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Abstract

Purpose. To estimate the impact on mortality of nonpharmaceutical interventions (NPIs) implemented early in the
COVID-19 pandemic. Methods. We implemented an agent-based modified SEIR model of COVID-19, calibrated to
match death numbers reported in Pennsylvania from January 2020 to April 2021 and including representations of
NPIs implemented in Pennsylvania. To investigate the impact of these strategies, we ran the calibrated model with
no interventions and with varying combinations, timings, and levels of interventions. Results. The model closely
replicated death outcomes data for Pennsylvania. Without NPIs, deaths in the early months of the pandemic were
estimated to be much higher (67,718 deaths compared to actual 6,969). Voluntary interventions alone were relatively
ineffective at decreasing mortality. Delaying implementation of interventions led to higher deaths (; 9,000 more
deaths with just a 1-week delay). School closure was insufficient as a single intervention but was an important part
of a combined intervention strategy. Conclusions. NPIs were effective at reducing deaths early in the COVID-19 pan-
demic. Agent-based models can incorporate substantial detail on infectious disease spread and the impact of mitiga-
tions. Policy Implications. The model supports the importance and effectiveness of NPIs to decrease morbidity from
respiratory pathogens. This is particularly important for emerging pathogens for which no vaccines or treatments
exist, but such strategies are applicable to a variety of respiratory pathogens.

Highlights

� Nonpharmaceutical interventions were used extensively during the early period of the COVID-19 pandemic,
but their use has remained controversial.

� Agent-based modeling of the impact of these mitigation strategies early in the COVID-19 pandemic supports
the effectiveness of nonpharmaceutical interventions at decreasing mortality.

� Since such interventions are not specific to a particular pathogen, they can be used to protect against any
respiratory pathogen, known or emerging. They can be applied rapidly when conditions warrant.

Keywords

COVID-19, nonpharmaceutical interventions, agent-based modeling

Date received: September 1, 2023; accepted: May 9, 2024

COVID-19 is a respiratory disease caused by the SARS-
CoV-2 virus.1 The first known case was identified in
Wuhan, China, in December 2019.2,3 The disease quickly
spread worldwide, being first identified in the United
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States in a sample from Washington state in January
2020.4 COVID-19 was first identified in Pennsylvania
state on March 6, 2020, with the first recorded death on
March 18.5 At that time, there were no vaccines or effec-
tive treatments available.6 In response to the threat
posed by the rapid spread of this disease and the
expected large number of associated hospitalizations and
deaths, a number of nonpharmaceutical public health
interventions (NPIs) were instituted both in the United
States and globally to attempt to limit the spread of the
disease while treatments and vaccines were developed.
Interventions ranged from complete lockdowns of all
nonessential activities to more moderate strategies
including school closures, closure of nonessential busi-
nesses, prohibition of large gatherings, and masking
requirements in public spaces.7 The purpose of imple-
menting NPIs was not to end transmission, since that
would likely have been impossible. Rather, the goal was
to slow transmission enough to prevent health care sys-
tems from being overwhelmed and to protect the most
vulnerable groups in the population while vaccines and
therapeutics were being developed. Complete quarantine
might provide the best protection, but there is a high
economic and societal cost to that strategy, as was
demonstrated in countries that instituted complete
lockdowns.8,9

A number of studies have estimated the impact of
NPIs early in the COVID-19 pandemic from data and
by modeling.10–18 Modeling and simulation can be useful
tools in estimating the impact of interventions and in
evaluating timing strategies for those interventions as
well as in predicting resource utilization, such as the need
for hospital capacity. Understanding the impact of indi-
vidual interventions and combinations of interventions
used early in the COVID-19 pandemic could inform the
response to similar future public health emergencies.
COVID-19 interventions have been the subject of consid-
erable controversy over the course of the pandemic, so

estimating their effectiveness may prove useful in advo-
cating for their use in the future.

We used FRED, the Framework for Reconstructing
Epidemiological Dynamics,19 an agent-based modeling
(ABM) platform, to develop a model of COVID-19 to
investigate the impact of mitigation orders implemen-
ted in Pennsylvania during the period before vaccina-
tion became widespread. FRED has been extensively
used to model influenza and other respiratory dis-
eases.20–23 The FRED COVID-19 model was calibrated
to reasonably match the burden of deaths due to
COVID-19 from January 2020 through April 2021 in
Pennsylvania. Deaths represent the most reliable disease
burden parameter, as case ascertainment was uncertain
and varied widely during the pandemic due to early una-
vailability of testing and to the large number of mild
and asymptomatic cases. The model included compo-
nents that represent or proxy NPIs used to mitigate the
pandemic.

Methods

COVID-19 Model

We developed a COVID-19 model by expanding the clas-
sic S-E-I-R model to include additional states. The model
was parameterized to be specific to COVID-19 using best
estimates for R0 (; 3),18 COVID-19–specific characteris-
tics, and the probability of dying from the disease. Input
parameters are summarized in the Supplementary
Materials, section 1, Table S1. Supplementary Materials
section 2 discusses the derivation of R0 in FRED. We
retrospectively modeled the COVID-19 death burden
from January 2020 to April 2021, when vaccination had
become available to all adults and ; 50% of the
Pennsylvania population had received at least 1 dose of
the vaccine. The retrospective nature of this modeling
effort allows calibration of the entire model duration to
actual Pennsylvania COVID-19 deaths. The FRED pop-
ulation was derived from the 2010 census and includes
12,635,942 agents, closely resembling the 2020
Pennsylvania population estimate of 13,002,700 persons
(estimated change of ; 300,000 or 2.4% since 2010) in
both number and age composition, making the FRED
population sufficient to model the epidemic trajectory in
Pennsylvania. Agents in the FRED populations have
locations in which they interact and spread infection,
including where they live, work, and attend school.
These locations are derived from census data and from
other publicly available data sources. Agents mix in these
locations using contact rates and timing derived from
existing contact matrices, prior respiratory disease data,
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and calibration (see Supplementary Materials section 3
for a detailed description). FRED households are realis-
tic to the census block level for household composition,
race, and income.19

The state-transmission model of COVID-19 included
susceptible, latent infection, infectious presymptomatic,
mildly symptomatic, severely symptomatic, hospitalized,
and died (Figure 1). Asymptomatic infections were con-
sidered to be included in the mildly symptomatic state.
Model transition probabilities were derived from the lit-
erature and from publicly available surveillance death
data with adjustments to match deaths observed in
Pennsylvania. The calibration process is described in the
Supplementary Materials section 4. Briefly, initial cali-
bration used estimated R0; disease-specific estimates of
length of latent, presymptomatic, and symptomatic peri-
ods; and initial case import to match deaths in the period
before the application of interventions (Figure 2). The
initial model was extended by the addition of NPIs with
parameter values varied to produce the reported death
data. Deaths were used as the calibration target since
data on deaths are more reliable than identified cases,
whose ascertainment varied widely during the pandemic.
Agents in the model transition to the died state through
the hospitalized state. In addition, agents who are nur-
sing home residents in the simulation may transition to
the died state directly from the severe state (as happened
to many nursing home residents in reality). The hospita-
lized state has no impact on disease outcome (e.g., no
treatment is included).

Simulations began on January 15, 2020, and ran until
April 30, 2021. The outbreak was initiated by importing
cases on February 15, 2020. This date and the number of
cases imported to begin the Pennsylvania epidemic were

determined empirically to produce an appropriate num-
ber of deaths in the spring (Supplementary Materials sec-
tion 4).

Agents were vaccinated at rates and times correspond-
ing to Pennsylvania vaccination data. Vaccination began
in target groups in December 2020. Agents aged 65+ y
began vaccination in January 2021.Vaccination consisted
of a sequence of 2 shots and provided 95% reduction in
susceptibility to infection 2 wk after the second dose.
Due to the time frame of the simulation, waning of
immunity was not considered essential and was not

Figure 1 Model diagram. State-transmission diagram of COVID-19 disease progression model.

Figure 2 Model calibration. Reported Pennsylvania deaths
(blue) and deaths estimated from the calibrated model

(orange) from January 15, 2020, to April 30, 2021.
Approximate dates of original interventions in Pennsylvania
and in the model are in red.
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included in the model. See Supplementary Materials sec-
tion 5 for details on the vaccination methods and results.

We included the mitigation strategies that were imple-
mented in Pennsylvania during the time frame examined
or proxies for those strategies (Table 1). Not all of the
mitigation strategies have direct representations in
FRED. We used multiple methods for proxying various
interventions to represent the change in contact rates or
other characteristics of transmission that best fit the
observed outcomes. The implementation methods for
NPIs are described in the Supplementary Materials sec-
tion 6. In addition, symptomatic agents voluntarily quar-
antined at home in the simulation with a probability of
90% (Supplementary Materials section 7). We estimated
the impact of multiple scenarios, reporting the expected
deaths in each scenario. Simulations are stochastic and
were run at 20 individual replications, due to computa-
tional complexity and run-time considerations. Model
validation and a limited sensitivity analysis are included
in the Supplementary Material sections 7 and 8.

NPI model implementation

NPIs in the model consisted of 3 components: school
closure, implementation of teleworking, and reductions
in neighborhood contact rates as a composite proxy for
mask wearing, closure of public venues, and individual
social distancing. The model directly closes schools, so
that students do not interact in the schools to which they
are assigned. In the simulation, schools were open until
March 16, 2020, and then closed. Teleworking in the
model is accomplished by having a proportion of

individuals in the model not attend their assigned work-
place, therefore not interacting in those locations. In the
model calibration simulations, 70% of workers were
assigned to work from home on March 23, 2020.
Contacts were reduced by 70% on March 23, 2020, to
mimic distancing strategies. NPIs in the model were
adjusted to reflect timing of implementation of orders
issued by the state and to produce well-calibrated values
for deaths during the simulation time period. Data on
deaths were obtained from public Pennsylvania data
(Pennsylvania Department of Health opendataPA, data
.pa.gov). During the simulation, the proportion of agents
working remotely and the reduction in neighborhood
contacts to proxy social distancing and mask wearing
were adjusted to reflect both data on mobility and as
calibration to match reported deaths.24

Results

Calibration

The FRED Pennsylvania COVID-19 model was
calibrated to match death data from January 2020 to
April 2021. Figure 2 illustrates the actual deaths in
Pennsylvania in that period as well as the FRED modeled
estimated deaths in the same period. Arrows indicate the
times of implementation of interventions. The calibrated
model produced 26,696 mean deaths (stdev 731) from
January 2020 to April 2021, closely matching the 26,793
deaths recorded for Pennsylvania for that period.

Deaths lag cases due to time from infection to death.
Deaths in the data and in the calibrated model rose

Table 1 Model Implementation of Pennsylvania Nonpharmaceutical Interventions and Their Timing and Use in Simulations

Simulation Scenario Mitigation Implementation and Use in Simulations Implementation Date in Simulation

Calibration School closure; remote work; reduction in
neighborhood contacts

March 16–23, 2020

No mitigation strategies None None
Voluntary individual
behavioral changes/choices

Reduction in neighborhood contacts March 23, 2020, in simulation

Delayed mitigation
implementation

School closure; remote work; reduction in
neighborhood contacts

Delayed 1, 2, 3, and 4 wk
from calibration scenario

Early reopening of all
counties on May 7, 2020

Decreased remote work
Increased neighborhood contacts

Beginning May 7, 2020

School closure only School closure March 16, 2020
No school closure Remote work; reduction in neighborhood

contacts
March 23, 2020

Early school reopening
May 7, 2020, or
August 31, 2020

School closure; remote work; reduction in
neighborhood contacts

Reopen schools May 7,
2020 or August 30, 2020
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steeply initially but then increased much more slowly
after NPIs were instituted and decreased transmission.
Deaths again rose steeply in the fall of 2020, possibly
due to decreased levels of interventions and to the seaso-
nal forcing that is characteristic of a number of respira-
tory pathogens.

No Mitigation Strategies

Removal of NPIs from the model produces an ; 9-fold
increase in deaths in the period ending June 30, 2020
(Figure 3). Due to the high transmissibility (literature
estimate of R0 ; 3),18,25 initial transmission would be
expected to display a steep epidemic curve that would
produce a large case burden in the population if there
were no interventions (Supplementary Materials section
7 and Table S4). In the scenario with no NPIs, the model
produced 67,718 deaths (stdev 465) compared with the
7,062 deaths (stdev 549) in the calibrated simulation for
the period ending June 30, 2020. Over the simulation
period January 15, 2020, to April 30, 2021, without inter-
ventions the model predicted 68,996 deaths (stdev 454), a
158% increase over the reported 26,793 deaths, reflecting
the rapid trajectory COVID-19 would have been pre-
dicted to follow without interventions.

Estimated Impact of Behavioral Changes
in Response to COVID-19

In the absence of mandated restrictions, individuals may
have voluntarily restricted their interactions in response

to the spread of COVID-19, so scenarios including no
interventions may overestimate the number of deaths
that would occur. We estimated the increase in deaths
from January to June 2020 with varied levels of reduc-
tions in contacts in the FRED model but without man-
dated mitigation orders, as might have occurred on a
voluntary basis. A percentage of individuals in the simu-
lation had reduced interaction levels representing possi-
ble levels of voluntary reduction in contacts that might
occur during perceived high transmission of COVID-19.
Due to the expected rapid transmission in the early
months of the pandemic, the impact of voluntary mitiga-
tions was evident in the early months of the pandemic
(Figure 3). While individuals may have voluntarily
avoided school and work, neither of these strategies is
practical for the long term without official mandates for
school absence and remote work, so those were not
included in these scenarios. These hypothetical scenarios
do not apply data-driven estimates of the number of
individuals who would voluntarily decrease contacts but
rather provide the estimated impact of various levels of
individual response.

The model predicted a 7.9% reduction in deaths from
the no interventions scenario with 10% reduction in con-
tacts (62,336 deaths, stdev 465), 24.1% fewer deaths with
30% reduction in contacts (51,375 deaths, stdev 365) and
40.1% reduction in deaths with 50% reduction in con-
tacts (40,569 deaths, stdev 352), versus 67,718 (stdev 465)
deaths in the no interventions scenario over the period
ending June 30, 2020.

The model predicts that while voluntary behavioral
measures would dampen the epidemic, only high levels of
such restrictions in the absence of mandated teleworking
and school closure would be sufficient to decrease trans-
mission enough to significantly lower death burden prior
to widespread vaccination.

Impact of Delays prior to Instituting
Mitigation Strategies

To estimate the impact of delaying the implementation
of NPIs, we implemented school closure, social distan-
cing, and remote work in the model at the same rates as
in the calibrated model but with a 1-, 2-, 3-, and 4-wk
delay (Figure 4).

Even a single week of delay in implementing NPIs in
the model resulted in large increases in deaths (increase
of 8,958 deaths by June 2020). This is to be expected
given the high transmissibility of the SARS-COV-2 virus
and lack of population immunity at that time, which
would lead to a steep epidemic curve and high disease

Figure 3 No interventions and voluntary distancing.
Comparison of reported COVID-19 deaths from January 15,
2020, to June 30, 2021, in Pennsylvania to deaths estimated in
the simulation with no interventions or with a percentage of
the population voluntarily reducing interactions in their
neighborhoods.
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burden in a relatively short time. The impact of delay
increased with the length of delay. A 4-wk delay resulted
in an additional 38,171 deaths in the simulation versus
the calibrated model by June 2020.

Removal of Phased Reopening

Beginning March 19, 2020, all non–life-sustaining busi-
nesses were closed and inside service in restaurants and
bars was prohibited in Pennsylvania. These restrictions
were relaxed in a phased manner beginning May 7, 2020,
with counties having low transmission rates being
allowed to relax restrictions. We estimated what would
have happened if the removal of restrictions had been
applied to the whole state as of May 7, 2020, rather than
in a phased manner.

Relaxation of restrictions for all counties as of May 7
resulted in 37,980 deaths (stdev 670) by August 31, 2020,
an increase of 30,202 deaths over the calibrated model
(388.3% increase; Figure 5). Calibrated deaths in this
time period were 7,778 (stdev 533), and reported deaths
were 7,936. These increases reflect the impact of releasing
restrictions when there was still relatively high transmis-
sion rather than waiting until transmission had slowed.

Impact of School Closure

School closure alone resulted in a decrease in deaths in
the simulation from no interventions but only by 15.1%
through June 30, 2020 (57,511 [stdev 577] versus 67,718
[stdev 454]) (Figure 6A). School-age agents, while not
interacting in schools, will become infected through inter-
actions in the household and neighborhood, so school
closure alone can be expected to slow the initial course of

infection in the population but will eventually be mostly
overridden by transmission in other locations.

A combination of remote work and reduced neighbor-
hood contacts in the same proportions as the calibrated
model but without school closure was more effective than
school closure alone but not as effective as combining all
3 interventions, with an additional 9,980 deaths when
schools remained open until June 30, 2020, in the simula-
tion (Figure 6B).

Opening schools earlier in the simulation (in May
2020 when phased reopening began or at start of 2020–
2021 school year) while keeping other interventions at
the same level as the calibrated model resulted in an
increase in estimated deaths whether the opening was in
May 2020 (10,735 more deaths by August 31, 2020) or in
the following school year in August 2020 (28,771 more
deaths by December 31, 2020; Figure 6C and D).

Discussion

In the early part of the pandemic, there were few
resources available to respond to COVID-19, as it was
an entirely new human pathogen with no vaccine or
treatment and testing was extremely limited.26 Due to
the predicted large number of severe infections, COVID-
19 had the potential to impose a catastrophic burden on
the health care system. The effectiveness of hospitaliza-
tion and in particular intensive care unit (ICU) treatment
degrades when the need for such care exceeds the bed
capacity and especially the supply of appropriately

Figure 5 Impact of removal of phased reopening. Effect on
total COVID-19 deaths in Pennsylvania with reopening in all
counites in state in May 2020 versus phased reopening by
current level of cases in county, as per Pennsylvania
implementation of mitigation strategy (not phased versus the
actual phased reopening).

Figure 4 Delay in implementation of interventions. Estimated
impact of 1- to 4-wk delay in implementing mitigation

strategies early in the pandemic on estimated COVID-19
deaths from January 15, 2020, to June 30, 2021.

6 MDM Policy & Practice 9(1)



trained personnel. Hospital staffing may also be affected
by infection of hospital personnel. Under high health
care utilization, people needing care for other conditions
such as heart attack or stroke may also be unable to
receive care. It was therefore vital to decrease the trans-
mission rate of COVID-19 early in the pandemic to deal
with pandemic infections and to ensure the availability
of health care resources for other medical needs.
Interventions were enacted to reduce the risk of hospital
surge, and those strategies produced a decrease in the
rate of COVID-19 related deaths.27,28

In Pennsylvania, strategies to reduce COVID-19 infec-
tions included school closure, non–life-sustaining busi-
ness closure, restrictions on large gatherings, mandatory
masking, and encouragement of remote work. To assist

in understanding the impacts of the different interven-
tions, we calibrated an ABM of COVID-19 in
Pennsylvania, that included those interventions or
proxies for them. The model was calibrated to produce
deaths as reported in Pennsylvania. We then changed
levels and timings of those interventions to estimate their
predicted impacts.

Our simulation results estimate that had there been
no interventions, the burden of deaths in the early part
of the pandemic would have been much higher, with an
approximately 9-fold increase in deaths in the first few
months. Deaths leveled off in the no-interventions model
after June 2020 due to rapid rise in population immunity
in the model population caused by the high level of
cases. Reported deaths rose in the winter of 2021,

Figure 6 Impact of school closure on COVID-19 deaths in Pennsylvania. (A) School closure as only intervention. (B) Other
interventions as in the calibrated model but without school closure. (C) Reopening of schools in May. (D) Reopening of schools
at normal fall reopening in late August. x-axis, date; y-axis, reported and estimated deaths.
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possibly due to lower levels of interventions and seasonal
forcing; however, the no-interventions model still esti-
mated an ; 150% excess in lives lost from January 2020
to April 2021. These results strongly support the efficacy
of the enacted interventions.

An extensive literature describes NPIs, their efficacy
against COVID-19, and their implementation in numer-
ous countries, with reviews summarizing such literature
starting relatively early in the pandemic.7 These studies
include epidemiological and modeling studies as well as
purely descriptive studies. Modeling on this topic has
included both prospective and retrospective modeling of
COVID-19 transmission and predominantly uses com-
partmental models. In the context of NPIs, studies have
focused on how their use contributed to decreasing
COVID-19 burden before the availability of vaccines
and how they could be used effectively in the future to
respond to new variants and disease resurgence.29–35

Our study differs from the majority of these in a num-
ber of ways. It is agent based, using a census-based popula-
tion that is statistically equivalent to the real Pennsylvania
population. Rather than estimating the impact of an inter-
vention, our system specifies the intervention and allows
the impact to develop from changes in the interactions in
the population. For example, our model does not estimate
how closing schools would change the effective R of a cir-
culating pathogen; rather, the simulation specifies that
schools are closed and the change in effective R is caused
by the decrease in agent interactions.

While other retrospective studies exist, this study uses
calibration to reported deaths in a specific geographic
area along with the timing of statewide NPI regulations
in that area. This exploits the temporal link between the
Pennsylvania interventions and the reported deaths. The
calibrated model was then used to estimate what might
have happened in the absence of such regulations or if
the implementation of interventions had been at different
levels or at different times.

The number of deaths due to COVID-19 that would
have occurred in Pennsylvania in the absence of inter-
ventions is difficult to estimate exactly, since many fac-
tors such as voluntary isolation and overcrowding of the
health care system could have increased or decreased the
death burden. While we present predictions, the pre-
dicted numbers themselves are less important than the
support that the model results provide for the reduction
in death burden due to their implementation. Further,
the model supports that single interventions would have
been unlikely to have substantially slowed COVID-19
transmission, while bundled approaches are more
effective.

Considerable debate has centered on the role of school
closure in combating the pandemic, understandably since
there are a number of reasons to keep schools open.
While an integral component of the mitigations, school
closure alone was not sufficient on its own to slow the
spread of COVID-19 in the simulation, nor were other
interventions as effective in the absence of school closure.
Reopening of schools before the population had devel-
oped widespread immunity to COVID-19 either in May
2020 or for the following school year in late August 2020
resulted in an increase in deaths, supporting the impor-
tance of school closure in decreasing the death burden.

Overall, our simulation results support the effective-
ness of the combined COVID-19 interventions at reduc-
ing the death burden of infection while vaccines and
novel treatments were developed. Specifically, our results
support that the combination of interventions was neces-
sary to slow the spread of infection. It is important to
note that our results likely underestimate the impact of
interventions, as we did not include the capacity con-
straints that would have occurred in the health care sys-
tem had the epidemic been allowed to proceed
unchecked, which would have overburdened the ICU
and other hospital facilities, likely increasing the mortal-
ity of COVID-19 and unrelated medical conditions.

Strengths and Weakness

We based our COVID-19 model on a model that has
been widely used for a variety of diseases that are trans-
mitted through the respiratory route, so it is a reliable
basis for developing this specific model. It has the
strength of, for the most part, not specifying the impact
of a particular intervention but rather adding the inter-
vention at realistic levels and identifying its impact. For
example, schools are closed, and the impact of that inter-
vention develops from the change in interactions in the
model rather than having the impact specified. The
amount of decrease in neighborhood interactions and
the availability of remote work were drawn from public
data on commuting behavior and numbers of workers
working remote; the impacts of these are outputs of the
model, not inputs. We did not include waning of immu-
nity against death in the model since the primary out-
come is death; infection can be expected to provide
significant protection from death in subsequent infec-
tions within a relatively short time period.

Models have inherent limitations. They are simplifica-
tions of reality, designed to include the characteristics
necessary to estimate outcomes. Our models use prob-
abilities drawn from available data, which is often
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imprecise. Early in the pandemic, case numbers are
expected to be underestimates of the real case burden,
particularly in spring of 2020, due to the limited avail-
ability of testing at that time. Variations in ascertainment
rates and the significant number of asymptomatic and
very mild cases occurring throughout the pandemic will
also affect the reliability of case ascertainment. For this
reason, we used reported deaths, which, while not per-
fect, can be expected to be more reliable.

Modeling behavior is difficult. Many factors contrib-
ute to an individual’s response to a stressful situation,
including personal characteristics and reliance on both
available information and the attitudes and actions of
the individuals with which one has contact. The model
included several levels of voluntary behavioral responses
to COVID-19, but these are estimates for the rates at
which individuals would have attempted to avoid infec-
tion in the absence of mandates. It is unlikely that volun-
tary measures would have slowed transmission enough
to avoid overwhelming the health care system, resulting
in greatly increased death rates.

It would be beneficial to compare the modeled results
to data from areas that did not apply any interventions
or introduced interventions at different times, but we are
unable to accomplish this. In the United States, even
states such as Arkansas, which did not implement lock-
downs, had decreases in workplace attendance based on
mobility data.36 All states closed schools for at least some
period early in the pandemic. The best, albeit imperfect
comparison, might be to China, which abandoned inter-
ventions during widespread Omicron transmission and
had extremely high rates of disease, although with lower
mortality since Omicron appears to cause less severe dis-
ease and vaccination was already implemented.37

The model estimated the immediate health effects of
COVID. The model does not include the potential long-
term health effects of some of the mitigation strategies
such as decreased income, unemployment, and lower
school performance. These effects are important but are
long term, and their impacts are difficult to quantify and
outside of the scope of the current work, which focused
specifically on deaths in the early part of the pandemic.

Policy Implications

The results produced by this modeling support the use-
fulness of the mitigation orders enacted specifically in
Pennsylvania in suppressing the surge in COVID-19 deaths
that would have occurred before the widespread availabil-
ity of vaccination, with the model estimating the preven-
tion of up to 60,000 deaths in the early period of the

pandemic. These results are consistent with empirical data
on the impact of mitigations and are likely broadly appli-
cable to COVID-19 in other locations and to other infec-
tious disease outbreaks. Future public health responses
can use these data to inform the response to new infectious
disease emergencies, which are likely inevitable.38

Authors’ Note

This work was conducted at the Public Health Dynamics
Laboratory, Department of Health Policy and Management,
University of Pittsburgh School of Public Health, Pittsburgh
PA, USA. A portion of the results was presented as an abstract
at the Society for Medical Decision Making 18th Biennial
European Conference, May 2023.

Acknowledgments

The contents of this report reflect the views of the authors who
are responsible for the facts and the accuracy of the data pre-
sented herein. The contents do not necessarily reflect the offi-
cial views or policies of the Centers for Disease Control and
Prevention or the Commonwealth of Pennsylvania at the time
of publication. This report does not constitute a standard, spe-
cification or regulation. The study sponsors had no role in
study design; collection, analysis, and interpretation of data;
writing the report; or the decision to submit the report for
publication.

Ethical Statement

The University of Pittsburgh Institutional Review Board has
determined that this study was not human subject research and
is therefore an exempt study design.

ORCID iD

Mary G. Krauland https://orcid.org/0000-0002-1548-6221

Data Availability

All models and data used for this study will be made available
upon request to the corresponding author.

Supplemental Material

Supplementary material for this article is available online at
https://doi.org/10.1177/23814683241260744.

References

1. Patel A, Jernigan DB. Initial public health response and

interim clinical guidance for the 2019 novel coronavirus

outbreak - United States, December 31, 2019-February 4,

2020. MMWR Morb Mortal Wkly Rep. 2020;69(5):140–6.

Krauland and Roberts 9

https://orcid.org/0000-0002-1548-6221
https://doi.org/10.1177/23814683241260744


2. Li R, Pei S, Chen B, et al. Substantial undocumented

infection facilitates the rapid dissemination of novel coro-

navirus (SARS-CoV-2). Science. 2020;368(6490):489–93.
3. World Health Organization. Coronavirus disease 2019

(COVID-19) situation report – 94. Available from: www

.who.int/emergencies/diseases/novel-coronavirus-2019/situ

ation-reports/
4. Holshue ML, DeBolt C, Lindquist S, et al. First case of

2019 novel coronavirus in the United States. N Engl J

Med. 2020;382(10):929–36.
5. Yilmaz A, Hermane A. Impact of the COVID-19 pan-

demic on Pennsylvania and its healthcare system. Health

Sci Rep. 2022;5(3):e615.
6. Harapan H, Itoh N, Yufika A, et al. Coronavirus disease

2019 (COVID-19): a literature review. J Infect Public

Health. 2020;13(5):667–73.
7. Perra N. Non-pharmaceutical interventions during the

COVID-19 pandemic: a review. Phys Rep. 2021;913:1–52.
8. Jenson HB. How did ‘‘flatten the curve’’ become ‘‘flatten

the economy?’’ A perspective from the United States of

America. Asian J Psychiatr. 2020;51:102165.

9. Kaim A, Gering T, Moshaiov A, Adini B. Deciphering the

COVID-19 Health Economic Dilemma (HED): a scoping

review. Int J Environ Res Public Health. 2021;18(18):9555.
10. Baker RE, Park SW, Yang W, Vecchi GA, Metcalf CJE,

Grenfell BT. The impact of COVID-19 nonpharmaceutical

interventions on the future dynamics of endemic infections.

Proc Natl Acad Sci U S A. 2020;117(48):30547–53.
11. Bestetti RB, Furlan-Daniel R, Couto LB. Nonpharmaceu-

tical public health interventions to curb the COVID-19

pandemic: a narrative review. J Infect Dev Ctries.

2022;16(4):583–91.
12. Ejigu BA, Asfaw MD, Cavalerie L, Abebaw T, Nanyingi

M, Baylis M. Assessing the impact of non-pharmaceutical

interventions (NPI) on the dynamics of COVID-19: a

mathematical modelling study of the case of Ethiopia.

PLoS One. 2021;16(11):e0259874.
13. Freire-Flores D, Llanovarced-Kawles N, Sanchez-Daza A,

Olivera-Nappa A. On the heterogeneous spread of

COVID-19 in Chile. Chaos Solitons Fractals. 2021;150:

111156.
14. Li T, Liu Y, Li M, Qian X, Dai SY. Mask or no mask for

COVID-19: a public health and market study. PLoS One.

2020;15(8):e0237691.
15. Mohammadi Z, Cojocaru MG, Thommes EW. Human

behaviour, NPI and mobility reduction effects on COVID-

19 transmission in different countries of the world. BMC

Public Health. 2022;22(1):1594.
16. Redlin M. Differences in NPI strategies against COVID-

19. J Regul Econ. 2022;62(1–3):1–23.
17. Vardavas R, de Lima PN, Baker L. Modeling COVID-19

nonpharmaceutical interventions: exploring periodic NPI

strategies. medRxiv. 2021.
18. Yang W, Shaff J, Shaman J. Effectiveness of non-

pharmaceutical interventions to contain COVID-19: a case

study of the 2020 spring pandemic wave in New York City.

J R Soc Interface. 2021;18(175):20200822.
19. Grefenstette JJ, Brown ST, Rosenfeld R, et al. FRED (a

Framework for Reconstructing Epidemic Dynamics): an

open-source software system for modeling infectious dis-

eases and control strategies using census-based popula-

tions. BMC Public Health. 2013;13:940.
20. Krauland MG, Galloway DD, Raviotta JM, Zimmerman

RK, Roberts MS. Impact of low rates of influenza on next-

season influenza infections. Am J Prev Med. 2022;62(4):

503–10.
21. Krauland MG, Zimmerman RK, Williams KV, et al.

Agent-based model of the impact of higher influenza vac-

cine efficacy on seasonal influenza burden. Vaccine X.

2023;13:100249.
22. Sinclair DR, Grefenstette JJ, Krauland MG, et al. Fore-

casted size of measles outbreaks associated with vaccina-

tion exemptions for schoolchildren. JAMA Netw Open.

2019;2(8):e199768.
23. Williams KV, Krauland MG, Harrison LH, Williams JV,

Roberts MS, Zimmerman RK. Can a two-dose influenza

vaccine regimen better protect older adults? An agent-

based modeling study. Vaccines (Basel). 2022;10(11):1799.
24. Mathieu E, Ritchie H, Rodés-Guirao L, et al. Coronavirus

Pandemic (COVID-19). Our world in data. 2020. Available

from: https://ourworldindata.org/coronavirus
25. Liu Y, Gayle AA, Wilder-Smith A, Rocklov J. The repro-

ductive number of COVID-19 is higher compared to SARS

coronavirus. J Travel Med. 2020;27(2):taaa021.
26. Anderson RM, Heesterbeek H, Klinkenberg D, Hollings-

worth TD. How will country-based mitigation measures

influence the course of the COVID-19 epidemic? Lancet.

2020;395(10228):931–4.
27. Ebrahim S, Ashworth H, Noah C, Kadambi A, Toumi A,

Chhatwal J. Reduction of COVID-19 incidence and non-

pharmacologic interventions: analysis using a US county-

level policy data set. J Med Internet Res. 2020;22(12):

e24614.
28. Ahlers MJ, Aralis HJ, Tang WL, Sussman JB, Fonarow

GC, Ziaeian B. Non-pharmaceutical interventions and

COVID-19 burden in the United States. medRxiv. 2021.
29. Alzu’bi A, Abu Alasal S, Kheirallah KA, Watzlaf V.

COVID-19 simulation study-the effect of strict non-

pharmaceutical interventions (NPIs) on controlling the

spread of COVID-19. PeerJ. 2021;9:e11172.
30. Cuevas E. An agent-based model to evaluate the COVID-

19 transmission risks in facilities. Comput Biol Med.

2020;121:103827.
31. Hinch R, Probert WJM, Nurtay A, et al. OpenABM-

Covid19-An agent-based model for non-pharmaceutical

interventions against COVID-19 including contact tracing.

PLoS Comput Biol. 2021;17(7):e1009146.
32. Kerr CC, Stuart RM, Mistry D, et al. Covasim: an agent-

based model of COVID-19 dynamics and interventions.

PLoS Comput Biol. 2021;17(7):e1009149.

10 MDM Policy & Practice 9(1)

http://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
http://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
http://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
https://ourworldindata.org/coronavirus


33. Lima LL, Atman APF. Impact of mobility restriction in
COVID-19 superspreading events using agent-based model.
PLoS One. 2021;16(3):e0248708.

34. Shamil MS, Farheen F, Ibtehaz N, Khan IM, Rahman
MS. An agent-based modeling of COVID-19: validation,
analysis, and recommendations. Cognit Comput. 2021:
1–12.

35. Lee S, Zabinsky ZB, Wasserheit JN, Kofsky SM, Liu S.
COVID-19 pandemic response simulation in a large city:
impact of nonpharmaceutical interventions on reopening
society. Med Decis Making. 2021;41(4):419–29.

36. Google LLC. Google COVID-19 community mobility

reports. Available from: https://www.google.com/covid19/

mobility/
37. Du Z, Wang Y, Bai Y, Wang L, Cowling BJ, Meyers LA.

Estimate of COVID-19 deaths, China, December 2022-

February 2023. Emerg Infect Dis. 2023;29(10):2121–4.
38. Yaesoubi R, Havumaki J, Chitwood MH, et al. Adaptive

policies to balance health benefits and economic costs of

physical distancing interventions during the COVID-19

pandemic. Med Decis Making. 2021;41(4):386–92.

Krauland and Roberts 11

https://www.google.com/covid19/mobility/
https://www.google.com/covid19/mobility/

