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Introduction

All epidemiologic studies can be characterized by strengths and weaknesses that influence the
results and interpretation of results to varying degrees. A number of methodological issues inherent in
epidemiologic research may preclude the identification of positive associations, attenuate the risk
estimates or reduce the precision of risk estimates. Examples include insufficient statistical power (too
few study subjects), inadequate length of follow-up, bias and uncontrolled confounding, among others.

Three (3) epidemiological studies examined the association between prenatal exposure to
Zofran and risk of cardiac malformations (Pasternak et al. 2013; Andersen et al. 2013; Danielsson et al.
2014). These studies have some limitations that would serve to bias the results to the null, including:
exposure misclassification and limited follow-up. Despite these limitations tending to bias the results
towards the null, all three studies show elevated risk ratios for cardiac malformations, including risk
ratios greater than 2.0 for specific septal defects. An overview of each study is presented below
followed by a separate evaluation section.

Overview of Epidemiology Studies

Pasternak et al. 2013

This historical registry-based Danish cohort study examined the use of Ondansetron during
pregnancy and risk of adverse fetal outcomes defined as: spontaneous abortion, stillbirth, any major
birth defect, preterm delivery, low birth weight, and small size for gestational age. Over 608,385
pregnancies in Denmark from the Medical Birth Registry and National Patient Register that resulted in a
single live birth, still birth, or ended with any abortive outcome between January 1, 2004 through
March 31, 2011 were considered in the study. Women who were exposed to Ondansetron and those
who were not exposed were included in matched analyses of spontaneous abortion (1,849 exposed
women vs 7,396 unexposed women), still birth (1,915 vs 7,660), any birth defect (1,233 vs 4,932),
preterm delivery (1,792 vs 7,168) and birth of infants at low birth weight and small for gestational age
(1,784 vs 7,136). The unexposed group was defined as women who did not fill a prescription for
Ondansetron during the exposure time window. The exposure time window was defined as the first
trimester (through 12 gestational weeks) for any major birth defect. Prescription data was obtained
from the National Prescription Registry. The timing of exposure was defined by the date the
prescription was filled. Estimates were adjusted for hospitalization, nausea and vomiting during
pregnancy and the use of other antiemetics.

Risk estimates for cardiac birth defects were not presented in the study; however, counts were
provided in the supplemental material. Risk estimates were calculated and were elevated for septal
defects, excluding ASD, but none of the results were statistically significant due to small sample sizes.
Specifically, mothers taking Ondansetron during the first trimester, compared to women who did not
take Ondansetron, were: 22% more likely to have offspring with any septal defect; 41% more likely to
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have offspring with a VSD and greater than 4-times more likely to have offspring with an AVSD (however
the latter was based on only 2 cases).

Andersen et al. 2013

In this Danish nationwide registry-based cohort study, the relationship between Ondansetron
use during the first trimester and subgroups of congenital malformations was examined. The results of
this study have not yet been published as a manuscript; they are presented in abstract form from the
29th International Conference on Pharmacoepidemiology & Therapeutic Risk Management, August 28,
2013, Montréal, Canada. All women giving birth in Denmark between 1997 and 2010 were included in
the study. These women were identified using the same Medical Birth Registry examined in Pasternak
et al. 2013, and all offspring with a record of congenital malformation were identified using the National
Hospital Register. All of the major malformations and subgroupings used in this study followed the
EUROCAT classification system. Exposure was defined as filling a prescription during the first trimester
and prescription data were obtained from the National Prescription Registry. A total of 903,207 births
were identified in the study period and 1368 women filled a prescription for Ondansetron in the first
trimester, of which 4.7% had an offspring with a congenital malformation compared to 3.5% in the
unexposed group. The adjusted odds ratio (OR) of having an offspring with any cardiac defect was 1.6
(95% Cl, 1.1-3.1). The risks for specific septal defects were much higher: ASD, OR=2.1 (95% Cl, 1.3- 3.6);
VSD, OR=2.3 (95% Cl, 1.2-4.2); and AVSD, 4.8 (95% Cl, 1.5-15.1). These results indicate that mothers
who took Ondansetron in the first trimester have a 2- to 4-fold greater risk of having a child with a
septal defect compared to mothers who did not take Ondansetron in the first trimester.

Danielsson et al. 2014

This Swedish registry-based case-control study investigated the teratogenic risks associated with
Ondansetron use during pregnancy and risk of cardiac congenital malformations, specifically. The
Swedish Medical Birth Registry combined with the Swedish Register of Prescribed Drugs were used to
identify 1,349 infants born to women who had taken Ondansetron in early pregnancy, from 1998-2012.
Exposure was defined as Ondansetron use in “early pregnancy,” a term that is not explicitly defined in the
manuscript. One might infer from the introduction that “early pregnancy” means first trimester exposure
but it is unclear from the published manuscript. Exposure was assessed in two ways: by direct interview
at the prenatal visit around weeks 10-12 and through the Swedish prescription register. The total number
of births in the study was 1,501,434 infants, and 43,658 had malformations classified as major (2.9%).
Among the major malformations, 14,872 had cardiovascular defects (34%) and 10,491 had a cardiac
septum defect (24%).

The results from the study indicated statistically significantly elevated risk for cardiovascular
defects and septal defects, specifically, for women taking Ondansetron versus those who did not. The
risk estimate for any cardiovascular defect was 1.62 (1.04-2.14), indicating that mothers who took
Ondansetron during early pregnancy had a 62% increased risk of having offspring with a cardiovascular
defect compared to those who did not take Ondansetron during early pregnancy. Further, mothers who
took Ondansetron had a greater than 2-fold increased risk in having an offspring with a septal defect,
specifically, compared to mothers who did not take Ondansetron (RR=2.05; 95% Cl, 1.19-3.28).
Sensitivity analyses were conducted to control for confounding by indication. Specifically, risk estimates
were calculated for women filling prescriptions for meclizine and showed no association for any
malformation group, indicating that confounding by indication is not a problem in this study population.
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Evaluation of Epidemiological Studies

Exposure misclassification can happen in various ways in epidemiological studies of drug
exposures and birth defects (and cardiac malformations specifically), depending upon how exposure is
defined. First, because the outcome of interest is a congenital malformation, the only relevant maternal
exposures are those that occur during organogenesis, and development of the heart specifically. Even
first-trimester exposure to Ondansetron that occurs after this window of development would be non-
relevant and violate the temporality criterion of a causation analysis. Classifying individuals as exposed
when they were not in fact exposed within the relevant developmental window would serve to
underestimate the true effect of Ondansetron on cardiac birth defects. Organ formation begins 3 weeks
after fertilization in a normal human pregnancy. The heart is the first organ to form during
embryogenesis, and it begins its formation generally by about day 16 or 17 of gestation. The heart is
also the first organ that becomes functional in the vertebrate embryo and it begins to pump fluid
through blood vessels by day 20.

As seen in the chart below, the heart is not finished developing until approximately week 9.
From an epidemiological study perspective defining exposure as during the entire first trimester creates
the possibility that some women may have taken the drug only during the non-developmental period (9-
12 weeks).

Developmental Timeline of Human Heart Embryology’

Day Developmental Process
0 Fertilization.
1-4 Cleavage and movement down the oviduct to the uterus.
5-12 | Implantation of the embryo into the uterus.
13-14 | Primitive streak formation (midstreak level contains precardiac cells).
Formation of the three primary germ layers (gastrulation): ectoderm, mesoderm, and endoderm. Midlevel
15-17 | primitive streak cells that migrate to an anterior and lateral position form the bilateral primary heart field.
Lateral plate mesoderm splits into the somatopleuric mesoderm and splanchnopleuric mesoderm.
17-18 | Splanchnopleuric mesoderm contains the myocardial and endocardial cardiogenic precursors in the
region of the primary heart field.
18-26 | Neurulation (formation of the neural tube)
20 Cephalocaudal and lateral folding brings the bilateral endocardial tubes into the ventral midline of the
embryo.
21-22 | Heart tube fusion.
22 Heart tube begins to beat.
22-28 | (3—4 wk) Heart looping and the accretion of cells from the primary and secondary heart fields.
2998 (3—4 wk) Proepicardial cells invest the outer layer of the heart tube and eventually form the epicardium
and coronary vasculature.
22-28 | (3—4 wk) Neural crest migration starts.
32-37 | (5—6 wk) Cardiac neural crest migrates through the aortic arches and enters the outflow tract of the heart.
57+ | (9 wk) Outflow tract and ventricular septation complete.

1 Adapted from Handbook of Cardiac Anatomv, Physiologv, and Devices. laizzo, P.A (Ed.)
2005, Hardcover
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For studies that rely upon prescription data, there is always the risk of exposure misclassification
related to non-compliance or non-utilization. Specifically, some individuals will fill a prescription but not
actually take the medication, or will not take it according to the prescription. In these instances,
individuals will be classified as exposed who are in fact non-exposed (or exposed to a lesser degree).

This can also serve to bias the risk estimates towards the null. Estimates of medication non-adherence
rates typically range from 30% to 60%, depending upon the condition, the treatment, the patient, and
the setting (Meichenbaum, 1987). As an example, one study (Keene, 2005) found that approximately
54% of patients initiating SSRI therapy were non-compliant over 6 months. A separate study (Chan,
2012) showed that 42% of cancer patients were non-compliant with the dose protocol for an antiemetic
drug. The Andersen, Pasternak and Danielsson studies all relied upon prescription registry data for
exposure information and, therefore, the possibility for exposure misclassification exists. The effect of
exposure misclassification in these studies would be to bias the results towards the null, as some
individuals being classified as exposed would actually be unexposed and this underestimates the risk.

Another methodological limitation related to exposure is the use of drug-exposed individuals in
the control group. In a cohort study, the unexposed group should have the same baseline risk of the
outcome as the exposed group, other than the effect of the exposure itself. If exposure to other drugs
during pregnancy is associated with an increased risk of birth defects, the risk ratios in the study may be
under-reported, creating the false impression that the risk of the outcome in the Ondansetron group as
compared to the unexposed group is lower than the true risk ratio. In fact, we know this to be the case,
as the utilization of SSRI antidepressants in pregnancy is relatively common and certain SSRIs, such as
Paxil, have been shown to be associated with increased risk of cardiac malformations. It is unclear from
the three published studies what other drugs women in both the exposed and unexposed groups may
have been taking.

Length of follow-up is a characteristic of epidemiological study design that must be considered,
both in the planning of a study and in the evaluation of existing studies. Length of follow-up should be
chosen based on the objectives of the study (e.g. efficacy, patient safety) and taking into consideration
the mechanisms by which the exposure may exert its effects. In the study by Pasternak et al., follow-up
was only done one year after birth, which means that some congenital cardiac malformations, such as
VSD and ASD, may not have been detected?. A short follow-up period such as this will underestimate the
prevalence of congenital cardiac defects, as some defects are not detected until later in life. The
consequence of having too short a duration of follow-up is reduced power to detect a true association.

Despite these limitations which would serve to bias the results towards the null or reduce the
power of the study (and precision of the risk estimates), all three studies show elevated risk ratios for
cardiac malformations, including risk ratios greater than 2.0 for specific septal defects. Due to the small

2 “Thirteen heart defects have so far come to light among the 14 572 children born between 1996 and 2003 when they were
more than 12 months old. VSDs accounted for a third of these late diagnoses.” C Patton, E Hey. How effectively can clinical
examination pick up congenital heart disease at birth? Arch Dis Child Fetal Neonatal Ed 2006;91:4 F263-F267

“Furthermore, because an ASD is usually asymptomatic and has murmurs that are often soft, these defects frequently do not
lead to early diagnosis or referral. This is why many of these subjects present in adult life (2-3), so the incidence in childhood
usually underestimates the true incidence of the lesion.” Hoffman J, Kaplan S. The incidence of congenital heart disease. J Am
Coll Cardiol.2002;39(12):1890-1900. doi:10.1016/S0735-1097(02)01886-7.
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number of epidemiological studies specifically addressing Ondansetron and cardiac birth defects (and
the small sample sizes underlying those studies), a weight-of-evidence approach is necessary.
Consideration of mechanistic data and data in humans for similar prenatal drug exposures will be
important.

Causation Assessment Using Bradford Hill Paradigm

1. Strength of the Association (Risk Ratios and 95% Confidence Limits)

a. Pasternak et al. 2013 [Denmark, 2004-2011]

e VSD/ASD/AVSD combined, RR=1.22 (0.62-2.39)

e VSD, RR=1.41 (0.56-3.57)

e ASD, RR=0.88 (0.30-2.62)

e AVSD, RR=4.0(0.25-63.91, based on 2 cases)

e Risk estimates calculated from supplemental material
b. Andersen et al. 2013 [Denmark, 1997-2010]

e Heart defects, OR=1.6 (1.1-3.1)

e ASD, OR=2.1(1.3-3.6)

e VSD, OR=2.3 (1.2-4.2)

e AVSD, OR=4.8 (1.5-15.1)
c. Danielsson etal. 2014 [Sweden, 1998-2012]

e Cardiovascular defect, OR=1.62 (1.04-2.14)

e Septum defect, OR=2.05 (1.19-3.28)

d. Results are particularly compelling for septal defects and AVSD, in particular, where both
studies examining that outcome showed risks for mothers taking Ondansetron to be >4-fold

greater than those who did not take it.

2. Consistency of the Association
a. There have only been a small number of studies, but these have demonstrated consistently

elevated risk ratios.

3. Specificity
a. Notnecessary to establish causation —and one of the weakest of Hill’s guidelines
b. Teratogens are capable of causing multiple birth defects, and birth defects often do not

occur in isolation.
c. The grouping of birth defects in epidemiological studies is possible because specificity is not

a necessary criterion to establish causation.

4. Temporality

a. Established generally for exposure in the first trimester, but this is not the most accurate or

restrictive period that could be applied.
b. The relevant exposure window will depend on the outcome of interest and the timing of
formation/differentiation for that organ system.
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c. Organs are typically at their most susceptible stage early in their differentiation, so it is
possible that prolonged exposure to a teratogen may affect numerous organs, each at its
own critical stage of differentiation or development.

d. Exposure to teratogenic agents during the embryonic period has the greatest likelihood of
causing a structural anomaly, although the pattern of defects produced depends upon
which systems are differentiating at the time of exposure.

5. Dose Response
a. Most studies define exposure as yes/no, sometimes during a specified timeframe (e.g. first
trimester exposure), therefore dose information is largely unavailable.
b. Filling one prescription is typically how exposure is defined in the epidemiological studies;
no data on actual use/ingestion is available.
c. There appears to be a small range of doses (4¢8 mg orally every 8 hours as needed) for
which physicians are prescribing Ondansetron in pregnancy (Badell, 2006).

6. Biological Plausibility

Three possible mechanisms of cardiac malformation have been identified that support a causal
relationship between maternal first-trimester Ondansetron exposure and cardiac birth defects in
offspring.?

a. Perturbations of non-neural serotonin regulated migration of cardiac neural crest cells

e The cardiac neural crest develops into melanocytes, cartilage, connective tissue and
neurons of some pharyngeal arches. This gives rise to regions of the heart such as the
musculo-connective tissue of the large arteries, and part of the septum, which divides
the pulmonary circulation.

e Serotonin promotes neural crest cell migration and inhibition of serotonin transport
causes craniofacial malformations. Neural crest progeny are critical elements in the
formation of the peripheral nervous system, the cardiac outflow tract and craniofacial
features. The wide distribution of neural crest cells in the organism and their high rate
of proliferation make neural crest progeny (including cardiac tissue) vulnerable to
environmental insults and genetic mutations. (Sieber-Blum, 2002)

e Serotonin can also regulate cell proliferation, cell movements and cell differentiation.
Serotonin is required for embryonic heart development. Genetic ablation of the 5-HT2B
receptor (serotonin receptor 2B) leads to partial embryonic and postnatal lethality with
abnormal heart development. (Etienne et al., 2003)

b. Blocked serotonin receptors

e 5-HT increases the proliferation of fetal heart cells. Abnormal 5-HT level or misuse of 5-
HT uptake blocker may alter heart development. (Sari, 2003)

e Overexpression of 5-HT2BR leads to hypertrophic cardiomyopathy and is associated
with altered mitochondrial function in mice. (Nebigil, 2003)

3Results are from a preliminary literature search and not meant to be exhaustive of all available literature on
potential mechanisms of action (MOA) or these MOAs, in particular.
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e 5HT3 receptors mediate Bezold-Zarish reflex, which is an autonomic reflex consisting of
bradycardia, hypotension and apenia. Suppression of this reflex by Zofran leads to
tachyarrhythmias. (Chandrakala, 2008)

e 5HT3 receptor blockade could possibly lead to unopposed action of 5HT2 and 5HT4
receptors , resulting in tachyarrhythmias and hypertension. (Chandrakala, 2008)

QT prolongation

e |tis established that ondansetron causes QT prolongation. (Hafermann, 2011)

e Antepartum use of selective serotonin-reuptake inhibitor antidepressants is associated
with QT interval prolongation in exposed neonates. (Dubnov-Raz, 2008)

e Thereis anincreased prevalence of septal heart defects among children whose mothers
were prescribed QT prolongating drugs (SSRIs) in early pregnancy. (Pedersen, 2009)

7. Coherence

a.

Associations have been observed between first trimester exposure to other drugs that cause
QT-interval prolongation
e SSRIs (Paxil, Celexa) are known to both elongate the QT interval and cause
congential malformations in the fetus. This includes heart defects. (Wogelius, 2006
and Pedersen, 2009)
e Anti-obesity drugs (sibutramine) have been shown to elongate QT interval and have
also been linked to increased risk for cardiac defects. (Kallen, 2013)

b. Associations have been observed between insults to the neural crest and cardiac defects.

e Studies have shown that neural crest progeny are critical elements in the formation
of the peripheral nervous system, the cardiac outflow tract and craniofacial
features. (Sieber Blum, 2002 and Keyte, 2012)

e Serotonin is known to play a role in neural crest migration. (Sieber Blum, 2002)

8. Experimental Evidence

a.

This tenet is also known as challenge — dechallenge - rechallenge. It is not applicable here
because the impact of intervention, or removal of the exposure has not been tested. The
patient insert (Pl) states: “Reproduction studies have been performed in pregnant rats and
rabbits at daily oral doses up to 15 and 30 mg/kg/day, respectively, and have revealed no
evidence of impaired fertility or harm to the fetus due to Ondansetron. There are, however,
no adequate and well-controlled studies in pregnant women. Because animal reproduction
studies are not always predictive of human response, this drug should be used during
pregnancy only if clearly needed.”

There are many reasons why animal studies may not be predictive of risk in humans,
including but not limited to differences in drug metabolism and genetics. (Bracken 2009)
The reported lack of fetal harm in exposed rats and rabbits is not necessarily inconsistent
with the presence of an increased risk of harm in human fetuses. In fact, the absence of an
effect in animals should not be interpreted as evidence for no effect in humans. There are
many examples of exposure scenarios where animal and human data were strikingly
dissimilar. Thalidomide is a well-known example of a case where a drug was teratogenic in
humans (causing congenital defects) but fairly extensive animal data failed to produce the
same effect. (Shanks et al. 2009)
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9. Analogy
a. Asstated above, associations have been observed between first trimester exposures to
other drugs that cause QT-interval prolongation.
b. As stated above, associations have been observed between insults to the neural crest and
cardiac defects.

10. Alternative Explanations
a. Genetics
b. Confounding by Indication
e Confounding by indication can be described briefly a type of bias wherein a

condition or symptom that causes a medication to be prescribed is actually
associated with increased risk of the outcome and can, therefore, contribute to the
observation of an association between the drug and the outcome that may not
actually exist.

e |n this case, the question is whether nausea and vomiting in pregnancy is associated
with risk of congenital cardiac defects in offspring.

e The existing data does not show increased risk of cardiac birth defects in offspring of
women taking other antiemetics, demonstrating that confounding by indication is
not a likely explanation for the observed increase in risk associated with use of
Ondansetron.

e There is some theory and evidence to support the idea that nausea and vomiting in
pregnancy may be protective against adverse pregnancy outcomes:

1. Nausea and vomiting as a protective mechanism from environmental toxins

a. There is some evidence to suggest that nausea in pregnancy (NP) is
triggered by animal products which may contain parasites and
harmful bacteria.

b. If morning sickness is a defense mechanism against the ingestion of
toxins, the prescribing of anti-nausea medication to pregnant
women may have the undesired side effect of causing birth defects
by encouraging, or enabling, harmful dietary choices.

2. Nausea and vomiting as a surrogate for healthy hormonal balance

a. A study by Boneva and colleagues (1999) demonstrated a protective
effect of NP and NP-medications (Bendectin and other unidentified
medications) on risk of congenital cardiac defects in offspring.

b. The authors hypothesize that the protective effect may best be
explained by the following: “nausea during early gestation is a
marker of normal production of pregnancy hormones and
pregnancy-specific growth factors, either of which may play arole in
heart development” (page 724).

c. The authors further offer that the reported protective effect of
nausea medications on risk of congenital cardiac defects may, in
fact, be a result of confounding by indication because severe nausea
itself resulted in women being less likely to have a child with a
congenital heart defect than women with no nausea.
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e The potentially protective effect of NP on risk of cardiac birth defects may have no
effect on the risk estimates or may serve to underestimate the true risk of
Ondansetron.

e Specifically, if we assume that NP is protective to the same degree in women taking
Ondansetron and those taking other medications, then the observed risk estimate
will not be biased when comparing women with NP who took Ondansetron to those
taking other NP medications.

e However, there are two situations in which the observed risk estimate for
Ondansetron use and congenital cardiac defects may be biased toward the null (i.e.
underestimated) if we assume that NP is protective®:

1. If we compare pregnant women who are taking a drug for NP versus all
other pregnant women (not necessarily with NP), then the competing
protective mechanism of NP on Ondansetron users may underestimate the
true risk of Ondansetron use among all pregnant women;

2. If women with more severe nausea are more likely to take a prescription
medication like Ondansetron (and if more severe nausea is associated with
increased protection as in Boneva et al. 1999) then the observed risk for
cardiac birth defects among Ondansetron users compared to all other
pregnant women may underestimate the true risk of the drug alone among
all pregnant women.

Other Considerations

e The ideal epidemiological study of birth defects would be able to examine the association
between exposure to a potential teratogen and risk of specific congenital malformations.
However, this is rarely possible given a number of limitations inherent in studying birth defects
and in studying certain potential teratogens. The more rare the disease and the smaller the
exposed population, the less likely that a particular study will find a statistically significantt
elevation, even under circumstances in which a true causal connection exists.

e Therelatively small sample sizes of either exposed children and/or children affected with
specific types of birth defects results in very limited power to detect statistical differences in risk
between exposed and unexposed, particularly for specific malformations. This makes the
detection of even a substantial drug-induced increase in the rate of any individual defect
difficult.

e An additional consideration for epidemiologic research is the high rate of fetal loss related to
birth defects. Thus, if only live births are considered, the impact of teratogenic factors may be
greatly underestimated or overlooked in a study.

4 These assume that nausea during pregnancy, and severity thereof, were not controlled for in the study design or
analysis
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Additional Avenues for Inquiry

e Further assess the strength of the evidence for confounding by indication

e Systematic, comprehensive literature review to further develop mechanism of action

e Analysis of FDA AERS database for safety signal

o Nested case-control study of administrative claims database to contribute US-based data with
the power to examine specific cardiac birth defects
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