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Abstract

Background: The speed of vaccine
development has been a singular
achievement during the COVID-19 pan-
demic, although uptake has not been
universal. Vaccine opponents often
frame their opposition in terms of the
rights of the unvaccinated. We sought to
explore the impact of mixing of vaccin-
ated and unvaccinated populations on
risk of SARS-CoV-2 infection among vac-
cinated people.

Methods: We constructed a simple
susceptible—infectious—recovered com-
partmental model of a respiratory
infectious disease with 2 connected
subpopulations: people who were vac-
cinated and those who were unvaccin-
ated. We simulated a spectrum of pat-

terns of mixing between vaccinated and
unvaccinated groups that ranged from
random mixing to complete like-with-
like mixing (complete assortativity), in
which people have contact exclusively
with others with the same vaccination
status. We evaluated the dynamics of an
epidemic within each subgroup and in
the population as a whole.

Results: We found that the risk of infec-
tion was markedly higher among unvac-
cinated people than among vaccinated
people under all mixing assumptions. The
contact-adjusted contribution of unvac-
cinated people to infection risk was dis-
proportionate, with unvaccinated people
contributing to infections among those
who were vaccinated at a rate higher

than would have been expected based on
contact numbers alone. We found that as
like-with-like mixing increased, attack
rates among vaccinated people
decreased from 15% to 10% (and
increased from 62% to 79% among
unvaccinated people), but the contact-
adjusted contribution to risk among vac-
cinated people derived from contact with
unvaccinated people increased.

Interpretation: Although risk associated
with avoiding vaccination during a viru-
lent pandemic accrues chiefly to people
who are unvaccinated, their choices
affect risk of viral infection among those
who are vaccinated in a manner that is
disproportionate to the portion of unvac-
cinated people in the population.

The remarkable speed of vaccine development, production and
administration during the COVID-19 pandemic is a singular
human achievement.! While the ability to vaccinate to herd
immunity has been held back by the increasing transmissibility
of novel SARS-CoV-2 variants of concern (e.g., Delta and Omicron
variants),>* and global distribution of vaccines is inequitable,*
the effectiveness of SARS-CoV-2 vaccines in reducing severity of
disease and disrupting onward transmission even when break-
through infections occur is likely to have saved many lives. The
emergence of the immune-evasive Omicron variant may under-
mine some of these gains, although provision of booster vaccine
doses may restore vaccination to a high level of potency, and
vaccines developed specifically to enhance immunity to the
Omicron variant may emerge in 2022.3>7

However, antivaccine sentiment, fuelled in part by organized
disinformation efforts, has resulted in suboptimal uptake of
readily available vaccines in many countries, with adverse health
and economic consequences.®1° Although the decision not to
receive vaccination is often framed in terms of the rights of indi-
viduals to opt out,''2 such arguments neglect the potential
harms to the wider community that derive from poor vaccine
uptake. Nonvaccination is expected to result in amplification of
disease transmission in unvaccinated subpopulations, but the
communicable nature of infectious diseases means that this also
heightens risk for vaccinated populations, when vaccines confer
imperfect immunity. Although assortative (like-with-like) mix-
ing® is characteristic of many communicable disease systems
and may be expected to limit interaction between vaccinated

© 2022 CMA Impact Inc. or its licensors

CMAJ | April 25,2022 | Volume 194 | Issue 16

E573



Research

and unvaccinated subpopulations to some degree, the normal
functioning of society means that complete like-with-like mixing
is not observed in reality. Furthermore, the airborne spread of
SARS-CoV-21-2 means that close-range physical mixing of
people from vaccinated and unvaccinated groups is not neces-
sary for between-group disease transmission.

Historically, behaviours that create health risks for the com-
munity as well as individuals have been the subject of public
health regulation. This is true of communicable infectious dis-
eases but also applies to public health statutes that limit indoor
cigarette smoking?! and legal restrictions on driving under the
influence of alcohol and other intoxicants.?2%

Simple mathematical models can often provide important
insights into the behaviour of complex communicable diseases
systems.?>242> To better understand the implications of the inter-
play between vaccinated and unvaccinated populations under
different assumptions about population mixing, we constructed
a simple susceptible—infectious—recovered model to reproduce
the dynamics of interactions between vaccinated and unvac-
cinated subpopulations in a predominantly vaccinated popula-
tion. We sought to contrast contribution to epidemic size and
risk estimates by subpopulation, and to understand the impact
of mixing between vaccinated and unvaccinated groups on
expected disease dynamics.

Methods

Model

We constructed a simple compartmental model of a respiratory viral
disease.?® The model is described in Appendix 1 (available at www.
cmaj.ca/lookup/doi/10.1503/cmaj.212105/tab-related-content).
People are represented as residing in 3 possible “compart-
ments:” susceptible to infection (S), infected and infectious (1),
and recovered from infection with immunity (R). We divided the
compartments to reflect 2 connected subpopulations: vaccin-
ated and unvaccinated people. Susceptible people move into the
infectious compartment after effective contacts (i.e., contacts of
a nature and duration sufficient to permit transmission) with
people who are infected. In the context of an airborne virus like
SARS-CoV-2,4-20 effective contact may be conceptualized as
“sharing air” with an infective case. After an infectious period,
infectious people with SARS-CoV-2 recover with immunity. We
also assumed that some fraction of the unvaccinated population
had immunity at baseline owing to previous infection and that a
fraction of the population was vaccinated. We treated immunity
after vaccination as an all-or-none phenomenon, with a fraction
of vaccinated people (as defined by vaccine effectiveness) enter-
ing the model in the immune state and the remainder being left
in the susceptible state. For example, a vaccine that is 80% effi-
cacious would result in 80% of vaccinated people becoming
immune, with the remaining 20% being susceptible to infection.
We did not model waning immunity.

Humans do not mix randomly and exhibit a tendency to
interact preferentially with others like themselves,*?" a phe-
nomenon referred to as “assortativity.” The relative frequency
of interactions between people within different groups occurs

on a spectrum that lies between high assortativity (i.e., like-
with-like mixing) and random mixing. For instance, age-assortative
mixing is frequently observed; children are more likely to interact
with other children than would be expected if contacts occurred
at random across all age groups. The use of matrices to govern
such interactions are described in Appendix 1.

However, with respect to contacts between people from 2 dif-
ferent groups, relative frequency of contacts will depend both on
the relative size of the 2 groups and the degree of like-with-like
mixing. In our model, like-with-like mixing is determined by a
constant (n), with random mixing occurring when n = 0, com-
plete like-with-like mixing occurring when n = 1 and intermediate
degrees of like-with-like mixing occurring at intermediate values.
For our model, with 20% of the population unvaccinated, when
random mixing is assumed (n = 0), 20% of the contacts a vac-
cinated person has would be expected to occur with unvac-
cinated people. When exclusively like-with-like mixing is
assumed (1 = 1), 0% of contacts a vaccinated person has would
be with unvaccinated people. For intermediate levels of like-
with-like mixing (n = 0.5), 10% of a vaccinated person’s contacts
would be with unvaccinated people.

We otherwise parameterized our base case model to repre-
sent a disease similar to SARS-CoV-2 infection with Delta variant,
with a reproduction number of an infectious disease in the
absence of immunity or control (R,) of 6,2 and we used higher
values to capture the dynamics of the Omicron variant.? Our
lower-bound estimate for vaccine effectiveness (40%) reflected
uncertainty about the emerging Omicron variant,>” whereas our
upper bound (80%) reflected the higher effectiveness seen with
the Delta variant.® Base case parameters, plausible ranges and
relevant references are presented in Table 1.

We used the model to explore the impact of varying rates of
immunization and different levels of like-with-like mixing on the
dynamics of disease in vaccinated and unvaccinated subpopu-
lations. We evaluated the absolute contribution to overall case
counts by these subpopulations, and within-group and overall
infection risk. We calculated attack rates as the cumulative
number of infections divided by the population size. We calcu-
lated a quantity (y), which we defined as the fraction of all
infections among vaccinated people that derived from contact
with unvaccinated people, divided by the fraction of all con-
tacts that occurred with unvaccinated people. Effectively, this
represents a normalized index of the degree to which risk in
one group may be disproportionately driven by contact with
another. For example, if 10% of contacts among vaccinated
people are with unvaccinated people, but 50% of infections
among vaccinated people derive from these contacts, y would
have a value of 5. If infection were simply a function of fre-
quency of contact between the groups and prevalence was the
same across groups, y would have a value of 1. The value of y
would increase above 1 either because of an increased fraction
of infections derived from contact with unvaccinated people or
a decrease in the amount of contact between the groups (i.e.,
an increase in like-with-like mixing).

A version of the model in Microsoft Excel is available at
10.6084/m9.figshare.15189576.
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Table 1: Model parameters

Parameter description Symbol Value Plausible range Reference

Probability of transmission per contact B 437 164-728 Calculated

multiplied by contacts per year

Rate of recovery from infection (per yr) Y 73 41-91 Wolfel et al.>

Basic reproduction number R, 6 4-8 UK Health Security Agency,® Hogan et
al.,” Xiaetal.®

Mixing between subpopulations (0 = random, n 0.5 0-0.9 Assumption (approach based on

1 = assortative) Garnett and Anderson*3)

Proportion vaccinated P, 0.8 0.6-0.99 Little®?

Vaccine effectiveness VE 0.8 0.4-0.8 UK Health Security Agency,® Hogan et
al.,” Higdon et al.*

Approximate adult population of Ontario N 10000000 — Statistics Canada

Baseline immunity in unvaccinated people 0.2 — Assumption

Ethics approval
Because this study involved the use of publicly available aggre-
gate data, approval by a research ethics board was not required.

Results

We present simulated epidemics that assume different
amounts of mixing between vaccinated and unvaccinated
groups in Figure 1. With 20% baseline immunity among unvac-
cinated people and 80% of the population vaccinated, we
found that the absolute number of cases from vaccinated and
unvaccinated groups was similar when mixing was random;
however, after we adjusted for the substantially larger popula-
tion in the vaccinated group, the risk of infection was markedly
higher among unvaccinated people during the epidemic. With
increased like-with-like mixing, differences in incidence
between the vaccinated and unvaccinated groups became
more apparent, with cases in the unvaccinated subpopulation
accounting for a substantial proportion of infections during the
epidemic wave. Like-with-like mixing uncoupled the dynamics
of vaccinated and unvaccinated subpopulations, with unvac-
cinated subpopulations having higher and earlier peak inci-
dence than vaccinated subpopulations. For example, with
random mixing, peak incidence was simultaneous in the vac-
cinated and unvaccinated groups, but with strong like-with-like
mixing the epidemic peak among vaccinated people occurred
about 1 week later than among unvaccinated people;
population-adjusted peak incidence was 4 times higher in the
unvaccinated population than in the vaccinated population
with random mixing, but about 30 times higher with strong like-
with-like mixing (Figure 1).

We found that cumulative attack rates among vaccinated
people were highest (15%) with random mixing and lowest (10%)
with highly assortative mixing. In contrast, cumulative attack
rates were lowest (62%) among unvaccinated people with ran-
dom mixing, and highest (79%) with highly assortative mixing.
The highest cumulative attack rates in the population overall
were seen with intermediate levels of like-with-like mixing (27%)

compared with random mixing (25%) and strong like-with-like
mixing (24%) (Figure 1).

When we varied the degree of like-with-like mixing, changes in
epidemic size in the vaccinated subpopulation occurred. As like-
with-like mixing increased (i.e., with reduced contact between
vaccinated and unvaccinated subpopulations), the final attack
rate decreased among vaccinated people, but the contribution of
risk to vaccinated people caused by infection acquired from con-
tact with unvaccinated people (as measured by ) increased. The
larger the value of v, the more unvaccinated people contributed
to infections in the vaccinated subpopulation.

This pattern was consistent across a range of values for vac-
cine effectiveness and reproduction numbers (Figure 2). We found
that increased like-with-like mixing reduced final outbreak size
among vaccinated people most markedly at lower reproduction
numbers but increased the value of y. With lower vaccine effec-
tiveness, as observed with the Omicron variant, the effects of like-
with-like mixing were attenuated. With either lower reproduction
numbers or higher vaccine efficacy, transmission was more read-
ily disrupted within the vaccinated subpopulation, such that risk
arose increasingly from interactions with the unvaccinated sub-
population, where transmission continued. As like-with-like mix-
ing increased, contribution to infection risk among vaccinated
people was increasingly derived from (less and less common)
interactions with unvaccinated people, increasing the value of .
We found similar patterns in sensitivity analyses in which vaccine
coverage was increased from 80% to 99% (Figure 3). Increasing
population vaccination coverage decreased the attack rate
among vaccinated people (as expected, owing to indirect protec-
tive effects) but further increased the relative contribution to risk
in vaccinated people by those who were unvaccinated at any level
of like-with-like mixing.

Interpretation
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 modelled
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Figure 1: Simulated epidemics for different levels of mixing between vaccinated and unvaccinated populations. (A, C, E) Incident cases and (B, D, F) population-
adjusted incidence per 100 population in unvaccinated, vaccinated and overall modelled populations. The degree of like-with-like mixing (assortativity, n) var-
ies from (A, B) random mixing (n = 0) to (C, D) intermediate like-with-like mixing (n = 0.5) to (E, F) near exclusive mixing with people of the same vaccination
status (n = 0.9). As like-with-like mixing increases, epidemic size among the vaccinated subpopulation is smaller in absolute terms than among the unvac-
cinated subpopulation and also has a different contour. (G) Increasing like-with-like mixing increased cumulative attack rates among unvaccinated people and
decreased cumulative attack rates among vaccinated people. The highest overall attack rates were seen with intermediate levels of like-with-like mixing.
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Figure 2: Impact of mixing between vaccinated and unvaccinated subpopulations on contribution to risk and final epidemic size for (A) varying repro-
duction numbers and (B) vaccine effectiveness. Both panels show the impact of increasing like-with-like mixing on outbreak size among the vaccinated
subpopulation and contact-adjusted contribution to risk of infection in vaccinated people by unvaccinated people (y). As like-with-like mixing (1)
increases, the attack rate among vaccinated people decreases, but y increases. This relation is seen across a range of (A) initial reproduction numbers
and (B) vaccine effectiveness. These effects are more pronounced at lower reproduction numbers and are attenuated as vaccines become less effective.
We used a base case estimate of 6 for the reproduction number in the sensitivity analysis on vaccine effectiveness and a base case estimate for vaccine

effectiveness of 0.8 in the sensitivity analysis for R.

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 high vaccination coverage, a substantial proportion of
new cases can be expected to occur in vaccinated people, such
that rates, rather than absolute numbers, represent the appro-
priate metric for presenting the impact of vaccination. However,
we find that the degree to which people differentially interact
with others who are like themselves is likely to have an impor-
tant impact on disease dynamics and on risk in people who
choose to get vaccinated.

Vaccinated people were, as expected, at markedly lower risk
of SARS-CoV-2 infection during the epidemic; however, when
random mixing with unvaccinated people occurred, they
decreased attack rates in the unvaccinated people, by serving as
a buffer to transmission. As populations became more separate
with progressively increasing like-with-like mixing, final epi-
demic sizes declined in vaccinated people, but rose in unvaccin-
ated people because of the loss of buffering via interaction with
vaccinated people. Many opponents of vaccine mandates have
framed vaccine adoption as a matter of individual choice.
However, we found that the choices made by people who forgo
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Figure 3: Impact of mixing between vaccinated and unvaccinated subpopulations on contribution to risk and final epidemic size with increasing popu-
lation vaccination coverage. Increasing population vaccination coverage decreases the attack rate among vaccinated individuals and further increases
the relative contribution to risk in vaccinated individuals by the unvaccinated at any level of like-with-like mixing. For levels of vaccination coverage
that were evaluated, increasing like-with-like mixing decreases the attack rate among the vaccinated but increases the relative contribution to risk in

vaccinated individuals by the unvaccinated.

vaccination contribute disproportionately to risk among those
who do get vaccinated.

Increased mixing between vaccinated and unvaccinated groups
increased final epidemic size among vaccinated people; conversely,
more like-with-like mixing decreased final epidemic size among
vaccinated people but resulted in enhancement of the degree to
which risk among vaccinated people could be attributed to unvac-
cinated people. The fact that this excess contribution to risk cannot
be mitigated by high like-with-like mixing-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 people, because risk can-
not be considered “self-regarding.”* There is ample precedent for
public health regulation that protects the wider community from
acquisition of communicable diseases, even if this protection
comes at a cost of individual freedom.3537 We also note that the use
of legal and regulatory tools for the prevention of behaviours and
practices that create risk for the wider public also extend beyond
communicable infectious diseases, such as statutes that limit
indoor cigarette smoking. 2
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In the context of immune evasion seen with the newly
emerged Omicron variant, we found that like-with-like mixing is
less protective when vaccine effectiveness is low. This finding
underlines the dynamic nature of the pandemic, and the degree
to which policies need to evolve in a thoughtful manner as the
nature of the disease and the protective effects of vaccines
evolve. Boosting with mRNA vaccines appears to restore vaccine
effectiveness at least temporarily against Omicron,® and it is
likely that the higher vaccine effectiveness estimates used in our
model will be relevant to public policy as booster campaigns are
scaled up in Canada and elsewhere.

Despite reduced protection against infection by the Omicron
variant, vaccinated people, including those who have not
received third vaccine doses, have continued to receive strong
protection against admission to hospital and death from SARS-
CoV-2 infection.3®%* This means that acceptance of vaccination is
a means of ensuring that greater health care capacity is available
for those with other illnesses. For example, in Ontario, capacity
for COVID-19 cases in intensive care units was created by cancel-
ling elective surgeries for cancer and cardiac disease, which
resulted in extensive backlogs.* By contributing to these back-
logs, unvaccinated people are creating a risk that those around
them may not be able to obtain the care they need and, conse-
quently, the risk they create cannot be considered self-regarding.

The robustness of our findings in the face of wide-ranging
sensitivity analysis will allow this work to be applied in the
future, when new variants arise, as we understand the length of
time vaccination confers immunity and as new vaccine formula-
tions become available.

Limitations

The simplicity of our model is both a strength (it 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. For instance, we mod-
elled vaccine effectiveness against infection but not the addi-
tional benefits of vaccination for preventing severe illness.
Although this benefit is not captured by a simple model focused
on transmission, an advantage of models such as ours is that
they provide a ready platform for layering on increasing com-
plexity, so our model can be adapted or expanded to consider
impacts on the health system, or to incorporate additional struc-
tural elements or alternate assumptions. We have also likely
underestimated vaccine benefit in this model, as we have not
attempted to capture the impact of vaccines on prevention of
forward transmission by vaccinated, infected individuals; this
effect appears to be substantial.*

Conclusion

Using simple mathematical modelling, we have shown that,
although risk associated with avoiding vaccination during a viru-
lent pandemic accrues chiefly to those who are unvaccinated,
the choice of some individuals to refuse vaccination is likely to
affect the health and safety of vaccinated people in a manner dis-
proportionate to the fraction of unvaccinated people in the
population. Risk among unvaccinated people cannot be con-

sidered self-regarding, and considerations around equity and
justice for people who do choose to be vaccinated, as well as
those who choose not to be, need to be considered in the formu-
lation of vaccination policy. It is unlikely that SARS-CoV-2 will be
eliminated, and our findings will likely be relevant to future sea-
sonal SARS-CoV-2 epidemics or in the face of emerging variants.
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