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Abstract

Importance

Screening and vaccination are essential in the fight against infectious diseases, but need to
be integrated and customized based on community and disease characteristics.

Objective

To develop effective screening and vaccination strategies, customized for a college cam-
pus, to reduce COVID-19 infections, hospitalizations, deaths, and peak hospitalizations.

Design, setting, and participants

We construct a compartmental model of disease spread under vaccination and routine
screening, and study the efficacy of four mitigation strategies (routine screening only, vacci-
nation only, vaccination with partial or full routine screening), and a no-intervention strategy.
The study setting is a hypothetical college campus of 5,000 students and 455 faculty mem-
bers during the Fall 2021 academic semester, when the Delta variant was the predominant
strain. For sensitivity analysis, we vary the screening frequency, daily vaccination rate, initial
vaccine coverage, and screening and vaccination compliance; and consider scenarios that
represent low/medium/high transmission and test efficacy. Model parameters come from
publicly available or published sources.

Results

With low initial vaccine coverage (30% in our study), even aggressive vaccination and
screening result in a high number of infections: 1,020 to 2,040 (1,530 to 2,480) with routine
daily (every other day) screening of the unvaccinated; 280 to 900 with daily screening
extended to the newly vaccinated in base- and worst-case scenarios, which respectively
consider reproduction numbers of 4.75 and 6.75 for the Delta variant.
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Conclusion

Integrated vaccination and routine screening can allow for a safe opening of a college when
both the vaccine effectiveness and the initial vaccine coverage are sufficiently high. The
interventions need to be customized considering the initial vaccine coverage, estimated
compliance, screening and vaccination capacity, disease transmission and adverse out-
come rates, and the number of infections/peak hospitalizations the college is willing to
tolerate.

Introduction

The current COVID-19 pandemic has illustrated how unprepared many countries were to
combat such a highly contagious disease with potentially severe health outcomes. On the sci-
ence side, screening kits, then vaccines, were developed at record speed, and their availability
increased over time. On the implementation side, however, screening and vaccination efforts
were initially administered on a mostly ad hoc basis, and more importantly, these efforts were
initially uncoordinated.

First came the screening kits (around January 2020 [1]), making COVID-19 screening pos-
sible. Early on, the number of screening kits was limited [2, 3], and screening focused mainly
on symptomatic individuals (with isolation of those detected with the infection). As availability
increased, more routine screening, especially in residential facilities where people lived in close
proximity to each other (e.g., college campuses, nursing homes, prisons, military bases), was
deployed. Starting in December 2020 [4], vaccines started receiving emergency approval by
the Food and Drug Administration (FDA) in the United States (U.S.), and by respective regu-
latory agencies in other parts of the world. As vaccine supplies increased, vaccines were pro-
gressively made available to the public based on pre-established priority groups. Initially these
policies lacked coordination among screening and vaccination efforts, necessitating research
to develop decision-making tools as well insights on effective, coordinated interventions. By
developing such a tool and insights on effective vaccination and routine screening practices
for college campuses, this paper contributes to this stream of research.

The literature on screening and vaccination for infectious diseases is vast, with many studies
on the benefits of, and effective strategies for, lab-based screening, e.g. [5-9], and vaccination,
e.g. [L0-14]; and we refer the interested reader to the many references in these works. The
study by [15] pairs antibody testing with vaccination, but does not consider routine screening.
The studies by [16, 17] discuss routine screening on a college campus, but without on-campus
vaccination efforts, that is, only considering that some portion of campus residents are already
vaccinated prior to the start of the semester (“initial vaccine coverage”); in this setting, these
studies investigate the impact of different levels of vaccine efficacy and initial vaccine coverage
on the number of infections. The study by [18] discusses the combination of initial vaccine
coverage, on-campus screening, and percent of on-campus population (e.g., 100% on-campus
population implies that all classes are held in person) to control outbreaks on a college
campus.

We contribute to this stream of literature by building a detailed compartmental model to
construct integrated on-campus vaccination and routine screening strategies for a college cam-
pus during the Fall 2021 academic semester, when the Delta variant was the predominant
strain and vaccine effectiveness was relatively high. We discuss how the effectiveness of the
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different strategies depend on community and disease characteristics, including initial vaccine
coverage, estimated compliance for on-campus screening and vaccination, available screening
and vaccination supplies/capacity, disease transmission and adverse outcome rates, as well as
the number of infections and peak hospitalizations the college is willing to tolerate. In particu-
lar, our model is more detailed than those in the literature, and is built specifically to model
strategies that not only include initial vaccine coverage, but also on-campus vaccination, as
well as different variants of routine on-campus screening, to allow for the targeted screening
population to include only the unvaccinated, or the unvaccinated and the newly vaccinated.
We perform a detailed comparative study of the different interventions, characterized by the
level of on-campus vaccination and screening, for various community and disease characteris-
tics and disease-related outcome measures.

Various protective and/or preventative interventions, such as screening, vaccination, and
isolation of those infected, can be employed to combat a pandemic. An optimal strategy may
involve a combination of the different interventions, implemented with different frequencies,
and needs to be revised over time and customized for each region, as the available interven-
tions (e.g., screening kits, vaccine) and their supplies, and the local situation of the pandemic
change. In this paper, we focus on integrated strategies of routine screening and vaccination,
which we always pair with the isolation of infected individuals detected through screening. We
show, through a case study of a college campus during the Fall 2021 semester, that vaccination
and screening work synergistically, and lower the total number of infections and hospitaliza-
tions, and the number of infections and hospitalizations at the peak day, thus flattening the
infection curve, over what either intervention can achieve alone given an initial vaccine cover-
age; however, the effectiveness of such on-campus interventions also depend heavily on the
initial vaccine coverage. In addition to the timely detection and quarantine of infected individ-
uals, routine screening further allows for an efficient allocation of the limited vaccine supplies:
It does so by removing those individuals who are infected and asymptomatic, or those with a
prior infection, from the vaccination pool. This redirects on-campus vaccination efforts from
those who would not receive much benefit, to those who would. On the other hand, vaccina-
tion shrinks the susceptible population. We also provide insight on strategies that are effective
in various phases of a pandemic response, characterized by different availability of screening
and vaccination supplies, current vaccine coverage, and the severity of infection spread (trans-
mission rate) in the community, as well as adverse outcome rates of the infection. Our qualita-
tive findings should continue to hold for COVID-19 variants with similar reproduction
numbers, disease dynamics, and vaccine effectiveness values as the Delta variant.

Methods
Study design and parameters

We develop an extended compartmental epidemic model to study the spread of an infectious
disease in a population composed of two groups (students and faculty/staff, hereafter students
and faculty) under protective and/or preventative interventions, including screening, isolation,
and vaccination; and utilize our model to study the spread of the Delta variant of COVID-19
on a college campus during the Fall 2021 academic semester. Our model provides an extension
to an existing compartmental framework [5], to model integrated screening and vaccination
strategies under various compliance levels, while capturing different disease and transmission
dynamics of the faculty (indexed by “f”) and students (indexed by “s”). The details of the new
compartmental model can be found in S1 Appendix.

Strategy description. We consider routine screening that excludes symptomatic individu-
als who go into isolation immediately upon the start of their symptoms (following a separate
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testing process, as needed). Regarding routine screening, the subjects to be screened each day
are selected according to the given screening strategy (i.e., screening population and fre-
quency). Partial screening applies to those subjects that are either susceptible, or “thought” to
be susceptible; while full screening extends routine screening to “vaccinated-but-not-yet-
immune” subjects. All screening uses the polymerase chain reaction (PCR) test, which can
detect, with high accuracy, the presence of the virus [19, 20]. It takes 8 hours to receive the test
result, and a positive test result leads to the immediate isolation of the affected subject. For vac-
cination, we consider that some proportion of each group starts the semester as fully vacci-
nated (i.e., with initial immunity). Then, subjects to be vaccinated each day on campus are
randomly selected from those subjects that are either susceptible, or “thought” to be suscepti-
ble (thus excluding those initially immune), and is restricted by the given vaccination rate per
day. We assume that the vaccines administered on campus correspond to either the two-dose
Pfizer vaccine (60%) or the two-dose Moderna vaccine (40%) [21], both of which have high
effectiveness against the Delta variant. We do not consider one-dose vaccines, because they
represent less than 4% of the total number of vaccines administered in the U.S. [21]; and we do
not consider waning immunity for those vaccinated (either at the outset or while on campus)
due to the relatively short, 80-day period of the semester. Overall, we consider four strategies
that represent various combinations of vaccination and screening efforts, and the no-interven-
tion strategy, as summarized in Table 1. We assume perfect compliance for all isolation orders,
and model imperfect compliance for screening and vaccination.

Sensitivity analysis. We conduct various sensitivity analyses through three scenarios,
which represent different levels of pandemic severity and test efficacy, and through varying the
values for the daily vaccination rate, screening frequency, compliance (for each of screening
and vaccination), and initial vaccine coverage (for each of faculty and students). Each scenario
is characterized by the level of infection spread (modeled by group transmission rates, (f) and
B(s), reported in terms of an overall reproduction number, Ry, computed as a weighted average
of each group’s reproduction number, see S1 Appendix); exogenous conditions (X weekly
imported infections, i.e., X new infections introduced to campus residents each week from
external contacts, such as family or community members); and test efficacy, in terms of test
specificity (spec) and sensitivity (sens). We label these scenarios as the worst-case (high infec-
tion spread, low test sensitivity and specificity, high imported infections), best-case (low

Table 1. Strategy description (V/V denotes vaccination/no vaccination; S,/S;./S denotes partial/full/no
screening).

Strategy Definition

Strategy V — S (no intervention) No vaccination and no screening
Strategy V — S, No vaccination and full screening
Strategy V — S Vaccination with no screening
Strategy V - Sp Vaccination with partial screening
Strategy V — S Vaccination with full screening
Sensitivity Analysis

Daily vaccination rate

Screening frequency

Initial vaccine coverage for students (L,)
Initial vaccine coverage for faculty (L)
Vaccination compliance rate (o)
Screening compliance rate (177)

Severity scenarios

https://doi.org/10.1371/journal.pone.0267388.t001

30/day, 60/day, 120/day

1 day, 2 days, 3 days, 7 days, 14 days
30%, 60%, 90%

30%, 60%, 90%

50%, 60%, 75%, 90%, 95%

50%, 60%, 75%, 90%, 95%

worst-case, base-case, best-case
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infection spread, high test specificity, medium test sensitivity, low imported infections), and
base-case (medium infection spread, low test specificity, medium test sensitivity, medium
imported infections), Table 2. For each scenario, we vary the screening frequency (every
1,2,3,7, and 14 days) for all strategies that involve screening; and the daily vaccination rate (30/
day, 60/day, 120/day) for all strategies that involve vaccination, Table 1. These strategies repre-
sent different situations where screening frequency and daily vaccination rate may be
restricted due to limited testing capacity, testing Kkits, or vaccine supply; the proportion of stu-
dents who are exempt from a vaccination mandate or are unwilling to be vaccinated; or other
logistical issues involved with test or vaccine administration. Moreover, we consider different
compliance rates for screening (1) and vaccination (), Table D in S1 Appendix, and different
levels of initial vaccine coverage for students (L;), Table B in S1 Appendix and faculty (L),
Table Cin S1 Appendix, for the different strategies.

Setting and parameters. We consider a hypothetical college campus of 5,000 students
and 455 faculty members, with 10 students and one faculty member having undetected,
asymptotic SARS-CoV-2 infections at the outset (representing 0.2% of each group), and with

Table 2. Summary of key parameters.

Model Parameter Value(s) Comments/References

Disease dynamics

Mean latent period 3 days Paltiel et al. [5], 2020 and Zhao et al. [22], 2021

Mean time to recovery 14 days Paltiel et al. [5], 2020

Probability of symptoms if | 30% Assumption (similar to Paltiel et al. [5], 2020), also

infected based on Poletti et al. [23], 2021

Fatality rate (students) 0.05% See S1 Appendix for calculations

Fatality rate (faculty) 2% Statista [24, 25], 2021. See S1 Appendix for
calculations

Hospitalization rate 1.4% CDC [26], 2021 and COVID-Net [27], 2021. See S1

(students) Appendix for calculations

Hospitalization rate 8.4% CDC [26], 2021 and COVID-Net [27], 2021. See S1

(faculty) Appendix for calculations

Population reproduction 4.75,5.75,6.75
number (Ry)

Exogenous infections (X) 5, 10, 25 per week

Screening test characteristics

See S1 Appendix for calculations

Assumption (similar to Paltiel et al. [5], 2020)

Test sensitivity (sens) 70% Based on Kortela et al. [28], 2021
80% Based on Stites & Wilen [29], 2020 and Woloshin
et al. [30], 2020 and Yohe [31], 2020
Test specifity (spec) 98%, 99.7% Yohe [31], 2020, Stites & Wilen [29], 2020
Time to false-positive 1 day Assumption (similar to Paltiel et al. [5], 2020)
return
Vaccine characteristics
Vaccine efficacy (€) 94.64% See S1 Appendix for calculations
Mean time to full immunity | 5.4 weeks See S1 Appendix for calculations
Severity scenarios
Scenario Parameter Values Comments/References
Base-case scenario Ry =5.75, X = 10/week, See comments/references above
sens = 80%, spec = 98%
Best-case scenario Ry =4.75, X = 5/week, See comments/references above
sens = 80%, spec = 99.7%
Worst-case scenario Rr=6.75, X = 25/week, See comments/references above

sens = 70%, spec = 98%
https://doi.org/10.1371/journal.pone.0267388.t1002
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some individuals arriving to campus as fully vaccinated (i.e., with initial immunity). The study
period is an 80-day Fall 2021 academic semester, when Delta variant was the predominant
strain. We consider the COVID-19 PCR test, which is the primary test used to detect SARS--
CoV-2 [32], with sensitivity 70% to 80%, and specificity 98% to 99.7%, based on published
works [28-31]. Vaccination rates of 60/day or higher lead to the ability to vaccinate all the eli-
gible subjects within the 80-day period (i.e., by the end of the semester) under all scenarios,
assuming initial vaccine coverage of at least 30% for both faculty and students. Table 2 reports
all key parameters, along with references, see S1 Appendix for details.

Outcome measures of interest. Total number of infections, hospitalizations, and deaths
over the 80-day semester for each of the student and faculty groups; the peak number and peak
day of new infections, the peak number of hospitalizations.

Compartmental model

« We model that some individuals start the semester as fully vaccinated (i.e., with initial
immunity). For the given daily vaccination rate, the subjects to be vaccinated are randomly
selected from the unvaccinated and susceptible population (i.e., the “uninfected,” “exposed,”
“asymptomatic,” and “recovered & unknown” compartments), and excludes those unvacci-
nated individuals whose infection is detected through routine screening (i.e., the “knowingly
immune” compartment, as explained below) for all strategies that involve routine screening.
However, due to imperfect compliance, not all available vaccines will be used on a given day,
leading to waste.

« We consider a two-dose vaccine with 94.64% efficacy (for the Delta variant) upon the full
dose. The time to reach full immunity is stochastic with a mean of 5.4 weeks from the day of
the first dose (see S1 Appendix for calculations), before which the subject has no immunity.
Hence, vaccinated subjects can be infected before reaching full immunity. This modeling
necessitates additional compartments for the vaccinated-but-not-yet-immune subjects,
namely the “vaccinated-uninfected,” “vaccinated-exposed,” and “vaccinated-asymptomatic”
compartments.

» <«

o Each day, routine screening is offered to everyone eligible for screening on that day accord-
ing to the given screening frequency and the screening strategy utilized (i.e., partial or full
screening). Due to imperfect compliance, however, not all selected subjects will undergo
screening. The test has imperfect sensitivity and specificity (Table 2); and our model con-
tains additional compartments to account for false-positives.

A subject with a positive test result during routine screening can be either a “false-positive,”
or “asymptomatic & infected.” It takes 8 hours to receive the test result, and any subject with
a positive test result moves to isolation immediately upon receiving the test result, where no
transmission can occur (similar to a published study [5]). All false-positives are corrected
after being in isolation for one day (thus leave isolation), while both the “asymptomatic &
infected” and “symptomatic & infected” subjects have an isolation time with a mean of 14
days, after which they move to the “knowingly immune” compartment, unless the symptom-
atic subjects are hospitalized before. We assume sufficient isolation capacity and perfect
compliance for isolation.

o We differentiate between subjects that are knowingly vs unknowingly immune, via two new
compartments: The “knowingly immune” compartment is for those subjects who gained
immunity through either vaccination (at the outset or while on campus), a prior asymptom-
atic infection that was verified by a positive routine test result (leading to isolation), or a
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prior symptomatic infection (leading to isolation); and the “recovered & unknown” com-
partment is for those subjects who gained immunity through a prior asymptomatic infection
that was not tested (hence not detected), i.e., these individuals became immune without their
knowledge. As a result, the subjects in the “recovered & unknown” compartment cannot be
differentiated from “uninfected” individuals, and hence they might get vaccinated or tested.

Statistical analysis. We implement the compartmental model in C++. The results are
extracted to Microsoft Excel, which is used to plot different curves for the purpose of visualiz-
ing the results. No statistical tests are run, hence we do not report any statistical significance
levels.

Results
Integrating screening with vaccination

In our hypothetical college campus of 5,000 students and 455 faculty members, 10 students
and one faculty member (0.2% of each group) have undetected, asymptotic SARS-CoV-2
infections, caused by the Delta variant, at the start of the semester.

We first discuss our results for the base-case scenario, considering 60% initial vaccine cov-
erage for both students and faculty, and 75% compliance for both on-campus vaccination and
screening. In this setting, vaccination alone (strategy V — S), at a rate of 60/day, results in 1,
200 infections (1,185 students, 15 faculty) and a daily peak of 5 hospitalizations, while full rou-
tine screening alone (strategy V — S,), with an 80% sensitive and 98% specific test, results in 1,
410 infections (1,394 students, 16 faculty) if conducted weekly, and 290 infections (288 stu-
dents, 2 faculty) if conducted daily, compared to the no-intervention strategy (strategy V — S)
that results in 1, 830 infections (1,798 students, 32 faculty) and a daily peak of 8 hospitaliza-
tions over the 80-day semester in the base-case scenario (Fig 1 and Table G in S1 Appendix).
Augmenting the 60/day vaccination with routine screening of the unvaccinated population
(strategy V — Sp) every 1, 2, 3, 7, and 14 days results in 340, 510, 630, 880, and 1,020 infections,

1800
1600 120 vaccines/day
1400 —e—60 vaccines/day

200 ——30 vaccines/day

ions

s
1000
800
600
400
200

0

Total # infect

1 2 3 7 14 N/A
Screening frequency

Fig 1. Total number of infections versus screening frequency for three daily vaccination rates, indicated by color,
for 60% initial campus-wide vaccine coverage (L; = Ls= 60%) and 75% compliance (77 = a = 75%) in the base-case
scenario with full screening. Each shaded region depicts the uncertainty region resulting from varying levels of
screening and vaccination compliance (60%, 75%, 90%), test sensitivity (70%, 80%) and specificity (98%, 99.7%). N/A
represents “no screening’.

https://doi.org/10.1371/journal.pone.0267388.g001
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respectively, and 2 to 4 peak hospitalizations (Fig 1 and Table G in S1 Appendix). Including
the vaccinated-but-not-yet-immune population in routine screening (strategy V — S) further
diminishes the number of infections (e.g., from 880 to 710 for weekly screening). When the
vaccination rate increases (reduces) to 120/day (30/day), vaccination alone results in 450
(1,560) infections, and a peak of 1 (7) hospitalization(s) in the base-case. Augmenting the 30/
day vaccination with routine screening of the unvaccinated population (strategy V — Sp) every
1,2,3,7,and 14 days results in 480 to 1,400 infections, and 3 to 6 peak hospitalizations (Fig 1
and Table G in S1 Appendix). All strategies with 120/day vaccination, and most strategies with
60/day vaccination lead to zero fatality, but strategies with 30/day vaccination or no vaccina-
tion lead to 1-2 deaths (per our campus of 5,455), highlighting the importance of vaccination
in preventing deaths.

Regarding compliance, at only 50% compliance for both vaccination and screening, 60 vac-
cines/day & weekly screening of the unvaccinated population results in 1,230 infections and a
peak of 6 hospitalizations (see Table D in S1 Appendix). Increasing the screening (vaccination)
compliance to 95%, while keeping vaccination (screening) compliance at 50%, results in 1,050
(770) infections and 5 (3) peak hospitalizations. Thus, increasing the vaccination compliance
reduces the number of infections and the peak number of hospitalizations more substantially
than increasing screening compliance, that is, compliance for vaccination and screening do
not have symmetric effects.

As expected, total and peak hospitalizations and the total number of infections may increase
(decrease) substantially when we consider the worst-case (best-case) scenario; for example, for
60 vaccines/day & 14-day full screening with compliance rates of 75%, the number of infec-
tions is 440, 920 and 1,430, and the peak number of hospitalizations is 2, 4 and 7 for the best-,
base- and worst-case scenarios, respectively, Table E and Fig B in S1 Appendix.

Fig 2 displays the peak number of hospitalizations versus the number of infections in the
base-case scenario, under 60% initial vaccine coverage and 75% screening and vaccination
compliance; such analyses can assist decision-makers in selecting an effective strategy based
on what is feasible, acceptable, and/or ideal for their college’s setting.

9
8 )
N/A
7 P
2 N/A 14
26 o
© 14 7
S5 e o
g . 7 NA
=] ) @
;: 314
=3 ° o © No vaccination
o 2 23 7
a © 30 vaccines/day
2 o 0® o
1 121 3 ® 60 vaccines/day
1 .
123 714 NA 120 vaccines/day
0
0 500 1000 1500 2000

Total # infections

Fig 2. Peak number of hospitalizations versus total number of infections for 60% initial campus-wide vaccine
coverage (L, = Ly= 60%) and 75% compliance (17 = & = 75%) in the base-case scenario with full screening. N/A
represents “no screening”.

https://doi.org/10.1371/journal.pone.0267388.g002
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4000
—o—L=30%

L=60%
——L=90%

3000

Total # infections
N
o
o
o

1000

1 2 3 7 14 N/A
Screening frequency (days)
Fig 3. Total number of infections versus screening frequency for three levels of initial vaccine coverage, indicated
by color, for a 60/day vaccination rate and 75% compliance (17 = & = 75%) in the base-case scenario with full
screening. Each shaded region depicts the uncertainty region resulting from varying levels of screening and

vaccination compliance (60%, 75%, 90%), test sensitivity (70%, 80%) and specificity (98%, 99.7%). N/A represents “no
screening.” (Note: The shaded region of the blue line is extremely narrow for the scale used.).

https://doi.org/10.1371/journal.pone.0267388.9003

Impact of initial campus-wide immunity on strategy effectiveness

The effectiveness of any strategy is impacted by initial vaccine coverage. For example, at 60%
initial vaccine coverage, 120 vaccines/day & no screening lowers the number of infections
compared to 60 vaccines/day & weekly screening (Fig 2), however, the opposite is true for 30%
initial vaccine coverage (Tables B-C, Figs B-C in S1 Appendix).

To understand how initial vaccine coverage affects the number of infections, consider, for
example, 60 vaccines/day & full weekly screening (strategy V — Sg), which results in 2,750, 710,
and 13 infections, and 12, 3, and 0 peak hospitalizations in the base-case, for initial vaccine
coverage of 30%, 60%, 90%, respectively (Table H in S1 Appendix). For low initial vaccine cov-
erage of 30%, augmenting the 60 vaccines/day with aggressive (daily and full) screening still
leads to 490 infections over the semester, representing 8.9% of the college’s population, com-
pared to the no-intervention case with 3,510 infections (Fig 3 and Tables B-C in S1 Appendix).
At 30% initial vaccine coverage, even more aggressive on-campus vaccination (120 vaccines/
day) and screening efforts continue to result in a high number of infections: 1,020 to 2,040 for
daily partial screening; 280 to 900 with daily full screening; and 1,530 to 2,480 infections with
2-day partial screening in the base- and worst-case scenarios, respectively considering repro-
duction numbers of 4.75 to 6.75 (Table F in S1 Appendix).

Discussion

Integrating routine screening with vaccination during various phases of a pandemic can play a
key role in managing the spread of the infection and mitigating the impact of the pandemic.
Considering the Fall 2021 academic semester and the then-predominant Delta variant, the
results from the extended compartmental model in this study suggest that routine screening
and vaccination work synergistically to contain a SARS-CoV-2 outbreak and achieve a level of
success that neither strategy can achieve alone. However, to maximize the effectiveness, the
strategy needs to be customized for each setting, considering community and disease
characteristics.
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Vaccination is an effective and sustainable tool for fighting disease outbreaks [33], and
reduces infection transmission [34, 35] and the consequent hospitalization and death [10, 36,
37]. Although it is of critical importance to deliver and administer the available vaccines in a
swift manner, vaccination efforts might be limited by resource scarcity [38-40], especially dur-
ing the earlier stages of a pandemic, as well as vaccine hesitancy due, for example, to lack of
trust and confidence in vaccines or health systems, or fear of side effects [41-44]. By December
2021, 60% of the U.S. population was fully vaccinated for COVID-19, with 71% of the popula-
tion receiving at least one dose of a two-dose vaccine [45], and only 17% receiving a booster
shot [46], despite that vaccines have been available for every adult in the U.S. since April 2021
[47], and for 12 and over since May 2021 [48]. Because the proportion of the fully vaccinated
population is still below the 70%-85% threshold estimated to contain an infection [49, 50],
and because vaccines do not provide immediate protection against the infection [51] and vac-
cine-induced immunity wanes over time [52], it is critical to understand how vaccination,
screening, and isolation can be utilized in the containment of a SARS-CoV-2 outbreak for a
college campus, and whether such on-campus efforts can substitute for low vaccination rates
at the start of the semester.

Our results suggest that the effectiveness of any intervention strategy, relatedly the college’s
ability to offer a viable in-person teaching experience, depends heavily on initial vaccine cover-
age as well as the characteristics of the predominant variant and the vaccine effectiveness
against the variant. For the study population of 5,455 over an 80-day semester in Fall 2021,
with the Delta variant as the predominant strain, with low initial vaccine coverage (30% in our
study), even aggressive on-campus vaccination and screening efforts with moderate compli-
ance (75%) result in a high number of infections: 1,020 to 2,040 for routine daily screening of
the unvaccinated population; 280 to 900 with extended screening to also cover the newly vacci-
nated population; and 1,530 to 2,480 infections for every 2-day screening of the unvaccinated
population, in the base- and worst-case scenarios (see Table F in S1 Appendix), respectively
considering reproduction numbers of 4.75 and 6.75, representative of the COVID-19 Delta
variant [53]. These results suggest that aggressive on-campus interventions throughout the
semester cannot typically compensate for low initial vaccination rates, that is, when starting
the semester with a highly susceptible population, especially when the disease reproduction
number is relatively high. These findings underscore the importance of heavily promoting,
even mandating, full vaccination (which may imply different doses and timing for different
variants) at the start of the semester.

Our study also highlights the need to customize on-campus vaccination and screening
efforts based on community and disease characteristics. For example, at a moderate initial vac-
cine coverage of 60%, an integrated vaccination and screening strategy of 60 vaccines per day
and 2-day screening dominates both an aggressive vaccination-only (at 120 vaccines per day)
strategy and an aggressive screening-only (daily screening) strategy in terms of the number of
infections. Of course, the dominating strategy depends on initial vaccine coverage, and needs
to be carefully chosen. Equally important is the finding that integrating routine screening
(both partial and full, at every 14 days or less) with daily vaccination is beneficial at all vaccina-
tion rates and initial vaccine coverage levels, and is associated with a lower number of infec-
tions and improved peak number of hospitalizations over an 80-day semester. This result
suggests that even a mild regime of routine screening, followed by immediate isolation of the
positive cases, can complement vaccination and help mitigate the spread of the disease and
alleviate the burden on the hospital systems, especially in institutions such as college campuses,
nursing homes, prisons, or military bases where higher contact rates are expected.

Another important policy question regarding the addition of routine screening to vaccina-
tion is whether the vaccinated population should continue to be screened until they build
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immunity against the infection. The findings in this study suggest that including the vacci-
nated population in the screening pool can potentially decrease the number of infections,
although the degree of these benefits varies with screening frequency as well as the daily num-
ber of vaccines administered. Another policy decision related to an integrated intervention
effort is the frequency of administering each intervention. Although the daily vaccination rate
is expected to be constrained by the number of available doses as well as the public’s willing-
ness to be vaccinated, especially in the early stages of vaccination efforts, screening resources
are generally abundant, and their frequency may be set considering the health return and feasi-
bility of each strategy. The results of this study show that the incremental benefit of more fre-
quent screening diminishes as the daily vaccination rate increases.

Most colleges have established plans and guidelines for containing a campus-wide outbreak
of SARS-CoV-2 during the Fall 2021 academic semester, and beyond. While many colleges
mandated either vaccination, or medium to high frequency screening if unvaccinated [54],
others required neither, even in regions with low vaccination rates. These differences under-
score the importance of an outcome-based analysis of different potential interventions, such as
the study conducted in this paper, to guide the decision-maker (e.g., college) in the most
appropriate strategy given their unique characteristics. Our findings imply that multiple fac-
tors and constraints need to be included in assessing the best strategy and measures for fight-
ing disease outbreaks. These factors may include the daily or total number of infections a
college is willing to tolerate, the peak level of hospitalization that local hospitals can cope with,
screening and vaccination capacity that the campus is able to achieve, initial vaccine coverage
on campus, and the transmission severity scenario. It should also be considered that a par-
tially-vaccinated campus environment (i.e., without a vaccine mandate) could provide a false
sense of security for the overall student population, including those who are unvaccinated,
and, as a result, infections may rise quite rapidly during the academic semester. Our results
also suggest that increasing vaccination compliance has a more substantial effect in reducing
the number of infections than increasing routine screening compliance. This implies that com-
pliance for vaccination and screening do not have symmetric effects.

Finally, early studies indicate that existing COVID-19 vaccines, without a booster shot, may
have low efficacy for the emerging Omicron variant [55, 56]. Our findings indicate that a suffi-
ciently high level of initial immunity, through full vaccination (which may imply a booster
shot), before arriving on campus, is key to reducing the spread of a disease on a college cam-
pus. For low initial vaccine coverage (e.g., 30% in our study), even aggressive on-campus vacci-
nation and screening efforts may not be sufficient to keep the infection spread under control.

More recently, several U.S. colleges have added the booster shot to their current mandate of
full vaccination for COVID-19, thus requiring all students and faculty/staff to take the booster
shot prior to the start of the Spring 2021/2022 semester, e.g., [57, 58], whereas others have
delayed in-person teaching until a safe re-opening is feasible, e.g., [59]. Given the uncertain
and dynamic nature of the pandemic, our analysis indeed confirms that academic institutions
need to remain flexible, and adjust their plans as needed prior to the start of each academic
semester, and take immediate action based on the most recent guidelines and the current state
of the pandemic. If done right, an integrated routine screening and vaccination strategy can
contain any potential disease outbreak and maintain a safe environment for the local
community.

Reflections from the Omicron variant

This research was conducted primarily during the Summer of 2021, with the goal of develop-
ing effective screening and vaccination strategies for college campuses for the Fall 2021
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academic semester: the predominant COVID-19 variant at the time was Delta, and waning
immunity from the vaccine, hence the need for a booster shot, was not a major concern, as the
majority of the vaccinated campus population would have been vaccinated very close to the
start of the Fall semester.

The first confirmed Omicron case in the U.S. was around December, 1, 2021 [60], and by
the end of the Fall 2021 semester, waning immunity from the vaccine became a major concern
for the re-opening of university campuses for the Spring 2022 semester. Fast forward, as of
February 26, 2022, the Omicron variant is now the predominant variant, and is responsible for
almost all COVID-19 cases both in the U.S. [61] and worldwide [62]. Although what we know
about different COVID-19 variants is continuously changing, compared to the Delta variant,
the Omicron variant is reported to be more infectious, with a much higher reproduction num-
ber [63], but is associated with a substantially lower mean recovery time [64], and less severe
disease/symptoms [63].

In hindsight, we provide some reflections on how the numbers reported in this study would
be impacted by the basic reproduction number and mean recovery time reported for the Omi-
cron variant (Fig D in S1 Appendix). Comparing Fig 2 with Fig D (S1 Appendix) indicates that
although the total number of infections and peak number of hospitalizations substantially
change with such significant changes in variant characteristics, the overall trends regarding the
impact of integrated screening and vaccination, hence our qualitative findings, remain almost
the same.

Another important change since the Summer of 2021 is the growing proportion of the pop-
ulation that is in need of a booster shot, especially considering that vaccine effectiveness
against Omicron decays significantly in time [65]. Further research is needed to establish opti-
mal screening strategies for a population decomposed not only by vaccination status, but also
by vaccination level (e.g., fully vaccinated versus boosted), and the model developed in this
paper can provide a good starting point for such future research.

Limitations

We use a compartmental model, which, by definition, is based on assumptions such as homo-
geneous mixing, within and between, student and faculty compartments, and uniform contact,
transmission, hospitalization, and fatality rates for all individuals within a compartment. We
also assume that the vaccine-induced immunity follows a step function: zero immunity in the
earlier stages after vaccination, followed by full immunity after two doses (if the vaccine is
effective for the individual), which takes a stochastic amount of time. We do not consider wan-
ing immunity or booster shots. While we model noncompliance with on-campus screening
and vaccination guidelines, we assume that the population with symptoms or positive test
results fully comply with isolation recommendations. We do not consider other mitigation
tools, such as mask wearing and contact tracing.

While many parameters in our model are assumed deterministic, sensitivity analysis has
been conducted on key parameters, which shows that effective strategies are robust to a wide
range of parameter values. Therefore, we expect the qualitative results to continue to hold
under stochasticity in parameter values. Still it would be interesting to study our strategies by
explicitly modeling the stochasticity through a Markov process.

Finally, we consider only two groups (students and faculty), as this captures the main het-
erogeneity that is present on a college campus. However, more groups (compartments) can be
added to the model, but this comes at the expense of increased complexity and data require-
ments. It would be interesting to develop a more detailed model through, for example, an
agent-based simulation, which is particularly suited for modeling this type of complexity [66].

PLOS ONE | https://doi.org/10.1371/journal.pone.0267388  April 21, 2022 12/16


https://doi.org/10.1371/journal.pone.0267388

PLOS ONE

Benefits of integrated screening and vaccination for infection control

Conclusions

Although our study was conducted considering the Fall 2021 academic semester, and the then-
predominant Delta variant, our qualitative findings should continue to hold for variants with
similar reproduction numbers and vaccine effectiveness values. For this study period, we show
that integrated routine screening and vaccination can be highly effective for containing a
SARS-CoV-2 outbreak on a college campus, as long as initial vaccine coverage is sufficiently
high, depending on the reproduction rate of the disease. Vaccination and routine screening
work synergistically to achieve a level of success that neither strategy can achieve alone. How-
ever, the incremental benefit of integrated screening decreases as vaccination rate and/or ini-
tial vaccine coverage increases. Further, to maximize efficacy, the intervention strategy needs
to be customized for the setting, considering community and disease characteristics, including
the vaccine coverage at the start of the semester, estimated screening and vaccination compli-
ance rates, as well as the threshold number of infections and the peak number of hospitaliza-
tion a campus is willing to tolerate. The model developed in this paper can be used to establish
effective strategies for containing disease outbreaks in high-density settings, including college
campuses, nursing homes, and military bases.
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(PDF)
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