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Abstract Spread of infectious diseases at global mass gatherings can pose health
threats to both the hosting country and the countries where participants originate.
The travel patterns at the end of these international events may result in epidemics
that can grow to pandemic levels within a short period of time. Computational
models are essential tools to estimate, study, and control disease outbreaks at mass
gatherings. These models can be integrated in the planning and preparation process
of mass gatherings. In this paper, we present a review of the key data requirements
and the challenges encountered when modeling infectious diseases epidemics ini-
tiated by global mass gatherings. This review can assist epidemic modeling at
global mass gatherings providing researchers with insights of the main aspects and
possible big data opportunities in this emerging research area.
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1 Introduction

There are several recurrent global mass gatherings (MGs) occurring on different
places in the world such as sport, religious, and political events. Participants
attending these events may be exposed to serious health threats. The gathering of
high population density in a close proximity during MGs has the potential to
facilitate the transmission of communicable diseases [1–5]. Furthermore, the global
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events (such as the Olympics, the FIFA World Cup, and the Hajj; the Muslim
pilgrimage to Makkah) where people gather from different countries present serious
health threats and challenges for both the hosting countries and the countries of
origin of the participants. These global MGs allow the mixing of various infectious
pathogens due to the diverse disease exposure history and demographics of the
participants. When these global events are over, the travel patterns of the partici-
pants could cause a rapid spread of infectious diseases affecting large number of
people and causing global epidemic within a short period.

There was a rising concern in 2009, as MGs occurring that year such as the Hajj
and the Southeast Asian Games could further contribute to global spread of the
2009 pandemic influenza A (H1N1) [6]. In fact, after the 2009 Hajj season several
studies [7–10] were conducted to trace H1N1 pandemics among the returning
pilgrims and their contacts. Also, activities of the 2009 pandemic influenza A
(H1N1) virus have been reported during several music festivals [11]. Several
outbreaks have been reported in different MGs of varying sizes with the most
common reported infections being respiratory viruses including different strains of
influenza [12]. As shown in the Fig. 1 below, there was a global spread of N
meningitidis W135 after recurrent outbreaks of W135 during the Hajj seasons of
2000 and 2001. Also, influenza outbreaks have been reported in 2002 and in 2008
at the Winter Olympics in Salt Lake City, UT, USA [13], and the World Youth Day
in Sydney [14] respectively. In 2008, at the European Football Championship
several measles outbreaks occurred in both hosting countries Austria and

Fig. 1 Some reported outbreaks in previous mass gatherings
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Switzerland, with other measles cases reported in the neighboring countries of
France, Germany, and Spain [15].

There are increasing research efforts addressing the health hazards in the context
of mass gatherings and their impacts on global health. Many studies [2, 5, 16–19]
draw attention to major threats presented in mass gatherings, and provide guidelines
and recommendations to manage possible health hazards. In their study, Nsoesie
et al. [20] reviewed the use of new technologies to improve infectious diseases
surveillance in different types of MGs as a part of planning and preparation for
these events. These technologies include web-based systems, smartphone applica-
tions, wireless sensor networks and syndromic surveillance systems. While,
applying all the different measures and efforts can be effective in preventing and
controlling the spread of infectious diseases during mass gatherings, it may not be
sufficient to provide insights of the potential risk of global epidemics after these
events. Computational methods and models can play an important role not only in
the prevention and control of disease outbreaks in mass gatherings, but also in
predicting a global spread of infectious diseases.

In this paper, we aim to summaries the main aspects of modeling disease spread
at mass gatherings, and provide a review over relevant literature. Based on this
review, the key data requirements to model disease spread at global MGs and the
encountered challenges related to big data are presented. The paper is organized as
follows; the next section summaries several recent computational models of
infectious disease in mass gatherings. Next, data requirements and challenges in
modeling epidemics at global MGs are covered. Then, some big data aspects and
opportunities when modeling disease spread at MGs are highlighted. Finally, the
last section summaries the review presented in this paper.

2 Modeling Disease Outbreaks at MGs

The success of computational modeling in epidemiology and public health moti-
vates applying its use in the context of mass gatherings to provide efficient tools to
study the spread of diseases at mass gatherings and assess the risk of global epi-
demics. There are several studies proposing computational models for analyzing
and simulating epidemics of different diseases in different settings and populations.
These models vary from the simple mathematical SIR [21] (Susceptible–-
Infected–Recovered) model to more complicated spatial-temporal simulations that
allow the introduction of prevention and mitigation measures. However, few studies
are devoted to computational models of epidemics at mass gatherings. In their
study, Chowell et al. [22] examined different aspects of epidemics that must be
addressed in computational models including; the environmental, behavioral,
health-related, and demographics factors and highlighted several data requirements
and modeling challenges in these settings. Their article concluded with recom-
mendations of integrating disease spread models as a part of the preparedness and
the planning of some of the global events such as the Olympics and the Hajj.
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In an event-based study, Khan et al. [23] proposed a conceptual model to
integrate data of international air travels from different sources and reported cases of
infectious diseases as a preparation for potential infectious diseases threats at the
Vancouver 2010 winter Olympics. This work suggested that the hosting country of
such global event could use this integrated knowledge model to estimate emerging
health threats. First, the authors gathered and analyzed the previous global travel
patterns, focusing on the Olympic Winter Games for the past decade. Then, based
on results of that analysis, the 25 cities with the highest numbers of travellers were
identified, and the infectious disease surveillance in those cities was conducted.
Next, the information from the HealthMap (www.healthmap.org) was integrated to
the global infectious disease surveillance. As described by Khan et al. [23],
HealthMap is an online tool that tracks outbreaks reports from different sources and
transforms these reports into interactive maps. HealthMap provided a real time
analysis before and during the 2010 Olympic Winter Games. Although, applying
their model to the 2010 Olympic Winter Games did not reveal any serious threats, it
provided the Canadian health officials with advanced knowledge to be prepared to
any threats.

While Khan et al. [23] targeted one of the global mass gatherings to identify
possible incoming health hazards, Stehle et al. [24] proposed a simulation of
infectious disease transmission for a relatively small gathering among the attendees
of the 2009 Annual French Conference on Nosocomial Infections. They used a
stochastic SEIR (Susceptible–Exposed-Infected–Recovered) model to demonstrate
the impact of using different contact patterns on the dynamic of the infection. The
authors were able to measure the interactions between the individuals within the
two days of the conference using wearable sensors (RFID; radiofrequency identi-
fication devices). Then, the collected data was used to compare three different
contact networks: dynamic, homogeneous, and heterogeneous. These contact net-
works differ in the type and the duration of the interactions between individuals.
Their results of the contact duration and distribution showed a high probability of
pathogen spread for a small number of infected people. This probability was smaller
in homogeneous networks as compared to heterogeneous and dynamic networks.

Shi et al. [25] developed a SEIR agent-based simulation model using data from
the state of Georgia to study the impacts of the contact patterns and social mixing
on influenza pandemic in different settings including mass gatherings and holiday
traveling. In their simulation, they divided the simulation period into a “regular”
period and a “traveling” or “mass gathering” period. In the “regular” period, Agents
are moving to and from households, schools or workplaces, and other public places.
The proportion of the created population was selected to mix within a large group to
model temporal mass gatherings. To validate their model, Shi et al. [25] executed
the simulation using several scenarios of different populations interacting in mass
gatherings or traveling periods varying in length and size. The results obtained from
the simulation experiments identified several factors that affect the dynamics of the
influenza epidemic, including the timing of mass gatherings or travel in relation to
the epidemic peak and the pathogen’s infectious period. Also, the simulation
indicated little impact of the changes in the social mixing on the course of an
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epidemic. The authors suggested that using such predictive model could provide
public health officials with insights to take proper actions and control measures
during a mass gathering.

3 Data Requirements

As stated by Chowell et al. [22], the risk of disease spread at MGs is related to the
participants attending these events and the environment where the event took place.
Thus, the key data requirements to model outbreaks in MGs include the charac-
teristics of the participating populations and the event itself.

3.1 Participating Populations

The main attributes of the population attending MGs that should be used to guide
modeling disease spread, include the population demographic and epidemiological
disease-specific aspects such as susceptibility levels and vaccination status. The
most important demographic data about the participants attending a global event are
age, gender, and the country of origin. In fact, based on the epidemic modeling
approach these demographic data if known, can be used to identify, estimate, or
make reliable assumptions about other modeling attributes such as the contact
patterns, the susceptibility levels, and the vaccination status. Knowing the age
distribution of the population can provide insights into the contact rates and the
susceptibility levels of different age groups. In fact, the correlation between the
different age groups and the contact rates was investigated in several studies. In a
recent study [26], Cowling et al. revealed a strong age-based contact rate based on
analyzing contact patterns in different settings in several European countries. It was
concluded that compared to other age groups, children and adolescents tend to have
a higher rate of contacts within their age group. Thus, children and teenagers play
an important role in disease spread of close contact infections especially influenza.
As a result it is important to conduct studies for age-based risk groups for different
diseases in the context of MGs.

Gender is another important factor when modeling disease transmission among
individuals. Gender differences can contribute in understanding and controlling the
transmission of infectious diseases [27]. However, most studies investigated gender
differences on emerging infectious diseases focused mainly on sexual transmitted
diseases. During mass gatherings, the gender distribution of the population is
important to study and model disease spread especially when combined with
gender-based behavior analysis within the event. As in some MGs especially the
religious events, there is a gender separation either for the entire event or in some
stages of the event. For example, at the Hajj, men and women are only segregated in
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their sleeping arrangements, as opposed to another annual religious event of Attukal
Pongala festival in Kerala, India where only women are participating.

Countries of origins of the participants might provide insights of their suscep-
tibility to some diseases, possible disease history, and vaccination status. As dif-
ferent countries have different vaccination policies and populations from different
geographical areas vary in their disease exposure history. The incoming travel
patterns can be used to determine the country of origin of the population during
global MGs. In some MGs like Hajj, vaccination requirements for entry visa are
issued based on the country of origin. For example, arrivals from polio-endemic
countries are required to provide a proof of Poliomyelitis vaccination 6 weeks prior
attending Hajj [28]. The vaccination coverage of different age groups can be
acquired from different sources based on the country of origin such as official public
health websites. The National Center for Health Statistics (NCHS) (www.cdc.gov/
nchs/) provides detailed health measures and statistics including age-based vacci-
nation coverage of different diseases. Also, there are several published reports and
surveys provide information about the immunizations status in several countries
either for specific age groups or the whole population. For example, the publicly
available information provided in several reports [29, 30] of the seasonal influenza
vaccination in Europe can be used to estimate the levels of immunity and sus-
ceptibility when modeling a MGs occurring in Europe.

3.2 Mass Gatherings Event

The different characteristics of the event such as timing, size, incoming travel
patterns, setting, schedule of events, and the spatial considerations needed to be
identified and included in the epidemic model. There is evidence of associations
between climatic conditions and some infectious diseases such as seasonal influ-
enza [7]. Thus, it is important to have a better understanding of climate contribution
to the disease(s) under study and to integrate climate data into epidemic modeling.
The expected weather patterns at MGs can be estimated based on the timing and the
geographical location of the event. For example, in the past few years the Hajj
season shifted from summer to winter [31]. As a result in the last seasons of Hajj,
the summer related diseases such as heat stroke and food poisoning are not reported
and the more expected diseases are related to cold weather such as influenza and
asthma.

Arrival and departure are the most important phases of a global MGs, as the
movement of large numbers of people from and to different countries to attend an
event can pose public health threats to the hosting country. The incoming travel
patterns can be used to determine the countries of origin of the participants, the
expected diseases, and the possible vaccinations. Thus, identifying and analyzing
the incoming travel patterns can help hosting countries to estimate the risks of
importing infectious diseases. Moreover, when participants are travelling back to
their countries after a global event this might contribute to a global epidemic within
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a short period of time. For example, in their study Khan et al. [32] provided detailed
analysis of the outgoing travel patterns from Mexico after the identification of the
novel 2009 A (H1N1) influenza in Mexico and California. Their study confirmed
H1N1 introductions within a few weeks in 20 countries where the highest number
of arriving passengers from Mexico. Also, as stated previously after the Hajj season
on 2009 several studies [7–10] were conducted to trace H1N1 pandemics among
the returning pilgrims arriving from Saudi Arabia. A recent study by Khan et al.
[33] analyzed 2012 international air travel data and Hajj data to predict pilgrims’
movements after Hajj and estimate the potential novel coronavirus (MERS-CoV)
importations.

Also, it is important to know and include the setting of the event; whether the
event is held in one location or several locations; in a confined space or an open
area, and whether it is a seated or mobile event. For example, in the Olympics
Games and the Soccer World Cups several locations are involved. However, for
most religious events, the rituals are performed at specific holy sites. Also, there is a
need to determine the possible movements of the participants during the event; is
there any specific regulations on their movements or their interactions with the local
population within the hosting country. For instance, the movement of pilgrims
attending Hajj is restricted and they are not allowed to extend their stay in the
country after the completion of Hajj. All these aspects can play an important role in
the dynamics of the disease spread and should be used to guide the modeling
process of infectious disease in MGs.

4 Big Data and Modeling Disease Spread at MGs

There are several challenges related to the required data when attempting to model
disease spread in global MGs. The variety of data to be captured from several
sources is extensive, and includes demographics, airline traffic data, climate data,
spatial data, and social and mobile phone network. Moreover, gathering detailed
data about the expected participating populations at MGs prior to the event is very
challenging if not infeasible. But, it is essential to have at least an adequate
approximation of the demographics of the expected populations. For example, data
from previous occurrences of MGs can be collected and analyzed to estimate the
features of future participants attending similar events. In addition, as suggested by
Nsoesie et al. [20] and Chowell et al. [22] using advanced monitoring and sensing
devices of a representative sample provides higher levels of details about partici-
pants at MGs and their interactions and movements. With such advanced methods
extensive amounts of data will be generated and need to be analyzed to extract
useful information about the participants, their demographics, contact patterns, and
behaviors during the event. Social media such as twitter can provide an alternative
data sources about these events. Analyzing tweets posted by the participants can
provide insights about their behaviors, movements and the event itself, which can
be used when modeling disease spread. Moreover, simulating vastly increasing and
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high dimensional heterogeneous data representing the populations at global MGs
provide a great big data challenge. As there is a need to integrate individual dif-
ferences when modeling disease transmission at each stage of the event. In fact,
some recent studies are aiming to include genetic variation among individuals when
modeling infectious diseases and to use pathogens’ genetic profiles to construct
epidemics [33], which will result in having to process vast amount of genetic data.

Moreover, representing populations attending MGs in the epidemic model is a
challenging task, as we want to capture differences on individual levels, we also
need to represent specific subgroups among the entire population. For example,
participants need to be grouped based on their countries of origin to model disease
spread in the arrival and departure stages of the event. In addition, modeling epi-
demics in global MGs needs to handle the multiple spatial scales as the participants
in these events arrive from different geographical locations and gathered in a
specific local space. Even within the setting of the event the participants can go
back and forth to different locations either randomly (e.g. audience at Olympic
games) or following a specific rituals (e.g. pilgrims at Hajj). Modeling epidemics at
MGs requires advanced spatial-temporal simulations that allow the introduction of
prevention and mitigation measures. Therefore, it is important to capture and rep-
resent the interactions and movements of participants at these different
spatial-temporal levels.

5 Summary

Global mass gatherings can pose public health threats on a large scale. Thus, it is
important to apply computational epidemic modeling to estimate potential global
epidemics. Based on the comprehensive review of the literature presented in this
paper, we were able to summarize the key data requirements to model disease
spread in these events. While there are several required data related to both the
participants attending the event and the event itself, the most important aspect is the
incoming and outgoing travel patterns before and after the event. Travel patterns of
the participants can be used to predict the path and the dynamics of a potential
global epidemic. There is a need for more advanced studies in the context of
modeling disease spread in MGs. These studies should provide reliable methods to
determine or adequately estimate the incoming and outgoing travel patterns, the
event size and setting, and the characteristics of the expected population. These
studies should also identify the best methodologies to utilize and integrate these
data into disease-spread models. The diversity of the data sources provides
opportunities to apply big data methods to assist developing epidemic models in the
context of MGs. These challenges and opportunities include large data gathering,
simulating enormous heterogeneous populations, approximate the underlying
contact patterns among the participants using different data sources, and capturing
the multiple spatial-temporal layers.
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