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Abstract
There is an urgent need to develop targeted pharmacovigilance systems to assess the safety of antimalarials in early pregnancy. The artemisinins are effective antimalarials and are increasingly deployed in malaria endemic countries; however they have shown to be embryo-toxic in animal models and their safety in early human pregnancies remains uncertain. Modelling suggests that the probability that an embryo will encounter artemisinins during the critical 6-week period (week four to week 10 of gestation) through accidental exposure is 12% for areas where adults receive on average 1 treatment with 3 days of artemisinin based combination therapy per year. Under similar conditions, approximately 1 in 40 women of childbearing age requiring antimalarial treatment may be four to 10 weeks pregnant in areas with a total fertility rate of 5.5. Most of the approaches used in industrialised countries to evaluate a drug’s embryo-fetal toxicity have limited application in resource-limited countries. This paper proposes a targeted prospective pharmacovigilance approach enabling timely assessment of the risk-benefit profile of antimalarials through the establishment of an international antimalarial pregnancy exposure registry. Methodological considerations for the systematic prospective assessment of pregnancy outcomes and congenital malformations in women exposed to antimalarials early in pregnancy are discussed, as well as approaches to capture drug exposure information using record linkages studies in resource poor settings, choice of comparison groups and sample size considerations. This multi-product, multi-sponsor registry requires new levels of collaboration between pharmacovigilance programs, anti-malarial drug developers, research groups, regulatory authorities, and the World Health Organization. 
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Introduction
Drugs are marketed with limited information on their safety during pregnancy.  Pre-approval animal reproductive toxicology studies have ambiguous predictive value for human embryo-fetal toxicity due to variations in species-specific effects [1]. Pregnant women are routinely excluded from pre-licensure clinical trials for fear of harming the mother or the developing fetus [2]. Physiologic changes associated with pregnancy limit the inference of pharmacokinetic and pharmacodynamic data from non-pregnant subjects [3]. Consequently, most drugs are not recommended for use during pregnancy due to the lack of information on their risk-benefit profile, yet drugs are widely used by pregnant women and medication often cannot be avoided in chronic diseases, such as epilepsy, malignant diseases, HIV, or other acute illness that may harm the mother and the unborn child if left untreated.  

Passive mechanisms of spontaneous reporting of adverse drug effects is inadequate to routinely detect drug-induced fetal risks or lack of such risks [4]. The US based Food and Drug Administration (FDA) and the European Medicine Agency (EMEA) recommend active surveillance, such as pregnancy exposure registries, for products that are likely to be used during pregnancy or by women of reproductive age, particularly if there have been case reports of adverse pregnancy outcome following exposure, drugs in the same pharmacological class are known to pose risk during pregnancy or pre-clinical animal data suggest potential teratogenic risk [5,6]. In industrialised countries, this information can be derived from medical records and automated databases, including medical or pharmacy insurance claims. Such approaches are challenging in developing countries where resources for routine pharmacovigilance are rare and automated data sources generally do not exist 
 ADDIN EN.CITE 
[7,8,9,10]
. Thus, nearly all developing countries rely on drug safety data from industrialised countries. However, there is often no or limited safety data in pregnancy for drugs targeting tropical diseases as these are not widely used in the countries with more robust pharmacovigilance systems. 

This paper describes the use of pregnancy exposure registries as a targeted pharmacovigilance approach to provide clinically relevant safety data for drugs used to treat or prevent tropical diseases in women of childbearing age and discusses the specific considerations for assessing the safety of antimalarial drugs used during early pregnancy in resource-constrained malaria endemic countries.

Safety of the artemisinin antimalarials in pregnancy

The use of antimalarials in pregnancy is such an example. Every year, at least 50 million women living in malaria endemic countries become pregnant 
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[11,12]
. Malaria can have devastating consequences for the mother and fetus, including severe maternal anaemia and mortality, low birth weight, preterm birth and loss of the pregnancy 
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. Thus, pregnant women require prompt treatment with safe and effective antimalarial drugs when infected. Because of the spread of resistance of Plasmodium falciparum to chloroquine and sulphadoxine-pyrimethamine, the World Health Organization (WHO) now recommends the use of artemisinin combination therapies (ACTs) for non-severe malaria, including in the 2nd and 3rd trimester of pregnancy [14,15]. Information regarding the safety of the artemisinins in the 2nd and 3rd trimester in over 1000 well documented exposures from the Thai-Burmese border is reassuring [16], and it is anticipated that the degree of reassurance will increase with further experience. However, there remains uncertainty about their safety in early pregnancy (See Box 1) [17]. 
The artemisinins are among the most effective and rapidly acting antimalarials to date providing life saving benefits to children, adults, and pregnant women and with the rapid roll-out of ACTs they may soon become among the most widely used antimalarial drugs. WHO does not recommend the use of artemisinins in the 1st trimester (with some exceptions discussed later), however, there are no specific risk management precautions to exclude women of childbearing age from using ACTs and pregnancy testing is not routinely implemented in resource poor settings. Thus, the potential for inadvertent exposure to ACTs during the 1st trimester will be high and in many cases unavoidable (Box 2 and Figure 1). Health care providers, pregnant women and policy-makers urgently need valid information to make informed decisions about the risks and benefits of ACTs for women of childbearing age.
Background to Pregnancy Exposure Registries

The use of pregnancy exposure registries has been reviewed in detail elsewhere [4]. In brief, pregnancy exposure registries are used to provide reassurance on the potential risk associated with certain drugs and can serve both as a hypothesis-generating tool and to evaluate suspected risks or risk factors, such as dose, timing of exposure or maternal characteristics that may have been identified in earlier animal studies, pre-marketing clinical studies or during post-marketing surveillance. 
In industrialised countries, several pregnancy exposure registries are ongoing and 32 are listed on the FDA website: www.fda.gov/womens/registries/registries.html. There is some variation in design, but they all use a prospective approach and identify and follow exposed women until the end of pregnancy (i.e. before the outcome is known). Sometimes the infant is also followed for up to a year or longer. The systematic prospective ascertainment of pregnancy outcomes has the major advantage over case-control designs and passive surveillance  that it reduces selection bias (for example, due to self reporting) and recall bias, has the potential for using standardised methods to assess outcome, and because of the availability of both numerator and denominators allows calculations of risk estimates that can then be compared against event rates in comparison groups or background populations [4]. One other attractive feature of pregnancy exposure registries is that they can be time limited and terminated once the target sample size to rule out a pre-defined risk is reached.

Antimalarial Pregnancy Exposure Registry 

Our current understanding of the mechanism of embryotoxicity of the artemisinin provides some guidance for the approach in terms of defining the sensitive drug exposure time window of interest, and in terms of outcome assessments. 
Patient Recruitment
Deliberate exposure

One potential source of early pregnancy artemisinin exposures is deliberate exposure resulting from treatments where the benefit is perceived to outweigh the potential risk. For example, WHO currently recommends ACTs for the treatment of uncomplicated or severe malaria when no alternatives are available [18]. Artemisinins have been used in the 1st trimester as rescue therapy in the treatment of multi-drug resistance falciparum, such as is common in some areas in South East Asia where up to 33% of treatments fail the standard treatment of 7 days of oral quinine, even when given under supervision and no effective alternatives are available 
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. 

Inadvertent drug exposure

The greatest number of exposures in early pregnancy, however, will be unintentional exposures. The design for reliably capturing the occurrence and timing of inadvertent drug exposure to ACTs in early pregnancy requires special consideration. Firstly, because the critical time window occurs around the time when women will have missed only one menstrual period and many may not yet be aware that they are pregnant and will thus not yet attend ANC. Secondly, the timing of a typical exposure is short; 3 days, and unless treatment records are available, this poses a challenge to retrospectively determine the precise timing at which the exposure occurred. Another difficulty is the accurate assessment of the gestational age at the (known) time of exposure. Early ultrasound fetal measurement provides the best indication of gestational age, but ultrasound is not readily available in resource-constrained countries. The majority of pregnant women in developing countries are uncertain of the first day of their last menstrual period (LMP) [20]. Therefore,  gestational age is usually estimated with less accuracy using fundal height assessment (accuracy +/- 3 weeks) or at birth using Dubowitz methods (+/- 2 weeks)[21]. Lastly, malaria treatment is often home-based or unsupervised and antimalarials can be obtained from a variety of providers. Antimalarial medications are widely available over-the-counter and herbal medicines are commonly used, in contrast to the treatment for chronic diseases such as HIV and tuberculosis. Antiretroviral drugs and anti-tuberculosis medication are typically provided by the formal health services that are more likely to keep records, and where treatments are continued during pregnancy making it easier to determine if they were exposed during early pregnancy. Thus, different approaches are required to capture exposures to short treatment courses such as ACTs versus long-term continuous exposure in comparison to HIV or TB. 
Record linkage approach to capturing inadvertent drug exposure

The reliable ascertainment of drug exposure will require record linkage studies that link databases with drug dispensing information for women of childbearing age (WOCBAs; age 15-49 years) with databases of pregnant women, such as antenatal clinic (ANC) records, to determine if they were pregnant at the time of treatment, or to trace the treatment history of women once they realize they are pregnant. 

Recruitment of Pregnant women: Retrospective Record Linkage
Recruiting study participants from ANC might be an efficient means of enrolling women. In general, attendance is high and about 70% attend ANC at least once during pregnancy for most malaria endemic countries [22,23]. Because most women have their first visit past 8 weeks gestation (the majority after 20 weeks), this will require retrospective record linkage with databases of treatment records covering the same area. New and ongoing pregnancies could also be identified through regular population census and household visits in demographic (health) surveillance sites.

A disadvantage of recruiting pregnant women rather than WOCBAs is that miscarriages will be missed as the pregnancy is not sustained for long enough for women to attend antenatal care. Women attending ANC may also represent a selected group. Young adolescents or women living in remote areas may not attend ANC at all, or only late in pregnancy. Although these women may differ in several aspects from those attending ANC, it will only affect the generalization of the findings if there are reasons to suspect that the safety of artemisinins in pregnancy would be modified. 

Recruitment of women of childbearing age (WOCBAs): Prospective Record linkage
Another approach is through prospective records linkage of treatment records of WOCBAs with datasets that capture new pregnancies to subsequently determine if they may have been pregnant at the time of treatment (e.g. through linking out-patient clinic data with antenatal clinic records or demographic surveillance data). We estimate based on the published fertility rates for Africa that on average 2.5% of WOCBAs attending out-patient clinics may have an early pregnancy during the embryo-sensitive period for artemisinin (see Box 2). The WOCBA cohort approach could be very efficient in settings where records are automated, but potentially onerous in settings where linking has to be done manually as in areas where adults receive on average one ACT treatment per year approximately 40 WOCBAs treated for malaria need to be followed to identify one that might have been 4-10 weeks pregnant at the time of treatment (Box 2).
Pregnancy outcome assessment

Embryo-fetal-toxic drugs induce disruption of the embryo-fetal development causing structural or functional defects depending on the timing and dosage. Pregnancy outcomes include live births, spontaneous abortions (loss of the embryo or fetus before 22 weeks of gestation, henceforth referred to as miscarriage) and stillbirths (loss of the fetus after 22 weeks gestation) [24]. Congenital malformations and other anomalies can occur in each of these categories [4].
Although the extrapolation of the pre-clinical reproductive toxicology for artemisinins to human pregnancies is complicated (particularly because of the longer window of sensitivity but much shorter duration of exposure in humans), the current data from animal models suggests that the effects are not species specific and that exposure early in the 1st trimester might cause major birth defects and/or early embryo/fetal death with subsequent miscarriages or fetal resorption, while stillbirths may not be of concern. 
The primary outcome of interest is a decisive factor for the choice of study design, study population and target data sources for outcome ascertainment and needs to be defined a priori. For example, registries that aim to capture miscarriages need to recruit women as early in pregnancy as possible. Most of the existing pregnancy exposure registries monitor all pregnancy outcomes (i.e. live births, still births and abortions) but the design and sample size calculation focus on capturing birth defects [25]. Fetal resorption and early miscarriage are very difficult to assess reliably as most will go unnoticed clinically as they occur before 8-9 weeks and the majority before 3 weeks [26]. Only repeated pregnancy testing with a switch from a positive to a negative test may suggest objectively the early loss of pregnancy [27]. However, this is unlikely to be feasible or culturally acceptable in many malaria endemic countries and the frequent use of pregnancy testing itself would reduce the probability of inadvertent exposures in that population. We may thus have to accept that early pregnancy loss cannot be captured reliably in sufficient numbers, by contrast to later miscarriages and stillbirths. 

For malformations, the duration of follow-up of the infant needs to be considered carefully as many major structural and functional defects are not detected or cannot be classified at birth. Major congenital malformations (those not compatible with life or requiring medical/surgical interventions) affect approximately 3-5% of births in the United States, of which  about half are detected around the time of birth and the remaining become apparent in the first 6 years of life 
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.  The prevalence also varies with the specific defect inclusion and exclusion criteria used and whether the case definition includes developmental, functional, or other types of congenital disorders (e.g., non-structural genetic disorders) [30]. Assessment of congenital malformation requires careful examination of pregnancy outcomes and newborns, which may be best done by dedicated staff trained to examine newborns using a standard tool and scoring system. A review committee, including dysmorphologists and other specialists, could review all suspected birth defects using digital photographs. Complimentary specialists could study additional outcomes such as cardiovascular, neuro-developmental defects and other potential long term effects in a sample of children born to pregnancies exposed and non-exposed to ACTs during the critical time window.

Comparison groups
Assessing the teratogenic potential of a drug requires comparison of the frequency of birth defects against comparison groups to put a signal into context. These can consist of external comparison groups (i.e. from peripheral sources) or internal comparison groups (i.e. generated within the same study or system). 
External population data from national health statistics centres and/or birth defects surveillance systems are commonly used as sources to calculated background event rates in industrialised countries. This type of external comparison data is valuable, but not currently available in malaria endemic countries. Furthermore, these comparisons need to be interpreted with caution as many confounding factors or potential effect modifiers of risk may differ from the exposed group of interest due to differences in factors such as mother’s age, genetic composition, race, medical or family history, co-morbidities, or other exposures, including medications used concomitantly, herbal medication and illicit drug use and diet. 
Internal comparison groups can consist of women with the same conditions unexposed to drugs (in which case the possibility of confounding by indication should be taken into account, i.e. the contributing risk of the underlying maternal illness itself), or women with the same disease but exposed to a different drug with established safety, or to the same investigational drug, but only outside the critical period (e.g. in the 2nd or 3rd trimesters). 
Sample Size Calculation

The main determinants of the required sample size of women to enrol prospectively are the strength of the teratogenic effect or the minimum relative risk (RR) to be excluded and the frequency of adverse pregnancy outcomes of interest in the non-exposed or comparison population (Figure 2). A third factor is the type of comparison group. The smallest number of exposures is required when events are compared against background rates in the population. However, these are not available for most malaria endemic countries and prone to bias as discussed above. Figure 3 illustrates the required number of exposed pregnancies when event rates are compared against internal comparison groups and shows how the number of required exposures decreases with each additional control. There is an incremental efficiency loss per additional control, depicted in a flattening of the curve above a ratio of 1 to 4 [31].  
Table 1 shows that with a 1:4 ratio of exposed vs non-exposed women, approximately 522 exposed women and 2090 unexposed women are needed to detect a two-fold increase in major malformations detectable at birth when the predicted rate in the comparison group is 2%, but this increases to 10,748 exposed women and 42,992 controls for specific birth defects that occur at a frequency of approximately 1 in 1000, such as cleft lip or palette. Such numbers will only be achievable using several sentinel sites over several years. The sample sizes will also need to account for loss of follow up during pregnancy and the proportion of pregnancies that will not result in live births (16% of known pregnancies in the United States end in miscarriage or stillbirths) [32].

If WOCBAs are recruited, the probability that a WOCBA treated for malaria is 4-10 weeks pregnant during needs to be taken into account as well. If this is only 2.5% in Africa as we estimated for areas that have on average 1 treatment per adult per year, then 20,880 women to capture 522 exposures at the critical time window of gestation (week four to week 10 ; Box 2).

Data Sources
Sentinel sites
There are many methodological challenges to designing pregnancy exposure registries for antimalarial, including those common to most pharmacovigilance methods in resource constrained countries such as the limited access to healthcare facilities, availability of most prescription drugs form the informal market, poor labelling of medicines, counterfeit and sub-standard pharmaceutical products, a high level of illiteracy, poor record keeping and a shortage of qualified healthcare professionals, which overburdens health care providers. There are often discrepancies between national drug policy and actual drug prescribing and dispensing practices [33,34]. 
Furthermore, the process of merging datasets will have to overcome problems commonplace with record linkage such as confidentiality of data, and the misidentification through common or shared names, or incomplete recording of complex names, or use of multiple different names or spelling for the same individual (common in some African cultures) and will require some assessment of the probability that a linkage was made correctly by weighting different sources of information. Ideally record linkage is therefore,  combined with information elicited through patient self-reported exposures, preferably validated via other mechanisms such as visual aids to improve recall of drug used since the beginning of pregnancy, and with tools to determine the timing of exposure. Although, this is based on recall, with the inherent risk of exposure misclassification, it enhances the chance of a successful match through record linkage and enables the capture of information on any drug use not dispensed through formal pharmacies.
The specialised nature of the reliable assessment of drug exposure, pregnancy outcome and malformations is not easily achievable from routine surveillance systems such as national pharmacovigilance programmes, where they exist, and will require sentinel sites with enhanced or stimulated active surveillance, good record keeping and follow-up systems, and training of dedicated staff to examine newborns. 
Potential sites where this would be feasible include sites with captive populations such as refugee camps or industrial and agricultural estates (e.g. sugar cane, tea, or coffee plantations, mines) where health care is provided centrally and well recorded. One example of such setting is the Shoklo Malaria Research Unit on the Thai-Burmese Border that has been caring for refugees and other migrants since beginning of the 1980s and has collected extensive information on malaria in pregnancy [35]. In some countries such as Senegal, this may be achievable using government systems, as clinics are required by law to keep detailed treatment records providing opportunities for manual record linkage. 
Demographic health surveillance (DHS) sites might be suitable to follow WOCBAs as they collect demographic data through regular census of the population (typically 2 to 4 times per year), and clinical and treatment data from local hospitals and clinics. Few of the existing DHS sites in malaria endemic countries are set-up to capture this kind of information. Nevertheless, this may be achievable by enhancing the existing patient identification system to allow for record linkage of treatment data, and by identification of all new pregnancies early through house-visits by dedicated staff such as village based traditional birth attendant (a system used successfully in several large interventions trials), by recording drug-intake histories during the scheduled DHS census household visits and through use of pictorial diaries of common drugs by WOCBAs. The potential to expand the study to evaluate long-term development of the children and other functional defects would be an added value. 
Other Data sources.
While the primary source of information for a pregnancy exposure registry is prospective via observational sentinel sites, safety data from antimalarial clinical trials and other research studies involving pregnant women, and retrospective case series (i.e., pregnancies with a known outcome at the time of reporting) could be included as secondary data , but included in separate analyses as is currently done with some of the existing pregnancy exposure registries [36]. Linkage with national pharmacovigilance centres, where they exist, would allow sharing of information on case reports and case series. 
Concomitant medication

Although the registry could be set-up to address the specific question of the safety of antimalarials in pregnancy, provision should be clearly made to capture concomitant medications, such as antiretrovirals because of potential drug interactions, confounding, and effect modification. As such, the data could contribute to other pregnancy exposure registries for other diseases.

Structure and Governance

Most of the existing pregnancy exposure registries are manufacturer sponsored registries of single medicinal products, but there are also several disease based registries, including the Antiretroviral Pregnancy Registry (APR) and the anti-epileptic drug pregnancy exposure registry, which are international multi-product, multi-manufacturer registries. The scientific and administrative structure for AMPER could be guided, in part, by the experience of these international registries, while recognizing that the principles for the administrative and working structure needs to take into the account the wider range of economic conditions and cultures around the world. Provisions should be clearly established for data access, analysis and reporting. Adverse event reporting should be designed and conducted in accordance with applicable regulations, in conjunction with in-country and international pharmacovigilance programs.  
Conclusion
Industrialised countries use various approaches to evaluate a drug’s embryo-fetal toxicity each come with their own strengths and weaknesses. However, most of these have limited application in resource-limited countries that require targeted prospective pharmacovigilance system. The establishment of an international antimalarial pregnancy exposure registry, using specialised sentinel sites to provide reliable exposure and outcome data for the primary data collection, is a potentially cost-effective targeted approach. Collating the information centrally would enable evaluation of risk–benefit profile of antimalarials in a timely manner, and over time would allow the detection of rare ADRs which could not be detected by any single study. This requires new levels of collaboration between pharmacovigilance programs, antimalarial drug developers, research groups, regulatory authorities, and WHO. This international multi-product, multi-sponsor approach will require good governance structures, such as those used by the APR, and if successful could serve as pathfinder for other PERs to capture much needed safety information of other drugs used for tropical diseases. 
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Box 1. Mechanism of artemisinin toxicity in early pregnancy

Animal reproductive toxicology studies show that artemisinin derivatives all have embryo-toxic effects at low dose ranges in all species studied (i.e. mice, rat, rabbit, frog and primate models) 
 ADDIN EN.CITE 
[37,38,39,40]
.The embryo-toxic mechanism is thought to be through depletion of embryonic erythroblasts (primitive erythrocytes), which is associated with severe anaemia leading to cell damage and death due to hypoxia [17]. In humans, the most sensitive time-window may be between week four to week 104-8, when erythroblasts circulate and have not yet been fully replaced by definitive erythrocytes (a more conservative estimate would be week four to week 10)[41]. In addition to the window of sensitivity, the duration of exposure is also important. Rodents have a synchronous clonal expansion of metabolically active erythroblasts making them particularly vulnerable during a 3 to 4-day time window early in pregnancy. In primates (and most likely also in humans), this may not be the case, as different generations of erythroblasts co-exist and are progressively replaced by definitive erythrocytes over a period of weeks [17]. In cynomolgus monkeys no embryo-lethality or malformations were observed with 3 days exposures (the typical duration of treatment with ACTs) or 7 days 
 ADDIN EN.CITE 
[17,37,38,42]
. The predictive value of the animal models for humans is unclear, particularly because the duration of daily exposure is likely to be short (hours) as the artemisinins are rapidly eliminated and limited to 3 or maximum 7 days.

Box 2: Probability that a woman of childbearing age treated for malaria at an out-patient clinic had an undetected pregnancy of 4-10 weeks gestation

An approximation of the probability that a woman of childbearing age (WOCBA) attending an out-patient clinic has an early pregnancy can be indirectly estimated from published total fertility rates. For sub-Saharan Africa, this was 5.5 in 2004 [43] and is defined as the number of live born children an average women would have assuming that she lives her full reproductive lifetime of 35 years (1820 weeks, from 15 to 49 years). The total pregnancy rate (6.7) was then calculated as the total fertility rate (5.5) multiplied by a factor 1.22 (1 / [1.0 - 0.15 - 0.03]) to take into account 15% pregnancy loss due to miscarriages (a conservative estimate) and 3% due to stillbirths (the average rate of stillbirths observed in developing countries [44]). Thus of 1820 reproductive weeks, a woman is pregnant for 268 weeks (6.7 x 40 weeks); 40.2 weeks (6.7 x 6 weeks) of which are during the sensitive 6-week time window from 4 to 10 weeks gestation. Under these conditions, 14.7% (268 / 1820) of WOCBAs are pregnant at anytime (i.e. 1 in 6.8), and 2.2% (40.2 / 1820) or 1 in 45 are pregnant between week four to week 10.
If accidental exposure is defined as unintentional treatment in early pregnancy only, than the risk of accidental exposure is slightly higher than 2.2% as later pregnancy weeks do not contribute to the denominator. The average time for women in Africa to recognize and report a pregnancy is not well described in settings where pregnancy testing is not readily available. If it is assumed that this is during the first 10 weeks of pregnancy, then the denominator is 1619 weeks (the 1552 weeks that she is not pregnant [1820-268] plus the 67 weeks early pregnancy (6.7 pregnancies x 10 weeks) and the risk of accidental exposure between week four to week 10 is 40.2 / 1607 weeks or 2.5% (1 in 40 women).
This assumes that the probability of getting clinical malaria is the same in these first 10 weeks of pregnancy as in non-pregnant women. 

[image: image1.emf]11.6%

21.9%

31.0%

39.1%

46.2%

52.6%

58.2%

63.1%

67.5%

71.4%

0%

10%

20%

30%

40%

50%

60%

70%

80%

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Risk of Exposure (%)

Number of ACT treatment per year

Probability of exposure during embryo-

sensitive period: 1-(1-x/365) (t+p) *

1.2%

2.4%

3.6%

4.8%

6.0%

7.1%

8.3%

9.4%

10.5%

11.6%

0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

10%

11%

12%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1


Figure 1. Probability that an embryo will encounter artemisinins inadvertently during the critical 6-week period of its development (week four to week 10) according to the average number of ACT treatments received per year (adapted from Ward et al [45]). 
[45]Figure Note: ‘x’ = number of treatment per year; ‘t’= embryo sensitive period in days was set as 42 days (6 weeks) and p= period of treatment and persistence of drug: 3 days (because ACTs are normally deployed as a 3-day regimen and artemisinins are eliminated within hours after each dose). 
The inadvertently exposed group will consist of women taken ACTs for confirmed malaria and for presumed malaria. It has been estimated that over 70% of malaria episodes in rural Africa and about 50% in urban areas are self-treated without consulting trained professionals [46]. Thus, many of these will be presumptive treatments without involvement of the formal health services, diagnostic confirmation of malaria, or screening for potential pregnancy. Even if more women seek treatment at health facilities with the deployment of more expensive ACTs and RDTs, administration of antimalarials is often done disregarding diagnostic test. Studies in Africa indicated that between 30% and 50% of patients with a negative diagnostic test (microscopy or rapid diagnostic test) were still prescribed antimalarial drugs.[47,48] These proportions are likely to increase further when successful malaria control reduces malaria exposure.
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Figure 2. Sample Size calculation for Pregnancy Exposure Registry by defect frequency and detectable difference (Exposed to comparison group ratio 1:1; Power 80% and one-sided α=0.05).  Based on the formula for Cohort design described in Strom’s Pharmacoepidemiology [31]: N=1/[p(1-R)]2x [Z 1-α√((1+1/k)U(1-U))+Z1-β√(pR(1-Rp)+(P(1-P))/k)]2 where p is the incidence of disease in unexposed; R is the minimum relative risk to detect; k is the ration of unexposed controls to exposed and U=(Kp+pR)/(k+1).
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Figure 3. Pregnancy Exposure Registry Sample Size calculation according to the exposed to unexposed ratio for major malformation (assuming a background rate of 2%; Power 80% and one-sided α=0.05).  
*This is the number of exposed pregnancies required against a known background rate that was derived using PASS software for cohort studies [49].

Table 1. Number of pregnancies needed in each group to detect various relative risks for pregnancy outcomes with different prevalence (Ratio of exposed to unexposed of 1:4, Power 80% and one-sided α=0.05). These sample size calculations are based on a one-sided approach because pregnancy exposure registries are designed to detect safety signals rather than to examine potential protective effects. Based on the formula for Cohort design described in Strom’s Pharmacoepidemiology[31]: N=1/[p(1-R)]2x [Z 1-α√((1+1/k)U(1-U))+Z1-β√(pR(1-Rp)+(P(1-P))/k)]2 where p is the incidence of disease in unexposed; R is the minimum relative risk to detect; k is the ration of unexposed controls to exposed and U=(Kp+pR)/(k+1). These estimates do not include loss to follow-up and do not account for the expected 16-18% of pregnancies that may not result in a live birth. The latter needs to be considered for outcomes such as major malformation and specific birth defects.
*This is the number of exposed pregnancies required against a known background rate that was derived using PASS software for cohort studies[49].

	Relative Risk
	Exposed to Unexposed Ratio of 1:1
	Exposed to Unexposed Ratio of 1:4
	Against Background Rate*

	
	Number Exposed
	Number Unexposed
	Total
	Number Exposed
	Number Unexposed
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	1.5
	335
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	224
	280
	54
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	15
	4
	16
	20
	5

	10
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	Stillbirths (p=3%)
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	268
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	Major Malformations (p=2%)
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	Specific Birth Defect (p=0.1%)
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	18,571
	18,571
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	1,206
	4,824
	6,030
	777

	10
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	1,673
	409
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	2,047
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Miscarriage 15%	1.1000000000000001	1.2000000000000002	1.3000000000000003	1.4000000000000004	1.5000000000000004	1.6000000000000005	1.7000000000000006	1.8000000000000007	1.9000000000000012	2.0000000000000009	2.100000000000001	2.2000000000000011	2.3000000000000007	2.4000000000000008	2.5000000000000013	2.6000000000000014	2.7000000000000015	2.8000000000000007	2.9000000000000017	3.0000000000000018	3.1000000000000019	3.2000000000000028	3.300000000000002	3.4000000000000021	3.5000000000000022	3.6000000000000032	3.7000000000000033	3.8000000000000025	3.9000000000000026	4.0000000000000027	4.1000000000000005	4.200000000000002	4.3000000000000016	4.4000000000000012	4.5000000000000009	4.6000000000000005	4.7	4.8	4.8999999999999995	4.9999999999999991	7311.972076542279	1897.2178668345987	873.05286779892901	507.36134036449414	334.79134334530488	239.26323385062679	180.58884106740967	141.81103665440807	114.74848582689124	95.050069290439808	80.223429268573327	68.754863941931745	59.680422939403201	52.361711205890153	46.361770977483914	41.372992209498911	37.173502614294556	33.599846745012776	30.529341258134284	27.86837105711836	25.544440478392492	23.500659877126708	21.691848515953815	20.081732572519275	18.640899147134093	17.345281106521906	16.175020484516498	15.113605705774431	14.147209478610167	13.264175529435834	12.454616974981974	11.710099298774558	11.023388064754997	10.388246612588459	9.7992726668863188	9.2517654813000654	8.741617118334144	8.2652229371883212	7.8194074649873908	7.401362660231376	Stillbirth 3%	1.1000000000000001	1.2000000000000002	1.3000000000000003	1.4000000000000004	1.5000000000000004	1.6000000000000005	1.7000000000000006	1.8000000000000007	1.9000000000000012	2.0000000000000009	2.100000000000001	2.2000000000000011	2.3000000000000007	2.4000000000000008	2.5000000000000013	2.6000000000000014	2.7000000000000015	2.8000000000000007	2.9000000000000017	3.0000000000000018	3.1000000000000019	3.2000000000000028	3.300000000000002	3.4000000000000021	3.5000000000000022	3.6000000000000032	3.7000000000000033	3.8000000000000025	3.9000000000000026	4.0000000000000027	4.1000000000000005	4.200000000000002	4.3000000000000016	4.4000000000000012	4.5000000000000009	4.6000000000000005	4.7	4.8	4.8999999999999995	4.9999999999999991	42032.532137221962	10990.698101130629	5098.306711310739	2987.4022201868015	1988.1526797894014	1433.3584418318246	1091.6264332796454	865.15921634622794	706.6961302056402	591.06284054961384	503.81719860541301	436.17483389164892	382.53353702849785	339.17782946077398	303.56104444442997	273.88791979507215	248.86183520704122	227.52630273836931	209.16249567689741	193.22121309165811	179.27662869991943	166.99418026863117	156.10785149598752	146.40382296895456	137.70852350547031	129.87977377846912	122.80013690909242	116.37186669830447	110.51302759604836	105.15448445980527	100.23754520477262	95.712098635643002	91.535131483006808	87.669538454152615	84.083160611345917	80.748003079986333	77.639594650960163	74.736460441873177	72.019685235814833	69.472549999875866	Major Malformations 2%	1.1000000000000001	1.2000000000000002	1.3000000000000003	1.4000000000000004	1.5000000000000004	1.6000000000000005	1.7000000000000006	1.8000000000000007	1.9000000000000012	2.0000000000000009	2.100000000000001	2.2000000000000011	2.3000000000000007	2.4000000000000008	2.5000000000000013	2.6000000000000014	2.7000000000000015	2.8000000000000007	2.9000000000000017	3.0000000000000018	3.1000000000000019	3.2000000000000028	3.300000000000002	3.4000000000000021	3.5000000000000022	3.6000000000000032	3.7000000000000033	3.8000000000000025	3.9000000000000026	4.0000000000000027	4.1000000000000005	4.200000000000002	4.3000000000000016	4.4000000000000012	4.5000000000000009	4.6000000000000005	4.7	4.8	4.8999999999999995	4.9999999999999991	63732.882141572722	16674.123117788386	7739.0900805966512	4537.4272816193943	3021.5027722165055	2179.6669035366763	1661.0235408425156	1317.2500546128642	1076.6612064799526	901.06815361401448	768.56012840908897	665.80859272476437	584.31242530015481	518.43297015891847	464.30499199453772	419.20344538113204	381.15999165134417	348.7224965116269	320.79954241209185	296.55718585144172	275.34876729075228	256.66617730825408	240.10537534242644	225.34157373167082	212.11109987629661	200.19795158299237	189.42370213294623	179.63983036945052	170.72182943682367	162.56463589657773	155.07905001363537	148.18890782893666	141.82882897176864	135.94240937359922	130.48076068297476	125.4013219953648	120.66688706204248	116.24480319743	112.10630790184108	108.22597663042139	Specific Malformations 0.1%	1.1000000000000001	1.2000000000000002	1.3000000000000003	1.4000000000000004	1.5000000000000004	1.6000000000000005	1.7000000000000006	1.8000000000000007	1.9000000000000012	2.0000000000000009	2.100000000000001	2.2000000000000011	2.3000000000000007	2.4000000000000008	2.5000000000000013	2.6000000000000014	2.7000000000000015	2.8000000000000007	2.9000000000000017	3.0000000000000018	3.1000000000000019	3.2000000000000028	3.300000000000002	3.4000000000000021	3.5000000000000022	3.6000000000000032	3.7000000000000033	3.8000000000000025	3.9000000000000026	4.0000000000000027	4.1000000000000005	4.200000000000002	4.3000000000000016	4.4000000000000012	4.5000000000000009	4.6000000000000005	4.7	4.8	4.8999999999999995	4.9999999999999991	1300652.8321495857	340629.34814842261	158263.74014660611	92888.8523942178	61922.452941326344	44719.24213798967	34116.649358746945	27086.416067671056	22164.656125767877	18571.353721079169	15858.886826876291	13754.909360951853	12085.682235735978	10735.94569180769	9626.6760942058736	8702.1507601529211	7922.1134109198929	7256.8600759843703	6684.0616652089084	6186.6539131796444	5751.4026688536296	5367.9076367128882	5027.8973966657168	4724.7219738126714	4452.9819173741971	4208.2533241335814	3986.881348603561	3785.8232989303533	3602.5281055312512	3434.8427936136468	3280.9392287324649	3139.2562406049847	3008.453525164246	2887.3746490775402	2775.0171482590922	2670.5081988453671	2573.0846979844077	2482.0768587790039	2396.8946241029107	2317.0163556498578	










