
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Adolescent Health 68 (2021) 28e34
www.jahonline.org
Original article
Evaluation of COVID-19 Testing Strategies for Repopulating
College and University Campuses: A Decision Tree Analysis
Amelia Van Pelt, M.P.H. a,b, Henry A. Glick, Ph.D. c, Wei Yang, Ph.D. a, David Rubin, M.D., M.S.C.E. b,
Michael Feldman, M.D., Ph.D. d, and Stephen E. Kimmel, M.D., M.S.C.E. a,*
aDepartment of Biostatistics, Epidemiology and Informatics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania
bChildren’s Hospital of Philadelphia, Philadelphia, Pennsylvania
cDivision of General Internal Medicine, Department of Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania
dDepartment of Pathology and Laboratory Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania

Article history: Received August 10, 2020; Accepted September 27, 2020
Keywords: COVID-19; College students; Testing; Decision analysis
See Related Editorial on p.1

A B S T R A C T
IMPLICATIONS AND
Purpose: The optimal approach to identify SARS-CoV-2 infection among college students returning
to campus is unknown. Recommendations vary from no testing to two tests per student. This
research determined the strategy that optimizes the number of true positives and negatives
detected and reverse transcription polymerase chain reaction (RT-PCR) tests needed.
Methods: A decision tree analysis evaluated five strategies: (1) classifying students with symptoms
as having COVID-19, (2) RT-PCR testing for symptomatic students, (3) RT-PCR testing for all stu-
dents, (4) RT-PCR testing for all students and retesting symptomatic students with a negative first
test, and (5) RT-PCR testing for all students and retesting all students with a negative first test. The
number of true positives, true negatives, RT-PCR tests, and RT-PCR tests per true positive (TTP) was
calculated.
Results: Strategy 5 detected the most true positives but also required the most tests. The per-
centage of correctly identified infections was 40.6%, 29.0%, 53.7%, 72.5%, and 86.9% for Strategies 1
e5, respectively. All RT-PCR strategies detected more true negatives than the symptom-only
strategy. Analysis of TTP demonstrated that the repeat RT-PCR strategies weakly dominated the
single RT-PCR strategy and that the thresholds for more intensive RT-PCR testing decreased as the
prevalence of infection increased.
Conclusion: Based on TTP, the single RT-PCR strategy is never preferred. If the cost of RT-PCR
testing is of concern, a staged approach involving initial testing of all returning students fol-
lowed by a repeat testing decision based on the measured prevalence of infection might be
considered.
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Testing all college stu-
dents on arrival to campus
and again 7 days later will
detect the greatest num-
ber of COVID-19 cases. A
single test could miss
almost half of all infected
students. At higher preva-
lence of infection, repeat
testing will detect more
true positives per test.
The COVID-19 pandemic disrupted higher education in the
U.S. [1]. Colleges and universities transitioned learning to virtual
instruction and required students to vacate campuses [2e5]. The
pandemic affected the education of approximately 26 million
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students and the operations of more than 4,200 higher education
institutions nationwide [6]. As COVID-19 transmission appeared
to be slowing and testing capacity was increasing, leadership of
many colleges and universities began developing plans to
resume in-person instruction for the fall semester. A critical
component of these plans should include the evaluation of po-
tential outcomes of repopulating a large congregate setting.

At present, there is no consensus on the most appropriate
approach for testing students for COVID-19 on repopulating
college campuses. Most institutions plan to implement cam-
paigns for basic preventive measures (e.g., face coverings, phys-
ical distancing, and handwashing), but proposed policies for
initial testing for COVID-19 vary. The Centers for Disease Control
and Prevention (CDC) does not recommend universal testing of
all individuals on entry to campus [7]. Some institutions simply
encourage, but do not require, students to undergo initial testing
on arrival to campus [8]. Others plan to distribute a screening
questionnaire to all students and require testing for at-risk and
symptomatic students [9]. The Higher Education Subcommittee
of the Reopen Connecticut Task Force recommends that colleges
and universities test students on arrival to campus and again 7e
14 days later to account for false negative results on the first test
[10].

To best inform the procedures for reopening college cam-
puses, data about disease and testing characteristics should
guide decision-making [11,12]. Greater rates of asymptomatic
disease in younger people [13e15] and low testing sensitivity
early in infection may limit testing strategies for coronavirus
infection. To the best of our knowledge, no decision analysis has
been conducted to systematically quantify the results of different
testing strategies. Thus, this research aimed to evaluate five
COVID-19 testing strategies to determine the optimal approach
for detecting infections as students repopulate college campuses.
Methods

Target population

This research was based on a target population of college
students. A reference of 20,000 students, based on the estimated
number of students returning to campus at the authors’ insti-
tution, was used to aid in the interpretation of the analyses.
Table 1
Parameters for decision tree analysis

Variable Estimate (range) Source Distributiona

COVID-19 prevalence .0045 (0e.1000) [19,20] Beta
Proportion of symptomatic

cases
.5679 (.2000e.8000) [21,24] Beta

Proportion of symptomatic
without COVID-19

.0957 (.0500e.2000) [22] Beta

Proportion of symptomatic
cases in pos-tincubation
periodb

.7143

RT-PCR sensitivity
Incubation period (Days 1

e4)
.0850 (�30%) [23] Beta

Post-incubation period
(Days 5e14)

.7173 (�30%) [23] Beta

RT-PCR specificity 1.0000 (.9897e1.0000) [23] Beta

RT-PCR ¼ reverse transcription polymerase chain reaction.
a Distribution used in second-order Monte Carlo analysis.
b Based on a median 5-day incubation period and a post-incubation period of

10 days.
Testing strategies

Five strategies for screening students for COVID-19 on arrival
to campus were developed, with each strategy building on the
previous approach. Each strategy represents an arm of the de-
cision tree used for the analyses.

Symptom-based screening only (Figure A1) relies on moni-
toring symptoms suggestive of COVID-19 (e.g., fever, cough, and
shortness of breath [16e18]), but no reverse transcription poly-
merase chain reaction (RT-PCR) testing occurs. The tree begins
with a pair of branches representing the presence and absence of
COVID-19. Individuals without disease can either not have or
have COVID-19-like symptoms. Those with disease can either
have asymptomatic disease or disease that will eventually
become symptomatic. Individuals in the latter group are in either
the incubation period (without symptoms) or the post-incuba-
tion period (with symptoms). Students who do not present with
symptoms suggestive of COVID-19 are considered uninfected,
whereas those who present with symptoms are considered to
have COVID-19.

For symptom-based RT-PCR testing (Figure A2), all students
are screened for COVID-19 symptoms, and those who are
symptomatic undergo RT-PCR testing. This tree begins with the
branches in Strategy 1, but students with symptoms receive RT-
PCR testing. In this and screening strategies 3e5, negative RT-
PCR tests can be either true or false negatives. Positive RT-PCR
tests can be either true or false positives.

In universal, single RT-PCR testing (Figure A3), all students
receive a single RT-PCR test. This tree begins with the branches in
Strategy 2, but students without symptoms also receive RT-PCR
testing.

In repeat RT-PCR testing based on symptoms (Figure A4), all
individuals undergo RT-PCR testing, and students with symp-
toms suggestive of COVID-19 (anytime from testing to a week
post-testing) with an initial negative result are retested with RT-
PCR 7 days later. This tree begins with the branches for Strategy
3, but individuals who had COVID-19 symptoms and a negative
first RT-PCR test receive a second RT-PCR test.

Finally, in universal, repeat RT-PCR testing (Figure A5), all
individuals are tested, and those with a negative test are retested
via RT-PCR 7 days later. This tree begins with the branches in
Strategy 4, but individuals without symptoms and a negative first
RT-PCR are also retested.
Baseline parameters

The seven parameters used in the primary analysis were
calculated based on the best available data from published
literature and national guidelines (e.g., CDC; Table 1). The base-
line prevalence of COVID-19 in the U.S. was calculated as .0045
based on the total number of active cases and population esti-
mates at the time of analysis (1,473,944 cases/329,517,756 peo-
ple) [19,20]. The proportion of symptomatic cases was estimated
as .5679 based on 159 symptomatics/280 cases in three repre-
sentative cohort samples (Iceland, Indiana, and Vo’) included in
Oran et al. [21]. To account for individuals presenting with
symptoms that mimic COVID-19 disease that would prompt
testing or positive diagnosis in the absence of testing, an estimate
of .0957 was used based on the prevalence of college students
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who develop influenza-like illness in November (the earliest
month with data available for the first semester) [22].

To account for the potential difference in the sensitivity of the
RT-PCR testing at different points of viral shedding and disease
progression, estimates were dichotomized based on the median
incubation period: .0850 for the incubation period and .7173 for
the post-incubation period. These estimates were made by
averaging the daily sensitivity values derivable from a study by
Kucirka et al. for Days 1e4 (incubation period) and for Days 5e14
(post-incubation period) [23]. Whenweighted by the proportion
of cases in the incubation period (4/14 days) and post-incubation
period (10/14 days), the combined sensitivity of a single RT-PCR
test performed any time during illness was estimated as 53.7%
(28.57% of days with a sensitivity of 8.5% and 71.43% of days with
a sensitivity of 71.73%). The sensitivity of symptom-based
screening was estimated as 40.57% (56.79% of students ever
symptomatic times 71.73% in the post-incubation period). The
specificity of the RT-PCR testing was estimated as 1.00 based on
that reported by Kucirka [23].

The study used only published literature and was thus not
submitted for review by an institutional review board. This
research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.
Outcome measures

Outcomes included true positives (i.e., correctly identified
infections) and true negatives (i.e., correctly identified as unin-
fected) detected, RT-PCR tests needed, and the number of RT-PCR
tests per true positive (TTP) case detected.

Little information about willingness to trade off RT-PCR tests
versus true positives and true negatives is available. In addition,
given it is unlikely that true positives and true negatives are
valued equally, it is unclear how one should construct a com-
posite of these two outcomes. Both of these issues pose problems
for making recommendations for trading off tests and disease
classifications. There are, however, two sets of relationships
among the five strategies that allow the use of TTP to rank order
most of the strategies in terms of preference.

First, Strategies 3e5 have the same specificity, and thus, the
TTP ranges where each strategy is preferred would be unaffected
by the inclusion of true negatives. In addition, these strategies
have higher sensitivities and specificity (at least 53.7% and 100%)
compared with Strategy 1 (40.47% and 90.43%). They will
therefore yield more true positives and true negatives but will
require more RT-PCR tests than Strategy 1 (i.e., none). Thus, the
TTP threshold between preference for Strategy 1 and the lowest
ranked RT-PCR strategy would represent an upper bound for
preferring symptom-based screening only. That is, because
Strategy 1 always has more false positives than Strategies 3e5,
the threshold for TTP would overestimate Strategy 1’s value.

Second, Strategies 2e5 will result in identical numbers of true
negatives. Thus, in comparing Strategy 2 with Strategies 3e5, the
same logic that was used to justify the lack of effect of true
negatives on the ranges where Strategies 3e5 are preferred ex-
tends to the ranges where Strategies 2e5 are preferred.
Statistical analysis

A decision tree model was used to quantify the study out-
comes. All analyses were based on estimates from students’
initial arrival on campus (Day 0) and the assumption that all
repeat testing occur within 7 days of the first test.

To rank the strategies and derive ranges of TTPs where the
different strategies are preferred, the analysis followed the
standard algorithm used in cost-effectiveness analysis
(Supplementary Data) [24]. The ranges of TTP were defined for
four probabilities of COVID-19 (.4473% [baseline assumption], 1%,
5%, and 10%) and for two sets of sensitivity for RT-PCR (one with
the baseline weighted average of 53.7% and one with a weighted
average of 70%). Recommendations from the comparison of
Strategies 1, 3, 4, and 5 and of Strategies 2e5 were combined to
define ranges of TTPs that can be compared with one’s own
“willingness” (i.e., testing capability, including personnel needs,
testing kits and reagent availability, and cost) to test to detect a
true positive.

To account for variability in the estimates, we performed five
deterministic sensitivity analyses in which we varied the (1)
prevalence of infection from 0% to 10%, (2) proportion of symp-
tomatic cases from 20% to 80% (obtained from CDC estimates and
widened to adjust for the higher prevalence of asymptomatic
infection in the younger target population) [25], (3) sensitivities
of RT-PCR during the incubation and post-incubation periods by
�30%, (4) specificity of RT-PCR from .9897 to 1.0 (obtained from a
study by Kucirka et al. [23] and Wilson confidence limits for an
estimated specificity of 1.0), and (5) proportion of individuals
with symptoms not due to COVID-19 from 5% to 20%. To account
for sampling uncertainty related to the estimates, we performed
second-order Monte Carlo simulation. The probability of COVID-
19, the RT-PCR sensitivities and specificity, the probability of
eventually symptomatic COVID-19, and the probability of COVID-
like symptoms were all represented by beta distributions with
real-numbered parameters.

TreeAge Pro Version 2019, R1.1 (TreeAge Software, Wil-
liamstown, MA) was used to construct the decision trees and to
complete all statistical analyses.

Results

True positives and negatives by strategy

Table 2 provides the results for each of the five testing stra-
tegies under the baseline assumption of .4473% infection. It also
reports sampling uncertainty derived from the second-order
Monte Carlo simulation (incremental analysis reported in
Tables A1e3). Universal, repeat RT-PCR testing identified the
greatest number and proportion of true positives (mean: .0039,
95% confidence interval [CI]: .0037%e.0040%, 86.90% of cases
detected), followed by repeat RT-PCR testing based on symptoms
(mean: .0032, 95% CI: .0034%e.0037%, 72.54% detected).
Symptom-based RT-PCR testing (mean: .0013, 95% CI: .0012%e
.0014%, 29.09% detected) identified the lowest proportion of true
positives. Based on an estimate of 89 (20,000 � .004473) stu-
dents with COVID-19, the total numbers of students identified by
Strategies 1e5 were 36, 26, 48, 65, and 78, respectively. In other
words, the total number of students with COVID-19 missed (i.e.,
false negatives) by the strategies were 53 (89e36), 62, 21, 24, and
11, respectively.

Strategies 2e5 detected a greater proportion of true negatives
(mean: .9955 out of .9955, or 100%, with varying 95% CIs; Table 2)
than symptom-based screening only (mean: .9002 out of .9955,
or 90.43%, 95% CI: .889e.9101; Table 2). Based on an estimate of
19,911 students without COVID-19, Strategy 1 mistakenly



Table 2
Number of true positives, true negatives, and number of RT-PCR per student for each strategy and estimates for a student population of 20,000

Strategy Mean 95% CI Percentage detected Total studentsa (out of 89)

True positives (Out of .004473)
Symptom-based screening only .0018 .0016e.0020 40.56 36
Symptom-based RT-PCR testing .0013 .0012e.0014 29.09 26
Universal, Single RT-PCR testing .0024 .0023e.0025 53.66 48
Repeat RT-PCR testing based on symptoms .0032 .0031e.0034 72.54 65
Universal, Repeat RT-PCR testing .0039 .0037e.0040 86.90 78

True negatives (Out of .995527) Percentage mistaken diagnosis of well students (out of 19,911)

Symptom-based screening only .9002 .8899e.9101 9.56 18,005
Symptom-based RT-PCR testing .9955 .9945e.9955 0 19,911
Universal, Single RT-PCR testing .9955 .9850e.9935 0 19,911
Repeat RT-PCR testing based on symptoms .9955 .9842e.9955 0 19,911
Universal, repeat RT-PCR testing .9955 .9747e.9955 0 19,911

Number of RT-PCR tests/student Total testsb

Symptom-based screening only .0000 .0000e.0000 0 –

Symptom-based RT-PCR testing .0971 .0872e.1074 1,942 –

Universal, Single RT-PCR testing 1.0000 1.0000e1.0000 20,000 –

Repeat RT-PCR testing based on symptoms 1.0965 1.0864e1.1068 21,930 –

Universal, repeat RT-PCR testing 1.9976 1.9871e1.9977 39,952 –

CI ¼ confidence interval; RT-PCR ¼ reverse transcription polymerase chain reaction.
a Rounded to nearest integer.
b Number per 20,000 students.
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identified 1,906 uninfected students as infected (i.e., false posi-
tives), whereas the other strategies yielded no false positives.
Number of RT-PCR tests

Strategy 1 relies on symptom-based screening only, so no RT-
PCR tests were needed. For a population of 20,000 students,
1,942; 20,000; 21,930; and 39,952 tests were required for Stra-
tegies 2e5, respectively (Table 2).
RT-PCR TTP detected

Figure 1 reports the results of the incremental TTP analyses.
For a probability of COVID-19 of .4473%, if an institution is un-
willing or unable to perform 514 RT-PCRs per true positive
detected, and if Strategy 1’s additional true positives and fewer
tests are more important than its false positives, then it is
preferred to Strategy 2. If, instead, Strategy 2’s additional true
negatives are more important than its additional false negatives
and number of tests, then it is preferred. If an institution is
willing and able to perform between 514 and 767 TTP, and if
Strategy 1’s fewer tests are more important than its additional
false positives and negatives, then it is preferred to Strategy 4. If,
instead, Strategy 4’s additional true positives and negatives are
more important than its additional number of tests, then it is
preferred.

If an institution is willing to perform between 766 and 1,403
TTP, then repeat RT-PCR testing based on symptoms is preferred.
Finally, if an institution is willing to perform at least 1,403 TTP,
then universal, repeat RT-PCR testing was preferred. Universal,
single RT-PCR testing is never recommended because it is weakly
dominated by both repeat RT-PCR testing strategies (i.e., fewer
true positives and a larger TTP than the higher ranked strategies).
Sensitivity analyses

As the probability of COVID-19 increased, the number of true
positives for each of the five strategies linearly increased
(Figure 2A), whereas the number of true negatives linearly
decreased (Figure 2B). Increasing the probability of disease had
minimal effects on the number of RT-PCR tests needed
(Figure 2C).

Increasing the sensitivity of the RT-PCR test resulted in
greater numbers of true positives identified for Strategies 2e5
(Figure 3A). Reducing the specificity of the RT-PCR test yielded
fewer numbers of true negatives (more false positives) detected
by Strategies 2e5 (Figure 3B). Increasing the probability of
eventually symptomatic COVID-19 resulted in greater numbers
of true positives for the symptom-based strategies (Strategies 1,
2, and 4) but did not affect Strategy 3 or Strategy 5 (Figure 3C).

Increasing the probability of COVID-like symptoms in those
without infection reduced the number of true negatives for
Strategy 1 and increased the number of RT-PCR tests needed for
Strategies 2 and 4 (Figure A6).

With regard to TTP thresholds, as the prevalence of infection
increased, the TTP thresholds formoving fromone strategy to the
next, more test intensive strategy decreased (Figure 1). For
example, at probabilities of disease of .05 and .10, it is harder to
justify substituting one of the less effective strategies for the
universal, repeat RT-PCR testing strategy. When the composite
test sensitivity was assumed to be 70%, the range for which
Strategy 4 was preferred grew in magnitude, with a lower
threshold for moving from Strategy 1 or 2 to Strategy 4 and a
higher threshold for moving from Strategy 4 to 5 (Figure A7). At
this higher sensitivity of RT-PCR, the single RT-PCR strategy was
still never preferred.
Discussion

To the best of our knowledge, this is the first study that used a
formal decision tree analysis to evaluate the true positives and



Figure 1. Ranges of acceptable tests per true positive (TTP) identified from cost-
effectiveness for five RT-PCR based strategies. Columns represent values of TTP
for which the different screening strategies are preferred for probabilities of
COVID-19 of .4473%, 1%, 5%, and 10%. Red narrower cross hatch represents the
TTP for which (Strategy 2) symptom-based testing or (Strategy 1) symptom-
based screening is preferred; green narrower diagonal represents the TTP for
which (Strategy 1) symptom-based screening or (Strategy 4) retesting students
with negative tests and symptoms is preferred; blue wider cross hatch repre-
sents (Strategy 4) retesting students with negative tests and symptoms is
preferred; and magenta wider diagonal represents (Strategy 5) retesting all
students with negative tests is preferred. Strategy 3 is never preferred because of
weak dominance. RT-PCR, reverse transcription polymerase chain reaction.
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negatives and the number of RT-PCR tests needed for a
comprehensive range of COVID-19 testing strategies for repo-
pulating a university campus. No strategy detected all infected
students. The strategy that relied solely on symptoms without
RT-PCR testing identified more cases (40.56%) and used fewer
tests (0) than the strategy that relied on using symptoms to
identify students for RT-PCR testing (29.09%). However, it also
resulted in 9.53% false positive students identified. Strategy 5,
which retested all individuals with a negative first RT-PCR test,
identified the most true positives (and was equal to the other RT-
PCR strategies with regard to 100% true negatives), but it
required the greatest number of tests and still failed to detect
13.1% of cases. CDC guidelines, which align with Strategy 2
Figure 2. Sensitivity analysis for primary outcomes with varying probabilities of C
positives; (B) Number of true negatives; (C) Number of RT-PCR tests. For A and C, g
represents Strategy 2: symptom-based RT-PCR testing (Symp). Purple line represents
repeat RT-PCR based on symptoms (Re1). Pink line is Strategy 5: universal repeat RT
represents Strategies 2e5. RT-PCR, reverse transcription polymerase chain reaction.
included in this analysis, would lead to an estimated 71% of in-
fections missed. Varying the RT-PCR sensitivity and specificity
and the proportion of symptomatic cases did not substantially
impact the comparisons among strategies.

Based on the analysis of TTP, there is no value of willingness to
trade off RT-PCR tests for true positive students detected for
which Strategy 3 (universal, single RT-PCR testing) was preferred.
There is at least one (lowest) TTP rangewhere either Strategy 1or
2 was preferred, and there may be ranges where each strategy is
preferred. Determining which of these two strategies is preferred
requires consideration of trade-offs between all three outcomes,
true positives, true negatives, and RT-PCR tests needed. Strate-
gies 4 and 5 each have TTP ranges in which they are preferred.

To the extent that Strategies 1, 2, or both are preferred, it is for
low values of TTP. For Strategy 5 to be preferred, the acceptable
TTP must fall into the highest range. At low probabilities of
COVID-19, this range begins at approximately 1,400 TTP, whereas
at a 5% probability, it begins at approximately 121 TTP. Changing
the weighted sensitivity of RT-PCR increased the threshold for
which Strategy 5 is favored over Strategy 4 but did not have a
major impact on the TTP ranges.

The number of RT-PCR tests needed per identified case is a
useful metric to rank order strategies and to aid institutions in
their decision-making on testing strategies for returning stu-
dents. Choosing between screening strategies depends on a
willingness to “pay,” which relates to ability and resources for
testing to detect true positive students. For example, if RT-PCR
testing costs $100 per test on average (personal communica-
tion, Michael Feldman, MD) and the baseline prevalence of
infection is 1%, an institution with 20,000 students that adopts
the universal, repeat RT-PCR testing strategywith its TTP of 624.7
(Supplementary Data, last page) would have to be willing to pay
at least $62,470 ($100 � 624.7) for each case identified. Its total
cost would be $3,989,200 ($100 � 39,892 testsddata not
shown), and the strategy would miss about 26 of the 200 cases of
infection (200 infected � .131 missed).

In contrast, if the institution adopts repeat RT-PCR testing
based on symptoms, with its potential TTP of 343.2
(Supplementary Data, last page), it would have to be willing to
pay at least $34,320 for each case identified at a total cost of
$2,194,800 ($100 � 21,947.9 testsddata not shown). This is
$1,794,400 less than the universal repeat testing strategy and
OVID-19. Results among a population of 20,000 students. (A) Number of true
reen line represents Strategy 1: symptom-based screening only (NoS). Red line
Strategy 3: universal, single RT-PCR testing (All). Blue line represents Strategy 4:
-PCR testing (Re2). For B, green line represents Strategy 1, whereas mixed line



Figure 3. Sensitivity analysis for primary outcomes with varying RT-PCR sensitivity and specificity and for proportion of (eventually) symptomatic COVID-19 cases. (A)
Number of true positives with varying sensitivity; (B) Number of true negatives with varying specificity; (C) Number of true positives with varying proportions of
eventually symptomatic disease. Green line represents Strategy 1: symptom-based screening only. Red line represents Strategy 2: symptom-based RT-PCR testing.
Purple line represents Strategy 3: universal, single RT-PCR testing. Blue line represents Strategy 4: repeat RT-PCR based on symptoms. Pink line represents Strategy 5:
universal repeat RT-PCR testing. RT-PCR, reverse transcription polymerase chain reaction.
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would miss approximately 55 (200 � .275) infected students. If
the prevalence is higher than 1%, then institutions should favor
more repeat RT-PCR testing.

This decision analysis had several limitations. Data on the
prevalence of disease in the target population age rangewere not
available, so estimates were based on the general population in
the U.S. In addition, the dichotomization of the incubation period
(4 days) and post-incubation period (10 days) was calculated
from estimates for the median incubation period and average
duration of disease, which could alter the sensitivity of RT-PCR
testing. We addressed these potential limitations in two ways.
First, the parameter estimates were calculated based on the best
data available at the time. Second, we performed extensive
sensitivity analyses to estimate how varying the parameters
affected our estimates. Although some estimates for RT-PCR
sensitivity are higher than our baseline estimate, they are typi-
cally from studies of symptomatic/post-incubation cases, thus
overestimating the sensitivity of the test when it is applied to the
general population [23]. Nonetheless, using estimates of test
sensitivity substantially higher than our baseline had minimal
effects on the results, particularly the TTP analyses. Third, we
focused on maximizing the identification of infected students on
arrival to college campuses. Analyses of the effects of testing
strategies throughout the semester are beyond the scope of this
study. However, the number of initially undetected cases can
influence the subsequent dynamics of transmission.

The underlying probability of disease among returning stu-
dents may alter administrators’ use of these findings. If the
probability is low, they may want to adopt Strategy 1 or 2. If it is
high, they may want to implement Strategy 4 or 5. Of course,
knowledge of the actual prevalence of disease in returning stu-
dents to any particular institution is unlikely to be known with
accuracy. One solution may involve the adoption of a phased
approach. First, determine if sufficient resources are available to
perform RT-PCR testing on all students on return to campus. If
they are not available, then, depending on one’s weighting of
true positives and negatives as well as testing “costs,” adopt
either symptom-based only screening or symptom-based
testing. Even for a symptom-based only screening, students
with symptoms may end up receiving diagnostic RT-PCR tests.
However, institutions should be aware that while reducing false
positives, these extra tests will lead to more false negatives and
therefore reduce the number of actual infections identified.
Second, if RT-PCR testing is to be performed on all students, test
them and calculate a more accurate prevalence of disease. Third,
based on the revised estimate and available resources, decide
whether to withhold repeat testing, retest those with symptoms
and a negative first test, or retest all with a negative first test.
While withholding repeat testing is weakly dominated by stra-
tegies that perform repeat testing, at a very low disease preva-
lence, rejecting a more intensive testing strategy may be
necessary because of unavailable resources for retesting.

In summary, strategies that include RT-PCR testing will
identify more COVID-19 cases than symptom-based screening,
but all approaches will fail to detect a proportion of infected
students. A two-test strategy is superior in identifying infections
but will cost more. If RT-PCR testing is to be performed, a staged
approach involving initial testing of all returning students fol-
lowed by a retesting decision based on the revised prevalence of
infection might be considered in the setting of limited testing
capacity.
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