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Ebola virus disease (EVD) struck West Africa in 2013-2016 in an Received 24 May 2017
epidemic of unprecedented scope, with over 28000 cases and Accepted 7 September 2017
11000 fatalities in the affected region. The protracted duration KEYWORDS

of the outbreak - more than two-and-one-half years of active Ebola virus disease;
transmission - raises questions about the persistence of EVD. In this compartmental model;
brief paper, we qualitatively examine conditions supporting long- ordinary differential
running EVD epidemics via a susceptible — exposed - infectious — equations; Lyapunov
recovered - deceased-infectious differential equations model that stability

incorporates births and non disease-related deaths. We define
an ‘effective epidemiological population’ to include contagious
individuals recently deceased from the disease. Under a constant
effective epidemiological population condition, we consider the basic
reproductive number Ry and use Lyapunov function arguments
to establish conditions in the parameter space supporting an
exchange of stability from the disease-free equilibrium to an endemic
equilibrium.

1. Introduction

Ebola virus disease (EVD) is a contagious disease in humans caused by Ebolavirus, a genus
in the family Filoviridae. In the period between its first identification in 1976 and 2013,
EVD appeared only in isolated outbreaks, accounting for fewer than 2400 cases and 1600
fatalities in total (Centers for Disease Control and Prevention, 2017). In December 2013,
EVD struck again in Guinea, the beginning of an epidemic of unprecedented scale and
duration (World Health Organization, 2016a). Over the course of two-and-one-half years,
three countries in the disease epicenter — Guinea, Liberia and Sierra Leone — witnessed
an EVD caseload of over 28000 infections leading to more than 11000 deaths. The West
African epidemic earned two somber distinctions: it is the largest and most lethal EVD
event to date, as well as the longest running.

The protracted nature of the West African epidemic presents challenges to its analysis.
In the study of outbreaks of short duration, mathematical models are typically constructed
with the assumption that the contribution of background population dynamics is negligible
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on a brief epidemiological timescale. Omitting these demographic effects, such as births
and non disease-related deaths, is an often justifiable and worthwhile simplification. In
this paper, we choose instead to incorporate underlying population dynamics in our
compartmental model, and qualitatively examine EVD epidemics of long duration.

1.1. Background on compartmental models for EVD

Compartmental models describing the transmission of EVD appear in the literature as
early as 1996. Astacio et al. (1996), and Chowell, Hengartner, Castillo-Chavez, Fenimore,
and Hyman (2004) in their seminal paper, used a susceptible-exposed-infectious-removed
(SEIR) model to study EVD outbreaks in the Democratic Republic of the Congo (DRC)
and Uganda. The SEIR model is effective in describing disease transmission from living
infectious individuals to the susceptible population. Yet there is overwhelming evidence of
an additional pathway of EVD infection: one in which transmission also occurs via contact
with those recently deceased from the disease (e.g. Hewlett & Amola, 2003; Francesconi et
al., 2003; Peters, 2005; Allaranga et al., 2010; Richards et al., 2015).

The first model to incorporate a ‘deceased-infectious’ compartment may be that from
Legrand, Grais, Boelle, Valleron, and Flahault (2006). They examined the 1995 DRC
and 2000 Uganda EVD outbreaks through an SEIHFR compartmental model, wherein
susceptible individuals are at risk via contact with the infected (living) population in the
community (I) or hospital (H), or via contact during funerals and/or burials (F) with
those recently deceased from the disease. The spirit of this approach has been revisited
to describe disease dynamics in the 2013-2016 West African EVD epidemic, and in other
filoviral outbreaks. Models from Brozek (2011); Gomes et al. (2014), Rivers, Lofgren,
Marathe, Eubank, and Lewis (2014), Camacho et al. (2014), Althaus, Gsteiger, and Low
(2014), Lewnard et al. (2014), Pandey et al. (2014) and Weitz and Dushoff (2015) each
track the effect of postmortem infection in filoviral epidemics via systems with an explicit
deceased-infectious compartment. One excellent review of several of these models is from
Chowell and Nishiura (2014).

1.2. The case for demographic effects

Previous compartmental models describe an outbreak that is brief with respect to de-
mographic effects, and do not account for the epidemiological impact of births and non
disease-related deaths. This is often a justifiable and worthwhile simplification, but one
we will not make in our model for the West African EVD epidemic. The demographic
timescale is shortened with respect to the epidemiological one by relatively low life ex-
pectancies in the affected region. Liberia and Guinea rank 158 and 167, respectively, among
183 countries, whereas Sierra Leone — with a life expectancy at birth of only 50.1 years —
ranks last (World Health Organization, 2016b). Simultaneously, these countries feature a
high fertility rate, with 4.6 live births per woman in Sierra Leone, 4.7 in Liberia and 5.0 in
Guinea. These numbers are high even by comparison to the average for states under the UN
designation ‘Least Developed Countries’, with an average fertility rate of 4.2 (The World
Bank, 2014). Considered in the light of a two-and-one-half-year epidemiological event, it
is prudent to consider the demographic contributions of births and non disease-related
deaths.
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The incorporation of background demographic effects in certain other compartmental
epidemiological models has been addressed in well-known examples in the literature (e.g.
Li and Muldowney, 1995; Hethcote, 2000). Specifically, Lyapunov function arguments are
used to qualitatively analyse asymptotic stability in SIS, SIR, SIRS, SEIS and SEIR models
in Korobeinikov (2004a), Korobeinikov (2004b) and Korobeinikov & Wake (2002). We
adapt some of the techniques used in those papers here, looking to extend these results to
a new model.

2. Constructing an SEIRDi model

We construct a new model for the spread of a long-running epidemic of EVD that
incorporates a non-negligible case fatality rate and a route of transmission from the recently
deceased to the living. Simultaneously, we include the effect of background demographic
dynamics.

We begin with a deceased-infectious (SEIRD-type) model similar to several proposed
above (Brozek, 2011; Althaus et al., 2014; Weitz & Dushoff, 2015). Susceptible individuals
(S) who become infected move into an exposed class (E). Members of the exposed class
are infected, but do not display symptoms of the disease, nor can they transmit it. Exposed
individuals move into the infectious class (I) after an exponentially-distributed waiting
time with mean «~!. Following a second exponentially-distributed waiting time, in this
case with mean o1, infectious individuals either die from the disease with probability p,
or move to the recovered class (R) with probability 1 — p. We assume recovery confers
lifelong immunity. Those infectious individuals who die from the disease move into a
deceased-infectious class (Di). Here we use the notation Dj, rather than D, to emphasize
that this compartment includes only those deceased members of the population that can
still transmit infection to the susceptible population. Individuals in the class Di leave the
compartment following safe burial or cremation, exponentially distributed with mean
waiting time § ~1. All parameters are assumed to be positive.

The model incorporates no vertical transmission. It has been observed that viral material
in the bloodstream of an EVD-infected pregnant woman tends to concentrate in the
placenta and amniotic fluid (Meédecins Sans Frontiéres, 2015). Live births are rare, and
neonatal survival is rarer still (Black, Caluwaerts, & Achar, 2015).

We next consider demographic effects. We assume a constant influx of susceptibles, via
births at a rate x, and subtract from each compartment the same mass-dependent term
representing non EVD-related deaths. This approach to modelling background population
dynamics is standard in the literature (e.g. Li and Muldowney, 1995; Hethcote, 2000;
Korobeinikov, 2004a). See System (1) and (Table 1).

ds .
E:p,—S(,BI—{—yDz)—uS
dE ,
O = S(BI + yDi) — kE — pE
U al—ur
— =K — ol —
dr "
dR (1 — p)al — uR
—_— = — ol —
5 p I
dDi
& el — 8Di. 1)

dt
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Table 1. Notation and definition of parameters used in System (1).

Symbol Description

S(t) proportion of initial effective epidemiological population susceptible

E(t) proportion of initial effective epidemiological population exposed

1(t) proportion of initial effective epidemiological population (living) infectious

R(t) proportion of initial effective epidemiological population recovered with immunity
Di(t) proportion of initial effective epidemiological population deceased-infectious

i background population flux constant (days—1)
B live transmission coefficient (days ")

y deceased transmission coefficient (days—')

P case fatality ratio

K mean latency period (days)

o mean (living) infectious period (days)

51 mean time from disease death to safe burial/cremation (days)

Figure 1. A schematic diagram depicting EVD transmission as in System (1). Susceptible individuals (S)
enter the exposed compartment (£) upon infection. Following an incubation period, these individuals
next move into the infectious compartment (/). A proportion p of the infectious compartment
will die from the disease, moving into the deceased-infectious compartment (Dj). These deceased
individuals remain infectious until safe burial or cremation. Infectious individuals who survive the
disease (proportion 1 — p) move into the recovered compartment (R), with lifetime immunity. Other flux
into and out of each compartment is due to demographic effects.

We define N(t) = S(t) + E(t) + I(¢) + R(t) + Di(¢) to be the ‘effective epidemiological
population’, noting that this count includes deceased-infectious individuals. Depending
on assumptions in the parameter space, N (t) may or may not be constant. For simplicity,
we choose our five state variables S(t), E(t), I(t), R(t) and Di(t) to represent the fraction
of the initial population corresponding to each epidemiological compartment. See also
(Figure 1).

3. Analysis
3.1. Disease-free equilibrium and the basic reproductive number

For the biologically feasible parameter values: © > 0, kLa s >0,0 < p <
1, SEIRDi System (1) is well posed. We consider the relationship between background
population growth flux rate 1 and the inverse mean time from disease death to safe burial
8. The case u > § implies %—Ij is strictly positive: an a priori assumption of unbounded
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population growth. We do not believe that this is an accurate reflection of the dynamics
behind along-term epidemic of EVD (or those behind any human epidemic), and therefore,
restrict our analysis to the case u < 8.

Under the assumption of biologically feasible parameter values, System (1) admits the
disease-free equilibrium

Xo = (So, Eo, Io, Ro, Dip) = (1,0,0,0,0). 2)

Using the next generation method (Diekmann, Heesterbeek, & Roberts, 2009), we
calculate the basic reproductive number R. The basic reproductive number is an essential
epidemiological threshold quantity, defined as the number of secondary infections caused
by the introduction of a single infectious individual into an otherwise wholly susceptible
population. .

Let Y(t) = (E(t), I(t), Di (t))T denote the infected subpopulation; then v - _

dar
((cii_f’ %, %) . We compute the next-generation matrix K = —Tx~! for (1) via the
linearized equation .
dY(t) >
Tl (T+2)Y(®),

where T and ¥ are the Jacobian matrices of transmissions, and transitions, respectively,
about Xj. With

0By —(k+pn) 0 0
T=[000|andX = K —(a+p) 0|,
000 0 po -6

the next-generation matrix is given by

~ 1
08y KwKLM ? 0
K=-Tx'=1(000 @) (ctn) atn 0
000 oKp 2p 1
= S(a+m)(rctp) S(a+p) o

™ k(Bs+ayp) Bs+ayp

Y

S(a+m)(k+p) S(a+u) o

= 0 0 0
0 0 0

The basic reproductive number R is the dominant eigenvalue of K:

K(,Bc?-i-ayp)
Ro = . 3
0 8 (a4 ) (k + ) G)

3.2. Endemic equilibrium

The system undergoes a bifurcation when the background population flux p reaches the
inverse of the mean deceased-infectious period, i.e. when ;v = §. At precisely this value,
the effective epidemiological population N(¢) = S(t) + E(t) + I(t) + R(¢) + Di(t) = 1
becomes constant. This marks an important threshold, as an endemic equilibrium X* - a
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Figure 2. Theoretical disease trajectories for varying levels of background population flux. Red curves
represent disease trajectories with negative effective epidemiological growth. The size of susceptible,
living infectious and deceased-infectious compartments are represented in terms of the fractions of the
initial disease-free population. Corresponding black curves illustrate the projection of each trajectory
into the S/ plane. A stable endemic equilibrium arises (blue curve) when the effective epidemiological
population is constant; i.e. when flux w attains the value §. Theoretical epidemiological parameters
selected includea = 0.1; 8 = 1,k = 0.2; y = 0.5; § = 0.25; p = 0.5. Values for u are listed above

each curve as a fraction of the quantity §; in each trajectory, R has value greater than unity.

persistent non-zero infection state — becomes biologically and mathematically feasible for

Ry greater than unity:

B 8(a+u) (k+1)
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)
w)
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(4)

The equality of the constants p and § are essential to sustain the endemic equilibrium
X*. For Ry greater than unity, the theoretical disease trajectories in (Figure 2) suggest that
X* is in equilibrium only if © = §. We consider this exchange of stabilities rigorously in

the following section.
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3.3. Stability results

We establish the following theoretical results for the SEIRDi model (1) for a constant
effective epidemiological population.

Theorem 3.1:
(1) SEIRD:i System (1):

ds .
a:u—S(,BI—FyDz)—,uS
dE ,
EzS(ﬂI—i—yDz)—/cE—,uE
dI E—ol —ul

& WE—al—

dt H

dR (1 — p)al — R

—_— — ol —

dr 1Y n

dDi [ sDi

— = pol — 1

a7

is well posed on the region D:
D = {S(t), E(t),I(t),R(t),Di(t) € [0,1] : N =S+E+I1+R+Di=1};

(2) the disease-free equilibrium Xy is globally asymptotically stable on D for Ry < 1;

(3) atRo = 1, the stable disease-free equilibrium Xy coincides with the endemic equilib-
rium X*; and

(4) the endemic equilibrium X* is globally asymptotically stable on the region D \ Xy for
Ro > 1.

Proof:

(1) We adapt an argument from Korobeinikov (2004a). Consider the compact set
Q={(S,E.I,Di) e R*: S,E,I,Di > 0, S+ E+ I+ Di < 1},
and the Lyapunov function
Z=S+E+I1+Di.

InR% \ ©, the derivative

dz
E=M(1—(S+E+1))+(,o—1)o¢1—3Di<M(1—(S+E+1+Di))

is negative, and there is no flux from Q through S + E + I + Di = 1. The state

S(t) = 0 implies % > 0, so solution trajectories with initial conditions in

cannot exit 2 via the hyperplane S = 0. For J € {E, I, Di}, we have %‘ > 0,
J=0

so that escape of a solution from €2 through any J = 0 is also impossible; we
can conclude region €2 is positively invariant under (1). Since R(t) is given by
1-— (S(t) + E(t) +I(t) + Di(t)), an expression for R(t) € [0, 1] can be recovered
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when the other values are known. It follows that System (1) is well posed on the
region D.
(2) Let Ry < 1. Consider the candidate Lyapunov function

W=S8—InS+E+al + bDi,

K+
for §$ > 0, witha = KT and b = Z The time derivative of W in the context of

System (1) is given by ‘

dw 1 . ,
72(1—9 (1 —S(BI+ yDi) — uS) + S (BI + yDi) — kE — uE

+K+'u(KE—oeI—uI)—F%(,oaI—éDi)
K
2
SR SRR Y e ) Gl Tt L
S K K 1)

1 1
:(l—g) (/L—//LS)-F;(K(ﬁ—F%)—(a—FM)(K-{-M))I.

=d(S) =¥Rr,

At the disease-free equilibrium Xp, ®(S) = ®(1) = 0 and I = 0, so that %_vtv
is identically zero. In D \ Xy, the term ®(S) is strictly negative for S > 0, and the
K (,35 + ay,o)

8 (k4 ) (a+u)
Thus for Ry < 1, %—Vtv is zero at Xy and negative elsewhere in D for S > 0. For the
case S = 0, observe that % reduces to ;> 0, and the Lyapunov argument above can
be applied for any t > 0. We conclude that for R < 1, the disease-free equilibrium
X is globally asymptotically stable under System (1).

(3) From Equation (4), observe that S* and I'* can be rewritten as

quantity W, is negative whenever Ry = is less than unity.

S§* = Ral and

()
(o + 1) (i + 1)

Since E*, R* and Di* are zero whenever I* is, it is readily apparent that
X* = (S, E*, I, R*, Di*) = (1,0,0,0,0) = X,

for Ryp = 1.

(4) The global asymptotic stability of the endemic equilibrium for an SEIR model with
demographic effects was proven by Li and Muldowney (1995) via an extension
of the Poincaré-Bendixson theorem. Later, Korobeinikov & Wake (2002) and Ko-
robeinikov (2004a) proved parallel results using Lyapunov function arguments.
We apply some of the techniques of their papers as we complete the proof of
Theorem (3.1).
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Let Ry > 1, and define @« = o + n and K = k + u. We consider the candidate
Lyapunov function V:

S E
V= <S—S*—S*ln—>+(E—E*—E*ln—)
S* E*

I Di
+C(I—I -1 lnI—*)-i-f(Dl—Dl — Di ln—Dl_*>,

with ¢ = (g + ‘%p §* and f = L£§* Melesse and Gumel (2010) point out that
similar functions of Goh-Volterra type appear in Lyapunov arguments elsewhere in
the literature. The time derivative of V in the context of System (1) is given by

dv S* , E* -
T <1 — ?) (n — BSI — ySDi — puS) + (1 — f) (BSI + ySDi — KE)

+C<1—?)(KE—&I)-i-f(l—Dgl,)(osz—SDi).

At the point X = X* = (§* E*,I*, R*, Di*), all derivatives of System (1) vanish,
establishing the following four facts:

w = BS*I* + yS*Di* + uS*
RE* = BS*I* + yS*Di*

K I*
& Ex
ap  Di*
s I+

With these substitutions, the derivative reduces to

—— = BS*T* + yS*Di* + uS* — uS — - — —
g = AST +ySDE+uS —puS—p—— —y—o— — i
« -n SE'I SE*Di . -
+uS"—«kE-p 5 y 7 + BS*I" + yS™Di
S*EI*  S*EDi*  S*EI**  S*EI*Di* .
TP YT TP T TR
S*ID'*Z
4 S Di* — I*D’i + yS*Di*,
One final simplification gives the following expression for %—Y:
v S S
S* EI*  SE*I
+ BS*I* [3 - (? togt s*m*)] (5b)

(5¢)

i [a (S E ., DI SE'Di
1 — —_— .
Y S "B I*Di ' S*EDi*
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The bracketed expressions in lines (5a), (5b), and (5¢) can be viewed as differences
between the geometric and arithmetic means of sets of non-negative terms. The
geometric mean is less than or equal to the arithmetic mean, with equality in D
only at § = S§*, E = E*, I = I" and Di = Di*. Thus for Ry > 1, %/ is zero
at X* and negative elsewhere in D \ X*. We conclude that for Ry > 1, V(¢) is a
Lyapunov function about the endemic equilibrium for System (1), and this endemic
equilibrium is globally asymptotically stable.

O

Remark 1: Observe that under a zero-fatality condition p = 0, System (1) reduces in the
limit to the SEIR model with demographic effects (with no vertical transmission) discussed
in Korobeinikov (2004a).

Remark 2: Under the condition of 100-percent case fatality, (1) can be considered as
a type of staged progression model, albeit one in which the second infectious class is
comprised entirely of deceased individuals. With the case fatality ratio p taken to be unity,
the results here are consistent also with the findings in Melesse & Gumel (2010).

4. Conclusion

The 2013-2016 West African EVD epidemic is notable for its historic scale and long
duration. In this paper, we developed a compartmental model to qualitatively describe
the dynamics of human-to-human EVD transmission in a long-running epidemic. The
proportions of susceptible, exposed, (living) infectious, recovered and deceased-infectious
individuals are represented in an SEIRDi system of differential equations. Our model
accounts for transmission of infection to the susceptible class from both the living, and
deceased, infectious individuals of the effective epidemiological population. Further, it
incorporates the background demographic effects of births and non disease-related deaths.
Under the assumption of zero population growth in the effective epidemiological popu-
lation, we showed that the disease-free equilibrium is globally asymptotically stable for
Ro less than unity. For Ry greater than unity, there exists a unique endemic equilibrium,
shown to be globally asymptotically stable on the biologically feasible region away from
the disease-free equilibrium.

The model described in this paper may be equally appropriate in describing transmission
dynamics of Marburg virus disease (MVD), the only other filoviral disease of humans.
Although rarer than Ebola, MVD is similar clinically and epidemiologically (World Health
Organization, 2014). Specifically, the high risk of postmortem infection suggests it may be
useful to consider our model in the context of MVD outbreaks as well.

The next step in understanding long-running filoviral epidemics is clear. Given the
models discussed here and elsewhere in the literature, and given what real-world epidemi-
ological data is known, it should be possible to perform an objective model selection. In
the event of another epidemic of such terrible scale and duration, an appropriate model

will be essential in crafting the most effective strategies to minimize suffering and loss of
life.



LETTERS IN BIOMATHEMATICS (&) 217

Acknowledgements

The authors wish to thank Calistus Ngonghala, Department of Mathematics, University of Florida,
for his expertise and advice. The authors also gratefully acknowledge the helpful comments and
suggestions of two anonymous reviewers.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The authors gratefully acknowledge support from the National Science Foundation [NSF award
#CNS-0963365]. The research was assisted by a short-term visit at the National Institute for
Mathematical and Biological Synthesis, an institute sponsored by the National Science Foundation
[NSF award #DBI-1300426]; with additional support from the University of Tennessee, Knoxville.
The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

References

Allaranga, Y., Kone, M. L., Formenty, P., Libama, F., Boumandouki, P., Woodfill, C. J. L., & Yada,
A. (2010). Lessons learned during active epidemiological surveillance of Ebola and Marburg viral
hemorrhagic fever epidemics in Africa. East African Journal of Public Health, 7, 32-38.

Althaus, C. L., Gsteiger, S., & Low, N. (2014). Ebola virus disease outbreak in Nigeria: Lessons to
learn. Peer] PrePrints, 569vI1, 1-9.

Astacio, J., Briere, D. M., Guillen, M., Martinez, ]., Rodriguez, F., & Valenzuela-Campos, N. (1996).
Mathematical models to study the outbreaks of Ebola (Technical Report No. BU-1365-M). Tempe,
AZ: Mathematical and Theoretical Biology Institute, Arizona State University.

Black, B. O., Caluwaerts, S., & Achar, J. (2015). Ebola viral disease and pregnancy. Obstetric Medicine,
8,108-113.

Brozek, O. (2011). Modeling age- and time-dependent infectivity in Marburg hemorrhagic fever
(Unpublished honors thesis). Poughkeepsie, NY: Marist College.

Camacho, A., Kucharski, A. J., Funk, S., Breman, J., Piot, P., & Edmunds, W. J. (2014). Potential for
large outbreaks of Ebola virus disease. Epidemics, 9, 70-78.

Centers for Disease Control and Prevention. (2017). Outbreaks chronology: Ebola virus disease.
Retrieved from https://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html

Chowell, G., Hengartner, N. W, Castillo-Chavez, C., Fenimore, P. W., & Hyman, J. M. (2004). The
basic reproductive number of Ebola and the effects of public health measures: The cases of Congo
and Uganda. Journal of Theoretical Biology, 229, 119-126.

Chowell, G., & Nishiura, H. (2014). Transmission dynamics and control of Ebola virus disease
(EVD): A review. BMC Medicine, 12, 1-16.

Diekmann, O., Heesterbeek, J. A. P., & Roberts, M. G. (2009). The construction of next-generation
matrices for compartmental epidemic models. Journal of the Royal Society Interface, 7, 873-885.
Francesconi, P., Yoti, Z., Declich, S., Onek, P. A., Fabiani, M., Olango, J., & Salmaso, S. (2003).
Ebola hemorrhagic fever transmission and risk factors of contacts, Uganda. Emerging Infectious

Diseases, 9, 1430-1437.

Gomes, M. F. C., y Piontti, A. P., Rossi, L., Chao, D., Longini, I., Halloran, M. E., & Vespignani, A.
(2014). Assessing the international spreading risk associated with the 2014 West African Ebola
outbreak. PLoS Currents Outbreaks, 6.

Hethcote, H. W. (2000). The mathematics of infectious diseases. SIAM Review, 42, 599-653.

Hewlett, B. S., & Amola, R. P. (2003). Cultural contexts of Ebola in northern Uganda. Emerging
Infectious Diseases, 9, 1242-1248.


https://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html

218 0. BROZEK AND M. GLOMSKI

Korobeinikov, A. (2004a). Lyapunov functions and global properties for SEIR and SEIS epidemic
models. Mathematical Medicine and Biology, 21, 75-83.

Korobeinikov, A. (2004b). Global properties of basic virus dynamics models. Bulletin of
Mathematical Biology, 66, 879-883.

Korobeinikov, A., & Wake, G. C. (2002). Lyapunov functions and global stability for SIR, SIRS and
SIS models. Applied Mathematics Letters, 15, 955-960.

Legrand, J., Grais, R. F., Boelle, P. Y., Valleron, A. J., & Flahault, A. (2006). Understanding the
dynamics of Ebola epidemics. Epidemiology and Infection, 135, 610-621.

Lewnard, J. A., Mbah, M. L. N., Alfaro-Murillo, J. A., Altice, F. L., Bawo, L., Nyenswah, T. G., &
Galvani, A. P. (2014). Dynamics and control of Ebola virus transmission in Montserrado, Liberia:
A mathematical modelling analysis. The Lancet Infectious Diseases, 14, 1189-1195.

Li, M. Y., & Muldowney, J. S. (1995). Global stability for the SEIR model in epidemiology.
Mathematical Biosciences, 125, 155-164.

Meédecins Sans Frontiéres. (2015). Field Journal, An added burden: Pregnant with Ebola. Alert, 16,
11.

Melesse, D. Y., & Gumel, A. B. (2010). Global asymptotic properties of an SEIRS model with multiple
infectious stages. Journal of Mathematical Analysis and Applications, 366, 202-217.

Pandey, A., Atkins, K. E., Medlock, J., Wenzel, N., Townsend, J. P., Childs, J. E., & Galvani, A. P.
(2014). Strategies for containing Ebola in West Africa. Science, 346, 991-995.

Peters, C.]J. (2005). Marburg and Ebola- Arming ourselves against the deadly filoviruses. New England
Journal of Medicine, 352, 2571-2573.

Richards, P., Amara, J., Ferme, M. C., Kamara, P., Mokuwa, E., Sheriff, A. I., & Voors, M.
(2015). Social pathways for Ebola virus disease in rural Sierra Leone, and some implications
for containment. PLoS Neglected Tropical Diseases, 9(4), e€0003567.

Rivers, C. M., Lofgren, E. T., Marathe, M., Eubank, S., & Lewis, B. L. (2014). Modeling the impact of
interventions on an epidemic of Ebola in Sierra Leone and Liberia. PLoS Currents Outbreaks, 6.
The World Bank (2014 data). Fertility rate, total (births per woman). Retrieved from http://data.

worldbank.org/indicator/SP.DYN.TFRT.IN

Weitz, J. S., & Dushoff, J. (2015). Modeling post-death transmission of Ebola: Challenges for
inference and opportunities for control. Scientific Reports, 5, 8751.

World Health Organization. (2014). Interim infection prevention and control guidance for care of
patients with suspected or confirmed filovirus haemorrhagic fever in health-care settings, with
focus on Ebola. Retrieved from http://apps.who.int/iris/bitstream/10665/130596/1/WHO_HIS_
SDS_2014.4_eng.pdf

World Health Organization. (2016a). Emergency preparedness response, ground zero in Guinea:
The Ebola outbreak smoulders - undetected — for more than three months. Retrieved from http://
www.who.int/csr/disease/ebola/ebola-6-months/guinea/en/

World Health Organization. (2016b). World health statistics 2016: Monitoring health for the SDGs
Annex B: Tables of health statistics by country. WHO region and globally. Retrieved from http://
www.who.int/gho/publications/world_health_statistics/2016/Annex_B/en/


http://data.worldbank.org/indicator/SP.DYN.TFRT.IN
http://data.worldbank.org/indicator/SP.DYN.TFRT.IN
http://apps.who.int/iris/bitstream/10665/130596/1/WHO_HIS_SDS_2014.4_eng.pdf
http://apps.who.int/iris/bitstream/10665/130596/1/WHO_HIS_SDS_2014.4_eng.pdf
http://www.who.int/csr/disease/ebola/ebola-6-months/guinea/en/
http://www.who.int/csr/disease/ebola/ebola-6-months/guinea/en/
http://www.who.int/gho/publications/world_health_statistics/2016/Annex_B/en/
http://www.who.int/gho/publications/world_health_statistics/2016/Annex_B/en/

	1. Introduction
	1.1. Background on compartmental models for EVD
	1.2. The case for demographic effects

	2. Constructing an SEIRDi model
	3. Analysis
	3.1. Disease-free equilibrium and the basic reproductive number
	3.2. Endemic equilibrium
	3.3. Stability results

	4. Conclusion
	Acknowledgements
	Disclosure statement
	Funding
	References



