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	Question No 
	Causality dimension + question 
	Study type (number) references 
	Country of study 
	Support of causality dimension 
	Evidence against causality 
	Summary 

	Temporality 

	1.1a 
	Does Zika infection precede the development of congenital anomalies? 
	Case series (4): [1-4]
Case report (8): [5-12]
Cohort study (6): [13-18]
Ecological study/outbreak report (1): [19]
	United States, Martinique, Brazil, Suriname, Colombia, French Guiana, Slovenia 
	19 
	1 
	Eight case reports describe mother-infant pairs with infants with adverse congenital outcomes. ZIKV infection preceded the described adverse outcomes [4-10]. Five case series describe 2-40 mother-infant pairs where in at least one pair ZIKV was diagnosed before the adverse congenital outcome [1-4, 11]. In six cohort studies, ZIKV infection in the mother preceded the adverse congenital outcome in the infant [13-18]. Temporal trends in a surveillance report from Colombia showed an increase in ZIKV followed by an increase in adverse congenital outcomes [19]. [20] describes two mothers exposed in 2nd trimester that did not lead to adverse congenital outcomes, despite the presence of ZIKV in the amniotic fluid of one woman. 

	1.1b 
	Is there a consistent time-dependent relationship between the occurrence of Zika cases and cases with congenital anomalies at population-level? 
	Ecological study/outbreak report (1): [19]
	Colombia 
	1 
	1 
	A surveillance report from Colombia [19] showed that the peak of microcephaly occurred approximately 24 weeks after the peak in ZIKV cases. A surveillance report from Brazil [21] showed a decrease of microcephaly incidence for the whole country despite an increase of ZIKV cases. 

	1.2 
	Is the timing of Zika infection during gestation and the observed pattern of congenital anomalies compatible with the expected stage of embryological development? 
	Case report (8): [5, 7-12, 22]
Case series (4): [1-4]
Cohort study (6): [13-18]
In vitro experiment (1): [23]
	Spain, United States, Martinique, Brazil, Colombia, French Guiana, Slovenia 
	19 
	2 
	Most mothers with infants with adverse outcomes were exposed to ZIKV during the first or the second trimester of their pregnancy [1-5, 7-18, 22]. However, [24] describes two cases of ZIKV infection in the 36th week of pregnancy whose foetuses had preserved head circumference at birth and findings of sub ependymal cysts and lenticulostriate vasculopathy in postnatal imaging. [23] demonstrates that first-trimester human maternal-decidual tissues grown ex vivo as organ cultures. An efficient viral spread in the decidual tissues was demonstrated. Furthermore, efficient spread was demonstrated in maternal decidual tissue midgestation. [20] describes two women with third trimester exposure that did not lead to brain abnormalities, although in one infant ZIKV was demonstrated. 

	Biological plausibility 

	2.1 
	Which cell receptor(s) bind the ligand of ZIKV in humans? 
	In vitro experiment (5): [25-29]
Sequencing and phylogenetics (1): [30]
	Uganda, Nicaragua 
	6 
	0 
	Five in vitro experiment demonstrate that ZIKV is using viral entry factors from the TAM family (AXL, Mer and Tyro3), mainly AXL to enter different cell types [25-29]. Sensistivity of different tissues might depend on expression of AXL [27, 29]. The ZIKV protein NS1 functions in genome replication and host immune-system modulation. Because the NS1 protein from WNV and DENV2 interacts with parts of the complement system and Toll like receptors, the authors focus on the evolution of structural proteins. modulate some aspect of viral fitness, [30] 

	2.2 
	Which tissues express such receptor(s) and at which gestational age are they expressed? 
	In vitro experiment (4): [25, 27-29]
	Uganda, Nicaragua
	4 
	0 
	[25] demonstrates that several primary cell types (of the human placenta isolated from mid- and late-gestation- cytotrophoblasts, endothelial cells, fibroblasts, and Hofbauer cells in chorionic villi and amniotic epithelial cells and trophoblast progenitors in amniochorionic membranes) and explants from the human placenta express AXL, Tyro3 and TIM1. In [27] freshly isolated cytotrophoblasts from first and second trimester placentas were demonstrated to be susceptible to ZIKV infection. In tissue samples at peak neurogenesis (13-16 weeks post conception) ZIKV preferred glial cells. After 18 weeks post conception, infection was seen in astrocytes, likely due to high expression of AXL; blocking of AXL reduces infection. Neurons were less susceptible to infection. [28] confirmes that astrocytes and glial cells are more susceptible than neurons. [29] demonstrates that both the African and the Asian strain infect human umbilical vein endothelial cells. They demonstrate that AXL is required for ZIKV entry post binding; this suggests a role for haematogenous dissemination. 

	2.3 
	Can ZIKV particles be found in the placenta, umbilical cord blood and/or amniotic fluid of previously or currently infected mothers and if yes, with what probability? 
	Case report (4): [5, 6, 11, 22]
Case series (6): [1, 20, 31-34]
Cross-sectional study (1): [35]
	Spain, Brazil, United States, Martinique, Suriname, Barbados, Belize, Colombia; Dominican Republic, El Salvador, Guatemala, Haiti, Honduras; Mexico, Republic of Marshall Islands, Venezuela
	11 
	0 
	Eleven observational studies (four case reports, six case series and one cross-sectional study) showed the presence of viral particles in the placenta, umbilical cord blood and/or amniotic fluid [1, 5, 6, 11, 20, 22, 31-35]. A cross-sectional study, in a group of women from the USA with evidence of possible ZIKV, demonstrated the presence of virus in 10 placentas out of 26 infants with congenital abnormalities using RT-PCR [35]. 

	2.4 
	Are the ZIKV particles in the placenta/amniotic fluid/umbilical cord infectious/capable of replication? 
	In vitro experiment (5): [25, 27, 36-38]
Case report (1): [6]
Case series (1): [34]
	Uganda, Nicaragua, United States, Columbia, Brazil, Suriname, France 
	7 
	0 
	[25, 36-38] demonstrate that viral replication in vitro is possible in placental cells and human trophoblasts. [6, 34] used in situ hybridization to demonstrate the presence of ZIKV in placental tissue; in the amniotic epithelium and in foetal mesenchymal cells, more specific in the perichondrium. 

	2.5 
	Can ZIKV particles be found in brain (or other) tissues of cases with congenital anomalies? 
	In vitro experiment (1): [39]
Case report (1): [22]
Case series (5): [3, 31-34]
	Spain, Brazil, Puerto Rico, United States, Columbia, Slovenia 
	7 
	3 
	One case report and five case series reported ZIKV particles diagnosed using RT-PCR in the brain or other tissues of infants with adverse congenital outcomes [3, 22, 32-34]. One in vitro study demonstrated replication in human neuronal progenitor cells. On the contrary, several case reports and case series failed to demonstrate ZIKV in the tissues of infants with adverse congenital outcomes [1, 9]. [40] discovered no ZIKV peptides in protein extracts of three Zika positive brains, using mass spectrometry. However, bovine viral diarrhoea virus-like peptides were discovered, leading to the speculative hypothesis that other etiological agents might play a role. 

	2.6 
	Are the ZIKV particles found in the brain infectious/capable of replication? 
	In vitro experiment (5): [39, 41-44]
Case series (1): [34]
	United States, Brazil, Columbia
	6 
	0 
	[42] show that ZIKV is capable of replication in neural stem cells derived from induced pluripotent cells in vitro. [41] shows the effective infection of human foetal neural stem cells. [39] showed that human neural progenitor cells were susceptible to ZIKV and that the virus persisted up to 28 days in these cells in vitro. [34] showed that in infants with microcephaly ZIKV replicates and persists in the brain. [43] demonstrate that cranial neural crest cells are susceptible to infection with ZIKV, but not the DENV. ZIKV infected cranial neural crest cells undergo limited apoptosis but these cells mitigate the cells death and aberrant differentiation of neural progenitor cells. [44] show the presence of ZIKV particles in the cytoplasm of astrocytes and neurons of organoid mini-brains created from induced pluripotent stem cells. 

	2.7 
	Are there other biologically plausible mechanisms of Zika infection leading congenital anomalies? 
	In vitro experiment (16): [23, 29, 37, 41, 42, 44-54]
Sequencing and phylogenetics (3): [30, 55, 56]
Biochemical/protein structure studies (3): [40, 57, 58]
	
	22 
	0 
	Several authors demonstrate the effect of ZIKV in differentiating neuronal cells: [45] showed that undifferentiated neural cells lines were susceptible to ZIKV. [57] showed activation of caspase in different neural cell types, which plays a role in cell apoptosis. [47] compared gene expression by systematically assessing transcriptomes from ZIKV and DENV infected neural progenitor cells. Both the African and the Asian strain inhibited cell proliferation. [48] showed increased apoptosis and decreased proliferation in regions of expansion and folding of ZIKV infected cerebral organoids. [44, 49, 53] also demonstrate the infection of neuronal cells and the induced apoptosis. [56] identified in neuronal progenitor cells the expression of two new genes (MP0003861 and MP0002152) that seem to be related with nervous system/brain abnormalities. [57] show that cell viability was reduced due to ZIKV infection by induction of Caspase-3. [51] compared an Asian ZIKV strain with an African strain, where the African strain produced a higher infection rate and viral production in neural stem cells and astrocytes in vitro. [55] argue that ZIKV pathogenesis may be caused through precipitation of dysregulation in retinoic acid-dependent genes by introducing extra stretches of retinoic acid response elements consensus sequence repeats in the genome of developing brain cells. [30] showed using sequencing that in the more recent evolutionary history of ZIKV lineages, positive selection acted on NS5 and NS4B, this latter representing the preferential target where the N-terminal portion of NS4B might inhibit the immune response by inhibiting interferon response. [37] showed the susceptibility of ex vivo Hofbauer cells from human placentas to ZIKV infection. The authors argue that the migratory activities of Hofbauer cells may help in the dissemination of the virus into the foetal brain. [42] showed that ZIKV isolates in Brazil identifies more than 500 genes and proteins altered after viral infection in human neurospheres exposed to ZIKV. Prior to promote cell death, ZIKV impairs brain growth by arresting cell cycle and shutting down neurogenic programs during development of the central nervous system. [40] present an alternative hypothesis by demonstrating that in ZIKV positive brains, using mass spectrometry, bovine viral diarrhoea virus-like particles are present but not ZIKV particles. Arguing that other etiological agents might play a role. [50] demonstrate that co-infection with Herpes Simplex virus might enhance the ability of ZIKV to cross the placental barrier. [29] argued that haematogenous dissemination might be enhanced by the ability of ZIKV to infect endothelial cells. [58] shows that ZIKV, hCMV, and T. gondii are interconnected by common peptide sequences to human microcephaly-related proteins. [52] showed that ZIKV disrupts centriole biogenesis which is linked to a phenotype commonly associated with the autosomal recessive disorder, primary microcephaly (MCPH). [54] showed that the influence of ZIKV on the asymmetrical divisions of centrosomes in dividing human embryonic stem cells that might explain defects observed in ZIKV infection. 

	Strength association 

	3.1 
	How strong is the association between Zika infection and congenital anomalies at the individual level? 
	Case-control study (3): [59-61]
Cohort study (2): [16, 18]
	Brazil, United States, French Guiana 
	5 
	0 
	[59] reports on a case-control study in eight public hospitals in Recife, Brazil with 32 cases and 62 controls. 13 out of the 32 cases, and none of the 62 controls had laboratory-confirmed ZIKV infection; crude overall odds ratio (OR) was 55.5 (95% CI: 8.6-infinity). [60] reports on a case control study based on retrospective serology on Hawaii. ZIKV IgG antibody positive mothers had a higher likelihood of delivering babies with microcephaly than ZIKV negative mothers (OR 11.0 95% CI: 0.8-147.9, p = 0.083). Similarly, ZIKV IgM antibody positive mothers were also more likely to deliver babies with microcephaly than mothers who were negative for ZIKV IgM antibody (OR = 6.8, 95% CI = 0.2-195.1). [18] follows prospectively pregnant women and infants in Rio de Janeiro based on clinical manifestation and confirmation using PCR. 58 out of 117 women with PCR confirmed ZIKV had adverse congenital outcomes compared to 7 out of 58 women negative ZIKV PCR results. From this we calculate a risk ratio (RR) of 7.96 (95% CI 2.59-24.43). The RR for microcephaly (4 vs 0 cases) was 4.42 (95% CI 0.24-80.79). [16] describes a cohort in French Guiana. 27 out of 301 ZIKV positive women had adverse congenital outcomes versus 17 out of 399 in the unexposed group (RR 2.11 (95% CI 1.17-3.79)). Microcephaly occurred 5 times in the exposed group versus once in the unexposed group (RR 6.63 (95% CI 0.78-56.44)). 

	3.2 
	How strong is the association between Zika infection and congenital anomalies at the population level? 
	NO DATA 
	Brazil 
	0
	0 
	NA 

	Exclusion of alternatives 

	4.1 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as TORCHS or other congenital infections? 
	Case report (11): [5-12, 22, 62, 63]
Case series (5): [3, 24, 31-33]
Cohort study (4): [14, 16-18]
Case-control study (2): [59, 61]
Ecological study/outbreak report (1): [19]
	Spain, Brazil, Martinique, Suriname, Colombia, French Guiana, Slovenia, United States 
	23 
	4 
	TORCHS or other congenital infections have been assessed in 11 case reports [5-12, 22, 62, 63], 5 case series [3, 24, 31-33], 4 cohort studies [14, 16-18], one case-control study [59] and in one ecological study/outbreak report [19]. 

	4.2 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as maternal exposure to toxic chemicals (heavy metals, pesticides, drugs, alcohol, others)? 
	Case series (2): [31, 32]
Cohort study (1): [14]
Case report (2): [7, 10]
	Brazil 
	5 
	2 
	Other explanations/confounders of the association between Zika and congenital anomalies such as maternal exposure to toxic chemicals (heavy metals, pesticides, drugs, alcohol, others) have been excluded in two case series [31, 32], two case reports [7, 10] and one cohort study [14]. 

	4.3 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as maternal or fetal malnutrition? 
	NO DATA 
	
	0 
	0 
	NA 

	4.4 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as hypoxic-ischaemic lesions? 
	NO DATA 
	
	0 
	0 
	NA 

	4.5 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as genetic conditions? 
	Case report (5): [5-7, 10, 12]
Cohort study (1): [14]
Case series (1): [32]
	Martinique, Brazil, Suriname 
	7 
	0 
	Genetic conditions have been excluded in five case reports [5-7, 10, 12], one case series [32] and one cohort study [14]. 

	4.6 
	Have other explanations/confounders of the association between Zika and congenital anomalies been excluded, such as radiation? 
	NO DATA 
	
	0 
	0 
	NA 

	5.1 
	Does the intentional prevention/removal/elimination of Zika infection in individuals, e.g. by insect repellents, lead to a reduction in cases with congenital anomalies? 
	NO DATA 
	
	0 
	0 
	NA 

	5.2 
	Does the intentional removal/elimination/prevention of Zika at population-level, e.g. by vector control, lead to a reduction in cases with congenital anomalies? 
	NO DATA 
	
	0 
	0 
	NA 

	5.3 
	Does a natural removal/elimination/prevention of Zika at population-level, e.g. increase in immune individuals or decrease in vector abundance lead to a reduction in cases with congenital anomalies? 
	NO DATA 
	
	0 
	0 
	NA 

	Dose response 

	6.1 
	Are the risk and the clinical severity of congenital anomalies associated with the viral load in maternal serum, urine, the placenta and/or amniotic fluid? 
	NO DATA 
	
	0 
	0 
	NA 

	6.2 
	Are the risk and the clinical severity of congenital anomalies associated with the clinical severity (including being asymptomatic) of Zika infection in the mother? 
	NO DATA 
	
	0 
	1 
	[35] compares symptomatic with asymptomatic pregnant women in a cohort of 442 women from the United States. No significant difference in adverse congenital outcome is noted between these groups. Birth defects were reported in 16 out of 271 (6% 95% CI:4-9%) pregnant asymptomatic women and 10 out of 167 (6% 95% CI: 3-11%) symptomatic pregnant women. 

	Animal experiments 

	7.1 
	Does inoculation of pregnant female animals with Zika virus cause congenital anomalies in the offspring? 
	Animal experiment (3): [64-66]
	
	3 
	0 
	Pregnant female animals infected with ZIKV were demonstrated to have affected offspring after infection with ZIKV in mice and non-human primates. [64, 65] shows that intravenous or intravaginal infection of pregnant mice with ZIKV leads to foetal growth restriction and brain involvement of the foetus. [66] shows that inoculation of pregnant Pigtail Macaques leads to foetal brain injuries. 

	7.2 
	Does intracerebral inoculation of newborn animals with Zika virus lead to Zika virus virus replication in the CNS? 
	Animal experiment (3): [67-69]
	French Polynesia 
	3 
	0 
	[68, 69] show that after intracranial inoculation of mice ZIKV successfully replicates; rapid brain growth seems particularly susceptible to ZIKV infection. Additionally, [68] shows a damages blood-brain barrier after ZIKV infection. [67] shows that ex vivo foetal brain tissue is susceptible to ZIKV infection with a tropism for neural stem cells. 

	7.3 
	Does any other route of inoculation of newborn animals with Zika virus lead to Zika virus virus replication in the CNS? 
	Animal experiment (3): [65, 70, 71]
	
	3 
	0 
	

	7.4 
	Do other experiments with animals or animal-derived cells support the association of Zika infection and congenital anomalies? 
	In vitro experiment (2): [46, 50]
Animal experiment (6): [66, 68-72]
	
	8 
	0 
	Two in vitro experiments and seven animal studies were included. In vitro herpes simplex virus enhances the sensitivity of trophoblasts to ZIKV [50]. [46] shows that from the tested animal cell lines mostly kidney cells were susceptible to ZIKV. However, few cells of cells of neural origin were tested. [66] shows that inoculation of non-human primates leads to foetal brain injuries. [70] shows that 10-day old Ifnar knockout mice display several neurological symptoms after ZIKV inoculation, they showed bilateral paralysis and succumbed to disease. 1-day-old wild type mice develop neurological symptoms less severe than the Ifnar knockout mice. [68] demonstrates, using gene analyses, that dysregulation of genes associated with immune responses occurs in ZIKV infected brains of mice. In early post-natal mice after intracerebral inoculation with ZIKV a widespread distribution of virus is noted [69]. AXL is shown to be distributed throughout the brain. The authors conclude that periods of high growth rate may be particularly vulnerable to neurological effects of ZIKV infection [69]. [72] shows that diverse isolates of ZIKV, were able to replicate in mouse embryonic brain slice preparations, with differences in viral pathology. The authors observed a severe decrease in mitotic events and evidence for subsequent defects in post mitotic neuronal migration and viability as well. [71] Chick embryos were infected with ZIKV and longitudinally monitored by magnetic resonance imaging. Enlarged ventricles and stunted cortical growth was observed. 

	Analogy 

	8.1 
	Do other flaviviruses or arboviruses cause congenital anomalies and by which mechanism(s)? 
	Case series (1): [73]
	
	1 
	0 
	CHIKV appeared to be vertically transmissible and lead to adverse congenital outcomes in a prospective study in the Americas [73].

	8.2 
	Do other pathogens cause congenital anomalies and by which mechanism(s)? 
	Ecological study/outbreak report (1): [74]
	
	1 
	0 
	[74] provides a review of the TORCH infections, the possible explanations in shift in ZIKV and a change in tropism. This is compared with DENV and WNV. 

	8.3 
	Which pathogen or host factors facilitate the development of congenital anomalies? 
	Ecological study/outbreak report (1): [74]
	
	1 
	0 
	[74] provides a review of the TORCH infections, the possible explanations in shift in ZIKV and a change in tropism. This is compared with DENV and WNV. 

	Specificity 

	9.1 
	Are there pathological findings in cases with congenital anomalies that are specific for Zika infection? 
	Review (1): [75]
	
	4 
	0 
	[75] reviews published reports up to 30.09.2016 and conclude that five aspects of adverse congenital outcomes are either unique to ZIKV or rarely seen in other infections. These features are: severe microcephaly with overlapping cranial structures, subcortical location of brain calcifications, macular scarring and retinal mottling, congenital contractures and early pyramidal and extrapyramidal symptoms. The authors therefore conclude that a distinct congenital Zika syndrome phenotype can be distinguished.

	Consistency 

	10.1 
	Is the association between Zika cases and cases with congenital anomalies disorders consistently found across different geographical regions? 
	Case series (1): [76]
Ecological study/outbreak report (2): [77, 78]
	Brazil
	3 
	1 
	[77] and [78] report that 29 countries have reported microcephaly and other CNS malformations that are potentially associated with ZIKV infection. Although the proportion of microcephaly cases compared to either cumulative confirmed cases of ZIKV or cumulative suspected cases of ZIKV varies over different regions (http://www.paho.org/hq/index.php?option=com_docman&task=doc_view&Itemid=270&gid=37618&lang=en). 

	10.2 
	Is the association between Zika cases and cases with congenital anomalies consistently found across different populations/subpopulations? 
	NO DATA 
	
	0 
	0 
	

	10.3 
	Is the association between Zika cases and cases with congenital anomalies consistently found across different Zika lineages/strains? 
	NO DATA 
	
	0 
	1 
	

	10.4 
	Is the association between Zika cases and cases with congenital anomalies consistently found across different study designs? 
	NO DATA 
	
	0 
	0 
	NA 
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