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Abstract. 
The European Centre for Disease Prevention and Control called the attention in March 2012 to the risk of measles in Ukraine among visitors to the 2012 UEFA European Football Championship. Large populations of supporters travelled to various locations in Poland and Ukraine, depending on the schedule of Euro 2012 and the outcome of the games, possibly carrying the disease from one location to another. In the present study, we propose a novel two-phase multitype branching process model with immigration to describe the risk of a major epidemic in connection with large-scale sports-related mass gathering events. By analytic means, we calculate the expected number and the variance of imported cases and the probability of a major epidemic caused by the imported cases in their home country. Applying our model to the case study of Euro 2012 we demonstrate that the results of the football games can be highly influential to the risk of measles outbreaks in the home countries of supporters. To prevent imported epidemics, it should be emphasized that vaccinating travellers would most efficiently reduce the risk of epidemic, while requiring the minimum doses of vaccines as compared to other vaccination strategies. Our theoretical framework can be applied to other future sport tournaments too.


1. Introduction
The European Centre for Disease Prevention and Control reported a measles outbreak in Ukraine with more than 11,000 cases from the beginning of 2012 until the end of June 2012 [1, 2]. The 2012 UEFA European Championship (Euro 2012) took place in Ukraine and Poland between 8 June and 1 July 2012, attracting several hundreds of thousands of football fans to these countries [3]. Susceptible visitors not only had a high risk of being infected, but also geographically propagating the epidemic to other countries.
We introduce a discrete time Markov chain model, which is an adaptation of a multitype Galton-Watson process with immigration to give a mathematical model for the evolution of the epidemic. Thus, we calculate the risk of epidemics connected to sports-related mass gathering events. Our model consists of two parts, the first one describing the spread of the disease during the championship in the host country, while the second part models the spread of the disease by fans returning to their home countries.
We apply our model to the special case of measles epidemics in Ukraine during the Euro 2012. Four of the eight host cities of this championship are in Ukraine (Kiev, Kharkiv, Lviv and Donetsk); one of these, Lviv, is situated in the western region where the prevalence is the highest and vaccination coverage remained the lowest in the country. Games of the group phase took place in the four Ukrainian cities for groups B and D including Denmark, Germany, Netherlands, Portugal and Ukraine, England, France, Sweden [4]. Two of the quarterfinals, one of the semifinals as well as the final took place in Ukraine, so Spain and Italy also played some games in Ukraine. The suboptimal measles vaccination coverage in many European countries poses a risk of measles epidemics caused by fans returning from Euro 2012. Here we study the impact of different outcomes of Euro 2012 on the probability of post-tournament measles epidemics in the participating countries and compare the effectiveness of different vaccination strategies by target host in reducing the risk of imported epidemics in other countries after Euro 2012. We discuss the applicability of our approach to other future events as well.
The rest of the paper is organized as follows. In Section 2 we describe the general mathematical model. In Section 3 we compute the probability of major epidemic in France after Euro 2012, while in Section 4 we compare the results with Euro 2008. Finally, we close with a discussion on the applicability of our model for other sports-related mass gathering events. In the appendix we calculate explicitly the expected number and the variance of infectious cases imported to the home country by supporters.
2. Methods
Since the supporter group spends a relatively short time in the infected area, it is possible that nobody gets infected, in which case there is no increased chance for epidemic in the home country. It is also clear that the risk of a huge epidemic is larger when five infected individuals arrive home (maybe to different parts of the country) than in the case when only one infectious supporter arrives. The fact that the number of infected supporters is zero, one, or five is just a matter of chance; thus, a deterministic model does not serve for our purposes in this case. It is well known (see [5]) that early stages of an epidemic in a large population can be approximated by branching processes, where having a descendant means infecting somebody. This exactly fits to our model, because in the host country the supporters spend short time (up to a month, say), and after returning to the home country we are only interested in the probability of a major epidemic, that is, in the early stage of a possible epidemic. To determine the final number of infectious individuals and/or the duration of the epidemic a mixture of a stochastic and a deterministic model is more appropriate. For general use of stochastic epidemic models we refer to a recent survey by Britton [5].
To describe the importation dynamics in the simplest manner, as a mathematical model, we propose a branching process with immigration. For simplicity, consider a single supporter population 
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 which follows the matches of the team during the tournament, and ignore the interaction with other supporter groups. They can contract the disease from the local population or from each other. We define a discrete time Markov chain model, which is an adaptation of a multitype Galton-Watson process with immigration. We say that an individual is of type-
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 days ago. The model is divided into two phases: the first phase takes 
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 days and corresponds to the time spent in the host country, while the second phase describes the process upon returning to the home country. Let 
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 be the mean latent period and 
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 the mean infectious period of the disease (in days); that is, a newly infected individual becomes infectious only after 
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. The evolution is the following. On day 
	
		
			
				𝑡
				+
				1
			

		
	
 the newly infected individuals, that is, type-1 individuals, can originate from the local population (immigrants), or from an 
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 individuals arise only by getting one day older. After Phase 1, the infected vector 
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 returns to the home country, and each infected individual independently starts a simple single type Galton-Watson process.
In the following we describe the exact mathematical model.
2.1. Phase 1
Let 
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It is easy to show that the recursion 
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Up to now we did not use any particular property of the branching structure. However, note that in our case we have the following. The immigrants are always of type-1; thus, the generating function is in fact a one-variable function, that is, 
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.
2.2. Phase 2
Phase 2 starts with the infected vector 
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 arriving home. In this stage there is no immigration, and since the infected individuals stay home there is no point on registering the different types; hence, instead of counting the days we count the generation: 
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Now, all who were infected after this step spend their infectious days in the home country, so the process now is a simple single type Galton-Watson process with offspring generating function 
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If this simple Galton-Watson process is critical or subcritical, that is, 
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 as in (6).
3. Computations for the European Football Championship 2012
3.1. Risk of Measles Outbreak Depends on the Results of the Football Games
In this section we apply the results to the measles epidemic in Ukraine during the 2012 UEFA European Football Championship. For illustratory purposes, we have chosen France as a prototype for describing the results. In fact, as being amongst the four favourites for the European championship title [7], France was likely to be amongst the teams with the most supporters, while having low vaccination coverage against measles, posing an elevated risk of imported epidemic caused by supporter cases after Euro 2012. We compare the following three scenarios, one of which is the real situation in Euro 2012, while the two others are hypothetical cases representing the extremes for France by means of total time spent in Ukraine (see also Figure 1):(a)France is eliminated in the group stage, thus playing only three games in Ukraine between June 11 and June 19 (hypothetical case);(b)France finishes second in the group and is eliminated in the quarterfinals, playing four games in Ukraine between June 11 and June 23 (this is what actually happened);(c)France finishes second in the group, and gets into the final, thus playing six games between June 11 and July 1, all in Ukraine (hypothetical case). 


	
		
	


	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
	
	
	
	
	
	
	
		
			
			
				
			
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
				
					
					
					
					
				
			
		
	
	
		
			
				
					
					
					
					
					
					
				
			
		
	
	
		
			
				
					
					
					
					
					
					
				
			
		
	
	
		
	
		
	
		
			
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
					
					
					
					
					
					
					
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
					
					
					
					
					
					
				
			
		
	
	
		
			
				
					
					
					
					
					
					
				
			
		
	
	
		
			
				
					
					
					
					
					
					
					
				
			
		
	
	
		
			
				
					
					
					
					
					
					
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
			
		
	
	
		
			
				
				
				
			
			
				
			
			
				
				
				
			
		
	
	
		
			
				
				
				
				
				
			
			
				
			
			
				
			
		
	

Figure 1: The movement of France during Euro 2012 and the dates of games. The solid arrow corresponds to the group stage, the dashed arrow corresponds to additional games in scenarios (b) and (c), and the dot-dashed arrow corresponds to the hypothetical case of getting into the final (scenario (c)). The dotted arrows represent the movement of Italy (chosen randomly for illustratory purposes) during the tournament.


We assume that the supporter population is staying in Ukraine as long as the team continues to play games. The total length of stay would be the length of games plus one extra day due to international travel, and thus in the three cases we have 
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For our computations we set 
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 [8]. Since measles is generally rare in Europe, the effective reproduction number in France 
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 is determined by the basic reproduction number 
	
		
			

				𝑅
			

			

				0
			

		
	
 of measles and the effective vaccination coverage 
	
		
			

				𝑣
			

			

				𝐹
			

		
	
 in France (e.g., the fraction of population that is immunized and protected) due to 
	
		
			

				𝑅
			

			

				𝐹
			

			
				=
				𝑅
			

			

				0
			

			
				(
				1
				−
				𝑣
			

			

				𝐹
			

			

				)
			

		
	
. The basic reproduction number 
	
		
			

				𝑅
			

			

				0
			

		
	
 is estimated between 12 and 18. For computations we use 
	
		
			

				𝑅
			

			

				0
			

			
				=
				1
				5
			

		
	
. Thus, 
	
		
			

				𝑅
			

			

				𝐹
			

		
	
 is realistically assumed to be in the range 1–3 [9–12]. The contact pattern within the supporter group might be different from the general population, but still the effective reproduction number in Ukraine 
	
		
			

				𝑅
			

			

				𝑆
			

			
				=
				𝑘
				𝛽
				=
				𝑘
				𝐺
			

			
				
				𝑆
			

			
				(
				1
				)
			

		
	
 is expected to be of the same magnitude as 
	
		
			

				𝑅
			

			

				𝐹
			

		
	
 providing a reasonable range for 
	
		
			

				𝛽
			

		
	
. Parameter 
	
		
			
				𝜆
				=
				𝐻
			

			

				
			

			
				(
				1
				)
			

		
	
, which represents the expected number of daily infected individuals infected by members of the local population, is the most difficult to estimate, as this is given by a combination of several factors: the morbidity of measles in Ukraine during the tournament, the contact patterns between and within local and supporter populations, the size of the supporter group, and the level of susceptibility in this group. We scanned a large domain 
	
		
			
				[
				0
				,
				0
				.
				1
				2
				5
				]
			

		
	
 for 
	
		
			

				𝜆
			

		
	
. A person having measles changes his mixing and contact patterns due to the infection, but it should be noted that generally such a change in social behaviour is accounted for the estimate of 
	
		
			

				𝑅
			

			

				0
			

		
	
. Here we assume that individuals in the host country, home country, and visitor populations modify their social behaviour similarly after contracting the disease; thus, our three key parameters 
	
		
			

				𝜆
			

		
	
, 
	
		
			

				𝛽
			

		
	
, and 
	
		
			

				𝑅
			

			

				𝐹
			

		
	
 are all proportional to 
	
		
			

				𝑅
			

			

				0
			

		
	
.
By the nature of the immigration and the offspring distributions it is natural to assume that these are Poisson, or compound Poisson distributed. We calculate the extinction probabilities in two cases: when the offspring and immigration distributions are Poisson distributions and when they are negative binomial distributions. In the appendix we explicitly calculate some relevant quantities. We assume that the expectations of the total number of daily new infections from the local population (
	
		
			

				𝜆
			

		
	
), the expectation of daily new infections by one infectious individual from the supporter population (
	
		
			

				𝛽
			

		
	
), and the expectation of daily new infections by one infectious individual in the home country (
	
		
			

				𝛾
			

		
	
) are known and choose the parameters of the generating functions accordingly. Note that 
	
		
			

				𝑅
			

			

				𝐹
			

			
				=
				9
				𝛾
			

		
	
.
Assuming that both the immigration and the offspring distributions are Poisson, we have
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				𝐻
				(
				𝑧
				)
				=
				𝑒
			

			
				𝜆
				(
				𝑧
				−
				1
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				,
				𝐺
			

			

				𝑆
			

			
				(
				𝑧
				)
				=
				𝑒
			

			
				𝛽
				(
				𝑧
				−
				1
				)
			

			
				,
				𝐺
			

			

				𝐹
			

			
				(
				𝑧
				)
				=
				𝑒
			

			
				𝛾
				(
				𝑧
				−
				1
				)
			

			
				,
				𝑔
				(
				𝑧
				)
				=
				𝑒
			

			
				9
				𝛾
				(
				𝑧
				−
				1
				)
			

			

				.
			

		
	

A random variable 
	
		
			

				𝑋
			

		
	
 has negative binomial distribution with parameters 
	
		
			
				𝑟
				>
				0
			

		
	
 and 
	
		
			
				𝑝
				∈
				(
				0
				,
				1
				)
			

		
	
, if 
	
		
			
				
				𝐏
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				𝑋
				=
				𝑘
				}
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				𝑘
				+
				𝑟
				−
				1
				𝑟
				−
				1
			

			
				
				(
				1
				−
				𝑝
				)
			

			

				𝑟
			

			

				𝑝
			

			

				𝑘
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				𝑘
				=
				0
				,
				1
				,
				2
				,
				…
			

		
	
, where the binomial coefficient is defined by 
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				
				=
				(
				𝑘
				+
				𝑟
				−
				1
				)
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				𝑘
				+
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				−
				2
				)
				⋯
				𝑟
				/
				𝑘
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. The generating function is 
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				=
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				
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				𝑧
			

			

				𝑟
			

			

				,
			

		
	

							so the expectation is 
	
		
			
				𝐄
				𝑋
				=
				𝑟
				𝑝
				/
				(
				1
				−
				𝑝
				)
			

		
	
. In the special case, when 
	
		
			
				𝑟
				=
				1
			

		
	
 we obtain the geometric distribution. Assuming geometric distribution for the immigration and the one-day infections 
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				(
				𝑧
				)
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				,
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				𝑧
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				+
				𝛾
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				𝛾
				𝑧
			

			
				−
				1
			

			

				,
			

		
	

							(the parameters are chosen to make the corresponding expectations to be 
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, and 
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 resp.), and using that 
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				𝑔
			

		
	
 we necessarily have 
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				𝑔
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				𝑧
				)
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				−
				9