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Abstract

Objectives—Rift-Valley Fever (RVF) is a zoonotic mosquito-borne disease in Africa and the 

Arabian Peninsula. Drivers for this disease vary by region and are not well understood for North 

African countries such as Egypt. A deeper understanding of RVF risk factors would inform 

disease management policies.
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Study design—The present study employs mathematical and computational modeling 

techniques to ascertain the extent to which the severity of RVF epizootics in Egypt differs 

depending on the interaction between imported ruminant and environmentally-constrained 

mosquito populations.

Methods—An ordinary differential system of equations, a numerical model, and an individual-

based model (IBM) were constructed to represent RVF disease dynamics between localized 

mosquitoes and ruminants being imported into Egypt for the Greater Bairam. Four cases, 

corresponding to the Greater Bairam's occurrence during distinct quarters of the solar year, were 

set up in both models to assess whether the different season-associated mosquito populations 

present during the Greater Bairam resulted in RVF epizootics of variable magnitudes.

Results—The numerical model and the IBM produced nearly identical results: ruminant and 

mosquito population plots for both models were similar in shape and magnitude for all four cases. 

In both models, all four cases differed in the severity of their corresponding simulated RVF 

epizootics. The four cases, ranked by the severity of the simulated RVF epizootics in descending 

order, correspond with the occurrence of the Greater Bairam on the following months: July, 

October, April, and January. The numerical model was assessed for sensitivity with respected to 

parameter values and exhibited a high degree of robustness.

Conclusions—Limiting the illegal importation of ruminants by strengthening and enforcing 

border control policies 1 month prior to the Greater Bairam (on years in which the festival falls 

between the months of July and October: 2015-2022) might be a feasible and moderately effective 

way of mitigating future RVF epizootics, and potentially epidemics, in Egypt.

Graphical Abstract

We present a study that employs mathematical and computational modeling techniques to 

ascertain the extent to which the severity of Rift-Valley Fever (RVF) epizootics in Egypt differs 

depending on the interaction between imported ruminant and environmentally-constrained 

mosquito populations. RFV is a zoonotic mosquito-borne disease in Africa and the Arabian 

Peninsula. Drivers for this disease vary by region and are not well understood for North African 

countries such as Egypt. A deeper understanding of RVF risk factors would inform disease 

management policies.

An ordinary differential system of equations, a numerical model, and an individual-based model 

(IBM) were constructed to represent RVF disease dynamics between localized mosquitoes and 

ruminants being imported into Egypt for the Greater Bairam. Four cases, corresponding to the 

Greater Bairam's occurrence during distinct quarters of the solar year, were set up in both models 

to test whether the different season-associated mosquito populations present during the Greater 

Bairam resulted in RVF epizootics of variable magnitudes. The IBM produced four times as many 

infected ruminants as the numerical model. Limiting the illegal importation of ruminants by 

strengthening and enforcing border control policies 3 months prior to the Greater Bairam (on years 

in which the festival falls between the months of July and October: 2014-2022) might be a feasible 

and moderately effective way of mitigating future RVF epizootics in Egypt.

The development of integrated vector management approaches using the knowledge of what 

drives RVF epidemics could be used to reduce vector and host populations and promote public 

health.
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Introduction

Rift-Valley Fever (RVF) is a zoonotic vector-borne disease caused by the Rift-Valley Fever 

Virus (RVFV) [1]. RVF outbreaks have occurred in most of Africa and the Arabian 

Peninsula since the first reported outbreak of the disease in the Rift-Valley of Kenya in 1931 

[2]. The emergence of this disease has been steady, expanding out of Sub-Saharan Africa 

and into Egypt in 1977, Mauritania in 1987, and Saudi Arabia and Yemen in 2000 [3-6]. The 

disease represents a significant burden of morbidity and mortality in these regions, affecting 

domestic livestock animals (ruminants), and to a lesser extent, humans [2]. The 1977 RVF 

outbreak in Egypt resulted in an estimated 18,000 infections and 598 deaths in humans [6]. 

The disease causes death and abortion in young and fetal livestock and minor to fatally 

severe symptoms in humans [2]. Several risk factors for RVF outbreaks have been 

identified; among them are strong climate hydrology (heavy rains), high vegetation index, 

the migration of infected animals, anthropomorphic changes to the environment (dam or 

irrigation canal construction), and the application of contaminated vaccines to ruminants 

[7-11]. The relevance of these risk factors varies with respect to geography. In Egypt, the 

primary RVF vector is the Culex mosquito; RVF is transmitted through the bites of RVFV-

infected Culex mosquitoes to ruminants and from infected ruminants to humans through 

direct contact with bodily fluids [12-13]. Egypt has had a number of outbreaks occur within 

its borders since 1977 and many risk factors have been attributed as causes (importation of 

infected livestock, heavy rains, application of contaminated vaccines) [14-16]. However, in 

many of these cases, the exact causes of these epizootics have not been resolved. A deeper 

understanding of RVF risk factors in Egypt would inform disease management policies for 

the prevention and control of RVF outbreaks.

Mathematical modeling has been a prominent tool in the study of infectious disease outbreak 

drivers. Many risk factors and conditions that potentially contribute to the growth, or 

mitigation, of RVF in a population have been modeled in numerous studies [17]. However, 

only a limited number of these studies have focused on how the unique socio-environmental 
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conditions engendered by the Greater Bairam festival influences the risk of an RVF 

epizootic unfolding [18-19].

The Greater Bairam is a Muslim holiday, taking place every lunar year, on which 

participants congregate to pray, and subsequently, sacrifice a livestock animal [20]. In 

Egypt, tens of thousands of ruminants are imported every year to meet the demand for the 

festival [21]. Previous studies have suggested that high livestock densities resulting from 

importation for the festival, in confluence with high mosquito densities which are present 

during rainy seasons, creates favorable conditions for RVF epizootics [22]. The present 

work is a study of this scenario, which as a result of an 11-day disparity between the lunar 

and solar year lengths, naturally occurs for a contiguous series of years approximately every 

three decades.

This study mathematically and computationally models a system representing ruminants 

(some infected with RVFV) being imported into Egypt during the Greater Bairam, while 

exposed to varying Culex mosquito densities during the migration. A novelty of this study, 

with regards to RVF modeling, is the treatment of numerous risk factors (such as festival-

induced livestock importation rate and mosquito-density carrying capacity) as time-

dependent parameters, allowing the periodicities of these real phenomena to be mirrored. 

The study reports measurable differences in simulated RVF epizootic risk given massive 

livestock importation during different quarters of the solar year.

Methods

Model Descriptions

A mathematical system of ordinary differential equations consisting of a single patch, 

representing RVF disease dynamics in Egypt, was constructed (Figures 1 and 2). Two 

computational models were then developed: a numerical model and an individual-based 

model (IBM). The models include ruminant and mosquito populations with the former 

capable of attaining one of three states (susceptible, infected, and recovered), and the latter 

able to attain one of two states (uninfected and infected).

The models mimic the importation of ruminants (a fraction of which are infected with 

RVFV) into Egypt for the Greater Bairam. Upon entering the system (Egypt), ruminants are 

exposed to the bites of Culex mosquitoes. Ruminants have an associated natural mortality 

that increases if infected with RVFV. Infected ruminants can recover from infection and 

become immune for a short period of time. The rate of ruminant importation is initially low 

and begins to increase rapidly two months prior to the festival's occurrence. When the 

festival arrives, the importation rate decreases dramatically and a slaughter rate takes greater 

effect. Mosquitoes have associated reproduction and death rates. Mosquito offspring cannot 

be infected initially (in line with observed RVF mosquito biology in Culex) [23]. The 

reproductive rate of mosquitoes is constrained by a sinusoidal carrying capacity synched to a 

solar period, representing Egypt's climate hydrology.

Gil et al. Page 4

Public Health. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Model Details

The computational models differ in that the numerical model is continuous and deterministic 

while the IBM is discrete and stochastic. Further differences between the two models 

include: 1) The IBM simulation being performed on daily time steps. 2) In the IBM, all the 

parameter values represent rate coefficients. 3) In the IBM, the parameters for all the 

processes, except the importation rates of the ruminants and mosquitoes, are treated as 

probabilities. That is, at each time step, a random number is chosen between 0 and 1. If the 

value is below the value of the rate of change, then the process associated with the parameter 

occurs.

The models were run to simulate 365 days. Parameter descriptions and values for these 

models are shown in Tables 1-3. The same parameter values were used for both the 

numerical model and IBM.

Seasonal Scenarios

In order to investigate whether the timing of massive ruminant importation (with respect to 

the solar year) affects the severity of a potential RVF epizootic, four cases were studied with 

each model. Each case corresponds to the Greater Bairam occurring during a different 

quarter of the solar year:

• Out-of-phase case: The festival occurs in January when mosquito densities are at 

their lowest point.

• Rise-phase case: The festival occurs in April when mosquito densities are at the 

midpoint between their lowest and highest points and increasing.

• In-phase case: The festival occurs in July when mosquito densities are at their 

highest point.

• Fall-phase case: The festival occurs in October when mosquito densities are at the 

midpoint between their highest and lowest points and decreasing.

The start of the Greater Bairam occurs on day 91 in both models for all four cases. The 

different phases of the mosquito density oscillation cycle present when the festival occurs 

was achieved by transversal shifting of the carrying capacity function by oscillatory period 

quarters. The mosquito carrying capacities for these four cases are graphically depicted in 

Figure 3a.

Sensitivity Analysis

Since standard sophisticated sensitivity analyses were not possible for the numerical model 

due to the numerous time-dependent parameter functions, rudimentary sensitivity analyses 

were performed instead. In these analyses, the values of individual model parameters for the 

in-phase case were increased by 10% of the baseline (original parameter values in Tables 2 

and 3) and the corresponding changes in cumulative infected ruminant-days (area under the 

infected ruminant plot) output by the model (referred to as cumulative infected ruminant-day 

sum) were tabulated (Table 4). The percent change in the cumulative infected ruminant-day 

sum (referred to as CIRDS-PC) for each parameter value was then calculated as follows:
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A positive CIRDS-PC value indicated a net positive change in the cumulative number of 

infected ruminant-days resulting from a positive percent increase in the value of a specific 

parameter; negative CIRDS-PC values indicated a net negative change in the number of 

infected ruminant-days resulting from the from the parameter value increase. Note that the 

magnitudes of the CIRDS-PC are also informative for comparing the sensitivity of different 

model parameters.

In the context of these model simulations, CIRDS-PC values serve as a standard measure by 

which to compare the effects of changing different parameter values, and aid in testing 

model robustness. As a practical measure in evaluating disease control strategies, CIRDS-

PC values assist in assessing the relative effects of targeting potential risk factors (variables/

parameters) in these models and whether such efforts are expected to result in mitigation or 

exacerbation of RVF epizootics.

Results

The quantities of infected ruminants produced by the numerical model and the IBM during 

the course of the simulations are plotted in Figures 4a and 4b These figures show that 

infected ruminant levels increase consistently in both models until they reach a maximum on 

day 91, after which infected ruminant levels drop and approach zero. A small hump can be 

observed around day 100 in both models. This small hump represents a rebound in ruminant 

quantities after the temporarily enhanced ruminant slaughter rate is minimized one week 

after the start of the Greater Bairam (day 98), due to the conclusion of the festival. The small 

hump is an artifact of the system equilibrating after the slaughter rate's value was 

instantaneously decreased. A glaring difference between the two models’ results is that the 

number of infected ruminants produced by the IBM is approximately four times that of the 

numerical model throughout the duration of the simulations.

Close-ups of the same model outputs (Figures 4c and 4d) reveal additional similarities 

between the two models. For instance, the infected ruminant plot for each of the four cases 

is similarly shaped, and in close agreement in terms of magnitudes, between the two models. 

In both models, all four cases differed in the severity of their corresponding simulated RVF 

epizootics. The in-phase case was the case that produced the greatest number of infected 

ruminants during festival time, followed by the fall-phase case, the rise-phase case, and 

lastly the out-of-phase case. Thus, the four cases, ranked by the severity of the simulated 

RVF epizootics in descending order, correspond with the occurrence of the Greater Bairam 

on the following months: July, October, April, and January. This implies that, during this 

time frame, the former cases had a larger vector population available to amplify the virus in 

the ruminant population, particularly in the month before the festival occurs (when ruminant 

importation rates rapidly increase).

Given that the numerical model is deterministic, all of the information needed to interpret 

the results for this model is available in Figures 4a and 4c. The IBM, however, is stochastic 
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and thus requires a measure of variation in order to properly interpret its results with some 

certainty. Figure 5 addresses this aspect by complementing Figures 4b and 4d in 

demonstrating that the mean of infected ruminants around the time of the Greater Bairam for 

a particular phase case lies several standard deviations apart from that of any other phase 

case (means and standard deviations were averaged or measured over 10 runs). In all, these 

results demonstrate a statistically significant difference in the severity of the simulated RVF 

epizootics in the IBM for all four cases, and support the previously mentioned severity rank 

for the cases.

Discussion

The results of this study are in line with the research literature. That concurrently high 

ruminant and mosquito densities can increase the likelihood of an RVF epizootic is a long-

standing hypothesis in the literature. Abdo-Salem et al. found empirical support for this 

hypothesis when identifying the year 2000 as distinct among other years in Yemen, in that 

the Greater Bairam (and associated ruminant importation) occurred concomitant with strong 

rainy seasons (which promote mosquito growth); this unique scenario could explain the 

development of an RVF outbreak that year [18]. Our study found empirical support for this 

hypothesis as well, but in addition, we found that massive ruminant importation that occurs 

three months after mosquito densities have peaked (and are still subsiding) leads to an 

equivalently severe situation in terms of potential RVF-infected ruminant quantities. Thus, 

an additional scenario is as significant and requires the same level of attention and risk 

mitigation than was previously anticipated.

Among the strengths of this work is the implementation of both a numerical model and an 

IBM, allowing for patterns, arising from the output of each model, to be compared, and for 

similar patterns to be attributable to the system dynamics rather than to the idiosyncrasies of 

distinct computational methods. Another feature is the utilization of time-dependent 

parameters with periodic behavior that closely mimics that of real phenomena (i.e., climate 

hydrology and ruminant importation patterns).

The main limitations of this study stemmed from a lack of available information regarding 

the appropriate magnitude for the Culex mosquito's carrying capacity. This in turn led to 

significant uncertainty for a few of our model parameter values. However, our careful 

calibration of model parameters with the values that were available in the literature produced 

realistic ruminant and mosquito population trends. Particularly, the population of 

mosquitoes (uninfected and infected) produced by the numerical model (Figure 3b) and the 

IBM is consistent with mosquito Culex mosquito biology in that the mosquito population 

closely follows the carrying capacity, albeit with a two week lag which is evident in Figure 

3b.

The use of time-dependent model parameters precluded us from employing standard 

methods for evaluating the sensitivity of model parameters. However, our extensive 

experimentation with modifying these parameter values did not result in large changes in the 

models’ outputs: population plots maintained the same shape, the same trends described 

earlier, and approximately the same magnitude. The CIRDS-PC values in Table 4 suggest 

Gil et al. Page 7

Public Health. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that limiting the importation of infected ruminants is one (if not the most) effective way by 

which to reduce the risk of an RVF epizootic emerging.

We understand that using a single patch to represent the entire region of Egypt is a strong 

idealization given that the true disease system would require several geographic regions (i.e. 

patches) to be taken into account in order to be realistically modeled. This assumption was 

made to facilitate insight into the behavior of the disease system. A realistic model would be 

too complex to be amenable to such understanding. Our single patch model serves as a 

starting point for more realistic and spatially-detailed models.

We believe that capturing the variability of important dynamical processes and incorporating 

such behavior into models could reveal RVF risk patterns that would otherwise be 

overlooked. Moving forward, we plan to build a theoretical framework to calculate R0 

values for systems that incorporate time-dependent parameters, as well as expand the system 

described in the present study to include multiple patches, and incorporate time delays in the 

migration of ruminants between patches.

Drivers for RVF have been studied extensively since the 1970s. Scientific understanding of 

RVF risk factors along the Eastern and Southern coast of Africa has progressed to the point 

where epizootics in these regions can be predicted considerably in advance [24-25]. 

However, a firm understanding of RVF dynamics in the Northern Africa region has been 

elusive. Such has been the case in Egypt where RVF epizootics are considered to occur 

sporadically because causal factors have not been identified despite five confirmed 

epizootics having occurred since 1977. The identification of causal factors in Egypt has been 

complicated by numerous inextricable factors that create insurmountable uncertainty as to 

the mechanism(s) of RVF epizootic development. Yet, understanding RVF risk factors is of 

fundamental importance to the design and implementation of disease management policies 

for preventing and controlling RVF.

This study models a controlled system, in which large quantities of ruminants are imported 

periodically and exposed to oscillatory mosquito populations, and demonstrates that in such 

a system, the expected severity of a potential RVF epizootic changes every year and follows 

a regular pattern. All other things equal, the severity of a potential RVF epizootic is optimal 

when high densities of ruminants are present during, and soon after, the presence of high 

mosquito densities. In Egypt, such a situation occurs when the Greater Bairam takes place 

between the months of July and October. Due to limited historical data, this mechanism for 

RVF outbreak development is difficult to rigorously confirm.

Our work suggests that limiting the importation of infected ruminants beginning one month 

prior to the Greater Bairam festival (on years in which the festival falls between the months 

of July and October: 2014-2022) might be a feasible way of mitigating future RVF 

epizootics in Egypt. These findings can be communicated to the Egyptian Ministry of 

Agriculture (MoA) to support the implementation of risk mitigation efforts. RVF epizootics 

are an issue that the Egyptian MoA is highly cognizant of and has taken measures to 

prevent; in 2013, the MoA imported ruminants from disease-free countries [21]. Additional 

steps that can be taken include the strengthening and enforcement of medical examination at 
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the Egyptian border to identify and obstruct the illegal importation of RVFV-infected 

ruminants.
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Highlights

• We used an individual-based model ascertain the extent to which the severity of 

RVF epizootics in Egypt

• The model was based on interaction between imported ruminant and 

environmentally-constrained mosquito populations

• Limiting the illegal importation of ruminants 3 months prior to the Greater 

Bairam in years which the festival falls between July and October could reduce 

epidemics
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Figure 1. Mathematical Model
The model is a one-patch system of ordinary differential equations representing RVF disease 

dynamics in Egypt. Two populations, ruminants and mosquitoes, comprise the system, 

ruminants serving as carriers of RVFV and mosquitoes serving as vectors.
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Figure 2. Compartment Diagram of the Mathematical Model
In the diagram, each compartment (box) represents one of a total of five states attainable by 

either a ruminant (susceptible, infected, recovered) or a mosquito (uninfected, infected). 

Arrows pointing from one compartment to another indicate an allowable transition from one 

state to another. Arrows not pointing to or from a compartment indicate exit of or entry into 

the system, respectively.
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Figure 3(a-b). 
(a) Mosquito Carrying Capacity By Case. In this diagram, time-dependent mosquito 

carrying capacities are plotted for each of the four phase cases: In-phase (red), Out-of-phase 

(blue), Rise-phase (green), Fall-phase (cyan). The black vertical line at day 91 marks the 

time at which the Greater Bairam begins for all cases and for both the IBM and the 

numerical model. (b) Mosquitoes Produced by Numerical Model. The number of 

mosquitoes (both uninfected and infected) produced by the numerical model closely follows 

the mosquito carrying capacity, albeit with a two week lag which mimics real Culex 

mosquito biology. The same behavior is present in the IBM (not shown).
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Figure 4 (a-d). 
(a) Infected Ruminants Produced By Numerical Model; (b) Infected Ruminants Produced 

By Individual-Based Model; (c) Infected Ruminants Produced By Numerical Model (Close-

Up). In descending order, the phase case for which the number of infected ruminants is 

greatest during festival time is: in-phase (red), fall-phase (cyan), rise-phase (green), out-of-

phase (blue); (d) Infected Ruminants Produced By Individual-Based Model (Close-Up). 

Results for both models are similar. The number of infected ruminants at any time in the 

IBM is within 10% of the number of infected ruminants in the numerical model at that time.
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Figure 5 (a-d). Infected Ruminants Produced By Individual-Based Model (With Interval)
The average number of infected ruminants (with interval of +/− 2 standard deviations) 

generated by the IBM over the course of a simulated year for all four phase cases: (a) in-

phase (red); (b) out-of-phase (blue); (c) rise-phase (green); (d) fall-phase (cyan).
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Table 1

State Variables of the Mathematical Model.

State Variable Description

S Number of susceptible ruminants at time t

I Number of infectious ruminants at time t

R Number of recovered ruminants at time t

U Number of susceptible mosquitoes at time t

V Number of infectious mosquitoes at time t
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Table 2

Physical Interpretation of the Parameters of the Mathematical Model.

Parameter Description

rsus Importation rate of susceptible ruminants

rinf Importation rate of infectious ruminants

μ Natural death rate of ruminants

δ Disease-induced death rate of ruminants

κ Slaughter rate of ruminants

Ƴ Recovery rate of ruminants

ζ Rate of loss of immunity of ruminants

ξ Growth rate of mosquitoes

v Natural death rate of mosquitoes

M Carrying-capacity of mosquitoes

α Transmission rate from vector to host

β Transmission rate from host to vector
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Table 3

Parameter Values of the Models.

Parameter Value Units Reference

rsus {1500e −(t−91)2∕625 0 ≤ t < 91

1500e −(t−91)2∕25 91 ≤ t ≤ 365

1/day
[21]

a

rinf {500e −(t−91)2∕625 0 ≤ t < 91

500e −(t−91)2∕25 91 ≤ t ≤ 365

1/day
[26]

b

μ 1/3650 1/day [27]

δ 0.0312 1/day [27]

κ {0.9 91 ≤ t ≤ 98

0.1 t < 91 or t > 98

1/day -

Ƴ 0.14 1/day [27]

ζ 8/365 1/day [28]

ξ 1/12 1/day -

v 1/40 1/day [27]

M
40000 sin( 2π

365
t − ϕ) + 50000

ϕ = {
0 ln

π ∕ 2 Rise

π Out

3π ∕ 2 Fall

- -

α 0.00001 1/day [29]

β 0.000001 1/day [29]

a
This reference in Table 3 provided an estimate for the total number of ruminants imported into Egypt for the Greater Bairam which the respective 

parameter function approximates in order of magnitude.

b
This reference in Table 3 provided an estimate for the proportion of infected ruminants in Sudan which the respective parameter function 

approximates.
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Table 4

Sensitivity Analysis: Percent change in cumulative infected ruminant-day sum for each parameter.

Parameter CIRDS-PC

rsus +3.87

rinf +9.55

μ −0.02

δ −1.49

κ −3.74

Ƴ −6.25

ζ +0.13

ξ +0.49

v −0.94

M +3.36

α +3.45

β +3.39
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