1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

WEALTY 4
of %,

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Ann Intern Med. Author manuscript; available in PMC 2016 January 06.

Published in final edited form as:
Ann Intern Med. 2015 January 6; 162(1): 11-17. doi:10.7326/M14-2255.

Effect of Ebola Progression on Transmission and Control in
Liberia

Dan Yamin, PhD", Shai Gertler”, Martial L. Ndeffo-Mbah, PhD", Laura A. Skrip, MPH, Mosoka
Fallah, PhD, Tolbert G. Nyenswah, MPH, Frederick L. Altice, MD, MA, and Alison P. Galvani,
PhD

Yale School of Public Health and Yale School of Medicine, New Haven, Connecticut, and Ministry
of Health and Social Welfare, Monrovia, Liberia.

Abstract

Background—The Ebola outbreak that is sweeping across West Africa is the largest, most
volatile, and deadliest Ebola epidemic ever recorded. Liberia is the most profoundly affected
country, with more than 3500 infections and 2000 deaths recorded in the past 3 months.

Objective—To evaluate the contribution of disease progression and case fatality on transmission
and to examine the potential for targeted interventions to eliminate the disease.

Design—Stochastic transmission model that integrates epidemiologic and clinical data on
incidence and case fatality, daily viral load among survivors and nonsurvivors evaluated on the
basis of the 2000-2001 outbreak in Uganda, and primary data on contacts of patients with Ebola in
Liberia.

Setting—Montserrado County, Liberia, July to September 2014.
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Measurements—Ebola incidence and case-fatality records from 2014 Liberian Ministry of
Health and Social Welfare.

Results—The average humber of secondary infections generated throughout the entire infectious
period of a single infected case, R, was estimated as 1.73 (95% CI, 1.66 to 1.83). There was
substantial stratification between survivors (RSUVIVOrs) for whom the estimate was 0.66 (Cl, 0.10
to 1.69), and nonsurvivors (RNOnsurvivors) “for wwhom the estimate was 2.36 (Cl, 1.72 to 2.80). The
nonsurvivors had the highest risk for transmitting the virus later in the course of disease
progression. Consequently, the isolation of 75% of infected individuals in critical condition within
4 days from symptom onset has a high chance of eliminating the disease.

Limitation—~Projections are based on the initial dynamics of the epidemic, which may change as
the outbreak and interventions evolve.

Conclusion—These results underscore the importance of isolating the most severely ill patients
with Ebola within the first few days of their symptomatic phase.

Primary Funding Source—National Institutes of Health.

West Africa is overwhelmed by the most devastating Ebola epidemic known to date. It
continues to increase exponentially, with the fastest rate of spread in Liberia (1). By August
2014, the number of cases in Liberia exceeded the capacity of all Ebola treatment units (2,
3). Because this public health crisis shows no signs of improvement and the risk for Ebola
spreading beyond West Africa continues to mount, it is an international imperative to
determine effective approaches to stem transmission of this virus.

Early Ebola symptoms include sudden high fever, muscle pain, and severe headache
followed by pharyngitis, abdominal pain, and maculopapular rash (4), whereas the late phase
is marked by vomiting, diarrhea, hemorrhagic diathesis, and multiorgan dysfunction (4).
Ebola is primarily transmitted through direct contact with infected bodily fluids and
contaminated materials. Therefore, close contacts of patients with Ebola, such as family
members, health care workers, and those preparing bodies for burial, are at high risk for
infection (5). In the current absence of pharmaceutical prophylaxis and treatment (6), control
strategies rely on 1) active case ascertainment and isolation, 2) identification of patients’
contacts with monitoring of them for 21 days, and 3) identification of Ebola deaths for
hygienic burial (7). However, the implementation of these approaches is falling short
because of the rapid spread of the outbreak combined with the limited resources available.

The risk for Ebola transmission increases with the viral load of infected individuals, which
for nonsurvivors is greatest in the later stages of illness and immediately after death (8). In
combination with their viral load, the number of close contacts of patients determines
transmissibility of the virus (9, 10). Both the viral load and number of contacts of a patient
with Ebola may change during the infectious period (for example, ante- and postmortem
contacts); thus, the contribution of these factors to disease transmission to other patients may
vary with disease progression (also known as age-of-infection), defined as the number of
days since exposure (11). This distinction is clinically relevant because the viral load of
survivors peaks 4 days after symptom onset and then rapidly declines, whereas viral load of
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nonsurvivors continues to rise. In addition, among nonsurvivors, the mean viral load
throughout the infection period is 100-fold higher than that among survivors (8, 12).

To our knowledge, previous Ebola transmission models have not considered the effect of
disease progression and case fatality on transmission. We present the first Ebola
transmission model that distinguishes between survivors and nonsurvivors and incorporates
disease progression to evaluate Ebola transmission and the effectiveness of targeted control
measures.

Our model integrates epidemiologic and clinical data on Ebola viral load, daily infection
incidence, and case fatality together with primary data on contact mixing patterns collected
from patients with Ebola in Montserrado County, Liberia. We used this model to evaluate
the distribution of secondary cases resulting from infected individuals as disease progresses,
differentiating between survivors and nonsurvivors. We then evaluated the potential effect
of case isolation and social behavior change through contact reduction for controlling Ebola
transmission in Liberia.

We analyzed incidence and case fatality of Ebola reported by the Liberian Ministry of
Health and Social Welfare (MoHSW) for Montserrado County from 7 July 2014 to 22
September 2014 (13). In addition, we considered in our model individual-level contact-
tracing data collected between 7 August and 26 August by MoHSW (Supplement 1,
available at www.annals.org). Index cases in our data set were isolated, while their contacts
were traced and monitored daily for symptoms during a period of 21 days. For each index
case, date of symptom onset, clinical status (alive or deceased; suspected, probable, or
confirmed case), and contact history were recorded. Contact history variables were the
number of contacts and the date of last interaction between the contact and patient. If the
contact became symptomatic, the date of symptom onset was recorded.

With minimal assumptions, we calculated the reproductive ratio, defined as the average
number of secondary cases generated throughout the infectious period of a single case (14),
and evaluated feasible intervention programs that could facilitate disease control.

The study was exempt from institutional review board approval because only deidentified
data were used.

Model Framework

We divided each Ebola infection into 3 sequential phases: incubation, early symptomatic,
and late symptomatic (4). We denoted the duration between exposure and time t as the day
of infection. During the incubation phase, denoted v, individuals are not infectious (15).
After this phase, individuals become infectious. The probability of transmitting Ebola
depends on the magnitude of viral load in an infected individual at time t (16, 17) and the
number of contacts with which the infected individuals interacted, C (t). We distinguished
between viral load among survivors and nonsurvivors V3(t), S € {survivors, nonsurvivors}
on the basis of clinical data demonstrating that the magnitude and pattern of viral load
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among survivors and nonsurvivors substantially differ throughout disease progression (8, 18,
19). Concomitantly, as symptoms become more severe as disease progresses, patterns of
social interactions will probably be altered (20). Thus, the number of contacts that an
infected individual has also depends on the phase of disease progression.

Taken together, we defined the probability of an infected individual i infecting a contact j at
time t as follows:

fi®(t)

Pi,j(t)zfj(t)m’ (

1
where 1j(t) is an indicator variable that is equal to 1 if contact j has been exposed at time t
and is 0 otherwise, n is the number of infected persons in Montserrado County, and f;(¢) is

the relative infectiousness of individual i with survivorship indicator S at time t. Thus, f;'(¢)
is defined as follows:

Sl gVt —1))Ci(t — 7)) 7 <t <7ty
fit(t)= { 0 otherwise @ @

where T; is the day of symptom onset for individual i, and vj is the duration of the infectious
period. Within the symptom interval, the relative infectiousness depends on the contribution
of the viral load to transmission, g(V;*(t — 7;)), and the number of contacts, C; (t - ;). Thus,
the relative infectivity of an individual on a particular day is based on the viral load and
number of contacts on that day of infection.

R is calculated by summing the number of infections that occur on each day of the infectious
period, averaging for the entire study population.

1 n T;+v; n
RZ%;; (lei’j(t))‘ ®
1=1t=m; ji=

Model Parameterization

For each iteration of our simulations, we sampled the duration of the incubation period, the
early phase of symptoms, and the late phase of symptoms from distributions based on
clinical and epidemiologic data (Table). We assumed an incubation period ranging between
5 and 15 days, which is consistent with recent empirical estimates for the current Ebola
outbreak (15, 21).

To evaluate the number of contacts of an infectious individual at time t, we generated a
contact distribution from primary contact-tracing data collected between 3 August and 28
August in Montserrado County by the MoHSW. These data show the contacts of 245
infected individuals and the timing of symptom onset. Thus, these data provide information
about the contact patterns of infected individuals through the infectious period, which we
assume different from the contact patterns of those who are not ill. We found that the mean
number of contacts for an infected individual is 5.47 (95% CI, 4.80 to 6.15) but can be as
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high as 33 (Supplement 2, available at www.annals.org). With the exception of
nonsurvivors during their late phase of infection, we assumed that the number of contacts of
an infected individual would be drawn from this distribution. Conservatively with respect to
our findings, we also assumed that for nonsurvivors during the late phase of infection, the
number of contacts would be drawn from the same distribution, truncated between 1 and 5,
because the average household size in Montserrado County is 4.7 (22). This is because
individuals in the late phase of disease are more likely to stay home and would therefore
probably be in contact only with household members (Table).

To evaluate the daily infectiousness of an infected individual given contact assumptions, we
also considered viral load over disease progression (8). The viral load estimates were based
on Ebola RNA copy levels among survivors and nonsurvivors on each day of their infection,
measured from a 2000-2001 Ebola outbreak in Uganda (8). Consistent with clinical studies
on other viruses, we assumed that for any given contact, each 10-fold increase in viral load
will lead to an r-fold increase in infectiousness, that is g(Vs(t)) = r-o9(v*(®) 16, 17). We also
took into account that the rate ratio of transmission risk, r, depends on the nature of the
contact. We considered 3 types of common contacts parameterized from data on previous
Ebola outbreaks: 1) conversation, 2) sharing a meal, and 3) sharing a bed (Supplement 3,
available at www.annals.org). These types of contacts probably correspond to transmission
routes of aerosol contact, body fluid contact, and sexual interactions, respectively (23). We
evaluated the distribution of r (Supplement 4, available at www.annals.org) for each type of
contact by using data from the 1995 Ebola outbreak in Zaire on relative risk for infection
from contacts of patients with Ebola during their early and late phases of infection (9).

Numeric Simulations

We performed 1000 stochastic iterations of our model, each predicting transmission
trajectories over the longitudinal period of data collection (Supplement 5, available at
www.annals.org). For every infected individual in each iteration, we independently sampled
from data-driven distributions, the incubation duration, the early-phase duration, the late-
phase duration, the daily viral load, and the aggregate number of contacts for each case
reported in our epidemiologic data set, stratified by early or late disease (Table; Supplement
3). Using equations 1 and 2, we evaluated for the survivors and nonsurvivors the distribution
of the 1) number of secondary cases resulting from a single infection; 2) number of
secondary cases over disease progression; and 3) mean number of secondary cases, R.
Specifically, to generate the distribution of the number of secondary cases resulting from a
single infection, we randomly drew an infected individual for each iteration and calculated
the number of secondary cases that arose. This approach ensured independence between the
sampling. We conducted the same procedure to evaluate the number of individuals infected
by every individual daily through disease progression.

We also evaluated the potential effectiveness of case isolation in Ebola treatment units based
on the disease progression by day of infection and survivorship. Specifically, we evaluated
the probability of Ebola elimination through the isolation of cases starting t days after
symptom onset. Because of logistic challenges in case detection (24) and shortage of
isolation units, we assessed the effectiveness of case-isolating 50% to 100% of infected
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individuals. In addition, we assessed a more pragmatic strategy that included self-quarantine
among 50% to 100% of the infected patients, considering contact reduction from symptom
onset that varied between 0% and 100%. The effectiveness of the hospital isolation and self-
quarantine interventions was measured in terms of the reduction in R that each intervention
can achieve, respectively. Disease elimination can be attained when R is suppressed below
1. All analyses were conducted by using Mathematica, version 9.0 (Wolfram). The code is
presented in Supplement 6 (available at www.annals.org).

Role of the Funding Source

Results

The study was funded by the National Institutes of Health. The sponsors of the study had no
role in study design, data collection, data analysis, data interpretation, writing of the report,
or decision to submit the manuscript for publication.

We calculated an R for Ebola in Liberia of 1.73 (95% CI, 1.66 to 1.83). Given this value of
R, and assuming an overall infection duration of 16 days (Table), the incidence will double
every 20 days. The reproductive ratio among the nonsurvivors, RNonsurvivors js 2 36 (Cl,
1.72 to 2.80), whereas that for the survivors, RSU™IVOrs is 0.66 (CI, 0.10 to 1.69) (Figure 1,
top). The survivors had a 32% probability of infecting at least 1 individual during their
infectious period compared with a 67% probability in nonsurvivors (Figure 1, middle).
Consequently, nonsurvivors, who make up 63% (ClI, 60% to 64%) of the population, are
responsible for 86% (Cl, 63% to 98%) of transmissions. From our calculation of the daily
average number of secondary infections for survivors and nonsurvivors, we found that
nonsurvivors have the highest risk for transmitting beyond 4 days from symptom onset
(Figure 1, bottom). These results are robust regardless of our assumption that individuals
have substantially fewer contacts during the late phase.

Nonsurvivors may be identified by their severe, Ebola-specific symptoms at the late phase
of infection (21). Hence, we tested the effectiveness of targeting case isolation of the
nonsurvivors following t days from symptom onset (Figure 2, top). Our results indicate that
effective isolation of these nonsurvivors may achieve disease elimination if isolation occurs
within 4 days from symptom onset. For example, isolating 75% of the nonsurvivors within 4
days from symptom onset has at least 74% probability of disease elimination (Figure 2, top;
Supplement 7, available at www.annals.org). Adding the isolation of infected cases who
would go on to survive marginally further reduced transmission (Supplement 7).

In addition, we evaluated a projected effectiveness of self-quarantine intervention (Figure 2,
bottom), a pragmatic strategy in the absence of sufficient case isolation units. Self-
quarantine of 75% of all infected individuals (both survivors and nonsurvivors), which
reduced at least 60% of their contacts starting on the first day of symptoms, was projected to
achieve elimination with at least 78% probability (Figure 2, bottom; Supplement 8,
available at www.annals.org).
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Discussion

We developed a data-driven stochastic model that included empirical contact information
combined with viral load data to evaluate the differential contribution of disease progression
and case fatality on disease transmission and to examine the effectiveness of interventions
targeted to those who are most infectious. Our findings indicate that the number of
secondary cases resulting from an infected individual varies with the phase of disease
progression (early vs. late) and outcome (survival vs. nonsurvival) of infection, such that
nonsurvivors and, in particular, nonsurvivors 4 days after symptom onset are most
responsible for perpetuating the epidemic.

From a clinical perspective, survival cannot be predicted at the outset of symptoms. Our
results indicate that case isolation of most infected individuals who are in critical condition
within 4 days from symptom onset could facilitate disease elimination. Our analyses also
indicate that a strategy of promoting self-quarantine that reduces by 60% the contacts of
most infected individuals throughout their infectious period could facilitate disease
elimination. However, this 60% reduction in contacts is beyond the reduction that occurs
when people become symptomatic and would thus be challenging to implement. Instead, our
results emphasize the importance of sufficient resources to provide case isolation for
infected individuals, particularly for those most gravely ill. As the international community
commits considerable assistance to address the Ebola outbreak (25), our findings indicate
that such efforts should be directed toward expanding the capacity of hospitalized case
isolation. The average period from symptom onset to hospitalization in Liberia has been
estimated to be 5 days (21), compared with our finding that disease elimination would
require case isolation of the most severely ill patients within 4 days. Consequently, the
degree of improvement in contact tracing and case isolation necessary to achieve this
improvement is substantial yet likely feasible, provided that enough hospital beds are
available. The success of these strategies requires strong community engagement through
effective communication and health education, as behavior change in affected and at-risk
communities is paramount to the success of any Ebola control strategy.

This study has several limitations. The number of contacts was evaluated by using contact-
tracing data from Liberia. However, the actual number of contacts may be higher as a result
of underreporting. This would make the implementation of the self-quarantine strategy even
more challenging because additional effort would be required for the intervention to
facilitate disease elimination.

The actual case-fatality rate of the ongoing Ebola outbreak also remains unclear. Using our
data-driven model, we estimated that the case-fatality rate of Ebola in Montserrado County
is 63%. Previous estimates of case fatality for the current outbreak of Ebola in West Africa
have been calculated as a ratio of the cumulative fatalities to the cumulative cases, leading to
estimates of around 50% in Liberia (3). For an ongoing epidemic, particularly during the
initial exponential phase, such calculations underestimate case fatality among the reported
cases because there may be a substantial number of infected individuals who will still die. In
contrast, the World Health Organization Ebola Response Team reports a Liberian case-
fatality rate of around 75% (21). Given that the World Health Organization report is based
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only on cases identified through clinical care settings, which may disproportionately include
more severe cases, it probably overestimates case fatality.

Our estimates of R for the current Ebola outbreak in Liberia are within the range of other
recent estimates (3, 21). Recent models that have used simple mathematical models to
evaluate R of the current outbreak (2, 3, 26, 27) have not incorporated temporal variation in
infectiousness and contact behavior over the course of disease progression. To account for
the evolution of infectivity with disease progression, we integrated clinical data on temporal
variation of viral load for fatal and nonfatal Ebola cases, the relative risk for disease
transmission from close contacts with an infected individual at different stages of disease
progression, and contacts as reported through primary tracing data in Liberia.

We obtained our estimates of viral load data from the 2000-2001 Uganda outbreak (8),
which demonstrated that viral load among nonsurvivors was substantially higher that that
among survivors. Because this is consistent with additional previous Ebola outbreaks (18,
28, 29), we do not expect this assumption to qualitatively affect our results. However, if
viral load data from the current outbreak become available, future studies could improve
quantification of the relationship among viral load, type of contact, and Ebola
infectiousness.

The higher transmissibility of nonsurvivors may be exacerbated by specific clinical
symptoms associated with the bleeding diathesis that occurs in the late phase of infection,
such as hematemesis, hematochezia, or even bleeding from mucous membranes and
puncture sites. It is clinically plausible that these clinical features would be associated with
the higher viral load among nonsurvivors. Nonsurvivors may be identified by these severe,
Ebola-specific symptoms (20). A recent study demonstrated that specific symptoms of
Ebola, including bleeding from the nose and gums, are associated with a higher risk for
death, as is age older than 45 years. Further studies are needed to design a clinical algorithm
to identify likely survivors from those likely to die in order to better inform clinical practice.

Case isolation and hygienic burial of the dead have been cornerstone strategies in public
health efforts to contain the Ebola outbreak (30, 31). The effect of these strategies on disease
transmission depends on the efficiency of disease surveillance for identification of active
cases in affected communities and on contact tracing, as well as on hospital capacity for case
isolation. Our results show that isolating infected individuals before they progress into their
late phase of illness, which is also their most infectious period, may facilitate the reversal of
the volatile Ebola outbreak in West Africa (32).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Infectivity according to day of infection and survivorship.

Top. Distribution of the reproductive number among survivors, RSU™iVOrs and among
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nonsurvivors, RNonsunvivors ‘\iddle, Distribution of secondary cases per infected individual
among survivors and nonsurvivors. Bottom. Average humber of secondary cases per day of

symptomatic disease.
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Probability of Disease Elimination
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Figure2.
Probability of disease elimination for different intervention strategies and coverages.

Top. Case isolation of nonsurvivors after symptom onset. Vertical dashed line indicates
probability of disease elimination by isolating nonsurvivors within 4 days of symptom onset.
Bottom. Percentage self-quarantine on first day of symptom onset. Vertical dashed line
indicates probability of disease elimination achieved by a 60% reduction in contacts.
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Parameters Used in the Stochastic Model

Table

Page 14

Parameter Symbol  Distribution Used for Sour ce (Reference)
Uncertainty Analysis

Number of contacts during early phase Cearly Sampled from data 2014 Liberia; Supplement 17

Number of contacts during late phase for Clate Sampled from data, between 1and 5  Based on household size (22)

nonsurvivors

Incubation phase duration (d) n Triangular (mode 8, range [5, 15]) 3,9,15,30

Late symptoms phase duration (d) 0 Uniform (range [1, 5]) 18, 21,31, 32

Overall symptom duration (d) v Triangular (mode 8, range [5, 14]) 18, 21, 26

Rate ratio of transmission risk r Evaluated 1995 Zaire, 2000 Uganda; Supplement 1T

(8,9)
Daily viral load stratified by survivorship V(t) Log normal™ 2000 Uganda (8)

*
Viral load was measured based on the mean and SD counts of daily RNA copy levels over 14 d after symptom onset and are stratified by

survivorship.
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