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Middle East respiratory syndrome coronavirus (MERS-CoV) is an emerging 

zoonotic pathogen first reported in 2012. The purpose of this thesis was to explore the 

dynamics of MERS-CoV in the reservoir dromedary camel population using available 

data sources and different methodological approaches. First, a scoping review was 

conducted to summarize the empirical evidence for MERS-CoV in animals in order to 

map knowledge gaps and to extract data for modeling disease transmission in 

dromedary camels. Meteorological risks of zoonotic infections were explored using a 

dataset that approximated MERS cases most likely to represent spillover transmission 

from camels. A case-crossover study identified associations between primary human 

MERS cases and preceding weather conditions. Infection dynamics in the reservoir 

dromedary camel population were explored utilizing field data from a serological survey 

in Kenya. The force of infection was estimated using age-stratified serological data in a 

generalized linear model framework. Transmission parameters were explored under 

different demographic scenarios using an agent-based model. The scoping review 

identified a number of field studies that estimated MERS-CoV prevalence, as well as 

laboratory experiments that shed light on the natural history of MERS-CoV infection in 



dromedary camels. It further identified critical research gaps such as longitudinal 

studies to improve the understanding of long-term dynamics of MERS-CoV. Some of 

these gaps were addressed in Chapters three through five of this thesis. The case-

crossover analysis demonstrated a statistical association between temperature, 

humidity, wind speed, and ground visibility, and primary human cases of MERS. Force 

of infection, an important metric in understanding infection dynamics, was estimated to 

be higher for camels raised in a pastoralist setting, than for camels raised in a ranching 

system, possibly reflecting the differences in management and disease risk. Using field 

seroprevalence estimates, various parameter combinations such as probability of 

infection, contact rate, and duration of immunity were found to be biologically plausible 

given the current state of knowledge. Using data from a variety of sources and different 

analytical methods, this thesis describes insights that can be gained from limited 

information, while at the same revealing how important field data are for understanding 

infection dynamics.
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1 

 CHAPTER ONE 

Literature review and thesis objectives 

1.1 Middle East Respiratory Syndrome Coronavirus - Introduction 

More infectious diseases have emerged in the past 40 years than have previously 

been recorded (1). Almost two-thirds of emerging infectious diseases are zoonotic (1), 

while nearly all established human pathogens have an animal origin (2). HIV/AIDS, 

which emerged in the early 1980s, has claimed the lives of an estimated 35 million 

people, while approximately 37 million people globally are living with HIV infection (3). 

Other recent emerging infectious diseases which have gained global attention include 

Ebola virus disease, which reemerged in West Africa in 2014, causing 28000 infections 

and over 11000 deaths (3). Since August, 2018 until the time of writing (February 2020), 

there is an ongoing outbreak of Ebola virus in the Democratic Republic of the Congo, 

the control of which is being complicated by civil conflict (4). Severe acute respiratory 

syndrome (SARS) coronavirus emerged late in 2002, causing over 8000 infections and 

nearly 800 deaths around the world, although no cases of SARS have been reported 

since early 2004 (5). By comparison, Middle East respiratory syndrome (MERS), 

caused by a coronavirus similar to SARS, emerged in 2012. There have been over 

2000 cases and over 800 deaths, and it continues to infect people (6). Dromedary 

camels are the reservoir host, and transmission is characterized by zoonotic infections 

and short human to human chains. 
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 The World Health Organization (WHO) has listed MERS-CoV as a priority 

disease for research and development in public health emergency contexts, and it is 

defined as a disease “that pose[s] a public health risk because of [its] epidemic potential 

and for which there are no, or insufficient, countermeasures” (7). CEPI (Coalition for 

Epidemic Preparedness Innovations) is a human vaccine funding body founded in 2017 

that has identified MERS-CoV, Lassa virus, and Nipah virus as its first priority 

pathogens. It has so far awarded $111 million USD towards vaccine development, 

including three MERS-CoV human vaccines (8). The Emerging Pandemic Threats 

program (EPT-2) of the United States Agency for International Development (USAID) 

has funded multiple agencies and organizations since 2014 to improve the 

understanding of emerging viral pathogens, including MERS-CoV in reservoir species. 

 Understanding MERS-CoV epidemiology and dynamics in dromedary camels is 

necessary in order to mitigate or prevent spillover from dromedaries to humans, and to 

inform public health interventions at the dromedary-human interface. The work 

described in this thesis explores the dynamics of MERS-CoV transmission among 

camels and between camels and humans using epidemiological and mathematical 

modelling methodologies. 
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1.2 Overview 

1.2.1 Etiology 

Middle East Respiratory Syndrome is a disease of humans which targets the lower 

respiratory tract and frequently leads to multi-organ failure and death. It is caused by the 

Middle East Respiratory Syndrome coronavirus (MERS-CoV), and is spread when a 

person comes into close contact with an infected dromedary camel, or possibly when a 

person consumes contaminated camel products such as milk, meat, and urine. Humans 

can also spread the virus to each other through close contact. Human-to-human spread 

has occurred mostly in hospital settings, and major outbreaks have been associated 

with nosocomial transmission (9). The first report of MERS was published on the 20th of 

September 2012 in ProMED, the internet-based reporting system for emerging diseases 

(10). It was isolated from a man with pneumonia and acute renal failure in Jeddah, 

Saudi Arabia. Between the initial report and 25 November 2019, the World Health 

Organization (WHO) has reported an additional 2467 cases in 27 countries with an 

approximate case fatality rate of 35% (6). The number of countries with reported cases 

is somewhat misleading, however. Although MERS-CoV has been reported in 27 

countries, all primary cases have originated in the Arabian Peninsula. In fact, 

approximately 80% of all human MERS cases (primary and secondary) have occurred 

in Saudi Arabia (Table 1.1, adapted from (11)). Transmission from camels to humans 

continues to occur in the Middle East region, and until the zoonotic risk from camels is 
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better characterized, effective preventive measures remain a challenge to implement, 

and MERS-CoV will continue to be a public health threat.  

MERS-CoV is a Betacoronavirus, closely related to bat coronaviruses and in the 

same genus as SARS coronavirus (12). It is an enveloped, single-stranded positive-

sense RNA virus. The RNA genome is relatively large, and structural proteins include 

the spike (S), envelope (E), membrane (M), and nucleocapsid (N). The spike protein is 

the largest structural protein and is responsible for attachment to the host cell receptor, 

Dipeptidyl Peptidase-4 (DPP-4) (13). When MERS-CoV was first being characterized 

and investigated, the close phylogenetic relationship with bat coronaviruses and SARS 

coronavirus suggested that MERS-CoV was a zoonotic infection. Camels, pigs, cattle, 

and sheep share phylogenetically similar DPP-4 receptors (14), while ex-vivo studies 

demonstrated MERS-CoV susceptibility in camels, cattle, sheep, goats and primates 

(15). Experimental in-vivo challenge studies suggested camelids, pigs, and perhaps 

goats are susceptible to MERS-CoV (16–18). Field evidence, however, has pointed to 

dromedary camels as the main animal source. Human case investigations and other 

field studies have repeatedly demonstrated infection or exposure in dromedary camels 

with mild or no clinical signs (e.g. 19,20). Of the observational field studies in livestock 

other than dromedaries, one study reported a single seropositive sheep (21), another 

study reported both seropositive and antigen positive test results in ruminants and 

equids (22), while at least ten other studies reported no seropositive nor antigen positive 

results (23–32). Experimental inoculation of dromedaries elicited mild clinical signs, and 
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pathology provided evidence that MERS-CoV is an infection limited to the upper 

respiratory tract (33), suggesting that the virus is well adapted to dromedary camels. 

 

1.2.2 Zoonotic human MERS-CoV 

Azhar et al. (2014) provided some of the first evidence that MERS-CoV was a 

virus transmitted from camels to humans (19) . They conducted a follow-up investigation 

of a human case and a camel herd with which the human case was in close contact. 

They concluded that the virus was transmitted from camels to the human, based on 

serologic and molecular test results. Numerous other outbreak investigations have 

included the testing of dromedaries and other livestock in contact with cases (34–36). 

Since then, case control studies have suggested that direct contact with dromedary 

camels, and the consumption of raw camel products (milk, urine, meat), are risk factors 

for MERS-CoV infection (6,37,38). Serological evidence has shown that camel workers 

(herders, handlers, abattoir workers, etc.) have been exposed to MERS-CoV at a higher 

rate than the general population (39). Exposure to MERS-CoV among high risk groups 

has been repeatedly demonstrated in the Middle East (40–42), whereas in Africa, where 

the virus appears to be widespread in dromedary camels, evidence of human exposure 

in people with frequent dromedary contact is inconsistent (43–48). The lack of any 

reported human primary MERS cases, coupled with the serological evidence, suggests 

that the zoonotic risk may be different between the Middle East and Africa. 
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Between January 2015 and April 2018, 30.9 % of the 1125 MERS cases reported 

to the WHO were classified as primary, with over half of these (54.9%) having reported 

direct or indirect camel contact (49). However, 28.6% of reported cases were 

unclassified, and among primary cases, 27.3% did not report whether there was a 

history of camel contact or not, indicating that a sizeable proportion of the cases have 

unknown exposure to dromedary camels. These primary cases with no reported camel 

contact might indicate that mild or asymptomatic human cases may play a role in 

community-acquired MERS-CoV infections (39,50), however no research to date has 

focused on confirming or quantifying this transmission route. A handful of studies have 

estimated the proportion of zoonotic cases of MERS. Cauchemez et al. (2016) used 

Bayesian methods to estimate that 9-15% of MERS cases were transmitted from the 

reservoir (51), while another study estimated that 75% of MERS cases are secondary 

(52). Dudas et al. (2018) stated that MERS-CoV has been transmitted from camels to 

humans “hundreds of times” (53).  

Dromedary camels are the only known natural host of MERS-CoV 

epidemiologically involved in transmission to humans, and are considered the reservoir 

species. The virus appears to be highly adapted to camelids, yet little is known about 

the epidemiology of MERS-CoV in these animals.   
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1.2.3 Epidemiology of animal MERS-CoV 

A formal scoping review of MERS-CoV in natural animal hosts is presented in 

Chapter 2. However, a brief summary of MERS-CoV in dromedaries follows. 

Animal testing during the early outbreak investigations repeatedly revealed antibody 

responses and/or active infection in dromedary camels (19,35,50). No other livestock 

species in contact with human cases have tested positive (30), although MERS-CoV 

was found in a herd of alpacas on the same premises as a camel herd in Saudi Arabia 

(54). Animal field surveys are consistent with these initial outbreak investigations. 

Across the Arabian Peninsula and beyond, dromedaries have consistently 

demonstrated exposure to MERS-CoV, while other livestock species have not 

(25,27,55). Experimental challenge and transmission studies have demonstrated that 

camelids readily shed virus through nasal secretions, seroconvert and transmit to naïve 

animals (33,56,57). Similar experiments failed to elicit seroconversion in horses or 

sheep. Goats seroconverted but did not successfully transmit to naïve goats in close 

contact (16). Pigs were shown to be a potential host for MERS-CoV based on one 

experimental study (17), however they are unlikely to play a role in the current ecology 

of MERS-CoV as pigs are not raised in the Middle East and are scarce in the region. 

The only positive finding in wildlife consists of a fragment of MERS-CoV that was 

collected from the feces of a bat (58).  
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Insight has been gained about the geographical extent of MERS-CoV in dromedary 

camels. Camels across Africa, the Middle East, and parts of South Asia demonstrate 

widespread exposure to MERS-CoV (59–65). Phylogenetic analysis of isolates 

demonstrate that there are distinct virus clades circulating in the Middle East and on the 

African continent. Clades A and B have been isolated from dromedaries and humans in 

the Middle East, while clade C has been isolated from dromedaries in Africa. Clade C 

comprises of subclades C1 and C2, which demonstrate phenotypic as well as 

phylogenetic differences and has thus far been isolated from dromedaries in West 

Africa and Egypt (clade C1) (66), and Kenya, Ethiopia, and Egypt (clade C2) (46,67,68). 

Despite a continuous and sizeable camel trade from Africa to the Middle East, the 

African strains of MERS-CoV do not appear to be established in importing countries, 

according to one study conducted in Saudi Arabia (69). No positive findings have been 

detected in free roaming dromedaries in Australia, or in zoological collections in Europe 

and the Americas (24,70). To date, bactrian and dromedary camels in Asia have all 

tested negative (71–73). Despite MERS-CoV circulating in the natural reservoir in areas 

outside the Arabian Peninsula, primary human cases have only been detected in the 

Middle East. The reasons for this remain a mystery. Hypotheses for this discrepancy 

include a lower likelihood of case detection due to differences in health care systems, 

and virological, host-related, and/or environmental factors that result in a higher risk of 

zoonotic transmission in the Middle East. 
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MERS-CoV appears to be an infection primarily of young calves (31,55), which has 

given rise to the hypothesis that the dromedary breeding calendar (or more specifically, 

the weaning season) may drive seasonality of virus shedding in camels and thus 

zoonotic transmissions. Additionally, since MERS-Cov is transmitted by droplet and/or 

airborne routes, environmental factors may contribute to a seasonality of MERS-CoV 

infections in both animals and humans.  

1.2.4 Camel immunity to MERS-CoV 

Studies investigating the pathogenesis of MERS-CoV have focussed on models of 

human disease (9), while details regarding dromedary infection remain largely unknown. 

Epidemiological evidence suggests camel immunity to MERS-CoV is either incomplete 

or waning, however, experimental insight that could serve to elucidate the 

immunological mechanisms in dromedaries is lacking. 

Hemida et al. (2014) demonstrated in a small longitudinal study that seropositive 

adult camels could test negative and then positive for MERS-CoV RNA, possibly 

indicating reinfection despite neutralizing IgG titres (20). Similarly, many camels were 

found to be MERS-CoV RNA positive at a market in Qatar (62/105), yet neutralizing 

antibodies did not appear to correlate with reduced viral loads, as might be expected 

(34). Furthermore, a longitudinal study that followed 11 dam-calf pairs demonstrated 

that dams had consistently high levels of IgG antibodies, while calves showed antibody 

level trends consistent with maternal protection, susceptibility, and then natural 
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infection. Both dams and calves shed virus concurrently with having high antibody 

levels, although virus isolation was not successful from dams (74). Another longitudinal 

study demonstrated viral shedding in camels that had been seropositive for months 

without previous evidence of infection (75).  

 Experimental studies also point towards incomplete immunity in dromedaries, 

although investigations that look at specific mechanisms and immunological pathways 

are missing. One transmission study that used alpacas as a model for dromedaries, and 

in which some alpacas were experimentally infected, demonstrated that the infected 

alpacas transmitted the infection to susceptible alpacas. All alpacas seroconverted and 

were re-challenged 70 days later. The naturally infected alpacas were partially 

protected, while reinfection was unsuccessful in the experimentally infected animals 

(56). These studies provide evidence that immunity to MERS-CoV is not complete in 

camelids, but that shedding appears reduced in subsequent infections. Details 

regarding the dynamics and characteristics of humoral immunity and subsequent 

infections are still unknown. A recent study has provided some detail on the 

pathogenesis of MERS-CoV in dromedaries (76), an important step in understanding 

the immunological dynamics in the reservoir species. 
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1.3 Environmental conditions and seasonality 

1.3.1 Meteorological changes and seasonality 

The effect of weather, environmental conditions, and seasonality on human 

respiratory diseases is well documented. Most human respiratory pathogens, including 

coronaviruses, exhibit annual increases in incidence during the winter (77). However, 

the timing of onset and magnitude of increases in incidence differ according to the 

pathogen and geographic location. Temperate climates tend to observe influenza 

epidemics during cold and dry conditions, while seasonal epidemics in tropical climates 

are associated with humid and rainy conditions (78). Bloom-Feshbach et al. (2013) 

looked at variations in the seasonality of influenza and Respiratory Syncytial Virus 

(RSV) by latitude. In general, both diseases peaked during winter in temperate climates, 

while seasonal patterns in the tropics were more diverse, with different modes. RSV, 

however, had a wider distribution of peak timing compared to influenza. Saudi Arabia is 

borderline temperate as defined by the authors. Riyadh, Saudi Arabia reported influenza 

peaks in October and November. RSV peaked in February in Saudi Arabia, with 

epidemics lasting 3-4 months (79).  

 Temperature and humidity have both been implicated as environmental factors 

that contribute to the seasonality and transmission of respiratory diseases, and 

influenza in particular (80,81). Under controlled laboratory settings, using guinea pigs, it 

has been demonstrated that colder temperatures prolonged the stability of the influenza 
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virus, and peak virus shedding was longer in dry conditions (i.e. lower relative humidity). 

Thus, both lower temperature and humidity were found to favour influenza transmission 

(80). A recent study of control and humidified classrooms in a community school further 

confirmed the effect of humidity on the transmission and environmental viability of 

influenza A virus (81). 

 Air quality has been associated with respiratory disease. Air pollution has been 

linked to pneumonia (82), acute lower respiratory infections (83), and to general 

morbidity and mortality (84). Dust and sand storms have been associated with 

respiratory infections as well. Storms are associated with respiratory infections by acting 

as a pathogen carrier and increasing airway susceptibility to disease (85). A study in 

Taipei looked at ten years of pneumonia hospitalizations and found a positive 

association with Asian dust storm event days and days 1 through 4 after the dust storm 

event (86). 

 While particulate matter (PM) is a common metric for measuring air quality, these 

data are often not available. Using data from Bangkok, a regression model was 

developed that demonstrated that visibility was inversely significantly associated with 

PM10 (particulate matter less than ten micrometers in diameter) (87), and at least one 

study has suggested visibility may be used as a proxy where PM data are not available 

(84).  
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Wind speed has been correlated with seasonal onset of Meningococcal 

Meningitis epidemics in Mali (88), however no studies were found that looked at 

associations between wind speed and respiratory disease as related to dust and sand 

storms. It has been suggested that correlation between wind speed and visibility is 

difficult to establish as visibility tends to remain poor after wind has dropped; because 

visibility can be reduced in low-sun conditions such as sunrise and sunset; and because 

of other dust events not caused by high wind speeds (89). 

1.3.2 Seasonality and MERS-CoV 

A few studies have suggested that MERS-CoV infections in humans exhibit 

seasonality, with increased cases in the winter and early spring (90–92), although 

empirical analyses have not necessarily come to this conclusion. Gossner et al. (2016) 

conducted an analysis of camel and human cases from 2012-2014 and provided 

hypotheses of zoonotic transmission and seasonality based on the camel breeding and 

production cycle in the Middle East (92). Another publication conducted a visual 

inspection of the epidemic curve from 2012-2014, suggesting to the authors that primary 

MERS-CoV cases exhibited a seasonal pattern with an increase around April (68). The 

authors suggested that an increase in intensive, peri-urban camel production in the 

Middle East contributed to the emergence of MERS-CoV, while the timing of camel 

weaning and milk production for human consumption led to a seasonal pattern of 

zoonotic transmissions. The effects of host seasonal breeding on pathogen 

transmission dynamics has been well documented. By concentrating births into a short 



 

 

 

 

 

 

14 

time frame, a pulse of naïve, susceptible hosts are introduced into the population, which 

is an important factor for the transmissibility of pathogens and can have a significant 

effect on the periodicity of disease (93). This has been demonstrated in livestock 

systems (94) and wildlife populations (95).  

Alkhamis et al. (2019) used AutoRegressive Integrated Moving Average (ARIMA) 

on human case data from 2012-2017. The authors examined three regions in Saudi 

Arabia, and concluded that only the Riyadh region exhibited biannual seasonality, which 

corresponded with camel-related seasonal activity (96). Another study conducted 

Poisson regression analysis on monthly aggregated cases in the Riyadh region from 

2012-2018, and found that temperature and ultraviolet index were positively correlated 

with cases, while low relative humidity and low wind speed were negatively correlated 

with MERS cases (97). 

DaiHai et al. (2015) visually compared weekly counts of all human MERS-CoV 

cases, and weekly case counts of influenza in countries other than Saudi Arabia and 

overlaid them, and determined that the two viruses have different seasonality (98). 

Dudas et al. (2018) estimated seasonality by inferring the date and source of infection 

from reconstructing the phylogenetic tree using 100 MERS-CoV sequences from 

camels and 174 from humans (53). They used posterior density estimates to calculate 

that the relative odds ratios for camel to human MERS-CoV introductions were higher 

from April – July and lower in August, September, November, and December. They 
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found no seasonality in the timing of human sequence cluster sizes (which 

predominantly consist of nosocomial transmission).  

A handful of studies, on the other hand, have found no evidence of seasonality 

(99–101). Darling et al. (2017) conducted a cluster analysis of all human MERS-CoV 

infections and concluded that the timing of cases was correlated with nosocomial 

transmission rather than any temporal seasonality (100). Al-Tawfiq and Memish (2018) 

conducted time series analysis on primary MERS-CoV cases from 2015-2017, and 

concluded a lack of seasonality (99). Oda’Ar and Ahmed (2018) conducted a time series 

analysis on monthly cases of MERS-CoV over 3 years (2015-2018) and confirmed a 

lack of statistically significant seasonality (101). 

In general, there have been few studies so far examining the questions of 

seasonality and temporal patterns of MERS-CoV. Data have only been gathered 

consistently since 2015, and 2-3 years provides very few data points for discerning 

annual patterns. Furthermore, MERS-CoV is characterized by epidemiologically 

different transmission contexts; transmission among dromedary camels; zoonotic 

transmission from camels to humans; and human-to-human transmission, most of which 

has occurred in healthcare settings. Each of these transmission scenarios may plausibly 

have different underlying seasonal patterns, or a lack thereof.  
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1.3.3 Environmental conditions and MERS-CoV 

 A handful of studies have looked at viral persistence and viability under different 

conditions.  MERS-CoV was found to be more stable in low humidity and low 

temperature conditions. An ex-vivo study recovered MERS-CoV from steel and plastic 

surfaces after 48 hours at 20°C and 40% relative humidity compared with higher 

temperatures and humidity (102). The same study found a decrease of 7% in virus 

viability when aerosolized at the same conditions for 10 minutes, compared to an 89% 

decrease in viability at higher relative humidity. A field investigation of a human MERS-

CoV case recovered RNA fragments from air samples in a camel barn on the case’s 

property (103). Several studies have found MERS-CoV RNA on multiple surfaces in 

healthcare facilities associated with nosocomial outbreaks (104,105). 

1.4 Mathematical modelling and MERS-CoV 

1.4.1 Modelling human transmission  

Mathematical modelling studies of MERS-CoV began being published in 2013 

(106). The literature reviewed here focusses on modelling that used predominantly 

outbreak data from the Middle East. The 2015 outbreak in South Korea which resulted 

in 186 cases from a single traveller returning from the Middle East gave rise to a 

number of mathematical modelling studies which are not discussed here (107–111).  
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Two main themes emerge from Middle East MERS-CoV modelling studies. Many 

of the papers aim to estimate reproduction numbers (R), and to quantify transmission 

sources and spillover events. The reproduction number is defined as the average 

number of secondary infections resulting from one infectious individual, while the basic 

reproduction number (R0), is the reproduction number when the population is entirely 

susceptible (112). Min et al. (2016) provides a summary of R0 estimations reported in 

the literature until 2015 (113). Across studies, reproduction numbers were characterized 

and estimated for different transmission scenarios and contexts. Apart from a handful of 

hospital outbreaks, R0 estimations tended to be below 1. Cauchemez et al. (2014) 

estimated the reproduction number of index cases as well as the average reproduction 

number across clusters, and found that cluster size and R tended to decrease over time 

(114). The authors used a mathematical model with discrete generations to compare 

animal-human and human-human transmission under different assumptions of R. 

Similarly, Chowell et al. (2014) estimated the number of infections arising from an index 

case (Ri), the number of infections arising from a secondary case (Rs), and Roverall under 

different scenarios of reporting bias, using a Susceptible-Exposed-Infectious-Recovered 

(SEIR) compartment model (115). Cauchemez et al. (2016) estimated the reproduction 

numbers for different routes of transmission, including within-cluster, within-region, and 

between-region, as well as changes in these numbers over time (51). Poletto et al. 

(2016) estimated the reproduction ratio as a function of time by region (e.g. province) 

(52), while Alkhamis et al. (2019) estimated weekly time-dependent reproduction 
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numbers according to three regions in Saudi Arabia and identified high-spreading 

events (96). Using the dataset provided in (114), Blumberg et al. (2014) compared the 

effective reproduction number (Reff) before and after 1 June 2013, but found that the 

decrease was not statistically significant (116). Using Monte Carlo simulation and 

validating outputs with phylogenetic sequences, Dudas et al. (2018) estimated R0 for all 

human transmission (53).   

 While R0 estimations tended to be between 0 and 1 in most cases, the estimated 

proportion of cases from spillover events using modelling techniques was varied. 

Chowell et al. (2014) estimated the overall proportion of cases from spillover events to 

be 47.5% (115). They also estimated the average daily rate of MERS-CoV spillover 

from camels to humans under two different assumptions of reporting bias. Poletto et al. 

(2016) also estimated the spillover probability from camels to humans, although did so 

by region as a function of time (52). This same study estimated that 75% of cases were 

secondary, while (51) estimated 12% of cases to have been infected from the reservoir. 

  

1.4.2 Modelling transmission within the reservoir  

Few studies have been published on transmission modelling in dromedary 

camels. Dudas et al. (2018) used viral sequence data from camels and humans to 

reconstruct a phylogenetic tree using a structured coalescent model (53). They used 

MERS-CoV sequences isolated from camels and humans to estimate the degree of 
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recombination in each host. They estimated the effective population size of the virus in 

dromedaries in the Middle East. The data were also used to model and infer frequency 

and seasonal patterns of zoonotic transmission. A study by Dudas and Rambaut (2016) 

used phylogenetic methods and simulations to show that MERS-CoV had likely 

undergone multiple recombination events, most likely in dromedary camels (117). 

Lin et al. (2018) built an SEIR compartment model of MERS-CoV transmission in 

camels. This study is unique in that the authors validated the model by comparing 

model output (camel prevalence) to weekly human case counts from publicly available 

data. Based on an estimate from (52) of the primary to secondary human case ratio, the 

authors divided the weekly human case counts by 4 to infer camel prevalence, and 

used this prevalence estimate to validate the SEIR model. Parameters they estimated 

included R0 in camels; duration of immunity; and spillover rate to humans (118). 

1.4.3 Estimating force of infection  

The force of infection (FOI) is defined as “the rate at which susceptible 

individuals become infected per unit time”, and depends on the number of infectious 

individuals in a population and their contact rate with susceptible individuals (112). FOI 

can be estimated directly from both incidence and prevalence data. This review will 

focus on estimating FOI from age-stratified seroprevalence data.  

Force of infection is a key parameter in transmission models, and can itself 

provide important insights about the behaviour of infectious diseases in populations. For 
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example, annual population incidence can be derived from FOI (119). Additionally, FOI 

can provide clues as to whether a population might be acting as a disease reservoir 

(120). It can help to explain temporal, spatial and socio-economic differences in national 

disease control strategies (121), and to provide insight on the impact of intervention 

strategies over time (122).  

Given a cross-sectional sample with age and serological status, there are 

numerous methods for estimating FOI. All methods operate under the assumptions that 

the antibodies detected are acquired through natural infection rather than maternally or 

via vaccination; that immunity is lifelong; and that FOI is homogenous in time (i.e. that 

the infection is in endemic equilibrium) (123). Plotting the proportion positive by age can 

provide visual clues about some of these assumptions. For example, a sharp decline in 

seroprevalence early in life might indicate the effects of maternal antibodies. A slow 

increase of seroprevalence by age with a plateau of less than 100% might indicate a 

non-immunizing infection (112). FOI can be estimated using likelihood or Bayesian 

frameworks. This thesis used parametric methods within the likelihood framework. 

Parametric methods are useful for estimating an average, constant FOI, or when FOI is 

expected to change monotonically with age. For more complex FOI curves that change 

unexpectedly with age, or include other covariates, non- or semi- parametric methods 

are more suitable (123). Parametric methods, especially the simple catalytic model first 

developed by Muench in 1934, are used most commonly in studies described in the 
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literature, e.g. (120,121,124–126). A number of papers compare several methods of 

estimating FOI, and many of these include more complex models, e.g. (119,127–129). 

1.5 Thesis overview and objectives 

MERS-CoV is a zoonotic infection with spillover from dromedaries to humans. It 

has been identified by the WHO as a priority pathogen for research and development in 

public health emergency contexts (7). While there have been several large outbreaks, 

empirical evidence has shown that MERS-CoV does not transmit easily with casual 

contact or simple close proximity (130). The low transmissibility of MERS-CoV is 

supported by mathematical modelling, with reproductive numbers generally estimated to 

be below the epidemic threshold of 1 (51,53,115,131). Although a low R0 suggests low 

pandemic risk, frequent zoonotic infections with short chains of transmission provide an 

optimal environment for selection pressure and adaptive mutations (132). MERS-CoV is 

a zoonotic disease characterized by a single reservoir host with frequent spillover 

events and short chains of transmission. Furthermore, it has been shown that multiple 

recombinations of the virus have likely occurred (117). Selection pressure and the risk 

of mutation to a more infectious strain in humans cannot be ruled out. Interventions to 

reduce human infections, and mitigate the risk of human-adapted mutations, must 

therefore include the dromedary camel reservoir or reservoir-human interface. 

Understanding the epidemiology and ecology of the virus among dromedaries and 

between dromedaries and humans can inform evidence-based interventions and help 
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prevent zoonotic infections. In order to gain insight on the risks of zoonotic MERS-CoV, 

field and experimental data of MERS-CoV in dromedary camels is required.  

Research gaps have been identified by the FAO-OIE-WHO tripartite technical 

working group for all areas of MERS-CoV, including research needs in dromedary 

camel populations to limit zoonotic transmission (133). While dromedary camels across 

Africa, the Middle East, and parts of South Asia have high levels of seroprevalence, 

zoonotic transmission appears to be limited in all but certain areas of the Middle East. 

This could be due to underreporting or due to potential differences in human host 

factors such as underlying medical conditions; regional differences in MERS-CoV viral 

strains (66); or differences in exposure to camels due to husbandry, cultural, or 

occupational practices. A lack of understanding on how these factors may or may not 

contribute to regional differences in zoonotic transmission, as well as limited knowledge 

on the dynamics of camel immunity to MERS-CoV, and environmental factors of 

transmission are listed as important knowledge gaps and prioritized areas for research 

((133), Doha declaration). This thesis addresses knowledge gaps pertaining to 

environmental factors of transmission (chapter 3), and dynamics of MERS-CoV 

transmission in camels, including assumptions of immunity (chapters 4 & 5). 

The overall purpose of this dissertation was to explore risks of zoonotic transmission 

using available data sources and different methodological approaches. 

The specific objectives of this thesis were to: 
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1. Summarize the empirical evidence for MERS-CoV in animals in order to map 

knowledge gaps and to extract data for modelling disease transmission in 

dromedary camels (Chapter 2). 

2. Identify weather conditions that may be associated with zoonotic human MERS-

CoV infections in Saudi Arabia (Chapter 3). 

3. Estimate the Force of Infection of MERS-CoV in dromedary camels raised in 

Kenya (Chapter 4). 

4. Explore the dynamics of key transmission parameters and demographics of 

MERS-CoV in dromedary camels raised in Kenya (Chapter 5).  
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1.7 Tables 

Table 1.1. Number of human MERS-CoV cases reported to the WHO by country from 

2012 until 17 October 2018. All outbreaks outside of the Middle East originated from 

cases  exported from the Middle East region. 

 
Country Cumulative number of confirmed 

MERS-CoV human cases 

Middle 

East 

Saudi Arabia 
United Arab Emirates 

Jordan 
Qatar 
Oman 

Iran (Islamic Republic of) 
Kuwait 

Lebanon 
Yemen 

Bahrain (the Kingdom of) 

1,886 
88 
26 
19 
11 
6 
4 
2 
1 
1 

Europe 

United Kingdom 
Germany 

Netherlands 
France 
Austria 
Turkey 

Italy 
Greece 

5 
2 
2 
2 
2 
1 
1 
1 

Asia 

Republic of Korea 
Philippines 
Thailand 

China 
Malaysia 

186 
3 
3 
1 
2 

Americas United States of America 2 

Africa 
Tunisia 
Algeria 
Egypt 

3 
2 
1 
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 CHAPTER TWO 

 A rapid scoping review of Middle East respiratory 

syndrome coronavirus in animal hosts 

Published in Zoonoses and Public Health (2018) 00:1-14 

2.1 Abstract 

 Middle East respiratory syndrome coronavirus (MERS-CoV) is an emerging 

zoonotic pathogen discovered in 2012. The purpose of this scoping review was to 

summarize the empirical evidence for MERS-CoV in animals in order to map knowledge 

gaps and to extract data for modeling disease transmission in dromedary camels. A 

review protocol was developed a priori, and a systematic search, data extraction, and 

summary were conducted using the Arksey and O’Malley framework. Ninety-nine 

publications were identified for full review out of 1368 unique records. Of these 

publications, 71 were refereed. Ninety of the studies were observational and the 

remaining nine were experimental. We summarize characteristics of animal studies 

including study design, study population, and outcomes of interest for future 

transmission modelling in the reservoir population. The majority of field studies reported 

measures of prevalence, while experimental studies provided estimates of transmission 

parameters that pertain to the natural course of disease. 

2.2 Introduction 

Middle East respiratory syndrome, caused by the eponymous coronavirus 
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(MERS-CoV) is an emerging zoonotic disease that was first isolated in 2012 from a 

human case in Saudi Arabia (1). Subsequent investigations pointed to dromedary 

camels as the putative source of human infections (2–4). The early implication of 

livestock (and dromedary camels in particular (5)) in MERS-CoV transmission rapidly 

led to a number of experimental and field studies that aimed to improve our 

understanding of the epidemiology of this virus in animal hosts (6–10). These studies 

have led to the consensus that dromedary camels are the natural reservoir. They have 

furthermore provided some insight about the host and geographical range of the virus 

and have suggested some epidemiological characteristics, including the clinical picture 

and age distribution in dromedary camels (11). The evidence base that builds from 

these experimental and field studies provides the foundation for more complex 

epidemiological analyses, including statistical and mathematical modelling, risk 

assessments, and meta-analyses. Rigorous, detailed epidemiological data based on 

pragmatic research questions are crucial to these analyses and ultimately for sound 

policy and health interventions. 

 In the five years since the discovery of MERS-CoV, several reviews have been 

published that have described key advances in understanding the virus in animal 

populations, and identified research gaps, such as the zoonotic modes of transmission 

(12–14). However, no formal mapping of the literature has yet been attempted. Scoping 

reviews provide the means to summarize and communicate findings, evaluate the 

existing body of literature, and identify research gaps in a way that is replicable and 
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minimizes bias (15). High-impact emerging diseases, upon which there is typically a 

high degree of research activity in a short amount of time, could benefit from early and 

iterative synthesis research. Formal scoping reviews and/or systematic reviews can 

provide improved clarity for targeting research needs, and therefore improve the 

effective and efficient use of limited resources. A scoping review of the MERS-CoV 

animal literature will generate a detailed map of epidemiological and experimental 

knowledge, assess the suitability of the evidence for systematic review, and chart 

outcomes for informing disease transmission models. 

 The purpose of this scoping review was to summarize the empirical evidence for 

MERS-CoV in animals in order to map knowledge gaps and to extract data for modeling 

disease transmission in dromedary camels. This was achieved by conducting a 

systematic search of epidemiological characteristics of MERS-CoV in animal host 

populations and answering the following questions: 1) What primary research studies or 

surveys have been conducted on animal hosts? and, 2) What are the general, 

epidemiological, and methodological characteristics of these studies?  

2.3 Materials and Methods  

  The review team consisted of one person (EG) developing the research 

questions, search strategy, screening criteria, data characterization forms, screening 

and extraction, and synthesis in consultation with AG, DK, ZP, and SvD. 

  The review was guided by the five phases outlined by Arksey and O’Malley’s 
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(2005) framework for scoping reviews: Defining the research question; identifying 

relevant studies; study selection; charting the data; collating, summarizing, and 

reporting the results. In order to more accurately identify knowledge gaps (16), 

methodological questions were included in the data extraction forms. The consultation 

exercise recommended as an optional sixth phase in the Arksey and O’Malley 

framework was not conducted. While at least two reviewers are recommended to 

reduce reporting bias, only one reviewer (EG) conducted the citation screening and data 

extraction (17). 

  A review protocol was developed a priori according to the research question 

“What are the general, epidemiological, and methodological characteristics of MERS-

CoV in animal host populations?”. Searches were restricted to 2012 or later, and to 

publications in English or French. Publications were included if they described primary 

research that measured animal-level outcomes of MERS-CoV in non-human hosts, 

including lab animal models of non-human hosts. 

  The initial search was conducted on 26 April 2017 using five electronic 

databases: PubMed via NCBI, Web of Science, Agricola via Proquest, CAB direct, and 

Medline via Ovid. The search was limited to 2012 or later, given that MERS-CoV was 

previously unrecognized (1). Search terms and strategies were tailored to the 

requirements and structure of each database, and consisted of "MERS-CoV" OR 

"Middle East respiratory syndrome coronavirus". The search was conducted again on 

24 August, 2017. At this time, bibliographies of review articles were searched for any 
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articles missed by the initial electronic search (12–14,18). Conference proceedings, and 

government and university websites in the Middle East were hand searched for citations 

on 11 September 2017. Two citations were added from searching conference 

proceedings. Although government and university websites in the Middle East were 

searched for reports and academic theses, no records were found. This could be due to 

language differences, as many of the websites were in Arabic and the search was 

conducted using online translation utilities. The World Organization for Animal Health 

(OIE) publishes reports of notifiable and reportable diseases that have been submitted 

by national governments. OIE reports of MERS-CoV were accessed through the Food 

and Agriculture Organization’s disease event database, EMPRES-i, on 11 September 

2017 (19). 

  Search results were downloaded to Mendeley for removal of duplicates and initial 

and full-text screening, and Excel was used for data extraction and summarization. One 

reviewer (EG) completed these steps. The full scoping review protocol can be found in 

the Technical Appendix. 

2.4 Results  

   1,368 unique citations were screened for relevance. Title and abstract screening 

removed 1,254 records, while full-text screening removed an additional 15 records, 

leaving 99 for full-text characterization. Figure 2.1 depicts the article identification and 

screening process following PRISMA reporting guidelines (20).  
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  The general characteristics of the studies included in the scoping review are 

listed in Table 2.1. All of the articles included in this review were in English. The majority 

of publications (71/99) were scientific journal articles, with 27 of these (38.0%) 

published in Emerging Infectious Diseases (EID). OIE reports of positive findings were 

the source for 26 publications included in this scoping review (26/99). Ninety of the 

included publications were field reports (e.g. observational studies, case reports), while 

9 were experimental (Table 2.1). The most common study design was cross-sectional 

(51 articles). Three articles described both cross-sectional and longitudinal studies. 

Other types of study designs included case reports, outbreak investigations, and field 

sampling for diagnostic test validation or phylogenetic analysis. Experimental studies 

consisted of challenge and vaccine experiments. Two of the seven challenge 

experiments included a component that examined transmission to susceptible hosts. 

Two of the three vaccine experiments conducted post-vaccination pathogen challenges 

(Table 2.1). 

  Saudi Arabia has the highest human MERS burden (21) and has conducted 

more observational studies in animals than any other country (Table 2.2). Ten 

publications included studies conducted in more than one country. Approximately two-

thirds of the studies completed sampling within a one-year period. Most of the multiple-

year studies included the use of archived serum samples to investigate historical animal 

exposure to MERS-CoV (as far back as 1983), and bat studies that collected samples 

seasonally over the course of multiple years (Table 2.2). Figure 2.2 presents a map of 
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countries included in this scoping review with the presence or absence of reported 

positive findings of either infection or exposure in animals. 

  Study sample sizes according to study type and species group were summarized 

(Table 2.3). Ruminant species sampled included sheep, goats and cattle. Camelids 

other than dromedaries were also included in the observational studies and included 

alpacas and llamas, as well as bactrian camels and guanacos (wild camelids sampled 

in a zoo). The other domestic animals sampled in observational studies were chickens, 

while mice and pigs fell under this category in experimental studies. Equids included 

horses, donkeys, and mules. One observational study sampled a species of baboon 

(Papio hamadryas hamadryas). The sample size was reported in all studies except two 

OIE reports, while calculations for sample size or power were provided in three of ninety 

observational  studies (data not shown). Experimental studies suggest that camelids, 

pigs, goats, and bats may act as hosts, although field studies have demonstrated 

natural infection through exposure only in dromedaries and a single flock of alpacas 

housed near exposed dromedaries in Saudi Arabia (Table 2.3). 

  In general, details about the dromedary camel populations being studied were 

reported more frequently than those of other species (Table 2.4). Age or age group of 

the animals was reported in 53% of the dromedary camel studies, although almost all of 

the publications that did not report age were OIE reports. The group size refers to 

whether the number of camels in the epidemiological unit being sampled was reported, 

such as herd size, the number of camels at a market, or the number of camels grouped 
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together awaiting slaughter (Table 2.4). Most field studies sampled animals at primary 

production sites such as ranches, pastoralist herds, or pleasure herds. Ten studies 

sampled multiple sites along the livestock production chain. 

  All experimental studies that involved livestock included in their methodology the 

testing of animals prior to challenge or vaccination. Two studies that used purpose-bred 

white mice did not report testing the animals for MERS-CoV prior to intervention. The 

duration of experimental studies ranged from 24 to 84 days after the first intervention 

(pathogen or vaccine inoculation), and six out of nine studies reported sampling 

subjects for greater than one month. One study used positive controls, while four 

studies used negative control subjects (none reported both types of controls). 

  Three studies examined animal vaccine candidates by experimental inoculation. 

The studies used MVA, ChAdOx1, and inactivated rabies virus vaccines, and all 

vaccines expressed full or partial MERS-CoV spike protein. One study was conducted 

on dromedaries, while the other two were conducted on mice (Table 2.1 & Table 2.3). 

All three administered the vaccine via intramuscular injection, while one additionally 

administered intranasally with the injection. Two of the studies gave a second booster 

vaccine after 28 days, while one study boosted after 7 and 21 days after the first 

immunization. 

  Many different outcomes were reported in the studies characterized here. 

However, this review categorized outcomes of interest for understanding pathogen 
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transmission and public health risk, and according to epidemiological inputs that would 

be useful for disease transmission modelling, and is by no means an exhaustive list 

(Table 2.5).  Outcome categories were defined a priori. Prevalence refers specifically to 

active infection, and was defined as any proportion of virus positive field samples over a 

denominator, usually the number of animals tested. Seroprevalence was similarly 

defined as a proportion of antibody positive field samples over a denominator. The 

immunity outcome was defined as any study that described or inferred dynamics of 

natural or vaccine immunity from collected data. A study was counted as measuring 

pathogen transmission from one animal to another if this was documented or inferred 

from the data, for example transmission to susceptible animals during an experimental 

study, or seroconversion during longitudinal studies. If studies described the duration of 

one or more stages of infection, such as exposure, shedding, or immunity, either as 

measured experimentally or estimated from repeated field measures, it was listed under 

the “duration” outcome (Table 2.5). 

  Study outcomes were measured using several different variables. Results of 

antigenic testing were reported as continuous measurements and/or dichotomous 

outcomes based upon a prespecified cutoff for positive and negative reactions (Table 

2.5). Numerous studies considered both dichotomous and quantified (continuous or 

categorical) test results. Almost all studies collected serum or blood and/or nasal swabs, 

generally corresponding to antibody or antigen outcome variables. Those studies that 

did not report collecting these samples were sampling bats non-invasively (Table 2.5). 
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One-fifth of the studies provided access to the raw data. 

2.5 Discussion 

The aim of this scoping review was to identify and characterize the literature that 

explored MERS-CoV in animal hosts. Field studies have provided compelling evidence 

that dromedary camels act as the reservoir host for MERS-CoV. Experimental evidence 

has confirmed the susceptibility of dromedary camels and provided key details 

regarding the course of infection in camelids (Table 2.3). A challenge and transmission 

study conducted on goats suggest they may act as dead-end hosts, however this has 

not been demonstrated in the field. One experimental study provided evidence that pigs 

may also act as a host for MERS-CoV (Table 2.3), however the production range of 

domestic pigs does not overlap with camelids and are unlikely to be a risk factor where 

the disease is currently endemic. Bats present a unique challenge in determining their 

role in the ecology of MERS-CoV. Although a study of Jamaican fruit bats (Artibeus 

jamaicensis) demonstrates the potential of this species as a host, field sampling of bats 

has found a single fragment of MERS-CoV RNA from a fecal sample of an Egyptian 

tomb bat (Taphozous perforatus) (Table 2.3). The immunology of bats presents a 

unique challenge in drawing conclusions regarding their role as a MERS-CoV host (22). 

While all known zoonotic transmission events have occurred in the Arabian Peninsula 

(21), dromedary camels are raised across Africa and South Asia, and it is evident that 

the virus is also circulating in dromedary camels across their production range in these 

regions (Figure 2.2). While no autochtonous human cases of MERS-CoV have been 
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reported from African countries, the endemnicity of the virus in dromedary camel 

populations presents on the one hand a public health risk, and on the other, an 

opportunity for better understanding reservoir dynamics. African countries are 

underrepresented in the published body of literature, with only one-fifth of the 

observational studies in this review conducted there. Likewise, only one study was 

published from the South Asia region (23), which has a large dromedary camel 

population. Camel raising varies between the Middle East and other regions, and further 

epidemiological research coupled with anthropological and value chain studies that 

reflect these differences would potentially enhance our understanding of the risks for 

zoonotic spillover and how they differ across the regions.  

Almost all the publications in this review provided a measure of prevalence, 

including seroprevalence and prevalence of infection. Study results suggested 

heterogeneity around these values, especially with respect to prevalence of infection, 

with point prevalence estimates ranging from zero to almost 90%. Nine studies provided 

variability estimates (e.g. confidence intervals) around at least one prevalence value, 

indicating additional post-hoc calculations would be required to assess precision of 

prevalence estimates. Two studies presented results of multivariable models, which can 

help explain apparent variability in prevalence by identifying risk factors for infection and 

other determinants of virus activity. Dromedary sampling strategy within studies was 

often not reported (n=30), reported as census sampling of a single group (e.g. case 

study, outbreak investigation) (n=30), or convenience (n=4), rather than random (n=2), 
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indicating that the majority of studies were not designed to be generalizable to a target 

population. An understanding of how MERS-CoV fluctuates within and between host 

populations cannot be extracted from these data. It is recommended that future 

research use existing evidence on MERS-CoV in animal populations to inform sample 

size calculations, sampling strategies, and research questions in order to improve on 

the strength of the evidence and address more sophisticated study objectives.  

Seroprevalence data can be useful for estimating transmissibility, with accuracy 

improved with detailed age data (24). Age is an important factor in dromedary 

transmission (12), and was reported in years or months in fifteen of the studies included 

in this review, while twenty-one studies provided age data as dichotomous or 

categorical variables. 

Studies thus far have generated a multitude of hypotheses around MERS-CoV 

prevalence and risk factors in animals, especially dromedaries. However, there is a lack 

of studies that test these hypotheses, and a sizeable gap in our knowledge of when and 

where infection rates differ, and which factors are important for infection in dromedaries. 

The question of camel immunity to MERS-CoV has important implications for 

public health risk, infection control, and disease prevention. The dynamics of immunity 

(e.g. duration of immunity) inform intervention strategies such as vaccination, as well as 

research questions such as the structure of disease transmission models. Longitudinal 

studies have been used to infer that natural infection in dromedaries confers either 
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waning or partial immunity to MERS-CoV (25–27). One experimental study 

demonstrated partial immunity following natural infection in alpacas (28). Longitudinal 

field studies may be capturing second infections or persistently infected camels with 

intermittent shedding. Examples of both exist among coronaviruses (29,30), and the 

duration of natural immunity, and if or how reinfection differs from first infection are 

important characteristics to know. Molecular epidemiologic analyses, longer-term field 

studies, or experimental studies may help to answer these questions.  

Vaccine studies included here have demonstrated short-term efficacy in reducing 

viral shedding, but further studies that examine long-term efficacy under field conditions 

are required. The unanswered questions surrounding natural and vaccine-induced 

immunity in dromedaries have important implications for the efficacy and planning of 

interventions targeted at animal hosts. 

  Experimental challenge and transmission studies provided key data regarding 

the time course of infection. Field studies have also provided valuable information, 

including evidence supporting the duration of pathogen shedding (31), and documenting 

transmission among dromedaries (32,33).  

  Although the upper respiratory tract is now understood to be the primary site of 

viral replication and shedding, it is important to understand the role of other potential 

routes of transmission for understanding risk. Therefore, the negative results of 

observational studies (2,31) are as important as the positive findings (32,34) as they 
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provide a more complete picture of possible routes of transmission. 

  This review has several limitations. It was conducted in English, which likely led to 

the omission of Arabic literature, introducing a language bias. Article screening and data 

extraction was conducted by one author which may have introduced reporting bias. 

This scoping review describes the general and epidemiologic characteristics of 

published primary studies of MERS-CoV in animal hosts. MERS-CoV is a newly 

discovered zoonotic disease, and there is a need to assess the evidence base so that 

future research strategically fills the knowledge gaps. Dromedary camels are the 

reservoir host for MERS-CoV; disease is mild and predominantly affects young animals. 

Improving our understanding of how the virus circulates in the reservoir population 

including dynamics of immunity, temporal and geographic variation, and key risk factors 

for infection would provide important insights to inform research and policy such as 

transmission modelling and disease prevention strategies with the ultimate goal of 

reducing this public health threat.  

  



 

 

 

 

 

 

69 

 

2.6 References 

1.  Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus ADME, Fouchier RAM. 

Isolation of a Novel Coronavirus from a Man with Pneumonia in Saudi Arabia. N 

Engl J Med [Internet]. 2012 Nov 8 [cited 2016 Aug 27];367(19):1814–20. Available 

from: http://www.nejm.org/doi/abs/10.1056/NEJMoa1211721 

2.  Azhar EI, El-Kafrawy SA, Farraj SA, Hassan AM, Al-Saeed MS, Hashem AM, et 

al. Evidence for Camel-to-Human Transmission of MERS Coronavirus. N Engl J 

Med [Internet]. 2014 [cited 2016 Jun 23];370(26):2499–505. Available from: 

http://www.nejm.org/doi/10.1056/NEJMoa1401505 

3.  Al-Hammadi ZM, Chu DKW, Eltahir YM, Al-Hosani F, Al-Mulla M, Tarnini W, et al. 

Asymptomatic MERS-CoV infection in humans possibly linked to infected 

dromedaries imported from Oman to United Arab Emirates, May 2015. Emerg 

Infect Dis [Internet]. 2015 Dec [cited 2017 Jan 30];21(12):2197–200. Available 

from: http://wwwnc.cdc.gov/eid/article/21/12/15-1132_article.htm 

4.  Farag EABA, Reusken CBEM, Haagmans BL, Mohran KA, Stalin Raj V, Pas SD, 

et al. High proportion of MERS-CoV shedding dromedaries at slaughterhouse with 

a potential epidemiological link to human cases, Qatar 2014. Infect Ecol 

Epidemiol [Internet]. 2015 [cited 2017 Jun 19];5:28305. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26183160 



 

 

 

 

 

 

70 

5.  Haagmans BL, Al Dhahiry SHS, Reusken CBEM, Raj VS, Galiano M, Myers R, et 

al. Middle East respiratory syndrome coronavirus in dromedary camels: an 

outbreak investigation. Lancet Infect Dis [Internet]. 2014 Feb [cited 2015 Nov 

27];14(2):140–5. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24355866 

6.  Hemida MG, Perera RA, Wang P, Alhammadi MA, Siu LY, Li M, et al. Middle East 

Respiratory Syndrome (MERS) coronavirus seroprevalence in domestic livestock 

in Saudi Arabia, 2010 to 2013. Euro Surveill [Internet]. 2013 Jan [cited 2015 Nov 

27];18(50):20659. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24342517 

7.  Reusken CBEM, Haagmans BL, Müller MA, Gutierrez C, Godeke G-J, Meyer B, 

et al. Middle East respiratory syndrome coronavirus neutralising serum antibodies 

in dromedary camels: a comparative serological study. LANCET Infect Dis 

[Internet]. 2013 Oct [cited 2015 Oct 5];13(10):859–66. Available from: 

http://www.sciencedirect.com/science/article/pii/S1473309913701646 

8.  Adney DR, van Doremalen N, Brown VR, Bushmaker T, Scott D, de Wit E, et al. 

Replication and shedding of MERS-CoV in upper respiratory tract of inoculated 

dromedary camels. Emerg Infect Dis [Internet]. 2014 Dec [cited 2015 Nov 

10];20(12):1999–2005. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4257817&tool=pmcentr

ez&rendertype=abstract 

9.  Meyer B, García-Bocanegra I, Wernery U, Wernery R, Sieberg A, Müller MA, et 



 

 

 

 

 

 

71 

al. Serologic assessment of possibility for MERS-CoV infection in equids. Emerg 

Infect Dis [Internet]. 2015 Jan [cited 2015 Dec 15];21(1):181–2. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4285277&tool=pmcentr

ez&rendertype=abstract 

10.  Alagaili AN, Briese T, Mishra N, Kapoor V, Sameroff SC, de Wit E, et al. Middle 

East Respiratory Syndrome Coronavirus Infection in Dromedary Camels in Saudi 

Arabia. MBio. 2014;5(2).  

11.  Wernery U, Lau SKP, Woo PCY. Middle East respiratory syndrome (MERS) 

coronavirus and dromedaries [Internet]. Vol. 220, Veterinary Journal. 2017 [cited 

2017 Aug 28]. p. 75–9. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S1090023317300059 

12.  Mackay IM, Arden KE. Middle East respiratory syndrome: An emerging 

coronavirus infection tracked by the crowd. Virus Res [Internet]. 2015 Apr 16 

[cited 2015 Oct 5];202:60–88. Available from: 

http://www.sciencedirect.com/science/article/pii/S0168170215000465 

13.  Mohd HA, Al-Tawfiq JA, Memish ZA. Middle East Respiratory Syndrome 

Coronavirus (MERS-CoV) origin and animal reservoir. Virol J [Internet]. 2016 Jun 

3 [cited 2016 Jun 13];13(1):87. Available from: 

http://virologyj.biomedcentral.com/articles/10.1186/s12985-016-0544-0 



 

 

 

 

 

 

72 

14.  Arabi YM, Balkhy HH, Hayden FG, Bouchama A, Luke T, Baillie JK, et al. Middle 

East Respiratory Syndrome. N Engl J Med [Internet]. 2017 Feb [cited 2017 Oct 

16];376(6):584–94. Available from: 

http://www.nejm.org.subzero.lib.uoguelph.ca/doi/pdf/10.1056/NEJMsr1408795 

15.  Levac D, Colquhoun H, O ’brien KK, O’Brien KK. Scoping studies: advancing the 

methodology. Implement Sci [Internet]. 2010 Sep 20 [cited 2017 Mar 31];5:69. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20854677 

16.  Pham MT, Rajić A, Greig JD, Sargeant JM, Papadopoulos A, Mcewen SA. A 

scoping review of scoping reviews: Advancing the approach and enhancing the 

consistency. Res Synth Methods. 2014;5(4):371–85.  

17.  Peters MDJ, Godfrey C, McInerney P, Baldini Soares C, Khalil H PD. Chapter 11: 

Scoping reviews. In: Aromataris E, Munn Z (Editors). Joanna Briggs Institute 

Reviewer’s Manual. [Internet]. The Joanna Briggs Institute; 2017 [cited 2018 May 

31]. Available from: https://reviewersmanual.joannabriggs.org/ 

18.  Hemida MG, Elmoslemany A, Al-Hizab F, Alnaeem A, Almathen F, Faye B, et al. 

Dromedary Camels and the Transmission of Middle East Respiratory Syndrome 

Coronavirus (MERS-CoV). Transbound Emerg Dis [Internet]. 2015;64(2):n/a-n/a. 

Available from: 

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=prem&NEWS=N&

AN=26256102 



 

 

 

 

 

 

73 

19.  Food and Agriculture Organization of the United Nations (FAO). EMPRESi - 

Global Animal Disease Information System [Internet]. EMPRESi. 2014 [cited 2017 

Sep 11]. Available from: http://empres-i.fao.org/eipws3g/ 

20.  Moher D, Liberati A, Tetzlaff J, Altman DG, Group TP. Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 

[Internet]. 2009 Jul 21 [cited 2017 Sep 28];6(7):e1000097. Available from: 

http://dx.plos.org/10.1371/journal.pmed.1000097 

21.  World Health Organization. WHO | Middle East respiratory syndrome coronavirus 

(MERS-CoV) [Internet]. WHO. World Health Organization; 2018 [cited 2017 Oct 

1]. Available from: http://www.who.int/emergencies/mers-cov/en/ 

22.  Brook CE, Dobson AP. Bats as “special” reservoirs for emerging zoonotic 

pathogens. Trends Microbiol [Internet]. 2015;23(3):172–80. Available from: 

http://dx.doi.org/10.1016/j.tim.2014.12.004 

23.  Saqib M, Sieberg A, Hussain MH, Mansoor MK, Zohaib A, Lattwein E, et al. 

Serologic Evidence for MERS-CoV Infection in Dromedary Camels, Punjab, 

Pakistan, 2012–2015. Emerg Infect Dis [Internet]. 2017 Mar [cited 2017 Feb 

17];23(3):550–1. Available from: http://wwwnc.cdc.gov/eid/article/23/3/16-

1285_article.htm 

24.  Keeling MJ, Rohani P. Modeling infectious diseases in humans and animals - 



 

 

 

 

 

 

74 

Matt J. Keeling, Pejman Rohani - Google Books. Princeton: Princeton University 

Press; 2008. 366 p.  

25.  Hemida MG, Chu DKW, Poon LLM, Perera RAPM, Alhammadi MA, Ng H, et al. 

MERS coronavirus in dromedary camel herd, Saudi Arabia. Emerg Infect Dis 

[Internet]. 2014 Jul [cited 2015 Nov 27];20(7):1231–4. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4073860&tool=pmcentr

ez&rendertype=abstract 

26.  Zohaib A, Saqib M, Athar MA, Chen J, Sial A-R, Khan S, et al. Countrywide 

Survey for MERS-Coronavirus Antibodies in Dromedaries and Humans in 

Pakistan. Virol Sin [Internet]. 2018 Oct 11 [cited 2018 Oct 23]; Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/30311100 

27.  Hemida MG, Chu DKW, Perera RAPM, Ko RLW, So RTY, Ng BCY, et al. 

Coronavirus infections in horses in Saudi Arabia and Oman. Transbound Emerg 

Dis [Internet]. 2017 Mar [cited 2017 Apr 25];00:1–11. Available from: 

http://doi.wiley.com/10.1111/tbed.12630 

28.  Adney DR, Bielefeldt-Ohmann H, Hartwig AE, Bowen RA. Infection, Replication, 

and Transmission of Middle East Respiratory Syndrome Coronavirus in Alpacas. 

Emerg Infect Dis [Internet]. 2016 Jun [cited 2018 Jun 14];22(6):1031–7. Available 

from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880070/pdf/16-0192.pdf 



 

 

 

 

 

 

75 

29.  Dowell SF, Ho MS. Seasonality of infectious diseases and severe acute 

respiratory syndrome–what we don’t know can hurt us. Lancet Infect Dis 

[Internet]. 2004 Nov 1 [cited 2017 Sep 18];4(11):704–8. Available from: 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S147330

9904011776 

30.  Isaacs D, Flowers D, Clarke JR, Valman HB, MacNaughton MR. Epidemiology of 

coronavirus respiratory infections. Arch Dis Child [Internet]. 1983 Jul 1 [cited 2017 

Nov 5];58(7):500–3. Available from: http://www.ncbi.nlm.nih.gov/pubmed/6307189 

31.  Al-Muhairi S, Al-Hosani F, Eltahir YM, Al-Mulla M, Yusof MF, Serhan WS, et al. 

Epidemiological investigation of Middle East respiratory syndrome coronavirus in 

dromedary camel farms linked with human infection in Abu Dhabi Emirate, United 

Arab Emirates. Virus Genes [Internet]. 2016 Dec 29 [cited 2016 Jul 2];52(6):848–

54. Available from: http://link.springer.com/10.1007/s11262-016-1367-1 

32.  Ali MA, Shehata MM, Gomaa MR, Kandeil A, El-Shesheny R, Kayed AS, et al. 

Systematic, active surveillance for Middle East respiratory syndrome coronavirus  

in camels in Egypt. Emerg Microbes Infect. 2017 Jan;6(1):e1.  

33.  Meyer B, Juhasz J, Barua R, Das Gupta A, Hakimuddin F, Corman VM, et al. 

Time Course of MERS-CoV Infection and Immunity in Dromedary Camels. Emerg 

Infect Dis [Internet]. 2016 Dec [cited 2018 Jun 14];22(12):2171–3. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5189137/pdf/16-0382.pdf 



 

 

 

 

 

 

76 

34.  Reusken CB, Farag EA, Jonges M, Godeke GJ, El-Sayed AM, Pas SD, et al. 

Middle East respiratory syndrome coronavirus (MERS-CoV) RNA and neutralising 

antibodies in milk collected according to local customs from dromedary camels, 

Qatar, April 2014. Euro Surveill [Internet]. 2014 Jan [cited 2015 Nov 27];19(23):1–

5. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24957745 

  



 

 

 

 

 

 

77 

 

2.7 Tables 

Table 2.1. General characteristics of included records, with the number and percent of 

overall publications. 

Characteristic N=99 % Technical appendix reference1 

Publication year:    
2012 0 0.0  
2013 11 11.1 1-11 
2014 27 27.3 11–29 
2015 17 17.2 30–46 
2016 26 26.3 11, 47–61 
2017 18 18.2 11, 62–74 

Publication type:    
Scientific journal 
article 71 71.7 1-10, 12-15, 17-26, 28-74 

Conference 
proceeding 2 2.0 16, 27 

OIE report 26 26.3 11 
Other (government 
reports, etc.) 0 0.0  

Study type:    
Observational 90 90.9  

Cross-sectional 51 51.5 
1-10, 12, 14-17, 20, 21, 23-27, 29-
36, 38-42, 44, 47, 51, 53, 56, 58, 

59, 63, 65-72 
Longitudinal 8 8.1 12, 22, 35, 37, 48, 61, 63, 73 
Outbreak 
investigation 28 28.3 11, 13, 52 

Other 6 6.1 18, 19, 43, 45, 46, 60 
Experimental 9 9.1  

Challenge only 5 5.1 28, 50, 54, 57, 64 
Challenge with 
transmission 2 2.0 55, 57 

Vaccine with 
challenge 2 2.0 49, 62 
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Vaccine without 
challenge 1 1.0 74 

Journal:    

Emerging Infectious 
Diseases 27 27.3 

1, 2, 5, 7, 15, 19, 20, 22-26, 28-30, 
35, 37, 38, 46, 47, 51, 53-55, 61, 

64, 68 
Eurosurveillance 10 10.1 3, 9, 10, 17, 21, 39, 44, 45, 69, 70 
Emerging Microbes & 
Infections 5 5.1 40, 43, 60, 63, 73 

Virus Genes 3 3.0 8, 31, 52 
EMPRES-i 26 26.3 11 

Other2 28 28.3 
4, 6, 12-14, 16, 18, 27, 32-34, 36, 
41, 42, 48-50, 56-59, 62, 65-67, 

71, 72, 74 
1 Each OIE MERS-CoV animal event entered in EMPRES-i was treated as a separate record in the 
review, but were included under one bibliographic entry, per FAO citation protocol. 
2 Other journals included Epidemiology and Infection; Infection Ecology and Epidemiology; Infection 
Genetics and Evolution; Japanese Journal of Infectious Diseases; Journal of Veterinary Medicine and 
Animal Health; Journal of Virology; MBIO; NEJM; One Health; PLOS One; Science China; Scientific 
Reports; American Journal of Tropical Medicine and Hygiene; The Lancet Infectious Diseases; 
Transboundary and Emerging Diseases; Vaccine; Vector-borne and Zoonotic Diseases; Virology Journal; 
Virus Genes; Science; Viruses. 

 
  



 

 

 

 

 

 

79 

 
Table 2.2 The number of observational studies conducted in each country, and the 

study duration for each observational study with the percent of overall observational 

studies. 

Characteristic 

Positive 
findings 
reported 
(antigen 
and/or 

antibody) 

N=90 % Technical appendix reference 

Country Sampled:     

Saudi Arabia Yes 25 27.78 7, 9, 11, 14, 18, 19, 22, 37, 45, 
48, 71, 73 

United Arab 
Emirates Yes 11 12.22 11, 12, 15, 30, 31, 35, 43, 46, 

52, 60, 61 
Qatar Yes 9 10.00 11, 13, 21, 25, 27, 36, 53 
Egypt Yes 7 7.78 3, 20, 29, 45, 47, 63, 70 
Jordan Yes 4 4.44 10, 11, 65 
Ethiopia Yes 3 3.33 26, 67, 69 
Kenya Yes 3 3.33 24, 41, 72 
Oman Yes 3 3.33 6, 11, 17 
Iran Yes 3 3.33 11 
Other2  42 46.67 

1, 2, 4-6, 8, 11, 12, 16, 23, 26, 
29, 30, 32-34, 38-40, 42, 44, 45, 

47, 51, 56, 58, 59, 66, 68, 69 

     Asia Yes3 15  
     Africa Yes4 11  
     Europe Yes5 5  
     Americas No 3  
Multiple 
countries  10 11.11  

Single country  80 88.89  
Study duration:     

< 1 year  61 67.78 
3, 10-14, 16-21, 23, 25, 31, 35, 

36, 38-42, 44, 46, 48, 51-53, 58, 
65-67, 69-73 

1-5 years  20 22.22 1, 2, 4, 5, 7-9, 22, 26, 33, 37, 
47, 56, 59-61, 63, 68 
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> 5 years  5 5.56 15, 24, 29, 34, 45 
Not reported  5 5.56 6, 27, 30, 32, 43 

1 Each OIE MERS-CoV animal event entered in EMPRES-i was treated as a separate record in the 
review, but were included under one bibliographic entry, per FAO citation protocol. 
2Other countries included Australia; China; Japan; Korea; Laos; Cambodia; Mongolia; Pakistan; 
Thailand; Kazakhstan; Taiwan; Lebanon; Kuwait; Burkina Faso; Morocco; Ghana; Madagascar; Mali; 
Nigeria; Tunisia; South Africa; Sudan; Somalia; Germany; Romania; Ukraine; Italy; Spain; Netherlands; 
Chile; Canada; USA 
3Other countries in Asia with positive findings in animals are Pakistan and Kuwait. 
4Other countries in Africa with positive findings in animals are Burkina Faso, Mali, Morocco, Nigeria, 
Somalia, Sudan, Tunisia. 
5Country in Europe with positive findings in animals is the Canary Islands. 
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Table 2.3. Characteristics of sample sizes by study type and animal category. 

Animal category 

No. of studies 
that reported 

positive antigen 
or antibody 

findings 
(observational) – 
or seroconversion 

(experimental) 

N 
studies 

Sample size 

Technical 
appendix 
reference1 Median Range 

Observational 

Dromedaries 67 70 82 3-7803 

3, 6, 9-15, 17-
22, 24-27, 29, 
31, 32, 35-37, 
39, 41-46, 48, 
51-53, 60, 61, 
63, 65-70, 72, 

73 

Bats 
1 (RNA segment 

isolated from 
feces) 

15 194 32-5030 

1, 2, 4, 5, 7, 8, 
16, 23, 33, 34, 
47, 56, 58, 59, 

70 
Ruminants 

1 (One sheep 
was seropositive) 10 89 3-276 

3, 6, 9, 10, 12, 
14, 52, 65, 66, 

70 

Cattle 
N=6 
Sheep 
N=9 
Goats 
N=5 

Other camelids 
1 (Alpacas 

housed near 
dromedaries in 
Saudi Arabia) 

6 65 6-200 6, 32, 38, 40, 
51, 55 

Bactrian n= 5 
Alpacas n=2 
Llamas, 
Guanacos 
n=1 

Equids 

0 3 19 3-889 12, 30, 70 Horses n=3 
Donkeys, 
mules = 2 



 

 

 

 

 

 

82 

Other domestic 
0 1 240 n/a 9 Chickens 

n=1 
Other wildlife 

0 1 50 n/a 71 Hamadryas 
baboons 

Experimental 
Other camelids 

3 3 8 3-9 54, 55, 64 Alpacas n=2 
Llamas n=1 

Other domestic 
3 3 15 14-24 62, 64, 74 Mice n=2 

Pigs n=1 
Ruminants 1 (seroconversion 

of inoculated kids 
but no 

transmission to 
their susceptible 

dams) 

2 12 10-14 57, 64 

Sheep n=2 

Goats n=1 

Dromedaries 2 2 6 3-8 28, 49 
Equids 0 2 6 4-8 57, 64 Horses n=2 

Bats 1 1 12 n/a 50 
1 Each OIE MERS-CoV animal event entered in EMPRES-i was treated as a separate record in the 
review, but were included under one bibliographic entry, per FAO citation protocol. 
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Table 2.4. Variables reported and sampling points of observational studies by 

dromedary camels and all other animals. 

 Drom.1 

N=72 % 
Technical 
appendix 
reference1 

Other 
species 
N=37 

% 
Technical 
appendix 
reference2 

Characteristics 
reported: 

      

age 38 52.78 

6, 9, 10, 12, 
14, 15, 18-22, 
24, 26, 27, 35-
37, 39, 41, 43, 
44, 46, 48, 51-
53, 60, 61, 63, 
65-70, 72, 73 

13 35.14 

1, 5, 8, 10, 
14, 30, 32, 
38, 51-53, 

65, 71 

sex 22 30.56 

10, 12, 15, 21, 
22, 24, 26, 32, 
39, 46, 51-53, 
60, 63, 66, 67-

70, 72, 73 

9 24.32 
1, 5, 8, 10, 
32, 51-53, 

71 

breed 1 1.39 29 2 5.41 10, 14 

Location 
(below 
country 
level) 

68 94.44 

3, 6, 9-15, 18-
22, 24-26, 29, 
31, 32, 35-37, 
39, 41-45, 48, 
51-53, 60, 63, 
65-70, 72, 73 

22 59.46 

1-10, 12, 
14, 16, 32-
34, 38, 40, 
51-53, 56, 
58, 59, 65, 

70, 71 

Group size 42 58.33 

11, 13, 18, 19, 
21, 22, 41-44, 
46, 51-53, 61, 

69, 72, 73 

5 13.51 32, 38, 51-
53 

Animal 
contact 
structure 
described 

13 18.06 

6, 18, 21, 22, 
24, 37, 41, 43, 
53, 61, 65, 69, 

73 

4 10.81 6, 53, 59, 71 

Sampling 
points: 

      

Primary 
production 51 70.83 6, 11, 13, 18, 

19, 21, 22, 24, 7 18.92 3, 38, 40, 
51-53, 65 
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(farms, 
herds, 
backyard) 

26, 29, 31, 35, 
41, 43, 48, 51-
53, 61, 63, 65, 
67, 69, 70, 72, 

73 

Abattoir 15 20.83 

3, 16, 20, 26, 
29, 31, 36, 37, 
42, 44, 45, 48, 

63, 69, 70 

1 2.70 3 

Live 
animal 
market 

4 5.56 37, 48, 63, 70 1 2.70 59 

Other3 8 11.11 31, 32, 37, 42, 
45, 46, 63, 70 11 29.73 

2, 4-7, 30, 
32, 33, 47, 

58, 71 

Multiple 
sampling 
points 

10 13.89 

 
26, 29, 31, 37, 
42, 45, 48, 63, 

69, 70 

1 2.70 59 

1Dromedaries 
2 Each OIE MERS-CoV animal event entered in EMPRES-i was treated as a separate record in the 
review, but were included under one bibliographic entry, per FAO citation protocol. 
3Other sampling points included wild habitat; zoo; border crossing and trade-related gathering point; 
hunting village; wild meat restaurant; veterinary hospital; quarantine. 
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Table 2.5. Frequency of outcome measures categorized according to relevance to 

transmission modelling, frequency of outcome variables, specimens collected, and 

whether raw data was provided. 

Characteristic N % Technical appendix reference1 

Outcome measures    
Observational 90   

Prevalence 69 69.70 
1, 2, 4, 5, 7, 8, 11, 13-21, 23 ,25, 27, 31-
38, 43, 44, 46-48, 52, 53, 56, 58, 59, 61, 
63, 65, 67, 69, 70, 73 

Seroprevalence 39 39.39 3, 6, 9, 10, 12-15, 18-21, 24, 26, 29, 30, 
32, 36, 38-46, 51, 53, 63, 65-73 

Immunity 5 5.05 22, 36, 61, 63, 73 
Transmission 5 5.05 22, 35, 61, 63, 73 
Duration 3 3.03 35, 52, 61 
Clinical signs 
reported 2 2.02 18, 22 

Experimental 9   
Immunity 5 5.05 49, 50, 55, 62, 74 
Transmission 2 2.02 57, 55 
Duration 7 7.07 28, 49, 50, 54, 55, 57, 64 
Clinical signs 
reported 6 6.06 28, 49, 50, 55, 57, 64 

Outcome variables 99   
Antibodies – 
quantified 29 29.29 3, 6, 12, 13, 15, 18-22, 24, 29, 36, 42, 45, 

46, 49, 50, 53-55, 57, 61-64, 66, 73, 74 

Antibodies – 
dichotomous 31 31.31 

3, 6, 9, 10, 14, 15, 20, 21, 24, 26, 28, 30, 
32, 35, 36, 38-41, 43, 44, 50, 51, 65, 67-
73 

Antigen – 
quantified 17 17.18 17-19, 25, 27, 28, 36, 48, 49, 53-55, 57, 

61, 62, 64, 73 

Antigen – 
dichotomous 67 67.68 

1, 2, 4, 5, 7, 8, 11, 13-17, 20-23, 27, 31-
38, 40, 43, 44, 46, 47, 52, 53, 56, 58, 59, 
61, 63, 65, 67, 69, 70, 73 

Infectious virus – 
all measures 14 14.14 18, 25, 28, 35, 43, 48-50, 54, 55, 57, 61, 

62, 64 
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Specimen    

Serum/blood 50 50.51 
3, 6, 9, 10, 12-15, 18-22, 24, 26, 28-30, 
32, 35, 36, 38-47, 49, 50, 51, 53-55, 57, 
61-74 

Nasal swab 36 36.36 
13, 14, 17-22, 25, 27, 28, 31, 32, 35-38, 
40, 43, 44, 46, 48, 49, 52, 53-55, 57, 60, 
61, 63-65, 67, 69, 70, 73 

Feces 13 13.13 1, 2, 4, 5, 7, 15, 16, 27, 28, 32, 34, 58, 59 

Rectal swabs 23 23.23 7, 8, 13, 14, 18, 21-23, 27, 33, 34, 36, 47, 
49, 50, 52-54, 56, 59, 63, 64, 73 

Urine 3 3.03 18, 28, 63 
Milk 4 4.04 18, 21, 52, 63 
Oropharyngeal 11 11.11 22, 27, 28, 33, 47, 50, 53, 54, 56, 59, 70 

Other 19 19.19 4, 17, 18, 22, 27, 28, 37, 43, 47, 49, 50, 
52, 54, 55, 57, 59, 62, 64, 74 

Raw data provided 20 20.20 3, 12-14, 18, 19, 21, 22, 28, 32, 41, 42, 
46, 49, 50, 53-55, 65, 73 

1 Each OIE MERS-CoV animal event entered in EMPRES-i was treated as a separate record in the 
review, but were included under one bibliographic entry, per FAO citation protocol. 
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2.8 Figures 

 

Figure 2.1. PRISMA chart of the flow of search results through the scoping review. 
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Figure 2.2. Countries with reported MERS-CoV exposure or infection in animals, based 

on publications included in this scoping review. Countries with light shading indicate 

where samples were collected, but none tested positive to MERS-CoV. Countries with 

dark shading indicate where samples collected from animals in at least one study tested 

positive to MERS-CoV either by antigenic or antibody testing.  
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 CHAPTER THREE 

 A case-crossover analysis of the impact of weather on 

primary cases of Middle East respiratory syndrome 

Published in BMC Infectious Diseases (2019) 19:1 

  

3.1 Abstract 

 Middle East respiratory syndrome coronavirus (MERS-CoV) is endemic in 

dromedary camels in the Arabian Peninsula, and zoonotic transmission to people is a 

sporadic event. In the absence of epidemiological data on the reservoir species, 

patterns of zoonotic transmission have largely been approximated from primary human 

cases. This study aimed to identify meteorological factors that may increase the risk of 

primary MERS infections in humans. A case-crossover design was used to identify 

associations between primary MERS cases and preceding weather conditions within the 

2-week incubation period in Saudi Arabia using univariable conditional logistic 

regression. Cases with symptom onset between January 2015 – December 2017 were 

obtained from a publicly available line list of human MERS cases maintained by the 

World Health Organization. The complete case dataset (N =1191) was reduced to 

approximate the cases most likely to represent spillover transmission from camels (N = 

446). Data from meteorological stations closest to the largest city in each province were 

used to calculate the daily mean, minimum, and maximum temperature (ºC), relative 
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humidity (%), wind speed (m/s), and visibility (m). Weather variables were categorized 

according to strata; temperature and humidity into tertiles, and visibility and wind speed 

into halves. Lowest temperature (Odds Ratio = 1.27; 95% Confidence Interval = 1.04-

1.56) and humidity (OR = 1.35; 95% CI = 1.10-1.65) were associated with increased 

cases 8-10 days later. High visibility was associated with an increased number of cases 

7 days later (OR = 1.26; 95% CI = 1.01- 1.57), while wind speed also showed 

statistically significant associations with cases 5-6 days later. Results suggest that 

primary MERS human cases in Saudi Arabia are more likely to occur when conditions 

are relatively cold and dry. This is similar to seasonal patterns that have been described 

for other respiratory diseases in temperate climates.  It was hypothesized that low 

visibility would be positively associated with primary cases of MERS, however the 

opposite relationship was seen. This may reflect behavioural changes in different 

weather conditions. This analysis provides key initial evidence of an environmental 

component contributing to the development of primary MERS-CoV infections. 

 

3.2 Background 

Middle East respiratory syndrome coronavirus (MERS-CoV) is an emerging 

zoonotic agent that was first isolated in 2012 from a patient hospitalized in Saudi Arabia 

(1), and has since infected over 2200 people with a 36% case fatality ratio (2). After an 

incubation period of 2-14 days (3), the virus causes a disease (Middle East respiratory 

syndrome, or MERS) characterized by fever, cough, and shortness of breath, which 
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commonly leads to pneumonia and respiratory failure (4). The virus circulates silently in 

dromedary camels, the only known reservoir species and zoonotic source of spillover to 

humans (5). However, not all primary human cases have documented exposure to 

dromedaries or their products, such as milk and meat. Although human-to-human 

community-acquired infections have not been documented, there is evidence that 

asymptomatic infections of MERS-CoV exist and could be a source of community 

transmission (6). Zoonotic spillover from dromedary camels to humans has been 

documented in the Arabian Peninsula (7). Subsequent secondary cases can occur after 

unprotected contact with family members and within healthcare facilities once the 

primary case seeks medical assistance (8). While the sizes of MERS-CoV outbreaks 

have decreased thanks to improved infection control in healthcare settings in affected 

countries, cases continue to be reported regularly, especially in Saudi Arabia, where 

surveillance is strong (9). In order to further reduce cases and prevent human 

outbreaks, a better understanding of zoonotic transmission of MERS-CoV is needed. A 

deeper understanding of the epidemiology of primary human cases can inform 

evidence-based interventions at the level of the community at the animal-human 

interface. 

 Zoonotic modes of MERS-CoV transmission have not yet been definitively 

determined. MERS-CoV in dromedary camels causes a mild upper respiratory infection 

with no documented viremia (10), and therefore droplet or aerosol transmission by close 

camel contact is most likely. However, transmission through contaminated milk, meat, 
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and urine is possible, although the contribution of camel products cannot currently be 

estimated due to a lack of scientific evidence. 

The effects of weather and environmental conditions on respiratory diseases with 

similar modes of transmission (direct contact or droplet), such as influenza and 

respiratory syncytial virus, have been documented. Temperature and humidity are 

associated with transmissibility of influenza virus (11), and the seasonality of both 

influenza and respiratory syncytial virus is linked to these two factors (12).  Air quality is 

also associated with respiratory infections. Air pollution has been linked to pneumonia 

and acute lower respiratory infections (13,14), while dust storms are associated with 

infectious respiratory disease by acting both as a carrier of pathogens and increasing 

airway susceptibility to infection (15). The risk of acquiring primary MERS may be 

influenced by changes in weather conditions in two ways. First, weather conditions may 

affect the viability and persistence of the virus in the environment and therefore its 

transmissibility (11,16). Secondly, weather influences behaviour, and it is plausible that 

the likelihood of people contacting camels depends on environmental conditions. 

Seasonal or meteorological patterns of primary MERS-CoV infections have yet to be 

explored.  

This study examined whether meteorological conditions were associated with the 

development of known primary MERS-CoV infections using a case-crossover study 

design. Case-crossover studies are designed so that exposures during a period of 

interest before a case are compared to exposures during control periods before or after 
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the case.  In this regard, case-crossover studies answer the question “why now?” as 

opposed to “why these subjects?” (17). The design is well suited for rare diseases with 

short incubation periods such as MERS-CoV. The effect period, that is, the period of 

time after the proposed “trigger”, typically has a degree of uncertainty (17), leading to 

exposure windows with intervals of biological relevance to the outcome of interest. For 

infectious diseases, this would equate to the incubation period (18). Furthermore, with 

appropriate selection of referent windows, the case-crossover design controls for 

confounding effects of temporal fluctuations such as climatic and livestock-associated 

seasons (e.g. the dromedary breeding cycle) (19). By comparing weather conditions 

immediately before MERS cases to weather conditions at other times, this study aimed 

to identify environmental factors that are associated with primary human MERS in Saudi 

Arabia. 

3.3 Methods 

3.3.1 Case data 

 The World Health Organization (WHO) maintains a list of all human laboratory 

confirmed cases of MERS-CoV. Publicly available case data from January 2015 - 

December 2017 were obtained. Case data prior to 2015 were excluded due to a lack of 

standardized data collection prior to 2015 (20). 

 A MERS case was defined throughout the study period as “A person with 

laboratory confirmation of MERS-CoV infection irrespective of clinical signs and 

symptoms” (21). Of the 1191 confirmed cases with onset dates between January 2015 
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– December 2017, 298 cases were removed where exposure to camels and camel 

products were known not to have occurred. Geographically, cases were restricted to 

those reported from Saudi Arabia, where the province of exposure was provided (n = 

651). Cases that were likely primary cases were retained by excluding healthcare 

workers and cases with documented contact with known MERS cases (n = 128). Cases 

were further removed where symptom onset date was after hospitalization date (n = 44).  

Of the remaining cases (n = 479), 10 (2.1%) had missing symptom onset dates. To 

retain these ten cases, the median time between symptom onset date and lab 

confirmation date was calculated (6 days) and subtracted from the lab confirmation date 

to obtain an estimate of the symptom onset date. Visual inspection of the timeline of 

retained cases identified a spike from Riyadh province around August 2015, which 

corresponds to a documented MERS-CoV outbreak in the city of Riyadh from July-

September 2015. Data from a published report of the outbreak contained weekly counts 

of primary and secondary cases (22). These weekly counts were compared with the 

case list for this analysis and thirty-two secondary cases associated with the Riyadh 

outbreak were removed. The final number of retained cases fitting the primary case 

definition was 446 (Figure 3.1). For the purposes of the descriptive results, age groups 

were chosen for ease of reading while still providing a visualization of the distribution, 

and according to age categories provided by the Statistical Yearbook of the General 

Authority for Statistics of the Kingdom of Saudi Arabia, which was used for 

standardization. 
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3.3.2  Meteorological data 

 Meteorological stations closest to the largest city in each province were identified 

by a numeric identifier and location using Google Earth (23) (Figure 3.2). Meteorological 

data were obtained from the NOAA global hourly index (24). The daily mean, minimum, 

and maximum temperature, wind speed, and visibility were calculated. Relative humidity 

was calculated using temperature and dew point data (25).  

3.3.3  Case-crossover analysis 

 A case-crossover design was used to explore the associations between primary 

MERS cases and preceding meteorological conditions (17,26). Each case’s exposure 

status on individual days before disease onset (the exposure window) was compared to 

the exposure status on different days during a control period. Under the assumption that 

weather effects on virus transmission were immediate, the exposure window, that is, the 

time lag between weather events and disease onset, was set to be equal to the MERS 

incubation period of 2 – 14 days (3). Univariable conditional logistic regression was 

used to assess statistical associations between cases and weather variables on each 

day within the case and control exposure windows. Associations with p < 0.05 were 

considered statistically significant. A time-stratified design was used, with a 28-day 

strata length with random bi-directional controls matched by day of the week. Using a 

28-day time window provides at least three control days for each case exposure day 

while minimizing bias introduced from seasonal changes (27). Temperature and 

humidity variables were categorized into tertiles calculated within each time stratum. 
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Wind speed and horizontal ground visibility were categorized into two groups within 

each stratum with the median as cutoff. Therefore, there is no single threshold for each 

weather variable, but rather “low”, “medium” and “high” are determined according to the 

measurements in each stratum. Statistical analyses were conducted using STATA 15.0 

(STATA Corporation, College Station, TX). 

3.4 Results  

3.4.1  Descriptive results 

  Four hundred and forty-six cases of MERS-CoV in Saudi Arabia with symptom 

onset dates between January 2015 – December 2017 were included in our analysis. 

Table 3.1 presents the case counts as well as crude and age- and sex- standardized 

rates by province, sex, and age group. All 13 provinces in Saudi Arabia reported cases 

during this 3-year period. Riyadh province had the highest count of reported cases with 

185 cases (42%), although Qasseem had the highest cumulative incidence (3.8 cases 

per 100,000 people), followed by Riyadh (2.54 cases per 100,000 people). The median 

age of cases was 58 years (range, 15-98), and 79% of cases were male. Age and sex 

proportions are similar to figures reported for primary cases in previously published 

literature (28). Figure 3.3 presents the case count by month from 2015-2017 for the 

entire country. Cases were reported in every month of the year, although no clear 

seasonality is apparent. 
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3.4.2  Analytical results 

 Temperature and humidity conditions were associated with case occurrence 8-11 

days later. The odds of a MERS case 9 days after low minimum temperatures was 1.29 

(95% Confidence Interval [CI], 1.06-1.58) higher than after control days, while low mean 

daily temperature was similarly associated with cases at 9 (OR, 1.25; 95% CI, 1.02-

1.54) and 10 day lags (OR, 1.27; 95% CI, 1.04-1.56) (Figure 3.4). Conversely, high 

minimum, maximum, and mean temperatures were protective at similar lag days. For 

example, the odds ratios of MERS cases for the high mean daily temperature was 0.77 

(95% CI, 0.61-0.96) with a 9-day lag, and 0.73 (95% CI, 0.58-0.92) with a 10-day lag. 

 Humidity followed a similar pattern to temperature. When maximum daily humidity 

was low 8 days earlier, the odds ratio for a MERS cases was 1.35 (95% CI, 1.10-1.65). 

High humidity was associated with fewer cases across all three daily measurements 

(Figure 3.5). For example, the odds ratios of cases for high maximum daily humidity 

was 0.68 (95% CI, 0.53-0.86) and 0.75 (95% CI, 0.60-0.95) at 9- and 10-day lags, 

respectively. 

 High visibility was positively associated with occurrence of a MERS case 7 days 

later, whereas low visibility demonstrated protective effects for risk of MERS (Figure 

3.6). The odds of a MERS case 7 days after both minimum and mean daily visibility 

were high was 1.27 and 1.26 times higher than after control days (95% CI, 1.01-1.60 

and 1.01-1.57). Conversely, when minimum and mean visibility were low, the odds 

ratios of MERS cases was 0.79 (95% CI, 0.63-0.995) and 0.80 (95% CI, 0.64-0.998).  
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 Wind speed results were conflicting, with low minimum daily wind speed and high 

maximum wind speed both positively associated with cases at similar time lags (Figure 

3.6). The odds of a MERS case was 1.40 times higher 6 days after low minimum wind 

speed (95% CI, 1.05-1.87), while the odds ratio of cases for when minimum wind speed 

was relatively high was 0.72 (95% CI, 0.54-0.96). Conversely, the odds of a case when 

maximum wind speed was relatively high was 1.23 (95% CI, 1.003-1.50) (not shown in 

figure). 

3.5 Discussion  

 MERS is a global public health threat that causes severe respiratory disease with 

a high case fatality ratio, identified by WHO as a priority pathogen for research and 

development in public health emergency contexts (29). It is primarily characterized by 

healthcare-associated outbreaks triggered by index cases who acquire infection from 

dromedary camels and possibly from unidentified asymptomatic human carriers. 

Improving our understanding of the epidemiology and risks of primary cases of MERS is 

vital for designing effective interventions that aim to reduce these index cases and 

prevent subsequent outbreaks in humans. The list of cases maintained by the WHO 

was restricted to a subset of primary cases based on explicit inclusion and exclusion 

criteria and was used to analyze the effect of weather on case occurrence using a case-

crossover design. All four weather variables demonstrated statistically significant 

correlations within the incubation period for MERS in humans. The statistically 

significant time lags for each variable do not match up perfectly, which is to be expected 
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and could be due to a number of reasons including natural variability in incubation 

periods, variable impact of weather on transmission, the interaction of unmeasured 

cofactors on weather variables as well the direct effect of unmeasured factors on 

transmission, and stochasticity in general. 

 Acute weather events as well as general seasonal patterns may affect disease 

transmission rates by altering pathogen viability and persistence in the environment as 

well as by influencing human behaviour and contact patterns. This study found that 

MERS-CoV, although a zoonotic disease, follows similar environmental transmission 

patterns to other non-zoonotic respiratory diseases with analogous modes of 

transmission such as influenza and respiratory syncytial virus. Tamerius et al. (30) have 

shown that global trends of influenza broadly follow either a “cold-dry” or “humid-rainy” 

pattern, corresponding to temperate and tropical climates. Additionally, temperate 

climates tend to have a single annual peak and tropical climates have semi-annual 

peaks. They further demonstrate that for countries with an annual influenza peak such 

as Saudi Arabia, temperature and humidity can be predictive of those peaks, even at 

latitudes close to the equator. Respiratory syncytial virus also follows similar 

environmental conditions, with peak timing in the Arabian Peninsula from December to 

February, following the distribution of cases in the temperate northern hemisphere (12). 

The influence of weather is further supported by experimental evidence, which has 

demonstrated that lower temperatures and lower relative humidity each favour influenza 

transmission (11). Furthermore, coronaviruses have been shown to exhibit strong 
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seasonal variation in natural hosts, and the theory that these fluctuations may increase 

risk of zoonotic transmission at certain times of the year has been discussed (16). The 

results here demonstrate that colder, drier conditions may increase the risk of zoonotic 

transmission of MERS from dromedaries to humans. 

 Sandstorms, dust storms, and air pollution in Saudi Arabia and elsewhere have 

been associated with increased morbidity and mortality, including from respiratory 

disease (31,32). A case-crossover study in the United States demonstrated the short-

term effects of air pollution on acute lower respiratory infections (14), while another 

study demonstrated increased numbers of pneumonia admissions following acute dust 

storm events in Taiwan (33). Dust storms can act as a pathogen carrier and also induce 

inflammatory reactions, potentially increasing both exposure and susceptibility to 

disease agents (15). Horizontal ground visibility and wind speed were used as proxies 

for the occurrence of sandstorms and acute air pollution events. Visibility can be 

reduced to 5,000 meters for an average of 3.5 hours during a sandstorm (34). 

Summarizing the weather data used in this study, the mean daily visibility by province 

ranged from 82 meters to over 10,000 meters, although the median value was over 

9,000 meters in all but one province. The distribution of visibility indicates that anything 

less than full clarity was categorized as low visibility, and that according to the 

measurements in (34), could indicate the presence of a sandstorm. It was hypothesized 

that primary MERS infections are more likely to increase following sandstorms or other 

severe events of air pollution that affect visibility. However, results indicate that the risk 
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of primary MERS infection increased following high visibility days, and decreased 

following low visibility days. This may be due to behaviour, if people are more likely to 

stay inside during acute weather events, and less likely to engage in activities such as 

interacting with camels. It was further hypothesized that higher wind speeds would be 

associated with more cases of MERS. While a positive association was found between 

cases and high maximum wind speeds 5 days prior, there were also similar results to 

those of visibility. Low minimum wind speed was positively correlated with cases, and 

conversely, when minimum wind speed was relatively high there were statistically fewer 

cases of MERS. Results suggest that further investigation of wind speed as a factor for 

primary MERS is warranted. 

 There are several limitations and potential sources of bias in this study. The major 

cities in Saudi Arabia are severely polluted and exceed WHO guidelines, as measured 

by particulate matter (PM) (35,36). Sand and dust storms as well as other sources of air 

pollution such as industrial activities, fuel combustion, and traffic emissions contribute to 

elevated levels of PM in the country (35), all of which contribute to reduced visibility 

(37–39). This study did not differentiate between sandstorms and other acute events 

that reduce visibility, and discerning between different forms of air pollution may provide 

insights about the risk of MERS-CoV transmission under different environmental 

conditions. 

 Fifty-two cases (12.3%) in the subset of primary cases had no known exposure 

history (no information on camel exposure, contact with a known case, nor healthcare 
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worker status). The subset of primary cases investigated likely also include secondary 

cases, and is a source of selection bias. Furthermore, given that MERS is an emerging 

disease, case reporting and data collection standardization may have improved over the 

3-year period included here. 

 Geographical case data were available only at the provincial level, while exposure 

data from the weather station closest to the largest metropolitan city in each province 

were used. While camel raising in the Middle East is moving from extensive to intensive 

production systems and concentrating around cities (40), human spillover cases would 

be scattered throughout the provinces to an unknown degree. Therefore, if 

environmental conditions differ significantly within a province, this could be a source of 

misclassification bias.  

3.6 Conclusions  

 The risk of primary human cases of MERS was associated with a decrease in 

temperature and humidity, and an increase in ground visibility. The temperature and 

humidity findings are consistent with associations between the environment and other 

respiratory diseases. Further study of weather and seasonal risk factors may strengthen 

the evidence for an environmental component of MERS-CoV transmission. A better 

understanding of virus viability in different environmental conditions is also a key 

research need. Evidence of environmental risk factors for MERS could be utilized by 

public or One Health practitioners for targeted interventions during higher-risk periods. 

The risk of MERS acquired from zoonotic transmission, or from asymptomatic carriers in 
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the community, appears to be sensitive to weather conditions, providing key initial 

evidence of an environmental component for the development of primary MERS-CoV 

infections. 
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3.8 Tables  

Table 3.1. Cumulative case counts and rates of MERS in Saudi Arabia from 2015-2017. 

Population Cases (%) Cases per 100k 
Crude 

Cases per 100k 
adjusteda 

Province    
Asir 
Baha 
Eastern 
Hail 
Jawf 
Jizan 
Madinah 
Makkah 
Najran 
Northern 
Qasseem 
Riyadh 
Tabuk 

20 (4.4) 
4 (0.9) 

53 (11.9) 
17 (3.8) 
3 (0.7) 
2 (0.4) 

23 (5.1) 
54 (12.1) 
24 (5.4) 
2 (0.4) 

52 (11.7) 
185 (41.5) 

7 (1.6) 

0.93 
0.86 
1.16 
2.50 
0.82 
0.13 
1.13 
0.68 
4.42 
0.56 
3.80 
2.43 
0.90 

0.90 
0.69 
1.24 
2.39 
0.89 
0.14 
1.02 
0.66 
4.66 
0.58 
3.80 
2.54 
1.00 

TOTAL 446 (100) 1.46 1.46 
Age    

<20 
> 20 < 65 
> 65 

Sex 

2 (0.4) 
289 (64.8) 
155 (34.8) 

0.02 
1.47 

17.27 

0.02 
1.43 

17.27 

Male 
Female 

352 (78.9) 
94 (21.1) 

2.05 
0.70 

1.99 
0.72 

aAge and sex adjusted rates were calculated using data from the 2015 Statistical 
Yearbook of the General Authority for Statistics of the Kingdom of Saudi Arabia. 
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3.9 Figures  

 

Figure 3.1. Flowchart of case inclusion/exclusion process to arrive at a subset of 

primary MERS cases. *HCW = healthcare worker. 
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Figure 3.2. Map of Saudi Arabia with the largest city in each province by population 

(closed circle), and nearest weather station (open circle). The map was created using 

TableauÓ Desktop 10.5 using built-in base maps. 
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Figure 3.3. The distribution of 446 primary MERS-CoV cases in Saudi Arabia, 2015-

2017 by month and year of symptom onset. 
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Figure 3.4. Daily mean and minimum temperature and risk of primary MERS by 

province in Saudi Arabia. Odds ratio (solid line) and 95% confidence limits (dashed 

lines) are plotted on the Y-axis, while time lags preceding case occurrence are plotted 

on the x-axis. The odds of primary MERS is increased with low temperature at 9 and 10 

day lags (A &B), while the odds of primary MERS are decreased with high temperatures 

at 10 and 11 day lags (C & D). Asterisks indicate statistically significant odds ratios on 

corresponding days. 
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Figure 3.5. Daily humidity variables and risk of primary MERS by province in Saudi 

Arabia. Odds ratio (solid line) and 95% confidence limits (dashed lines) are plotted on 

the Y-axis, while time lags preceding case occurrence are plotted on the x-axis. The 

odds of primary MERS is increased 8 days after relatively low humidity (A), while the 

odds of primary MERS are decreased with higher humidity at 8-10 day lags (B-D). 

Asterisks indicate statistically significant odds ratios on corresponding days. 
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Figure 3.6. Daily visibility and wind speed variables and risk of primary MERS by 

province in Saudi Arabia. Odds ratio (solid line) and 95% confidence limits (dashed 

lines) are plotted on the Y-axis, while time lags preceding case occurrence are plotted 

on the x-axis. The odds of primary MERS is increased with high visibility and decreased 

with low visibility after 7 days (A & C), while the odds of primary MERS are increased 

with low wind speed and decreased when wind speed is high at 6-day lags (B & D). 

When maximum wind speed was high, the odds of a MERS case were increased with a 
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5-day lag (not shown). Asterisks indicate statistically significant odds ratios on 

corresponding days. 
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 CHAPTER FOUR 

 Force of infection of Middle East respiratory syndrome in 

dromedary camels in Kenya  

 Published in Epidemiology and Infection (2019) 147, e275, 1–6  

  

4.1  Abstract  

Middle East respiratory syndrome coronavirus (MERS-CoV) is a zoonotic disease 

transmitted from dromedary camels to people, which can result in outbreaks with 

human-to-human transmission. Because it is a subclinical infection in camels, 

epidemiological measures other than prevalence are challenging to assess. This study 

estimated the force of infection (FOI) of MERS-CoV in camel populations from age-

stratified serological data. A cross-sectional study of MERS-CoV was conducted in 

Kenya from July 2016 to July 2017. Seroprevalence was stratified into four age groups; 

<1 year old, 1-2 years, 2-3 years, and >3 years old. Age-independent, and age-

dependent linear and quadratic generalized linear models were used to estimate FOI in 

pastoral and ranching camel herds. Models were compared based on computed AIC 

values.  Among pastoral herds, the age-dependent quadratic FOI was the best fit 

model, while the age-independent FOI was the best fit for the ranching herd data. FOI 

provides an indirect estimate of infection risk, which is especially valuable where direct 
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estimates of incidence and other measures of infection are challenging to obtain. The 

FOIs estimated in this study provide important insight about MERS-CoV dynamics in the 

reservoir species, and contribute to our understanding of the zoonotic risks of this 

important public health threat. 

4.2 Introduction  

 Middle East respiratory syndrome coronavirus (MERS-CoV) is an emerging 

zoonotic infection that spills over from the dromedary camel reservoir to humans. It was 

first reported in 2012, and causes severe respiratory disease in humans with a case 

fatality rate of approximately 35% (1). The virus is endemic in dromedary camels across 

the Middle East, Africa, and parts of South Asia (2). However, zoonotic transmission 

from camels to humans has been reported only in the Middle East (3). Differences in 

human-animal contact patterns, camel husbandry and production, and viral genetics 

have all been proposed as possible reasons for the apparent disparity in regional 

zoonotic risk (3). Little is known about MERS-CoV dynamics within the dromedary 

camel reservoir, and what impact these dynamics might have on the risk of zoonotic 

transmission.  

Although seroprevalence is high in many dromedary populations, point prevalence of 

infection appears to be variable (4–8), which makes assessing zoonotic risk 

challenging. MERS-CoV incidence, an important measure of infection dynamics and 

transmission risk, is difficult to estimate in dromedary camels because the infection is 

often subclinical or very mild and thus easy to miss (9). Previous studies have 



 

 

 

 

 

 

124 

suggested that suckling and recently weaned calves have the highest incidence, shed 

more virus, and are the drivers of MERS-CoV circulation among dromedaries. As a 

result, these animals are presumably a higher risk source for zoonotic transmission, 

whether through direct contact or indirectly through localized transfer to the dam’s milk 

and subsequent consumption of contaminated raw camel milk (10,11). These 

conclusions are drawn primarily from a small number of longitudinal studies (6,12) and 

age-stratified prevalence data, where the trend points towards low seroprevalence and 

higher prevalence of active infection in calves as compared to older age groups (6,13). 

The force of infection (FOI) is defined as “the rate at which susceptible individuals 

become infected per unit time”, or the probability that a susceptible individual will 

become infected per unit time, and depends on the number of infectious individuals in a 

population and their contact rate with susceptible individuals (14). FOI can be estimated 

from disease prevalence data (15), and the product of FOI and the number of 

susceptible individuals will yield estimated incidence (16). Previous studies on other 

pathogens have used prevalence data to estimate FOI and derive incidence in a 

population of interest (17), and FOI has been used as a metric for comparison of 

disease burden spatially and temporally (18) (19). To our knowledge, this is the first 

study to investigate FOI for MERS-CoV in dromedary camels. FOI can also be used to 

estimate the reproductive number of the pathogen in a population (the average number 

of secondary infections resulting from the introduction of an infectious individual into a 
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completely susceptible population) (20,21), and as a parameter in disease transmission 

models (22). 

Improving our understanding of MERS-CoV dynamics in camels raised outside of 

the Middle East will contribute towards a greater understanding of the virus in the 

reservoir host, and may provide points of comparison for viral dynamics in camels in the 

Middle East where zoonotic transmission is ongoing. Age-stratified seroprevalence data 

were collected from dromedary camels in five provinces in Kenya. The objective of this 

study was to estimate the force of infection among dromedary camels raised in pastoral 

and ranching production systems in Kenya. 

4.3  Methods  

4.3.1 Cross-sectional survey 

 Age-stratified seroprevalence data were collected as part of a cross-sectional 

survey of MERS-CoV in dromedary camels in Kenya, conducted by the Directorate of 

Veterinary Services of Kenya and the Food and Agricultural Organization of the United 

Nations between July 2016 and July 2017. The study area consisted of the five main 

camel-producing counties in Kenya, as determined previously (23), excluding those 

where traveling and sampling were not possible due to security concerns (Figure 1). A 

multi-level sampling strategy was employed. The overall sample size was 1421 camels 

from 83 herds, with a probability sampling of herds from each county (Table 1). 

Approximately one-third of sublocations (the lowest administrative unit) were randomly 

selected from each county. A list of households and the number of camels owned in 
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each selected sublocation was used as the sampling frame. The number of herds 

sampled in each sublocation was proportional to the total number of herds in that 

administrative unit. Age was divided into four categories: 0 – 1 year, 1 – 2 years, 2 – 3 

years, and >3 years of age. Within each herd, camels were sampled conveniently with 

attention that all age groups and both sexes were represented. All camels were 

sampled in herds ten or smaller, ten to twenty camels were sampled in herds between 

eleven and fifty animals, and twenty camels were sampled in herds larger than fifty.  

Individual animal data collected included age and sex. Herd level variables included 

production system: pastoral herds are defined primarily as camels that are raised 

extensively; ranch herds are raised semi-intensively or intensively. Differences between 

pastoral and ranch production systems also exist in how breeding stock are sourced, 

migration, and marketing of camels and camel products. Other herd level factors 

collected included herd size; survey respondent’s role; presence/absence of a perimeter 

wall; interaction with other camels, wildlife, and other domestic species; water source; 

and whether the camels were confined at night.  

Blood was collected by venipuncture, serum was separated by portable centrifuge 

on site after clotting and stored at 200C for shipment and storage until testing at the 

Central Veterinary Laboratory in Kenya. Anti-MERS-CoV (IgG) antibodies were tested 

using the EUROIMMUN ELISA Camel test kit (24). 
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4.3.2 Data analysis and FOI estimation 

R version 3.5.1 (25) was used for all data cleaning, descriptive analysis of 

MERS-CoV seroprevalence, and generation of force of infection estimates. Three 

methods for estimating force of infection were compared. A catalytic model first 

described by Muench (26) that estimates a constant force of infection was compared to 

two age-dependent models, one in which force of infection is a linear function, and a 

model in which FOI is a quadratic function of age groups. Generalized linear models 

(GLM) were used as a statistical framework for each of the three models, adapted from 

Hens et al. (15). Equations used for the FOI estimation can be found in appendix II. 

Data were organized into age groups by herd. The midpoint of each age category was 

used. For the category >3 years, 3.5 years was used due to a lack of demographic 

information on the upper bound of this category. Residual vs. leverage plots were used 

to identify highly influential observations. AIC was used to compare the models for best 

fit. 

4.4 Results 

4.4.1 Descriptive results of cross-sectional survey 

The cross-sectional seroprevalence study included samples from 1421 

dromedary camels from 83 herds in 5 counties. The overall individual-level 

seroprevalence was 63.7% (95% confidence interval = 61.2% – 66.2%). At the herd 

level, 86.7% of herds had at least one seropositive camel (95% CI = 79.5% - 94.0%) 

while the mean seroprevalence within all herds was 57.6% (95% CI = 50.8% - 64.4%). 
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Table 2 shows seroprevalence by county, age, sex, and production system. Differences 

in seroprevalence can be seen across the different factors, perhaps most strikingly 

between counties and production systems. Two counties (Nakuru and Laikipia) 

contained all ranching herds, while only a few pastoral herds were sampled in Laikipia, 

and none in Nakuru. The seroprevalence levels by county and production system are 

consistent with this clustering. Furthermore, ranching herds tended to be smaller. The 

average herd size was 77 camels, with no herds having more than  200 camels. 

Pastoral herds by comparison had an average herd size of 128 camels. Ranch had less 

contact with other animals including camels, livestock, and wildlife (data not shown). 

Conversely, age and sex were similarly distributed among the two production systems. 

For these reasons and due to a large difference in seroprevalence, production system 

appeared to be an important characteristic in camel raising and MERS-CoV 

transmission, and was the basis for exploring force of infection separately in ranching 

and pastoral herds.  

4.4.2 Force of infection 

 Table 3 shows the force of infection estimates for pastoral and ranching herds for 

constant, linear, and quadratic models, along with each model’s AIC.  FOI was 

consistently lower for ranching herds than pastoral herds. According to AIC values, the 

quadratic model was the best fit for pastoral herds, while the simple catalytic model was 

the best fit for ranching herds. Among pastoral herds, FOI was higher in the youngest 

and oldest age groups (0.69 and 1.05 respectively), while the middle age groups had 
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lower FOIs. Among camel herds raised in a ranch setting, the age-independent FOI was 

estimated to be 0.039. Figures 2 and 3 show the observed mean seroprevalence for 

each age group with 95% confidence intervals as well as the model outputs of expected 

seroprevalence and best fit FOI for pastoral and ranching herds. Table 4 lists the 

sample size (number of observations) and seroprevalence per production system and 

age group. 

 Examination of residual vs. leverage plots for pastoral herds identified three 

observations that were possible outliers, with high standardized Pearson residual, high 

leverage, or both. FOI model outputs did not appreciably change after stepwise removal 

of the three observations (data not shown), therefore reported results include the 

complete dataset. 

4.5 Discussion 

Among pastoral herds, the highest FOI was among the oldest age group (greater 

than three years old). This is in contrast to previous surveys which have found the 

highest proportion of shedding to be among calves (6), suggesting that the youngest 

age group are at highest risk of infection (12).   There are a few possible reasons why 

this force of infection analysis identified the oldest age group as having the highest risk 

of infection based on model AIC. Questions remain as to whether antibodies to MERS-

CoV wane after first infection, and if and to what degree camels are susceptible to 

reinfection (3,12,13,27). The FOI analysis presented in this paper used serological data, 

not virological results. If seroconversion does not necessarily occur after the first 
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infection, or antibodies wane following a single infection, then the risk profile seen in this 

analysis as well as in previous studies may reflect a more complex immunological 

picture, where, for example, seroconversion occurs after subsequent infections 

(occurring in older camels) (13,28). Furthermore, the oldest age group has a much 

larger age range than the others, and therefore represents a greater cumulative risk. 

Although more detailed age demographic data were not collected during this survey, 

previous work in pastoral herds in northern Kenya has reported that breeding females 

live to an average of 19 years, and that breeding bulls (1-4 in each herd) are culled at 

about 17 years old (29). Male calves, however, are either slaughtered shortly after birth, 

or at about 4 years of age (30). Previous research has shown that dams of suckling 

calves also shed MERS-CoV (11). Female camels typically have their first calf between 

4 and 5 years of age (31), placing dams, potentially one of the higher-risk demographic 

groups, in the oldest age group. The lack of detailed age demographics of the herds 

sampled in the survey precluded an estimation of the midpoint of the oldest age 

category, but it is presumably higher than the 3.5 years used in this study. A higher age 

midpoint would result in different model FOI estimations  and AIC values. 

 The production system in which camels were raised appeared to have an 

important impact on the risk of MERS-CoV infection. The force of infection was 

consistently lower in ranching herds than pastoral herds, by a factor of at least 10 when 

comparing the models with the best fit. This is consistent with previous studies, where 

production system has been demonstrated to be a significant factor in MERS-CoV 
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seroprevalence in camels (28). However, a previous study of camel herds in Laikipia 

County, Kenya found no statistical difference in seroprevalence based on herd 

management strategy (32). There are numerous factors that clustered by production 

system which may contribute to the difference in infection risk, including county. Camel 

density at the county level is lower where ranching herds are found (23), and given that 

MERS-CoV is transmitted by close contact between camels, regional density, which 

could be related to production system, may be a factor that impacts virus transmission. 

Indeed, regional camel density was found to correlate with seroprevalence in a previous 

study of Kenyan camel herds, although production systems clustered geographically in 

this study as well (33). Other factors that clustered with production system were related 

to herd management and husbandry. According to data collected in this survey, pastoral 

herds only used communal water sources, while ranching herds mostly kept herds 

within a fenced area (data not shown). Both of these management characteristics affect 

contact with other (potentially infectious) animals. Indeed, all herds in this study that 

lacked a perimeter fence had daily contact with other camels, while fenced herds did 

not. Production system may impact infection risk for many reasons, including herd-level 

factors and county-level factors. The data from pastoral herds best fit an age-dependent 

model, while ranching herd data fit the age-independent model. This may reflect 

differences in herd management and structure, or this difference may be due to a small 

sample size of ranching herds.   
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 The force of infection of MERS-CoV estimated in this study can be interpreted as 

a measure of burden of infection by age group. With a known camel population size, 

estimated incidence can be derived, which is especially useful when incidence cannot 

be measured directly, such as for a subclinical infection like MERS-CoV which is 

challenging and unrealistic to monitor in camel populations, yet is important from a 

zoonotic risk perspective. Force of infection can be used as a parameter in MERS-CoV 

transmission models to explore infection dynamics that are otherwise difficult to 

measure. For example, models using FOI estimates can investigate questions around 

camel immunity to MERS-CoV, validated with field data. 

 The shape of the FOI curves are quite different among the constant, linear, and 

quadratic models. In order to determine whether any observations may be exerting 

strong influence on the model, the standard Pearson residual was plotted against 

leverage, and possible outliers were identified and removed piecewise from the models. 

The model outputs did not qualitatively change as a result of removing the observations 

with higher residual and leverage values, indicating that the shape of the FOI estimates 

were dictated by the model rather than any outliers. 

 This study had a number of limitations. The cross-sectional survey on which this 

study is based used multi-stage probability sampling. However, logistical constraints 

and convenience sampling led to a wide variation in the sampling fraction by county 

(Table 1), which may introduce bias in the seroprevalence estimates. Inaccurate 

seroprevalence estimates in turn may affect the validity of FOI calculations. 
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Furthermore, the results of the cross sectional survey revealed that pastoral and 

ranching herds had considerable differences in seroprevalence, as well as a number of 

distinctions in herd management practices which may impact transmission risk. 

However, the sample size for ranching herds (10 herds) was quite a bit smaller than for 

pastoral herds (73 herds). A larger sample size may provide more insight regarding 

these differences, and provide a more robust FOI estimation. 

One of the assumptions of the FOI estimation methods used in this study is that 

antibodies are lifelong. Field surveys have consistently shown that seroprevalence 

increases with age (34), an indication that antibodies are long-lasting. On the other 

hand, a number of observational studies have demonstrated that antibodies may not 

confer complete protection, and that dromedaries may be susceptible to reinfection 

despite having previously seroconverted (12,35,36). Given that this study assumed 

seroconversion to be a proxy for infection, the interpretation of force of infection should 

be for first infections only. The risk for reinfection remains unknown, and the total 

number of infections (first and subsequent) may be underestimated. 

While pastoral camels less than one year old had a relatively high FOI, as expected, the 

seroprevalence used to calculate this estimate may include young camels with maternal 

antibodies. Passive immunity may therefore be confounded with natural infection, 

resulting in an overestimate of the FOI. 
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Figure 4 is an illustration of the distribution of within-herd seroprevalence among 

pastoral and ranching herds. Especially among pastoral herds, the distribution is wide 

(0%-100%) and bimodal, with a cluster of low seroprevalence herds, and a large cluster 

of high (>50%) seroprevalence herds. This distribution indicates that perhaps there are 

other factors within pastoral herds that also influence transmission risk. For example, 

herd density, calving management, geographical location and herd movement patterns 

may all influence the risk of transmission and exposure to MERS-CoV. 

 This study examined force of infection separately in pastoral and ranching herds. 

Qualitatively different risk of infections were estimated for the two types of production 

systems. These force of infection estimates provide another perspective on MERS-CoV 

dynamics and a metric for infection risk in the dromedary camel reservoir, which can be 

used to estimate incidence, as a parameter in transmission models, and as a point of 

comparison between different camel populations. Within a one-health context, the 

results described here can also help to inform zoonotic transmission risk assessment, 

human surveillance, and other MERS-CoV activities at the camel-human interface. 
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4.7 Tables  

Table 4.1. Estimated camel population and proportion sampled by county. Estimated 

camel population was sourced from (23) and (Stephen Gikonyo, personal 

communications). 

County N sampled Camel 
population % sampled 

Isiolo 403 68000 0.59 
Laikipia 181 8000 2.26 
Marsabit 370 200000 0.19 
Nakuru 50 1000 5.0 
Turkana 417 800000 0.05 
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Table 4.2. Camel seroprevalence by county, age, and sex. 

 no. 
positive 

no. 
sampled % positive (95% CI) 

County 
Isiolo 313 403 77.7 (73.6-81.7) 

Laikipia 27 181 14.9 (9.7-20.1) 
Marsabit 274 370 74.1 (69.6-78.5) 
Nakuru 7 50 14.0 (4.4-23.6) 
Turkana 284 417 68.1 (63.6-72.6) 

Age 
<1 60 157 38.2 (30.6-45.8) 
1-2 107 223 48.0 (41.4-54.5) 
2-3 95 156 60.9 (53.2-68.6) 
>3 643 885 72.7 (69.7-75.6) 

Sex 
Female 752 1129 66.6 (63.9-69.4) 
Male 153 292 52.4 (46.7-58.1) 

Production system 
Pastoral 892 1292 69.0 (66.5–71.6) 

Ranching 13 129 10.1 (4.9-15.3) 
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Table 4.3. Force of infection estimates and AIC values of three models for pastoral and 

ranching camel herds in Kenya. 

 Pastoral Herds Ranching Herds 
Model FOI estimate AIC FOI estimate AIC 

Constant FOI 0.47 790.58 0.039 34.24 
linear FOI  

777.38 
 

  

 

35.83 
 

 

  

<1 year 0.626 0.060 
1-2 years 0.471 0.040 
2-3 years 0.316 0.021 
3+ years 0.161 0.001 

Quadratic FOI  

764.74 
 

 

  

 

36.75 
 

 

  

<1 year 0.686 0.117 
1-2 years 0.136 -0.104 
2-3 years 0.259 -0.032 
3+ years 1.054 0.334 
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Table 4.4. Number of observations and seroprevalence per age group in pastoral and 

ranching herds. 

 Pastoral Ranching 
Age no. 

sampled 
% positive 
(95% CI) 

no. 
sampled 

% positive 
(95% CI) 

<1 year 143 42.0 (33.9-50.0) 14 0 
1-2 years 203 51.2 (44.4-58.1) 20 15 (-0.6-30.6) 
2-3 years 143 66.4 (58.7-74.2) 13 0 
> 3 years 803 78.8 (76.0-81.7) 82 12.2 (5.1-19.3) 
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4.8 Figures  

 
Figure 4.1. Map of Kenya with counties shaded according to camel population. The five 

counties included in the cross-sectional MERS-CoV camel survey are labeled. Map 

adapted from Gikonyo et. al (2018) (23) using TableauÓ Desktop 10.5. 
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Figure 4.2. Quadratic model of pastoral herds: Mean observed herd seroprevalence 

with 95% CI (white circles with error bars), predicted seroprevalence (solid black line) 

and estimated force of infection (dotted black line) for pastoral camel herds in Kenya. 
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Figure 4.3. Exponential model of ranch herds: Mean observed herd seroprevalence 

with 95% CI (white circles with error bars), predicted seroprevalence (solid black line) 

and estimated force of infection (dotted black line) for ranching camel herds in Kenya. 

No camels tested positive among the <1 year and 2-3 year age groups, therefore no 

error bars were calculated. 
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Figure 4.4. Distribution of within-herd seroprevalence in pastoral and ranching herds. 
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 CHAPTER FIVE 

 Exploring the dynamics of Middle East respiratory 

syndrome coronavirus in dromedary camel herds using an 

agent-based model 

To be submitted to One Health 

  

5.1 Abstract 

Middle East respiratory syndrome Coronavirus (MERS-CoV) is an important 

zoonotic disease characterized by transmission from the dromedary camel reservoir to 

humans, where it causes severe respiratory disease. Mechanistic models that explore 

infection dynamics of MERS-CoV among camel herds are largely absent due to 

knowledge gaps that render model parameterization and validation difficult. This study 

uses a stochastic, agent-based model to explore the dynamics of MERS-CoV infection 

in a camel herd under scenarios that include variability in transmission, immunity, and 

demography, and under an assumption of persistent infection in the herd. Different 

parameter combinations were selected from the results of an optimization experiment 

which compared field seroprevalence data to the mean proportion of recovered camels 

over the course of the simulations. Stochastic simulations of the scenarios revealed 

patterns of herd-level infection dynamics, most notably that herd size, birth rate, and 
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duration of immunity are important factors for pathogen persistence. Further research in 

camel immunity to MERS-CoV, contact patterns, and longitudinal field studies would 

allow refinement of parameters and model structure, and improve model performance. 

An improved understanding of immunity, herd size, and pathogen persistence has 

implications for infection control in the reservoir species and prevention of zoonotic spill-

over events. 

 

5.2 Introduction 

 The World Health Organization has recorded over 2500 cases of Middle East 

respiratory syndrome (MERS) since the virus was discovered in 2012. Dromedary 

camels act as the reservoir host; of 1125 cases reported between January 2015 – April 

2018, 54.9% of the 348 primary cases reported direct or indirect exposure to dromedary 

camels (1). Although zoonotic transmission has only been documented in the Arabian 

Peninsula, the virus is known to be circulating in dromedaries elsewhere, including 

across the African continent (2,3). Despite this, no human cases have originated in 

African countries, and evidence of human exposure to the virus is sparse (4–7). 

Explanations for the regional discrepancy in zoonotic transmission are unclear (8). 

 Control of zoonotic disease is a complex and inter-disciplinary undertaking. In the 

case of MERS, which is characterized both by zoonotic and human-to-human 

transmission, control points range from improving hospital infection control to reducing 

the spread of the virus among dromedary camels (8,9). Controlling the virus in camels 
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in order to prevent zoonotic spillover is an attractive idea, however very few field data 

have been gathered about natural MERS-CoV infections in camels, including data on 

immunity, infectiousness, and incidence (2). This makes evidence-based intervention at 

the camel level difficult.  

 Understanding MERS-CoV in dromedary camels presents a particular challenge 

in that infection is largely subclinical. Dromedaries show, at most, mild upper respiratory 

signs (10). Measures such as incidence and duration of infection, fundamental data for 

understanding which camels are getting infected, when, and for how long, cannot be 

accurately measured in the field without intensive sampling and diagnostic testing. 

However, with demographic and seroprevalence data, these measures can be 

estimated using mechanistic models of disease transmission. Previous studies have 

used seroprevalence data to estimate infection parameters using modelling techniques  

(11,12). Lin et al. (2018) constructed a Susceptible-Exposed-Infectious-Recovered-

Susceptible (SEIRS) compartment model of MERS-CoV in a camel population in order 

to estimate camel-to-camel transmission parameters. Rather than using infection or 

serological data from camels, the authors fit camel transmission parameters, including 

R0, duration of immunity, and the transmission rate, to a proportion of weekly human 

case counts assumed to be zoonotic, from publicly available data (13).  

 Previous studies have indicated that herd management factors such as herd 

size, regional camel density, and production system are associated with higher 

prevalence of MERS-CoV (14,15). Furthermore, camel immunity to MERS-CoV may not 
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be complete, nor long-lasting (16–18), and characterizing this immunity is an ongoing 

area of research (8). A recent survey of dromedary camels in Kenya demonstrated that 

across five major camel-rearing counties, pastoral camels had an overall 

seroprevalence of 69% (19). Using these data, this study explored the dynamics and 

characteristics of MERS-CoV infection in a camel herd under different scenarios of 

demography and immunity. The hypotheses generated in this study can inform future 

data collection, which may in turn challenge and refine our understanding of MERS-CoV 

in dromedary camels and improve our knowledge of MERS-CoV dynamics in the 

reservoir species. 

5.3 Methods  

5.3.1 Transmission model description 

 A stochastic SEIRS agent-based model with births and deaths was constructed 

using AnyLogic 8 Personal Learning Edition 8.5.2 (Ó AnyLogic North America). A 

schematic of the model structure is provided in Figure 5.1. Model simulations consisted 

of two steps, both described in more detail below: 1. An optimization experiment in 

which unknown parameters were estimated, and 2. A parameter variation experiment, in 

which different scenarios of parameter combinations were simulated. Known 

parameters were extracted from peer-reviewed literature and the results of a MERS-

CoV camel seroprevalence study in Kenya (Table 5.1) (19). The latent period and 

infectious period were based on the results of experimental challenge studies (10), and 

did not vary throughout the simulations. Unknown parameters were duration of 
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immunity, daily contact rate, and probability of transmission given a contact. These 

parameters were explored in 1) optimization, and 2) parameter variation experiments. It 

was assumed in this model that immunity is not lifelong. Recovered camels re-entered 

the susceptible population after a period of time, described as the duration of immunity. 

In order to simplify the model structure, immunity was assumed to be complete with no 

gradual waning. The population turnover rate (births and deaths) and herd size were 

based on biologically plausible values documented in the literature (20–23), and were 

varied in the parameter variation experiment.  

In an agent-based model, each individual is uniquely represented and assigned 

specific characteristics, accounting for biological and behavioural heterogeneity (24). An 

agent-based model was used so that variability in parameters and herd demographics 

could be explored, two areas in which there is a significant gap in knowledge. 

Stochasticity was introduced in the model through random serialization of simultaneous 

events, using AnyLogic’s internal random number generator. Pathogen introduction 

occurred as a single introduction event at the beginning of each model simulation. 

5.3.2 Population demographics  

An open population with homogenous mixing and no age structure was 

generated for model simulations, under the assumption that all ages and sexes have an 

equal probability of transmission. The baseline model had a herd size of 1000, and an 

annual turnover rate of 30%(20). It was assumed that birth and death rates were equal 

and constant, and that population size was therefore constant. Other scenarios which 
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included a herd size of 100 and an annual turnover rate of 50% were also explored in 

the parameter variation experiment. It was assumed that camels that entered the herd 

were susceptible. 

5.3.3 Parameter estimation 

Three parameters were estimated using model optimization: the number of camel 

contacts per day, the probability of infection given a contact (which together form the 

transmission rate), and the duration of immunity. Table 5.1 provides information on the 

biologically reasonable parameter ranges provided to the optimization experiment. 

Parameters were estimated using AnyLogic’s optimization experiment, which uses a 

proprietary (Optquest) optimization algorithm to determine the parameter values that 

best minimize a given objective (25). In this optimization model, the difference between 

MERS-CoV seroprevalence estimated in pastoral camels in Kenya (26) and the average 

proportion of camels in the recovered state over the model time course was used as the 

objective to be minimized. The optimization experiment was run for 500 iterations. The 

top 10% best fit model realizations were imported into R Studio for descriptive analysis 

and visualization. These 50 best-fit parameter combinations were used to explore 

MERS-CoV infection dynamics by grouping them into four parameter scenarios. 

5.3.4 Parameter variation 

The best fit parameter values determined by the optimization experiment were 

grouped into four scenarios (Table 5.3). Each scenario was run with a herd size of 1000 

and an annual turnover rate of 30%. Models were then run three more times, once by 
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changing only herd size to 100, a second time with an annual turnover rate of 50% and 

a herd size of 1000, and a third time with herd size and turnover rate set to 100 and 

50%, respectively. These numbers reflect a realistic range of pastoral herd 

demographics in Kenya (21,26). The base case was run for 1000 simulations with 

stochastic variability via random serialization of simultaneous events using a built-in 

random number generator. The parameter space for the four scenarios was explored by 

running each of the three parameters as discrete variables so that all parameter 

combinations were simulated. Infection probability varied by 0.01 units, contact rate 

varied by 1 contact per day, and duration of immunity varied in 5-day increments. 

Scenario outputs were exported and analyzed in RStudio. 

5.4 Results  

5.4.1 Parameter estimation 

The optimization experiment simulation runs that best minimized the difference 

between the observed seroprevalence from Kenyan camel herds and the mean 

proportion of recovered camels over the course of the model time frame are presented 

in Figure 5.2. Most simulation runs clustered around one set of parameter values, 

although other parameter sets also reasonably minimized the objective of the 

optimization experiment. The parameter combination that best minimized the objective 

was a contact rate of 4 camels per day, an infection probability of 0.31, and a 35 day 

duration of immunity (Table 5.2).  
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5.4.2 Base case 

 The simulation results of the base case are presented in Table 5.2. On average, 

across the 1000 model simulations, 14.5% of camels were infectious, while 68.8% of 

camels had recovered and were immune. In 0.2% of the model simulations, the 

infection died out. Increasing the rate of herd turnover (births and deaths) did not 

appreciably change model outcomes, whereas a smaller herd size decreased the 

average proportion of infectious and recovered camels, and increased the number of 

runs where the infection died out. 

5.4.3 Parameter variation 

Model dynamics and outputs were markedly different across the four scenarios 

and after varying herd demographics (Table 5.3). In all scenarios, pathogen fadeout 

increased from the base case. Heat maps that display model runs with extinction or 

persistence for the four parameter variation scenarios are seen in Figure 5.3. Grey 

squares indicate infection persistence in the herd, and black squares represent a model 

simulation where the infection died out in the herd. As contact rate increases, so does 

the proportion of simulations that results in persistent infections (panels 1A-1B and 2A-

2B). While duration of immunity appears to have a major impact on the proportion of 

infections that persist (panel 1D), there are far more persistent infections when herd 

turnover increases to 50% (panel 2D).  

The average proportion of recovered and infected camels over the course of each 

scenario simulation with base demographics and with 50% turnover are shown in Figure 
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5.4. Data for the small population size are not shown because in all scenarios, the 

pathogen went extinct in more than 99% of simulation runs (Table 5.3). In all scenarios, 

the distribution of the mean proportion of infected and recovered camels was bi-modal, 

where low mean proportions reflect model runs with pathogen extinction. Scenario A 

with base demographics had the widest distribution of infected and recovered camels, 

while scenario D appeared to have the greatest change in mean proportion of infected 

and recovered animals from 30% to 50% turnover, indicative of the change in the 

number of runs with extinction. 

5.5 Discussion 

The agent-based model presented in this study is an exploration of the parameter 

space describing MERS-CoV transmission in dromedary camels. It utilizes data from 

laboratory-derived knowledge of MERS-CoV in camelids and field studies in Kenya 

(10,15,19–22). The results suggest that a number of parameter combinations for 

duration of immunity, contact rate, and probability of infection can result in persistent 

infections with a relatively high proportion of immune individuals. In the model 

simulations where infection was persistent, the percentage of mean infectious camels 

varied between approximately 4-6% of the herd (Figure 5.4), which falls within the range 

of apparent prevalence found in camels in studies conducted in Africa (15,27). The 

exception is scenario D, where the proportion of mean infectious camels was 

considerably lower.  
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The patterns that emerge from the results of this study follow general principles 

of infectious disease dynamics. When the rate of transmission is higher, either through 

more opportunities (contact rate) or higher likelihood (infection probability), persistence 

of infection in the herd is more likely (Figure 5.3, panels 1A-1C and 2A-2C), and 

proportion of infectious and recovered camels increases (scenarios A-C, Figure 5.4), 

although this increase is subtle with the parameter ranges tested in the model. The 

infection is more likely to persist in large herds (Table 5.3), indicating that there may be 

a critical community size for MERS-CoV persistence, and that many camel herds in 

Kenya may fall below it (28). The rate of entry of susceptible individuals into the herd 

can drive infection persistence (29), and was reflected in the model through waning 

immunity and turnover rate (births and deaths). The rate of entry of susceptible camels 

was lowest when duration of immunity was set to 500-600 days and annual herd 

turnover was 30%. In this scenario, infections persisted in 8% of model runs. When 

annual herd turnover was increased from 30% to 50%, infections persisted in 98% of 

the model runs (Table 5.3). 

Important simplifying assumptions were made in this study that should be 

considered when interpreting results. It was assumed that seroconversion indicates 

immunity, where camels in the recovered state are analogous to seropositive camels. 

However, some studies suggest that antibody titres may not be indicative of immunity 

(16,17), while evidence also points towards incomplete or waning immunity (18). 

Therefore, a seroprevalence of 69% (as used in this study), may not equate to 69% 
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functional immunity to MERS-CoV. Furthermore, this study assumed that immunity was 

complete. Details of camel immunity following MERS-CoV infection is a significant 

knowledge gap. The role of serum antibodies and other immunological defences in 

protecting camels against MERS-CoV infection, such as mucosal immunity including 

IgA antibodies and cellular immunity, is unknown (30).  

This study explored parameter scenarios under an assumption of persistent 

infection. The model time frame was set to five years to reflect this assumption of 

infection persistence. If this study instead explored parameter combinations under 

outbreak scenarios, the results likely would have been different. Furthermore, model 

simulations assumed a single introduction of MERS-CoV into a camel herd. In fact, 

given the frequent contact between camel herds and with the introduction of new 

animals, multiple introductions of MERS-CoV into a camel herd may be likely (31).  

The SEIRS agent-based model in this study was structured with a constant birth 

and death rate so that population size remained constant. Evidence of a camel breeding 

season in Kenya is conflicting in the literature. Some sources indicate no seasonality 

(20,32), and others state a breeding that follows seasonal rainfall (21). There may also 

be specific times of the year when animals are sold (22). Seasonal breeding has been 

shown to impact infection dynamics (33), including the critical community size 

necessary for pathogen persistence (34,35). Furthermore, imperfect immunity and 

seasonal breeding together can affect infection dynamics (36). 
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Data availability was a major constraint in parameterizing the SEIRS model. A 

lack of time series field data limited our ability to conduct robust model fitting. Therefore, 

seroprevalence was used under the assumption that it described the proportion of 

previously exposed dromedaries under a steady-state equilibrium. Using a point 

prevalence measure to compare against model outputs resulted in a less robust 

comparison, and introduces uncertainty, as evidenced by a wide range of potentially 

plausible parameter values for intra-herd MERS-CoV dynamics. Important knowledge 

gaps around camel immunity to MERS-CoV and other aspects of camel herd 

demography introduced uncertainty in model parameters, and necessitated simplifying 

assumptions.  

Despite the uncertainty in this study, some interesting patterns emerged, giving 

rise to some questions worth further exploration. Based on evidence from field studies 

and what is known about coronavirus biology in general, it’s probable that camel 

immunity to natural infections of MERS-CoV is not long-lasting (16,17,30). Waning 

immunity is also supported by the results of this model. It was shown that the duration of 

immunity has a large impact on intra-herd MERS-CoV dynamics, and further research 

to more clearly describe camel immune responses to MERS-CoV is needed. This model 

suggests that herd size is an important factor for maintaining the virus in camel 

populations. It appears that MERS-CoV can be maintained in large herds, while it 

almost universally dies out in small herds. A possible picture of MERS-CoV ecology 

might be that the virus is maintained in very large herds, and is introduced to smaller 
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herds at communal watering points or grazing grounds, and other points of contact. The 

apparent importance of herd size in maintaining MERS-CoV warrants further research, 

as it has important implications for infection control strategies such as camel 

vaccination. 

5.6 Conclusion 

This study attempted to answer the question: what parameter combinations of 

contact rate, infection probability, and duration of immunity are plausible under the 

assumption that MERS-CoV is a persistent infection within camel herds? Given the 

uncertainty and variability surrounding apparent within-herd seroprevalence of MERS-

CoV in pastoral camels in Kenya, and the constraints of comparing model outputs with a 

point measurement, the study presented here should be viewed as a hypothesis-

generating exercise. It is clear that given what is known about MERS-CoV in camels, 

and under certain assumptions of infection dynamics and herd demographics, a number 

of different parameter combinations could produce plausible outputs. In order to narrow 

down the unknown parameter values of MERS-CoV in dromedaries, more research is 

needed. The duration and nature of immunity to MERS-CoV in camels is an important 

knowledge gap that will improve our understanding of infection dynamics and 

persistence. Herd size may also play a prominent role in the maintenance of this 

zoonotic disease in the reservoir population. The interplay of herd size, contact rates, 

calving rates and seasonality likely leads to complex dynamics of MERS-CoV 
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transmission among dromedary camels, and may contribute to the difference in 

zoonotic spillover risk observed in the African and Middle East regions. 
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5.8 Tables 

Table 5.1. Parameter values for the SEIRS agent-based model of MERS-CoV 

transmission in a camel herd. 

Parameter Value/estimate reference 
Latent period 2 days (9) 

Infectious period 7 days (9) 

Turnover rate Baseline: 30% per year 
High: 50% per year 

(19,20) 
 

Herd size 
 

Baseline: 1000 
Small: 100 (21) (14) 

Contact rate 
Values explored in 

optimization: 1-30 contacts 
per day, in increments of 1 

Estimated in optimization 
experiment 

Probability of infection 
given a contact 

Values explored in 
optimization experiment: 0.1 
– 0.4, in increments of 0.01 

Estimated in optimization 
experiment 

Duration of Immunity 
Values explored in 

optimization experiment: 0 – 
2 years, in weekly 

increments 

Estimated in optimization 
experiment 
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Table 5.2. Results of the base case scenario: Infection probability = 0.31, contact rate = 

4/day, and duration of immunity = 35 days. The stochastic models were run for 1000 

iterations of each set of demographics. 

 Turnover: 30% 
Herd size: 1000 

Turnover: 50% 
Herd size: 100 

Turnover: 30% 
Herd size: 100 

Turnover: 50% 
Herd size: 100 

Mean proportion of 
infectious camels 

0.1450 
(SD: 0.0065) 

0.1466 
(SD: 0.0114) 

0.1281 
(SD: 0.0402) 

0.1298 
(SD: 0.03887) 

Mean proportion of 
recovered camels 

0.6882 
(SD: 0.0308) 

0.6822 
(SD: 0.0530) 

0.6096 
(SD: 0.1896) 

0.6167 
(SD: 0.1832) 

Percentage of model runs 
with pathogen persistence 99.8% 99.4% 90.3% 90.5% 
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Table 5.3. The percentage of model runs that resulted in infection persistence for scenarios A-D and for different herd 

demographics 

Scenario 
Parameters Turnover: 30% 

Herd size: 
1000 

Turnover: 50% 
Herd size: 

1000 

Turnover: 30% 
Herd size: 100 

Turnover: 50% 
Herd size: 100 Infection 

Probability Contact rate Duration of 
immunity 

A 0.1-0.2 10-15 
contacts/day 100-200 days 71.36% 90.33% 0% 0.51% 

B 0.1-0.2 20-25 
contacts/day 100-200 days 92.64% 98.63% 0% 1.88% 

C 0.4-0.5 10-15 
contacts/day 100-200 days 98.65% 99.84% 0.08% 5.08% 

D 0.4-0.5 20-25 
contacts/day 500-600 days 7.86% 97.54% 0% 0% 
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5.9 Figures 

 

 
Figure 5.1. Schematic of the SEIRS model of MERS-CoV transmission in a camel herd. 

Parameters in italics were explored in the optimization and parameter variation 

experiments (probability of transmission, contact rate, and period of immunity). 

Immunity was assumed to be complete for its duration, and then lost completely. It was 

assumed that birth rate and the overall death rate were equal and were constant to 

maintain a steady population size. It was assumed that camels entered the herd at birth 

and were susceptible.  
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Figure 5.2. A scatter plot of the 10% of optimization experiment simulations that best 

minimized the difference between the observed seroprevalence and the mean 

proportion of recovered camels over the course of the model time frame.  The box 

surrounds the 72% of the simulation runs that focus around one set of parameters: a 

contact rate of 4 camels per day, an infection probability of 0.31, and a 35 day duration 

of immunity. 
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Figure 5.3. Infection persistence heat maps for a herd size of 1000 camels with 30% 

annual turnover rate (1A-1D), and with 50% annual turnover rate (2A-2D). Grey squares 

indicate infection persistence, and black squares represent a model simulation where 

the infection died out. White squares indicate no simulation was run for that parameter 

combination. For each contact rate (the numbers along the top), the duration of 

immunity (y-axis) and infection probability (x-axis) were varied. 



 

 

 

 

 

 

179 

 

Figure 5.4. Distribution of the mean proportion of infectious and recovered camels over 

the course of the model run. Base demographics (herd size of 1000, and 30% annual 

turnover rate) and 50% annual turnover rate (herd size is maintained at 1000) are 

shown for each of the 4 exploratory scenarios described in Table 4 on the y-axis. 
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 CHAPTER SIX 

 Limitations, future directions, and concluding remarks  

Figure 6.1 represents a paradigm of many emerging infectious diseases, 

whereby a pathogen circulates in a wild animal host before spilling over into a domestic 

animal host where it becomes amplified. Frequent contact between humans and 

domestic animals increases the risk of spillover and zoonotic transmission. MERS-CoV 

presumably circulated in bats before spilling over into dromedary camels (1). Adaptation 

and amplification in dromedary camels led to the spillover of MERS-CoV into humans. 

MERS-CoV is a virus well adapted to its natural host, the dromedary camel, where 

infection is widespread yet subclinical in dromedaries across Africa, the Middle East, 

and parts of Asia (2). In the Middle East, especially Saudi Arabia, the zoonosis is 

characterized by transmission from dromedaries to humans, with short chains of human 

to human transmission resulting in small outbreaks. MERS in humans has a high case 

fatality ratio, but low transmissibility. Therefore, MERS-CoV in humans in driven by 

transmission from dromedary camels.  

Zoonotic transmission of MERS-CoV continues to occur regularly in the Middle 

East (3), yet despite calls for a One Health approach and efforts to improve 

understanding of the virus in dromedary camels (4), relatively little is known about 

MERS-CoV in the reservoir species. This can be attributed in large part to the fact that 
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MERS-CoV is a subclinical infection in dromedaries, which makes observational 

studies, especially longitudinal studies, challenging. A better understanding of MERS-

CoV in camels and at the camel-human interface is needed in order to effectively 

prevent camel-human transmission. The research described in this thesis explored the 

epidemiology and dynamics of MERS-CoV at different points in the spillover ecology 

outlined in Figure 6.1 using available sources of data with the aim to improve 

understanding of camel to human transmission patterns. 

A scoping review was conducted to characterize the state of empirical knowledge 

of MERS-CoV in animal hosts (Chapter 2). Chapters four and five explored the 

dynamics of MERS-CoV in dromedary camels in Kenya through mathematical 

epidemiology. The force of infection of the virus was estimated in dromedaries in 

pastoralist and ranching production systems (Chapter 4), and an agent-based model 

explored different scenarios of immunity, probability of infection, and contact rate under 

various demographic assumptions (Chapter 5). Camel to human spillover was explored 

in Chapter three by measuring the association between weather and zoonotic cases of 

MERS-CoV. Publicly available primary human cases (assumed to be zoonotic) in Saudi 

Arabia were used and analyzed using a case-crossover design (Chapter 3).  

This concluding chapter summarizes the key findings of this thesis, as well as its 

limitations and opportunities for future research. It then situates the research in the 

wider context of global health and One Health. 
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6.1 Summary of key findings and limitations  

 

6.1.1 The state of knowledge of MERS-CoV in dromedary camels 

At the time the scoping review was conducted in February, 2018 (Chapter 2), the 

majority of field studies of MERS-CoV in dromedary camels were cross-sectional 

studies (51/90 observational studies, or 57%, Table 2.1) that measured prevalence of 

infection and/or seroprevalence (Table 2.5), while experimental studies (n=9, Table 2.2) 

conducted pathogen challenges and measured parameters that pertain to estimates of 

the course of disease (6/9 studies), while 3/9 experimental studies looked at dromedary 

vaccines against MERS-CoV. Many epidemiological field studies including studies that 

estimated prevalence of infection and seroprevalence could not be generalized beyond 

the sample population. While a handful of studies raised questions regarding the 

immunity of dromedary camels to MERS-CoV, studies that clarified or characterized 

short- and long-term immunity were lacking. 

6.1.2 The effect of weather on zoonotic transmission of MERS-CoV 

Whether or not MERS-CoV exhibits seasonal patterns (either in humans or 

dromedary camels) is considered to be a research priority by the FAO-WHO-OIE MERS 

technical working group (5). The case-crossover study design addresses short-term 

associations between temporal conditions and an outcome of interest. The work 

described in chapter three examined the association between weather conditions and 

primary human MERS cases in the days immediately following using a case-crossover 
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design. It was determined that relatively cooler and drier conditions were associated 

with an increase in primary human cases of MERS (Figure 3.4 and Figure 3.5). Days 

that had low wind speed and high ground visibility were similarly associated with an 

increased risk of primary human MERS infections (Figure 3.6 and Figure 3.7). Although 

this analysis does not directly address the question of the seasonality of MERS-CoV, it 

follows that if day-to-day weather variations have an effect on the risk of MERS-CoV 

infections, then weather conditions that vary seasonally may also affect MERS-CoV 

transmission. The associations between primary MERS cases and temperature, 

humidity, wind speed, and visibility contribute to a greater understanding of the potential 

risk factors for zoonotic MERS (6). 

There were a number of limitations with the study presented in chapter three. 

The aim was to include zoonotic cases of MERS-CoV, but the only determination of this 

is a history of camel contact in the case history. Due to the possibility of recall bias or 

missed data collection, primary cases that did not record a history of camel contact 

were included. Selection bias is therefore likely. Another limitation is the geographic 

resolution of weather variables and case data. Cases were aggregated to the provincial 

level, and weather data were gathered from the weather station nearest to the largest 

city in each province. Primary human cases of MERS would be scattered throughout the 

provinces to an unknown degree. Therefore, if environmental conditions differ 

significantly within a province, this could be a source of misclassification bias. While the 

case crossover analysis looked only at univariable associations between weather 
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variables and primary MERS-CoV infections, it is interesting to note that one study 

measured the modification of temperature on the association between air pollution and 

mortality (7), although did not find statistically significant interaction between these 

based on a linear interaction model. It was hypothesized that the occurrence of sand 

storms may have an acute effect on the respiratory system and therefore might be 

associated with primary cases of MERS. A daily record of sandstorms in each province 

could not be found, so wind speed and ground visibility were used instead. Although 

both variables had statistically significant associations with MERS cases, each of these 

variables alone are not specific for sand storms. A multivariable model which looks at 

the interaction between wind speed and ground visibility may provide a closer 

approximation of the occurrence of sand storms. 

6.1.3 Transmission parameters of MERS-CoV in dromedary camels  

There is a consensus that a better understanding of MERS-CoV epidemiology in 

dromedary camels is needed (5). However, the list of priority areas of research, 

including longitudinal studies to evaluate the natural history of infection, virus shedding 

profile, and immunity dynamics, are challenging to address effectively for a virus that 

causes subclinical disease in its natural host. Infectious disease modelling can assist in 

filling knowledge gaps where field data are lacking or logistically unrealistic to conduct. 

However, in the case of MERS-CoV in dromedaries, an absence of time-series data, as 

well as a lack of empirical data that describe fundamental parameters of virus 

transmission such as durations of infection and immunity renders it challenging to 
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construct robust models. As a result, few infectious disease modelling studies have 

been conducted on MERS-CoV in dromedary camels. We attempted to tackle the 

challenge of constructing informative models of MERS-CoV in dromedaries in the face 

of limited field data (Chapters 4 and 5). In chapter four we estimated the force of 

infection (FOI) of MERS-CoV in dromedaries using age-stratified seroprevalence data 

from camels in pastoral and ranching herds in Kenya. The field collected 

seroprevalence was quite different for camels in pastoral systems than for camels in 

ranching systems, and this was reflected in the estimated force of infection. A constant, 

age-independent force of infection was the best fit for ranching camels, while a 

quadratic, age-dependent force of infection was the best fit for pastoral camels (8). This 

is the first known estimate of force of infection of MERS-CoV in dromedary camels. 

Models can play a hugely important role in filling in data gaps where information 

is lacking, but at the same time they are impeded by the lack of data with which to test 

model assumptions or fit parameters (9). This is especially true in the context of MERS-

CoV in dromedary camels, where data gaps are due in part to the fact that MERS-CoV 

in dromedaries is a subclinical infection that is nearly impossible to monitor. Modelling 

can step in and fill some of those gaps, yet the main epidemiological measure available 

– seroprevalence at a single time point – limits the modelling methodologies available, 

and the ability to fit parameters and validate model outputs. 

 One example of both the value and limitation of models with respect to data is 

seen in chapter four. Age-stratified seroprevalence data of MERS-CoV in dromedary 
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camels was used to estimate the force of infection. Force of infection (FOI), defined as 

the per capita rate of infection, is a useful metric which can be used as a model 

parameter, or to calculate incidence in a given population (10). While age-stratified 

seroprevalence data is well established as a source for estimating force of infection 

(11), large, well-designed datasets produce more robust results. The sample sizes of 

the datasets used in chapter four were small, especially for ranching herds, leading to 

lower confidence around FOI estimates. Furthermore, the age stratifications were not 

equal across all groups, which could lead to an overestimation of FOI for the wider age 

strata.  

The work described in chapter five is another example of the value and 

limitations of models when field data are limited. We explored the intra-herd dynamics of 

MERS-CoV in dromedary camels using an agent-based model and demographics of 

pastoral herds in Kenya. Observed seroprevalence was used to optimize model 

parameters by comparing it to the average proportion of camels in the recovered class 

over the course of the model time frame. Despite the limitations of comparing model 

outputs to a point estimate, as well as a lack of knowledge of a number of important 

transmission parameters, some useful insight was gained regarding the possible intra-

herd dynamics of MERS-CoV in dromedary camels. Herd size, turnover rate, and 

duration of immunity appeared to be important factors in pathogen persistence. More 

research is needed to refine transmission parameters, especially the rate or probability 

of transmission, as well as a characterization of camel immunity (the degree and 
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duration of natural immunity to MERS-CoV). Such data would improve model 

performance and provide greater insight into the dynamics of MERS-CoV in dromedary 

camels. 

6.2 Opportunities for future research 

The call for longitudinal studies that provide incidence data of MERS-CoV in 

dromedaries and their functional immunity to natural infection over time has been made 

before (5). There are good reasons why these data are scarce, as the studies are 

resource intensive for a subclinical infection. However, without more precise knowledge 

on the extent and duration of immunity to natural infection, and without a measure of 

active infections over time, improving our understanding of MERS-CoV dynamics in 

camels is very difficult. 

In the work described in chapters four and five we used seroprevalence data to 

explore MERS-CoV transmission parameters in camels. While time series data is ideal 

for validating models such as the agent-based model in chapter five, the uncertainty 

surrounding the results in these chapters could be reduced by refining knowledge of 

parameters such as duration of antibodies and/or immunity, age-stratified 

seroprevalence, and camel herd demographics.  

The results of the body of research presented in this thesis suggest that certain 

aspects of herd structure and management have a major influence on infection 

dynamics. Production system, herd size, and birth rate were all factors that were 
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demonstrated to have an effect on the transmission of MERS-CoV in dromedaries. 

Previous studies have additionally found camel density and geographic area to be 

important factors in MERS-CoV prevalence (12,13). These factors are all related, and 

while they are challenging to tease apart, they point to a complex and interesting host-

pathogen ecology that is worth exploring further. 

6.3 Concluding comments 

The work described in chapters 5 and 6 was completed in the midst of the global 

COVID-19 pandemic, in the spring and summer of 2020.  Nearly overnight, recognition 

of MERS-CoV in casual conversations went from nil to universal (at least according to 

the author’s experience). MERS-CoV had entered mainstream North American media, 

along with SARS-CoV, as a point of comparison to the current coronavirus causing a 

global pandemic, SARS-CoV-2. While the topic of this dissertation was arguably narrow 

and easily lost in the silos of academic discipline (how does MERS-CoV in camels in 

Africa have any bearing on containing a SARS-CoV-2 global pandemic?), the threads 

that connect it to a wider world of virology, disease ecology, pandemic preparedness, 

and global development should be accounted for. 

Two topics that were addressed in this thesis are current points of discussion in 

the ongoing COVID-19 pandemic. The first is the question of seasonality. 

Coronaviruses tend to exhibit seasonal incidence trends (14). The results of chapter 3 

suggest that MERS-CoV may be susceptible to environmental conditions associated 

with seasonality. Likewise, people are wondering to what degree SARS-CoV-2 will 
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follow seasonal patterns of transmission (15). The second topic relevant to COVID-19 is 

that of immunity. The immune response to a pathogen is a fundamental factor that 

affects the epidemiology, treatment, and preventive interventions of a disease, and 

previous research has shown that immune responses to coronaviruses are not 

necessarily straightforward (16). In the case of MERS-CoV, it shapes the understanding 

of pathogen persistence in the reservoir species (Chapter 5), and would impact any 

vaccine strategy that may be applied to camels to reduce zoonotic transmission (17). In 

the case of COVID-19, the immune response has been shown to be relevant to infection 

morbidity and mortality, therapeutics, vaccine development, estimates of population 

exposure, pandemic forecasting, and strategies for non-pharmaceutical interventions 

(16). The questions addressed in this thesis are fundamental questions for any 

emerging pathogen, and are at once informed by and contribute to a wider body of 

knowledge. 

The research in this thesis is situated within the context of One Health and global 

health. One Health is defined as an approach to health practice and research that 

incorporates the connections between humans, animals, and the environment (18). 

Field data used for this thesis (Chapters 4 and 5) were collected as part of USAID’s 

Emerging Pandemic Threats (EPT-2) program, a program whose aims include reducing 

the threat of global pandemics through capacity building in the human, animal, and 

environmental health sectors in high-risk, resource-poor areas (19). MERS-CoV 

dromedary camel research in Kenya contributes to a greater understanding of the risks 
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of zoonotic MERS in a part of the world where so far there have been no known 

zoonotic cases. It furthermore contributes to a global understanding of MERS-CoV by 

providing a point of comparison to areas where zoonotic MERS-CoV is more prevalent.  

The relevance of MERS-CoV research and this thesis to the local context – 

speaking specifically of the research conducted in chapters four and five, must also be 

kept in mind. What is the relevance of MERS-CoV research in Kenya to Kenyans? 

While field studies have shown that MERS-CoV is endemic among dromedaries in 

Kenya, there have been no reported human cases of MERS. One possible explanation 

for this might be a lack of detection. One Health studies that aim to quantify human 

exposure to MERS-CoV, especially in those in contact with camels have addressed in 

part the question of detection bias, and found scant evidence of MERS-CoV exposure in 

humans (20,21). Another reason for the apparent absence of human MERS in Africa 

might be phenotypic difference in the predominant strain circulating on the continent. 

Researchers are beginning to gain insight on the genetic differences among strains of 

MERS-CoV and their functions (22–24). Studies like these, as well as studies such as 

the ones in this thesis, contribute to a characterization of zoonotic risk of MERS-CoV for 

Kenyans. On the other hand, resources for One Health research are limited, especially 

in terms of surveillance, reporting, and laboratory diagnostic testing of animal diseases 

(25). In 2015, experts across disciplines ranked MERS-CoV 29 out of 36 zoonotic 

diseases using a semi-quantitative One Health Zoonotic Disease Prioritization tool 

developed by Centers for Disease Control and Prevention (26). While MERS-CoV 
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research in Kenya may contribute to a better understanding of a globally important 

disease, there are a number of other zoonotic diseases, many considered to be 

neglected, that have a much higher public health burden in Kenya.  

The work conducted in this thesis attempts to address the overarching question of 

what knowledge can be gained about the dynamics of MERS-CoV in dromedary camels 

when the pathogen is challenging to measure in the reservoir population. By using 

available data such as primary human cases as a proxy for zoonotic transmission, and 

camel seroprevalence – this thesis explores the dynamics of MERS-CoV in dromedary 

camels and at the camel-human interface, including immunity, weather associations, 

and herd demographics. The limitations associated with the data are significant, but 

despite these, insights regarding the patterns of infection of MERS-CoV in dromedary 

camels were gained, and numerous hypotheses for future research were generated. 
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Figure 6.1. Adapted from Karesh et al. (2012) (27). A Schematic that represents the 

ecology of emerging pathogen spillover into humans. MERS-CoV most likely originated 

in bats before transmission to dromedary camels, where it was amplified and eventually 

spillover into humans occurred. 
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Introduction 

Rationale 

Middle East respiratory syndrome, caused by the eponymous coronavirus (MERS-CoV) 
is an emerging zoonotic disease that was first isolated in 2012 from a human case in 
Saudi Arabia (1). Subsequent investigations pointed to dromedary camels as the 
putative source of human infections (2). The early implication of livestock (and 
dromedary camels in particular) in MERS-CoV transmission rapidly led to a number of 
experimental and field studies that aimed to improve our understanding of the 
epidemiology of this virus in animal hosts (3–6). 

High-impact emerging diseases, upon which there is typically a high degree of research 
activity in a short amount of time, could benefit from early and iterative synthesis 
research. Scoping reviews can provide improved clarity for targeting research needs, 
and therefore improve the effective and efficient use of limited resources. A scoping 
review of the MERS-CoV animal literature will generate a detailed map of 
epidemiological and experimental knowledge, and chart outcomes for informing further 
research.  
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Objectives  

The overall objective of this scoping review was to identify and summarize the empirical 
evidence for MERS-CoV in natural animal hosts. Secondary objectives were to map 
knowledge gaps and to extract data for modeling disease transmission in dromedary 
camels. These objectives were achieved by answering the following questions: 1) What 
primary research studies or surveys have been conducted on animal hosts? And, 2) 
What are the general, epidemiological, and methodological characteristics of these 
studies? 

Methods 

Eligibility Criteria  

Studies were be eligible if they: 

• Are original scientific reports of findings (i.e. primary publications) of animal-level 
outcomes;  

• Have been published in English or French;  
• Have investigated MERS-CoV in the target population of interest 
• The target population of interest is natural animal hosts or lab animal models of 

natural animal hosts  
• Were published between January 1 2012 and the present.  

Information sources 

The following electronic databases were searched on 26 April 2017:  

• PubMed via NCBI 
• Web of Science 
• Agricola via Proquest 
• CAB direct 
• Medline via Ovid. 

The search was conducted again on 24 August, 2017. At this time, bibliographies of 
review articles were searched for any articles missed by the initial electronic search (7–
10). Conference proceedings (Table 1), and government and university websites in the 
Middle East were hand searched for citations on 11 September 2017. 
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Table 1. List of URLs of searched conference proceedings, and the associated 
organization. 

Conference or 
organization name Corresponding URL web pages 

International Society for 
Infectious Diseases 

http://www.isid.org/events/archives/17th_icid/index.sht
ml 

http://www.isid.org/events/archives/IMED2014/index.sh
tml  

 

Middle East respiratory 
syndrome coronavirus 
conference 

 

http://www.thelancet.com/journals/laninf/article/PIIS147
3-3099(13)70209-3/fulltext 

 

Australian Veterinary 
Association 

http://conference.ava.com.au/streams/public-health 

 

Prince Sultan Military 
Medical City 

 

http://www.psmmc.med.sa/EN/Conferences/Pages/def
ault.aspx 

 

International Society for 
Disease Surveillance 

http://www.syndromic.org/annual-conference/2016-
isds-conference/2016-abstracts 

 

International Symposium 
of Veterinary Economics 
and Epidemology 

http://www.sciencedirect.com/science/journal/0167587
7/137/part/PB?sdc=1  
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Search Strategy 

The search was limited to 2012 or later, given that MERS-CoV was previously 
unrecognized (1). Search terms and strategies were tailored to the requirements and 
structure of each database, and consisted of "MERS-CoV" OR "Middle East respiratory 
syndrome coronavirus" (Table 2). 

 

Table 2. Electronic database search results conducted 26 April, 2017. EMPRES-i 
search was conducted on 11 September, 2017. 

Database  Search query  Number of 
records  

PubMed via 
NCBI  

((middle east respiratory syndrome[MeSH 
Terms]) AND "MERS-CoV”) 447 

Web of 
Science  

TOPIC:  ("MERS-CoV" OR "Middle East 
Respiratory Syndrome" OR "middle east 
respiratory syndrome coronavirus")  

1,087 

Agricola via 
Proquest  

"middle east respiratory syndrome" OR MERS-
CoV OR su.Exact("middle east respiratory 
syndrome coronavirus")  

48 

CAB direct  "MERS-CoV" OR "Middle East respiratory 
syndrome coronavirus"  625 

Medline via 
Ovid  

MERS-CoV.mp. or Middle East Respiratory 
Syndrome Coronavirus/ 991 

EMPRES-i MERS-CoV 26 
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Data Management  

Search results were uploaded into Mendeley© reference management software and 
duplicates removed. Excel© was used to manage data extraction.  

 

Study Selection 

Title and abstract screening and full-text screening and data characterization was 
completed by one reviewer (EG).  

Title and abstract screening: Inclusion/Exclusion criteria form 

Is this primary research in English or French? 

□ Yes 
□ No – Primary other language 
□ No – Review 
□ No – Commentary/opinion letter 
□ No – Other – Specify: 

 

Does this research investigate MERS-CoV in non-human hosts, including lab animal 
models of non-human hosts? 

□ Yes 
□ No 

 
• If Yes to all the above: Does this study include an outcome measure of MERS-

CoV at the animal level (e.g. prevalence, duration of infection, incidence, etc…) 
• If No to any of the above, stop.  
• If Yes to all 3, include article for full text screening. 

Full text screening and data characterization: 

Full text screening 

Classify the type of article: 

□ Primary research: English, French 
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□ Primary research: Other language 
□ Primary research: cannot obtain full article 
□ Primary research: Government or industry report (indicate if matched to a 

primary paper) 
□ Primary research: Thesis (indicate if matched to a primary paper) 
□ Review article (do not continue) 

Does this article measure an outcome of MERS-CoV in non-human hosts, including lab 
animal models of non-human hosts? 

□ Yes 
□ No (do not continue) 

 

Identify study type: 

□ Observational 
□ Experimental 

What is the general purpose of the study? 

What outcome measures are reported? 

□ Seroprevalence 
□ Prevalence (of infection) 
□ Incidence 
□ Latent or exposure period 
□ Duration of infection 
□ Duration of shedding 
□ Duration of antibodies 
□ Transmission 
□ Detection and/or Quantification of antibodies 
□ Detection and/or quantification of infectious virus 
□ Detection and/or Quantification of virus particles 
□ Immunity 
□ Clinical signs 
□ Seroconversion 
□ Other (specify): 
□ Not relevant 
□ Phylogenetics 

In what species are the outcomes measured? 

□ Dromedary camel 
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□ Bactrian camel 
□ Alpaca 
□ Llama 
□ Horse 
□ Donkey 
□ Cattle 
□ Sheep 
□ Goat 
□ Dog 
□ Cat 
□ Bat 
□ Genetically modified lab animal, specify: 
□ Other, specify: 

Data extraction 

A. General characteristics:  

What is the study design? 

□ Cross-sectional study 
□ Longitudinal study 
□ Challenge Experiment  
□ Vaccine experiment  
□ Controlled Trial (randomised and non-randomised) 
□ Cohort Study 
□ Case-control study 
□ Hybrid observational study (specify):________ 
□ Case report/case series 
□ Other: (specify) _______________ 

Where was the study conducted? (specify country/countries): _____________ 

What was the publication date (month/year): _______ 

Funding source: _________ 

For articles that sampled more than one species, complete separate forms for each 
species of animal (population, statistical, intervention, outcome characteristics are 
charted separately for each species) 

Forms are different for observational and experimental studies.  

B. Population characteristics – Observational: 
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• What species was sampled?  
• Was the number of sampled groups reported? 
• Was the size of the sampled group reported (herd, lot, etc…)? 
• Was the selection strategy at the group level reported (herd, lot, etc…)? If yes, 

specify (random, systematic, convenience, etc..): 
• Was the overall sample size reported? If yes, specify: 
• Was the selection strategy at the animal level reported? If yes, specify: 
• Were animal contact patterns described (group structure, production system, holding 

pens, etc…)? If yes, describe: 
• Was the animal breed(s) reported? 
• Was age measured? 

o If yes, type of variable (dichotomous, categorical, continuous): 
o If yes, specify age categories or range: 

• Was the sex of animals reported? 
• Was the production stage and/or reproduction status of the animal reported? 

(young/pre-reproductive age, pregnant, sterilized, lactating, etc…) 
• At what point(s) in the production chain were samples taken? (herd, market, 

quarantine, slaughterhouse, other) 
• Were other variables about the population measures/reported? If yes, specify: 
• What were the dates and/or period(s) of data collection? 
 

C. Population Characteristics – Experimental: 
 

• What species was sampled?  
• Was the overall sample size reported? 
• What was the overall sample size per species? 
• Was the source(s) of animals reported? 
• Were animal contact patterns described (group structure, holding pens, etc…)? If 

yes, describe: 
• Was the animal breed(s) reported? 
• Was age measured? If yes, how was age recorded? 
• Was the sex of animals reported? 
• Was the reproductive status of the animal reported? If yes, describe: 
• Were other variables about the study subjects measures/reported? If yes, specify: 
• Are the study subjects a lab model? If yes – for what animal? 
• What were the dates and/or period(s) of data collection? 
 

D. Intervention characteristics (For experimental studies only): 

Challenge/transmission experiments: 
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• Was strain reported? 
• Was dose reported? 
• Was route reported? 
• Was the animal tested prior to challenge? 
• Was there a control group? If yes, positive control, negative control, or both? 
• What was the level of intervention if >1 group? 
• Describe the sampling interval (Sampling frequency). How often were samples 

taken? 
• Describe the duration of the study/sampling. For how long were samples taken? 
• Did the study look at transmission from experimentally inoculated animals to 

Naïve animals? 
o If yes, what was degree of contact (same pen, same room, different pen, 

suckling offspring of inoculated dams, other)? 

 
Vaccine experiments: 

• Was the animal tested prior to experiment? 
• Was there a control group? If yes, positive control, negative control, or both? 
• What was the vaccine strain, platform, antigen, and adjuvant, if applicable? 
• Vaccine dose 
• Vaccine route 
• Was a vaccine booster given? If yes, interval, dose, route 
• Did the study assess humoral immunity post-vaccination? If yes, describe days 

after vaccination. 
• Did the study assess cellular immunity post-vaccination? If yes, describe days 

after vaccination. 
• Did the study conduct a post-vaccine challenge? If yes, strain, dose, route: 
• If yes, How often were samples taken after challenge, and for how many days? 
 

E. Statistical/methodological characteristics: 
 
• Was a statistical model used? 

o If yes, type of statistical model: Univariate, multivariate 
o If yes, what analysis tool was used? (logistic regression, chi-square, etc…) 

• Were covariates controlled for? 
o If yes, how so? 

• Did the study describe multiple organizational levels? 
o If yes, describe (herds, slaughterhouses, animals in pens, herds at a 

gathering point, etc…) 
• Did the statistical analysis account for clustering or other lack of independence 
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(e.g. repeated measures)? 
• Was the sample size calculation provided? 

o If yes, specify sample size formula: 
 
F. Outcome characteristics: 

 
• Outcome variable(s) reported: 
• For each outcome variable listed above, was method of measurement explained 

(e.g. diagnostic test protocol)? 
• For each outcome variable, what outcome measure was used to report the 

results? 
• Sample size for each species: 
• What were the overall results for each species and outcome variable: 
• Was an association measure reported? If yes, specify association measure: 
• For each outcome variable listed above, what sample specimen(s) were 

collected? 
• For each outcome measure, was the variability reported? 

o If yes, specify measure of variability: 
• Was raw data reported or made available? 
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Appendix II – Supplementary material for Chapter Four 

 

Equations used for the three models estimating Force of Infection (FOI):  

1. Constant, age-independent FOI was calculated according to Muench’s catalytic 
model, in which seroprevalence at a given age is calculated as: 

 

Sa = 1 – exp (– λ a) 

 

Using a generalized linear model framework with a log-link function, the intercept 
is equal to the FOI, such that: 

 

λa = β 

 

 

2. Age-dependent FOI was calculated according to Griffith’s model with a linear 
FOI: 

 

λa = β1 + 2β2 a 

 

3. Age-dependent FOI was calculated according to Grenfell and Anderson’s model 
with a quadratic FOI: 

 

λa = β1 + 2β2a + 3β3a2 

 

R code: 
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The R function glm was used to run the models. In all cases, the models were fit to the 
number of seronegative animals. 

 

The constant FOI for the ranching herds was fit according to the following model: 

 

glm(formula = cbind(Tot - Pos, Pos) ~ -1 + Age, family = binomial(link = "log"), data = 
ranch_by_age) 

 

The following is a summary of the model results and fit: 

 
Deviance Residuals:  
    Min       1Q   Median       3Q      Max   
-2.2636   0.1023   0.4396   0.6365   1.7252   
Coefficients: 
    Estimate Std. Error z value Pr(>|z|)     
Age -0.03865    0.01074  -3.599  0.00032 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
(Dispersion parameter for binomial family taken to be 1) 
    Null deviance:   Inf  on 24  degrees of freedom 
Residual deviance: 18.91  on 23  degrees of freedom 
AIC: 34.239 

 

The linear FOI as a quadratic function of age for the pastoral herds was fit according to 
the following model: 

 

glm(formula = cbind(Tot - Pos, Pos) ~ -1 + Age + I(Age^2) + I(Age^3), family = binomial(link = 
"log"), data = kenya_by_age) 

 

The following is a summary of the model results and fit: 

 

Deviance Residuals:  
   Min      1Q  Median      3Q     Max   
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-2.772  -1.386  -0.240   1.283   6.318   
Coefficients: 
         Estimate Std. Error z value Pr(>|z|)     
Age      -1.21338    0.17469  -6.946 3.76e-12 *** 
I(Age^2)  0.61131    0.15439   3.960 7.51e-05 *** 
I(Age^3) -0.11209    0.03099  -3.618 0.000297 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
(Dispersion parameter for binomial family taken to be 1) 
    Null deviance:    Inf  on 212  degrees of freedom 
Residual deviance: 525.86  on 209  degrees of freedom 
AIC: 764.74 
Number of Fisher Scoring iterations: 6 
 

 

Methodology and R code were adapted from: 

Hens, N. et al. (2012) Modeling Infectious Disease Parameters Based on Serological 
and Social Contact Data. New York, NY: Springer New York (Statistics for Biology and 
Health). doi: 10.1007/978-1-4614-4072-7. 

 

 


