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Abstract 

Background: The speed of vaccine development has been a singular achievement during the 

SARS-CoV-2 pandemic.  However, anti-vaccination movements and disinformation efforts have 

resulted in suboptimal uptake of available vaccines.  Vaccine opponents often frame their 

opposition in terms of the rights of the unvaccinated.  Our objective was to explore the impact of 

mixing of vaccinated and unvaccinated populations on risk among vaccinated individuals. 

Methods: We constructed a simple Susceptible-Infectious-Recovered (SIR) compartmental 

model of a respiratory infectious disease with two connected sub-populations: vaccinated 

individuals and unvaccinated individuals.  We simulated a spectrum of patterns of mixing 

between vaccinated and unvaccinated groups that from random mixing to like-with-like mixing 

(complete assortativity).  We evaluated the dynamics of an epidemic within each subgroup, and 

in the population as a whole, and also evaluated the contact-frequency-adjusted contribution of 

unvaccinated individuals to risk among the vaccinated. 

Results:  As expected, the relative risk of infection was markedly higher among unvaccinated 

individuals than among vaccinated individuals.  However, the contact-adjusted contribution of 

unvaccinated individuals to infection risk during the epidemic was disproportionate, with 

unvaccinated individuals contributing to infection risk among the vaccinated at a rate up to 6.4 

times higher than would have been expected based on contact numbers alone in the base case.  

As assortativity increased, the final attack rate decreased among vaccinated individuals, but the 

contact-adjusted contribution to risk among vaccinated individuals derived from contact with 

unvaccinated individuals increased. 

Interpretation: While risk associated with avoiding vaccination during a virulent pandemic 

accrues chiefly to the unvaccinated, the choices of these individuals are likely to impact the 

health and safety of vaccinated individuals in a manner disproportionate to the fraction of 

unvaccinated individuals in the population. 
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Introduction 

The remarkable speed of vaccine development, production and administration is a 

singular human achievement during the SARS-CoV-2 pandemic (1).  While the ability to 

vaccinate to herd immunity has been held back by the increasing transmissibility of novel 

variants of concern (e.g., Delta and Omicron variants) (2, 3), and global distribution of vaccines 

is deeply inequitable (4), the effectiveness of vaccines against acquisition of infection, in 

reducing severity of disease, and in disrupting onward transmission even when breakthrough 

infections occur, is likely to have saved many lives. 

However, the longstanding and growing anti-vaccine movement, combined with well-

organized disinformation efforts, have resulted in suboptimal uptake of readily available 

vaccines in many countries, with adverse health and economic consequences for communities 

and individuals (5-7).  Those who oppose vaccination, and community mandates (e.g., “vaccine 

passports”) that provide incentives for vaccination, often invoke the rights of individuals to opt 

out of such programs (8, 9).   

Such arguments disregard the wider harms that may result from non-vaccination, in 

both vaccinated and unvaccinated individuals, in populations with substantial levels of 

vaccination opt-out.  While assortative (like-with-like) mixing (10) is characteristic of many 

communicable disease systems, and this may be expected to limit interaction between 

vaccinated and unvaccinated populations to some degree, the normal functioning of society, 

mean that complete assortativity is not a phenomenon observed in reality.  Furthermore, the 

dominant airborne mode of spread of SARS-CoV-2 (11) means that close-range physical mixing 

of individuals from vaccinated and groups is not necessary for between-group disease 

transmission. 

Simple mathematical models can often provide important insights into the behavior of 

complex communicable disease systems (10, 12, 13).  To better understand the implications of 

the interplay between vaccinated and unvaccinated populations under different assumptions 
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about population mixing, we constructed a simple SIRS model to reproduce the dynamics of 

interactions between vaccinated and unvaccinated population subgroups in a highly vaccinated 

population.  Our objectives were to contrast contribution to epidemic size and risk estimates by 

sub-population; and (ii) to understand the impact of assortativity on expected disease dynamics. 

 

Methods 

Model 

We constructed a simple Susceptible-Infectious-Removed model of a respiratory viral 

disease, as in (14).  The model was subdivided into two connected sub-populations: vaccinated 

individuals and unvaccinated individuals (Figure 1).  The model is governed by the following 

ordinary differential equations, where i represents the vaccination status of the group, and j 

represents vaccination status of contacts.   

 

dSi/dt = -bSfij(Ij/Nj)      (1) 

dIi/dt = bSfij(Ij/Nj) - gIi      (2) 

dRi/dt = gIi        (3) 

 

Here b represents the product of contacts per unit time and probability of transmission 

per contact, which is considered equivalent in vaccinated and unvaccinated individuals, and 

estimated as R0/D, where D is the duration of infectivity and R0 is the basic reproduction 

number.  In order to capture non-random mixing between vaccinated and unvaccinated sub-

populations, we modeled frequency-dependent transmission, with assortativity modeled using 

the approach of Garnett and Anderson (10).  The parameter fij in the model above represents the 

fraction of contacts in the ith group with infectious individuals in the jth group, where again the 

groups in question are vaccinated or unvaccinated. We use a constant of assortativity (h) in our 
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mixing matrix; when h is closer to 0 mixing is closer to random, while values closer to 1 

represent extreme assortativity.   

Individuals gained immunity after recovery from infection but we also assumed that 

some fraction of the unvaccinated population had immunity at baseline due to prior infection.  

We also assumed that a fraction of the population was vaccinated at baseline. Immunity 

following vaccination was treated as an all or none phenomenon, with only a fraction of 

vaccinated individuals (as defined by vaccine efficacy) entering the model in the immune state 

and the remainder left in the susceptible state.  In this simple model we assume a closed 

population with durable immunity.  Our model was otherwise parameterized to represent a 

disease similar to SARS-CoV-2 infection with Delta variant, with an R0 = 6 (15), and other 

parameter values as described in Table 1. 

 We used the model to explore the impact of varying rates of immunization and different 

levels of assortativity on the dynamics of disease in vaccinated and unvaccinated sub-

populations.  We evaluated the absolute contribution to overall case counts by these sub-

populations, as well as within-group and overall infection risk.  Attack rates were calculated as 

the cumulative number of infections divided by the population size. We calculate a quantity that 

we denote y, which we define as the cumulative incidence of infections among the vaccinated 

that derive from contact with unvaccinated individuals, divided by the fraction of the population 

that is unvaccinated.  A version of the model in Microsoft Excel is available at 

10.6084/m9.figshare.15189576. 

 

Results 

 

The simulated epidemic is presented in Figure 2.  With 20% baseline immunity among 

unvaccinated individuals, and 80% of the population vaccinated, the absolute number of cases 

from vaccinated and unvaccinated groups was similar; however, after adjustment for 
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substantially larger population in the vaccinated group, risk of infection was markedly higher 

among unvaccinated individuals during the epidemic, with the incidence rate ratio rising as high 

as 16 at the epidemic’s peak.  Post-epidemic incidence was lower among unvaccinated 

individuals than among vaccinated individuals, as the explosive epidemic among unvaccinated 

individuals resulted in a lower fraction of these individuals in the susceptible compartment as 

the epidemic waned.  The contact-adjusted contribution of unvaccinated individuals to infection 

risk during the epidemic was disproportionate, with unvaccinated individuals contributing to 

infection risk among the vaccinated at a rate up to 6.4 times higher than would have been 

expected based on contact numbers alone shortly before the epidemic’s peak (Figure 3).  

Varying assortativity resulted in changes in epidemic size in the vaccinated population; as 

assortativity increased (i.e., with reduced contact between vaccinated and unvaccinated 

populations) the final attack rate decreased among vaccinated individuals, but the value of 

y (cumulative total fraction of infections derived from contact with unvaccinated individuals 

divided by the fraction of contacts with unvaccinated individuals) increased.  This pattern was 

consistent across a range of values for vaccine efficacy and reproduction numbers (Figure 4). 
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Discussion 

We use a simple deterministic model to explore the impact of assortative mixing on 

disease dynamics and contribution to risk in a partially vaccinated population during a 

pandemic modeled on the current pandemic of SARS-CoV-2.  Notwithstanding the model’s 

simplicity, it provides a graphical representation of the expectation that even with highly 

effective vaccines, and in the face of widespread vaccination, a substantial fraction of new cases 

can be expected to occur in vaccinated individuals, such that rates, rather than absolute 

numbers, represent the appropriate metric for presenting vaccination impacts.  However, we 

find that the degree to which people differentially interact with others who are like themselves is 

likely to have an important impact on disease dynamics, and on risk in individuals who choose 

to get vaccinated. 

Many vaccine opponents have framed vaccine adoption as a matter of individual choice.  

However, we demonstrate here that the choices made by individuals who forgo vaccination 

contribute to risk among those who do.  Indeed, when adjusted for share of the population 

vaccinated, we find that the contribution of risk by unvaccinated individuals to vaccinated 

individuals is disproportionate.  Increased mixing between vaccinated and unvaccinated groups 

increases final epidemic size among vaccinated individuals; conversely, more assortative mixing 

decreases final epidemic size, but results in enhancement of the degree to which risk among 

vaccinated individuals can be attributed to unvaccinated individuals.  The fact that this excess 

contribution to risk cannot be mitigated by separating groups undermines the assertion that 

vaccine choice is best left to the individual, and supports strong public actions aimed at 

enhancing vaccine uptake and limiting access to public spaces for unvaccinated individuals, as 

risk cannot be considered “self-regarding”(16). 

The simplicity of our model is both a strength (as it provides a system that is transparent 

and easily modified to explore the impact of uncertainty) and a weakness, because it does not 

precisely simulate a real-world pandemic process in all its complexity.  However, one advantage 
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of models is that they provide a ready platform for layering on increasing complexity, so our 

model can be adapted to incorporate additional structural elements or alternate assumptions. 

In summary, this mathematical model demonstrates that while risk associated with 

avoiding vaccination during a virulent pandemic accrues chiefly to the unvaccinated, the choices 

of these individuals are likely to impact the health and safety of vaccinated individuals in a 

manner disproportionate to the fraction of unvaccinated individuals in the population.  Risk 

among unvaccinated individuals cannot be considered self-regarding, and considerations 

around equity and justice for individuals who do choose to be vaccinated, as well as those who 

choose not to be, need to be considered in the formulation of vaccination policy. 
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Table 1. Model Parameters 

 
 
 
  

Parameter description 
 

Symbol Value Plausible 

Range 

Reference 

Probability of transmission per contact * 

number contacts per year  

 
b 437 164-728 Calculated 

Rate of recovery from infection (per year) g 73 41-91 (17) 

Basic reproduction number (R0) R0 6 4-8 (15) 

Mixing between subpopulations (0 = 

random, 1 = assortative) 

 
h 0.5 0-1 Assumption, 

approach based on 

(10) 

Proportion vaccinated 
 

Pv 0.8 --- (18) 

Vaccine efficacy 
 

VE 0.8 0.7-0.9 (19) 

Population (N) 
 

N 10,000,000 --- (20) 

Baseline immunity in unvaccinated 
  

0.2 0.1-0.5 Assumption 
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Figures 

Figure 1. Model schematic. 

The model is a closed system without births or deaths.  Individuals are susceptible (S), infectious 

(I) or immune (R), and are assigned to a vaccinated or unvaccinated subpopulation, denoted by 

subscript “v” or “u”, respectively.  Force of infection is defined by mixing within and between 

groups under varying assumptions about assortativity.  Here b represents the product of contact 

rate in a group times infection probability following effective contact.  The fraction of contacts 

among individuals in the ith group (e.g., vaccinated or unvaccinated), with those in the jth group 

is denoted fij.  The rate of recovery is denoted g.  The model assumes durable immunity. 
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Figure 2. Simulated epidemic. 

(A) Absolute case numbers. Most cases are unvaccinated (orange curve), but the difference in 

absolute case numbers is small, as most of the population is vaccinated.  (B) Risk among 

vaccinated (orange) and unvaccinated (green curve) individuals. Risk is far lower among the 

vaccinated, with a large relative risk of infection among the unvaccinated (dashed curve). 

Results are shown for a mixing coefficient (h) of 0.5 and VE of 0.80. Time is shown in years.  
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Figure 3. The contribution of risk to vaccinated individuals derived from 

unvaccinated changes over the epidemic trajectory.  

The ratio of the fraction of cases among vaccinated individuals acquired from unvaccinated 

individuals to the fraction of contacts that occur with unvaccinated individuals is shown over the 

course of the simulated epidemic. While epidemic spread is ongoing, the fraction of infections 

among vaccinated individuals that result from contact with unvaccinated individuals is 

disproportionate to the fraction of contacts with unvaccinated individuals. The expected ratio of 

1, which would occur if vaccinated and unvaccinated individuals contributed proportionately to 

the number of contacts they make, is shown by the dashed horizontal line for reference. Results 

are shown for a vaccine efficacy of 0.80 and a mixing coefficient (h) of 0.5, which is equivalent 

to 10% of the vaccinated population contacts occurring with unvaccinated individuals.  
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Figure 4. Impact of assortativity on contribution to risk and final epidemic size. 
 
Both panels demonstrate the impact of increasing assortativity (h, decreased random mixing) on 

outbreak size among the vaccinated and cumulative contact-adjusted contribution to infection 

risk in the vaccinated by unvaccinated individuals (y).  As assortativity increases, the attack rate 

among vaccinated individuals decreases, but y increases.  This relationship is seen across a 

range of (A) initial reproduction numbers and (B) vaccine effectiveness.  Base case analysis has 

h of 0.5, VE of 0.80 and R of 6. 
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