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Abstract

Colleges and universities in the US struggled to provide safe in-person education throughout
the COVID-19 pandemic. Testing coupled with isolation is a nimble intervention strategy
that can be tailored to mitigate the changing health and economic risks associated with
SARS-CoV-2. We developed a decision-support tool to aid in the design of university-based
screening strategies using a mathematical model of SARS-CoV-2 transmission. Applying
this framework to a large public university reopening in the fall of 2021 with a 60% student
vaccination rate, we find that the optimal strategy, in terms of health and economic costs, is
twice weekly antigen testing of all students. This strategy provides a 95% guarantee that,
throughout the fall semester, case counts would not exceed twice the CDC’s original high
transmission threshold of 100 cases per 100k persons over 7 days. As the virus and our
medical armament continue to evolve, testing will remain a flexible tool for managing risks
and keeping campuses open. We have implemented this model as an online tool to facilitate
the design of testing strategies that adjust for COVID-19 conditions as well as campus-spe-
cific populations, resources, and priorities.

Author summary

As a part of the COVID-19 response team at a large public university in the US, we devel-
oped an online analytic platform to aid administrators in weighing the costs of massive
testing programs against the potential risks of letting COVID-19 spread unchecked. We
apply the approach to derive a cost effective screening policy for a large public university
in the fall of 2021. By then, SARS-CoV-2 tests were relatively inexpensive and widely avail-
able, yet many universities were legally prevented from requiring testing, the Delta variant
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was surging, and vaccine coverage among college students was limited. We demonstrate
the versatility of the approach for tailoring university mitigation strategies depending on
the nature of the pathogen threat, the composition of the campus population, and the
resources and priorities of the institution.

Introduction

During the first two years of the COVID-19 pandemic, colleges and universities throughout
the US struggled to provide in-person education while mitigating the health and economic
risks of COVID-19. Decisions regarding campus COVID-19 policy were often difficult
because of complex logistical, economic and societal impacts. Large outbreaks on campus not
only jeopardized the health and safety of students, employees, and the surrounding communi-
ties, but also exacted significant economic and logistical costs to the universities and nearby
healthcare systems [1-6]. Full campus closures, an extreme but common early response, also
posed significant financial, educational, and reputational costs to the university. Many univer-
sities therefore sought more moderate policies for safely reopening and maintaining in-person
educational, recreational, and residential activities.

By the summer of 2021, the arrival of vaccines [7] and the increased availability of rapid
diagnostic tests allowed universities to restore many of the key elements of the residential cam-
pus experience. Early studies demonstrated that frequent testing of asymptomatic people to
reduce transmission--screening testing——could be a powerful and versatile tool for mitigating
risks [8-10]. However, the approach was not widely or consistently applied to safeguard uni-
versity campuses [4,6,11]. A few universities launched large COVID-19 screening programs
and reopened fully in the fall of 2020 based on analysis showing that asymptomatic screening
testing once or twice per week would be sufficient to both track and mitigate COVID-19 risks,
even in the absence of a vaccine [8,12]. However, many asymptomatic testing programs were
designed as small-scale surveillance systems to track prevalence rather than large-scale mitiga-
tion programs to prevent transmission [13,14]. Some universities reduced costs through
pooled testing, in which large numbers of samples were combined for batch testing followed
by individual testing of positive batches only [15]. Asymptomatic testing services were often
separated from the symptom-based testing programs available on most campuses to support
rapid diagnosis, provision of healthcare, and initiation of isolation, contact tracing and quar-
antine efforts [6,7,16]. Early in the pandemic, prior to the wide availability of rapid antigen
tests, many campuses had difficulty securing sufficient laboratory resources to process large
numbers of Polymerase Chain Reaction (PCR) tests. During surges, many university labs were
overwhelmed, resulting in turnaround times ranging from a few days up to over a week
[17,18]. Universities also struggled to keep up with contact tracing and the demand for isola-
tion rooms. Regardless of testing strategy or resource availability, many US universities opted
to close campuses and resume online instruction during major surges [19,20]. The variable
success and limited implementation of COVID-19 screening programs throughout the first
two years of the pandemic highlights the importance of designing policies that balance institu-
tional costs and public health benefits, while adapting to continually changing resources and
risks.

Although large-scale screening testing offers a viable but underutilized strategy for reducing
transmission in a high contact setting like a university campus [8,21,22], there remains a lack
of clarity regarding the types of students and staff that should be screened and the frequency of
screening, as both the severity of the virus and immunity from prior infection and vaccination
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continue to evolve. Moreover, the costs of screening testing include not only direct investment
in testing resources, but also indirect impacts on individuals and organizations stemming
from increases in the detection rate for asymptomatic and mild infections. Mathematical mod-
els that capture these complex tradeoffs can help to guide universities in tuning SARS-CoV-2
screening policies to balance costs and benefits as epidemiological risks evolve.

Throughout the COVID-19 pandemic, infectious disease modelers worked closely with
university administrators to provide situational awareness and decision-support tools to guide
campus policy [2,12,23-27]. Data-driven models of SARS-CoV-2 transmission on campuses
were used to provide projections that estimated the impact of various policies on disease
spread and burden across a range of scenarios. Such models helped to design screening testing
policies that maximized in person-days [2], depending on the campus vaccination rate [2,12]
and risk thresholds set by the university [25]. Other studies have demonstrated the cost-effec-
tiveness of screening testing for the community at large [9,10,28].

Here, we introduce a more detailed framework for designing campus SARS-CoV-2 policies
that can guide universities depending on their risk tolerance, resource availability, the compo-
sition and immunity of their student and staff populations, the severity and prevalence of cir-
culating variants, and the availability and efficacy of vaccines. The underlying transmission
dynamic model considers a well-mixed, partially-vaccinated student population following a
specified testing policy. We developed this approach to support planning efforts at the Univer-
sity of Texas at Austin (UT Austin), one of the largest public universities in the US, during the
summer of 2021. As a case study, we apply it to design a cost-effective SARS-CoV-2 screening
policy to prevent campus closures in a partially-vaccinated community of 50,000 students dur-
ing the emergence of a novel variant (Delta). At the time of the original analysis, we had esti-
mated that about 60% of the UT Austin student body had been fully vaccinated, based on
county-level age-specific vaccination data [29]. Given the uncertainty in that estimate and the
opportunities to increase coverage prior to the start of the semester, we considered a range of
vaccination rates. By integrating both the health and economic costs of COVID-19, testing,
and campus closures into a transmission dynamic model, the framework provides more com-
prehensive information for decision makers. It is available as an online tool [30] to support US
universities in tailoring infectious disease screening programs as novel SARS-CoV-2 variants
and other pathogens threaten the health and safety of campus communities.

Results

In the summer of 2021, we derived an optimal screening testing strategy for UT Austin, an
urban public university with 50,000 students, for the upcoming fall semester. Given the uncer-
tainty in vaccination coverage at the time, we considered a range of vaccination rates (Fig 1
and Table 1 and Figs B, C, D, E, and F in S1 Text file). If 60% of students arrive vaccinated, we
project that cases could far surpass the US Centers for Disease Control and Prevention (CDC)
threshold for high COVID-19 transmission, potentially triggering a campus closure. With
only symptom-based testing (i.e., testing only symptomatic patients seeking care), we estimate
that symptomatic case counts would peak between 460 and 710 (median: 575) per week in
mid-October. If 75% of all students test two times per week the expected peak reduces to 40—
60 (median: 50), with a 95% guarantee of remaining below the closure threshold of 100 cases
per 100k in 7 days (twice the CDC’s threshold for high COVID-19 transmission). This optimal
strategy would require approximately 75,000 tests per week. If 90% of students are vaccinated,
however, weekly testing would be sufficient to prevent a campus closure.

The optimal testing frequency depends on both vaccine coverage and whether vaccinated
students are exempt from testing (Table 1 and Fig D in S1 Text file). At 90% vaccine coverage,
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Fig 1. Projected COVID-19 cases among students under different levels of screening testing, assuming 60% (left)
or 90% (right) of students are fully vaccinated. Graphs project the seven-day total of detected symptomatic cases in a
campus of 50,000 students. Colors indicate testing frequency assuming 75% compliance. Shading indicates 90%
prediction intervals. Dashed horizontal lines represent the assumed campus closure threshold (twice the CDC’s high
COVID-19 transmission threshold). The optimal testing frequency for each vaccination rate is the one which ensures
the upper bound of the 90% prediction interval remains below the campus closure threshold. Ata 60% or 90%
vaccination rate, this corresponds to testing all students twice or once per week, respectively.

https://doi.org/10.1371/journal.pcbi.1011715.9001

testing only the unvaccinated would be insufficient, given our assumption that vaccines reduce
susceptibility to infection by only 47% [31,32]. Across vaccination rates, exempting vaccinated
students from testing requires frequent (daily) testing of unvaccinated students to prevent a
surge, costing more testing resources than if all students regardless of vaccination status were
tested. Testing vaccinated students at half the rate as unvaccinated students remains a viable
option, as total testing resources are, at most vaccination rates, lower than if all students were
tested (Table 2). At 70% vaccine coverage, testing the unvaccinated twice per week and the vac-
cinated weekly requires 48,750 tests per week compared to 75,000 if vaccinated and unvacci-
nated test at equal rates. Across testing frequencies, the costs and infections associated with
either prevention (screening tests) or outbreak response (contact-tracing, isolation,

Table 1. Recommended testing levels under three different policy options, across a range of vaccination rates. Testing recommendations are based on the minimum
amount of testing needed to provide 95% certainty that symptomatic infections will not exceed the campus closure threshold across a range of vaccination rates. For each
optimal policy, the number of tests per person per week and total number of tests are reported.

Population of students tested Percent of students fully vaccinated
50% 60% 70% 80% 90%
Number of tests per person per week
All 3 2 2 2 1
Unvaccinated at twice the rate of vaccinated 3 (unvacc) 3 (unvacc) 2 (unvacc) 2 (unvacc) 2 (unvacc)
1.5 (vacc) 1.5 (vacc) 1 (vacc) 1 (vacc) 1 (vacc)
Only unvaccinated 7 7 7 7 Not possible*
Total number of tests per week
All 112,500 75,000 75,000 75,000 37,500
Unvaccinated at twice the rate of vaccinated 84,375 78,750 48,750 45,000 41,250
Only unvaccinated 131,250 105,000 78,750 52,500 Not possible™

* Due to the very small size of the population being tested, if vaccination rates are very high and testing only is occurring in the unvaccinated, it is not possible to ensure

that the campus closure threshold won’t be exceeded

https://doi.org/10.1371/journal.pcbi.1011715.t001
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Table 2. Estimated levels of screening testing, tests per week, and health and economic costs associated with the optimal testing policy at each vaccination rate. The
total cost includes the direct costs of screening testing and the cost of pandemic response-related expenses (i.e., confirmatory testing, isolation, contact tracing,
sequencing).

Percent of students fully vaccinated

50% 60% 70% 80% 90%
Minimum frequency (in all students) 3 times per week | 2 times per week | 2 times per week | 2 times per week weekly
Total proactive tests per week 112,500 75,000 75,000 75,000 37,500
Total cost to university ($) if testing implemented $12.5 million $9.1 million $8.7 million $8.4 million $4.7 million
Cost of testing per student $218 $145 $145 $145 $73
Cost of testing per infection averted*® $442 $342 $366 $463 $379
Number of infections expected if only symptomatic testing is offered 25,600 23,600 20,400 17,000 10,800

*The number of infections averted is estimated by comparing the projected incidence with and without testing, assuming no differences in behavior under the two

scenarios. In reality, the absence of testing might lead to campus closures and other mitigation measures that reduce infections.

https://doi.org/10.1371/journal.pcbi.1011715.t1002

sequencing, confirmatory PCR) are expected to be significantly higher under 60% vaccine cov-
erage than 90% vaccine coverage (Figs 2 and Fig C in S1 Text file).

At 60% vaccine coverage, screening testing all students twice per week is sufficient to avoid
exceeding the campus closure threshold at an estimated cost of around $9.1 million (Table 2).
At 90% vaccine coverage, screening testing of all students weekly is sufficient to avoid closure
at a cost of $4.7 million (Table 2). We note that it costs nearly twice as much ($9.1 million vs
$4.7 million, Fig 2 and Table 2) to avoid campus closure at 60% vaccine coverage than at 90%
vaccine coverage.

At both the 60% and 90% vaccination rates, the optimal frequency of testing would be cost
saving or cost nearly the same as the resources required for outbreak response. At insufficient
testing levels, the costs of outbreak response (i.e. contact tracing, isolation, confirmatory PCR,
and sequencing) are expected to be at least as high as the costs of screening testing. If we
assume that the university will move to online instruction once reported cases surpass the
campus closure threshold, then screening testing at the recommended levels is always cost-sav-
ing. Optimal screening can significantly lower infection rates. At 60% vaccination, the optimal
twice-weekly screening is expected to result in only 2,280 infections over the course of the
semester (113 days), whereas symptomatic-only testing results in an expected 23,700 infections
(Table 2).

Discussion

SARS-CoV-2 screening programs can help to suppress transmission on US university cam-
puses and be cost saving. Substantial investments in testing materials and personnel may ulti-
mately avert even higher costs associated with outbreak response activities and campus
closures. At a large university in the fall of 2021, we find that the costs of an effective screening
program would have been relatively modest, between $73 and $218 per student for the entire
semester. As we confront newly emerging variants of COVID-19 and novel pathogens, screen-
ing testing may serve as a politically tractable and cost-effective mitigation strategy in college
communities with low levels of population immunity.

Our projections suggest that, even at high vaccination rates, testing only unvaccinated stu-
dents is insufficient to avoid a surge. The two other policies considered—-testing all students
equally and testing unvaccinated students at twice the rate of vaccinated students—-are
expected to be more effective without exacting additional costs. We recommend that universi-
ties make use of the online tool [30] and framework presented here to develop screening
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Fig 2. Projected health and economic costs over one semester under different levels of screening testing, assuming 60% (left) or 90% (right) of students
are fully vaccinated. Upper graphs indicate the median and 90% predictive interval of projected cumulative infections under the corresponding testing policy
(x-axis). Lower graphs indicate the projected costs of each testing policy, broken down by the source (colors), with the gray indicating the median expected cost
of a campus closure (i.e., transitioning from in-person to online instruction). The green shading indicates testing frequencies that have a 95% guarantee of
preventing reported symptomatic cases from exceeding the university’s closure threshold, as illustrated in Fig 1.

https://doi.org/10.1371/journal.pcbi.1011715.9002

testing policies that align with campus priorities while preventing the high costs of outbreak
response.

During the first two years of the SARS-CoV-2 pandemic, large-scale screening was a nimble
mitigation tool for universities facing novel variants, changing levels of immunity, and shifting
attitudes towards face masks and intrusive social distancing measures. Our study provides a
tool tuning screening targets and frequency to match the changing risks and achieve university
goals. As levels of immunity and variant severity evolve, universities can scale accordingly to
safeguard in-person activities. This approach can be extended to provide ongoing policy guid-
ance based on real-time case reports and other surveillance data.
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Although the recommended screening policies were designed specifically to help UT Austin
manage the Delta variant wave, our method and qualitative insights are broadly applicable to
outbreak mitigation on US college and university campuses. Our online tool allows users to
adjust both university-specific inputs, including the community composition and the costs
associated with testing and other interventions, and disease-specific inputs, including trans-
mission characteristics and levels of population immunity [30]. The risks of COVID-19, the
efficacy of interventions, and costs associated with both may depend on university policies,
student behavior, vaccine uptake, and the emergence of variants with different levels of trans-
mission, immune evasiveness, and severity.

We note that our projections assume a high and constant transmission rate throughout the
simulation period, and thus do not account for increases in face mask usage and other caution-
ary behaviors as perceived risks increase during surges. The model assumes that 75% of stu-
dents would participate in screening, which may require aggressive outreach and also depend
on changing risks. Our assumption that individuals fully isolate following a positive test may
be unrealistic [33] or require additional isolation rooms, paid sick-leave, and removal of aca-
demic penalties for missed classes. We do not explicitly model the waning of infection-
acquired or vaccine-acquired immunity; nor do we consider the health or economic costs of
severe disease, long COVID, or mortality, variation in risks across students, faculty, and staff,
or the cost to the individual of missing class during their isolation period following a positive
test.

Prior studies have demonstrated that frequent SARS-CoV-2 screening can reduce transmis-
sion [8,22,23,25] and be cost-effective [9,10,28]. A similar decision-support tool helps universi-
ties optimize testing while keeping cumulative cases below 5% of the population [25].
However, our approach is the first to explicitly consider diverse health and economic costs
associated with screening, isolation, and campus closures. The CDC [34] and American Col-
lege Health Association (ACHA) [7] have continually released guidance to help universities
navigate the changing risks of COVID-19. As the virus continues to evolve and new pandemic
threats emerge, our tool will allow campus decision makers to tailor such guidance to the spe-
cifics of their institution.

Materials & methods
Ethics statement

This study was determined to be “not human subjects research” by the University of Texas at
Austin Institutional Review Board.

Transmission model

We developed a compartmental Ordinary Differential Equation (ODE) model of SARS-CoV-2
transmission that incorporates vaccination and isolation. A full description of the model struc-
ture and parameters are provided in Section A in S1 Text file. In short, the model divides the
population into four subgroups based on vaccination status and isolation status. While indi-
viduals remain in the same vaccination state throughout the semester (duration of the simula-
tion), they can transition between the active and isolated states as a result of receiving a
positive test result or developing symptoms. Individuals transition between disease states (Sus-
ceptible, Exposed, Asymptomatic-Infectious, Symptomatic-Infectious, Recovered) throughout
the course of their infection, with a fraction of infectious individuals never developing symp-
toms. We assume that over the course of the semester, individuals who have recovered from
infection either shortly before the start of the semester (modeled as the initially recovered pro-
portion) or who have recovered from infection during the semester, have complete protective
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immunity from infection. We also assume a constant vaccine effectiveness against infection,
symptoms, and onward transmission separately, throughout the duration of the semester.

In our UT Austin case study, we modeled COVID-19’s characteristics during the summer
of 2021, immediately after the Delta variant rose to dominance. We assumed that vaccines
reduce the risks of infection by 47% [95% CI: 37-50%] [31,32], reduce the likelihood of devel-
oping symptoms by 64% [95% CI: 63-73%] [32], and reduce transmission to others by 20%
[35]. We assume a reproduction number (Ry) of 5 without interventions, and that the trans-
mission rate in the active population remains constant throughout the semester. We assume
that 75% of students comply with testing policies, and that the majority (92.5%) of students
who test positive isolate for seven days. A full list of initial conditions and parameter values
can be found in Tables A and B in S1 Text file. The modeling framework allows for different
testing rates in the vaccinated and unvaccinated populations. Our case study assumes that the
rates are identical; results for different rates are provided in Table 2 and Section C in S1 Text
file. We did not explicitly model the effect of quarantining close contacts on reducing trans-
mission, nor do we incorporate directly behavioral changes that may result as cases rise.
Finally, we assumed that 25% of symptomatic individuals infected with SARS-COV-2 would
seek testing. We tracked the rolling seven-day total detected symptomatic cases, where cases
are detected through both screening (antigen) testing and symptom-based care seeking.

Economic model

To estimate the total cost of each scenario, we consider both the costs of testing and the costs
associated with SARS-CoV-2 outbreaks on campus. For our case study, the cost parameter val-
ues were set by expert university administrators (e.g., sequencing costs were estimated in con-
sultation with sequencing labs; isolation facility costs were estimated in consultation with
housing personnel). All economic factors considered and their associated costs can be found
in Table Cin S1 Text file. To estimate the costs of testing, we considered both testing supplies
and the personnel needed to administer tests, collect data, and process results. All screening
testing was assumed to be performed via antigen testing, at a significantly reduced cost than
PCR tests. We assumed that all positive screening tests were followed by a PCR confirmatory
test. Symptom-based care seekers received only a PCR test. PCR confirmation was then fol-
lowed by contact tracing, molecular sequencing of the test specimen, and a recommended
seven-day isolation period. At the time of the case study, contact tracing was conducted and
close contacts of positive cases were encouraged to get tested. We assumed that 20% of positive
cases require a campus-provided isolation room, based on the proportion of UT Austin stu-
dents living in shared on-campus housing. Finally, we considered the costs of campus closures
triggered by large surges in cases. Based on conversations with university leadership, we
assume that on-line instruction incurs additional costs of $100,000 per day. We do not explic-
itly consider educational losses from missed classes, administrative costs of coordinating
COVID-19 responses, or the healthcare costs associated with student illness. For each scenario,
we use the results from the transmission model (e.g., number of tests performed, number of
positive tests, days above the campus closure threshold) to estimate the costs associated with
each testing policy.

Campus closure thresholds

To model different campus risk tolerances, we assume that administrators would trigger a
transition to hybrid or online instruction (campus closure) when reported case counts surpass
one of the following public health thresholds [36].

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011715 December 22, 2023 8/12


https://doi.org/10.1371/journal.pcbi.1011715

PLOS COMPUTATIONAL BIOLOGY Health and economic cost-optimal testing strategies at universities

o High risk: 100 detected symptomatic cases per 100,000 people in a seven-day period, corre-
sponding to the original CDC red (high) alert level.

« Higher risk: 150 detected symptomatic cases per 100,000 people in a seven-day period, corre-
sponding to the 1.5 times the original CDC red (high) alert level.

o Very high risk: 200 symptomatic detected cases per 100,000 people in a seven-day period,
corresponding to double the original CDC red (high) alert level.

Our case study assumes that the university would close when the seven-day new symptom-
atic case count exceeded the very high risk threshold (corresponding to 100 cases in the past
70 days in a population of 50,000). In our online tool, we provide even higher thresholds to
support universities in mitigating highly transmissible variants with lower severity, like Omi-
cron [37].

Identification of optimal testing levels

We considered campus vaccination rates ranging from 50% to 90% in 10% increments and
screening testing rates ranging from symptomatic testing only (no screening) to daily screen-
ing tests. For a given level of vaccination, we identified the minimum frequency of screening
testing required to ensure that the university does not exceed its closure threshold, with a 95%
guarantee. For each candidate screening policy, we ran 100 deterministic simulations for the
duration of the semester (113 days in the UT case study), each with parameters randomly
selected from their specified distributions (Table B in S1 Text file), and identified the lowest
frequency screening policy in which 95% of simulations remain under the closure threshold.
We identified the optimal policy conditioned on the vaccination rate; across vaccination rates,
the costs associated with either screening testing or outbreak response generally increase as the
vaccination rate decreases.

Sensitivity analyses

We conducted a sensitivity analysis with respect to vaccine effectiveness against infection
(ranging from 40%-90%, base case at 47%), vaccine effectiveness against onwards transmission
if infected (ranging from 50% to 0% effective, base case at 20%), and the testing policy (only
unvaccinated, unvaccinated at double the rate of vaccinated, and all students equally). The
results are provided in Section C and D, Table D and Fig E in S1 Text file.

Supporting information

S1 Text. Supplement to Optimizing COVID-19 testing strategies on college campuses:
evaluation of the health and economic costs. Section A. COVID-19 Transmission model
with vaccination and testing. Fig A. Compartmental model of COVID-19 transmission incor-
porating testing and vaccination. Table A. Initial conditions. Table B. Transmission model
parameters. Table C. Cost parameters. Section B. Results for vaccination coverage ranging
from 50% to 90% with all students tested. Fig B. Projected COVID-19 cases among students
under different levels of screening testing, assuming 50%, 60%, 70%, 80%, and 90% vaccination
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transmission. Fig E. Projected COVID-19 cases among students as a function of the vaccine
efficacy against infection and symptomatic disease assuming 50%, 60%, 70% or 80% of stu-
dents are fully vaccinated. Fig F. Projected COVID-19 cases among students as a function of
the vaccine efficacy against transmission assuming 50%, 60%, 70% or 80% of students are fully
vaccinated. Section E. Modifications to framework/Rshiny app for future variants. Table F.
Rshiny app default settings and suggested adjustments for Omicron.

(PDF)

Acknowledgments

We would like to thank all of the individuals involved in the Proactive Community Testing
team at the University of Texas at Austin.

Author Contributions

Conceptualization: Kaitlyn E. Johnson, Remy Pasco, Spencer Woody, Michael Lachmann,
Maureen Johnson-Leon, Darlene Bhavnani, Jessica Klima, Spencer J. Fox, Lauren Ancel
Meyers.

Data curation: Kaitlyn E. Johnson, Darlene Bhavnani, Jessica Klima.
Formal analysis: Kaitlyn E. Johnson, Spencer J. Fox.
Funding acquisition: Lauren Ancel Meyers.

Investigation: Kaitlyn E. Johnson, Remy Pasco, Michael Lachmann, Darlene Bhavnani, Lau-
ren Ancel Meyers.

Methodology: Kaitlyn E. Johnson, Spencer Woody, Michael Lachmann, Darlene Bhavnani,
Jessica Klima, A. David Paltiel, Spencer ]. Fox, Lauren Ancel Meyers.

Project administration: Darlene Bhavnani, Jessica Klima, Lauren Ancel Meyers.
Resources: Lauren Ancel Meyers.
Software: Kaitlyn E. Johnson, Michael Lachmann, Lauren Ancel Meyers.

Supervision: Darlene Bhavnani, Jessica Klima, A. David Paltiel, Spencer J. Fox, Lauren Ancel
Meyers.

Validation: Kaitlyn E. Johnson, A. David Paltiel, Lauren Ancel Meyers.
Visualization: Kaitlyn E. Johnson.
Writing - original draft: Kaitlyn E. Johnson.

Writing - review & editing: Kaitlyn E. Johnson, Remy Pasco, Darlene Bhavnani, Jessica
Klima, A. David Paltiel, Spencer J. Fox, Lauren Ancel Meyers.

References

1. Casey Smith IH. Infection rates soar in college towns as students return. In: Associated Press [Internet].
20 Apr 2021 [cited 27 Sep 2021]. Available: https://apnews.com/article/virus-outbreak-indiana-muncie-
b62eacec9bd3fff89eeab1a8de72f819

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011715 December 22, 2023 10/12


https://apnews.com/article/virus-outbreak-indiana-muncie-b62eacec9bd3fff89eeab1a8de72f819
https://apnews.com/article/virus-outbreak-indiana-muncie-b62eacec9bd3fff89eeab1a8de72f819
https://doi.org/10.1371/journal.pcbi.1011715

PLOS COMPUTATIONAL BIOLOGY Health and economic cost-optimal testing strategies at universities

2. Dalton M, Dougall P, Amoah Darko FL, Annan W, Asante-Asamani E, Bailey S, et al. Modeling optimal
reopening strategies for COVID-19 and its variants by keeping infections low and fixing testing capacity.
PLoS One. 2022; 17: e0274407. https://doi.org/10.1371/journal.pone.0274407 PMID: 36350805

3. Hernandez R. Delta State closes some campus facilities to the public amid surge. In: WJTV [Internet]. 9
Jan 2022 [cited 15 Sep 2023]. Available: https://www.wjtv.com/health/coronavirus/delta-state-closes-
some-campus-facilities-to-the-public-amid-surge/

4. The college crisis initiative @ Davidson College. In: C2i Dashboard [Internet]. [cited 14 Sep 2023]. Avail-
able: https://collegecrisis.shinyapps.io/dashboard/

5. lvory D, Gebeloff R, Mervosh S. Young People Have Less Covid-19 Risk, but in College Towns, Deaths
Rose Fast. The New York Times. 12 Dec 2020. Available: https://www.nytimes.com/2020/12/12/us/
covid-colleges-nursing-homes.html. Accessed 14 Sep 2023.

6. Klein B, Generous N, Chinazzi M, Bhadricha Z, Gunashekar R, Kori P, et al. Higher education
responses to COVID-19 in the United States: Evidence for the impacts of university policy. PLOS Digit
Health. 2022; 1: e0000065. https://doi.org/10.1371/journal.pdig.0000065 PMID: 36812533

7. American College Health Association. Considerations for reopening institutions of higher education for
the fall semester 2021. 2021 May.

8. Larremore DB, Wilder B, Lester E, Shehata S, Burke JM, Hay JA, et al. Test sensitivity is secondary to
frequency and turnaround time for COVID-19 screening. Science Advances. 2021; 7: eabd5393.
https://doi.org/10.1126/sciadv.abd5393 PMID: 33219112

9. Paltiel AD, Zheng A, Sax PE. Clinical and Economic Effects of Widespread Rapid Testing to Decrease
SARS-CoV-2 Transmission. Ann Intern Med. 2021; 174: 803-810. https://doi.org/10.7326/M21-0510
PMID: 33683930

10. DuZ, Pandey A, Bai Y, Fitzpatrick MC, Chinazzi M, Pastore y Piontti A, et al. Comparative cost-effec-
tiveness of SARS-CoV-2 testing strategies in the USA: a modelling study. The Lancet Public Health.
2021; 6: e184—e191. https://doi.org/10.1016/S2468-2667(21)00002-5 PMID: 33549196

11. The. Tracking Coronavirus Cases at U.S. Colleges and Universities. The New York Times. 25 Feb
2021. Available: https://www.nytimes.com/interactive/2021/us/college-covid-tracker.html. Accessed 14
Sep 2023.

12. Frazier Pl, Cashore JM, Duan N, Henderson SG, Janmohamed A, Liu B, et al. Modeling for COVID-19
college reopening decisions: Cornell, a case study. Proc Natl Acad Sci U S A. 2022;119. https://doi.org/
10.1073/pnas.2112532119 PMID: 34969678

13. Ruiz A. UT Austin launches program to make COVID-19 testing more accessible. In: FOX 7 Austin
[Internet]. 3 Feb 2021 [cited 16 Sep 2023]. Available: https://www.fox7austin.com/news/ut-austin-
launches-program-to-make-covid-19-testing-more-accessible

14. Lentz SR. UT Austin will test more than 5,000 a week for COVID-19. In: UT News [Internet]. The Uni-
versity of Texas at Austin; 20 Aug 2020 [cited 16 Sep 2023]. Available: https://news.utexas.edu/2020/
08/20/ut-austin-will-test-more-than-5000-a-week-for-covid-19/

15. Barathidasan R, Sharmila FM, Raj RV, Dhanalakshmi G, Anitha G, Dhodapkar R. Pooled sample test-
ing for COVID-19 diagnosis: Evaluation of bi-directional matrix pooling strategies. J Virol Methods.
2022; 304: 114524, https://doi.org/10.1016/j.jviromet.2022.114524 PMID: 35301022

16. Honein MA, Christie A, Rose DA, Brooks JT, Meaney-Delman D, Cohn A, et al. Summary of Guidance
for Public Health Strategies to Address High Levels of Community Transmission of SARS-CoV-2 and
Related Deaths, December 2020. MMWR Morb Mortal Wkly Rep. 2020; 69: 1860—1867. https://doi.org/
10.15585/mmwr.mm6949e2 PMID: 33301434

17. Mukherjee S. Quest Diagnostics says the average turnaround for coronavirus test results is now 7 days
or more. In: Fortune [Internet]. 14 Jul 2020 [cited 15 Sep 2023]. Available: https://fortune.com/2020/07/
14/how-long-do-coronavirus-test-results-take-quest-diagnostics-covid/

18. Mervosh S, Fernandez M. “It’s Like Having No Testing’: Coronavirus Test Results Are Still Delayed.
The New York Times. 4 Aug 2020. Available: https://www.nytimes.com/2020/08/04/us/virus-testing-
delays.html. Accessed 15 Sep 2023.

19. Venarchik A. Omicron Coronavirus variant forces Cornell to shut down campus. In: The Daily Beast
[Internet]. 14 Dec 2021 [cited 15 Sep 2023]. Available: https://www.thedailybeast.com/omicron-
coronavirus-variant-forces-cornell-to-shut-down-campus

20. McGee K. UT-Austin keeping most classes virtual through January as coronavirus infections soar in
Travis County. The Texas Tribune. 9 Jan 2021. Available: https://www.texastribune.org/2021/01/08/ut-
austin-online-coronavirus/. Accessed 15 Sep 2023.

21. CDC. Overview of testing for SARS-CoV-2 (COVID-19). 10 Sep 2021 [cited 27 Sep 2021]. Available:
https://www.cdc.gov/coronavirus/2019-ncov/hcp/testing-overview.html

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011715 December 22, 2023 11/12


https://doi.org/10.1371/journal.pone.0274407
http://www.ncbi.nlm.nih.gov/pubmed/36350805
https://www.wjtv.com/health/coronavirus/delta-state-closes-some-campus-facilities-to-the-public-amid-surge/
https://www.wjtv.com/health/coronavirus/delta-state-closes-some-campus-facilities-to-the-public-amid-surge/
https://collegecrisis.shinyapps.io/dashboard/
https://www.nytimes.com/2020/12/12/us/covid-colleges-nursing-homes.html
https://www.nytimes.com/2020/12/12/us/covid-colleges-nursing-homes.html
https://doi.org/10.1371/journal.pdig.0000065
http://www.ncbi.nlm.nih.gov/pubmed/36812533
https://doi.org/10.1126/sciadv.abd5393
http://www.ncbi.nlm.nih.gov/pubmed/33219112
https://doi.org/10.7326/M21-0510
http://www.ncbi.nlm.nih.gov/pubmed/33683930
https://doi.org/10.1016/S2468-2667%2821%2900002-5
http://www.ncbi.nlm.nih.gov/pubmed/33549196
https://www.nytimes.com/interactive/2021/us/college-covid-tracker.html
https://doi.org/10.1073/pnas.2112532119
https://doi.org/10.1073/pnas.2112532119
http://www.ncbi.nlm.nih.gov/pubmed/34969678
https://www.fox7austin.com/news/ut-austin-launches-program-to-make-covid-19-testing-more-accessible
https://www.fox7austin.com/news/ut-austin-launches-program-to-make-covid-19-testing-more-accessible
https://news.utexas.edu/2020/08/20/ut-austin-will-test-more-than-5000-a-week-for-covid-19/
https://news.utexas.edu/2020/08/20/ut-austin-will-test-more-than-5000-a-week-for-covid-19/
https://doi.org/10.1016/j.jviromet.2022.114524
http://www.ncbi.nlm.nih.gov/pubmed/35301022
https://doi.org/10.15585/mmwr.mm6949e2
https://doi.org/10.15585/mmwr.mm6949e2
http://www.ncbi.nlm.nih.gov/pubmed/33301434
https://fortune.com/2020/07/14/how-long-do-coronavirus-test-results-take-quest-diagnostics-covid/
https://fortune.com/2020/07/14/how-long-do-coronavirus-test-results-take-quest-diagnostics-covid/
https://www.nytimes.com/2020/08/04/us/virus-testing-delays.html
https://www.nytimes.com/2020/08/04/us/virus-testing-delays.html
https://www.thedailybeast.com/omicron-coronavirus-variant-forces-cornell-to-shut-down-campus
https://www.thedailybeast.com/omicron-coronavirus-variant-forces-cornell-to-shut-down-campus
https://www.texastribune.org/2021/01/08/ut-austin-online-coronavirus/
https://www.texastribune.org/2021/01/08/ut-austin-online-coronavirus/
https://www.cdc.gov/coronavirus/2019-ncov/hcp/testing-overview.html
https://doi.org/10.1371/journal.pcbi.1011715

PLOS COMPUTATIONAL BIOLOGY Health and economic cost-optimal testing strategies at universities

22, Gillespie DL, Meyers LA, Lachmann M, Redd SC, Zenilman JM. The Experience of 2 Independent
Schools With In-Person Learning During the COVID-19 Pandemic. J Sch Health. 2021; 91: 347-355.
https://doi.org/10.1111/josh.13008 PMID: 33768529

23. Paltiel AD, Zheng A, Walensky RP. Assessment of SARS-CoV-2 Screening Strategies to Permit the
Safe Reopening of College Campuses in the United States. JAMA Netw Open. 2020; 3: e2016818.
https://doi.org/10.1001/jamanetworkopen.2020.16818 PMID: 32735339

24. Mukherjee UK, Bose S, Ivanov A, Souyris S, Seshadri S, Sridhar P, et al. Evaluation of reopening strat-
egies for educational institutions during COVID-19 through agent based simulation. Sci Rep. 2021; 11:
6264. https://doi.org/10.1038/s41598-021-84192-y PMID: 33731722

25. Paltiel AD, Schwartz JL. Assessing COVID-19 Prevention Strategies to Permit the Safe Opening of
Residential Colleges in Fall 2021. Ann Intern Med. 2021. https://doi.org/10.7326/M21-2965 PMID:
34461034

26. Bubar KM, Middleton CE, Bjorkman KK, Parker R, Larremore DB. SARS-CoV-2 transmission and
impacts of unvaccinated-only screening in populations of mixed vaccination status. Nat Commun. 2022;
13: 2777. https://doi.org/10.1038/s41467-022-30144-7 PMID: 35589681

27. Schultes O, Clarke V, Paltiel AD, Cartter M, Sosa L, Crawford FW. COVID-19 Testing and Case Rates
and Social Contact Among Residential College Students in Connecticut During the 2020-2021 Aca-
demic Year. JAMA Netw Open. 2021; 4: e2140602. https://doi.org/10.1001/jamanetworkopen.2021.
40602 PMID: 34940864

28. Atkeson A, Droste MC, Mina M, Stock JH. Economic Benefits of COVID-19 Screening Tests. National
Bureau of Economic Research; 2020. https://doi.org/10.3386/w28031

29. Johnson Kaitlyn E., Pasco Remy, Woody Spencer, Lachmann Michael, Bhavnani Darlene, Klima Jes-
sica, Fox Spencer J., Meyers Lauren Ancel. COVID-19 projections for the reopening of the University of
Texas at Austin in fall of 2021. The University of Texas at Austin; 2021 Aug.

30. Johnson KE. University Testing Strategy Tool. In: https://kejohnson1900.shinyapps.io/code/ [Internet].
Jan 2022 [cited 12 Sep 2022]. Available: https://kejohnson1900.shinyapps.io/code/

31. Nanduri S, Pilishvili T, Derado G, Soe MM, Dollard P, Wu H, et al. Effectiveness of Pfizer-BioNTech and
Moderna Vaccines in Preventing SARS-CoV-2 Infection Among Nursing Home Residents Before and
During Widespread Circulation of the SARS-CoV-2 B.1.617.2 (Delta) Variant—National Healthcare
Safety Network, March 1-August 1, 2021. MMWR Morb Mortal Wkly Rep. 2021; 70: 1163—1166. https://
doi.org/10.15585/mmwr.mm7034e3 PMID: 34437519

32. Israeli Ministry of Health. Explanation About the Effectiveness of the Vaccine for Coronavirus in Israel. 6
Jul 2021 [cited 3 Aug 2021]. Available: https://www.gov.il/en/departments/news/06072021-04

33. McCarthy J. Three in four in U.s. have self-isolated in their household. In: Gallup [Internet]. 8 Apr 2020
[cited 15 Sep 2023]. Available: https://news.gallup.com/poll/307760/three-four-self-isolated-household.
aspx

34. CDC. Community, work, and school. 3 Sep 2021 [cited 27 Sep 2021]. Available: https://www.cdc.gov/
coronavirus/2019-ncov/community/colleges-universities/considerations.html

35. Chia PY, Xiang Ong SW, Chiew CJ, Ang LW, Chavatte J-M, Mak T-M, et al. Virological and serological
kinetics of SARS-CoV-2 Delta variant vaccine-breakthrough infections: a multi-center cohort study.
bioRxiv. medRxiv; 2021. https://doi.org/10.1101/2021.07.28.21261295

36. CDC. COVID Data Tracker. 28 Mar 2020 [cited 28 Apr 2021]. Available: https://covid.cdc.gov/covid-
data-tracker/

37. Balint G, Vords-Horvath B, Széchenyi A. Omicron: increased transmissibility and decreased pathoge-
nicity. Signal Transduct Target Ther. 2022; 7: 151. https://doi.org/10.1038/s41392-022-01009-8 PMID:
35525870

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011715 December 22, 2023 12/12


https://doi.org/10.1111/josh.13008
http://www.ncbi.nlm.nih.gov/pubmed/33768529
https://doi.org/10.1001/jamanetworkopen.2020.16818
http://www.ncbi.nlm.nih.gov/pubmed/32735339
https://doi.org/10.1038/s41598-021-84192-y
http://www.ncbi.nlm.nih.gov/pubmed/33731722
https://doi.org/10.7326/M21-2965
http://www.ncbi.nlm.nih.gov/pubmed/34461034
https://doi.org/10.1038/s41467-022-30144-7
http://www.ncbi.nlm.nih.gov/pubmed/35589681
https://doi.org/10.1001/jamanetworkopen.2021.40602
https://doi.org/10.1001/jamanetworkopen.2021.40602
http://www.ncbi.nlm.nih.gov/pubmed/34940864
https://doi.org/10.3386/w28031
https://kejohnson1900.shinyapps.io/code/
https://kejohnson1900.shinyapps.io/code/
https://doi.org/10.15585/mmwr.mm7034e3
https://doi.org/10.15585/mmwr.mm7034e3
http://www.ncbi.nlm.nih.gov/pubmed/34437519
https://www.gov.il/en/departments/news/06072021-04
https://news.gallup.com/poll/307760/three-four-self-isolated-household.aspx
https://news.gallup.com/poll/307760/three-four-self-isolated-household.aspx
https://www.cdc.gov/coronavirus/2019-ncov/community/colleges-universities/considerations.html
https://www.cdc.gov/coronavirus/2019-ncov/community/colleges-universities/considerations.html
https://doi.org/10.1101/2021.07.28.21261295
https://covid.cdc.gov/covid-data-tracker/
https://covid.cdc.gov/covid-data-tracker/
https://doi.org/10.1038/s41392-022-01009-8
http://www.ncbi.nlm.nih.gov/pubmed/35525870
https://doi.org/10.1371/journal.pcbi.1011715

