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severely affected states (New York, Texas, Florida, and California). We evaluated the vaccine effectiveness
and coverage required to suppress the COVID-19 epidemic in scenarios when social contact was to return
to pre-pandemic levels and face mask use was reduced. Daily and cumulative COVID-19 infection and
Vaccine effectiveness dea.th cases from '26th January to 15th September 2020 were 'obtained from the Johns Hopkins
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Social distancing Results: Without a vaccine (scenario 1), the spread of COVID-19 could be suppressed in these states by
Face mask use maintaining strict social distancing measures and face mask use levels. But relaxing social distancing
restrictions to the pre-pandemic level without changing the current face mask use would lead to a
new COVID-19 outbreak, resulting in 0.8-4 million infections and 15,000-240,000 deaths across these
four states over the next 12 months. Under this circumstance, introducing a vaccine (scenario 2) would
partially offset this negative impact even if the vaccine effectiveness and coverage are relatively low.
However, if face mask use is reduced by 50% (scenario 3), a vaccine that is only 50% effective (weak vac-
cine) would require coverage of 55-94% to suppress the epidemic in these states. A vaccine that is 80%
effective (moderate vaccine) would only require 32-57% coverage to suppress the epidemic. In contrast,
if face mask usage stops completely (scenario 4), a weak vaccine would not suppress the epidemic, and
further major outbreaks would occur. A moderate vaccine with coverage of 48-78% or a strong vaccine
(100% effective) with coverage of 33-58% would be required to suppress the epidemic. Delaying vaccina-
tion rollout for 1-2 months would not substantially alter the epidemic trend if the current non-
pharmaceutical interventions are maintained.

Conclusions: The degree to which the US population can relax social distancing restrictions and face mask
use will depend greatly on the effectiveness and coverage of a potential COVID-19 vaccine if future
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epidemics are to be prevented. Only a highly effective vaccine will enable the US population to return to
life as it was before the pandemic.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The coronavirus disease (COVID-19) is resulting in enormous
health and economic losses in the United States (US) [1-4]. As
of 20th October 2020, there are more than 8 million cases of
COVID-19 and more than 220,000 deaths in the US [5]. The cooler
weather in the US is seeing evidence of second waves of infection
occurring in many US states [5]. Some US politicians are suggest-
ing that an effective vaccine would mean that Americans could
return to normal life so that citizens would no longer need to
socially distance or wear face masks, and the economy can be
fully revived.

However, the degree to which these restrictions could be eased
will be dependent on the effectiveness of the potential COVID-19
vaccines which is currently unknown [6-8]. To allow careful plan-
ning about what restrictions may need to be continued, research is
urgently needed to project how the effectiveness of a potential vac-
cine may affect the trajectory of the COVID-19 pandemic in the US.
It is also important to determine how the current non-
pharmaceutical interventions can be integrated into an overall
COVID-19 control strategy that includes vaccines of different effec-
tiveness [9]. There are three key questions that need to be
addressed to plan an effective control strategy once an effective
vaccine becomes available. These are: (1) How effective would
the vaccine need to be to suppress the pandemic? (2) What propor-
tion of the population would need to be vaccinated? and (3) What
levels of social distancing measures and face mask use would need
to be maintained in the context of different values of vaccine effec-
tiveness and coverage?

To address these questions, we developed dynamic simulation
models of COVID-19 for the four hardest-hit states in the US
(New York, Texas, Florida, and California). We used the state-
specific models to project the averted COVID-19 cases and deaths
at different levels of vaccine effectiveness and coverage for the four
states. Given that the proportion of people who wear face masks is
different across the four states, we further examined how face
mask use would influence the effect of a potential vaccine in con-
trolling the pandemic. Findings from this study provide timely
information that can be used by policymakers to plan for the
potential release of a COVID-19 vaccine and understand its effect
across different regions in the US under different social distancing
and face mask use scenarios.

2. Methods
2.1. Data sources

We obtained COVID-19 data for New York, Texas, Florida, and
California from the Johns Hopkins University Coronavirus Resource
Center [5]. The data included the number of daily and cumulative
confirmed cases and deaths from 26th January to 15th September
2020. These data were used to calibrate the model for each state.

2.2. Model formulation and assumptions

We developed dynamic compartmental models to capture the
transmission of COVID-19 in each state. We developed
state-specific models because different states have different
COVID-19 policies for social distancing measures and mask use.
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We also calibrated each model based on the most recent COVID-
19 data of that state. Fig. 1 shows the structure of our model.
The population in each state was divided into ten compartments
(susceptible individuals (S), vaccinated individuals (V), latent
infections (E), asymptomatic infections (A, infected individuals
without symptoms), undiagnosed infections with mild/moderate
(I1) and severe/critical symptoms (I,), diagnosed infections with
mild/moderate (T;) or severe/critical symptoms (T,), and recovered
(R) and deceased (D) cases). Susceptible and vaccinated individuals
could be infected by contacts with latent, asymptomatic, and undi-
agnosed infections with mild/moderate and severe/critical symp-
toms in public settings (e.g., public transportation, supermarkets,
workplaces, etc.) and households (home or other private settings)
with a probability A and Ay (the force of infection), respectively
(detailed descriptions of A and Ay are provided in the Supplemen-
tary Appendix). Our model did not consider population mobility in
these states.

Latent individuals could progress to the infectious compart-
ments with mild/moderate symptoms or asymptomatic compart-
ments at a rate k;. The probability that an individual is
asymptomatic after an infection is p. Infectious individuals with
mild/moderate and severe/critical symptoms are diagnosed and
treated at the rates o4 and oy, respectively. We assumed that
diagnosed individuals were isolated and could not infect others.
Undiagnosed and diagnosed mild/moderate cases could progress
to the severe/critical stages at the rates k,and ks, respectively.
Asymptomatic infections and undiagnosed mild/moderate cases
were assumed to recover naturally at the rate y,. Diagnosed
mild/moderate and severe/critical cases could recover at the rates
y; and 7,, respectively. Undiagnosed and diagnosed severe/critical
cases could die due to the disease at the rates pu, and pu,,
respectively.

We assumed that the face mask effectiveness to prevent infec-
tion is 85% (95% Cl, 66%-93%) based on a meta-analysis on the
effectiveness of face masks for COVID-19 [10]. We obtained data
on the proportion of people who always wear a face mask at the
county level from an online survey released by The New York
Times (based on about 250,000 interviews conducted by the sur-
vey firm Dynata from 2nd July to 14th July 2020) [11]. Each partic-
ipant in the survey was asked: “how often do you wear a mask in
public when you expect to be within six feet of another person?”
Participants were instructed to provide a single choice among
“never, rarely, sometimes, frequently, and always.” We then esti-
mated state-level face mask use by combining county-level data.
The proportions of people who always wear a face mask in New
York, Texas, Florida, and California were estimated to be 76.6%,
71.7%, 58.7%, and 76.6%, respectively.

We denoted the vaccination rate as w and the effectiveness of
the vaccine against the acquisition of infection as &y. That is, the
probability of being infected for a vaccinated individual was
1 — &y of that for an unvaccinated individual when the vaccine is
available. There is no COVID-19 vaccine data publicly available in
the US right now; as such, we varied the vaccine effectiveness ¢y
from 0 to 100% and assumed the vaccine coverage rate (V/
(V + S)) changed from 0 to 100% by varying the vaccination rate
w. We called the vaccine with the effectiveness of 50%, 80%, and
100% as a weak vaccine, moderate vaccine, and strong vaccine,
respectively [12], and assumed all participants were receiving
two doses of vaccines as required.
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Fig. 1. Flow chart of COVID-19 transmission model. The total population is divided into ten compartments (susceptible individuals (S), vaccinated individuals (V), latent
infections (E), asymptomatic infections (A), undiagnosed infections with mild/moderate (I;) and severe/critical symptoms (I), diagnosed infections with mild/moderate (T;)
and severe/critical symptoms (T,), and recovered (R) and deceased (D) cases). The force of infection for susceptible and vaccinated individuals are denoted as A and Ay, which
involves two transmission patterns: public settings (e.g., public transportation, supermarkets, offices, etc.) and households. The model includes three control measures:
handwashing, social distancing and face mask use. More details on A and Ay are provided in the Supplementary Appendix. The average incubation period is 1/k;, and the
probability that an individual is asymptomatic is p. Infectious individuals with mild/moderate and severe/critical symptoms are diagnosed and treated at the rates o; and o,
respectively. We assume these diagnosed individuals are isolated strictly and could not further infect others. Undiagnosed and diagnosed mild/moderate cases progress to the
severe/critical stage at the rates k, and ks, respectively. Asymptomatic infections and undiagnosed mild/moderate cases are assumed to recover naturally at the rate y,.
Diagnosed mild/moderate and severe/critical cases will recover at the rates ), and 7,, respectively. Undiagnosed and diagnosed severe/critical cases will die due to the disease
at the rates p;, and p,, respectively. The vaccination rate is denoted as w. Social distancing restrictions relaxed in the scenarios in Methods means that the public person-to-
person contact rates my(t) in A and Ay (see Supplementary Appendix) recovered to 100% of the pre-pandemic level.

2.3. Model calibration We assume that natural and vaccine-induced immunity would
last for at least one year. We then calculated the number of averted
We estimated some of the model parameters (including the infections and deaths after one year for scenarios (2)-(4), compared

per-act transmission probability, daily contact rate, disease- to scenario (1), and plotted them as a function of vaccine effective-
induced death rate, progression rates, and initial values of the dis- ness and coverage (Figs. 3-4). The threshold of vaccination curve
ease states) using a nonlinear least-squares method (see Supple- was defined as the combination of vaccine effectiveness and cover-
mentary Appendix) and calibrated the model using data on daily age such that social distancing restrictions may be relaxed while

and cumulative confirmed infections and deaths. Fig. 2 shows the the COVID-19 epidemic can be retained at a sustainably low ende-
model calibration results for all the four states. The other model mic level or eliminated. We also performed a similar plot when the
parameters were estimated from the literature (see Tables S1-S4 vaccination initiating time was one month (Figures S3-S4 in the
in the Supplementary Appendix) [13-18]. In each simulation, we Supplementary Appendix) or two months (Figures S$5-S6 in the
calculated the sum of square errors between the model output Supplementary Appendix) later by varying the initiating time of
and data and selected the top 10% with the least square errors to vaccination rate w.

generate 95% confidence intervals. The detailed calibration proce-

dure is described in the Supplementary Appendix. All analyses

and simulations were performed in MATLAB R 2019b. 3. Results
2.4. Construction of scenarios Our results (Figs. 3-4) show that, in the absence of a vaccine, if
social distancing restrictions were relaxed while the current face
We projected the number of cases and deaths under the follow- mask use rate was maintained, there would be 0.8-4 million infec-
ing four scenarios: (1) the no vaccine scenario in which social dis- tions and 15,000-240,000 deaths across the four states within one

tancing restrictions are relaxed (public person-to-person contact year. The number of these infections and deaths are 2.71 (95% CI:
rates recovered to 100% of the pre-pandemic level) and the base- 2.55-2.87) million, 3.44 (2.94-3.93) million, 2.08 (1.62-2.54) mil-
line face mask use rates (i.e., 76.6% for New York, 71.7% for Texas, lion, 1.46 (0.78-2.13) million infections, and 222,056 (201,188-
58.7% for Florida, and 76.6% for California) are maintained, but the 242,924), 74,792 (63,212-86,373), 57,540 (44,177-70,902),
vaccine has not been developed; (2) the vaccine and face mask sce- 29,988 (15,461-44,515) deaths for New York, Texas, Florida, Cali-
nario in which people are vaccinated (with different effectiveness fornia, respectively. If the current face mask use rate was main-

and coverage) while social distancing restrictions are relaxed, tained, introducing an effective vaccine would always decrease
and the baseline face mask use rate is maintained; (3) the vaccine the number of infections and deaths. Greater vaccine effectiveness
and reduced face mask scenario in which people are vaccinated and/or coverage rate would lead to more averted infections and
while social distancing restrictions are relaxed, and half of the deaths. However, if the face mask use rate decreased by 50%, a
baseline face mask use rate is maintained; (4) the vaccine and no low vaccine effectiveness and coverage rate may not be enough
face mask scenario in which people are vaccinated while social dis- to eliminate or suppress the pandemic to a low level without fur-
tancing restrictions are relaxed and face masks are no longer used. ther major outbreaks. If people no longer wore face masks, a
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Fig. 2. Model calibration and data fitting based on reported confirmed COVID-19 cases and deaths in four states, i.e., New York (a-b), Texas (c-d), Florida (e-f), and California
(g-h). The blue areas denote 95% confidence intervals. Dashed lines, dash-dot lines, and dotted lines denote the social distancing order (public person-to-person contact rates
decreased), face mask order, and reopening (public person-to-person contact rates recovered to no more than 100% of the pre-pandemic level) policies that were
implemented in each state, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Contour plots of averted infections as a function of vaccine effectiveness and vaccine coverage rate in four states when social distancing restrictions are relaxed to pre-
pandemic level shortly after the commencement of vaccination, and maintaining face mask use to the baseline level (the first row, i.e., scenario 2 in Methods), half of the
baseline level (the second row, i.e., scenario 3 in Methods), and no use (the third row, i.e., scenario 4 in Methods), compared with no vaccine (scenario 1 in Methods). The black
solid isoclines indicate the threshold that the number of averted infections is zero. The black dashed lines correspond to the minimal vaccine effectiveness and vaccine
coverage rate when the number of averted infections is zero.
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pandemic level shortly after the commencement of vaccination, and maintaining face mask use to the baseline level (the first row, i.e., scenario 2 in Methods), half of the
baseline level (the second row, i.e., scenario 3 in Methods), and no use (the third row, i.e., scenario 4 in Methods), compared with no vaccine (scenario 1 in Methods). The black
solid isoclines indicate the threshold that the number of averted deaths is zero. The black dashed lines correspond to the minimal vaccine effectiveness and vaccine coverage

rate when the number of averted deaths is zero.

greater vaccine effectiveness and coverage rate would be needed to
suppress the pandemic. We present state-specific results next.

3.1. New York

Figs. 3a and 4a show that, in the state of New York, if the cur-
rent face mask use was maintained and the vaccine had a weak
effectiveness (50% effectiveness), it could avert 2.49 (95% CI,
2.37-2.61) million, 2.65 (2.51-2.79) million, 2.68 (2.53-2.83) mil-
lion infections, and 203,445 (189,366-217,525), 216,290
(197,944-234,635), and 218,854 (199,337-238,372) deaths, under
50%, 75%, 100% coverage, respectively, compared to the scenario
(1) with no vaccine. Increasing the vaccine effectiveness would
avert more infections and deaths. For example, a moderate vaccine
(80% effectiveness) could avert 2.66 (2.51-2.80) million, 2.68
(2.53-2.84) million, 2.69 (2.54-2.85) million infections, and
216,698 (198,143-235,252), 218,970 (199,382-238,557), 219,956
(199,943-239,969) deaths, respectively, under 50%, 75%, 100% vac-
cine coverage. A strong vaccine (100% effectiveness) could avert
2.67 (2.52-2.82) million, 2.69 (2.53-2.84) million, 2.70 (2.54-
2.86) million infections, and 218,150 (198,929-237,372), 219,466
(199,659-239,272), 220,217 (200,092-240,342) deaths, respec-
tively, under 50%, 75%, 100% vaccine coverage. This indicates that
a vaccine with effectiveness and coverage of 50%-100% could avert
2.37-2.86 million infections and 190,000-240,000 deaths.

Figs. 3b and 4b showed that decreasing face mask use to 50% of
the current use would require greater vaccine effectiveness and
coverage to suppress the pandemic. The threshold of vaccination
curve showed that if the vaccine effectiveness is weak or moderate,

the coverage should be greater than 77.1% or 38.0%, respectively, to
suppress the pandemic. Deferring the vaccine rollout by two
months would require coverage of 75.3% and 37.7% under a weak
or moderate vaccine, respectively, to suppress the pandemic (Fig-
ures S5-S6 in the Supplementary Appendix).

Figs. 3¢ and 4c showed that if people did not wear face masks
and the vaccine effectiveness was weak, even 100% vaccine cover-
age would not suppress the pandemic. If the vaccine effectiveness
was moderate or strong, the vaccine coverage should be greater
than 55.4% or 33.2% to suppress the pandemic. Deferring the roll-
out of vaccine by two months would require 54.8% and 33.2% cov-
erage to suppress the pandemic under moderate or strong
effectiveness. (Figures $5-S6 in the Supplementary Appendix).

3.2. Texas

In the state of Texas, if the current face mask use rate was main-
tained and the vaccine had a weak effectiveness, it could avert 3.36
(2.87-3.85) million, 3.41 (2.91-3.91) million, 3.42 (2.92-3.92)
million infections, and 72,732 (61,309-84,156), 73,719 (62,088-
85,349), and 73,984 (62,340-85,628) deaths, respectively, under
50%, 75%, 100% vaccine coverage, compared to the scenario (1)
with no vaccine (Figs. 3d and 4d). A moderate vaccine could avert
3.41(2.91-3.91) million, 3.42 (2.92-3.92) million, 3.43 (2.93-3.92)
million infections, and 73,754 (62,121-85,387), 73,999 (62,352-
85,646), 74,127 (62,484-85,770) deaths, respectively, under 50%,
75%, 100% vaccine coverage. A strong vaccine could avert 3.42
(2.92-3.91) million, 3.42 (2.93-3.92) million, 3.43 (2.93-3.92)
million infections, and 73,905 (62,260-85,550), 74,064
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(62,418-85,709), 74,166 (62,525-85,807) deaths, respectively,
under 50%, 75%, 100% vaccine coverage. This indicates that a vac-
cine with effectiveness and coverage of 50%-100% could avert
2.87-3.92 million infections and 61,000-86,000 deaths.

If the face mask use decreased by 50% (Figs. 3e and 4e) or there
was no face mask use (Figs. 3f and 4f), greater vaccine effectiveness
and coverage would be needed to suppress the pandemic. For
example, if the vaccine effectiveness was weak (moderate), the
vaccine coverage should be greater than 74.6% (41.1%) to suppress
the pandemic under 50% reduction in face mask use. Deferring the
rollout of vaccine by two months would require a 67.9% coverage
to suppress the pandemic (Figures $5-S6 in the Supplementary
Appendix). When no face mask was used, and the vaccine was
weak, even 100% coverage would not suppress the pandemic in
Texas.

3.3. Florida

In the state of Florida, if the current face mask use rate was
maintained and the vaccine had a weak effectiveness, it could avert
2.01 (1.54-2.48) million, 2.04 (1.58-2.51) million, 2.06 (1.59-2.52)
million infections, and 55,001 (41,197-68,805), 56,034 (42,216-
69,852), and 56,406 (42,661-70,152) deaths, respectively, under
50%, 75%, 100% vaccine coverage, compared to the scenario (1)
with no vaccine (Figs. 3g and 4g). A moderate vaccine could avert
2.05 (1.58-2.51) million, 2.06 (1.59-2.52) million, 2.06 (1.60-2.53)
million infections, and 56,065 (42,247-69,882), 56,402 (42,652-
70,153), 56,610 (42,918-70,301) deaths, respectively, under 50%,
75%, 100% vaccine coverage. A strong vaccine could avert 2.05
(1.59-2.52) million, 2.06 (1.60-2.52) million, 2.07 (1.61-2.53) mil-
lion infections, and 56,260 (42,476-70,044), 56,496 (42,770-
70,221), 56,668 (42,995-70,342) deaths, respectively, under 50%,
75%, 100% vaccine coverage. This indicates that a vaccine with
effectiveness and coverage of 50%-100% could avert 1.54-2.53 mil-
lion infections and 41,000-70,000 deaths.

If the face mask use decreased by 50% and the vaccine effective-
ness was weak (Figs. 3h and 4h), the threshold of vaccination curve
showed that the coverage should be greater than 55.0% to suppress
the pandemic. If the vaccine effectiveness was moderate or strong,
the vaccine coverage should be greater than 32.2% and 23.4%,
respectively, to suppress the pandemic. Deferring the rollout of
vaccine by two months with 50% of the current face mask use
would require 30.8% and 23.0%, respectively, to suppress the pan-
demic (Figures S5-S6 in the Supplementary Appendix). If no face
mask was used, the required vaccine coverage rates would be
87.8% and 47.8% under the moderate and strong effectiveness,
respectively, to suppress the pandemic (Figs. 3i and 4i).

3.4. California

In the state of California, if the current face mask use rate was
maintained and the vaccine had a weak effectiveness, it could avert
1.42 (0.76-2.09) million, 1.44 (0.77-2.11) million, 1.44 (0.77-2.11)
million infections, and 28,757 (14,789-42,726), 29,016 (14,896-
43,136), and 29,146 (14,959-43,332) deaths, under 50%, 75%,
100% vaccine coverage, compared to the scenario (1) with no vac-
cine (Figs. 3j and 4j). A moderate vaccine could avert 1.44 (0.77-
2.11) million, 1.44 (0.77-2.11) million, 1.45 (0.77-2.12) million
infections, and 29,024 (14,900-43,149), 29,143 (14,957-43,330),
29,228 (15,000-43,456) deaths, respectively, under 50%, 75%,
100% vaccine coverage. A strong vaccine could avert 1.44 (0.77-
2.11) million, 1.44 (0.77-2.12) million, 1.45 (0.77-2.12) million
infections, and 29,091 (14,930-43,252), 29,181 (14,975-43,386),
and 29,254 (15,014-43,494) deaths, respectively, under 50%, 75%,
100% vaccine coverage. This indicates that a vaccine with effective-
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ness and coverage of 50%-100% could avert 0.76-2.12 million infec-
tions and 15,000-43,000 deaths.

If the face mask use decreased by 50%, and the vaccine was
weak, the vaccine coverage should be greater than 94.2% to sup-
press the pandemic (Figs. 3k and 4Kk). If the vaccine was moderate
or strong, the vaccine coverage should be greater than 56.8% and
45.7%, respectively, to suppress the pandemic. If no face mask
was used, and the vaccine effectiveness was weak, even 100% cov-
erage would not decrease the number of infections or deaths
(Figs. 31 and 41). If the vaccine effectiveness was moderate, the vac-
cine coverage of great than 77.8% would be required to suppress
the pandemic based on the threshold of vaccination curve. If the
vaccine effectiveness was strong, less vaccine coverage (58.0%)
would be required. Similar to the other states, deferring the rollout
of vaccine would only moderately decrease the vaccine coverage
required to suppress the pandemic in California.

4. Discussion

Our study addressed important questions related to what
would be needed to suppress COVID-19 in New York, Texas, Flor-
ida, and California under different scenarios of vaccine effective-
ness, uptake, and face mask use. The results suggest that the
number of COVID-19 cases would decrease in the four most
severely affected states in the US under the current approach of
relying primarily on social distancing and mask use. However, if
these measures are relaxed before an effective vaccine becomes
available, the epidemic will likely rebound with further major out-
breaks [19]. So far, all four states have partially or fully reopened
their economies, but face mask use in public space remains manda-
tory or recommended. Our study suggests that if face mask use was
maintained at the current level, vaccination if it were only moder-
ately effective would result in lower numbers of new infections
and deaths even when social distancing returned to normal. If face
mask usage was halved in these states, then a weak vaccine (50%
effectiveness) would require 55-94% population coverage to sup-
press the epidemic, whereas a moderate vaccine (80% effective-
ness) would require 32-57% population coverage and a strong
vaccine (100% effectiveness) would require only 24-46% popula-
tion coverage to suppress COVID-19. In all scenarios social distanc-
ing was assumed to return to pre-epidemic levels. In contrast, if
face mask usage is reduced to zero then a weak vaccine would
not provide substantial protection, and further outbreaks are antic-
ipated, but a moderate vaccine may suppress the epidemic with
vaccination coverage of 48-78%, and a strong vaccine would
require 33-58% coverage.

For social distancing to be returned to the pre-pandemic level in
the four most severely COVID-19 affected states in the US, at least
half of its population needs to receive a vaccine with moderate
effectiveness. However, the state of California, in particular, will
need a vaccine coverage of close to 80% to suppress the COVID-
19 epidemic, such that both social distancing restrictions and the
requirement for face mask use can be relaxed. The requirement
of higher vaccination coverage in California is likely due to a higher
proportion of susceptible individuals compared to the other three
states (the population size of California is 2.02, 1.86, and 1.38 times
of that in New York, Florida and Texas). In other words, the preva-
lence of infected individuals with natural immunity in California is
only 49.5%, 53.8%, and 72.5% of that in New York, Florida, and Tex-
as, respectively, for the same number of infections.

Results from our study are in general consistent with those
from other studies that modelled COVID-19 vaccination strategies
[20,21]. These studies modelled the trajectory of the pandemic for
the whole country while ignoring differences in the population
size, disease dynamics, and mitigation strategies adopted across
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different states [20,21]. Our study, instead, captured these state-
level differences and, thus, may provide more accurate predictions.
This may explain why our results are slightly different from those
studies in which one showed vaccinating 82% of the US population
with a vaccine of 80% effectiveness is necessary to achieve herd
immunity and eliminate COVID-19 [20], and the other showed at
least 60-80% vaccine coverage is needed for a vaccine with 80%
effectiveness to reduce the peak by more than 99% [21]. Given that
the willingness to take a COVID-19 vaccine in the US has been esti-
mated at only 58% [22,23], only a strong vaccine with high effec-
tiveness of nearly 100% would be sufficient to suppress the
epidemic alone and enable relaxation of social distancing and face
mask requirement. If a strong vaccine is not attainable, a moderate
vaccine and maintaining a relatively low face mask usage of 30—
40% would also be a plausible alternative to achieve the same tar-
get. That is, vaccination combined with a modest level of non-
pharmaceutical measures, such as face mask use in common public
spaces (shopping malls and transportation), may be a viable option
to continue suppressing the epidemic in the long term.

Our findings demonstrate that the timing of a vaccination roll-
out may only have a small impact on the threshold vaccination
coverage. Deferring vaccination rollout by one or two months did
not substantially change the required threshold coverage. How-
ever, if a safe and effective vaccine becomes available, it should
be delivered to the population as early as possible to support the
economic recovery of the country [24-26]. Despite reopening the
economy in these states, the restrictions related to interstate and
international travel have significantly disrupted the recovery of
the US economy [27]. Only an effective vaccination program is able
to counteract these restrictions [28-30].

Our study has a number of limitations. First, our model did not
take into consideration the age structure of the population because
data are currently not available on the different effects of a poten-
tial vaccine across age groups. If more data become available to
inform an age-specific model, the vaccination strategy would bias
towards the elderly groups and achieve a higher coverage rate than
younger age groups according to the current vaccination guidelines
[12,31,32]. This attracts further investigation. Second, the model
did not distinguish between vaccine types (e.g., inactivated, live
attenuated, recombinant protein) and the doses of vaccine. We
used the average vaccine effectiveness to address the difference
of vaccine types and doses in the model. Third, the model did not
consider the lag time required for the vaccine to become effective
and assumed an immediate immune response and protection after
vaccination. Our sensisivity analyses showed that one- or two-
month delay of immune response would have little impact on
the results. Fourth, we assumed that the vaccine protection lasts
for at least one year and, thus, did not project the epidemic beyond
one year. If the vaccine protection duration was shorter than one
year, it would need larger vaccine coverage to suppress the epi-
demic. Finally, the model did not consider issues related to vaccine
availability, distribution, and the cost-effectiveness of vaccination
[24,26,32], which would be important future research directions
when more data (e.g., vaccine cost, quality of life for COVID-19
patients) become available.

5. Conclusions

Our study indicates that for people to return to their pre-
pandemic normal life, a potential vaccine needs to have moderate
effectiveness of 80% and cover at least 50-80% for the four most
severely affected states in the US. Maintaining a 30-40% face mask
use would reduce the required vaccine coverage below the willing-
ness level of vaccination of the US population. Delaying vaccination
rollout for 1-2 months would not substantially alter the epidemic
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trend if the current non-pharmaceutical interventions were main-
tained. The findings from this study can inform the planned rollout
of COVID-19 vaccines and the continued implementation of non-
pharmaceutical interventions such as social distancing and mask
use mandates.

Significance statement

This paper predicts the COVID-19 epidemic in the four largest
states in the US under different conditions in which the effective-
ness of a potential vaccine and the level of social distancing restric-
tions vary. The study is timely and highly significant as the COVID-
19 vaccine may become available in the US soon and public health
policymakers need more evidence to make the most informed
decisions on whether to maintain social distancing and face mask
use in the post-vaccine era.
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