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vaccines were administered, and 69.7% of the eligible population were fully vaccinated as of March 31,

2022 [1]. Much attention has focused on the public health toll of the pandemic. The positive impact of

the rapid development and deployment of highly efficacious vaccines, ie, the reduction in deaths, hospitali-

zations, and health care costs, remains unclear. We estimated the reduction in COVID-19 cases, hospitaliza-

tions and mortality, as well as averted health care costs achieved by the vaccination program from December
12,2020 to March 31, 2022.

Since the start of COVID-19 vaccination in the United States (US), over 560 million doses of authorized

We expanded an age-stratified, agent-based model of COVID-19 [2] to in-
Vaccination has had a profound im- clude waning of vaccine-elicited and naturally-acquired immunity, as well as
pact on reducing the burden of COV- booster vaccination (Figure S1 in the Online Supplementary Document).
ID-19 pandemic in the United States. The epidemiological characteristics of the Iota (B.1.526), Alpha (B.1.1.7),
Delta (B.1.617.2), and Omicron (B.1.1.529) variants were included, in ad-
dition to the original Wuhan-I SARS-CoV-2 strain (Online Supplementa-
ry Document). The model was parameterized with the US demographics [3] and age-specific risks of severe
health outcomes due to the different variants. We incorporated vaccination based on the reported daily vac-
cine doses administered to the different age groups [1]. Vaccine efficacies against infection, symptomatic infec-
tion, and severe disease for different vaccine types — with regard to each variant and by time since vaccination
— were drawn from published estimates (Tables S2 and S3 in the Online Supplementary Document). The
model was calibrated and fitted to the reported national incidence of COVID-19 per 100000 capita between
October 1, 2020, and March 31, 2022 (Figure 1, panel A), and validated with the trends of hospitalizations
and deaths during the same period. We also calculated direct health care costs associated with COVID-19
illness with and without vaccination using our projections of COVID-19 symptomatic infections and hospital-
izations. Direct costs of health outcomes were stratified into outpatient visits for symptomatic infection, emer-
gency medical services calls, and emergency department
visits and hospitalizations for severe illness (Table S4 in
the Online Supplementary Document) [4-6]. Indirect
costs associated with vaccination and disease outcomes
(eg, isolation for symptomatic cases) were accounted for taining the spread of SARD-CoV-2 vari-
by the loss of workdays (Tables S5 and S6 in the Online ants.
Supplementary Document). Costs related to workdays

Investment in variant-specific vaccines
and booster programs is critical in con-
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Figure 1. Model fit to the daily national incidence of COVID-19 per 100000 capita (Panel A). Model projections and
95% credible intervals for total hospitalizations (Panel B) and deaths (Panel C) are compared with the actual toll per
100000 capita between December 12, 2020, and March 31, 2022. Direct health care costs (Panel D) and indirect costs
(Panel E) averted by vaccination during the same period.

lost were estimated by considering the percentage of vaccinated adults who are employed and per capita gross
domestic product of US$69 288 in the US in 2021. To account for uncertainty in costs, we performed a sensi-
tivity analysis using the Latin Hypercube Sampling technique [7]. Additionally, we took into account the age
of individuals at death and the life expectancy at a given age [8] to calculate the years of life lost (YLL) averted
by vaccination. To determine the impact of the vaccination program in the US, we simulated the counterfac-
tual scenario of no vaccination and compared the outcome measures generated in the simulated trajectories
against the observed measures.

We estimated that COVID-19 vaccination in the US has saved 681 (95% credible Interval (Cr)=617-742)
lives and prevented 5107 (95% Crl=4709-5481) hospitalizations per 100000 capita (Figure 1, panels B
and C). The number of cases averted per 100000 capita during the same period was projected to be 21332
(95% CrI=19068-23609). Extrapolating these estimates (Online Supplementary Document), we found that

2022 ¢ VOL. 12 « 03062 2 www.jogh.org ¢ doi: 10.7189/jogh.12.03062



COVID-19 vaccination cumulatively averted 2265222 (95% Crl=2051041-2467 683) deaths and prevented
17003960 (95% Crl=15680556-18250413) hospitalizations. The cumulative YLL averted by vaccination
was estimated to be 4998 (95% Crl=4530-5440) per 100000 capita and 16641801 (95% Crl=15083113-
18112 780) for the country. Vaccination in the US saved US$895.4 (95% Crl=US$611.9-1199.2) billion in
direct health care costs and $26.9 (95% CrI=US$19.5-34.2) billion in indirect cost through the end of March
2022 (Figure 1, panels D and E).

As of March 2022, COVID-19 has caused over 4.7 million reported hospitalizations with nearly one mil-
lion documented deaths in the US. Yet, over 60% of deaths caused by the pandemic occurred after the start
of the vaccination programme. A significant portion of this burden is attributed to unvaccinated individuals.
Our results show that, by March 31, 2022, more lives have been saved by the vaccination program in the US
than lost since the beginning of the pandemic. Furthermore, an estimated net saving of nearly $900 billion
was achieved in direct costs of the health care system in addition to savings of $27 billion in indirect costs.
While our cost estimates do not account for federal or state level investment in vaccination campaigns, we
expect the savings would still outweigh these investments. The swift vaccine rollout has been facilitated by
the mobilisation of the Federal Emergency Manage-
ment Agency (FEMA) and national guards, the Amer-
ican Rescue Plan provision of over $200 million to
support community-based vaccination efforts, and
vaccination incentives and mandates. There has been
widespread contention over a recent bill introduced to
fund COVID-19 response programs, the COVID Sup-
plemental Appropriation Act [9], which allocates less
than $4.25 billion toward the vaccination campaign.
The proposed budget is two orders of magnitude less
than what we estimate the vaccination campaign has
| , 3 already saved in direct health care costs. In the face of
Wﬂ 8 i .4 — the continued emergence of highly transmissible COV-
E @ VACCINE | | }= 09 ID-19 variants, waning immunity and breakthrough
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TORECEIVE VACCINE __ T A - of pandemic control efforts, to quell future surges in
hospitalizations and deaths, leading to even greater
health care savings.
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Although heterogeneities and geographic variabilities in COVID-19 outbreaks, interventions, and outcomes
were not explicitly included in this modelling study, our results indicate that vaccination in the US has sub-
stantially reduced the burden of disease despite the emergence of highly transmissible variants. While the cur-
rent level of population immunity may prevent the arrival of an Omicron-like wave in the near term, waning
immunity and the evolution of SARS-CoV-2 variants with potential for humoral immune evasion necessitate
continual investment in vaccination and booster programs.

Funding: This study was supported by The Commonwealth Fund. SMM acknowledges the support from the Canadian
Institutes of Health Research [OV4-170643, COVID-19 Rapid Research] and the Natural Sciences and Engineering Re-
search Council of Canada, Emerging Infectious Disease Modelling, MfPH grant.

Authorship contributions: PS, SMM, and APG designed the study; PS, AP, EC, SMM, and APG wrote the manuscript;
TNV and SMM developed the simulation model, and analysed the data and outcomes. All authors contributed to the
final version and approved its content.

Disclosure of interest: The authors completed the ICMJE Disclosure of Interest Form (available upon request from the
corresponding author) and disclose no relevant interests.

Additional material
Online Supplementary Document

www.jogh.org e doi: 10.7189/jogh.12.03062 3 2022 ¢ VOL. 12 « 03062


http://jogh.org/documents/2022/jogh-12-03062-s001.pdf

1 Centers for Disease Control and Prevention. COVID Data Tracker. 2020; published online March 28. https://covid.cdc.gov/co-
vid-data-tracker/. Accessed: 8 December 2021.

2 Shoukat A, Vilches TN, Moghadas SM, Sah P, Schneider E, Shaff J, et al. Lives saved and hospitalizations averted by COVID-19
vaccination in New York City: a modeling study. Lancet Reg Health Am. 2022;5:100085. Medline:34746912 doi:10.1016/j.
lana.2021.100085

3 Explore Census Data. https://data.census.gov/cedsci/table?q=United%20States&table=DP05&tid=ACSDP1Y2017.DP05&g=01
00000US&lastDisplayedRow=29&vintage=2017&layer=state&cid=DP05_0001. Accessed:11 April 2022.

4 Fair Health. COVID-19 Medical and Hospitalization Costs: National. Fair Health, Inc., 2021 https://s3.amazonaws.com/media2.
fairhealth.org/infographic/asset/COVID-19%20Medical %20Hospitalization %2 0Costs %2 0by %20State %20-%20FINAL_Nation-
al.pdf. Accessed: 11 April 2022.

5 Urgent care vs. ER. https://www.uhc.com/member-resources/where-to-go-for-medical-care/urgent-care-vs-er. Accessed: 11 April
2022.

6 Chhabra KR, McGuire K, Sheetz KH, Scott JW, Nuliyalu U, Ryan AM. Most patients undergoing ground and air ambulance
transportation receive sizable out-of-network bills. Health Aff (Millwood). 2020;39:777-82. Medline:32293925 doi:10.1377/
hlthaff.2019.01484

7 McKay M, Conover W, Beckman R. A comparison of three methods for selecting values of input variables in the analysis of out-
put from a computer code. Technometrics. 1979;21:239-45.

8 Lew EA. Actuarial contributions to life table analysis. Natl Cancer Inst Monogr. 1985;67:29-36. Medline:3900738

9 Overview of Bipartisan Covid Supplemental Appropriations Act. Available: https://www.democrats.senate.gov/imo/media/doc/
overview_of_bipartisan_covid_supplemental_appropriations_act.pdf. Accessed: 11 April 2022.

wn
]
O
Z
Sa
2
[Sa]
€
Sa]
2

VIEWPOINTS

Correspondence to:

Seyed M Moghadas, PhD
Agent-Based Modelling Laboratory
York University

Toronto, Ontario

Canada

moghadas@yorku.ca

2022 ¢ VOL. 12 « 03062 4 www.jogh.org ¢ doi: 10.7189/jogh.12.03062


https://covid.cdc.gov/covid-data-tracker/
https://covid.cdc.gov/covid-data-tracker/
https://pubmed.ncbi.nlm.nih.gov/34746912
https://doi.org/10.1016/j.lana.2021.100085
https://doi.org/10.1016/j.lana.2021.100085
https://data.census.gov/cedsci/table?q=United%20States&table=DP05&tid=ACSDP1Y2017.DP05&g=0100000US&lastDisplayedRow=29&vintage=2017&layer=state&cid=DP05_0001
https://data.census.gov/cedsci/table?q=United%20States&table=DP05&tid=ACSDP1Y2017.DP05&g=0100000US&lastDisplayedRow=29&vintage=2017&layer=state&cid=DP05_0001
https://pubmed.ncbi.nlm.nih.gov/32293925
https://doi.org/10.1377/hlthaff.2019.01484
https://doi.org/10.1377/hlthaff.2019.01484
https://pubmed.ncbi.nlm.nih.gov/3900738
https://www.democrats.senate.gov/imo/media/doc/overview_of_bipartisan_covid_supplemental_appropriations_act.pdf
https://www.democrats.senate.gov/imo/media/doc/overview_of_bipartisan_covid_supplemental_appropriations_act.pdf

