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Abstract

Introduction

Decisions about prevention of and response to Ebola outbreaks require an understanding of
the macroeconomic implications of these interventions. Prophylactic vaccines hold promise
to mitigate the negative economic impacts of infectious disease outbreaks. The objective of
this study was to evaluate the relationship between outbreak size and economic impact
among countries with recorded Ebola outbreaks and to quantify the hypothetical benefits of
prophylactic Ebola vaccination interventions in these outbreaks.

Methods

The synthetic control method was used to estimate the causal impacts of Ebola outbreaks
on per capita gross domestic product (GDP) of five countries in sub-Saharan Africa that
have previously experienced Ebola outbreaks between 2000 and 2016, where no vaccines
were deployed. Using illustrative assumptions about vaccine coverage, efficacy, and protec-
tive immunity, the potential economic benefits of prophylactic Ebola vaccination were esti-
mated using the number of cases in an outbreak as a key indicator.

Results

The impact of Ebola outbreaks on the macroeconomy of the selected countries led to a
decline in GDP of up to 36%, which was greatest in the third year after the onset of each out-
break and increased exponentially with the size of outbreak (i.e., number of reported cases).
Over three years, the aggregate loss estimated for Sierra Leone from its 2014-2016 out-
break is estimated at 16.1 billion International$. Prophylactic vaccination could have
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prevented up to 89% of an outbreak’s negative impact on GDP, reducing the outbreak’s
impact to as little as 1.6% of GDP lost.

Conclusion

This study supports the case that macroeconomic returns are associated with prophylactic
Ebola vaccination. Our findings support recommendations for prophylactic Ebola vaccina-
tion as a core component of prevention and response measures for global health security.

Introduction

The link between infectious disease outbreaks and a weakened economy has perhaps never
been as striking in modern times as during the COVID-19 pandemic. However, outbreaks of
infectious diseases need not reach pandemic scale to impose substantial negative economic
impact.

The world’s largest recorded outbreak of Ebola virus disease (EVD) occurred in 2014-2016
in West Africa, with 28,606 reported deaths across Guinea, Liberia, and Sierra Leone [1]. This
outbreak disrupted the region’s social and economic well-being [2], with an impact on GDP of
$2.8-32.6 billion [3] and an overall cost of $53.2 billion, when taking into account costs of
mortality, morbidity, and socioeconomic impacts [4]. Many factors contributed to the eco-
nomic toll of the 2014-2016 outbreak, including decreased demand for goods and services [5],
disruptions in international trade [6], increased unemployment, and decreased overall eco-
nomic activity [7].

The 2002-2004 severe acute respiratory syndrome (SARS) outbreak resulted in 8,403 cases,
primarily in Asia [8], and is estimated to have cost between $12.3 billion and $28.4 billion dur-
ing 2003 in East and Southeast Asia. During the same period, gross domestic product (GDP)
was reduced in this region, with the greatest impact observed in China and Hong Kong (esti-
mated GDP reduction of 1.1% and 2.6%, respectively) [9]. A study modeling the potential
costs of the economic burden of the Zika virus in six U.S. states estimated that it could cost up
to $1.2 billion in medical costs and lost productivity [10]. Moreover, an influenza pandemic is
estimated to cost up to $500 billion globally per year [11].

Interventions to prevent and mitigate infectious disease outbreaks, such as vaccination pro-
grams, hold the dual promise of reducing both health and economic impacts of these out-
breaks [12, 13]. Prophylactic vaccination, in particular, has potential to minimize the
economic burden of outbreaks by directly protecting a population from the health impact of
disease. Vaccination also allows social and economic activities to continue unhampered by dis-
tancing restrictions and fear-induced behaviors that limit production and consumption [14].

Preventive strategies require proactive investment and planning before an outbreak begins,
especially for vaccines and other biomedical countermeasures that require time and resources
to develop and deliver. Generally, the cost of prevention is lower than that of infectious disease
response [15-17] and, specifically, that preventive vaccination is less costly than a reactive
response [17-19].

Relatively few studies have estimated the potential for prevention strategies, such as vac-
cines, to mitigate the negative economic impact of an infectious disease outbreak [20-22]. As
leaders make decisions about prevention of and response to Ebola outbreaks, it is important to
understand the extent that vaccination may mitigate the negative economic impacts of infec-
tious disease outbreaks. Previous studies provide limited evidence to support these decisions,
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as they have primarily evaluated short- and intermediate-term economic impacts of outbreaks,
have been based on hypothetical outbreaks, and have not employed approaches to identify
causal effects.

The objective of this study was to evaluate the relationship between outbreak size and eco-
nomic impact among countries with recorded Ebola outbreaks and to quantify potential bene-
fits of prophylactic Ebola vaccination interventions if they had been used during these
outbreaks. The economic impact of Ebola outbreaks and of prophylactic Ebola vaccine inter-
ventions was estimated for five countries that experienced Ebola outbreaks between 2000 and
2016, during which no vaccines were deployed. This work aims to provide evidence to support
calls for vaccine-based Ebola-prevention strategies.

Methods

The specific Ebola outbreaks and countries included in this study were selected based on the
feasibility of estimating causal effects. The outbreaks needed to be of sufficient size (defined as
greater than 100 reported cases) to analyze effects on GDP per capita, be sudden, and be unex-
pected (such that the period before the outbreak was unaffected by anticipation effects or by
prior or ongoing Ebola outbreaks). Outbreaks associated or coincident with other ongoing
tumultuous events in the country, such as political unrest, were excluded.

Epidemiological and economic data from five countries that had experienced Ebola out-
breaks were used: Sierra Leone, Liberia, and Guinea (2014-2016 West Africa outbreak);
Uganda (2000-2001 Gulu, Masindi, and Mbarara outbreak); and the Democratic Republic of
the Congo (DRC) (2007 Kasai-Occidental outbreak). To generalize and compare findings
across countries, effect size estimates were used to calculate the relative impact of an Ebola out-
break on GDP per capita in percentage terms. Table 1 summarizes key socioeconomic data for
each country for the year preceding each outbreak.

Absolute number of cases reported during historical Ebola outbreaks were used as an indi-
cator of the magnitude of the outbreak itself. We used absolute cases instead of population-
adjusted cases (e.g., per capita incidence) to avoid understating the risk of Ebola transmission
among large populations and the disease dynamics set in motion by the outbreak. GDP is an
aggregate measure of economic activity, including consumption, investment, government
spending, and net exports (exports minus imports) in a given country, which accounts for the
multiple pathways and multisectoral impacts of infectious disease outbreaks [24]. GDP per

Table 1. Socioeconomic characteristics in year preceding outbreak, by country.

Country (year preceding outbreak) Sierra Leone Liberia Guinea Uganda Democratic Republic of the Congo
(2013) (2013) (2013) (1999) (2006)

GDP, PPP adjusted (2011$) $555.21 $597.38 $731.56 $418.56 $306.52

Access to electricity (%) 13.5% 9.8% 28.8% 7.5% 10.4%

Current health expenditure (% of GDP) 11.6% 8.2% 3.5% N/A 4.5%

Infant mortality rate (per 1,000 live births) 97.7 66.9 70.5 90.3 92.8

Secondary school enrollment, female (% gross 36.3% 41.5% (2011) | 29.0% (2011) | 7.8% (1997) 25.5% (2007)

population)

Percentage of population in poverty at $1.90 per day 16.7% (2011) 28.1% (2007) | 38.6% (2012) |28.3% 63.6% (2004)

(2011 PPP)

GDP, Gross Domestic Product; PPP: purchasing power parity
Source: World Development Indicators [23]
Note: Values in table are drawn for year preceding outbreak examined in this study. If data was unavailable, the nearest year of recorded data preceding the outbreak

was included and if data preceding the outbreak was unavailable, N/A was recorded.

https://doi.org/10.1371/journal.pone.0283721.t001
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capita at purchasing power parity (PPP) was employed as a measure of national economic
well-being and living standards because it is widely understood and suitable for comparison
across countries. Further, GDP accounts for economic change at the population level, where
the majority of vaccines’ benefits are expected [14]. Adjusting GDP for PPP considers the vary-
ing costs of goods and services over time and across countries.

The study was conducted in three steps: firstly, the synthetic control method (SCM) was
used to identify the causal effects of five past Ebola outbreaks on per capita GDP at PPP. Sec-
ondly, disease incidence was calculated using illustrative vaccine deployment scenarios to esti-
mate upper and lower bounds of the potential cases averted by prophylactic Ebola vaccination.
Thirdly, the output from the prior two steps was used to predict the economic benefit of
reduced Ebola cases in the context of a prophylactic vaccination program.

Estimating causal effects of Ebola outbreaks using synthetic control

Using historical outbreaks to analyze the effects of Ebola outbreaks on GDP per capita poses
challenges to using classical methods of causal inference, which makes the SCM best suited to
this context: one, sizable Ebola outbreaks have struck only a handful of countries, limiting the
number of Ebola-affected countries and objectively similar unaffected countries to study; two,
no single country or simple average of countries offers a reliable comparison group, or coun-
terfactual, against which to compare the economic outcomes for the Ebola-affected countries
because each Ebola-affected country is different from possible comparison countries in terms
of GDP per capita trends and other relevant characteristics.

The SCM generates causal effect estimates using aggregate data in settings where there may
be only a single treated unit and a small number of comparison units by developing a counter-
factual based on a weighted combination of comparison units (the synthetic control) [25]. The
weights are determined by an algorithm to minimize the difference between the pre-outbreak
characteristics of the Ebola-affected country and the synthetic control. These pre-outbreak
characteristics include trends in and predictors of GDP per capita itself and predictors of GDP
per capita. The result is a synthetic control that closely resembles the Ebola-affected country
for the period before the outbreak (S1 Table).

When using the synthetic control as a counterfactual, the effect of the Ebola outbreak is esti-
mated as the difference between the Ebola-affected country’s observed outcomes and the syn-
thetic control in the post-outbreak period. The SCM has been applied to evaluate the impact of
interventions on aggregate outcomes, such as GDP [26], and has increasingly been used to esti-
mate causal effects in the fields of public health and epidemiology [27-32]. The similarity of
the synthetic control to the Ebola-affected country in the pre-outbreak period is an indication
that the synthetic control is effectively accounting for observed and unobserved time-varying
factors that affect GDP. The effect of the Ebola outbreak is inferred by the difference between
the observed GDP per capita in the Ebola-affected country and its synthetic control in the
post-outbreak period. Thus, the synthetic control offers a data-driven counterfactual from
which to infer the effect of the Ebola outbreak on GDP which can be tested to assess its reliabil-
ity and robustness.

This analysis examines GDP per capita at PPP that was lost due to the outbreak accrued in the
first three years after the outbreak began, as this timeframe takes into account the growing magni-
tude of the effects on GDP per capita over time. Absolute values of GDP per capita (U.S. interna-
tional dollars [Int'l$]) were converted to a percentage of counterfactual GDP per capita, which can
be interpreted in the results as the percentage impact on living standards caused by the outbreak.

The predictor variables we used to estimate the synthetic controls have frequently been
used in studies employing the SCM to analyze effects on GDP per capita: trade openness,
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Polity scores, human capital index, share of GDP from industry, urban population share, share
of the population using the internet, and pre-trends of GDP per capita [33-35]. By construc-
tion, the synthetic control algorithm develops a set of weights that, when applied to the set of
comparison countries (the donor pool), resembles the Ebola-affected country in terms of GDP
per capita and in terms of the predictors of GDP per capita. Data were drawn from the Penn
World Table and the World Development Indicators [23, 36]. The synthetic control analyses
were conducted in Stata using the synth_runner package [37].

The donor pool was determined by quantitative and qualitative criteria aimed at maximiz-
ing the comparability of the countries with the Ebola-affected country (for an Ebola outbreak).
The included Ebola-affected countries are in sub-Saharan Africa and were among the poorest
countries in the world in terms of GDP per capita at PPP. Thus, the donor pool was limited to
sub-Saharan African countries within the bottom decile of countries in the world in terms of
GDP per capita at PPP in the outbreak year. Any countries bordering the Ebola-affected coun-
tries that satisfied these criteria were retained in the donor pool because their inclusion gener-
ated conservative estimates in the case that a neighbor indeed suffered from spillover effects
from the outbreaks.

Falsification or “placebo” tests and robustness checks were used to assess the reliability of
the effect estimates [26]. These entailed estimating synthetic controls for each country in the
donor pool as if it had been affected by an Ebola outbreak. This yielded a distribution of pla-
cebo effects, which were compared with the effects estimated for the Ebola-affected country.
Specifically, differences between the root mean square prediction errors (RMSPEs) estimated
for the Ebola-affected country and those of the donor pool were calculated. If an effect is pres-
ent and the synthetic counterfactual is valid, the RMSPE:s in the post-outbreak period should
be large relative to the RMSPEs in the pre-outbreak period for the Ebola-affected country. The
distribution of post-/pre-RMSPE ratios were also assessed, with the expectation that the
RMSPE ratio for the Ebola-affected country would be notably greater than that of most of its
donors produced by the placebo tests (S1 File).

To identify further systematic differences between the Ebola-affected country and its donor
pool, magnitudes of the effects with those produced by placebo testing were compared. For
each year, the proportion of placebo effects that were at least as large as the effect estimated for
the country of interest were calculated. These proportions were based on absolute magnitudes
and did not consider the direction of the effects. Because the validity of effect estimates
depends on the quality of the synthetic control’s match in the pre-outbreak period, the stan-
dardized placebo effect proportions were also calculated (S3 Table) by dividing the placebo
effect proportions by the pre-RMSPEs.

Three types of sensitivity analyses were conducted in order to explore the robustness of
these estimates to three fundamentally different alternatives about how to implement the syn-
thetic control analysis. Firstly, the composition of the donor pools for each Ebola-affected
country were varied by omitting one donor and generating an alternative synthetic control for
comparison iteratively. Secondly, the set of predictor variables used to estimate the synthetic
control for each Ebola-affected country were varied by using nine alternative combinations of
variables to produce nine alternative synthetic controls. Thirdly, the length of the pre-outbreak
period was modified, which can lead to a different set of weights applied to the donor countries
and again generate an alternative synthetic control.

Estimating the reduction in cases from Ebola vaccine deployment

To estimate the impact of prophylactic vaccination strategies on EVD incidence, assumptions
were made about vaccine coverage and vaccine efficacy and applied to Ebola case data for each
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Table 2. Vaccination scenarios using the disease incidence calculator.

Scenario 1: Low Coverage/Low | Scenario 2: High Coverage/High

Efficacy Efficacy
Vaccine efficacy (reduced risk of being 60 90
infected), %
Vaccinated population who received a 80
second dose, %
Vaccinated population, %
High-risk population 30 60
General population 5 10

Source: Authors’ assumptions.

https://doi.org/10.1371/journal.pone.0283721.t1002

of the five Ebola-affected countries included in the study. Two illustrative vaccination scenar-
ios were assumed (Table 2): low coverage with low efficacy (i.e., providing a lower bound on
cases averted) and high coverage with high efficacy (i.e., providing an upper bound). The
assumptions noted in Table 2 were made for each scenario about hypothetical vaccine cover-
age and vaccine efficacy and applied to Ebola case data. Baseline numbers of probable and con-
firmed cases in each country were allocated between high-risk and non-high-risk
subpopulations, reflecting the disproportionately high risk faced by specific groups [38]. The
high-risk subpopulation included all health care workers (doctors, nurses, midwives, and oth-
ers employed in the hospital and community, including pharmacists, hygiene personnel, labo-
ratory personnel, traditional medicine doctors, and community health workers), frontline
health workers, members of the armed forces, and transportation workers (S2 Table).
Reported EVD incidence rates among health care workers were applied to the total high-risk
subpopulation in each country to estimate the number of cases in this subpopulation

(Table 3). The remaining cases, as reported in surveillance data, were assumed to occur in the
non-high-risk subpopulation (i.e., general population). Given the lack of relevant economic
impact identified in the synthetic control estimation for Guinea (explained in more detail in
the Results section), Guinea was excluded as an outlier for the steps of our analysis following
the synthetic control estimation. Therefore, cases and estimated cases averted are shown for
the remaining four countries included in the analysis.

To determine the potential impact of preventive vaccination on the number of Ebola cases
during an outbreak, estimates from a published modeling analysis of the impact of prophylac-
tic vaccination strategies on Ebola virus transmission in the DRC were applied [40], which
showed a 62% reduction in cases in a comparable low coverage/low efficacy scenario and a
91% reduction in a comparable high coverage/high efficacy scenario (a detailed description is
included in the supporting information).

Predicting the economic benefits of the prophylactic vaccination

Evidence generated from the synthetic control analyses and from the estimated cases averted
from implementation of prophylactic vaccination were used as the basis for predicting the eco-
nomic effects of the Ebola vaccine. The synthetic control results offer empirical grounding for
the relationship between outbreak size (i.e., number of reported cases) and impact on GDP per
capita.

The functional form that best fits the evidence pertaining to the relationship between Ebola
cases and impact on GDP per capita is exponential, given by

f(C) — 2.4625 + 62.4638E—U4C7 (1)
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Table 3. Data inputs and assumptions.

Country
All
Total
Cases
Sierra 14,122
Leone
Liberia 10,675
Uganda 425
DRC 264

Baseline Cases

Scenario 1: Low Coverage/Low Efficacy Scenario 2: High Coverage/High Efficacy

Non-High-Risk All High-Risk Non-High-Risk All High-Risk Non-High-Risk
Pop. Pop. Pop. Pop. Pop.
Total Cases Cases Cases Averted | Cases Averted Cases Cases Averted | Cases Averted
Averted Averted

8,756 1,058 7,697 12,851 1,553 11,298

6,619 1,441 5,178 9,714 2,114 7,600
264 44 220 387 64 322
164 20 143 240 30 210

DRC, Democratic Republic of the Congo; Pop., population.

Sources: Total cases: United Nations Humanitarian Data Exchange (2019) [39]; High-risk population cases: United Nations Humanitarian Data Exchange (2015) [1];

Percentage of cases averted: Potluri et al (2020) [40, Technical Report, Tables 14 and 24]. Values drawn from this report were calibrated to the 2018 DRC outbreak and

assumed no reduction in infectiousness and case fatality rates from vaccination; see S4 Table for details.

Note: Cases by risk groups were calculated by authors using number of cases and sizes of the high-risk and non-high-risk populations in each year of the outbreak; see

S2 Table for underlying data. All values in the table were rounded to the nearest whole case; this rounding accounts for differences in total cases averted and population-

specific cases averted.

https://doi.org/10.1371/journal.pone.0283721.t003

where c is the number of cases, and f{c) is the negative impact accrued by the third year post-
outbreak as a percentage of the counterfactual GDP per capita in that year.

Incorporating reduction in cases to calculate economic impact of
vaccination

We predicted the impact of prophylactic vaccine interventions on GDP per capita using the
estimates of cases averted under the illustrative Ebola vaccine intervention scenarios described
previously. The estimates of EVD cases averted due to vaccination as inputs to the relationship
described by Eq 1 were used to calculate the change in predicted GDP per capita impact due to
prophylactic vaccine intervention. The function predicts a change in the outbreak’s impact on
GDP per capita associated with moving from the actual total cases associated with an Ebola
outbreak, co, to a smaller number of cases characterized by the vaccine at the low coverage/low
efficacy scenario, ¢, or the high coverage/high efficacy scenario, ¢’. The difference between f
(co) and f(cL), and f(¢,) and f(cH), yields the predicted economic benefit of the low and high
prophylactic vaccination scenarios, respectively, defined in terms of the percentage loss of
GDP per capita that is mitigated.

Results

The effect of Ebola outbreaks on GDP per capita in Ebola-affected
countries

Estimates from the synthetic control analysis indicate that past Ebola outbreaks had a negative
impact on GDP per capita, causing declines in living standards of between 4.2% and 35.6% by
the third year after the start of the outbreak, when impacts were most pronounced. Comparing
observed GDP per capita of the five countries included in the study against each country’s syn-
thetic control illustrates the estimated effect of the Ebola outbreak (Fig 1). The observed GDP
values and synthetic controls are closely matched across the pre-outbreak period, particularly
immediately before the EVD outbreaks, and diverge after the outbreaks begin. For all coun-
tries, apart from Guinea, the effect size was greatest in the third year after the start of an Ebola
outbreak and increased exponentially with the number of EVD cases in an outbreak.
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https://doi.org/10.1371/journal.pone.0283721.g001
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domestic product.
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Countries with the highest number of EVD cases, Sierra Leone and Liberia, experienced the
largest negative economic impacts on GDP per capita, in absolute terms and as a percentage
decline in standard of living. By the third year after the outbreaks began, living standards were
35.6% lower in Sierra Leone and 14.2% lower in Liberia compared to the synthetic control. In
Uganda and the DRC, both of which experienced relatively small outbreaks, the effects were
modest albeit negative. Guinea was anomalous as its actual GDP per capita surpassed its syn-
thetic control over the 3-year post-outbreak period and was therefore not included in subse-
quent analyses.

Fig 2 plots the percentage impact on GDP per capita produced by each sensitivity test,
along with the results from the main specification. The results produced by all three types of
robustness tests are consistent with the synthetic control estimates for the Ebola-affected coun-
tries in Fig 1, indicating that varying key aspects of the specification does not substantially
change the primary results. The consistency of the estimates supports our primary results and
provides an indication of the credible ranges for the effects.

Averted economic loss from vaccination

Fig 3 plots the exponential relationship between Ebola cases and negative impact on GDP per
capita by the third year after outbreaks began (i.e., aggregated over years 1-3 post-outbreak).
The function fits the impact estimates for the countries reasonably well, considering that het-
erogeneous effects from one context to the next are probable, and suggests that the number of
cases in an Ebola outbreak is a reasonable predictor of that outbreak’s effect on GDP per capita
in the country where it occurs.
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Table 4 summarizes the predicted economic benefits for each country from averted cases
under each vaccination scenario. Benefits, or averted costs from the outbreak, due to the pro-
phylactic vaccine interventions are economically significant and grow in exponential propor-
tion to the number of cases. The marginal economic benefits of averting a case are
exponentially greater in countries with larger outbreaks due to the convexity of the relation-
ship between Ebola cases and economic impact.

The impact on GDP by the third year after the start of the Ebola outbreak was the greatest
in Sierra Leone. In the absence of vaccination, a 35.6% loss of GDP was estimated, which could
have been reduced to 6.9% or 4.5% loss of GDP in the low- or high-vaccination scenarios,
respectively, representing a mitigation of 80.6% to 87.3% of the reduction in GDP. In Liberia,
where Ebola had the second greatest impact and caused a 14.2% loss of GDP, it was predicted
that the low- and high-vaccination scenarios could have mitigated 78.6% to 88.8% of that
reduction, respectively.

This study predicts that the losses caused by the largest outbreak (in Sierra Leone) could
have been reduced from 35.6% to 4.5% loss in GDP in the high coverage/high efficacy prophy-
lactic vaccination scenario. Translating the estimated effects to aggregate monetary values for
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Table 4. Estimated economic benefits of prophylactic Ebola vaccine by year 3 post-outbreak, by country.

Country Outbreak Observed Estimated Impact from Hypothetical Vaccination Intervention
Year Averted Total GDP Loss Share of Remaining
Cases Mitigated by GDP Loss GDP Loss
Vaccine (million from (%)
$, aggregate GDP | Outbreak
loss over three | Mitigated by
years)© Vaccine (%)¢
Total Reported Ebola GDP per Capita GDP per Capita | Low® | High® | Low® | High® | Low® | High® | Low® | High®
Cases Loss (%) Loss ($)
Sierra 2014 14,122 35.56 841.20 | 8,756 | 12,851 | 5,122.91 | 5,548.75 | 80.59 | 87.28 | 6.90 | 4.52
Leone
Liberia 2014 10,675 14.18 149.87 | 6,619 | 9,714 | 557.43 | 629.86 | 78.60 | 88.82| 3.03 1.59
Uganda 2000 425 4.15 57.38 | 264 387 25.71 37.13 | 1.68| 243 4.08| 4.05
DRC 2007 264 4.40 29.66 | 164 240 18.39 26.66 | 0.96 1.39| 436 4.34

DRC, Democratic Republic of the Congo; GDP, gross domestic product (2011 U.S. dollars purchasing power parity).

* Low coverage/efficacy: 60% efficacy, 30% coverage of high-risk population plus 5% coverage of non-high-risk population.

® High coverage/efficacy: 90% efficacy, 60% coverage of high-risk population plus 10% coverage of non-high-risk population.

¢ Total GDP Loss Mitigated by Vaccine represents to the avoided reduction in GDP that is estimated in each scenario as a result of the vaccine. This estimate aggregates

the total loss in years one, two, and three following the outbreak.

4 Share of GDP Impact Mitigated by Vaccine represents the share of GDP loss due to the outbreak that would be mitigated by the vaccine, specifically, in each

hypothetical scenario.

¢ Remaining GDP Loss represents the share of total GDP that would still be impacted in each scenario even when the vaccine was deployed (i.e., impact to GDP that is

not influenced by the presence of a vaccine.)

https://doi.org/10.1371/journal.pone.0283721.t1004

the two largest outbreaks, in Sierra Leone and Liberia, results in losses of 841 Int’l$ and 150
Int’l$ per person, respectively, which amounts to losses of about 6.4 billion Int’l$ and 0.7 bil-
lion Int’l$. Considering that the outbreaks also caused losses in the first and second years after
the outbreak, the aggregate impact between 2015 and 2017 for Sierra Leone and Liberia yields
total cumulative estimated losses of 16.1 billion Int’l$ and 1.2 billion Int’l$, respectively.

Tests to illustrate the sensitivity of economic effect estimates to the herd immunity factor
used are provided in supporting information (S4 Table).

Discussion

Deployment of a prophylactic Ebola vaccine could significantly reduce the sizable economic
losses and notable impact on living standards caused by Ebola outbreaks, which can have sig-
nificant ripple effects on socio-economic factors and well-being. These impacts increased
exponentially with the outbreak’s size (i.e., number of cases), which suggests that in the
absence of effective prevention measures, these negative impacts of an Ebola outbreak could
grow quickly. Compared with other studies examining the impact of Ebola on macroeconomic
outcomes, particularly those focused on the 2014 outbreak in West Africa, these findings gen-
erate comparable estimates taking into account that other studies consider a limited set of eco-
nomic impacts and rely on different methodologies to estimate impact.

This study is the first to shed new light on the macroeconomic implications of vaccination
as a prevention strategy for Ebola. Further, this approach provides insights into the relation-
ship between macroeconomic outcomes and the total number of Ebola cases experienced in
an outbreak by identifying these effects for multiple individual Ebola outbreaks. This study
provides further information on the impact of Ebola outbreaks on GDP of countries where
outbreaks occur [3, 4], using quasi-experimental methods to identify these effects.
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This study demonstrates how the SCM can be applied to identify the causal impact of an
Ebola outbreak on GDP per capita, and the SCM has many advantages in this context because
it provides an approach to creating a credible counterfactual from a combination of multiple
countries for cases where few affected units exist. This maximizes the comparability of the syn-
thetic control to the country of interest and produces a counterfactual that is less likely to be
influenced by extraneous factors than a single comparison country alone. As the availability
and uptake of prophylactic Ebola vaccination increases, the SCM may also help to identify
causal effects of vaccines on economic outcomes directly and to assess them against comple-
mentary and substitute preventive measures.

Interpretation of these results should also consider several limitations of this study. Ebola
outbreaks can affect the economy of a country in many ways, and relying on an aggregate mea-
sure, such as GDP, may mask the underlying dynamics within the economy. GDP is a compos-
ite measure whose subcomponents may not always move in the same direction. Thus, changes
in GDP reflect the net change in its components: consumption, investment, government
spending, and net exports, each of which could be impacted positively or negatively by an
infectious disease outbreak [12]. For instance, the effect on GDP could be masked even if an
outbreak decreases household consumption and business investment, provided that these
decreases are countered by increases in government spending and foreign aid. GDP is also
prone to measurement challenges that can undermeasure or miss economic activity in regions,
sectors, or populations for which economic data are not collected. In low- and middle-income
countries especially, GDP may be systematically undermeasured in rural areas and instead
reflect urban areas where larger firms operate. Aggregate measures can also obscure the social
dimensions of Ebola’s impact, such as impacts on vulnerable populations and disruption to
health care and education [4, 12].

To implement the SCM approach, several country-specific limitations had to be addressed.
The 2007 DRC outbreak was included because the pre-outbreak period was free of lagged
effects from previous outbreaks and economic turmoil, unlike other outbreaks that have
occurred since 2014 in the DRC. The length of the pre-outbreak period in the DRC was also
reduced compared with other countries in the study to avoid the influence of these confound-
ing factors. Still, the synthetic control generated a relatively strong counterfactual by closely
matching the observed GDP per capita before the outbreak. Additionally, the Uganda outbreak
was limited by data availability and constraints on the number of comparison countries avail-
able to include in the donor pool. Conflicts and political turmoil also ruled out several coun-
tries from Uganda’s donor pool, resulting in fewer donors to construct the synthetic control
and a less precisely matched synthetic control during the pre-outbreak period. The synthetic
control estimates for Uganda may be conservative because the observed GDP per capita of
Uganda exceeded its synthetic control before the outbreak and abruptly reversed this after the
outbreak.

The outbreak in Guinea led to a counterintuitive result; its observed GDP per capita
exceeded the synthetic control, which may be caused by two potentially confounding, coincid-
ing events that did not affect other countries impacted by the 2014 West Africa outbreak.
While Sierra Leone and Liberia also received elevated levels of foreign aid during the 2014-
2016 Ebola outbreak, Guinea received a debt cancellation of $2.1 billion (two-thirds of its total
debt) [41] and a change in a 5-year suspension of aid. [42] These events were both positive for
Guinea’s economy and unrelated to the Ebola outbreak that would shortly follow, thus their
effects could not be disentangled from the effects of the outbreak [43, 44].

In estimating reduced disease incidence directly from prophylactic vaccination and indi-
rectly from herd immunity, we used factors that were not country- or outbreak-specific, yet
permitted simplification and application of comparable assumptions around vaccine efficacy
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and coverage, and population-level herd immunity. Vaccine efficacy and coverage assump-
tions that spanned a range of possible outcomes were applied to represent an illustrative upper
and lower bound, whereas the herd immunity factor was derived from an Ebola transmission
model developed for the DRC [40]. Models that capture country- and outbreak-specific disease
transmission dynamics would allow for more precise estimates of the number of cases averted
for each country. The simplified approach adopted in the current analysis may not accurately
reflect the potential vaccine impact in different Ebola outbreaks.

Conclusion

These findings support recommendations for prophylactic vaccination as a core component of
global prevention efforts and is useful for national public health leaders and multilateral orga-
nizations as they prepare for future Ebola outbreaks [45].
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affected countries and the synthetic controls, as well as the effects in both absolute terms and
percentages. Because levels of GDP per capita vary considerably across countries, the effect
sizes reported as a percentage are more useful for cross-country comparisons. The placebo
effect proportions associated with the effects estimated for each year and the RMSPE ratio pro-
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Leone and Liberia, which suffered the highest numbers of Ebola virus disease cases, and for
the effects identified for the third year after each outbreak began for each country because of
the apparent persistent and lagged effects.

(DOCX)

$4 Table. Sensitivity of herd immunity factor on change in GDP per capita effect estimates.
(DOCX)
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break period and effects in the post-outbreak period for the Ebola-affected country. The
prediction errors and the placebo effects are plotted for the comparison countries. The out-
break is represented by the vertical line. The ratio of the effect sizes in the post-outbreak period
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(TIFF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0283721  April 11, 2023 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s005
https://doi.org/10.1371/journal.pone.0283721

PLOS ONE

Macroeconomic impact of Ebola vaccine

S2 Fig. Main synthetic control estimates versus synthetic controls generated by three types
of robustness testing. S2 Fig graphs the actual GDP per capita of the Ebola-affected countries
against the full time series of the alternative specifications alongside the main synthetic control
specification. Alternative predictor variables that were added or substituted include capital
stock, population density, inflation, electrification, and government expenditure on health
care.

(TIFF)

S1 File. The RMSPE ratio.
(DOCX)

Acknowledgments

The authors would like to acknowledge Thierry Van Effelterre (Janssen), Trevor Bacon (Jans-
sen), Ruxandra Draghia AKkli (Janssen) and Alex Turner (RTI International) for contributions
to the review of this manuscript.

Author Contributions

Conceptualization: Laura T. R. Morrison, Benjamin Anderson, Alice Brower, Pia D. M. Mac-
Donald, Laurent Metz, Maren Gaudig, Valérie Oriol Mathieu.

Data curation: Laura T. R. Morrison, Benjamin Anderson, Alice Brower, Naomi Buell.

Formal analysis: Laura T. R. Morrison, Benjamin Anderson, Alice Brower, Naomi Buell,
Amanda A. Honeycutt.

Funding acquisition: Laura T. R. Morrison, Sandra E. Talbird, Pia D. M. MacDonald.

Investigation: Laura T. R. Morrison, Benjamin Anderson, Alice Brower, Amanda A.
Honeycutt.

Methodology: Laura T. R. Morrison, Benjamin Anderson, Amanda A. Honeycutt.
Project administration: Laura T. R. Morrison, Sandra E. Talbird.

Resources: Laura T. R. Morrison, Sandra E. Talbird.

Software: Sandra E. Talbird.

Supervision: Laura T. R. Morrison, Benjamin Anderson, Sandra E. Talbird, Pia D. M. Mac-
Donald, Amanda A. Honeycutt.

Validation: Laura T. R. Morrison, Benjamin Anderson, Alice Brower.
Visualization: Laura T. R. Morrison, Benjamin Anderson, Alice Brower.
Writing - original draft: Laura T. R. Morrison, Benjamin Anderson, Amanda A. Honeycutt.

Writing - review & editing: Laura T. R. Morrison, Benjamin Anderson, Alice Brower, Sandra
E. Talbird, Naomi Buell, Pia D. M. MacDonald, Laurent Metz, Maren Gaudig, Valérie
Oriol Mathieu, Amanda A. Honeycutt.

References

1. United Nations Human Data Exchange. Ebola Outbreaks Before 2014; n.d. [cited 2021 May 18]. Data-
base: OCHA Services. Available from: https://data.humdata.org/dataset/ebola-outbreaks-before-2014

2. Elston JW, Cartwright C, Ndumbi P, Wright J. The health impact of the 2014—15 Ebola outbreak. Public
Health. 2017 Feb 1; 143: 60-70. https://doi.org/10.1016/j.puhe.2016.10.020 PMID: 28159028

PLOS ONE | https://doi.org/10.1371/journal.pone.0283721  April 11, 2023 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283721.s007
https://data.humdata.org/dataset/ebola-outbreaks-before-2014
https://doi.org/10.1016/j.puhe.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/28159028
https://doi.org/10.1371/journal.pone.0283721

PLOS ONE

Macroeconomic impact of Ebola vaccine

10.

1.

12.
13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Zafar A, Talati C, Graham E, Panzer J. 2014-2015 West Africa Ebola crisis: impact update. 2016 [cited
2021 May 18]. Available from: https://pubdocs.worldbank.org/en/297531463677588074/Ebola-
Economic-Impact-and-Lessons-Paper-short-version.pdf

Huber C, Finelli L, Stevens W. The economic and social burden of the 2014 Ebola outbreak in West
Africa. J Infect Dis. 2018 Nov 22; 218(Supplement_5): S698-S704. https://doi.org/10.1093/infdis/jiy213
PMID: 30321368

Ippolito G, Puro V, Piselli P. Ebola in West Africa: who pays for what in the outbreak. New Microbiol.
2015Jan 1;38(1): 1. PMID: 25742142

Kostova D, Cassell CH, Redd JT, Williams DE, Singh T, Martel LD, et al. Long-distance effects of epi-
demics: assessing the link between the 2014 West Africa Ebola outbreak and US exports and employ-
ment. Health Econ. 2019 Nov; 28(11): 1248-1261.

Bowles J, Hjort J, Melvin T, Werker E. Ebola, jobs and economic activity in Liberia. J Epidemiol Commu-
nity Health. 2016 Mar 1; 70(3): 271-277. https://doi.org/10.1136/jech-2015-205959 PMID: 26438188

World Health Organization. Cumulative number of reported probable cases of SARS. n.d. [cited 2021
May 18]. Available from: https://www.who.int/csr/sars/country/2003_07_11/en/

Lee JW, McKibbin WJ. Globalization and disease: the case of SARS. Asian Econ Pap. 2004; 3(1): 113—
131.

Lee BY, Alfaro-Murillo JA, Parpia AS, Asti L, Wedlock PT, Hotez PJ, et al. The potential economic bur-
den of Zika in the continental United States. PLoS Negl Trop Dis. 2017 Apr 27; 11(4): e0005531. https://
doi.org/10.1371/journal.pntd.0005531 PMID: 28448488

Fan VY, Jamison DT, Summers LH. Pandemic risk: how large are the expected losses? Bull World
Health Organ. 2018 Feb 1; 96(2): 129. https://doi.org/10.2471/BLT.17.199588 PMID: 29403116

Bloom DE, Cadarette D, Sevilla JP. Epidemics and economics. Finance Dev. 2018 Jun; 55(2).

Bérnighausen T, Bloom DE, Cafiero-Fonseca ET, O’Brien JC. Valuing vaccination. Proc Natl Acad Sci.
2014 Aug 26; 111(34): 12313-12319.

Doherty M, Buchy P, Standaert B, Giaquinto C, Prado-Cohrs D. Vaccine impact: benefits for human
health. Vaccine. 2016 Dec 20; 34(52): 6707—6714. https://doi.org/10.1016/j.vaccine.2016.10.025
PMID: 27773475

Bloom DE. Valuing vaccines: deficiencies and remedies. Vaccine. 2015 Jun 8; 33: B29-B33.

Rémy V, Largeron N, Quilici S, Carroll S. The economic value of vaccination: why prevention is wealth.
J Mark Access Health Policy. 2015 Jan 1; 3(1): 29284. https://doi.org/10.3402/jmahp.v3.29284 PMID:
27123187

Rosado RM, Charles-Smith L, Daniel B. Control and cost-benefit analysis of fast spreading diseases:
the case of Ebola. Online J Public Health Inform. 2017; 9(1).

Wallace AS, Masresha BG, Grant G, Goodson JL, Birhane H, Abraham M, et al. Evaluation of economic
costs of a measles outbreak and outbreak response activities in Keffa Zone, Ethiopia. Vaccine. 2014
Jul 31; 32(35): 4505—-4514. https://doi.org/10.1016/j.vaccine.2014.06.035 PMID: 24951866

Meltzer MI, Cox NJ, Fukuda K. The economic impact of pandemic influenza in the United States: priori-
ties for intervention. Emerg Infect Dis. 1999 Sep; 5(5): 659. https://doi.org/10.3201/eid0505.990507
PMID: 10511522

Ozawa S, Mirelman A, Stack ML, Walker DG, Levine OS. Cost-effectiveness and economic benefits of
vaccines in low-and middle-income countries: a systematic review. Vaccine. 2012 Dec 17; 31(1): 96—
108. https://doi.org/10.1016/j.vaccine.2012.10.103 PMID: 23142307

Ozawa S, Clark S, Portnoy A, Grewal S, Stack ML, Sinha A, et al. Estimated economic impact of vacci-
nations in 73 low-and middle-income countries, 2001-2020. Bull World Health Organ. 2017 Sep 1; 95
(9): 629. https://doi.org/10.2471/BLT.16.178475 PMID: 28867843

Yerushalmi E, Hunt P, Hoorens S, Sauboin C, Smith R. Exploring the use of a general equilibrium
method to assess the value of a malaria vaccine: an application to Ghana. MDM P&P. 2019 Dec; 4(2):
2381468319894345. https://doi.org/10.1177/2381468319894345 PMID: 31903422

The World Bank. Data catalog; n.d. [cited 2021 May 18]. Database: World Development Indicators
(WDI). Available from: https://datacatalog.worldbank.org/dataset/world-development-indicators

Smith KM, Machalaba CC, Seifman R, Feferholtz Y, Karesh WB. Infectious disease and economics:
The case for considering multi-sectoral impacts. One Health. 2019 Jun 1; 7:100080. https://doi.org/10.
1016/j.onehlt.2018.100080 PMID: 30671528

Abadie A, Gardeazabal J. The economic costs of conflict: a case study of the Basque Country. Am
Econ Rev. 2003 Mar; 93(1): 113—-132.

Abadie A. Using synthetic controls: feasibility, data requirements, and methodological aspects. J Econ
Lit. 2020.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283721  April 11, 2023 15/16


https://pubdocs.worldbank.org/en/297531463677588074/Ebola-Economic-Impact-and-Lessons-Paper-short-version.pdf
https://pubdocs.worldbank.org/en/297531463677588074/Ebola-Economic-Impact-and-Lessons-Paper-short-version.pdf
https://doi.org/10.1093/infdis/jiy213
http://www.ncbi.nlm.nih.gov/pubmed/30321368
http://www.ncbi.nlm.nih.gov/pubmed/25742142
https://doi.org/10.1136/jech-2015-205959
http://www.ncbi.nlm.nih.gov/pubmed/26438188
https://www.who.int/csr/sars/country/2003_07_11/en/
https://doi.org/10.1371/journal.pntd.0005531
https://doi.org/10.1371/journal.pntd.0005531
http://www.ncbi.nlm.nih.gov/pubmed/28448488
https://doi.org/10.2471/BLT.17.199588
http://www.ncbi.nlm.nih.gov/pubmed/29403116
https://doi.org/10.1016/j.vaccine.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/27773475
https://doi.org/10.3402/jmahp.v3.29284
http://www.ncbi.nlm.nih.gov/pubmed/27123187
https://doi.org/10.1016/j.vaccine.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/24951866
https://doi.org/10.3201/eid0505.990507
http://www.ncbi.nlm.nih.gov/pubmed/10511522
https://doi.org/10.1016/j.vaccine.2012.10.103
http://www.ncbi.nlm.nih.gov/pubmed/23142307
https://doi.org/10.2471/BLT.16.178475
http://www.ncbi.nlm.nih.gov/pubmed/28867843
https://doi.org/10.1177/2381468319894345
http://www.ncbi.nlm.nih.gov/pubmed/31903422
https://datacatalog.worldbank.org/dataset/world-development-indicators
https://doi.org/10.1016/j.onehlt.2018.100080
https://doi.org/10.1016/j.onehlt.2018.100080
http://www.ncbi.nlm.nih.gov/pubmed/30671528
https://doi.org/10.1371/journal.pone.0283721

PLOS ONE

Macroeconomic impact of Ebola vaccine

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Rehkopf DH, Sanjay B. A new tool for case studies in epidemiology—the synthetic control method. Epi-
demiol. 2018; 29(4): 503-505. https://doi.org/10.1097/EDE.0000000000000837 PMID: 29613871

Craig P, Katikireddi SV, Leyland A, Popham F. Natural experiments: an overview of methods,
approaches, and contributions to public health intervention research. Annu Rev Public Health. 2017; 38
(1): 39-56. https://doi.org/10.1146/annurev-publhealth-031816-044327 PMID: 28125392

Thorlund K, Dron L, Park JJH, Mills EJ. Synthetic and external controls in clinical trials—a primer for
researchers. Clin Epidemiol. 2020: 457—467. https://doi.org/10.2147/CLEP.S242097 PMID: 32440224

Shioda K, Schuck-Paim C, Taylor RJ, Lustig R, Simonsen L, Warren JL, et al. Challenges in estimating
the impact of vaccination with sparse data. Epidemiol. 2019; 30(1): 61-68. https://doi.org/10.1097/EDE.
0000000000000938 PMID: 30334918

Bouttell J, Craig P, Lewsey J, Robinson M, Popham F. Synthetic control methodology as a tool for eval-
uating population-level health interventions. J Epidemiol Community Health. 2018; 72(8): 673-678.
https://doi.org/10.1136/jech-2017-210106 PMID: 29653993

Basu S, Meghani A, Siddigi A. Evaluating the health impact of large-scale public policy changes: classi-
cal and novel approaches. Annu Rev Public Health. 2017; 38: 351-370. https://doi.org/10.1146/
annurev-publhealth-031816-044208 PMID: 28384086

Pinotti P. The economic costs of organised crime: evidence from Southern Italy. Econ J. 2015; 125:
F203—-F232. https://doi.org/10.1111/ecoj.12235

Costalli S, Moretti L, Pischedda C. The economic costs of civil war: synthetic counterfactual evidence
and the effects of ethnic fractionalization. J Peace Res. 2017; 54(1): 80-98. https://doi.org/10.1177/
0022343316675200

Cavallo E, Galiani S, Noy |, Pantano J. Catastrophic natural disasters and economic growth. Rev Econ
Stat. 2013; 95(5): 1549-1561. https://doi.org/10.1162/REST_a_00413

Feenstra RC, Inklaar R, Timmer MP. The next generation of the Penn World Table. Am Econ Rev.
2015; 105(10): 3150-3182.

Galiani S, Quistorff B. The synth_runner package: utilities to automate synthetic control estimation
using synth. Stata J. 2017; 17(4): 834—849. https://doi.org/10.1177/1536867X1801700404

World Health Organization. Health worker Ebola infections in Guinea, Liberia and Sierra Leone. 2015
[cited 2021 May 18]. Available from: https://www.who.int/csr/resources/publications/ebola/health-
worker-infections/en/

United Nations Human Data Exchange. Number of health-care workers infected with Ebola; n.d. [cited
2021 May 18]. Database: OCHA Services. Available from: https://data.humdata.org/dataset/number-
of-health-care-workers-infected-with-edv

Potluri R, Kumar A, Maheshwari V, Smith C, Oriol Mathieu V, Luhn K, et al. Impact of prophylactic vacci-
nation strategies on Ebola virus transmission: a modeling analysis. PloS One. 2020 Apr 27; 15(4):
€0230406. https://doi.org/10.1371/journal.pone.0230406 PMID: 32339195

International Monetary Fund. Press release: IMF and World Bank announce US$2.1 billion debt relief
for Guinea. Press Release No. 12/363. 2012. Available from: https://www.imf.org/en/News/Articles/
2015/09/14/01/49/pr12363

European Union. Guinea and the EU. 2016 [cited 2021 June 30]. Available from: https://eeas.europa.
eu/delegations/guinea_en/18975/Guinea%20and%20the%20EU

African Development Bank. African economic outlook: Guinea. 2017 [cited 2021 May 18]. Available
from: https://www.afdb.org/en/countries/west-africa/guinea/guinea-economic-outlook

Organisation for Economic Co-operation and Development. Guinea African economic outlook 2017.
2017 [cited 2021 May 18]. Available from: https://www.africaneconomicoutlook.org/guinea/

Gostin LO, Mundaca-Shah CC, Kelley PW. Neglected dimensions of global security: the global health
risk framework commission. JAMA. 2016 Apr 12; 315(14): 1451-1452. https://doi.org/10.1001/jama.
2016.1964 PMID: 27010490

PLOS ONE | https://doi.org/10.1371/journal.pone.0283721  April 11, 2023 16/16


https://doi.org/10.1097/EDE.0000000000000837
http://www.ncbi.nlm.nih.gov/pubmed/29613871
https://doi.org/10.1146/annurev-publhealth-031816-044327
http://www.ncbi.nlm.nih.gov/pubmed/28125392
https://doi.org/10.2147/CLEP.S242097
http://www.ncbi.nlm.nih.gov/pubmed/32440224
https://doi.org/10.1097/EDE.0000000000000938
https://doi.org/10.1097/EDE.0000000000000938
http://www.ncbi.nlm.nih.gov/pubmed/30334918
https://doi.org/10.1136/jech-2017-210106
http://www.ncbi.nlm.nih.gov/pubmed/29653993
https://doi.org/10.1146/annurev-publhealth-031816-044208
https://doi.org/10.1146/annurev-publhealth-031816-044208
http://www.ncbi.nlm.nih.gov/pubmed/28384086
https://doi.org/10.1111/ecoj.12235
https://doi.org/10.1177/0022343316675200
https://doi.org/10.1177/0022343316675200
https://doi.org/10.1162/REST%5Fa%5F00413
https://doi.org/10.1177/1536867X1801700404
https://www.who.int/csr/resources/publications/ebola/health-worker-infections/en/
https://www.who.int/csr/resources/publications/ebola/health-worker-infections/en/
https://data.humdata.org/dataset/number-of-health-care-workers-infected-with-edv
https://data.humdata.org/dataset/number-of-health-care-workers-infected-with-edv
https://doi.org/10.1371/journal.pone.0230406
http://www.ncbi.nlm.nih.gov/pubmed/32339195
https://www.imf.org/en/News/Articles/
https://eeas.europa.eu/delegations/guinea_en/18975/Guinea%20and%20the%20EU
https://eeas.europa.eu/delegations/guinea_en/18975/Guinea%20and%20the%20EU
https://www.afdb.org/en/countries/west-africa/guinea/guinea-economic-outlook
https://www.africaneconomicoutlook.org/guinea/
https://doi.org/10.1001/jama.2016.1964
https://doi.org/10.1001/jama.2016.1964
http://www.ncbi.nlm.nih.gov/pubmed/27010490
https://doi.org/10.1371/journal.pone.0283721

