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Main points (38/40-word summary)

Using area-level immunity coverage as a proxy for herd immunity, our study demonstrates
observational evidence of indirect herd benefits from vaccination and/or prior infection on
SARS-CoV-2 infections and COVID-19 deaths. Moreover, herd benefits are greater among non-

immune individuals.
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Abstract [250/250]

Background: Empirical evidence on the indirect herd benefits of COVID-19 vaccination and/or
prior infection is limited. We aimed to examine how area-level immunity interacts with individual-
level immunity to affect COVID-19 diagnoses and deaths.

Methods: Ontario residents aged =18 years were followed from August-01-2021 to January-30-
2022. Individual-level immunity was defined as received a primary series of COVID-19 vaccines
or a positive SARS-CoV-2 test in the past 165 days. Area-level immunity was determined based
on the proportion of immune individuals in an individual’s residing area. We used logistic
regression and cause-specific hazard models to examine the relationship between immunity
and COVID-19 diagnosis, and between immunity and COVID-19 death, respectively. We
included an interaction term between individual-level and area-level immunity in each model.
Results: Of 11,122,816 adults, 7,518,015 (67.6%) were immune at baseline. After accounting
for individual-level demographics, baseline health, and area-level social determinants of health,
area-level immunity (highest vs. lowest quintiles) was associated with lower odds of COVID-19
diagnosis; the association was larger among non-immune (odds ratios [95% confidence
interval]: 0.72 [0.70, 0.75]) than immune individuals (0.93 [0.90, 0.96]). Higher area-level
immunity (highest vs. lowest quintiles) was also associated with lower hazard of COVID-19
death among non-immune individuals (hazard ratio: 0.77 [0.60, 1.00]).

Conclusions: Our study provides observational evidence supporting the herd benefits of
vaccination or prior infection on SARS-CoV-2 infections and COVID-19 deaths. Findings
reinforce the need for high vaccination coverage to protect vaccinated and unvaccinated
populations, while providing insights for interpreting vaccine effectiveness estimates in the

context of herd immunity.
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Introduction

Vaccines can provide direct protection against infection and against morbidity and mortality(1,2).
These mechanisms are key to the design, implementation, and evaluation of COVID-19
vaccination programs. COVID-19 vaccines have been shown in clinical trials and observational
studies to provide direct benefits to those immunized by lowering the risk of acquiring infection
and reducing disease severity if infected(3). Indirect benefits can arise from a decrease in
infectiousness among vaccinated persons if they become infected, leading to fewer infections
among their contacts(4), as evidenced through observational studies that measured secondary
attack rates in household contacts of vaccinated persons(5,6). Indirect benefits can also arise
from herd immunity (hereafter referred to as “indirect herd benefits”) because there are fewer
susceptible persons through vaccination and/or prior infection, thereby reducing the overall

spread of disease(7,8).

The indirect herd benefits of vaccination and/or prior infection are traditionally quantified using
mathematical models that simulate the transmission dynamics of a pathogen(9-11).
Transmission dynamics models are explicitly set up to capture feedback loops between
prevalent and incident infections, and thus, can be designed to estimate indirect herd
benefits(9—11). For example, Scutt et al. used a Susceptible-Infected-Recovered model of
SARS-CoV-2 transmission dynamics and demonstrated that under certain epidemic conditions,
a larger number of deaths could be prevented from indirect herd benefits of vaccination than
from direct benefits(10). However, there remains a gap in empirical evidence on the indirect

herd benefits of COVID-19 vaccination and/or prior infection.

There are some empirical data on the indirect herd benefits of vaccination for other infectious
diseases(12,13). Chief among them is a cluster randomized trial which showed that high
vaccination coverage among children and adolescents in Hutterite communities reduced
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influenza infections among unvaccinated residents of those communities(12). However,
randomized trials to measure the indirect herd benefits of COVID-19 vaccination would be
unethical. Alternatives may include leveraging observational data to investigate how area-level
vaccination coverage influences individual risk of infection and/or disease progression. One
study from King County, US, compared the risk of pertussis among non-fully vaccinated children
residing in census tracts with the highest quartile pertussis vaccination coverage with that in the
lowest quartile vaccination coverage to measure the indirect vaccine benefits(14). Area-level
measures, which reflect individuals’ social network and contact patterns, have been used in
other studies to assess the impact of structural and environmental factors on health
outcomes(15,16). Individuals’ own immunity (acquired from either vaccination or prior infection)
and the level of immunity of their contact network (captured by the area-level immunity coverage
of where an individual lives) could interplay to shape individual risk of infection and/or disease

progression.

Using population-based observational data from adult residents in Ontario, Canada, we aimed
to examine how area-level immunity coverage interacts with individual-level immunity and their

associations with COVID-19 diagnoses and deaths.


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Methods

Study population and measures

We used data from a population-based retrospective cohort, which included community-dwelling
individuals aged 18 years and older residing in Ontario as of August 1, 2021, who were followed
to January 30, 2022. Individuals were identified using Ontario’s Registered Persons Database,
including those with provincial health insurance and excluding long-term care home residents.
Details of the cohort have been described in previous studies(17,18). Our study period captured
the fourth (Delta dominant) and the majority of the fifth (Omicron B.1.1.529 dominant) waves of
the regional COVID-19 pandemic, a time when vaccination became prevalent (to allow for a
proportion of our study population to gain immunity from either vaccination and/or prior

infection). We followed the ‘RECORD’ reporting guideline (Appendix Text 1).

Our two outcomes of interest were COVID-19 diagnosis (defined as having a positive SARS-
CoV-2 test), and COVID-19 death (defined as death within 30 days following or 7 days prior to a
positive SARS-CoV-2 test)(17). We ascertained outcomes using records from Ontario’s COVID-
19 surveillance database (Public Health Case and Contact Management Solution), Ontario

Laboratories Information System, and Ontario’s Registered Persons Database.

Our exposures of interest were individual-level immunity and area-level immunity. Individual-
level immunity was determined based on an individual’s vaccination status and prior COVID-19
diagnosis as of August 1, 2021, classified as either being immune (received 2 1 dose of the
Johnson-Johnson vaccine or = 2 doses of other approved vaccines or had a positive SARS-
CoV-2 test, in the past 165 days(19,20)) or non-immune. Vaccination status was obtained from
COVaxON, Ontario’s COVID-19 vaccination registry data. We determined vaccination status
and diagnosis in the past 165 days to account for potential immune waning(19). Area-level
immunity was determined based on the immunity coverage of an individual's residing forward

7


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

sortation area (FSA) representing an area with a median of 21,722 (interquartile range: 13,082
to 34,288) residents(21). We defined area-level immunity at the FSA-level to capture a proxy of
an individual's contact network. Previous research on contact patterns in Ontario has shown
that individual mobility within FSAs is more frequent than mobility between FSAs(22). Immunity
coverage for each FSA was calculated as the proportion of the population who is immune (via
vaccination or prior diagnosis as defined above) within that FSA. FSAs were then ranked by
immunity coverage and categorized into quintiles (quintile 1 comprised areas with the lowest

immunity coverage), with weights adjusted for population size.

We considered the covariates listed in Figure 1 as potential confounders based on prior
literature, including individual-level demographics and baseline health, geographical residence,
and area-level social determinants of health(17,18). Details of covariates and their data sources

are provided in Figure 1, and Table 1, and described in prior studies(17,18).

All data sets were linked using unique encoded identifiers and analyzed at ICES(23). The use of

the data in this project is authorized under section 45 of Ontario’s Personal Health Information

Protection Act and does not require review by a Research Ethics Board.

Statistical analyses

We hypothesized that if vaccination and prior infection provided indirect benefits through herd
immunity, area-level immunity would be independently associated with COVID-19 diagnosis and
death, even after adjusting for individual-level immunity and confounders (depicted using a
directed acyclic graph (Figure 1)). Moreover, we hypothesized that there would be an
interaction between individual-level and area-level immunity, such that the effect of area-level

immunity could vary by individual-level immunity, and vice versa. The interaction could be due
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to immune saturation - where a critical threshold of immunity is reached in the population,

limiting the impact of additional immunity on disease transmission(8) (Figure 1).

To test our hypotheses, we used logistic regression models to examine the relationship between
immunity (both individual-level and area-level) and COVID-19 diagnosis, and cause-specific
hazard models(24) to examine the relationship between immunity and COVID-19 death. We
included an interaction term between individual-level and area-level immunity in each model and
tested for its statistical significance. We assessed the unadjusted relationships to show the

observed patterns and those adjusted for confounders to test our hypotheses.

We conducted several sensitivity analyses. To explore whether geographic scale influences the
relationship between area-level immunity and COVID-19 outcomes, we repeated our analyses
using the area-level immunity measured at the level of dissemination area (representing 400-
700 residents, thus smaller than FSA). Immune protection acquired from prior infection might
differ from vaccination(25). As such, we repeated our analyses considering immunity from

vaccination only, regardless of prior diagnosis.
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Results

Of 11,122,816 adults included in our analyses, 7,518,015 (67.6%) individuals were either
vaccinated only (64.7%) or had a prior diagnosis only (0.74%) or both (2.1%) in the past 165
days (hereafter referred to as being immune). At the area level, immunity coverage ranged from
0-63.1% for quintile 1, 63.1%-66.9% for quintile 2, 66.9%-69.2% for quintile 3, 69.2%-72.2% for
quintile 4, and 72.3%-100% for quintile 5. Overall, 74.9% of individuals in the highest immunity
coverage areas (quintile 5) were immune, compared with 59.6% in the lowest immunity

coverage areas (quintile 1) (Table 1).

Compared to individuals living in areas with the lowest immunity coverage (quintile 1), those in
areas of the highest immunity coverage (quintile 5) had fewer comorbidities and prior
hospitalizations, and were less likely to live in rural areas or in neighborhoods characterized by
lower income, lower educational attainment, a higher proportion of essential workers, and higher

density housing (Table 1).

Immunity and COVID-19 diagnosis

We found evidence of effect modification between individual-level and area-level immunity on
COVID-19 diagnosis (p-value<0.001). Higher area-level immunity was consistently associated
with lower odds of COVID-19 diagnosis (showing a dose-response relationship) among non-
immune individuals (Figure 2A, Appendix Table 1). In contrast, among immune individuals,
higher area-level immunity was associated with higher odds of COVID-19 diagnosis in the
unadjusted model; however, the associations were diminished or reversed after adjustment
(Figure 2A, Appendix Table 1). After adjustment, the magnitude of the association between

area-level immunity (highest vs. lowest) and COVID-19 diagnosis was larger among non-
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immune individuals (odds ratios [95% confidence interval]: 0.72 [0.70, 0.75]) than among

immune individuals (0.93 [0.90, 0.96]) (Figure 2A, Appendix Table 1).

Similarly, the associations between individual-level immunity and COVID-19 diagnosis varied by
area-level immunity. After adjustment, individual-level immunity was associated with lower odds
of COVID-19 diagnosis (0.96 [0.93, 0.98]) in the lowest immunity coverage areas but with higher
odds of COVID-19 diagnosis (1.23 [1.12, 1.26]) in the highest immunity coverage areas (Figure

2B, Appendix Table 2).

Immunity and COVID-19 death

Higher area-level immunity was also associated with a lower hazard of COVID-19 death among
non-immune individuals. For example, the adjusted hazard ratios for COVID-19 death was 0.77
[0.60, 1.00] comparing non-immune individuals in the highest vs. lowest immunity coverage
areas (Figure 2A, Appendix Table 1). In contrast, we did not find a statistically significant
association between area-level immunity and COVID-19 death among immune individuals
(Figure 2A, Appendix Table 1). However, the statistical test of the interaction term between
individual-level and area-level immunity on COVID-19 death was not significant (P-value=0.38),
due to a small number of COVID-19 deaths (therefore wide confidence intervals in the

estimates) among immune individuals.

Individual-level immunity was consistently associated with a lower hazard of COVID-19 death
across different area-level immunity coverage quintiles (Figure 2B, Appendix Table 2). Overall,
the adjusted hazard ratio for COVID-19 death was 0.03 [0.02, 0.03] comparing immune vs. non-

immune individuals.
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Sensitivity analysis

In the sensitivity analyses where area-level immunity was measured at the dissemination area
level, the results for COVID-19 diagnosis were very similar to those from the primary analyses.
However, for COVID-19 death, the association appeared smaller in magnitude and did not
persist after adjustment (Appendix Figure 1). Sensitivity analyses using a definition of immunity
as only vaccination-acquired yielded similar results as the primary analyses for both outcomes

(Appendix Figure 2).
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Discussion

Using area-level immunity coverage as a proxy measure of herd immunity, our study provides
guantitative observational evidence of indirect herd benefits from vaccination and/or prior
infection on SARS-CoV-2 infections and COVID-19 deaths, in a setting with a high overall
immunity coverage (67.6%). We found that individuals living in areas with higher area-level
immunity experienced a lower risk of COVID-19 diagnosis and death, after accounting for
individual-level demographics, baseline health, individual-level immunity, and area-level social
determinants of health. We also identified interactions between area-level and individual-level
immunity. The protective benefit of area-level immunity was greater among non-immune
individuals than immune individuals. Similarly, the protective benefit of individual-level immunity
was more pronounced among individuals living in lower immunity coverage areas than those in

higher immunity coverage areas.

The mechanism by which herd immunity leads to indirect protective benefits is well established
(8) and has been demonstrated with simulation models of transmission dynamics of various
infectious diseases, including COVID-19(9,10), influenza(11), and pertussis(26). However,
empirical/observational evidence on a vaccine’s indirect herd benefits remains limited. Existing
studies have primarily focused on household transmission, demonstrating the indirect benefits
of vaccines via reduced infectiousness of vaccinated and of infected individuals, which lowers
the risk of transmission to their household contacts(5,6,27—-30). The largest of such studies was
a retrospective cohort study of more than 155,000 households in Israel, which found that in
households with two vaccinated parents, there was a 72% and a 58% decreased risk of SARS-
CoV-2 infections among vaccine-ineligible children during the Alpha-dominant and Delta-

dominant periods, respectively(27).
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A few observational studies have provided some community-level empirical evidence for the
indirect herd benefits of vaccines(12,14,31), including one focused on COVID-19 vaccines(31).
The study examined COVID-19 vaccination coverage and testing data across 177 regions in
Israel and found that for every 20% absolute increase in vaccination coverage, the positive test
fraction of the unvaccinated population in the community decreased by approximately half(31).
However, given the ecological study design, this study was not able to account for individual-
level heterogeneity across communities that could partially explain variations in positive test
fractions. Our study builds on the existing evidence by demonstrating the independent effect of

herd immunity after accounting for both individual-level and area-level heterogeneity.

Our findings on a less pronounced herd immunity benefit among immune persons than non-
immune persons support our hypothesis around immune saturation(8). Once a person gains
immunity from vaccination or prior infection, the benefits from herd immunity exhibit diminishing
returns. However, it is important to note that there was still an indirect herd benefit of
vaccination among immune individuals, particularly in areas with the highest immunity coverage
(72.3-100%). Our findings reinforce the importance of achieving high vaccination coverage to
protect the unvaccinated, including vulnerable populations who may not be able to get
vaccinated due to either access barriers, and/or medical mistrust(32), and to provide additional
protection to those already vaccinated, including those who experience disproportionate risks

despite vaccination.

Our findings showing greater individual-level vaccine effectiveness in areas with lower immunity
coverage suggest that herd immunity may act as an effect modifier in observational studies of
vaccine effectiveness. A key assumption in vaccine effectiveness studies is “non-interference”,
meaning that vaccination of one individual does not affect the risk of infection of others(33).
However, this assumption is violated in the presence of herd immunity(2). Herd immunity
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modifies an individual’'s exposure risk by reducing the number of susceptible individuals in one’s
contact network, thereby reducing the overall transmission of the virus within the network. For
example, in areas with higher vaccination coverage, the number of potential persons
“susceptible” to the virus is reduced, lowering the probability that a person who is infectious will
come into contact with a person who is “susceptible”, and vice versa. As a result, the ‘effective’
exposure risks are lowered for both vaccinated and unvaccinated individuals, which could lead
to a lower estimated magnitude of vaccine effectiveness in populations with high herd immunity.
The influence of herd immunity on vaccine effectiveness estimates is often overlooked, or only
discussed as a limitation in observational studies of vaccine effectiveness(33). Our study
advances this discussion by explicitly considering and treating herd immunity as a potential
effect modifier, allowing us to quantify its influence on vaccine effectiveness estimates. Thus,
our findings highlight the importance of considering herd immunity when making inferences

about vaccine effectiveness estimates from observational studies.

Our study is subject to some limitations. We used immunity coverage of an individual’s residing
forward sortation area as a proxy measure for herd immunity. However, an individual’s social
interactions and exposures may extend beyond their residing area (e.g., having contacts outside
their local area, e.g., employment-related contacts if their workplace is outside the residing area)
and change over time (i.e., dynamic rather than static). Future studies can leverage dynamic
network models to compare and inform measures of herd immunity. We could not capture all
SARS-CoV-2 infections because not all infected individuals were tested. Testing patterns may
differ by vaccination status, such that vaccinated individuals may be more likely to be tested for
SARS-CoV-2(34), due to unmeasured confounders such as healthcare engagement (Figure 1).
Residual confounding related to differential testing by vaccination status might explain the
‘negative vaccine effectiveness’ measures observed in areas with higher herd immunity — a bias
that has been extensively discussed in the literature(35,36). We limited our focus to effect
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modification by area-level immunity when examining individual-level immunity, but there are
emerging statistical methods and conceptualizations to capture partial interference, which could
comprise future work(33). We also limited our focus to effect modification by individual-level
immunity when examining area-level immunity, but there are other factors (both individual-level
and network-level) that could modify the area-level herd immunity effects(37). Our study was
conducted in a setting during a time when the overall immunity coverage was high (67.6%).
Cautions should be exercised when generalizing our findings to low immunity coverage settings.
While our findings revealed a dose-response relationship between herd immunity quintiles and
COVID-19 outcomes, we suggest this relationship is non-linear. Future studies aimed at
estimating the herd immunity threshold could further complement the interpretation of our

results.

In conclusion, our study provides quantitative empirical evidence supporting the indirect herd
benefits of vaccination or prior infection on SARS-CoV-2 infections and COVID-19 deaths in the
community. Our findings reinforce the need for high vaccination coverage to protect both
unvaccinated populations and those already vaccinated, while also providing insights for
interpreting vaccine effectiveness estimates in observational studies in the context of herd

immunity.

16


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Contribution: LW and SM conceptualized the study. LW developed the conceptual framework
and analysis plan. LW and SS conducted the data cleaning. LW conducted the data cleaning
and statistical analyses. SS, AS, SDB, BS, HS, JCK, and SM provided critical input into the
results interpretation and manuscript preparation. LW wrote the manuscript, with review and

edits from all co-authors.

Conflict of interest:

Linwei Wang: No conflict of interest.

Sarah Swayze: No conflict of interest.

Arjumand Siddigi: No conflict of interest.

Stefan D. Baral: SDB patrticipates in Health Canada related programming including vaccination,
and COVID-19-related clinical work; and serves on the National Institutes of Health-funded data
and safety monitoring boards (unpaid). Beate Sander: No conflict of interest.

Hind Sbihi: no conflict of interest

Jeffrey C. Kwong: No conflicts of interest.

Sharmistha Mishra: No conflict of interest.

Funding: Funding for this research came from the Canadian Institutes of Health Research
(grant no. VR5-172683; VS1-175536; VS2-175581; GA1-177697). This study was also
supported by ICES, which is funded by an annual grant from the MOH and the Ministry of Long-
Term Care (MLTC). ICES is an independent, non-profit research institute whose legal status
under Ontario’s health information privacy law allows it to collect and analyze health care and
demographic data, without consent, for health system evaluation and improvement. This study
was also supported by the Ontario Health Data Platform (OHDP), a Province of Ontario initiative

to support Ontario’s ongoing response to COVID-19 and its related impacts. The opinions,

17


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

results and conclusions reported in this paper are those of the authors and are independent
from the funding sources. No endorsement by the OHDP, its partners, or the Province of

Ontario is intended or should be inferred.

The following authors are supported by Canada Research Chairs (CRC): SM (Tier 2 CRC in
Mathematical Modelling and Program Science, CRC-950-232643); BS (Tier 1 CRC in
Economics of Infectious Diseases, CRC-2022-00362). JK is supported by a Clinician-Scientist

Award from the University of Toronto Department of Family and Community Medicine.

Data sharing: The dataset from this study is held securely in coded form at ICES. While legal
data sharing agreements between ICES and data providers (e.g., healthcare organizations and
government) prohibit ICES from making the dataset publicly available, access may be granted
to those who meet pre-specified criteria for confidential access, available at
www.ices.on.ca/DAS (email: das@ices.on.ca). The full dataset creation plan and underlying
analytic code are available from the authors upon request, understanding that the computer
programs may rely upon coding templates or macros that are unique to ICES and are therefore

either inaccessible or may require modification.

Acknowledgements and disclaimers: This document also used data adapted from the
Statistics Canada Postal Code®™ Conversion File, which is based on data licensed from Canada
Post Corporation, and/or data adapted from the Ontario Ministry of Health Postal Code
Conversion File, which contains data copied under license from ©Canada Post Corporation and
Statistics Canada. Adapted from Statistics Canada, Canadian Census 2016. This does not

constitute an endorsement by Statistics Canada of this product.

18


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Parts of this material are based on data and/or information compiled and provided by: MOH,
Canadian Institute for Health Information (CIHI), Cancer Care Ontario (CCO), Immigration,
Refugees and Citizenship Canada (IRCC), Statistics Canada, Ontario Health (OH), and IQVIA
Solutions Canada Inc. The analyses, conclusions, opinions and statements expressed herein
are solely those of the authors and do not reflect those of the funding or data sources; no

endorsement is intended or should be inferred.

We thank IQVIA Solutions Canada Inc. for use of their Drug Information File. The authors are

grateful to the 14.7 million Ontario residents without whom this research would be impossible.

19


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

References

1.

10.

11.

12.

13.

Mishra S, Navarro C, Kwong JC. Measures of how well a vaccine works. BMJ. 2024 Sep
12;386:9q1982.

Halloran ME, Longini IM, Struchiner CJ. Design and Analysis of Vaccine Studies. [Internet].
New York: Springer; 2010. Available from: doi:10.1007/978-0-387-68636-3

Wu N, Joyal-Desmarais K, Ribeiro PAB, Vieira AM, Stojanovic J, Sanuade C, et al. Long-
term effectiveness of COVID-19 vaccines against infections, hospitalisations, and mortality
in adults: findings from a rapid living systematic evidence synthesis and meta-analysis up to
December, 2022. The Lancet Respiratory Medicine. 2023 May 1;11(5):439-52.

Braeye T, Catteau L, Brondeel R, van Loenhout JAF, Proesmans K, Cornelissen L, et al.
Vaccine effectiveness against transmission of alpha, delta and omicron SARS-COV-2-
infection, Belgian contact tracing, 2021-2022. Vaccine. 2023 May 11;41(20):3292-300.

Harris RJ, Hall JA, Zaidi A, Andrews NJ, Dunbar JK, Dabrera G. Effect of Vaccination on
Household Transmission of SARS-CoV-2 in England. New England Journal of Medicine.
2021 Aug 18;385(8):759-60.

Salo J, Hagg M, Kortelainen M, Leino T, Saxell T, Siikanen M, et al. The indirect effect of
mRNA-based COVID-19 vaccination on healthcare workers’ unvaccinated household
members. Nat Commun. 2022 Mar 4;13(1):1162.

Garnett GP. Role of herd immunity in determining the effect of vaccines against sexually
transmitted disease. J Infect Dis. 2005 Feb 1;191 Suppl 1:S97-106.

Fine P, Eames K, Heymann DL. “Herd immunity”: a rough guide. Clin Infect Dis. 2011 Apr
1;52(7):911-6.

Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. Global impact of the first
year of COVID-19 vaccination: a mathematical modelling study. The Lancet Infectious
Diseases. 2022 Sep 1;22(9):1293-302.

Scutt G, Cross M, Waxman D. Theoretically quantifying the direct and indirect benefits of
vaccination against SARS-CoV-2 in terms of avoided deaths. Sci Rep. 2022 May
25;12(1):8833.

Eichner M, Schwehm M, Eichner L, Gerlier L. Direct and indirect effects of influenza
vaccination. BMC Infectious Diseases. 2017 Apr 26;17(1):308.

Loeb M, Russell ML, Moss L, Fonseca K, Fox J, Earn DJD, et al. Effect of Influenza
Vaccination of Children on Infection Rates in Hutterite Communities: A Randomized Trial.
JAMA. 2010 Mar 10;303(10):943.

Kwong JC, Pereira JA, Quach S, Pellizzari R, Dusome E, Russell ML, et al. Randomized
evaluation of live attenuated vs. inactivated influenza vaccines in schools (RELATIVES)
cluster randomized trial: Pilot results from a household surveillance study to assess direct
and indirect protection from influenza vaccination. Vaccine. 2015 Sep;33(38):4910-5.

20


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

It is made available under a CC-BY-NC-ND 4.0 International license .

Rane MS, Halloran ME. Estimating Population-Level Effects of the Acellular Pertussis
Vaccine Using Routinely Collected Immunization Data. Clin Infect Dis. 2021 Apr
21;73(11):2101-7.

Himmelstein G, Desmond M. Association of Eviction With Adverse Birth Outcomes Among
Women in Georgia, 2000 to 2016. JAMA Pediatrics. 2021 May 1;175(5):494-500.

Roux AVD. Investigating Neighborhood and Area Effects on Health. American Journal of
Public Health. 2001 Nov;91(11):1783.

Wang L, Calzavara A, Baral S, Smylie J, Chan AK, Sander B, et al. Differential Patterns by
Area-level Social Determinants of Health in Coronavirus Disease 2019 (COVID-19)-related
Mortality and Non—COVID-19 Mortality: A Population-based Study of 11.8 Million People in
Ontario, Canada. Clinical Infectious Diseases. 2022 Oct 28;ciac850.

Wang L, Swayze S, Bodner K, Calzavara A, Harrigan SP, Siddiqi A, et al. Social inequalities
in COVID-19 deaths by area-level income: patterns over time and the mediating role of
vaccination in a population of 11.2 million people in Ontario, Canada [Internet]. medRxiv;
2024 [cited 2024 Sep 12]. p. 2024.01.15.24301331. Available from:
https://www.medrxiv.org/content/10.1101/2024.01.15.24301331v1

Ferdinands JM, Rao S, Dixon BE, Mitchell PK, DeSilva MB, Irving SA, et al. Waning of
vaccine effectiveness against moderate and severe covid-19 among adults in the US from
the VISION network: test negative, case-control study. BMJ. 2022 Oct 3;379:e072141.

Harrigan SP, Fibke CD, Veldsquez Garcia HA, Mak S, Wilton J, Prystajecky N, et al. The
mediating role of SARS-CoV-2 variants between income and hospitalisation due to COVID-
19: A period-based mediation analysis. Am J Epidemiol. 2024 Aug 8;kwae266.

Government of Canada SC. Population and Dwelling Count Highlight Tables, 2016 Census
[Internet]. 2017 [cited 2025 Jan 27]. Available from: https://www12.statcan.gc.ca/census-
recensement/2016/dp-pd/hlt-fst/pd-pl/comprehensive.cfm

Knight J, Ma H, Ghasemi A, Hamilton M, Brown K, Mishra S. Adaptive data-driven age and
patch mixing in contact networks with recurrent mobility. MethodsX. 2022;9:101614.

ICES [Internet]. [cited 2023 Sep 18]. ICES | Use ICES Data | Working With ICES Data.
Available from: https://www.ices.on.ca/use-ices-data/working-with-ices-data/

Austin PC, Lee DS, Fine JP. Introduction to the Analysis of Survival Data in the Presence of
Competing Risks. Circulation. 2016 Feb 9;133(6):601-9.

Lee N, Nguyen L, Austin PC, Brown KA, Grewal R, Buchan SA, et al. Protection Conferred
by COVID-19 Vaccination, Prior SARS-CoV-2 Infection, or Hybrid Immunity Against
Omicron-Associated Severe Outcomes Among Community-Dwelling Adults. Clin Infect Dis.
2024 May 15;78(5):1372-82.

Impact of vaccination and birth rate on the epidemiology of pertussis: a comparative study in

64 countries | Proceedings of the Royal Society B: Biological Sciences [Internet]. [cited 2024
Dec 18]. Available from: https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2010.0994

21


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

It is made available under a CC-BY-NC-ND 4.0 International license .

Hayek S, Shaham G, Ben-Shlomo Y, Kepten E, Dagan N, Nevo D, et al. Indirect protection
of children from SARS-CoV-2 infection through parental vaccination. Science. 2022 Mar
11;375(6585):1155-9.

Protecting the herd with vaccination | Science [Internet]. [cited 2024 Dec 10]. Available from:
https://www.science.org/doi/10.1126/science.abo2959

Prunas O, Warren JL, Crawford FW, Gazit S, Patalon T, Weinberger DM, et al. Vaccination
with BNT162b2 reduces transmission of SARS-CoV-2 to household contacts in Israel.
Science. 2022 Mar 11;375(6585):1151-4.

Layan M, Gilboa M, Gonen T, Goldenfeld M, Meltzer L, Andronico A, et al. Impact of
BNT162b2 Vaccination and Isolation on SARS-CoV-2 Transmission in Israeli Households:
An Observational Study. Am J Epidemiol. 2022 Jun 27;191(7):1224-34.

Milman O, Yelin I, Aharony N, Katz R, Herzel E, Ben-Tov A, et al. Community-level
evidence for SARS-CoV-2 vaccine protection of unvaccinated individuals. Nat Med. 2021
Aug;27(8):1367-9.

Marfo EA, Aylsworth L, Driedger SM, MacDonald SE, Manca T. The Conversation. 2022
[cited 2025 Jan 24]. Beyond vaccine hesitancy: Understanding systemic barriers to getting
vaccinated. Available from: http://theconversation.com/beyond-vaccine-hesitancy-
understanding-systemic-barriers-to-getting-vaccinated-193610

Tchetgen EJT, VanderWeele TJ. On causal inference in the presence of interference. Stat
Methods Med Res. 2012 Feb;21(1):55-75.

Glasziou P, McCaffery K, Cvejic E, Batcup C, Ayre J, Pickles K, et al. Testing behaviour
may bias observational studies of vaccine effectiveness. J Assoc Med Microbiol Infect Dis
Can. 2022 Sep;7(3):242—6.

Bodner K, Irvine MA, Kwong JC, Mishra S. Observed negative vaccine effectiveness could
be the canary in the coal mine for biases in observational COVID-19 studies. Int J Infect Dis.
2023 Jun;131:111-4.

Buchan SA, Chung H, Brown KA, Austin PC, Fell DB, Gubbay JB, et al. Estimated
Effectiveness of COVID-19 Vaccines Against Omicron or Delta Symptomatic Infection and
Severe Outcomes. JAMA Netw Open. 2022 Sep 1;5(9):e2232760.

Buchanan AL, Park CJ, Bessey S, Goedel WC, Murray EJ, Friedman SR, et al. Spillover

benefit of pre-exposure prophylaxis for HIV prevention: evaluating the importance of effect
modification using an agent-based model. Epidemiology & Infection. 2022 Jan;150:e192.

22


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.30.25321209; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

23


https://doi.org/10.1101/2025.01.30.25321209
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 1. Characteristics of community-dwelling adults in Ontario stratified by area-level immunity quintiles (N=11,122,816).

Characteristics

Area-level immunity quintiles (Q1=Lowest immunity coverage)®

N=2,225,133

N=2,225,569

N=2,232,600

N=2,225,377

N=2,214,137

Individual-level immunity”
COVID-19 diagnosis®
COVID-19 death”
Age category
18-34
35-49
50-64
65-74
75-84
85+
Male
Residing in a rural area®
Immigration status'
Long-term resident
Long-term immigrant
Recent (within 5 years) immigrant
Aggregated Diagnosis Groups®
0
1-2
3-4
5-6
7+
Hospital admission, past 3 years
0 times
Once
Twice
Three times or more
Outpatient physician visits, past year
0-1 times
2-4 times
5-8 times
9-14 times
15 times or more
Median household income quintile (1=Lowest)"

b wWNBE

Educational attainment quintile (1=Lowest)"

aprwN R

Proportion essential workers quintile (1=Lowest)"*

1325624 (59.6%)
42272 (1.9%)
311 (0.014%)

653794 (29.4%)
549243 (24.7%)
581876 (26.2%)
265911 (12.0%)
131007 (5.9%)
43302 (1.9%)
1103712 (49.6%)
327026 (14.7%)

1831403 (82.3%)
319159 (14.3%)
74571 (3.4%)

241051 (10.8%)
456605 (20.5%)
489602 (22.0%)
411900 (18.5%)
625975 (28.1%)

1907494 (85.7%)
223159 (10.0%)
58404 (2.6%)
36076 (1.6%)

759635 (34.1%)
607667 (27.3%)
438606 (19.7%)
264210 (11.9%)

155015 (7.0%)

722563 (32.5%)
553473 (24.9%)
430064 (19.3%)
324937 (14.6%)

194096 (8.7%)

814073 (36.6%)
608115 (27.3%)
420459 (18.9%)
259118 (11.6%)

123368 (5.5%)

1449724 (65.1%)
42212 (1.9%)
220 (0.010%)

636720 (28.6%)
550461 (24.7%)
583173 (26.2%)
275819 (12.4%)
135296 (6.1%)
44100 (2.0%)
1084963 (48.8%)
351578 (15.8%)

1699972 (76.4%)
430585 (19.3%)
95012 (4.3%)

230520 (10.4%)
442298 (19.9%)
496271 (22.3%)
423166 (19.0%)
633314 (28.5%)

1932269 (86.8%)
210964 (9.5%)
52176 (2.3%)
30160 (1.4%)

718609 (32.3%)
611525 (27.5%)
455363 (20.5%)
277967 (12.5%)

162105 (7.3%)

491310 (22.1%)
508813 (22.9%)
542222 (24.4%)
375147 (16.9%)
308077 (13.8%)

427192 (19.2%)
543776 (24.4%)
603428 (27.1%)
391395 (17.6%)
259778 (11.7%)

24

1515352 (67.9%)
45163 (2.0%)
203 (0.009%)

642311 (28.8%)
564574 (25.3%)
573872 (25.7%)
269541 (12.1%)
136382 (6.1%)
45920 (2.1%)
1089670 (48.8%)
212066 (9.5%)

1747586 (78.3%)
402686 (18.0%)
82328 (3.7%)

227003 (10.2%)
444126 (19.9%)
499120 (22.4%)
425390 (19.1%)
636961 (28.5%)

1942539 (87.0%)
207871 (9.3%)
51695 (2.3%)
30495 (1.4%)

707815 (31.7%)
618851 (27.7%)
462476 (20.7%)
280343 (12.6%)

163115 (7.3%)

411982 (18.5%)
435126 (19.5%)
447658 (20.1%)
473033 (21.2%)
464801 (20.8%)

324313 (14.5%)
496175 (22.2%)
514243 (23.0%)
506933 (22.7%)
390936 (17.5%)

1569822 (70.5%)
43896 (2.0%)
165 (0.007%)

630890 (28.3%)
563478 (25.3%)
579204 (26.0%)
266213 (12.0%)
137122 (6.2%)
48470 (2.2%)
1075216 (48.3%)
94160 (4.2%)

1660665 (74.6%)
467365 (21.0%)
97347 (4.4%)

237730 (10.7%)
447762 (20.1%)
499363 (22.4%)
421576 (18.9%)
618946 (27.8%)

1963211 (88.2%)
190494 (8.6%)
45543 (2.0%)
26129 (1.2%)

692813 (31.1%)
621109 (27.9%)
465864 (20.9%)
281448 (12.6%)

164143 (7.4%)

314751 (14.1%)
361882 (16.3%)
448664 (20.2%)
569284 (25.6%)
530796 (23.9%)

123729 (5.6%)
269136 (12.1%)
449370 (20.2%)
674096 (30.3%)
709046 (31.9%)

1657493 (74.9%)
41050 (1.9%)
144 (0.007%)

580677 (26.2%)
556971 (25.2%)
592122 (26.7%)
290791 (13.1%)
143274 (6.5%)
50302 (2.3%)
1062443 (48.0%)
139830 (6.3%)

1725831 (77.9%)
415603 (18.8%)
72703 (3.3%)

229005 (10.3%)
454755 (20.5%)
510868 (23.1%)
423934 (19.1%)
595575 (26.9%)

1959022 (88.5%)
187703 (8.5%)
43713 (2.0%)
23699 (1.1%)

691973 (31.3%)
637830 (28.8%)
462472 (20.9%)
270520 (12.2%)

151342 (6.8%)

221990 (10.0%)
343926 (15.5%)
387613 (17.5%)
505876 (22.8%)
754732 (34.1%)

177253 (8.0%)
240075 (10.8%)
359173 (16.2%)
581677 (26.3%)
855959 (38.7%)

* 3SUB2I| [euoeWIBIU| 0 AN-DN-AG-DD € Japun 3|qejiene apeuw si |

‘Aimadiad ui uudaid ayy Aejdsip 01 asuadl| e AIxgpaw pajuelb sey oym ‘lapunyioyine ayl si (mainal 1aad Ag paljilied 10U sem yaiym)
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1 95588 (4.3%) 217397 (9.8%) 354133 (15.9%) 708455 (31.8%) 990481 (44.7%)
2 226777 (10.2%) 417354 (18.8%) 521738 (23.4%) 703878 (31.6%) 617998 (27.9%)
3 387849 (17.4%) 573110 (25.8%) 513608 (23.0%) 440846 (19.8%) 303681 (13.7%)
4 607710 (27.3%) 581660 (26.1%) 483044 (21.6%) 260624 (11.7%) 193197 (8.7%)
5 907209 (40.8%) 436048 (19.6%) 360077 (16.1%) 111574 (5.0%) 108780 (4.9%)
Proportion racially-minoritised quintile(1=Lowest)"™
1 465900 (20.9%) 437049 (19.6%) 365272 (16.4%) 218566 (9.8%) 238061 (10.8%)
2 481109 (21.6%) 360126 (16.2%) 402410 (18.0%) 287738 (12.9%) 320092 (14.5%)
3 475130 (21.4%) 307035 (13.8%) 368554 (16.5%) 342091 (15.4%) 498650 (22.5%)
4 349907 (15.7%) 419378 (18.8%) 479096 (21.5%) 625527 (28.1%) 562588 (25.4%)
5 453087 (20.4%) 701981 (31.5%) 617268 (27.6%) 751455 (33.8%) 594746 (26.9%)
Proportion apartment buildings (1=Lowest)™™
1 1130789 (50.8%) 1275169 (57.3%) 1319081 (59.1%) 1291902 (58.1%) 1347709 (60.9%)
2 513746 (23.1%) 416796 (18.7%) 379913 (17.0%) 326888 (14.7%) 384867 (17.4%)
3 580598 (26.1%) 533604 (24.0%) 533606 (23.9%) 606587 (27.3%) 481561 (21.7%)
Average household size quintile (1=Lowest)""
1 454383 (20.4%) 356908 (16.0%) 444304 (19.9%) 460500 (20.7%) 380385 (17.2%)
2 523338 (23.5%) 417053 (18.7%) 379194 (17.0%) 308817 (13.9%) 322522 (14.6%)
3 330625 (14.9%) 337454 (15.2%) 302145 (13.5%) 248358 (11.2%) 296640 (13.4%)
4 504351 (22.7%) 573747 (25.8%) 485935 (21.8%) 532468 (23.9%) 538397 (24.3%)
5 412436 (18.5%) 540407 (24.3%) 621022 (27.8%) 675234 (30.3%) 676193 (30.5%)
Proportion high-density housing (1=Lowest)™°
1 688118 (30.9%) 684768 (30.8%) 768697 (34.4%) 788875 (35.4%) 930634 (42.0%)
2 522638 (23.5%) 428015 (19.2%) 517300 (23.2%) 482203 (21.7%) 519078 (23.4%)
3 450648 (20.3%) 455391 (20.5%) 433925 (19.4%) 462266 (20.8%) 403339 (18.2%)
4 563729 (25.3%) 657395 (29.5%) 512678 (23.0%) 492033 (22.1%) 361086 (16.3%)

®Defined by immunity coverage of an individual’s residing forward sortation area, calculated as the proportion of immune(via vaccination or prior diagnosis) individuals within each
forward sortation area. Forward soration areas were then ranked by immunization coverage and categorized into quintiles (quintile 1 comprised areas of the lowest immunization

coverage), with weights adjusted for population size.

PDefined as received = 1 dose of the Johnson-Johnson vaccine or = 2 doses of other vaccines or had a positive SARS-CoV-2 test in the past 165 days by August 1, 2021.
°A lab-confirmed positive SARS-CoV-2 test between August 1, 2021, and December 31, 2021.
Death within 30 days following or 7 days prior to a lab-confirmed positive SARS-CoV-2 test between August 1, 2021, and December 31, 2021.
°Rural defined as being located outside the commuting zone of a city with a population greater than 10000.
‘Individual-level data from the Immigration, Refugees and Citizenship Canada (IRCC)'s Permanent Resident Database.
9Composite comorbidity measure using the ACG® System Aggregated Diagnosis Groups generated using the Johns Hopkins ACG® System Version 10 with 2-year look-back;

databases used: Discharge Abstract Database, National Ambulatory Care Reporting System, Ontario Health Insurance Plan billings, Ontario Drug Benefits Plan, Continuing Care
Reporting System, Canadian Organ Replacement Registry, Ontario Cancer Registry.

"Measured at the level of dissemination area.

'Dissemination areas were ranked within each city by their median household income to create quintiles; we ranked within city instead of within the entire province to take the cost of
living into account; a disseminaton area being in quintile 1 means it is among the lowest 20% of dissenmination areas in its city by median household income.
115 quintile represents areas with 17.1-94.3% of people aged 25-64 years without a diploma; 2", 11.4-17.1%; 3", 7.5%—11.4%:; 4", 4.1-7.5%; and 5", 0-4.1%.

kst quintile represents 0%-32.5% of working people in the area who self-identified as working in an essential job, including sales, trades, manufacturing, and agriculture; 2 quintile,
32.5%—42.3% of people; 3¢ quintile, 42.3%-49.8% of people; 4" quintile, 50.0%-57.5% of people; and 5 quintile, 57.5%—-114.3% of people.

st quintile represents 0%-2.2% of people in the area who self-identified as part of a racially-minoritised group(s); 2M quintile, 2.2%-7.5% of people; 3¢ quintile: 7.5%-18.7% of
people; 4" quintile, 18.7%-43.5% of people; and 5" quintile, 43.5%-100% of people; racially-minoritised groups defined as people who self-identify as non-White and non-Indigenous;
™1 category, 0%—7.3% of buildings in the area are apartment buildings; 2M category, 7.4%-37.7% are apartment buildings; and 31 category, 37.7%-100% are apartment buildings;
the high frequency of zeros permitted the creation of only 3 categories (i.e., the lower 3 quintiles combined, and the fourth and fifth quintiles).

"1* quintile represents 0—2.1 people/dwelling; oM 2224 people/dwelling; 39 2526 people/dwelling; 4" 2.7-3 people/dwelling; and 5™ 3.1-5.7 people/dwelling.
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°1% category represents 0—2.6% of households are considered high-density housing; 2" Yy, 2.7-5.2%,; 3" 5.3-8.7%; 4™ , >8.7%; the high frequency of zeros permitted the creation of
only 4 categories (the lower 2 quintiles combined); ‘housing density’ refers to whether a private household is living in suitable accommodations according to the National Occupancy
Standard; that is, whether the dwelling has enough bedrooms for the size and composition of the household.
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Figure 1. Directed acyclic graphs representing the effects of individual-level immunity and area-
level immunity on COVID-19 diagnosis and death, and their effect modification on each other.
Individual-level confounders include demographics (age, sex, immigration status), baseline
health (comorbidity, past health service use). Area-level confounders include geography (rural
vs. urban, public health unit), and area-level social determinants of health (income, education,
essential worker measures, proportion racially minoritized, housing condition). Unmeasured
confounders may include access and uptake of vaccination, testing, and/or treatment shaped in
part by healthcare engagement and variability in recommendations; mobility and contact
patterns which affect herd immunity threshold; individual-level social determinants of health that
shape the risk of infection and healthcare engagement, which are not fully captured by area-
level measures.
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Figure 2. (A) Patterns of area-level immunity in COVID-19 diagnosis and death overall and stratified by

individual-level immunity. (B) Patterns of individual-level immunity in COVID-19 diagnosis and death
overall and stratified by area-level immunity. Stratified estimates were obtained from models of the entire
cohort with interaction terms between individual-level and area-level immunity. Individual-level immunity
defined as vaccinated or had prior a positive SARS-CoV-2 test in the past 165 days. Area-level immunity
measured by aggregating individual-level immunity at the level of forward sortation area. Adjusted for
demographics, baseline health, geography, and area-level social determinants of health.
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