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Abstract 17

Importance Screening and vaccination are essential in the fight against infectious diseases, but 18

need to be integrated and customized based on community and disease characteristics. 19

Objective To develop effective screening and vaccination strategies, customized for a college cam- 20

pus, to reduce COVID-19 infections, hospitalizations, deaths, and peak hospitalizations. 21

Design, Setting, and Participants We construct a compartmental model of disease spread for 22

vaccination and routine screening, and study the efficacy of four mitigation strategies (routine 23

screening only, vaccination only, vaccination with partial routine screening, vaccination with full 24

routine screening), and a no-intervention strategy. The study setting is a hypothetical college 25

campus of 5,000 students and 455 faculty members, with 11 undetected, asymptotic SARS-CoV- 26

2 infections at the start of an 80-day semester. For sensitivity analysis, we vary the screening 27

frequency, daily vaccination rate, initial vaccination coverage, and screening and vaccination com- 28

pliance; and consider three scenarios that represent low/medium/high transmission rates and test 29

efficacy. Model parameters come from publicly available or published sources. 30

Results With low initial vaccination coverage, even aggressive vaccination and screening result in 31

a high number of infections: 1,024/2,040 (1,532/1,773) with routine daily (every other day) screen- 32

ing of the unvaccinated; 275/895 with daily screening extended to the newly vaccinated in base- 33

and worst-case scenarios, with reproduction numbers 4.75 and 6.75, respectively, representative of 34

COVID-19 Delta variant. With the emergence of the Omicron variant, the reproduction number 35

may increase and/or effective vaccine coverage may decrease if a booster shot is needed to maximize 36

vaccine efficacy. 37

Conclusion Integrated vaccination and routine screening can allow for a safe opening of a college 38

when initial vaccination coverage is sufficiently high. The interventions need to be customized con- 39

sidering the initial vaccination coverage, estimated compliance, screening and vaccination capacity, 40

disease transmission and adverse outcome rates, and the number of infections/peak hospitalizations 41

the college is willing to tolerate. 42
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Introduction 43

The current COVID-19 pandemic has illustrated how unprepared many countries were to combat 44

such a highly contagious disease with potentially severe health outcomes. On the science side, 45

screening kits, then vaccines, were developed at record speed, and their availability increased over 46

time. On the implementation side, however, screening and vaccination efforts were initially admin- 47

istered on a mostly ad hoc basis, and more importantly, these efforts were initially uncoordinated. 48

First came the screening kits (around January 2020 [10]), making COVID-19 screening possible. 49

Early on, the number of screening kits was limited [37, 50], and screening focused mainly on symp- 50

tomatic individuals (with isolation of those detected with the infection). As availability increased, 51

more routine screening, especially in residential facilities where people lived in close proximity to 52

each other (e.g., college campuses, nursing homes, prisons, military bases), was deployed. Start- 53

ing in December 2020 [17], vaccines started receiving emergency approval by the Food and Drug 54

Administration (FDA) in the United States (U.S.), and by respective regulatory agencies in other 55

parts of the world. As vaccine supplies increased, vaccines were progressively made available to the 56

public based on pre-established priority groups. Initially these policies lacked coordination among 57

screening and vaccination efforts, necessitating research to develop decision-making tools as well 58

insights on effective, coordinated interventions. By developing such a tool and insights on effective 59

vaccination and routine screening practices for college campuses, this paper contributes to this 60

stream of research. 61

The literature on screening and vaccination for infectious diseases is vast, with many studies 62

on the benefits of, and effective strategies for, lab-based screening, e.g. [1, 14, 34, 43, 56], and 63

vaccination, e.g. [3, 22, 31, 35, 40]; and we refer the interested reader to the many references 64

in these works. The study by [19] pairs antibody testing with vaccination, but does not consider 65

routine screening. The studies by [29, 33] discuss routine screening on a college campus, but without 66

on-campus vaccination efforts, that is, only considering that some portion of campus residents are 67

already vaccinated prior to the start of the semester (“initial vaccine coverage”); in this setting, 68

these studies investigate the impact of different levels of vaccine efficacy and initial vaccine coverage 69

on the number of infections. The study by [61] discusses the combination of initial vaccine coverage, 70

on-campus screening, and on-campus population size (e.g., 100% on-campus population size implies 71
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that all students take classes in person) to control outbreaks on a college campus. 72

We contribute to this stream of literature by building a detailed compartmental model to construct 73

integrated on-campus vaccination and routine screening strategies for a college campus, and discuss 74

how the effectiveness of the different strategies depend on community and disease characteristics, 75

including initial vaccine coverage, estimated compliance for on-campus screening and vaccination, 76

available screening and vaccination supplies/capacity, disease transmission and adverse outcome 77

rates, as well as the number of infections and peak hospitalizations the college is willing to tolerate. 78

In particular, our model is more detailed than those in the literature, and is built specifically to 79

model strategies that not only include initial vaccine coverage, but also on-campus vaccination, 80

as well as different variants of routine on-campus screening, to allow for the targeted screening 81

population to include only the unvaccinated, or the unvaccinated and the newly vaccinated. We 82

perform a detailed comparative study of the different interventions, characterized by the level 83

of on-campus vaccination and screening, for various community and disease characteristics and 84

disease-related outcome measures. 85

Various protective and/or preventative interventions, such as screening, vaccination, and isola- 86

tion of those infected, can be employed to combat a pandemic. An optimal strategy may involve 87

a combination of the different interventions, implemented with different frequencies, and needs to 88

be revised over time and customized for each region, as the available interventions (e.g., screening 89

kits, vaccine) and their supplies, and the local situation of the pandemic change. In this paper, we 90

focus on integrated strategies of routine screening and vaccination, which we always pair with the 91

isolation of infected individuals detected through screening. We show, through a case study of a 92

college campus, that vaccination and screening work synergistically, and lower the total number of 93

infections and hospitalizations, and the number of infections and hospitalizations at the peak day, 94

thus flattening the infection curve, over what either intervention can achieve alone given an initial 95

vaccine coverage; however, the effectiveness of such on-campus interventions also depend heavily 96

on the initial vaccine coverage. In addition to the timely detection and quarantine of infected indi- 97

viduals, routine screening further allows for an efficient allocation of the limited vaccine supplies: 98

It does so by removing those individuals who are infected and asymptomatic, or those with a prior 99

infection, from the vaccination pool. This redirects on-campus vaccination efforts from those who 100

would not receive much benefit, to those who would. On the other hand, vaccination shrinks the 101

2
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susceptible population. We also provide insight on strategies that are effective in various phases of 102

a pandemic response, characterized by different availability of screening and vaccination supplies, 103

current vaccine coverage, and the severity of infection spread (transmission rate) in the community, 104

as well as adverse outcome rates of the infection. 105

Methods 106

Study Design and Parameters 107

We develop an extended compartmental epidemic model to study the spread of an infectious dis- 108

ease in a population composed of two groups (students and faculty/staff, hereafter students and 109

faculty) under protective and/or preventative interventions, including screening, isolation, and vac- 110

cination; and utilize our model to study the spread of COVID-19 on a college campus. Our model 111

provides an extension to an existing compartmental framework [34], to model integrated screening 112

and vaccination strategies under various compliance levels, while capturing different disease and 113

transmission dynamics of the faculty (indexed by “f”) and students (indexed by “s”). The details 114

of the new compartmental model can be found in the S1 Appendix. 115

Strategy Description: We consider routine screening that excludes symptomatic individuals who 116

go into isolation immediately upon the start of their symptoms (following a separate testing process, 117

as needed). Regarding routine screening, the subjects to be screened each day are selected according 118

to the given screening strategy (i.e., screening population and frequency). Partial screening applies 119

to those subjects that are either susceptible, or “thought” to be susceptible; while full screening 120

extends routine screening to “vaccinated-but-not-yet-immune” subjects. All screening uses the 121

polymerase chain reaction (PCR) test, which can detect, with high accuracy, the presence of the 122

virus. [26, 52] It takes 8 hours to receive the test result, and a positive test result leads to the 123

immediate isolation of the affected subject. For vaccination, we consider that some proportion of 124

each group starts the semester as fully vaccinated (i.e., with initial immunity). Then, subjects 125

to be vaccinated each day on campus are randomly selected from those subjects that are either 126

susceptible, or “thought” to be susceptible (thus excluding those initially immune), and is restricted 127

by the given vaccination rate per day. We assume that the vaccines administered on campus 128

correspond to either the two-dose Pfizer vaccine (60%) or the two-dose Moderna vaccine (40%) 129

3
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[46]. We do not consider one-dose vaccines, because they represent less than 4% of the total 130

number of vaccines administered in the U.S. [46]; and we do not consider waning immunity for 131

those vaccinated (either at the outset or while on campus) due to the relatively short, 80-day 132

period of the semester. Overall, we consider four strategies that represent various combinations of 133

vaccination and screening efforts, and the no-intervention strategy, as summarized in Table 1. We 134

assume perfect compliance for all isolation orders, and model imperfect compliance for screening 135

and vaccination.

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

Strategy Definition

Strategy V − S No vaccination
(no intervention) and no screening

Strategy V − SF No vaccination
and full screening

Strategy V − S Vaccination
with no screening

Strategy V − SP Vaccination
with partial screening

Strategy V − SF Vaccination
with full screening

Sensitivity Analysis

Daily vaccination rate 30/day, 60/day, 120/day
Screening frequency 1 day, 2 days, 3 days, 7 days, 14 days
Initial vaccine coverage for students (Ls) 30%, 60%, 90%
Initial vaccine coverage for faculty (Lf ) 30%, 60%, 90%
Vaccination compliance rate (α) 50%, 75%, 95%
Screening compliance rate (η) 50%, 75%, 95%
Severity scenarios worst-case, base-case, best-case

136

Sensitivity Analysis: We conduct various sensitivity analyses through three scenarios, which 137

represent different levels of pandemic severity and test efficacy, and through varying the values for 138

the daily vaccination rate, screening frequency, compliance (for each of screening and vaccination), 139

and initial vaccine coverage (for each of faculty and students). Each scenario is characterized by 140

the level of infection spread (modeled by group transmission rates, β(f) and β(s), reported in 141

terms of an overall reproduction number, RT , computed as a weighted average of each group’s 142

reproduction number, see S1 Appendix); exogenous conditions (X weekly imported infections, i.e., 143

X new infections introduced to campus residents each week from external contacts, such as family 144
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or community members); and test efficacy, in terms of test specificity (spec) and sensitivity (sens). 145

We label these scenarios as the worst-case (high infection spread, low test sensitivity and speci- 146

ficity, high imported infections), best-case (low infection spread, high test specificity, medium test 147

sensitivity, low imported infections), and base-case (medium infection spread, low test specificity, 148

medium test sensitivity, medium imported infections), Table 2. For each scenario, we vary the 149

screening frequency (every 1,2,3,7, and 14 days) for all strategies that involve screening; and the 150

daily vaccination rate (30/day, 60/day, 120/day) for all strategies that involve vaccination, Table 1. 151

These strategies represent different situations where screening frequency and daily vaccination rate 152

may be restricted due to limited testing capacity, testing kits, or vaccine supply; the proportion of 153

students who are exempt from a vaccination mandate or are unwilling to be vaccinated; or other 154

logistical issues involved with test or vaccine administration. Moreover, we consider different com- 155

pliance rates for screening (η) and vaccination (α), Table D in S1 Appendix, and different levels of 156

initial vaccine coverage for students (Ls), Table B in S1 Appendix and faculty (Lf ), Table C in S1 157

Appendix, for the different strategies. 158

Table 2. Summary of key parameters

Model Parameter Value(s) Comments/References

Disease dynamics
Mean incubation time 3 days Paltiel et al. [34], 2020

Time to recovery 14 days CDC [8], 2021

Probability of symptoms if infected 30% Assumption (similar to Paltiel et al. [34], 2020),
also based on Poletti et al. [36], 2021

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

Fatality rate (faculty) 2% Statista [45, 47], 2021. See S1 Appendix for calculations

Hospitalization rate (students) 1.4% CDC [6], 2021 and COVID-Net [13], 2021. See S1 Appendix for calculations

Hospitalization rate (faculty) 8.4% CDC [6], 2021 and COVID-Net [13], 2021. See S1 Appendix for calculations

Population reproduction number (RT ) 4.75, 5.75, 6.75 See S1 Appendix for calculations

Exogenous infections (X) 5, 10, 25 per week Assumption (similar to Paltiel et al. [34], 2020)

Screening test characteristics
Test sensitivity (sens) 70% Based on Kortela et al. [23], 2021

80% Based on Stites & Wilen [48], 2020 and Woloshin et al. [58], 2020
and Yohe [59], 2020

Test specifity (spec) 98% , 99.7% Yohe [59], 2020, Stites & Wilen [48], 2020

Time to false-positive return 1 day Assumption (similar to Paltiel et al. [34], 2020)

Vaccine characteristics
Vaccine efficacy (ε) 94.64% See S1 Appendix for calculations

Time to reach full immunity 5.4 weeks See S1 Appendix for calculations

Severity scenarios
Scenario Parameter Values Comments/References

Base-case scenario RT = 5.75, X = 10/week, See comments/references above
sens = 80%, spec = 98%

Best-case scenario RT = 4.75, X = 5/week, See comments/references above
sens = 80%, spec = 99.7%

Worst-case scenario RT = 6.75, X = 25/week, See comments/references above
sens = 70%, spec = 98%

159
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Setting and Parameters: We consider a hypothetical college campus of 5,000 students and 455 160

faculty members, with 10 students and one faculty member having undetected, asymptotic SARS- 161

CoV-2 infections at the outset (representing 0.2% of each group), and with some individuals arriving 162

to campus as fully vaccinated (i.e., with initial immunity), over an 80-day academic semester. We 163

consider the COVID-19 PCR test, which is the primary test used to detect SARS-CoV-2 [11], with 164

sensitivity 70% to 80%, and specificity 98% to 99.7%, based on published works [23, 48, 58, 59]. 165

Vaccination rates of 60/day or higher lead to the ability to vaccinate all the eligible subjects within 166

the 80-day period (i.e., by the end of the semester) under all scenarios, assuming initial vaccine 167

coverage of at least 30% for both faculty and students. Table 2 reports all key parameters, along 168

with references, see S1 Appendix for details. 169

Outcome Measures of Interest: Total number of infections, hospitalizations, and deaths over 170

the 80-day semester for each of the student and faculty groups; the peak number and peak day of 171

new infections, the peak number of hospitalizations. 172

Compartmental Model 173

We have expanded the SEIR-based (Susceptible, Exposed, Infectious, Removed) compartmental 174

model of a published study [34], to study the integrated screening and vaccination strategies in 175

Table 1 under various compliance levels, for a campus population consisting of two groups (faculty 176

and students), with group-specific disease and transmission dynamics and initial vaccination cover- 177

age. In particular, our model contains additional compartments to capture the details of screening 178

and vaccination, when applied, as well as the characteristics of the faculty and student groups, and 179

has the following distinct features: 180

• We model that some individuals start the semester as fully vaccinated (i.e., with initial im- 181

munity). For the given daily vaccination rate, the subjects to be vaccinated are randomly 182

selected from the unvaccinated and susceptible population (i.e., the “uninfected,” “exposed,” 183

“asymptomatic,” and “recovered & unknown” compartments), and excludes those unvacci- 184

nated individuals whose infection is detected through routine screening (i.e., the “knowingly 185

immune” compartment, as explained below) for all strategies that involve routine screening. 186

However, due to imperfect compliance, not all available vaccines will be used on a given day, 187
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leading to waste. 188

• We consider a two-dose vaccine with 94.64% efficacy upon the full dose. The time to reach full 189

immunity is stochastic with a mean of 5.4 weeks from the day of the first dose (see S1 Appendix 190

for calculations), before which the subject has no immunity. Hence, vaccinated subjects can 191

be infected before reaching full immunity. This modeling necessitates additional compart- 192

ments for the vaccinated-but-not-yet-immune subjects, namely the “vaccinated-uninfected,” 193

“vaccinated-exposed,” and “vaccinated-asymptomatic” compartments. 194

• Each day, routine screening is offered to everyone eligible for screening on that day according 195

to the given screening frequency and the screening strategy utilized (i.e., partial or full screen- 196

ing). Due to imperfect compliance, however, not all selected subjects will undergo screening. 197

The test has imperfect sensitivity and specificity (Table 2); and our model contains additional 198

compartments to account for false-positives. 199

• A subject with a positive test result during routine screening can be either a “false-positive,” 200

or “asymptomatic & infected.” It takes 8 hours to receive the test result, and any subject with 201

a positive test result moves to isolation immediately upon receiving the test result, where no 202

transmission can occur (similar to a published study [34]). All false-positives are corrected 203

after being in isolation for one day (thus leave isolation), while both the “asymptomatic 204

& infected” and “symptomatic & infected” subjects have an isolation time with a mean 205

of 14 days, after which they move to the “knowingly immune” compartment, unless the 206

symptomatic subjects are hospitalized before. We assume sufficient isolation capacity and 207

perfect compliance for isolation. 208

• We differentiate between subjects that are knowingly vs unknowingly immune, via two new 209

compartments: The “knowingly immune” compartment is for those subjects who gained 210

immunity through either vaccination (at the outset or while on campus), a prior asymptomatic 211

infection that was verified by a positive routine test result (leading to isolation), or a prior 212

symptomatic infection (leading to isolation); and the “recovered & unknown” compartment is 213

for those subjects who gained immunity through a prior asymptomatic infection that was not 214

tested (hence not detected), i.e., these individuals became immune without their knowledge. 215

7
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As a result, the subjects in the “recovered & unknown” compartment cannot be differentiated 216

from “uninfected” individuals, and hence they might get vaccinated or tested. 217

Statistical Analysis 218

We implement the compartmental model in C++. The results are extracted to Microsoft Excel, 219

which is used to plot different curves for the purpose of visualizing the results. No statistical tests 220

are run, hence we do not report any statistical significance levels. 221

Results 222

Integrating Screening with Vaccination 223

In our hypothetical college campus of 5,000 students and 455 faculty members, 10 students and 224

one faculty member have undetected, asymptotic SARS-CoV-2 infections (0.2% of each group) at 225

the start of the semester. 226

We first discuss our results for the base-case scenario, considering 60% initial vaccination cov- 227

erage for both students and faculty, and 75% compliance for both on-campus vaccination and 228

screening. In this setting, vaccination alone (strategy V − S), at a rate of 60/day, results in 1, 200 229

infections (1,185 students, 15 faculty) and a daily peak of 5 hospitalizations, while full routine 230

screening alone (strategy V − SF ), with an 80% sensitive and 98% specific test, results in 1, 408 231

infections (1,392 students, 16 faculty) if conducted weekly, and 294 infections (292 students, 2 fac- 232

ulty) if conducted daily, compared to the no-intervention strategy (strategy V − S) that results in 233

1, 834 infections (1,802 students, 32 faculty) and a daily peak of 8 hospitalizations over the 80-day 234

semester in the base-case scenario. Augmenting the 60/day vaccination with routine screening of 235

the unvaccinated population (strategy V −SP ) every 1, 2, 3, 7, and 14 days results in 337, 513, 633, 236

880, and 1,024 infections, respectively, and 2 to 4 peak hospitalizations (Table 3). Including the 237

vaccinated-but-not-yet-immune population in routine screening (strategy V − SF ) further dimin- 238

ishes the number of infections (e.g., from 880 to 711 for weekly screening). When the vaccination 239

rate increases (reduces) to 120/day (30/day), vaccination alone results in 448 (1,561) infections, and 240

a peak of 1 (7) hospitalization(s) in the base-case. Augmenting the 30/day vaccination with routine 241

screening of the unvaccinated population (strategy V − SP ) every 1, 2, 3, 7, and 14 days results 242

in 484 to 1,399 infections, and 3 to 6 peak hospitalizations (Table 3). All strategies with 120/day 243

8
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vaccination, and most strategies with 60/day vaccination lead to zero fatality, but strategies with 244

30/day vaccination or no vaccination lead to 1-2 deaths (per our campus of 5,455), highlighting the 245

importance of vaccination in preventing deaths. 246

Table 3. Peak number, peak day, and number (students, faculty, overall) of infections, number
of deaths, and peak and total number of hospitalizations (students, faculty, overall) over the 80-
day semester for all strategies, implemented at various screening frequencies and vaccination rates,
under the base-case scenario, considering 75% compliance (η = α = 75%) and 60% initial campus-
wide immunity (Ls = Lf = 60%).

Infections Deaths Hospitalizations

Strategy Test Peak Peak Student Faculty Total Total Peak Student Faculty Total
Frequency number day number number number number number number number number

120 vaccines/day
every 14d 9 25 344 3 347 0 1 1 1 2
every 7d 7 25 278 3 281 0 1 1 1 2

V − SF every 3 d 4 23 169 2 171 0 1 0 1 1
every 2d 3 16 124 1 125 0 1 0 1 1
every 1d 2 16 65 0 65 0 1 0 1 1

every 14d 11 25 377 4 381 0 1 1 1 2
every 7d 10 25 333 3 336 0 1 1 1 2

V − SP every 3d 8 25 247 3 250 0 1 1 1 2
every 2d 7 25 205 2 207 0 1 0 1 1
every 1d 5 25 142 1 143 0 1 0 1 1

V − S N/A 12 25 444 4 448 0 1 1 1 2

60 vaccines/day
every 14d 11 30 914 10 924 1 4 5 3 8
every 7d 8 24 704 7 711 0 3 4 3 7

V − SF every 3 d 5 24 388 4 392 0 2 3 3 6
every 2d 3 23 267 2 269 0 2 2 3 5
every 1d 2 16 133 2 135 0 2 1 3 4

every 14d 12 30 1,012 12 1,024 1 4 6 3 9
every 7d 10 31 871 9 880 0 4 5 3 8

V − SP every 3d 7 31 627 6 633 0 3 3 3 6
every 2d 6 37 508 5 513 0 2 3 3 6
every 1d 5 46 334 3 337 0 2 2 3 5

V − S N/A 15 26 1,185 15 1,200 1 5 7 3 10

30 vaccines/day
every 14d 13 31 1,307 16 1,323 2 6 16 7 23
every 7d 10 31 1,067 11 1,708 2 5 13 7 20

V − SF every 3 d 5 24 630 5 635 2 3 8 7 15
every 2d 3 23 440 3 443 2 3 6 7 13
every 1d 2 16 222 2 224 1 2 4 7 11

every 14d 14 31 1,381 18 1,399 2 6 17 7 24
every 7d 11 31 1,224 13 1,237 2 5 14 7 21

V − SP every 3d 6 31 906 8 914 2 4 10 7 17
every 2d 5 37 729 6 735 1 4 8 7 15
every 1d 3 44 480 4 484 1 3 5 7 12

V − S N/A 17 30 1,538 23 1,561 2 7 19 8 27

No vaccination

V − S N/A 20 31 1,802 32 1,834 2 8 23 9 32

every 14d 15 31 1,622 22 1,644 2 7 20 8 28
every 7d 11 31 1,392 16 1,408 2 6 16 8 24

V − SF every 3d 6 31 857 8 865 2 4 10 7 17
every 2d 4 30 594 5 599 2 3 7 7 14
every 1d 2 23 292 2 294 1 2 4 7 11

247

Regarding compliance, at only 50% compliance for both vaccination and screening, 60 vac- 248

9
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cines/day & weekly screening of the unvaccinated population results in 1,226 infections and a peak 249

of 6 hospitalizations (see Table D in S1 Appendix). Increasing the screening (vaccination) com- 250

pliance to 95%, while keeping vaccination (screening) compliance at 50%, results in 1,051 (765) 251

infections and 5 (3) peak hospitalizations. Thus, increasing the vaccination compliance reduces the 252

number of infections and the peak number of hospitalizations more substantially than increasing 253

screening compliance, that is, compliance for vaccination and screening do not have symmetric 254

effects. 255

As expected, total and peak hospitalizations and the total number of infections may increase 256

(decrease) substantially when we consider the worst-case (best-case) scenario; for example, for 60 257

vaccines/day & 14-day full screening with compliance rates of 75%, the number of infections is 258

438, 924 and 1,429, and the peak number of hospitalizations is 2, 4 and 7 for the best-, base- and 259

worst-case scenarios, respectively, Table E and Fig B in S1 Appendix. 260

Fig 1 displays the peak number of hospitalizations versus the number of infections in the base- 261

case scenario, under 60% initial vaccination coverage and 75% screening and vaccination compliance; 262

such analyses can assist decision-makers in selecting an effective strategy based on what is feasible, 263

acceptable, and/or ideal for their college’s setting. 264

Fig 1. Peak number of hospitalizations versus total number of infections for an initial campus-
wide vaccination coverage of 60% (Ls = Lf = 60%) under 75% compliance (η = α = 75%) for the
base-case with full screening

10
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Impact of Initial Campus-wide Immunity on Strategy Effectiveness 265

The effectiveness of any strategy is impacted by initial vaccination coverage. For example, 266

at 60% initial vaccine coverage, 120 vaccines/day & no screening lowers the number of infections 267

compared to 60 vaccines/day & weekly screening (Fig 1), however, the opposite is true for 30% 268

initial vaccination coverage (Table C, Table B, Fig B and Fig C in S1 Appendix). 269

To understand how initial vaccine coverage affects the number of infections, consider, for exam- 270

ple, 60 vaccines/day & full weekly screening (strategy V −SF ), which results in 2,749, 711, and 13 271

infections, and 12, 3, and 0 peak hospitalizations in the base-case, for initial vaccination coverage 272

of 30%, 60%, 90%, respectively (Table 4). For low initial vaccination coverage of 30%, augmenting 273

the 60 vaccines/day with aggressive (daily and full) screening still leads to 487 infections over the 274

semester, representing 8.9% of the college’s population, compared to the no-intervention case with 275

3,512 infections. At 30% initial vaccination coverage, even more aggressive on-campus vaccination 276

(120 vaccines/day) and screening efforts continue to result in a high number of infections: 1,024 to 277

2,040 for daily partial screening; 275 to 895 with daily full screening; and 1,532 to 1,773 infections 278

with 2-day partial screening in the base- and worst-case scenarios, respectively considering repro- 279

duction numbers of 4.75 to 6.75. 280

281

Table 4. Total number of infections and peak number of hospitalizations for the 80-day semester
for some strategies, implemented at various screening frequencies and a vaccination rate of 60
vaccines/day, under the base-case scenario, considering 75% compliance (η = α = 75%) and initial
campus-wide immunity (Ls = Lf ) of 30%, 60%, 90%.

Ls : 30% , Lf : 30% Ls : 60% , Lf : 60% Ls : 90% , Lf : 90%

Strategy Test Total number Peak number of Total number Peak number of Total number Peak number of
Frequency of infections hospitalizations of infections hospitalizations of infections hospitalizations

60 vaccines/day
every 14d 3,014 13 924 4 15 0
every 7d 2,749 12 711 3 13 0

V − SF every 3 d 1,822 8 392 2 10 0
every 2d 1,185 5 269 2 8 0
every 1d 487 3 135 2 5 0

every 14d 3,075 14 1,024 4 15 0
every 7d 2,938 13 880 4 14 0

V − SP every 3d 2,536 10 633 3 12 0
every 2d 2,219 9 513 2 10 0
every 1d 1,603 6 337 2 7 0

V − S N/A 3,184 15 1200 5 17 0
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Discussion 282

Integrating routine screening with vaccination during various phases of a pandemic can play a 283

key role in managing the spread of the infection and mitigating the impact of the pandemic. 284

Results from the extended compartmental model in this study suggest that routine screening and 285

vaccination work synergistically to contain a SARS-CoV-2 outbreak and achieve a level of success 286

that neither strategy can achieve alone. However, to maximize the effectiveness, the strategy needs 287

to be customized for each setting, considering community and disease characteristics. 288

Vaccination is an effective and sustainable tool for fighting disease outbreaks [60], and reduces 289

infection transmission [15, 57] and the consequent hospitalization and death [18, 28, 31]. Although 290

it is of critical importance to deliver and administer the available vaccines in a swift manner, 291

vaccination efforts might be limited by resource scarcity [4, 41, 44], especially during the earlier 292

stages of a pandemic, as well as vaccine hesitancy due, for example, to lack of trust and confidence 293

in vaccines or health systems, or fear of side effects [9, 38, 42, 55]. Currently, 60% of the U.S. 294

population is fully vaccinated for COVID-19, with 71% of the population receiving at least one 295

dose of a two-dose vaccine [54], and only 17% receiving a booster shot [32], despite that vaccines 296

have been available for every adult in the U.S. since April 2021 [2], and for 12 and over since May 297

2021 [27]. Because the proportion of the fully vaccinated population is still below the 70% − 85% 298

threshold estimated to contain an infection [21, 25], and because vaccines do not provide immediate 299

protection against the infection [7] and vaccine-induced immunity wanes over time [20], it is critical 300

to understand how vaccination, screening, and isolation can be utilized in the containment of a 301

SARS-CoV-2 outbreak for a college campus, and whether such on-campus efforts can substitute 302

for low vaccination rates at the start of the semester. 303

Our results suggest that the effectiveness of any intervention strategy, relatedly the college’s 304

ability to offer a viable in-person teaching experience, depends heavily on initial vaccination cov- 305

erage. For the study population of 5,455 over an 80-day semester, with low initial vaccination 306

coverage (30% in our study), even aggressive on-campus vaccination and screening efforts with 307

moderate compliance (75%) result in a high number of infections: 1,024 to 2,040 for routine daily 308

screening of the unvaccinated population; 275 to 895 with extended screening to also cover the 309

newly vaccinated population; and 1,532 to 1,773 infections for every 2-day screening of the unvacci- 310
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nated population, in the base- and worst-case scenarios (see Table F in S1 Appendix), respectively 311

considering reproduction numbers of 4.75 and 6.75, representative of the COVID-19 Delta variant 312

[24]. These results suggest that aggressive on-campus interventions throughout the semester cannot 313

typically compensate for low initial vaccination rates, that is, when starting the semester with a 314

highly susceptible population, especially when the disease reproduction number is relatively high. 315

Further, with the emergence of the COVID-19 Omicron variant, it is likely that the reproduction 316

number will increase and/or the effective vaccine coverage will decrease if a booster shot is needed 317

to maximize vaccine efficacy. These findings underscore the importance of heavily promoting, even 318

mandating, full vaccination at the start of the semester. 319

Our study also highlights the need to customize on-campus vaccination and screening efforts 320

based on community and disease characteristics. For example, at a moderate initial vaccine coverage 321

of 60%, an integrated vaccination and screening strategy of 60 vaccines per day and 2-day screening 322

dominates both an aggressive vaccination-only (at 120 vaccines per day) strategy and an aggressive 323

screening-only (daily screening) strategy in terms of the number of infections. Of course, the 324

dominating strategy depends on initial vaccine coverage, and needs to be carefully chosen. Equally 325

important is the finding that integrating routine screening (both partial and full, at every 14 days or 326

less) with daily vaccination is beneficial at all vaccination rates and initial vaccine coverage levels, 327

and is associated with a lower number of infections and improved peak number of hospitalization 328

over an 80-day semester. This result suggests that even a mild regime of routine screening, followed 329

by immediate isolation of the positive cases, can complement vaccination and help mitigate the 330

spread of the disease and alleviate the burden on the hospital systems, especially in institutions 331

like college campuses, nursing homes, prisons, or military bases in which higher contact rates are 332

expected. 333

Another important policy question regarding the addition of routine screening to vaccination 334

is whether the vaccinated population should continue to be screened until they build immunity 335

against the infection. The findings in this study suggest that including the vaccinated population 336

in the screening pool can potentially decrease the total number of infections, although the degree of 337

these benefits varies with screening frequency as well as the daily number of vaccines administered. 338

Another policy decision related to an integrated intervention effort is the frequency of administering 339

each intervention. Although the daily vaccination rate is expected to be constrained by the number 340
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of available doses as well as the public’s willingness to be vaccinated, especially in the early stages 341

of vaccination efforts, screening resources are generally abundant, and their frequency may be set 342

considering the health return and feasibility of each strategy. The results of this study show that the 343

incremental benefit of more frequent screening diminishes as the daily vaccination rate increases. 344

Most colleges have established plans and guidelines for containing a campus-wide outbreak 345

of SARS-CoV-2. While many colleges mandate either vaccination, or medium to high frequency 346

screening if unvaccinated [30, 49], others require neither, even in regions with low vaccination rates. 347

These differences underscore the importance of an outcome-based analysis of different potential 348

interventions, such as the study conducted in this paper, to guide the decision-maker (e.g., college) 349

in the most appropriate strategy given their unique characteristics. Our findings imply that multiple 350

factors and constraints need to be included in assessing the best strategy and measures for fighting 351

disease outbreaks. These factors may include the daily or total number of infections a college is 352

willing to tolerate, the peak level of hospitalization that local hospitals can cope with, screening and 353

vaccination capacity that the campus is able to achieve, initial vaccine coverage on campus, and 354

the transmission severity scenario. It should also be considered that a partially-vaccinated campus 355

environment (i.e., without a vaccine mandate) could provide a false sense of security for the overall 356

student population, including those who are unvaccinated, and, as a result, infections may rise 357

quite rapidly during the academic semester. Our results also suggest that increasing vaccination 358

compliance has a more substantial effect in reducing the number of infections than increasing 359

routine screening compliance. This implies that compliance for vaccination and screening do not 360

have symmetric effects. 361

Finally, early studies indicate that existing COVID-19 vaccines, without a booster shot, may 362

have low efficacy for the emerging Omicron variant [12, 51]. Our findings indicate that a sufficiently 363

high level of initial immunity, through full vaccination (which may imply a booster shot), before 364

arriving on campus, is key to reducing the spread of a disease on a college campus. For low initial 365

vaccine coverage (e.g., 30% in our study), even aggressive on-campus vaccination and screening 366

efforts may not be sufficient to keep the spread under control. 367

Recently, several U.S. colleges have added the booster shot to their current mandate of full 368

vaccination for COVID-19, thus requiring all students and faculty/staff to take the booster shot 369

prior to the start of the Spring 2021/2022 semester, e.g., [5, 16], whereas others have delayed in- 370
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person teaching until a safe re-opening is feasible, e.g., [53]. Given the uncertain and dynamic 371

nature of the pandemic, our analysis indeed confirms that academic institutions need to remain 372

flexible, and adjust their plans as needed prior to the start of each academic semester, and take 373

immediate action based on the most recent guidelines and the current state of the pandemic. If done 374

right, an integrated routine screening and vaccination strategy can contain any potential disease 375

outbreak and maintain a safe environment for the local community. 376

Limitations 377

We use a compartmental model, which, by definition, is based on assumptions such as homogeneous 378

mixing, within and between, student and faculty compartments, and uniform contact, transmission, 379

hospitalization, and fatality rates for all individuals within a compartment. We also assume that 380

the vaccine-induced immunity follows a step function: zero immunity in the earlier stages after 381

vaccination, followed by full immunity after two doses (if the vaccine is effective for the individ- 382

ual), which takes a stochastic amount of time. We do not consider waning immunity or booster 383

shots. While we model noncompliance with on-campus screening and vaccination guidelines, we 384

assume that the population with symptoms or positive test results fully comply with isolation 385

recommendations. We do not consider other mitigation tools, such as mask wearing and contact 386

tracing. 387

While many parameters in our model are assumed deterministic, sensitivity analysis has been 388

conducted on key parameters, which shows that effective strategies are robust to a wide range of 389

parameter values. Therefore, we expect the qualitative results to continue to hold under stochastic- 390

ity in parameter values. Still it would be interesting to study our strategies by explicitly modeling 391

the stochasticity. 392

Finally, we consider only two groups (students and faculty), as this captures the main hetero- 393

geneity that is present on a college campus. However, more groups (compartments) can be added to 394

the model, but this comes at the expense of increased complexity and data requirements. It would 395

be interesting to develop a more detailed model through, for example, an agent-based simulation, 396

which is particularly useful for modeling this type of complexity [39]. 397
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Conclusions 398

Integrated routine screening and vaccination is effective for containing a SARS-CoV-2 outbreak 399

during an academic semester on a college campus, as long as initial vaccination coverage is suffi- 400

ciently high, depending on the reproduction rate of the disease. Vaccination and routine screening 401

work synergistically to achieve a level of success that neither strategy can achieve alone. How- 402

ever, the incremental benefit of integrated screening decreases as vaccination rate and/or initial 403

vaccination coverage increases. Further, to maximize efficacy, the intervention strategy needs to be 404

customized for the setting, considering community and disease characteristics, including the vaccine 405

coverage at the start of the semester, estimated screening and vaccination compliance rates, as well 406

as the threshold number of infections and the peak number of hospitalization a campus is willing 407

to tolerate. The model developed in this paper can be used to establish effective strategies for 408

containing disease outbreaks in high-density settings, including college campuses, nursing homes, 409

and military bases. 410
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