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Introduction: The COVID-19 pandemic continues with highly contagious variants and waning
immunity. As the virus keeps evolving to be more infectious and immune evasive, some question
whether the COVID-19 pandemic can be managed through sustainable public health measures.

Methods: We developed an agent-based simulation to explore the impact of COVID-19
mutations, periodic vaccinations, and nonpharmaceutical interventions on reducing COVID-19
deaths. The model is calibrated to the greater Seattle area by observing local epidemic data. We
perform scenario analyses on viral mutations that change infectiousness, disease severity, and
immune evasiveness from previous infections and vaccination every 6 months. The simulation is
run until the end of year 2023.

Results: Variants with increased infectivity or increased immune evasion dominate previous
strains. With enhanced immune protection from a pancoronavirus vaccine, the most optimistic
periodic vaccination rate reduces average total deaths by 44.6% compared with the most pessimistic
periodic vaccination rate. A strict threshold nonpharmaceutical intervention policy reduces average
total deaths by 71.3% compared with an open society, whereas a moderate nonpharmaceutical
intervention policy results in a 33.6% reduction.

Conclusions: Our findings highlight the potential benefits of pancoronavirus vaccines that offer
enhanced and longer-lasting immunity. We emphasize the crucial role of nonpharmaceutical interven-
tions in reducing COVID-19 deaths regardless of virus mutation scenarios. Owing to highly immune
evasive and contagious SARS-CoV-2 variants, most scenarios in this study fail to reduce the mortality
of COVID-19 to the level of influenza and pneumonia. However, our findings indicate that periodic
vaccinations and a threshold nonpharmaceutical intervention policy may succeed in achieving this
goal. This indicates the need for caution and vigilance in managing a continuing COVID-19 epidemic.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic
continues to ravage populations around the world. Sev-
eral factors influence this situation, including the emer-
gence of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) variants of concern (VOCs) such as the
Omicron variant that is highly infectious and immune
evasive;' changes in the level of nonpharmaceutical
interventions (NPIs), such as reduced mask use and
social distancing; and public reluctance to be vaccinated.
Understanding the impact of vaccination and NPI poli-
cies on COVID-19 incidence and deaths is needed to
guide effective interventions.

The immune response to SARS-CoV-2, including
VOCs such as Alpha, Delta, and Omicron variants that
have resulted in increased viral loads; disease severity;
and/or resistance to immunity conferred by previous
infection or vaccination,’ is complex. Studies have
shown that immunity wanes over time, and the degree
of waning may differ by vaccine, time since vaccination
or infection, variant type, and demographic factors.>
The immune response to SARS-CoV-2 confers differen-
tial protection against infection, severe disease, or
death.” "’ Protection against reinfection declines faster
for the Omicron variant than for the original Wuhan,
Alpha, and Delta variants. However, protection against
severe disease remains high for all variants, including
the Omicron variant."'

Questions have been raised about the need for peri-
odic COVID-19 vaccinations and which population
groups should receive them. The Centers for Disease
Control and Prevention now recommends the updated
bivalent COVID-19 booster vaccine to all individuals
aged >12 years, with at least a 2-month interval since
their last dosage. Evidence has shown that it provides
better protection against the Omicron variant than older
vaccines without additional safety concerns.'” Neverthe-
less, repeated vaccinations may result in reduced effec-
tiveness and durability of protection.'"”"” The effects of
periodic vaccination should be explored under various
immune scenarios, especially given the emergence of
SARS-CoV-2 variants that may impact the efficacy.

In this article, our objective is to understand the role
of emerging variants, vaccination, and NPI policies on
COVID-19 infections and deaths. We aim to identify
scenarios in which COVID-19 can be managed such
that the death rate from COVID-19 becomes compara-
ble with the combined annual mortality rate from influ-
enza and pneumonia. As a case study for a large urban
area, we simulate COVID-19 transmission in King
County, Washington, (greater Seattle) using an agent-
based simulation model. Calibrated to local

epidemiologic data, our study uses detailed synthetic
population data and includes interactions between vacci-
nation and specific NPIs while considering waning
immunity and emergence of variants. Virus mutation
scenarios include 12 combinations of infectivity, disease
severity, and immune evasiveness. A highly effective
pancoronavirus vaccine that works against all strains is
considered an optimistic scenario.

METHODS

Population-based Simulation Model
Agent-based simulation has been employed in studies
to account for heterogeneous individual behaviors and
contact networks. Our agent-based model is based on the
open-source FRED (A Framework for Reconstructing Epi-
demics Dynamics) model.'® As in Lee et al,,'’ we modified
the FRED model to simulate SARS-CoV-2 transmission in
King County, Washington, with approximately 1.9 million
individuals. The NPIs that we model include social dis-
tancing, face mask use, school closures, home quarantine,
testing, and contact tracing as in Lee et al."” Our natural
history of COVID-19 follows a SEIRS (susceptible-
exposed-infected-recovered-susceptible) model framework,
including SARS-CoV-2 varijants, vaccination, and immu-
nity from natural infection or vaccination. As shown in
Figure 1, each disease compartment is stratified by variant
type as superscript x, individuals’ vaccination history as
subscript v, and previous infection history as subscript p.
The model is also stratified by age and comorbidities.
These factors affect disease progression, including the
probabilities of infection, disease severity, and death.
Values for all parameters and calibration are given in
Appendix Section 1 (available online), and detailed trans-
mission equations are given in Appendix Section 2 (avail-
able online).

SARS-CoV-2 variants. We consider SARS-CoV-2 var-
iants that show different infectivity, disease severity, and/
or immune evasive properties after previous infection or
vaccination. We sequentially introduce 3 variants that
are the most widespread SARS-CoV-2 VOCs, specifically,
the Alpha, the Delta, and the B.1.1.529 Omicron variants.
The variants have evolved to be more infectious while
either decreasing or increasing disease severity.”’ ** The
level of natural and vaccine immunity against the Alpha
and the Delta variants is assumed to be the same as that
of the original Wuhan strain, whereas the B.1.1.529 Omi-
cron variant has been found to more easily evade the
immunity acquired from vaccine or prior infection.”” We
refer to the original Wuhan, the Alpha, and the Delta
variants as pre-Omicron strains. In the scenario analyses
presented in the section on Parameter Settings for
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Figure 1. Natural history model of COVID-19.

In each compartment (S, E, IPS, IS, IA, R, D), the superscript x implies a variant type, and subscripts v and p imply the most recent vaccination and

previous infection date, respectively.

Scenario Analysis, we introduce potential new variants
that mutate every 6 months after the B.1.1.529 Omicron
variant on the basis of data indicating that the previous
VOC appearance interval is between 4 and 8 months™
(details are presented in Appendix Section 1.3, available
online).

Vaccination. Vaccination parameters, including effec-
tiveness in preventing infection and death, are primarily
based on the first-generation Pfizer-BioNTech COVID-
19 vaccine. In the primary vaccination series (available
from January 1, 2021), 2 doses are administered, with
the second dose following the first dose by 21 days.
Additional vaccines after the second dose may be admin-
istered every 6 months. We introduced vaccines to the
simulation using age-specific eligibility dates and priori-
tization policy in Washington State””** (details are pre-
sented in Appendix Section 1.5, available online).

Immune response. SARS-CoV-2 variants may evade
the immune system and increase the probability of infec-
tion.”” We refer to this as immune evasion. Immunity
gained from natural infection or vaccination wanes over
time and differs by variant types.””>”" From clinical
studies, we fit a linear regression model to estimate
immune evasion.”””'** The immunity level has a con-
tinuous value ranging from 0 to 1 that depends on indi-
viduals’ latest infection date, vaccination date, and
variant type. In estimating immune evasion, we distin-
guish whether the immunity was obtained from previous
infections or from vaccinations because research™*®
shows that levels of immune evasion vary depending on
its source. When an individual has immunity from both
previous infection and vaccination, we multiplied their
effects on the basis of studies””* that a hybrid immu-
nity increases protection against reinfection. If an
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individual is infected, the severity of the disease (proba-
bility of dying from disease) may be reduced with previ-
ous infection or vaccination. We refer to this as immune
protection. We fit a linear regression model to estimate
immune protection against death”*”> (the equations
are presented in Appendix Section 1.4, available online).

Mortality. Deaths from COVID-19 and background
mortality are considered. We assume that the infection
fatality ratio of COVID-19 depends on individuals’ age
and comorbidity status.””” The ratio can decrease when
an individual has immune protection against death from
previous infections or vaccinations (Appendix Section
2.3, available online). In the agent-based simulation,
once an individual dies, the person is removed from
each active location (household, neighborhood, school,
and/or workplace) and no longer influences future trans-
mission. Background death rate is based on sex and
age.”®

Calibration Procedure with Parameter Settings

We calibrate the model to data for the greater Seattle
area from January 15, 2020, to December 31, 2020, by
targeting basic reproduction number (Ro) and reported
deaths. We fit previous compliance history to NPIs by
observing Seattle’s sequence of interventions. Parameters
that we calibrate include COVID-19 transmissibility,
contact rates at each location (household, neighborhood,
school, and workplace), and default home quarantine
percentage of symptomatic individuals (the calibration
procedure and detailed model description are presented
in Appendix Section 1.6, available online).

Our simulation period spans 4 years, from January 15,
2020, (reported first day of infection in King County) to
December 31, 2023. The period from January 15, 2020,
to December 31, 2020, is used to calibrate parameters.
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Table 1. Parameter Settings for Virus Mutation Scenario Analyses

Changes in infectivity
compared with previous

Changes in disease severity
compared with previous

Changes in immune evasion
compared with previous
variant

Pessimistic immune evasion
Neutral immune evasion
Optimistic immune evasion
Pessimistic immune evasion
Neutral immune evasion
Optimistic immune evasion
Pessimistic immune evasion
Neutral immune evasion
Optimistic immune evasion

Mutation scenarios variant variant
S1 50% more infectious Same

S2 50% more infectious Same

S8 50% more infectious Same

S4 50% more infectious 50% less severe
SB) 50% more infectious 50% less severe
S6 50% more infectious 50% less severe
S7 Same Same

S8 Same Same

S9 Same Same

S10 Same 50% less severe
S11 Same 50% less severe
S12 Same 50% less severe

Pessimistic immune evasion
Neutral immune evasion
Optimistic immune evasion

Note: The changes in immune evasion compared with previous variant have 3 characterizations: pessimistic immune evasion indicates that the virus
mutates to be 25% more immune evasive than is acquired from vaccination or previous infection, neutral immune evasion indicates that the virus
mutates to have the same immune evasiveness as B.1.1.529 Omicron, and optimistic immune evasion indicates that the virus mutates to have the
same immune response as B.1.1.529 Omicron when it is acquired from previous infection but enhanced immune response when it is acquired from

vaccination (details are presented in Appendix Section 1.4, available online).

From January 1, 2021, to December 31, 2023, (3 years),
we perform a scenario analysis by simulating different
virus mutations as in Table 1 and policy scenarios as in
Table 2. In all analyses and calibration, we replicate 50
simulation runs. The scenario analysis used common
random seeds for variance reduction.

Mutation parameters. As listed in Table 1, we intro-
duce 12 new variants with mutation scenarios labeled S1
—S12 that vary in infectivity, disease severity, and
immune evasion on June 4, 2022, after the B.1.1.529
Omicron variant. We label each mutation scenario as S1
—S12. For ease of explanation, we name the 3 immune
evasion parameter settings as pessimistic, neutral, and
optimistic immune evasion. In the optimistic scenario,
we assume that a pancoronavirus vaccine is always avail-
able for all strains, and the vaccine effects always show
the same level as against pre-Omicron strains. This pro-
vides stronger and more lasting immune protection than
our base, first-generation vaccine, which is less effective
against B.1.1.529 Omicron strains.

Once 1 of the 12 new variants is introduced to society,
we mutate it every 6 months. The mutation parameters

Table 2. Parameter Settings for Policy Scenario Analyses

Policy scenarios Parameter settings

50% less, 25% less,
same

Reduction in vaccine
willingness for each additional
dose (fourth or higher)

NPI policy Timeline 1, Timeline 2,
threshold

NPI, nonpharmaceutical intervention.

follow the same pattern every 6 months for simplicity.
For example, if the virus evolves to increase infectivity
by 50% with the same disease severity and immune eva-
siveness, then 6 months later, the second generation
(December 2022—June 2023) of the new strain will have
a 50% further increase in infectivity compared with the
first generation (June 2022—December 2022) of the
mutated strain. A third generation (June 2023—Decem-
ber 2023) mutates once more after 6 months (details are
provided in Appendix Sections 1.3 and 1.4, available
online).

Vaccination parameters. After the third vaccine dose, a
periodic vaccination program (fourth or higher) is
scheduled for every 6 months until the end of the simu-
lation. The periodic vaccination program runs from Jan-
uary 23, 2022, to December 31, 2023. When receiving
periodic vaccinations, vaccine willingness may decline
by 50% or 25% or remain constant for each additional
vaccination in the scenario analyses, as listed in Table 2.
Individuals’ vaccine willingness for primary and booster
vaccination depends on their age from King County
data.”® Tt is assumed that vaccine supply is enough to
cover the population, although there may be some delays
due to daily limits.

Nonpharmaceutical intervention parameters. NPIs
include social distancing, face mask use, school closure,
home quarantine, testing, and contact tracing. We simu-
late different levels of compliance to social distancing,
school closure, and face mask use by aggregating the 3
factors under one concept—the NPI stage (Figure 2). As

www.ajpmfocus.org
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) Changes in NPI stage on NPI relaxation policy School
NPI policy NPI Stage Social Distancing  Closure Face Mask
4 (Most opened) open 0% 0%
Timeline 1- F
L3 Low 25% 25%
Timeline 2
2 Medium 50% 50%
Threshold - Dynamically decided from last 2 weeks'
diagnosed infection cases I
1 (Most closed)  pedium 75% 75%

01/2021 07/2021 01/2022 07/2022

Date

01/2023 07/2023

12/2023

Figure 2. Definitions of NPI stages and timeline NPI policies.
Date is in month/year.
NPI, nonpharmaceutical intervention.

illustrated in Figure 2, we consider 4 levels of NPIs rang-
ing from a fairly closed society (stage 1) to a fully open
society (stage 4). We consider 3 NPI policies as listed in
Table 2 that consist of different stages and timing as
shown in the left panel of Figure 2. Timeline 1 gradually
opens from 2021 to a fully open society in 2022, whereas
Timeline 2 is a moderate NPI policy that opens more
slowly and maintains some level of NPIs through 2023.
We also introduce a threshold NPI policy in which the
NPI stage is dynamically determined by the last 2 weeks’
diagnosed infection cases. Under this policy, the society
is in stage 1 if diagnosed cases are higher than 350 cases
per 100,000 population for a 14-day rolling period; in
stage 2 if there are 200—349 cases per 100,000; in stage 3
if there are 100—199 cases per 100,000; and in stage 4 if
there are <100 cases per 100,000. We fix compliance
parameters for home quarantine, testing, and contact
tracing at the same level as those at the end of 2020.
Combining the 9 policy scenarios with the 12 mutation
scenarios yields 108 scenarios, with parameter values
given in Tables 1 and 2.

Measures for Scenario Analysis

We explore the impact of viral mutation, vaccination,
and NPI policies on SARS-CoV-2 infections and deaths
due to COVID-19. Because new variants after B.1.1.529
Omicron are introduced from June 4, 2022, we focus on
deaths that occur from June 4, 2022, to December 31,
2023. Given that the severity of the disease influences
public perception and response, we identify scenarios
for which COVID-19 deaths can be reduced to or below
the mortality rate from influenza and pneumonia, which
was 12.6 per 100,000 population in Washington State in
2017.”” This number converts into 374 total deaths from
June 4, 2022, to December 31, 2023, or 0.65 person
deaths per day in the region.

February 2024

RESULTS

Increased infectivity and immune evasion are the main
drivers of new variants’ capacity to dominate other
strains.'>* Figure 3 presents the number of daily infec-
tions by variants under mutation scenarios S1—S3 with
increased infectivity and S10—S12 with reduced disease
severity from Table 1. The first row of Figure 3 shows
that when variants mutate to increase infectivity, the
new variants dominate the previous strain. When the
variants become more immune evasive (S1, pessimistic
immune evasion), the outbreak size is much higher than
the outbreak from B.1.1.529 Omicron (Figure 3A). If the
immune evasion scenario is neutral (S2) or optimistic
(S3), the outbreak size is reduced, and its peak is delayed
(Figure 3B and C). When variants retain the same infec-
tivity with reduced disease severity, dominance of new
variants depends on evolution in immune evasion
(Figure 3D—F). With pessimistic immune evasion (S10),
the new variants slowly dominate its previous strain
with a lower peak size than B.1.1.529 Omicron
(Figure 3D). However, if variants show the same infec-
tivity and immune evasiveness as B.1.1.529 Omicron
(S11, neutral immune evasion) or with better vaccina-
tion immune protection (S12, optimistic immune eva-
sion), new variants do not dominate B.1.1.529 Omicron
(Figure 3E and F).

Figure 4 presents simulated results for total deaths.
The 12 graphs in Figure 4 represent mutation scenarios
S1—S12 in Table 1, where the 4 rows represent changes
in infectivity and disease severity, and the 3 columns
represent immune evasion characteristics. Each of the 12
graphs have 3 markers (squares, circles, and triangles)
for vaccine willingness impacting periodic vaccination
rate. The 3 NPI policies are plotted on the horizontal
axis, and total deaths (in 1,000s) are plotted on the verti-
cal axis.
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Changes in immune evasion

Pessimistic immune evasion

Neutral immune evasion

Optimistic immune evasion

> .
P ) A (S1) B (52) c(s3)
- - " w0 )
] 2 < < c
S 5 8100000 5100000 6100000
o g, B ] B
3 EL £ 75000 £ 75000 £ 75000
£% £ £ £
g 9 z £ 50000 £ 50000 £ 50000
[} o =4 = =
@ EJ > 25000 > 25000 <O | 2 25000
T Qo g o ' 5 © <%
T
c nun S o al 0> a> AS L s 0> > Q> al al > >
S N S N N S S S S S S S S N N
o @ T @ a7 @ a7 @ o @ 07 @ g
- Date Date Date
2 4 D (S10) E (S11) F (S12)
g § . ° . = .
® £, 5100000 5100000 5100000
[ no S =1 =1
E 29§ 8 8
o= 8 > e 75000 = 75000 = 75000
c S50 £ £ i
W @0 2 50000 2 50000 2 50000
w E 7] = { =3 | =i
o o2 2> 25000 > 25000 > 25000
s EX 4 0 ; 8 0 2l 8 0
=
o uvwn > i i > > > v Wi > > > W Wi > >
\,'),\'LQ 06\7’0 \:),\'LQ @\79 \1\7'0 \:),\'79 Q()\"'Q X'),\'LQ @\10 \:),\7'6 \:),\'LQ @\79 Xf),\"p (3(3\7—0 X'L\”LQ
Date Date Date

Infection by variant
F=Z Omicron (B.1.1.529) [TI11] New variant (1st)

P New variant (2nd) New variant (3rd)

Figure 3. Impact of viral mutation on SARS-CoV-2 infections while varying infectivity and immune evasion.

Note: Virus mutation scenarios are listed in the upper left corner of each graph. Subfigures A, B, and C represent scenarios S1, S2, and S3. Subfig-
ures D, E, and F represent scenarios S10, S11, and S12. Colored lines in each graph indicate the first imported date of each variant. Periodic vacci-
nation willingness is assumed to reduce by 25% for each additional dose. NPI policy is assumed to be Timeline 1 policy (the results of 12 mutation
scenarios from January 15, 2020 are presented in Appendix Section 3, available online).

NPI, nonpharmaceutical intervention.

Impact of viral mutation on SARS-CoV-2 deaths

In most cases, increased infectivity yields more deaths
than mutations that maintain the same infectivity.
When the variants’ disease severity remains the same
and infectivity increases, total mortality increases by
44.7% (Figure 4A and G), 93.1% (Figure 4B and H), and
112.7% (Figure 4C and I) when averaged over vaccine
willingness and NPI policies. When the virus mutates to
reduce disease severity and the immune evasion scenario
is pessimistic, total deaths increase by 16.7% (Figure 4D
and J). In contrast, when the immune evasion scenario is
neutral or optimistic, the total number of deaths
decreases by 7.0% (Figure 4E and K) and 8.3%
(Figure 4F and L), respectively. This is because the new
variants with higher infectivity dominate the previous
strains, resulting in more infections, but the reduced dis-
ease severity leads to fewer deaths.

Similarly, reduced disease severity typically leads to
fewer deaths than the same severity. When the virus
mutates to increase infectivity, reduced disease severity
decreases total mortality by 59.4% (Figure 4A and D),
52% (Figure 4B and E), and 56.9% (Figure 4C and F)
when averaged over vaccine willingness and NPI poli-
cies. Although the reduced disease severity decreases
total deaths by 51.1% (Figure 4G and J) in the pessimis-
tic immune evasion scenario, the impact of reduced dis-
ease severity is negligible when infectivity is the same,
and the immune evasion scenario is neutral or

optimistic. The mortality reduces by 0.3% (Figure 4H
and K) in the neutral immune case and increases by
0.1% (Figure 4I and L) in the optimistic case. This is
because the new variants, which do not mutate to
increase infectivity or immune evasiveness, do not
replace previous variants as demonstrated in Figure 3E
and F. Thus, the decreased disease severity of these new
variants does not result in a reduction of deaths.

In all instances, increased immune evasion results
in a higher death toll. Viruses with a pessimistic
immune evasion strategy (first column of Figure 4)
cause 3,867 average deaths. When the viruses exhibit
neutral immune evasion (second column of Figure 4),
the average total mortality rate decreases by 14.9%
from the first column setting. With optimistic
immune evasion (third column of Figure 4), the death
toll further decreases by 30.9% from the second col-
umn setting.

Impact of periodic vaccination rate on SARS-CoV-2

deaths

The effect of increasing periodic vaccination coverage
heavily depends on new variants’ immune evasion prop-
erty. An effective pancoronavirus vaccine (S3, S6, S9,
and S12) and the most optimistic periodic vaccination
rate (same vaccination willingness as the booster vacci-
nation rate) yield 1,590 average total deaths, reducing
total deaths by 44.6% compared with the most
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Figure 4. Impact of periodic vaccination rate and NPI policies on deaths from June 4, 2022, (first date of viral mutation after
B.1.1.529 Omicron is imported to the society) to December 31, 2023, with varying mutation scenarios on infectivity, disease sever-

ity, and immune evasion.

Note: Virus mutation scenario numbers are listed in the upper left corner of each graph. Subfigures A-L represent scenarios S1-S12 respectively.
Error bars represent the 25th and 75th percentile values of total deaths, with the dot at the 50th percentile. In each virus mutation graph, red dotted
lines represent the number of total deaths from influenza and pneumonia in Washington state in 2017, which is calculated to be 374 deaths during
the simulation period. Scenarios with error bars that overlap the objective are circled.

NPI, nonpharmaceutical intervention.

pessimistic periodic vaccination (50% reduction in
vaccine willingness for each additional dose). If such
a pancoronavirus vaccine does not exist, and a virus
shows neutral immune evasion (second column of
Figure 4), the average total death reduction is 27.2%.
If the virus mutates to evade immunity more easily
(first column of Figure 4), the death toll reduction is
6.5% when comparing the most optimistic with the

February 2024

most pessimistic vaccination rate. Figure 5 illustrates
the impact of periodic vaccination on daily deaths
when the virus mutation scenario is S1—S3 with
increased infectivity and S10—S12 with reduced dis-
ease severity. The figure illustrates an example in
which the benefit of increased periodic vaccination is
more apparent when the immune evasion scenario is
optimistic.
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Impact of nonpharmaceutical intervention policies

on SARS-CoV-2 deaths

NPI policies always reduce the death toll regardless of
mutation scenarios, as shown in Figure 6. Compared
with the Timeline 1 NPI policy, which fully opens the
society from January 2022, the Timeline 2 policy main-
tains NPI stage 3 from January 2022 to the end of 2023
(Figure 2). With constant moderate NPI policies in
Timeline 2, the average total death toll is reduced by
33.6% compared with that of Timeline 1. The reduction
ranges from 21.8% to 47.2% depending on the mutation
scenarios. The threshold policy, which dynamically
decides the NPI stage according to the number of cases
in a 14-day rolling period, reduces the death toll by
71.3% compared with Timeline 1. The reduction ranges
from 55% to 85% depending on mutation scenarios.
When the threshold policy is applied, the NPI stage 1
policy is selected in early 2022 with the rapid spread of
B.1.1.529 Omicron variant and remains in NPI stage 1
in most virus mutation scenarios. Even in the case where
the virus mutates to be milder and exhibits the same
infectivity and a pancoronavirus vaccine is available
(S12), the society is generally in NPI stage 2, which
involves a medium level of social distancing (Appendix
Section 5, available online).

Reducing annual deaths from SARS-CoV-2 to the
levels of influenza and pneumonia

Our objective is to find scenarios that reduce COVID-19
deaths to the levels of influenza and pneumonia, which
is 374 total deaths during the simulation period in the
region. Of 108 scenarios, 9 scenarios (with virus muta-
tions S5, S6, and S8—S12) satisfy the objective within the
error bar limits, as indicated by the circled markers in
Figure 4. All 9 scenarios have threshold NPI policies. Of
the 9 scenarios, 7 scenarios have the same periodic vacci-
nation willingness as the rate of the third booster vacci-
nation. The remaining 2 scenarios have a 25% reduced
periodic vaccination rate (with virus mutations S9 and
S12). In Figure 6F, in which the virus mutation is S12,
the periodic vaccination rate is reduced by 25%, and the
threshold NPI policy is applied, the lower error bar also
satisfies the objective when converted to daily numbers,
equating to 0.65 daily deaths in the simulation period.

DISCUSSION

In this study, we explore the role of hypothetical virus
mutation, periodic vaccination, and NPI policies on
COVID-19 in a large urban area, King County, Wash-
ington, using an agent-based simulation model. Our
study highlights that the impact of increased periodic
vaccination coverage on mortality is heavily dependent

February 2024

on the concomitant evolution of immune evasion and is
not significant when SARS-CoV-2 mutates to substan-
tially increase immune evasion. In contrast, the effect of
strengthening NPI policy is robust to viral mutation.
Few scenarios meet the objective of reducing COVID-19
mortality to or below the influenza and pneumonia mor-
tality levels by the end of 2023. This raises concerns
about managing ongoing COVID-19 community spread
using strategies analogous to those for seasonal influ-
enza.

Consistent with other modeling studies, "’ our
results demonstrate that a novel SARS-CoV-2 strain
dominates its previous strain and drives new waves of
infections when it has sufficiently increased infectivity or
immune evasiveness. Our model indicated that changes
in relative infectivity and immune evasiveness determine
the dominance of new SARS-CoV-2 strains, irrespective
of the mutation scenario. Furthermore, even with
changes in vaccination rates and NPIs, the same domi-
nance was observed, although the time to domination
varied.

Our study finds that the majority of deaths come from
people aged >65 years, accounting for 67.4%—81.9% of
all deaths in our scenarios. This is in line with the Cen-
ters for Disease Control and Prevention’s initial decision
to recommend the fourth booster vaccine to individuals
at high health risk. Furthermore, we observed that
increasing the rate of periodic vaccination can reduce
the death toll by 27%—45% as long as the immune eva-
siveness of new variants remains the same or less than
that of the B.1.1.529 Omicron variant. An effective pan-
coronavirus vaccine can reduce immune evasiveness and
improve protection. The implementation of updated
bivalent COVID-19 vaccines, which are believed to pro-
vide improved immune response,'>*" is likely to contrib-
ute to reducing the death toll to some extent.

As the COVID-19 pandemic continues, many are
fatigued and reluctant to follow restrictive NPI meas-
ures, such as social distancing and mask wearing.
Now that the COVID-19 pandemic is in its fourth
year, our threshold NPI policy that mostly returns to
NPI stage 1, a strict policy, or from late 2022 is likely
to be impractical. The criterion in our threshold pol-
icy is based on the number of diagnoses suggested by
the Washington government before the widespread
distribution of vaccination.”” Now that the disease
severity of SARS-CoV-2 is lower, easing the threshold
criteria to implement a more relaxed threshold policy
might be a practical alternative.

Agent-based simulation has been employed in stud-
ies'*”"” to account for heterogeneous individual behav-
iors and contact networks. Our model accounts for real-
world evidence of immune response to SARS-CoV-2 so
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that individuals’ level of immune response depends on
previous infection and vaccination history as well as var-
iant type and disease outcomes (i.e., infection or death).
Moreover, our agent-based model captures individual
heterogeneity in behaviors such as mask wearing and
compliance with social distancing and risk factors such
as age and comorbidity. Rather than approximating the
impacts of NPIs as a single variable that changes the
force of infection, a method commonly used in mathe-
matical models for simplicity,” " we separately model
specific NPIs, including social distancing, face mask use,
school closure, testing, contact tracing, and home quar-
antine.

Limitations

Limitations exist in our model. Some of the virus muta-
tion scenarios may not be biologically feasible. For
example, our most pessimistic mutation scenario (S1)
that assumes that the virus keeps mutating to increase
infectivity, increase immune evasiveness, and have the
same disease severity may be considered extreme. Our
model assumes that the virus follows the same mutation
path every 6 months, ignoring interactions between
other factors. Research shows that high SARS-CoV-2
incidence rates or infections in immunocompromised
individuals*’ could impact the pace and nature of muta-
tion. Recent research has challenged our assumption
that hybrid immunity provides stronger protection
than immunity generated through either infection or
vaccination.”™* Another study suggests that the pres-
ence of neutralizing antibodies, that is, exposure to the
current strain of the virus, is a crucial determining factor
in the level of immunity.”””"

Our model has simplified some individual behaviors.
Individuals’ compliance with NPIs such as face mask
use or social distancing are assumed to be independent
of vaccination behavior, which might not be true in
reality.”””’ Future research should consider dynamic
human behavior for vaccination and NPIs. Our indi-
viduals’ vaccine willingness was based on their age and
location, but inclusion of other demographic character-
istics such as educational status, sex, and political
affiliation may be beneficial for a more comprehensive
analysis. Although some research””” highlights sex dif-
ferences in behavioral responses and clinical character-
istics, our study primarily focused on age as a
predominant factor influencing human behavior,
including vaccination and disease progression.’*”
Owing to the vast number of possible individual NPI
scenarios, we had to aggregate the NPIs to manage a
feasible number of scenarios for analysis. We used our
previous research'” to create reasonable aggregated
NPIs and timelines.

Although we count deaths due to COVID-19 in the
simulation, counting excess deaths may give different
insights. Our results could overestimate mortality if
better antiviral treatments are developed. Seasonal
changes in transmissibility or contact patterns might
affect the shape of the infection waves. Our calibra-
tion was based on the original Wuhan virus, and
other variants’ disease characteristics were based on
literature review. We did not calibrate to the current
time because our objective was to deliver a broad
message on the impact of changes in virus mutation
scenarios and vaccination and NPI policies on death
toll rather than predicting the exact outcomes in an
urban area.

CONCLUSIONS

In summary, our study provides estimated impacts of
virus mutation, SARS-CoV-2 vaccination, and NPI poli-
cies on COVID-19 outcomes using an agent-based simu-
lation. The development of pancoronavirus vaccines
with increased durability and protection has a high
potential to reduce the death toll. NPIs are important
not only because of their direct impact on reducing
COVID-19 infections and deaths but also because of
their indirect impact on hindering the emergence of var-
iants by reducing transmission. A dynamic, threshold
approach to NPI policy is more effective than fixed poli-
cies, implying the need to strengthen surveillance sys-
tems for timely reporting of SARS-CoV-2 infections and
other communicable diseases with pandemic potential.
Few scenarios reduce deaths from COVID-19 to or
below the levels of influenza and pneumonia by the end
of 2023. However, periodic vaccinations coupled with
dynamic NPI policies may succeed in managing
COVID-19 as an endemic disease that is similar to sea-
sonal influenza.
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