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Background. Patterns of shedding replication-competent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
severe or critical COVID-19 are not well characterized. We investigated the duration of replication-competent SARS-CoV-2
shedding in upper and lower airway specimens from patients with severe or critical coronavirus disease 2019 (COVID-19).

Methods. We enrolled patients with active or recent severe or critical COVID-19 who were admitted to a tertiary care hospital
intensive care unit (ICU) or long-term acute care hospital (LTACH) because of COVID-19. Respiratory specimens were collected at
predefined intervals and tested for SARS-CoV-2 using viral culture and reverse transcription–quantitative polymerase chain
reaction (RT-qPCR). Clinical and epidemiologic metadata were reviewed.

Results. We collected 529 respiratory specimens from 78 patients. Replication-competent virus was detected in 4 of 11 (36.3%)
immunocompromised patients up to 45 days after symptom onset and in 1 of 67 (1.5%) immunocompetent patients 10 days after
symptom onset (P= .001). All culture-positive patients were in the ICU cohort and had persistent or recurrent symptoms of
COVID-19. Median time from symptom onset to first specimen collection was 15 days (range, 6–45) for ICU patients and 58.5
days (range, 34–139) for LTACH patients. SARS-CoV-2 RNA was detected in 40 of 50 (80%) ICU patients and 7 of 28 (25%)
LTACH patients.

Conclusions. Immunocompromise and persistent or recurrent symptoms were associated with shedding of replication-
competent SARS-CoV-2, supporting the need for improving respiratory symptoms in addition to time as criteria for
discontinuation of transmission-based precautions. Our results suggest that the period of potential infectiousness among
immunocompetent patients with severe or critical COVID-19 may be similar to that reported for patients with milder disease.
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Shedding of replication-competent virus is a key determinant
of risk of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) transmission [1–3]. Respiratory isolation pre-
cautions are recommended while patients are shedding
replication-competent virus, but the duration of shedding in
patients with severe or critical coronavirus disease 2019
(COVID-19) [4] is not well characterized [1, 5, 6]. Based on
limited data, the Centers for Disease Control and Prevention
(CDC) recommend that patients with severe or critical

COVID-19 remain in respiratory isolation for 20 days after
symptom onset [1]. Patients with COVID-19 with mild or
moderate disease have been found to shed replication-
competent virus for a shorter period, and respiratory isolation
is recommended for a minimum of 10 days [1].
Survivors of the acute phase of severe or critical COVID-19

who are initially treated in a short-term acute care hospital in-
tensive care unit (ICU) may require continued care at a long-
term acute care hospital (LTACH). These healthcare facilities
are designed to treat patients who require long-term respirato-
ry support and ventilator weans [7, 8].Maintaining LTACHpa-
tients on respiratory isolation precautions may interfere with
rehabilitation activities that occur in common areas, such as
physical therapy suites. It is therefore important to have accu-
rate estimates of the length of time that patients with
COVID-19 with severe or critical illness shed replication-
competent virus in order to ensure that they receive optimal
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treatment while protecting other patients and healthcare per-
sonnel from potential exposure.

Our study has 3 aims: (1) to determine the length of time that
replication-competent SARS-CoV-2 can be isolated in culture
from upper and lower respiratory tract specimens of patients
with severe or critical COVID-19, (2) to determine whether
replication-competent virus is shed longer in the lower versus
the upper respiratory tract, and (3) to assess risk factors for
shedding of replication-competent virus.

METHODS

Population and Settings

We conducted the study at Rush University Medical Center, a
664-bed tertiary care academic hospital in Chicago, Illinois,
and 2 LTACHs: RML Specialty Hospital in Chicago (87 beds)
and Hinsdale (115 beds), Illinois. Patient inclusion criteria in-
cluded the following: (1) age 18 years or older, (2) positive re-
sult for SARS-CoV-2 by a nucleic acid amplification test, and
(3) severe or critical COVID-19 [4], defined as admission to
an ICU and requiring high-flow oxygen therapy, noninvasive
positive-pressure ventilation, mechanical ventilation, or extra-
corporeal membrane oxygenation (ECMO) at some point dur-
ing treatment of COVID-19. If no specimens were collected
from an enrolled patient, the patient was excluded from analy-
sis. We enrolled patients from 11 August 2020 to 4 February
2021 when variants containing the D614G mutation in the
spike protein gene were predominant in our region and before
variants of concern were detected [9, 10]. We collected infor-
mation including the following: demographics, date of symp-
tom onset, hospital admission date, ICU admission date,
highest mode of oxygen supplementation and respiratory sup-
port, chest imaging, disease severity according to the National
Institutes of Health (NIH) criteria [4], results of SARS-CoV-2
reverse transcription–quantitative polymerase chain reaction
(RT-qPCR) clinical diagnostic testing, comorbidities including
immunocompromising conditions [11], receipt of antiviral or
immunomodulating therapy, and clinical outcomes. Clinical
and epidemiologic metadata were obtained through patient
or family interview, electronic medical record review, and the
Illinois’ National Electronic Disease Surveillance System to
confirm SARS-CoV-2 test results and date of symptom onset
for events outside our study sites [12].

Collection of Respiratory Specimens

To maximize the precision of our estimate of duration of shed-
ding of replication-competent virus, we collected respiratory
specimens every other day from the ICU cohort during the
ICU stay, since this time corresponded to the period during
which earlier observational studies had reported virus clearance
[13–15]. For upper respiratory tract specimens, study staff col-
lected midturbinate swab specimens using Copan FLOQSwabs

(Copan, Murrieta, CA). For lower respiratory tract specimens,
respiratory therapists collected endotracheal aspirates from pa-
tients who were intubated.
In order to estimate the longest duration of virus shedding

among patients with prolonged critical illness, we collected
paired midturbinate swab and tracheal aspirate specimens for
3 consecutive days from patients in the LTACH cohort, which
included patients who were typically much longer than 20 days
past COVID-19 symptom onset. The LTACH nursing staff col-
lected midturbinate swab specimens and respiratory therapists
collected tracheal aspirate specimens.
Midturbinate swab specimens were placed immediately

into 3-mL sterile Dulbecco’s phosphate-buffered saline.
Endotracheal/tracheal aspirate specimens were collected into
sterile sputum traps. Specimens were transported at 2–8°C to
the Rush laboratory, where the specimens were aliquoted into
1-mL volumes and stored at −80°C for a median of 149 days
(range, 102–306 days) until viral culture and RT-qPCR testing.

SARS-CoV-2 Culture and RT-qPCR

A single aliquot was thawed and tested for the presence of
SARS-CoV-2 by culture and RT-qPCR. Cultures were tested
in a blinded manner; RT-qPCR results were matched with cul-
ture results after testing was completed and patient identifiers
were not revealed during the testing process.
Specimens were cultured on Vero E6 cells (ATCC CRL-1586)

with minimum essential medium+ 1 mM L-glutamine+ 1 mM
sodium pyruvate+ 10% fetal bovine serum+ 1× penicillin-
streptomycin/amphotericin B and incubated at 37°C in a 5%
CO2 environment with humidity under biosafety level-3 condi-
tions [16]. We incorporated a passage process on day 4 of incu-
bation by transferring 100 μL of culturemedium supernatant to a
newly prepared plate containing fresh Vero E6 cells in 1:10 dilu-
tion. On day 7, cytopathic effect (CPE) on Vero E6 cells was as-
sessed in primary and passage plates and culture supernatant was
tested for the presence of SARS-CoV-2 RNA using a modified
version of the CDC RT-qPCR assay, as described previously
[17, 18]. Cultures were defined as positive for replication-
competent SARS-CoV-2 if compatible CPE was observed in
both primary and passage plates and supernatant from the pas-
sage plate was positive for the SARS-CoV-2 N1 gene by
RT-qPCR (cycle threshold [Ct] value ,40). For specimens
with bacterial outgrowth and detectable SARS-CoV-2
by RT-qPCR in the primary specimen, we repeated viral culture
with the addition of gentamicin. If bacterial outgrowth was still
noted on repeat culture of a new frozen aliquot, results were de-
fined as invalid as the bacterial outgrowth inhibited visualization
of CPE. Details of the viral culture procedure can be found in the
Supplementary Material.
Specimens were tested for SARS-CoV-2 RNA by the

RealTime SARS-CoV-2 assay performed on the Abbott
m2000 platform (Abbott Molecular, Des Plaines, IL), as
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described previously [17]. Cycle number (Cn) values reported
in this study were adjusted for the 10 “hidden” cycles masked
by the software used on the Abbottm2000 to facilitate compar-
ison to Ct values generated by other SARS-CoV-2 RT-qPCR as-
says. The Cn values were converted to log10 RNA genome
equivalents (ge)/mL using an internally validated calibration
curve developed from testing of serial dilutions of purified ge-
nomic RNA from a reference SARS-CoV-2 isolate (USA-WA1/
2020, NR-52285, lot no. 70035629; BEI Resources, Manassas,
VA) [17].

SARS-CoV-2 Whole-Genome Sequencing

Total nucleic acid was extracted from 100-µL aliquots of the same
aliquot as used for culture and RT-qPCR using the Maxwell RSC
48 automated extraction robot (Promega, Madison, WI) accord-
ing to the Maxwell RSC Viral Total Nucleic Acid Purification Kit
(Promega) protocol, with an elution volume of 50 µL. RNA was
converted into cDNA using the High Capacity Reverse
Transcription Kit (Applied Biosystems, Waltham, MA).
Multi-amplicon next-generation-sequencing libraries were gener-
ated in 2-step PCR reactions from cDNA, using the low-input rec-
ommendations of the Swift Normalase Amplicon SARS-CoV-2
gene panel (Swift Biosciences, Ann Arbor, MI). Indexed libraries
were pooled in equal volumes (3 µL) for quality-control sequenc-
ing. Percent mapping to a SARS-CoV-2 reference sequence
(MN908947) and total reads were used to calculate volumes for
repooling with a target of 500 000 reads per sample. The repooled
library was sequenced by NovaSeq6000 (Illumina, San Diego,
CA). Data generated were trimmed using Cutadapt [19], and
then imported into CLC Genomics for processing (Qiagen,
Germantown, MD). Trimmed reads were mapped to a reference
sequence (MN908947).

Statistical Analysis

Fisher’s exact test was used to compare categorical variables.
Comparison of viral load levels between SARS-CoV-2 culture-
positive specimens and those of culture-negative specimens
was accomplished with a repeated-measures model. A general-
ized linear mixed model was used to examine the difference be-
tween midturbinate and endotracheal/tracheal aspirate
specimens with respect to culture positivity and bacterial con-
tamination (binary endpoints). All analyses were performed
using SAS version 9.4 (SAS Institute, Cary, NC). Details of
the statistical analysis can be found in the Supplementary
Material.

Human Subjects Research Approval

This study was reviewed and approved by the Institutional
Review Boards of Rush University Medical Center and RML
Specialty Hospitals, respectively. Written informed consent
was required. Patients’ designated surrogates provided in-
formed consent if patients were incapacitated.

RESULTS

Enrollment and Patient Characteristics

We approached 93 ICU patients and enrolled 50 patients in the
ICU cohort. We approached 65 LTACH patients and enrolled
28 patients in the LTACH cohort (Figure 1). Patient character-
istics are shown in Table 1, stratified by ICU or LTACH setting.
Overall, demographics and clinical conditions were typical of
those seen in patients with COVID-19 in our region during
this time. A minority of patients (9 in the ICU cohort and 2
in the LTACH cohort) were immunocompromised, of whom
5 ICU patients were subcategorized as severely immunocom-
promised [11]. Most patients (62% in the ICU and 100% in
the LTACH cohorts) were categorized as critical COVID-19.
Among 19 ICU patients with severe but not critical
COVID-19, 16 required high-flow oxygen therapy and 3 re-
quired noninvasive positive-pressure ventilation. A majority
of patients received remdesivir (92% ICU and 61% LTACH)
and dexamethasone (98% ICU and 68% LTACH), while only
a minority received tocilizumab (0% ICU and 25% LTACH)
(Table 1). None of the patients in the ICU and LTACH cohorts
had received a vaccine against SARS-CoV-2.
A total of 529 respiratory specimens were collected: 362 from

ICU patients and 167 from LTACH patients (Table 2). The me-
dian time from symptom onset to collection of the first speci-
men was 21 days for the combined ICU and LTACH cohort
(IQR, 12–50 days; range, 6–139 days). Most specimens were
collected on days 10 to 60 from symptom onset (445 specimens,
84%) (Figure 2).

Viral Culture and Risk Factors for Detection of Replication-Competent
Virus

Overall, specimens from 5 (6.4%) patients grew replication-
competent SARS-CoV-2 from 12 of 529 (2.3%) respiratory
specimens (median [range] of 2 [1–4] culture-positive speci-
mens per culture-positive patient) (Table 2). All culture-
positive patients were in the ICU cohort and had persistent
or recurrent symptoms of COVID-19. Overall, 5 of 50 (10%)
ICU patients grew replication-competent virus from 1 or
more respiratory specimen. Replication-competent virus was
detected in 4 of 11 (36%) immunocompromised patients (3
of whomwere classified as having severe immunocompromise)
up to 45 days after symptom onset, and in 1 of 67 (1.5%) immu-
nocompetent patients 10 days after symptom onset (P= .001)
(Table 3 and Figure 3).
One of the patients with severe immunocompromise

(Patient 4), who had SARS-CoV-2 detected longest after symp-
tom onset was analyzed further. This patient had recurrence of
detectable replication-competent virus 45 days after symptom
onset after return to the ICU with worsening respiratory and
systemic symptoms. An alternative explanation for the clinical
deterioration was not identified; routine microbiologic testing
was negative except for a diagnostic nasopharyngeal swab
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specimen positive for SARS-CoV-2 by RT-qPCR.
Whole-genome sequencing of this patient’s isolates on days
23, 27, 31, 35, and 45 after symptom onset identified the
D614G lineage with identical consensus sequences and
minor variations over time at positions 9438 and 11962, consis-
tent with viral evolution during a prolonged infection
(Supplementary Figure 1). The patient had undetectable serum
immunoglobulin G (IgG) to SARS-CoV-2 nucleocapsid pro-
tein on days 17, 36, and 57 after symptom onset; this testing
was done as part of the patient’s routine clinical care.

Detection of Replication-Competent Virus in Midturbinate vs
Endotracheal/Tracheal Aspirate Cultures

Replication-competent virus was detected in 8 midturbinate
and 4 endotracheal/tracheal aspirate specimens. No difference
in the probability of detection of replication-competent virus
was identified between the 2 specimen types (P= .78) when
tested in the mixed model (odds ratio [OR], .82; 95%

confidence interval [CI], .19–3.44). Of note, bacterial out-
growth was observed in viral culture of 17 midturbinate and
27 endotracheal/tracheal aspirate specimens; in such cases,
viral culture results were reported as being invalid due to
the inability to visualize CPE, although none of the culture
supernatants of these specimens were RT-qPCR positive.
Midturbinate specimens had less bacterial contamination com-
pared with endotracheal/tracheal aspirate specimens (OR, .26;
95% CI, .11–.64; P= .004). Endotracheal/tracheal aspirate
specimens were often mucoid and contained large amounts
of cellular elements and debris, which inhibited the RT-qPCR
reaction in 38% (76 of 201) of specimens. Inhibition was not
observed in midturbinate specimens.

Relation Between SARS-CoV-2 Culture and RT-qPCR–Estimated
SARS-CoV-2 RNA Concentration

To assess the relation between the detection of replication-
competent SARS-CoV-2 and SARS-CoV-2 estimated genomic

Figure 1. ICU and LTACH enrollment. Abbreviations: ICU, intensive care unit; LTACH, long-term acute care hospital.
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RNA concentration, we evaluated the 221 respiratory speci-
mens with positive RT-qPCR results and their viral culture re-
sults (Figure 4). After adjusting for days since symptom onset
and accounting for within-patient correlation of observations,
estimated mean values of SARS-CoV-2 log10 RNA were
6.9 ge/mL for culture-positive specimens and 4.3 ge/mL for
culture-negative specimens (P= .003).

DISCUSSION

In this longitudinal, observational cohort study of 78 ICU and
LTACH patients with severe or critical COVID-19, replication-
competent SARS-CoV-2 was detected in only 5 patients (6.4%),
4 of whomwere immunocompromised (3 patients were severe-
ly immunocompromised), all of whom had persistent or recur-
rent respiratory symptoms, and all of whom were in the ICU
cohort. Only 4 patients (all immunocompromised) had detect-
able replication-competent virus for longer than 10 days after
symptom onset, suggesting that severe or critical COVID-19
alone may not be a strong risk factor for prolonged virus shed-
ding beyond 10 days. In contrast to the low recovery rate of
replication-competent SARS-CoV-2, 80% of patients in the
ICU cohort and 25% of patients in the LTACH cohort had
SARS-CoV-2 RNA detected in 1 or more samples by
RT-qPCR. These results suggest that positive RT-qPCR results
are a poor surrogate for the presence of replication-competent
virus in patients with severe or critical COVID-19. They also
suggest that patients who are sufficiently recovered from
COVID-19 to be able to be transferred to an LTACH are un-
likely to be shedding infectious virus.
Immunocompromising conditions in our patient cohorts in-

cluded having a history of stem cell transplant, solid-organ
transplant, and receipt of immunomodulating biological

Table 1. Patient Characteristics

Variable ICU (n=50)
LTACH
(n= 28)

Age, median (range), years 60.5 (26–91) 62.5 (42–86)

Male sex, n (%) 35 (70) 17 (61)

Race/ethnicity, n (%)

Hispanic 32 (64) 10 (36)

White non-Hispanic 11 (22) 12 (43)

Black non-Hispanic 4 (8) 5 (18)

Asian non-Hispanic 3 (6) 1 (4)

Disease severity,a n (%)

Critical 31 (62) 28 (100)

ECMO 3 (6) 0 (0)

Mechanical ventilation only 28 (56) 28 (100)

Severe 19 (38) 0 (0)

Comorbidities, n (%)

Cardiovascular 36 (72) 24 (86)

Pulmonary 6 (12) 6 (21)

Moderate or severe renal disease (eGFR
,60 mL/minute)

10 (20) 3 (11)

Hemodialysis 2 (4) 0 (0)

Diabetes 21 (42) 17 (61)

Obesity (BMI≥30 kg/m2) 30 (60) 15 (54)

Severe obesity (BMI≥40 kg/m2) 8 (16) 7 (25)

Immunocompromising conditionb 9 (18) 2 (7)

Severec 5 (10) 0 (0)

Nonsevered 4 (1) 2 (7)

COVID-19 antiviral and immunomodulatory
therapy, n (%)

Remdesivir 46 (92) 17 (61)

Dexamethasonee 49 (98) 19 (68)

Tocilizumab 0 (0) 7 (25)

Abbreviations: BMI, body mass index; COVID-19, coronavirus disease 2019; ECMO,
extracorporeal membrane oxygenation; eGFR, estimated glomerular filtration rate; GVHD,
graft-versus-host disease; HIV, human immunodeficiency virus; HSCT, hematopoietic
stem cell transplantation; ICU, intensive care unit; LTACH, long-term acute care hospital;
SOT, solid-organ transplant.
aAccording to the National Institutes of Health criteria [4]. Critical disease was defined as
respiratory failure, septic shock, or multiple organ dysfunction. Severe disease was
defined as peripheral capillary oxygen saturation (SpO2) ,94% on room air at sea level,
ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2)
,300 mmHg, or lung infiltrates .50%.
bFraaij et al [11].
cDefined as allogeneic HSCT ,12 months, GVHD after allogeneic HSCT, HIV-positive with
CD4+ T-cell count,200 cells/µL, chemotherapy with.7 days neutropenia, lung transplant,
SOT other than lung with induction therapy ,6 months, SOT other than lung .1 year and
rejection ,3 months, use of immunomodulating biologicals, or daily corticosteroid
dosage (based on prednisone) of .30 mg for .14 days.
dDefined as maintenance chemotherapy for hematologic malignancies, chemotherapy for
solid tumors, autologous HSCT, .1 year after SOT and no rejection, HIV-positive with
undetectable viral load and CD4+ T-cell count .200 cells/µL, methotrexate use for
autoimmune disease, daily corticosteroid (based on prednisone) dosage ≤30 mg for ≤14
days, other possible immune deficiencies (ie, untreated autoimmune disease, use of
immunosuppressants other than immunomodulating biologicals).
eSix milligrams per day for 10 days [20].

Table 2. Specimen Characteristics, SARS-CoV-2 RT-qPCR, and Viral
Culture Results

ICU
(n=50)

LTACH
(n=28)

Number of specimens, n (median number of
specimens per patient)

362
(5.5)

167 (6)

Midturbinate specimens 244 (4) 84 (3)

Endotracheal/tracheal aspirate specimens 118a (4) 83 (3)

Median (range) days from symptom onset to first
specimen collection date

15 (6–
45)

58.5 (34–
139)

Number of patients with culture-positiveb specimens 5 0

Median number of specimens per patient with a
positive culture result,c n (range)

2 (1–4) 0

Midturbinate specimens 2 (1–2) 0

Endotracheal/tracheal aspirate specimens 1 (0–2) 0

Number of patients with SARS-CoV-2 RNA detected
by RT-qPCR

40 7

Median number of specimens per patient with a
positive RT-qPCR result, n (range)

4 (1–
19)

1 (1–5)

Midturbinate specimens 3 (1–
10)

1 (0–3)

Endotracheal/tracheal aspirate specimens 1 (0–9) 0 (0–2)

Abbreviations: CPE, cytopathic effect; ICU, intensive care unit; LTACH, long-term acute care
hospital; RT-qPCR, reverse transcription–quantitative polymerase chain reaction;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
aMedian number of specimens collected from the 27 patients who had at least 1
endotracheal specimen collected.
bDefined as presence of compatible CPE in both primary and passage plates plus positive
SARS-CoV-2 RT-qPCR in post-passage viral culture supernatant.
cCalculated only for patients with at least 1 positive viral culture.
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agents. Two of five study patients with replication-competent
SARS-CoV-2 tested negative for SARS-CoV-2 anti-N IgG at
day 19 of symptom onset or later, which is consistent with
the previously described association between undetectable
SARS-CoV-2 antibodies and prolonged infectious virus shed-
ding among hospitalized COVID-19 patients [13, 21].
Importantly, all 4 immunocompromised patients with detect-
able replication-competent virus had persistent or recurrent
symptoms that indicated the need to continue transmission-
based precautions during their clinical care. One severely im-
munocompromised patient developed apparent relapsed
COVID-19 at 45 days after symptom onset and after a period
of clinical recovery. Results of whole-genome sequencing of
this patient’s isolates were consistent with a single
SARS-CoV-2 infection rather than new or superinfection
with a different SARS-CoV-2. The potential for prolonged viral
replication and shedding among immunocompromised pa-
tients is supported by multiple case studies [22–25].

Like other investigators, we found that positive RT-qPCR re-
sults were a poor indicator of the presence of replication-
competent virus [13, 14], although specimens that grew
SARS-CoV-2 in culture had significantly higher mean estimat-
ed SARS-CoV-2 genomic RNA concentrations than specimens
that were culture negative. Other studies have reported that re-
spiratory specimens with a high concentration of SARS-CoV-2
virus, as estimated by RT-qPCR, have a greater likelihood of
harboring replication-competent virus [26–29].

Our study utilized a stringent culture assay that was
highly specific for the presence of replication-competent
SARS-CoV-2, requiring molecular confirmation of virus

detection on a passage plate. Other studies detecting live
SARS-CoV-2 viral shedding in ICU patients have utilized var-
ious assays, including testing approaches that may be less spe-
cific for replication-competent SARS-CoV-2 (eg, requiring
only visual confirmation, without molecular confirmation of
SARS-CoV-2 presence). Other factors that may influence the
frequency of detection of SARS-CoV-2 in respiratory speci-
mens include differences in the population tested (eg, time
from symptom onset, immunocompromising conditions, or
receipt of immunocompromising medications), specimen
type, and culture procedure [13, 30, 31].
Our study has limitations. First, our study was conducted be-

fore SARS-CoV-2 variants of concern were circulating in our
region, so our results may not be generalizable to infections
caused by recent variants [32, 33]. Second, lower respiratory
tract specimens were often mucoid and contained large
amounts of cellular elements and debris, which appeared to in-
hibit the RT-qPCR reaction and viral culture, and resulted in
bacterial outgrowth that precluded reading CPE. Thus, we
were unable to test whether the duration of SARS-CoV-2 shed-
ding from the lower respiratory tract was different from that of
the upper respiratory tract, as suggested in prior studies [34–
37]. Third, our respiratory specimens underwent 1 freeze–
thaw cycle before viral culture and RT-qPCR. Using control
SARS-CoV-2 stock with known virus concentration, we esti-
mated a 1-log10 decrease in infectious titer after a single
freeze–thaw event (data not shown). Fourth, we collected mid-
turbinate swab specimens in 3 mL of transport medium, thus
diluting the specimen and potentially reducing sensitivity.
Fifth, we estimated the concentration of SARS-CoV-2 RNA

Figure 2. Distribution of days from symptom onset to study specimen collection. Blue bars represent specimens from ICU cohort and orange bars represent specimens from
LTACH cohort. Abbreviations: ICU, intensive care unit; LTACH, long-term acute care hospital.
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using a standard curve developed with a commercially avail-
able, full-genome SARS-CoV-2 whose concentration was
estimated by digital droplet PCR testing; the World Health
Organization international standard for SARS-CoV-2 RNA
was not available when we began our study [38]. Estimated vi-
rus concentration determinations from our study may not be
generalizable to other testing platforms or laboratories.

Our study also has strengths. We collected respiratory spec-
imens prospectively at predetermined times using standard-
ized methods. We had access to multiple databases

including the Illinois’ National Electronic Disease
Surveillance System; thus, we used more complete data for
the determination of time of symptom onset. We studied a ro-
bust number of patients and specimens enriched for the dis-
ease time period (ie, days .10 after onset of symptoms)
during which other retrospective and cross-sectional studies
have reported virus clearance. Last, we enrolled in the
LTACH setting, in which data on virus clearance among re-
covering patients are particularly sparse, and where under-
standing transmission risk is important to optimize care of

Table 3. Study Participants With Positive SARS-CoV-2 Culture

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age (years) and sex 68, Female 68, Male 50, Male 55, Female 61, Male

Immunocompromising
conditiona

Severe

• Non-Hodgkin
lymphoma on
maintenance
rituximab

• Kidney transplant
on sirolimus and

prednisone
2.5 mg daily

Severe

• CLL with Richter’s
transformation s/p

autologous stem cell
transplant on maintenance

ibrutinib
• Hypogammaglobulinemia

Nonsevere

• Kidney transplant
on

mycophenolate
mofetil,

tacrolimus, and
prednisone 10 mg

daily

Severe

• Gastric MALT lymphoma and
multiple sclerosis on

maintenance ofatumumab
• Hypogammaglobulinemia

None

COVID-19 antiviral and
immunomodulatory
therapy

Remdesivir,
dexamethasone

Remdesivir, dexamethasone Remdesivir,
dexamethasone

Remdesivir, dexamethasone Remdesivir,
dexamethasone

Days from symptom
onset

Hospital admission 6 12 5 5 4

ICU admission 17 15 13 7 4

Positive culture(s) 21, 23 26, 32 19, 21 27, 31, 45 10

Negative cultures 25, 27, 29, 31, 33,
35, 37, 39

16, 18, 20, 22, 24, 28, 30 23, 25, 27, 29, 31, 33 23, 25, 29, 33, 35 8, 12, 14

Anti-N IgG Negative: 19 Not available Not available Negative: 17, 36, 57 Not available

Outcome 54 (died) 33 (died) 37 (died) 83 (discharged to LTACH) 17 (discharged
to home)

Comments Patient’s initial
specimens grew
SARS-CoV-2 in
culture, but
subsequent

specimens were
culture negative

9 upper respiratory tract
specimens had similar Cn

values (range, 20–24) but only 1
specimen collected on day 26
grew replication-competent

virus. A lower respiratory tract
specimen collected on day 32
from symptom onset also grew

replication-competent
SARS-CoV-2.

Patient had initial
specimens with

positive viral culture
then subsequent
specimens turned
negative for culture.

Patient had recurrence of
detectable

replication-competent virus 45
days after symptom onset after

return to the ICU with
worsening respiratory and

systemic symptoms. This was
preceded by clinical recovery
and specimens with negative
viral culture. An alternative

explanation for clinical
deterioration was not identified.

Results of whole-genome
sequencing of this patient’s

isolates were consistent with a
single SARS-CoV-2 infection

rather than new or
superinfection with

SARS-CoV-2. Patient declined
further specimen collection.

Abbreviations: CLL, chronic lymphocytic leukemia; Cn, cycle number; COVID-19, coronavirus disease 2019; ICU, intensive care unit; IgG, immunoglobulin G; LTACH, long-term acute care
hospital; MALT, mucosa-associated lymphoid tissue; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; s/p, status post.
aFraaij et al [11].
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patients recovering from COVID-19 and to protect other
LTACH patients who are typically at high risk of developing
severe or critical COVID-19.

In summary, we found that patients with severe or critical
COVID-19 shed replication-competent SARS-CoV-2 rarely
unless they had immunocompromising conditions and persis-
tent or recurrent respiratory symptoms. Guidelines for discon-
tinuation of transmission-based precautions for COVID-19 in
healthcare settings should continue to include a criterion for
improving respiratory symptoms, in addition to time-based

criteria [1]. Our results suggest that the period of potential in-
fectiousness among immunocompetent patients with severe or
critical COVID-19 may be similar to that reported for patients
with milder disease.

Supplementary Material

Supplementary materials are available at Clinical Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited

Figure 3. Cycle number (Cn) values and culture positivity over time within patients with at least 1 positive culture. Orange boxes represents specimens with detectable
SARS-CoV-2 RNA and detectable replication-competent virus. Blue boxes represent specimens with detectable SARS-CoV-2 RNA and negative viral culture. Gray boxes
represent specimens with negative RT-qPCR results and negative viral culture. Numbers in colored boxes represent Cn values from the SARS-CoV-2 Abbott m2000 Ass-
ay. Abbreviations: MT, midturbinate specimen; RT-qPCR, reverse transcription–quantitative polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome co-
ronavirus 2; TA, endotracheal aspirate specimen.

Figure 4. Relation of detection of replication-competent SARS-CoV-2 and estimated concentration of SARS-CoV-2 RNA to time from symptom onset. Among a total of 529
respiratory specimens, we evaluated 221 specimens that yielded positive RT-qPCR results and interpretable viral culture results (positive or negative) to assess the relation.
Genomic RNA concentration was estimated using an internally validated calibration curve: Cn=−1.786 ln(viral load in log10 RNA ge/mL)+ 37.416. See Methods for details.
Not shown is a specimen collected on day 133 after symptom onset with Cn value 31 and negative SARS-CoV-2 culture result. Abbreviations: Cn, cycle number; ge, genome
equivalents; RT-qPCR, reverse transcription–quantitative polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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and are the sole responsibility of the authors, so questions or
comments should be addressed to the corresponding author.
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