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1. Introduction

This document describes our conceptual approach to the study of causality and the development of
our causality framework for the examination of the observed links between Zika virus infection and
neurological conditions, including microcephaly and Guillain-Barré syndrome (sections 2 and 3). We
also report essential items about the methods and results of the systematic review that supplement
the main text and complete the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines for systematic review protocols (PRISMA-P) [1] and reports (PRISMA) [2]
(sections 4 and 5).
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The words “cause” and “causal”, when applied to the nature of the links between Zika virus infection,
have been hotly debated [3]. The debate probably reflects the difficulties in reaching a decision as to
when there is enough evidence to make a statement that A is a cause of B because of the severity of
the conditions themselves and the implications for control measures and public health. In the course
of our project we found that the terminology and sometimes the concepts themselves are not
understood in depth and are open to misinterpretation. The determination of causation as an
explanation for observed associations is one of the core tasks of public health. Jan Vandenbroucke, a
member of the expert panel, offered extensive insights based on his experience of investigating
causal relationships [4-6] and his knowledge of others’ contributions [7-10]. This expertise helped us

to clarify the application of the concepts to our research question.

2. Background to methods for the assessment of causal associations in epidemiology
We used textbooks of epidemiology to list the key aspects of causal associations that we wanted to
cover. These aspects are commonly referred to as the “Bradford Hill criteria” and used widely to
show how causal inferences are derived from observed links between an exposure and a disease. The
term is based on the work of Sir Austin Bradford Hill and his investigations of the association
between cigarette smoking and lung cancer [11, 12]. Rothman criticises the use of the word criteria
because it encourages a rigid approach, such that people apply the criteria as a set of rules [13].
Bradford Hill used the term “viewpoints” and stated that they were not “hard-and-fast rules of
evidence that must be obeyed before we accept cause and effect.” [11]. We agree and decided to
use the word “dimension” in our causality framework to capture the notion of a multifaceted
approach.

We used Leon Gordis’ textbook [14] as the starting point for both the content and the order of our
list of dimensions. Gordis first presents nine items as “guidelines” modified from the 1960s lists of
both the US Surgeon General and Bradford Hill (S1 Table, Gordis I). Bradford Hill starts his list with
the assessment of the strength of association [11]. Gordis modified the list and described a
modification of the guidelines that gave more weight to some (major criteria) than to others (other
considerations) [14]. This modification was part of a US Public Health Service exercise in the 1980s to
examine the scientific basis for prenatal care interventions. This modification recognised that
causation was a central concept for the assessment of the effects of measures intended to improve
health. The US Public Health Service process also incorporated a categorisation of the quality of the
evidence. Assessing the quality of evidence is also an integral part of the systematic review process.
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3. Development of the causality framework

Our causality framework is based on 10 dimensions of causality (52 Table). We defined questions for
each dimension and each set of clinical outcomes for the first time on 22.02.2016. The framework
also specified the types of study design expected to address each question and, for epidemiological
study designs, distinguished between evidence that would be available at the level of the individual
and at the population level. Colleagues from the WHO Zika Causality Working Group helped us to
refine the questions and to incorporate an explicit consideration that there might be co-factors that
act in some way with Zika virus to result in or increase the probability of adverse neurological
conditions.

4. Systematic review methods
We describe the systematic review methods here in full, including steps that we took to expedite the
review process [15].

Eligibility

We included studies of any design and in any language that directly addressed any research question
in the causality framework (S1 Text). We excluded reviews, commentaries, news items and journal
correspondence that did not include original data but we checked their reference lists to identify
other potentially relevant studies.

Information sources and search strategy

The search strategy was designed to find data about Zika virus and its consequences from ongoing
studies and non-peer reviewed sources as well as published peer-reviewed studies to benefit from
commitments to data-sharing in public health emergencies [16]. The Pubmed search string was: zika
[Title/Abstract] OR ZIKV [Title/Abstract] OR zika virus [MeSH Terms] OR zika virus infection [MeSH
Terms].

We searched: PubMed, Embase and LILACS electronic databases; PAHO Zika research portal, WHO
and the European Centre for Disease Prevention and Control (ECDC) websites; journal websites;
preprint servers and a real time updated portal of experimental animal studies [17] (see protocol [18]
and S1 Text). We also asked experts of the WHO groups. For the dimension addressing analogous
causes of the outcomes and for co-factors, we did not conduct systematic reviews. Instead, we used
items identified in the searches, their reference lists and additional non-systematic searches. We
used Endnote X7 (Thomson Reuters, Philadelphia) for reference management.

We conducted our first search from the earliest date to April 11, 2016 and updated the search on
May 30 and July 29. We selected items and extracted data systematically on included items up to
May 30 and report on non-systematically identified studies up to July 29, 2016.

Study selection and data extraction

We used pre-piloted structured forms in the online database Research Electronic Data Capture
(REDCap, Vanderbilt University, Nashville). To speed up study selection we screened titles, abstract
and full texts by liberal accelerated screening [15]; two reviewers each screened half of the titles and
abstracts once. All items that either reviewer thought relevant, or needed more information to
assess, were retained for full text screening. Two reviewers had to agree to exclude an item. We
applied the same strategy to full text manuscripts.

For data extraction in all studies we recorded publication year, location of authors, funding sources,
study design and the causality question addressed. In clinical studies, we extracted data about the



S1 Text

temporal sequence of events, presumed time point of exposure, laboratory tests to assess exposure
and outcome, and clinical case definitions and outcomes. A measure of effect (risk ratio, odds ratio,
prevalence ratio) was extracted where available or we calculated the effect measure if the authors
reported the appropriate data. One reviewer extracted data and a second reviewer checked the
extracted data. Discrepancies were resolved by discussion or by a third reviewer. We did not specify
a single primary outcome because the number of causality dimensions and questions was too broad
[15]. The data to be extracted differed according to the study design and the question(s) addressed.
We used case definitions and laboratory diagnostic test interpretations as reported by study authors.
Basic research studies were too diverse to allow consistent numerical data extraction so we
summarised findings descriptively.

Synthesis of findings and assessment of methodological quality

We tabulated study level data and available data about clinical presentations from case reports, case
series, cross-sectional studies, case-control studies and cohort studies. We assessed methodological
quality for these designs using shortened checklists from the National Institute of Health and Clinical
Excellence [19] and using reviewers’ summaries of strengths and weaknesses of other study designs.
Each reviewer recorded an overall judgement of each study to indicate whether the findings did or
did not provide support for the causality dimension being assessed. Two reviewers reached
consensus by discussion or adjudication by a third reviewer. We assigned a judgement of sufficient
evidence about a causality dimension if the reviewers’ assessments were supportive for at least half
of the specific questions. We appraised the body of evidence according to the domains of the
Grading of Research Assessment Development and Evaluation (GRADE) tool as suggested for urgent
health questions [20], but did not apply upgrading or downgrading because these concepts could not
be applied consistently across the range of study designs.

5. Supplementary results

Co-factors

A range of possible contributing factors have been mentioned such as other infections, host or
pathogen characteristics or environmental agents. There are genetic differences between the African
and Asian lineages of Zika virus, but further research is needed to show whether these differences
result in differential virulence.

The role of dengue virus (DENV) antibodies has been discussed most as a co-factor. A potential
interaction between Zika virus and DENV antibodies has been raised by several experts. It is
suspected that the presence of DENV IgG antibodies could enhance the entry of Zika virus into cells
and possibly increase viral replication; this mechanism is called antibody-dependent enhancement
(ADE). It is believed that IgG antibodies against viral envelope proteins resulting from a prior
infection bind to virus particles of a subsequent infection. The virus-antibody complex reacts then
with the Fc receptor on the surface of innate immune cells. The internalisation of this complex via
the Fc receptor may lead to increased viral replication by suppression of antiviral response [21, 22].
Other individual-level studies provide some clues. In a cohort study on microcephaly conducted in
Brazil, the majority of the women showed DENV IgG at the time point of enrollment, and also a
mother returning from Brazil to Slovenia was 1gG positive for DENV, yellow fever (YF, through
vaccination), West Nile Virus (WNV) and tick-borne encephalitis virus (TBEV). Other mothers did not
show seroconversion for dengue. An ecological study found a positive association between the force
of infection for dengue and the prevalence of microcephaly in Brazil [23]. In French Polynesia, 41 of
42 GBS patients had DENV IgG antibodies as well as two GBS patients from Martinique. Two
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returning travellers with laboratory confirmed Zika infection and dengue IgG antibodies experienced
sequelae such as severe thrombocytopenia [24] or a hearing disorder [25]. A recent publication
showed binding of human antibodies against DENV to both the African and a French Polynesian
strain of Zika virus as well as enhanced infection of a human myeloid cell line with ZIKV upon pre-
incubation with DENV antibodies [22]. These findings suggest that prior dengue infection may play a
role in the development of sequelae from Zika virus infection, but no appropriate study has been
identified yet to answer this question definitively.

The experimental inoculation of a volunteer with Zika virus in the 1950s showed that YF antibodies
from prior vaccination may rise after exposure to Zika [26], suggesting some cross-reactivity between
these two flaviviruses. A series of animal experiments showed that rhesus monkeys immunised with
Zika virus were not protected against a challenge with YF, but Zika virus immunisation in Vervet
monkeys reduced YF viraemia [27]. Serological cross-reactivity between flaviviruses has been shown
in several laboratory studies; Zika virus antibodies neutralised WNV and DENV, WNV antibodies
neutralised Zika virus [28], YF monoclonal antibodies reacted with Zika virus [29] and Zika virus
growth in cell culture was increased when antibodies against YF were added [30]. The association
between Zika and YF antibodies in a serosurvey in Nigeria has led to the hypothesis that immunity to
Zika reduced the severity of YF [31]. One descriptive ecological study examined the spatial
distribution of microcephaly and YF vaccination coverage in Brazil and found several clusters of
microcephaly in areas with particularly low YF vaccination coverage [32]. However, at the level of the
individual, congenital abnormalities were detected in two pregnant women who returned with Zika
virus infection from the Americas despite YF immunisation [33, 34]. In summary, the evidence on
whether YF immunisation may have a protective or deleterious effect on Zika virus infection is sparse
and this question needs more investigation.

One report hypothesised that an insecticide used to treat drinking water (pyriproxyfen) could cause
microcephaly due to possible biochemical interactions with growth regulators and observed that
microcephaly cases in Brazil were reported after the introduction of the insecticide [35]. This article
did not provide any specific data about exposure in affected women and was therefore excluded
from the review.
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