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Introduction: Mass gatherings (MGs) have the potential to facilitate global spread of infectious 
pathogens. Hajj is one of the largest MG events, where over two million pilgrims from all over 
the world gather for a 5-day ritual in a high-density area in Saudi Arabia. An invasive 
meningococcal disease (IMD) outbreak in 2001 urged the Saudi authorities to mandate 
vaccination for all pilgrims. We developed a mathematical model to assess the variation of 
population density effect in Hajj on IMD transmission and evaluate the impact of vaccination 
among pilgrims.   

Methods: A meta-population mathematical model was developed to simulate the transmission 
and predict the risk of IMD outbreaks by integrating the effect of population density during Hajj 
pilgrimage. The impact was estimated for the pilgrims at the Hajj site, and for 5 clusters of 
population: Mecca city, KSA outside of Mecca, and pilgrims’ origin based on meningococcal 
endemicity (low, moderate, and high). We simulated the impact of several vaccination coverage 
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and vaccine efficacies (VEs) of quadrivalent conjugated ACWY vaccines on the risk of 
transmission and outbreaks of IMD.  

Results: The effect of increased density of contacts during Hajj was estimated to generate a 
78-fold increase in disease transmission that impacts not only pilgrims but also the local 
population. Reduction of meningococcal vaccination coverage among pilgrims has the highest 
likelihood of outbreak among pilgrims, followed by non-pilgrims in Mecca, and then non pilgrims 
in the rest of KSA (Figure 1). Even with a 75% vaccine coverage, the risk of a meningitis 
outbreak of more than 30 cases among pilgrims remain significant (25%). High vaccine efficacy 
was mostly important to protect pilgrims at the hajj site from disease risk (Figure 2). The 
likelihood of ≥30 cases was 47% for 50% VE; 26% for 70% VE, and <1% for 93% VE (expected 
VE of conjugated meningococcal disease). 

Conclusion: We learned from Hajj that MGs can be a significant catalyzer for infectious 
disease spread and that vaccination coverage and efficacies can have an impact on attendants 
and other clusters to whom the participants belong. Our mathematical framework may be used 
to study the spread of other respiratory infections (e.g. Influenza and COVID-19.) during regular 
MG events. This will inform public health preparedness and interventions (e.g. attendance 
control and vaccination strategies). 
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Figure 1. Impact of vaccine coverage. Reverse cumulative distribution curve of yearly IMD cases for a uniform coverage rate 
among pilgrims varying from 0 to 100%. (A) IMD cases among non-pilgrims in the rest of KSA; (B) IMD cases among non-pilgrims 
Mecca residents; and (C) IMD cases among pilgrims.  
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Figure 2. Impact of vaccine efficacy (VE) on pilgrims. Reverse cumulative distribution curve of yearly IMD cases for no 
vaccination, and VEs equal to 50%, 70%, and 93% (The latter is the expected VE of conjugated ACWY meningococcal 
vaccines) 


