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Background: Solid organ and haematopoietic stem cell transplant recipients are more
vulnerable to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) than non-
transplant recipients due to immunosuppression, and may pose a continued transmission
risk, especially within hospital settings. Detailed case reports including symptoms, viral
load and infectiousness, defined by the presence of replication-competent viruses in
culture, provide an opportunity to examine the relationship between clinical course,
burden and contagiousness, and provide guidance on release from isolation.
Objectives: To investigate the relationship between serial SARS-CoV-2 reverse tran-
scription polymerase chain reaction (RT-PCR) cycle threshold (Ct) value or cycle of
quantification value, or other measures of viral burden and the likelihood and duration of
the presence of infectious virus based on viral culture, including the influence of age, sex,
underlying pathologies, degree of immunosuppression, and/or vaccination on this rela-
tionship, in transplant recipients.
Methods: LitCovid, medRxiv, Google Scholar and the World Health Organization COVID-19
database were searched from 1st November 2019 to 26th October 2022. Studies reporting
relevant data (results from serial RT-PCR testing and viral culture data from the same
respiratory samples) for transplant recipients with SARS-CoV-2 infection were included in
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this systematic review: Methodological quality was assessed using five criteria, and the
data were synthesized narratively and graphically.
Results: Thirteen case reports and case series reporting on 41 transplant recipients (22
renal, five cardiac, one bone marrow, two liver, one bilateral lung and 10 blood stem cell)
were included in this review. A relationship was observed between proxies of viral burden
and likelihood of shedding replication-competent SARS-CoV-2. Three individuals shed
replication-competent viruses for >100 days after symptom onset. Lack of stand-
ardization of testing and reporting platforms precludes establishing a definitive viral
burden cut-off. However, the majority of transplant recipients stopped shedding
replication-competent viruses when the Ct value was >30 despite differences across
platforms.
Conclusions: Viral burden is a reasonable proxy for infectivity when considered within the
context of the clinical status of each patient. Standardized study design and reporting are
essential to standardize guidance based on an increasing evidence base.

ª 2022 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Haematopoietic stem cell transplant and solid organ trans-
plant recipients have significant immunosuppression, affecting
both cellular and humoral immunity, and less favourable out-
comes with severe acute respiratory virus syndrome 2 (SARS-
CoV-2) infection due to immunosuppression and/or pre-
existing comorbidities [1]. Immunosuppression associated
with transplantation places patients at risk for prolonged car-
riage and shedding of several respiratory viruses [2]. However,
identification of respiratory viral shedding, by reverse tran-
scriptase polymerase chain reaction (RT-PCR), depending on
the testing platform does not necessarily correlate with the
presence of replication-competent virus [3]. Accordingly, this
systematic review investigated RT-PCR testing and viral culture
of SARS-CoV-2, focusing on patients receiving solid organ or
haematopoietic stem cell transplants following a published
protocol [4].

The research questions were:

1. What is the correlation between serial SARS-CoV-2 RT-PCR
cycle threshold (Ct) value or cycle of quantification value
(Cq), or other measures of viral burden and the likelihood
of producing replication-competent virus among transplant
recipients?

2. What is the likelihood and duration of the presence of
infectious virus based on viral culture among transplant
recipients with SARS-CoV-2 infection?

3. What is the influence of age, sex, underlying pathologies
and degree of immunosuppression on infectiousness of
SARS-CoV-2?

4. What is the relationship of vaccination status with infec-
tiousness of SARS-CoV-2?

This review included studies reporting serial Ct values from
sequential RT-PCR testing or other measures of viral burden,
such as RNA gene copies of respiratory samples (from naso-
pharyngeal or throat specimens), along with viral culture data
on the same samples from patients with SARS-CoV-2 infection
who were about to receive a transplant or who were post-
transplant.
Methods

Search strategy

LitCovid, medRxiv, Google Scholar and the World Health
Organization COVID-19 database were searched from 1st

November 2019 until 26th October 2022. No language restric-
tions were applied.

The literature search terms were: (coronavirus OR covid-19
OR SARS-CoV-2) AND (immunosuppressed OR immunocompro-
mised OR transplant OR immunosuppression OR ‘immune defi-
cient’ OR HIV) AND (CPE OR ‘cytopathic effect’ OR ‘viral
culture’ OR ‘virus culture’ OR vero OR ‘virus replication’ OR
‘viral replication’ OR ‘cell culture’ or ‘viral load’ OR ‘viral
threshold’ OR ‘log copies’ OR ‘cycle threshold’). The search
strategy is available in Supplementary File 2 (see online sup-
plementary material).

Screening

Four reviewers (JB, SM, ER, ES) screened titles and abstracts
independently to identify studies for full-text screening. Sub-
sequently, full-text screening was performed in duplicate, and
disagreements were resolved with assistance from a fifth
reviewer (TJ).

Inclusion criteria

This review included studies reporting serial Ct values from
sequential RT-PCR testing, or RNA gene copies of respiratory
samples (nasopharyngeal, throat, sputum, bronchoalveolar
lavage, endotracheal tube secretions), and viral culture data
from the same samples from patients with SARS-CoV-2 infec-
tion who were about to receive a transplant or were post-
transplant. Primary studies were included provided that they
reported sufficient information to extract quantitative data on
PCR testing and viral culture for each included individual.
Studies that included transplant and non-transplant recipients
were included if the results could be examined separately.
Studies that reported in poster or abstract form alone were
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excluded. Reviews were excluded, but the reference lists of
reviews were screened for potential relevant primary studies,
and the bibliographies of included primary studies were hand-
searched for possible studies for inclusion.

Exclusion criteria

Studies that used post-mortem samples alone or non-
respiratory samples alone were excluded from this review. In
addition, studies of non-transplant recipients or those not
attempting viral cultures were excluded.

Data extraction

One reviewer (ER) extracted data, and this was checked
independently by a second reviewer (ES). Disagreements were
arbitrated by a third reviewer (TJ). Data were extracted on
study type and study characteristics, including population,
setting, sampling and laboratory methods, clinical information,
prescribed treatments, vaccination status, laboratory findings
and clinical outcomes. Where data were only available in fig-
ures or charts, these were estimated by two reviewers (ES, SM)
and cross-checked by another reviewer (CH). For three studies,
clarification was sought from the corresponding authors.

Quality assessment

The assessment of bias was based on the updated QUADAS-2
criteria for assessing the diagnostic accuracy of studies [5]. The
following five criteria were developed based on patient iden-
tification and reporting, timing, and index and reference tests:
Additional re
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Figure 1. PRISMA flow chart of study screening for inclusion
1. Were the criteria for diagnosing a case reported clearly and
appropriate?

2. Was the reporting of patient/population characteristics,
including clinical symptoms, treatments with degree of
immunosuppression and outcomes, adequate?

3. Was the study period, including follow-up, sufficient for
adequate assessment of any potential relationship
between viral burden measures and likelihood of producing
replication-competent virus and the rise in neutralizing
antibodies? Sufficient was defined as more than one
observation.

4. Were the methods used to obtain RT-PCR results replicable,
generalizable and appropriate? It was considered that each
study should establish the relationship between their Ct
values and the target gene copy number, using internal
standards.

5. Were the methods used to obtain viral culture results
replicable and appropriate? It was considered that the
methods used should, at a minimum, include a description
of specimen sampling and management, preparation,
media and cell line used, exclusion of contamination or co-
infection (use of controls and appropriate antibacterials
and antimycotics in the cell culture and use of gene
sequencing if available), and results of inspection of
culture.

One reviewer (ES) assessed the quality of reporting, and
this was verified independently by a second reviewer (ER).
Disagreements were resolved through discussion. If
agreement could not be reached, a third reviewer (TJ)
arbitrated.
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Table I

Quality of included studies

Study ID Were the criteria for

diagnosing a case

clearly reported and

appropriate?

Was the reporting of

patient/population

characteristics

adequate?

Was the study period,

including follow-up,

sufficient?

Were the methods

used to obtain RT-PCR

results replicable and

appropriate?

Were the methods

used to obtain viral

culture results replicable

and appropriate?

Alshukairi
et al. [17]

Uncleara Nob Yes Yes Unclear

Aydillo et al. [7] Unclear Yes Yes Unclear Yes
Benotmane
et al. [12]

Yes Yes Yes Yes Noc

Decker
et al. [14]

No Yes Yes Unclear Unclear

Han
et al. [18]

Yes Yes Yes Yes Unclear

Lang
et al. [8]

Yes Yes Yes Unclear Unclear

Mendes-Correa
et al. [9]

Yes Yes Yes Yes Yes

Niess
et al. [15]

Yes Yes Yes Yes Unclear

Niyonkuru
et al. [11]

Noa Yes Yes Yes Yes

Pickering
et al. [19]

Yes Unclear Unclear Yes Yes

Rajakumar
et al. [10]

Yes Yes Yes Yes Yes

Tarhini
et al. [13]

Yes Yes Yes Yes Yes

Weigang
et al. [16]

Yes Yes Yes Yes Yes

RT-PCR, reverse transcription polymerase chain reaction.
a Case definition unclear, article reported positive RT-PCR, but cycle threshold cut-off was not reported.
b Data on clinical symptoms lacking.
c The cell line used was not one that is demonstrated to support the growth of severe acute respiratory syndrome coronavirus-2.
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Data reporting and pooling

Study flow was reported according to the PRISMA reporting
standards (see Supplementary File 3 [6]. Study characteristics,
including age, sex, clinical symptoms, treatments and events in
the participants, were reported in tabular form. Data on dis-
ease burden measures and viral culture were reported in tab-
ular form. For studies reporting more than one patient
participant, data were extracted related to each participant if
available. Medians, interquartile ranges (IQR) and outliers for
viral culture results in relation to symptom duration were
plotted, and individual study plots of viral culture results and
Ct values were produced to day 120.

It was not possible to meta-analyse the data on PCR cycle
counts/RNA log copies and viral culture due to a lack of
detailed information on laboratory practices and assays, the
absence of internal controls in some studies, and heteroge-
neous sampling. Therefore, the studies were reviewed narra-
tively, and, where possible, the results were presented
graphically within the limitations noted. The relationship
between Ct values, days since symptom onset and likelihood of
shedding replication-competent virus was analysed by pre-
senting the data on a scatter plot.
Results

The literature search identified 12,989 titles for screening
(Figure 1). Of these, 67 underwent full-text review. A total of
54 studies were excluded after full-text analysis; the reasons
for exclusion are reported in Supplementary File 1 (see online
supplementary material).

The characteristics of the 13 included studies are shown in
Table S1 (see online supplementary material). In total, they
reported data for 41 transplant recipients (eight females and
25 males); sex was not reported for eight patients in one study
[7]. The studies were performed in nine countries: Austria [8],
Brazil [9], Canada [10], Denmark [11], France [12,13], Germany
[14e16], Saudi Arabia [17], the USA [7,18] and the UK [19]. The
ages of participants ranged from 26 to 77 years.

Thirty-nine patients were infected with SARS-CoV-2 post-
transplant. Twenty-two patients in four studies had undergone
kidney transplantation [12,16,17,19], five patients in four
studies had undergone cardiac transplantation [10,13,14,17],
one patient had undergone bone marrow transplantation for
multiple myeloma [11], one patient had undergone liver
transplantation [11], and 10 patients in three studies had
undergone haematopoietic cell transplantation [7,18,19]. Two
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patients were infected with SARS-CoV-2 and subsequently
underwent transplantation: one underwent liver trans-
plantation [15], and one underwent bilateral lung trans-
plantation after SARS-CoV-2 infection that affected the lungs
severely [8].

Typically, patients received a mixture of antivirals, anti-
biotics, convalescent plasma and immunosuppressants, as
reported in Table S1 (see online supplementary material). Anti-
SARS-CoV-2 vaccination status was not reported for any of the
included patients. The clinical course of COVID-19 varied
widely amongst the included patients, from mild COVID-19-
related symptoms to severe pneumonia and lung failure; no
deaths were reported specifically for this group, although one
study reported the deaths of four patients within 30 days of
diagnosis [7]. Prescribed treatments reflected the variation in
severity.
Quality assessment

Table I shows the quality of studies included in this review,
based on five criteria. Four studies met all five criteria
[9,10,13,16]. Follow-up was judged to be adequate in all but
one study, which was a diagnostic test comparison [19]. In nine
studies, the reporting of patient characteristics was suffi-
ciently comprehensive [7e12,14e16], and clinical information
was not available for two studies [17,19]. A case definition was
missing or unclear in four studies [7,8,14,17], and methods for
RT-PCR testing were unclear in three studies [7,8,14]. The
methods used for viral culture were unclear in four studies
[8,14,15,17], and one study reported using a cell line that has
Culture positive (N=68) Culture

Figure 2. Severe acute respiratory syndrome coronavirus-2 culture re
positive (N¼68 samples): median 18 [interquartile range (IQR) 8e29] d
samples): median 40 (IQR 21e60) days, range 1e218 days, mean 45.2
not typically been used to demonstrate SARS-CoV-2 growth
(Buffalo green monkey kidney cell line) [12].
Results of the studies

Details of patient characteristics, clinical course, treat-
ments, PCR and viral culture for transplant recipients in each
individual study are reported in Tables S1 and S2 (see online
supplementary material). Study results are also presented in
Figure 2 (SARS-CoV-2 culture results in transplant recipients
from day of symptom onset), Figure 3 (duration of infectivity as
indicated by viral culture and corresponding PCR cycle counts/
log copies among transplant recipients) and Figure 4 (rela-
tionship between Ct value and symptom onset).

The clinical course of infection was highly variable. The
time between transplant receipt and COVID-19 infection varied
from days to years [7,10]. Sampling schedules varied between
studies, with no regular timetable of testing taking place, so
results for PCR and viral culture are available for different time
points in a patient’s clinical course and with different gaps in
time between samples being taken.

Figure 2 shows that the median interval between symptom
onset and identification of a positive viral culture was 18 days
(IQR 8e29; range 1e169 days, based on 68 cultures performed).
The median interval for a negative culture was 40 days and the
mean was 40.2 days (IQR 21e60; range 1e218 days, based on
116 cultures performed).

Alshukairi et al. (Figure 3a) reported no positive viral cul-
tures among samples collected from cardiac/renal transplant
recipients between 9 and 26 days after COVID-19 symptom
 negative (N=116)

sults in transplant recipients from days of symptom onset. Culture
ays, range 1e169 days, mean 37.1 days. Culture negative (N¼116
days.
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from admission
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RNA copies/mL;
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23 Remdesivir initiated 28 23 42
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D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21 D22 D23 D24 D25 D26 D27 D28 D29 D30 D31 D32 D33 D34 D35 D36 D37 D38 D39 D40

D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21 D22 D23 D24 D25 D26 D27 D28 D29 D30 D31 D32 D33 D34 D35 D36 D37 D38 D39 D40

D41 D42 D43 D44 D45 D46 D47 D48 D49 D50 D51 D52 D53 D54 D55 D56 D57 D58 D59 D60 D61 D62 D63 D64 D65 D66 D67 D68 D69 D70 D71 D72 D73 D74 D75 D76 D77 D78 D79 D80

D41 D42 D43 D44 D45 D46 D47 D48 D49 D50 D51 D52 D53 D54 D55 D56 D57 D58 D59 D60 D61 D62 D63 D64 D65 D66 D67 D68 D69 D70 D71 D72 D73 D74 D75 D76 D77 D78 D79 D80

D41 D42 D43 D44 D45 D46 D47 D48 D49 D50 D51 D52 D53 D54 D55 D56 D57 D58 D59 D60 D61 D62 D63 D64 D65 D66 D67 D68 D69 D70 D71 D72 D73 D74 D75 D76 D77 D78 D79 D80

D81 D82 D83 D84 D85 D86 D87 D88 D89 D90

D81 D82 D83 D84 D85 D86 D87 D88 D89 D90 D91 D92 D93 D94 D95 D96 D97 D98 D99 D100 D101 D102 D103 D104 D105 D106 D107 D108 D109 D110 D111 D112 D113 D114 D115 D116 D117 D118 D119 D120

D80 D81 D82 D83 D84 D85 D86 D87 D88 D89 D90 D91 D92 D93 D94 D95 D96 D97 D98 D99 D100 D101 D102 D103 D104 D105 D106 D107 D108 D109 D110 D111 D112 D113 D114 D115 D116 D117 D118 D119 D120

a

b
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onset [17]. Aydillo et al. (Figure 3b) reported repeated viral
culture tests for eight stem cell transplant recipients, with
fluctuations in and out of shedding replication-competent virus
[7]. Decker et al. (Figure 3d) reported that the samples from a
heart transplant recipient showed a positive viral culture on
days 18 and 21 [14]. Han et al. (Figure 3b) reported that COVID-
19 symptoms fluctuated over several weeks in a young male
adult transplant recipient, with a positive viral culture 54 days
post-symptom onset [18].

Mendes-Correa et al. (Figure 3c) described a case whose
symptoms led to three hospital admissions over several
months, with nasopharyngeal swabs positive on RT-PCR over
163 days; viral cultures of these swabs were positive in nine of
12 tests, with the latest positive culture found 169 days after
COVID-19 symptom onset [9]. Positive viral cultures were found
in nasopharyngeal swabs from two transplant recipients
reported by Niyonkuru et al. (Figure 3a), indicating a duration
of infectiousness of approximately 2 weeks [11]. Pickering
et al. (Figure 3a) reported data for a renal transplant recipient
with severe COVID-19 whose respiratory samples tested pos-
itive by RT-PCR for 12 days, and with a positive viral culture for
the day 3 sample but no later samples [19].

Rajakumar et al. (Figure 3a) described two cardiac trans-
plant recipients: viral culture found replication-competent
virus in samples from one patient on day 16; and in samples
from the other patient on day 4 and repeatedly up to day 27,
after which all viral cultures were negative [10].

For each patient, viral culture was negative in samples with
Ct values >25. Within the samples showing positive viral cul-
tures, the PCR results showed that the Ct value for the N gene
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D81 D90 D100 D110 D120

33e
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36

Negative Ct unclear

symptoms on admission

d
Decker 2020

Patient 
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D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21 D22 D23 D24 D25 D26 D27 D28 D29 D30 D31 D32 D33 D34 D35 D36

a Serum E & N  gene, Ct = 35
b Serum E & S gene Ct = 33; NFS swab Ct = 15; saliva Ct =30
c Serum E & S gene Ct = 33; NFS swab E gene Ct = 18.5, S gene Ct = 17.5; saliva Ct = 21. NFS & Saliva positive culture;  serum negative

culture 
d Serum E & S gene Ct = 37.2 & 38.7 respectively; NFS swab (E & S gene) Ct =17; Saliva (E & S gene) Ct = 31. Anal swab Ct = 35. NFS &

Saliva culture positive 
e Saliva E & S gene  Ct = 37; urine E gene Ct = 35. 
f Saliva E & S gene Ct = 31. NFS positive culture; saliva and urine culture negative

log10 copies/mL,

> 4 log10 deemed +ve

Figure 3. Duration of infectivity as indicated by viral culture and corresponding reverse transcription polymerase chain reaction (RT-PCR)
cycle count/log copies among transplant recipients. (a) Alshukairi et al., Benotmane et al., Rajakumar et al., Niyonkuru et al. and
Pickering et al. (days 1e42). (b) Han et al. (days 1e86), Aydillo et al. (days 1e90), Tarhini et al. and Weigang et al. (days 1e120). (c)
Mendes-Correa et al. (days 1e218). Red indicates negative culture, green indicates positive culture, and the number in each red/green
box indicates the RT-PCR cycle threshold (Ct). (d) Duration of infectivity and log10 copies/mL among transplant recipients. Decker et al.
(days 1e36). Green indicates positive culture, and the number in each green box indicates log copies/mL. NFS, nasopharyngeal swab.
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was lower than the Ct value for the E gene by an average of 5.4.
A cardiac transplant recipient described by Tarhini et al. tested
culture positive with a Ct value of 23 on day 103 (Figure 3b); all
other viral cultures were negative from samples with Ct values
of 18e>40 [13].

Weigang et al. described a kidney transplant recipeint who
experienced three hospital admissions [16]. During the first
admission (day 0 to day 72), 19 RT-PCR tests were performed,
and viral cultures were performed alongside, showing eight of
19 positive cultures (Ct values ranging from 15 to 25) and 11 of
19 negative (Ct values from 25 to 30). The patient was culture
positive again on day 105 (Ct value¼23). After re-admission on
day 140, the patient was still RT-PCR positive, but was viral
culture negative; he was treated for 10 days (days 141e149)
with remdesivir. Subsequently, negative RT-PCR tests until day
189 and negative cultures suggested that the infection had
resolved (Figure 3b).

The data from the study by Benotmane et al. appear to be
outliers (Figure 3a), as five positive viral results were reported
from samples with Ct values �30 [12]. However, the cell line
used in this study has not been demonstrated to readily support
SARS-CoV-2 growth. In all other studies, despite the use of a
minimum of 10 different PCR platforms and different culture
techniques, viral cultures were unsuccessful in samples with Ct
values >30.

Figure 3aed, of all the viral culture data points available
from the included studies, shows the wide range of duration of
COVID-19 disease course across these 41 transplant recipients,
and suggests a correlation between viral burden (measured as
log copies or Cq/Ct) and probable infectiousness as indicated
by observing a positive viral culture. The data are too few and
heterogeneous to allow combination to make a summary
assessment, but a general trend is observable in the figures
showing that most samples with Ct values <30 do generate a
positive viral culture, whilst many samples with Ct values > 30
are unlikely to generate a positive viral culture. The viral load
estimates appear to be related to the administration of courses
of antiviral treatment including remdesivir [Figure 3a (Ct/Cq)
and 3b (log copies)].

Prolonged shedding of replication-competent virus was
associated with alternating increases and decreases in viral
burden over time, which in some cases may be up to approx-
imately 100 days [13,16]. Figure 4 shows a scatter plot of Ct
value vs time since symptom onset, and indicates whether
positive or negative viral cultures were obtained using these
samples; this clearly displays a trend that higher Ct value
samples were less likely to produce a positive viral culture, and
lower Ct value samples were more likely to produce a positive
viral culture.

The magnitude and robustness of the correlation is difficult
to assess because laboratory methods differed; it was not
possible to pool the data to produce a summary cut-off value
for infectiousness due to the variations in testing platforms and
varying time windows for sampling from patients (see Figure 2
and Table S2, see online supplementary material).

Discussion

This review included13 studies thatused viral cultureandRT-
PCR testing among 41 transplant recipients with immunosup-
pressive treatment who experienced COVID-19 infection. In
response to Research Question 1, the evidence indicates a
relationship between indicators of viral burden (Ct, Cq or RNA
log copies) and probable infectiousness as indicated by the
presence of replication-competent virus. The presence of
replication-competent virus reflects the highest grade of evi-
dence supporting the capability for forward transmission
of SARS-CoV-2 [20,21], and suggests that some transplant
recipients remain potentially infectious over a period of
months.
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Gaps in the data remain, with variable methods and report-
ing, and it has not been possible to establish summary estimates
of the relationship. The data show a long-term rise and fall of
viral burden associated with the likelihood of infectiousness
that appears to be a sequential pattern of a vacillating state of
infectiousness in some transplant recipients. Replication-
competent virus was most commonly observed in samples with
Ct values <25; one study was an exception to this, reporting
viable virus at a Ct value >30, but the use of a cell line not
typically used for SARS-CoV-2 isolation makes interpretation
unclear [12]. The duration of viral RNA shedding was variable,
with the longest duration reported at 169 days [9].

The findings of this review suggest that a Ct value �30
indicates low likelihood of the presence of replication-
competent virus, consistent with findings from a recent
review on fomite transmission of SARS-CoV-2 [22]. This repli-
cable observation suggests that a Ct value of 30, regardless of
the PCR testing platform used, may be a useful and reasonable
proxy to rule out infectious SARS-CoV-2, as there is a consistent
correlation between a rising Ct value and the likelihood of
isolating replication-competent virus. Such a value would be
useful to guide clinicians managing these difficult patients,
particularly if there were repeated values in this range. At Ct
values <30, clinicians may choose to repeat nasopharyngeal or
throat swabs to assess the direction of the Ct values to allow a
more dynamic assessment which, taken in conjunction with the
clinical status, may facilitate decision making for isolation or
antiviral treatment considerations.

It was not possible to address the influence of age, sex,
underlying pathologies and degree of immunosuppression on
infectiousness (Research Question 3): at present, the hetero-
geneity and limited amount of available data preclude
answering this question. The authors were also unable to
answer Research Question 4 on the effect of vaccination status
on infectiousness, because no studies reported the vaccination
status of the transplant recipeints. Immunizations, and dif-
fering virus variants, may mean that early studies are less
applicable to current practice; however, no evidence is avail-
able to evaluate this.
Variability in the clinical course of SARS-CoV-2 infection
among transplant recipients has been reported previously,
including observed prolonged viral shedding [23]. Antiviral
drugs may impact on these observations, especially symptoms
and viral burden [24].

One well-designed study on immunosuppressed patients,
which was not included in this review as disaggregated data
solely for transplant recipients were not fully available, sup-
ports these conclusions [25]. While this review was limited to
transplant recipients, evidence suggests that similar prolonged
viral cultures are found in immunosuppressed cancer patients.
The authors plan to perform a further review in this group,
analysing the type of cancer and the impact of immunotherapy
on viral culture findings.

The transplant recipient population is of particular impor-
tance. Clinicians need guidance regarding when to release the
patient from quarantine or isolation, given the heavy burden of
immunosuppression. This review has aimed to narrow the
uncertainty and offer some general guidance regarding when
patients are unlikely to be shedding replication-competent
virus, but clinical assessment of each patient must inform
that decision because each patient and setting is different.

The strengths of this review are that it followed a published
protocol, exhaustive literature searches were undertaken,
data extraction and quality assessment were double checked,
and there was a high level of input of clinical and epidemio-
logical expertise to deliberate the findings. It was possible to
include data from an additional eight transplant recipients
after correspondence with the study authors [7]. Limitations
include the small number of studies with viral culture and serial
viral load estimates among transplant recipients, high varia-
bility in study design and reporting, and the inability to pool
results due to the well-known variability in sensitivity across
assays [26]. Some of the data were extracted directly from
figures in published papers, and these estimates may have been
inaccurate.

Case series are conventionally considered low in the evi-
dence hierarchy, as they may entail inherent bias in the
selection of study participants and therefore have limited
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generalizability; however, in this review, they were essential
to provide the detailed reports needed for this unusual patient
group. The case reports included here comprise some of the
most detailed longitudinal reports of this patient group for
whom data are needed. The evidence base is limited, however,
by heterogeneous design and reporting within the studies, with
different observation windows for reporting of viral burden and
culturability or clinical characteristics of patients. Vacci-
nations and differing virus variants may mean that early studies
are less applicable to current practice; however, no evidence is
available to evaluate this.

In addition to providing appropriate care for the individual
patient, ongoing transmission of SARS-CoV-2 is a concern, and
immunosuppressed individuals may pose a challenge by
experiencing prolonged carriage of the virus that could lead to
forward transmission. Based on the findings of this review, the
following general guidance is offered to clinicians.

Physicians who are experienced with these immunosup-
pressed patient populations should work with public health and
infection prevention and control to direct their isolation and
quarantine requirements in the community and the healthcare
setting, respectively. Infectious patients with immunosup-
pressive treatment following solid organ or stem cell trans-
plantation should be isolated until at least two consecutive
respiratory specimens collected �24 h apart demonstrate a
rising Ct value (i.e. indicating diminishing viral burden) in
conjunction with assessment of their clinical status. After
discharge, they should be followed up closely for chronic or
vacillating SARS-CoV-2 infection for several weeks to months,
depending on the individual clinical scenario.

Standardization of methods is needed when obtaining data;
each laboratory should use consistently applied platforms
with suitable internal standards to calibrate the relationship
between Ct value and genome copy in these patient
populations.

Publication of the results of case series or other longi-
tudinal studies should be reported in a standardized format to
avoid loss of data. It is suggested that observation windows
should be within a short range of 3e7 days during the acute
periods post-transplantation, and during periods of rejection
when higher doses of immunosuppressants are employed,
depending on clinical circumstances. Each observation win-
dow should include a summary of symptoms and interventions,
report the Ct value and, for samples with Ct values <30,
report attempts at viral culture if available. Descriptions of
patients should include past medical histories and details of
treatments received. Observed drug interactions should be
highlighted. Reasons for admission, discharge and changes in
isolation should be reported clearly. To investigate the dura-
tion of viral shedding, studies should report the time between
the first positive viral culture and the first negative viral
culture.

With additional data gathering and standardization of
methods, it will be possible for transplant physicians and
infection prevention and control personnel to develop
evidence-based approaches to deal with these patients for the
benefit of the patients, their families and the community at
large.

Finally, differences in viral persistence and replication
between transplant recipients and the general population
demonstrate once again the protective value of an intact and
fully functional immune system.
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