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a b s t r a c t 

Mathematical modelers have attempted to capture the dynamics of Ebola transmission and to evaluate 

the effectiveness of control measures, as well as to make predictions about ongoing outbreaks. Many of 

their models consider only infections with typical symptoms, but Ebola presents clinically in a more com- 

plicated way. Even the most common symptom, fever, is not experienced by 13% of patients. This suggests 

that infected individuals could be asymptomatic or have moderately symptomatic infections as reported 

during previous Ebola outbreaks. To account crudely for the spectrum of clinical symptoms that char- 

acterizes Ebola infection, we developed a model including moderate and severe symptoms. Our model 

captures the dynamics of the recent outbreak of Ebola in Liberia. Our estimate of the basic reproduction 

number is 1.83 (CI: 1.72, 1.86), consistent with the WHO response team’s estimate using early outbreak 

case data. We also estimate the effectiveness of interventions using observations before and after their in- 

troduction. As the final epidemic size is linked to the timing of interventions in an exponential fashion, a 

simple empirical formula is provided to guide policy-making. It suggests that early implementation could 

significantly decrease final size. We also compare our model to one with typical symptoms by exclud- 

ing moderate ones. The model with only typical symptoms overestimates the basic reproduction number 

and effectiveness of control measures, and exaggerates changes in peak size attributable to the timing 

of interventions. In addition, uncertainty about how moderate symptoms affect the basic reproduction 

number is considered, and PRCC (Partial rank correlation coefficient) is used to analyze the global sen- 

sitivity of relevant parameters. Possible control strategies are evaluated through numerical simulations 

and sensitivity analysis, indicating that simultaneously strengthening contact-tracing and effectiveness of 

isolation in hospital would be most effective. In this study, we show that asymptomatic Ebola infections 

may have implications for policy-making. 

© 2019 Elsevier Ltd. All rights reserved. 

1. Introduction 

The 2014–15 Ebola outbreak in West Africa, which presented 

a serious threat to global public health, was declared a “public 

health emergency of international concern” by the WHO on Au- 

gust 8, 2014 ( WHO, 2016 ). The Ebola virus is transmitted among 

humans through close contact with bodily fluids of infected ill 

and dead persons, including blood, secretions, etc. WHO Ebola Re- 

sponse Team (2014) . Symptoms of Ebola infection vary widely, but 

commonly include fever, fatigue, loss of appetite, vomiting, diar- 

rhea, and headache, as well as hemorrhagic symptoms ( WHO Ebola 

Response Team, 2014 ). For the 2014–15 West African Ebola out- 
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break, 87% of infected individuals exhibited fever, the most com- 

monly reported symptom. And some hemorrhagic symptoms are 

rarely reported ( < 5.7%) ( WHO Ebola Response Team, 2014 ). This 

suggests that infected individuals experience a range of symptoms 

from mild to severe. Asymptomatic infections are quite possible, as 

shown in previous Ebola outbreaks ( Heffernan et al., 2005; Leroy 

et al., 20 0 0 ). 

In the past year, two studies analyzed minimally symptomatic 

and asymptomatic ebola in the 2014–15 outbreak. Bower et al. 

tested 933 people in Kerry town, Sierra Leone, and found evidence 

of asymptomatic ebola in roughly 2.6% of the population studied. 

Additionally, 12% reported some symptoms and although they were 

undiagnosed, tested positive for Ebola antibodies ( Bower et al., 

2016 ). A slightly smaller survey by Richardson et al. on minimally 

symptomatic Ebola reported that up to 25% of Ebola infections may 

have been minimally symptomatic ( Richardson et al., 2016 ), which 
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