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Background Following the start of COVID-19 vaccination in New York City (NYC), cases have declined over 10-fold
from the outbreak peak in January 2020, despite the emergence of highly transmissible variants. We evaluated the
impact of NYC’s vaccination campaign on saving lives as well as averting hospitalizations and cases.

Methods We used an age-stratified agent-based model of COVID-19 to include transmission dynamics of Alpha,
Gamma, Delta and Iota variants as identified in NYC. The model was calibrated and fitted to reported incidence in
NYC, accounting for the relative transmissibility of each variant and vaccination rollout data. We simulated COVID-
19 outbreak in NYC under the counterfactual scenario of no vaccination and compared the resulting disease burden
with the number of cases, hospitalizations and deaths reported under the actual pace of vaccination.

Findings We found that without vaccination, there would have been a spring-wave of COVID-19 in NYC due to the
spread of Alpha and Delta variants. The COVID-19 vaccination campaign in NYC prevented such a wave, and averted
290,467 (95% CrI: 232,551 — 342,664) cases, 48,076 (95% CrI: 42,264 — 53,301) hospitalizations, and 8,508 (95%
CrI: 7,374— 9,543) deaths from December 14, 2020 to July 15, 2021.

Interpretation Our study demonstrates that the vaccination program in NYC was instrumental to substantially
reducing the COVID-19 burden and suppressing a surge of cases attributable to more transmissible variants. As the
Delta variant sweeps predominantly among unvaccinated individuals, our findings underscore the urgent need to
accelerate vaccine uptake and close the vaccination coverage gaps.
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Introduction
New York City (NYC) was one of the hardest-hit popula-
tions in the US during the initial phase of the COVID-
19 pandemic. Following multiple early introductions of
the SARS-CoV-2 virus from different regions globally,
the metropolis faced an arduous challenge in control-
ling rapid community spread. Soon after its first
COVID-19 case was identified on 29 February 2020,1
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the number of cases detected rose precipitously. Within
two months the city had turned into the world’s epicen-
ter of the COVID-19 pandemic, reporting over 100,000
cases, accounting for 21% of cases in the US and 7%
worldwide at that time.

Vaccinations in NYC began on December 14 20202

and as of July 11, 2021, NYC has distributed 9.6 million
doses of vaccines, achieving a coverage of 68.9% of its
6.6 million adult residents with at least one dose.2 NYC
has fully vaccinated 64% of adults,2 which stands above
the national average of 59%. As vaccines have been
administered, cases in NYC have declined from more
than 5,500 average daily cases in January 2020 to less
than 350 average daily cases in early July 2021, despite
the emergence of highly transmissible variants.3
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Research in context

Evidence before this study

The vaccination campaign in the US has been demon-
strated to be highly effective in suppressing COVID-19
burden at the national-level. However, the impact of
vaccination in NYC as the largest metropolitan popula-
tion in the US on reducing disease outcomes in the
presence of highly transmissible variants has not been
evaluated.

Added value of this study

This is the first study to quantify the population-level
impact of NYC’s vaccination campaign in the face of
highly transmissible variants. Using our COVID-19
agent-based model calibrated to the data of reported
incidence, introduction of variants and vaccine rollout,
we simulated the COVID-19 outbreak in the city under
the counterfactual scenario of no vaccination. We esti-
mated the effectiveness of the vaccination program by
comparing the resulting disease burden to the actual
number of cases, hospitalizations and deaths reported
in NYC.

Implications of all the available evidence

Our study demonstrates the enormous impact of the
vaccination program implemented by NYC. The swift
vaccine rollout prevented another wave of cases in
spring, which otherwise would have been fueled by
the Alpha and Delta variants. Our results highlight the
need to accelerate vaccination in communities with
low vaccine coverage to prevent future resurgence of
cases caused by emerging, highly transmissible
variants.
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Clinical trials of authorized vaccines in the US have
demonstrated a high degree of direct individual-level
protection in terms of preventing severe disease out-
comes from the original Wuhan-I strain. Mathematical
modeling provides complementary evidence of popula-
tion-level effectiveness of vaccination through simula-
tions and can be used to evaluate outbreak trajectories
under counterfactual scenarios. We have employed this
approach to evaluate the national-level effectiveness of
COVID-19 vaccination in averting infections and severe
outcomes in the US.4,5 However, the impact of vaccina-
tion on saving lives and averting hospitalizations and
infections in NYC has not been investigated.

We used an age-structured dynamic agent-based
model of COVID-19 transmission and vaccination to
quantify the impact of NYC’s vaccine rollout in reducing
the disease burden. The model was calibrated to simu-
late COVID-19 outbreak in NYC under the counterfac-
tual scenario of no vaccination. We then compared the
resulting disease outcomes to the actual number of
cases, hospitalizations and deaths reported in NYC. Our
results indicate that the NYC vaccination program has
been highly effective in averting additional toll of
COVID-19, and preventing a spring-wave of highly
transmissible variants without vaccination.
Methods

Model structure
We extended our previously established age-stratified
agent-based model of COVID-19,6 incorporating Alpha
(B.1.1.7), Gamma (P.1), Delta (B.1.617.2) and Iota
(B.1.526) variants as identified in NYC, along with the
original Wuhan-1 strain. The model implemented the
natural history of disease (Appendix, Figure S1) with
epidemiological classes for susceptible; latently infected
(not yet infectious); asymptomatic (and infectious); pre-
symptomatic (and infectious); symptomatic (and infec-
tious) with either mild or severe illness; recovered; and
dead. Disease-specific parameters were sampled from
their associated distributions (Appendix, Table S1). The
model population was stratified into five age groups
resembling the demography of New York City. Contact
patterns between and within age groups were derived
from empirical data from the pre-pandemic and pan-
demic eras.7,8
Transmissibility
Risk of infection for susceptible individuals depended
on their interaction with infectious individuals in the
pre-symptomatic, symptomatic, or asymptomatic stages
of infection. The transmission probability was calibrated
by fitting the model to the reported incidence per
100,000 population in NYC from September 1, 2020 to
July 15, 2021, accounting for the chronological introduc-
tion of the Iota, Alpha, Gamma, and Delta variants, as
well as the daily vaccine doses administered to each age
class in NYC. In this process, the transmission probabil-
ity of the original Wuhan-I strain of SARS-CoV-2 was
calibrated to an effective reproductive number of 1.17 as
reported in early October 2020,9 accounting for the
effect of non-pharmaceutical interventions (NPIs) and
50% lower rate of contacts within and between age-
groups (compared to pre-pandemic normal behavior).
After calibration of the transmission probability for the
original strain, we adjusted the age-specific contact rates
throughout the simulations to minimize the difference
between the mean cumulative incidence predicted by
the model using Monte-Carlo replications and the
cumulative reported cases on each day along with simu-
lation timelines. We also adjusted the transmissibility
of different variants relative to the original strain after
their introduction. The Iota variant emerged in New
York State in early September with an estimated 35%
higher transmissibility compared with the original
Wuhan-I strain.10 We then introduced the Alpha variant
on January 3, 2021, with a 50% higher transmissibility
www.thelancet.com Vol 5 Month January, 2022
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compared to the original strain.[11−13] The Delta variant
was introduced on February 20, 2021, as reported by
the NYC Department of Health and Mental Hygiene,
with an elevated transmissibility of 30% compared with
the Alpha variant.15 Finally, we inserted the Gamma var-
iant on March 20, 2021, with 60% higher transmissibil-
ity compared to the original strain.14
Disease dynamics
We simulated COVID-19 outbreak in NYC from Octo-
ber 1, 2020 to July 15, 2021 assuming 20% pre-existing
immunity due to infections prior to October 2020.16,17

Asymptomatic, mild symptomatic, and severe symp-
tomatic individuals were considered to be 26%, 44%,
and 89% infectious relative to those in the pre-symp-
tomatic stage.[18−20] We assumed that these relative
infectivities remained the same for all variants in the
model.

Recent studies suggest that antibodies from prior
infection with the original strain may have reduced neu-
tralizing activity against Gamma and Delta.[21−24] We
assumed that these variants evade naturally acquired
immunity by an average of 21% (95% CI: 11%-
36%).25,26 This evasion rate was implemented as a 79%
reduction in the risk of acquiring infection by the
Gamma or Delta variant for individuals who had previ-
ously recovered from the original strain, Iota, or Alpha.
We further assumed that recovery from infection with
the Gamma or Delta variant provides protection against
all variants in the model, preventing reinfection for at
least one year.
Infection outcomes
We assumed that asymptomatic and mild symptomatic
cases recover from infection without hospitalization. A
proportion of those with severe disease were hospital-
ized within 2-5 days of symptom onset 27,28 and were
therefore removed from the transmission chain. Symp-
tomatic cases who were not hospitalized self-isolated
within 24 hours of symptom onset, and reduced their
number of daily contacts by an additional 72% (Appen-
dix, Table S2). Intensive care unit (ICU) and non-ICU
hospitalization rates were parameterized (Appendix,
Table S3) based on clinical and epidemiological data
stratified by age and comorbidities in the US.[29−31]
Infection with Alpha variant was associated with 64%
higher risk of death, while Iota, Gamma, Delta variants
are associated with the same case fatality risk as the
original Wuhan-I variant.[12,13,32]
Vaccination
Starting on December 14, 2020, vaccination was imple-
mented as a two-dose program with the reported daily
number of vaccines distributed as first and second doses
in NYC. 33 For the Pfizer-BioNTech and Moderna
www.thelancet.com Vol 5 Month January, 2022
vaccines, intervals of 21 and 28 days between the first
and second doses were implemented, respectively. 34,35

We used published estimates to parameterize vaccine
efficacies following each dose of vaccines against infec-
tion, symptomatic disease, and severe disease caused by
the original strain (Appendix, Table S4).[36−38] These
efficacies were implemented as a reduction in the prob-
ability of acquiring infection, probability of developing
symptomatic disease if infection occurred, and probabil-
ity of severe illness if symptomatic disease developed.
Until April 2, 2021, age-specific contact rates of all indi-
viduals were based on adjusted rates of the fitting pro-
cess. From April 3, 2021, based on the guidelines by the
US Centers for Disease Control and Prevention (CDC),
the daily contact rates for fully vaccinated individuals
were set to age-specific pre-pandemic patterns 14 days
after the second dose of vaccine.39
Model implementation
We implemented the model in Julia, and calibrated with
case incidence data to simulate a counterfactual sce-
nario without vaccination. We ran 500 independent
simulations to obtain the daily incidence, hospitaliza-
tions, and deaths with their associated ranges, and used
a bias-corrected and accelerated bootstrap method to
derive the estimates of averted outcomes and their 95%
credible intervals resulting from vaccination in NYC.
The computational codes for reproducibility are avail-
able at https://github.com/thomasvilches/multiple_
strains/tree/NYC.
Role of the Funding Source
Dr. Schneider is an employee of the funding organiza-
tion and participated in the formulation of research
questions, interpretation of results, and review of the
manuscript, but not the conduct, data collection, or
analysis. The Commonwealth Fund did not play any
role in the decision to submit the manuscript for publi-
cation.
Results
Without vaccination, we estimated that a total of
893,539 (95% CrI: 835,623 — 945,736) infections,
90,836 (95% CrI: 85,024 — 96,061) hospitalizations,
and 17,522 (95% CrI 16,388 — 18,557) deaths would
have occurred in NYC between December 14, 2020 and
July 15, 2021. Of the expected COVID-19 burden in
NYC, the vaccination campaign averted 290,467 (95%
CrI: 232,551 — 342,664) cases, 48,076 (95% CrI:
42,264 — 53,301) hospitalizations, and 8,508 (95% CrI:
7,374 — 9,543) deaths, corresponding to an average
reduction of 32.5% cases, 52.9% hospitalizations and
48.6% deaths during the evaluation period (Figures 1
and 2).
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Figure 1. Projected cumulative infections (A), hospitalizations (B), and deaths (C) from December 14, 2020 through July 15, 2021
without vaccination in New York City. Red curves represent cumulative reported cases, hospitalizations, and deaths with the actual
pace of vaccination.
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Figure 2. Projected daily incidence per 100,000 population (A) with the actual pace of vaccination; and (B) without vaccination.
Dashed grey line indicates the start of vaccination in NYC.
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Notably, the swift vaccine rollout prevented another
wave of COVID-19 that would have occurred due to the
surge in cases of Alpha and Delta variants with a pro-
jected peak incidence of 97.2 cases per 100,000 popula-
tion, corresponding to a 28.7% increase compared to
the apex of pandemic in NYC in January 2021. Such a
wave also would have led to marked increases in hospi-
talizations and deaths (Figures 3 and 4). Specifically,
without vaccination, NYC would have experienced an
average of more than 900 hospitalizations and 184
deaths per day at the peak of the projected wave in April
2021.
Discussion
The high individual-level efficacy of COVID-19 vaccines
in reducing the risk of infection and or transmission,
symptomatic disease, and severe outcomes including
hospitalization and death is well established. [35,40−45]
However, the population-level effectiveness of COVID-
19 vaccination programs that have been implemented
remains undetermined in many settings, especially in
the context of highly transmissibilible and immune-
www.thelancet.com Vol 5 Month January, 2022
evading variants. We evaluated the effectiveness of
COVID-19 vaccination in NYC, which has had an accel-
erated rollout and remains among top 10 metropolitan
cities in the US regarding vaccination coverage for both
first and second doses.46

Our results demonstrate that the swift vaccine rollout
in NYC played a pivotal role in reducing COVID-19 bur-
den as well as in suppressing potential outbreak of more
transmissible variants. Without vaccination, we projected
that the total numbers of hospitalizations and deaths
would have been over 2-fold higher than what were
reported in NYC between December 14, 2020 and July 15,
2021. The considerable rise in projected disease outcomes
without vaccination is attributable to the higher disease
severity of the Alpha and Delta variants.12 We further
found that the vaccination campaign averted over 30% of
the expected cases in NYC during the study period, and
cut hospitalizations and deaths by nearly half. Hospitaliza-
tions and deaths were averted to a greater extent than inci-
dence due to higher efficacy of the vaccines against severe
disease compared with infection and transmission. Fur-
thermore, vaccine rollout prioritized individuals at higher
risk of severe illness and deaths from COVID-19.
5



Figure 3. Projected daily hospital admissions per 100,000 population (A) with the actual pace of vaccination; and (B) without vacci-
nation. Dashed grey line indicates the start of vaccination in NYC.
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Our study is subject to some limitations. First, our
results are based on reported cases and deaths in NYC
which are subject to underreporting.47 The actual
impact of vaccination may thus be higher than our pro-
jections. Second, following the recommendation by the
CDC,39 only the contact patterns of fully vaccinated indi-
viduals were assumed to revert to pre-pandemic levels.
If unvaccinated individuals also concomitantly
increased their contacts, we would expect higher levels
of infections without vaccination and an even greater
impact of vaccine rollout in preventing severe outcomes.
Our current estimates may therefore be conservative
with respect to these assumptions. Lastly, any model-
ling rests upon a host of simplifying assumptions.
Although the model was parameterized based on avail-
able empirical estimates, epidemiological and behav-
ioral dynamics of real populations cannot be fully
captured through in-silico populations. Therefore, the
precise quantitative estimates and credible intervals
should not be over interpreted.

Our results highlight that vaccination remains the
key strategy in preventing future resurgence of cases
due to these variants. As the Delta variant, the most con-
tagious SARS-CoV-2 variant identified thus far, spreads
predominantly among unvaccinated individuals, the
overall incidence has tripled from June to July in NYC.
This underscores the continued need to expand vaccina-
tion to maximize protection against future variants.
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Figure 4. Projected daily deaths per 100,000 population (A) with the actual pace of vaccination; and (B) without vaccination. Dashed
grey line indicates the start of vaccination in NYC.
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