261678
https://doi.org/10.1002/bdra.20735
https://doi.org/10.1002/bdra.20735
http://www.ncbi.nlm.nih.gov/pubmed/20878909
https://doi.org/10.1136/sti.2002.004077
http://www.ncbi.nlm.nih.gov/pubmed/16061534
https://bnf.nice.org.uk/drug/clarithromycin.html#pregnancy
https://health-products.canada.ca/dpd-bdpp/info.do?lang=en&code=87557
https://doi.org/10.1371/journal.pone.0212212

®PLOS | one

Prenatal use of macrolide antibiotics and adverse child outcomes

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Danish Medicines Agency. Clarithromycin 2018. Available from: http://produktresume.dk/AppBuilder/
search?button=S%C3%B8g&id=&page=0&q=clarithromycin&type=&utf8=%E2%9C%93.

The United States Food and Drug Administration. BIAXIN® Filmtab® 2012. Available from: https:/
www.accessdata.fda.gov/drugsatfda_docs/label/2012/
050662s044s050,50698s0265030,050775s0155019Ibl.pdf.

McKenna S, Evans G, Committee tCIDSAA. Macrolides: A Canadian Infectious Disease Society posi-
tion paper. Can J Infect Dis. 2001; 12(4):218-31. PMID: 18159344

Witt A, Sommer EM, Cichna M, Postlbauer K, Widhalm A, Gregor H, et al. Placental passage of clari-
thromycin surpasses other macrolide antibiotics. American Journal of Obstetrics and Gynecology.
2003; 188(3):816-9. https://doi.org/10.1067/mob.2003.171 PMID: 12634663

Danielsson C, Brask J, Skold AC, Genead R, Andersson A, Andersson U, et al. Exploration of human,
rat, and rabbit embryonic cardiomyocytes suggests K-channel block as a common teratogenic mecha-
nism. Cardiovascular research. 2013; 97(1):23-32. https://doi.org/10.1093/cvr/cvs296 PMID:
22997158.

Webster WS, Abela D. The effect of hypoxia in development. Birth Defects Res C Embryo Today. 2007;
81(3):215-28. https://doi.org/10.1002/bdrc.20102 PMID: 17963271.

Pedersen LH, Henriksen TB, Vestergaard M, Olsen J, Bech BH. Selective serotonin reuptake inhibitors
in pregnancy and congenital malformations: population based cohort study. BMJ. 2009; 339:b3569.
https://doi.org/10.1136/bmj.b3569 PMID: 19776103; PubMed Central PMCID: PMC2749925.

Wourst KE, Poole C, Ephross SA, Olshan AF. First trimester paroxetine use and the prevalence of con-
genital, specifically cardiac, defects: a meta-analysis of epidemiological studies. Birth defects research
Part A, Clinical and molecular teratology. 2010; 88(3):159-70. Epub 2009/09/10. https://doi.org/10.
1002/bdra.20627 PMID: 19739149.

Bahat Dinur A, Koren G, Matok |, Wiznitzer A, Uziel E, Gorodischer R, et al. Fetal safety of macrolides.
Antimicrob Agents Chemother. 2013; 57(7):3307—11. Epub 2013/05/08. https://doi.org/10.1128/AAC.
01691-12 PMID: 23650169; PubMed Central PMCID: PMCPmMc3697347.

Public Health England. Management and treatment of common infections: Antibiotic guidance for pri-
mary care: For consultation and local adaptation. In: Public Health England, editor. 2017.

National Clinical Programme for Obstetrics and Gynaecology. Medication Guidelines For Obstetrics
and Gynaecology. 2017.

UK Teratology Information Service. Use of azithromycin in pregnancy 2012. Available from: http://www.
medicinesinpregnancy.org/bumps/monographs/USE-OF-AZITHROMYCIN-IN-PREGNANCY/.

UK Teratology Information Service. Use of clarithromycin in pregnancy 2012. Available from: http://www.
medicinesinpregnancy.org/bumps/monographs/USE-OF-CLARITHROMYCIN-IN-PREGNANCY/.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212212  February 19, 2019 14/14


http://produktresume.dk/AppBuilder/search?button=S%C3%B8g&id=&page=0&q=clarithromycin&type=&utf8=%E2%9C%93
http://produktresume.dk/AppBuilder/search?button=S%C3%B8g&id=&page=0&q=clarithromycin&type=&utf8=%E2%9C%93
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/050662s044s050,50698s026s030,050775s015s019lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/050662s044s050,50698s026s030,050775s015s019lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/050662s044s050,50698s026s030,050775s015s019lbl.pdf
http://www.ncbi.nlm.nih.gov/pubmed/18159344
https://doi.org/10.1067/mob.2003.171
http://www.ncbi.nlm.nih.gov/pubmed/12634663
https://doi.org/10.1093/cvr/cvs296
http://www.ncbi.nlm.nih.gov/pubmed/22997158
https://doi.org/10.1002/bdrc.20102
http://www.ncbi.nlm.nih.gov/pubmed/17963271
https://doi.org/10.1136/bmj.b3569
http://www.ncbi.nlm.nih.gov/pubmed/19776103
https://doi.org/10.1002/bdra.20627
https://doi.org/10.1002/bdra.20627
http://www.ncbi.nlm.nih.gov/pubmed/19739149
https://doi.org/10.1128/AAC.01691-12
https://doi.org/10.1128/AAC.01691-12
http://www.ncbi.nlm.nih.gov/pubmed/23650169
http://www.medicinesinpregnancy.org/bumps/monographs/USE-OF-AZITHROMYCIN-IN-PREGNANCY/
http://www.medicinesinpregnancy.org/bumps/monographs/USE-OF-AZITHROMYCIN-IN-PREGNANCY/
http://www.medicinesinpregnancy.org/bumps/monographs/USE-OF-CLARITHROMYCIN-IN-PREGNANCY/
http://www.medicinesinpregnancy.org/bumps/monographs/USE-OF-CLARITHROMYCIN-IN-PREGNANCY/
https://doi.org/10.1371/journal.pone.0212212

