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between humans and nonliving surfaces. Mathematical modeling
can be made more complex by adding more parameters, but
caution is necessary to ensure that these studies are well designed
and that these parameters use readily available, scientifically
collected data. Once we obtain more data on the duration of
COVID-19 living on nonliving surfaces, we can build more
complex models with more parameters.
Acknowledgments. We thank the journal’s Editor-in-Chief, Associate Editor
(Handling), and the Statistical Consultant for their constructive comments.
Financial support. No financial support was provided relevant to this article.
Conflicts of interest. All authors report no conflicts of interest relevant to this
article.
Authors contributions. Both the authors contributed in writing. ASRS Rao
designed the study, developed the methods, collected data, performed analysis,
computing, wrote the first draft. SG Krantz designed the study, contributed in
writing, performed analysis, editing the draft.

References
1. WHO situational report-49. World Health Organization website. https://
www.who.int/docs/default-source/coronaviruse/situation-reports/20200309sitrep-49-covid-19.pdf?sfvrsn=70dabe61_4. Published 2020. Accessed on
March 9, 2020.

859
2. Coronavirus. Worldometer website. https://www.worldometers.info/
coronavirus/#countries Published 2020. Accessed on March 11, 2020.
3. Rao ASRS, Vazquez JA. Identification of COVID-19 can be quicker through
artificial intelligence framework using a mobile phone-based survey in the
populations when cities and towns are under quarantine. Infect Control
Hosp Epidemiol 2020 [Epub ahead of print]. doi:10.1017/ice.2020.61
4. Wu JT, Leung K, Leung GM. Nowcasting and forecasting the potential
domestic and international spread of the 2019-nCoV outbreak originating
in Wuhan, China: a modelling study. Lancet 2020;395:689–697.
5. Krantz SG, Polyakov PG, Rao ASRS. True epidemic growth construction
through harmonic analysis. J Theoret Biol 2020;494:110243. doi:10.1016/j.
jtbi.2020.110243.
6. Rao ASRS. Understanding theoretically the impact of reporting of disease
cases in epidemiology. J Theoret Biol 2012;302:89–95.
7. Atkins Katherine E, Wenzel Natasha S, Ndeffo-Mbah Martial, et al.
Underreporting and case fatality estimates for emerging epidemics. BMJ
2015;350:h1115.
8. Gamado KM, Streftaris G, Zachary S. Modelling underreporting in
epidemics. J Math Biol 2014;69:737–765.
9. Krantz SG. A Panorama of Harmonic Analysis. The Carus Mathematical
Monographs, No. 27. Washington, DC: Mathematical Association of
America; 1999.
10. The World Bank Open Data website. https://data.worldbank.org/. Accessed
March 11, 2020.

Utility of retesting for diagnosis of SARS-CoV-2/COVID-19 in
hospitalized patients: Impact of the interval between tests
Michelle E. Doll MD, MPH

, Rachel Pryor RN, MPH, Dorothy Mackey BFA, Christopher D. Doern PhD,

Alexandra Bryson PhD, Pamela Bailey DO, Kaila Cooper RN, MSN, CIC, Emily Godbout DO, MPH,
Michael P. Stevens MD, MPH and Gonzalo Bearman MD, MPH
Virginia Commonwealth University, Richmond, Virginia

Molecular testing of nasopharyngeal specimens for SARS-CoV-2
are highly specific and sensitive.1,2 However, SARS-CoV-2 viral
shedding within the respiratory specimens of individual patients
may not be dependable or consistent throughout the course of
illness.2-5 The range of clinical presentations of COVID-19 present
a diagnostic dilemma; reports of false positives6 add to uncertainty.
Retesting of patients is increasingly requested in the setting of
ongoing concern for COVID-19 after an initial negative test.
Which patients should be prioritized for retesting and at what time
interval are currently unclear.
Methods
All patients admitted to a tertiary medical center with clinical concern for COVID-19 were referred to a team of infectious disease
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physicians for case review and testing approval. Retesting requests
were largely driven by primary team concerns for false-negative
initial test results. To avoid patients going off and back on isolation,
an early interval retesting protocol was developed in which patients
were held on isolation and retested 24 hours after the first result if
they were categorized with high probability for COVID-19.
Infectious disease physicians designated each patient with high
or low probability based on the following clinical criteria consistent
with reported literature7: (1) exposure to SARS-CoV-2; (2) symptoms of COVID-19, including hypoxia, respiratory or gastrointestinal symptoms, or fever; (3) leukopenia; (4) chest imaging; (5) lack
of other explanatory diagnosis. Patients labeled with high probability who tested negative were held on isolation another 24 hours
for retesting. Longer-interval retesting outside this protocol continued concurrently; providers could request retesting any time
during the hospitalization. If approval was granted, these patients
were reisolated for possible COVID-19 pending the repeat testing.
Nasopharyngeal specimens were collected by nurses who had
received online training in specimen collection. On March 26,
2020, a patient tested negative on admission to our institution,
but subsequently a previously collected outpatient test was positive.
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Fig. 1. Timing of repeat testing and result change. Initially
negative results were repeated for 70 patients. Concordant
tests indicate patient remained negative on the second test.
One patient had discordant results on repeat testing, becoming positive for SARS-CoV-2. All tests were performed using
reverse-transcriptase polymerase chain reaction (RT-PCR)
testing on nasopharyngeal swab upper respiratory
specimens.

The resulting concerns about proper specimen collection were
addressed by requiring nurses to do in-person retraining in
a “train-the-trainer” model. Testing was performed using an
in-house RT-PCR test developed from the Centers for Disease
Control and Prevention (CDC) primers.
Results
Overall, 70 inpatients with initially negative SARS-CoV-2 testing
underwent repeat testing for ongoing clinical concerns between
March 2 and April 4, 2020. One patient converted to a positive test;
the interval between tests for this individual was 6 days. All other
patients remained negative on repeat testing.
Early interval retesting of patients with a high pretest probability for SARS-CoV-2 as part of a formal protocol was performed
from March 31, 2020, through April 7, 2020. During this period,
38 patients were deemed “high probability” by infectious diseases
physicians using the standard criteria. Of the 38 patients with high
pretest probability for COVID-19, 19 tested positive and 19 tested
negative. The 19 “high probability” but negative RT-PCR patients
were then re-tested within 24 hours and all remained negative. This
protocol was abandoned after April 7, 2020, given a lack of
observed clinical utility.
Overall, repeat testing was performed within 24 hours for 28 of
70 patients with no discordant results observed. Intervals between
testing and result outcomes are shown in Figure 1. The patient who
tested positive 6 days after a negative result was deemed “low probability” when re-evaluated for that repeat test.

of known exposures to SARS-CoV-2 who initially tested negative.
Interval computed tomography (CT) scans over the next 1–2 days
revealed findings concerning for viral pneumonia. Patients were
retested, and the results were positive at an interval of 1–3 days.6
In a larger cohort, 258 patients were retested, and 15 converted
from initially negative to positive results.5 The mean interval
between these tests was 5.1 days (SD, 1.5 days; range, 4–8 days).5
Differences in testing platforms and specimen types should be
taken into consideration; the CDC recommends nasopharyngeal
samples as the preferred specimen type.8 Experience with repeat
testing using samples obtained by nasopharyngeal sampling is
lacking at present.
Our data suggest that short-interval testing is low yield.
Assuming that specimen collection is appropriate, the presence
or absence of virus in the nasopharynx or other sites is not expected
to change dramatically within 24 hours. Our patient with discordant results in the course of symptomatic illness had testing performed at an interval of 6 days, suggesting that changes in viral
shedding may have occurred over that time period.
Overall, our experience inspires confidence in the accuracy of
the test. However, false negatives can occur for a variety of reasons.
A better understanding of host factors associated with false negatives and/or decreased viral shedding while symptomatic is
urgently needed to inform testing, retesting, and patient isolation
protocols. Testing strategies incorporating samples from multiple
sites, or other combinations of multiple test types,9 may become
standard practice as validation continues. In the meantime,
COVID-19 diagnostic uncertainty remains problematic for infection control and occupational health efforts.

Discussion
Decisions to isolate and test inpatients for COVID-19 are balanced
between concerns for overtesting or overuse of scarce PPE and
undertesting with cross-transmission risks. Provider distrust of test
results further complicates testing considerations.
Reports of serial patient testing indicate that the quantity of
virus is highest in the first week after symptom onset, with a potential to decrease as patients recover.3,4 However, cases of high probability symptomatic patients with false-negative testing early in the
course of illness have been reported.5,6 For example, Xu et al5
reported 3 patients presenting with respiratory illness in the setting
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