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a b s t r a c t
a r t i c l e i n f o
scribed, but the clinical relevance remains unclear. We studied the dynamics of SARS-CoV-2 on a group and in-
dividual level in intubated ICU patients.
Methods: In a cohort of 86patients,we analysed SARS-CoV-2RT-PCR results on nasopharyngeal and sputumsam-
Background: Prolonged viral RNA detection in respiratory samples from patients with COVID-19 has been de-

ples (obtained as part of clinical care twice a week) according to time after intubation. Subsequently, we per-
formed survival analyses.
Results: 870 samples were tested by RT-PCR. Overall viral load was highest in the first week (median nasophar-
ynx 3.5, IQR 1.5–4.3;median sputum4.3, IQR 3.3–5.6) anddecreased over time. In 20% of patients a relapsing pat-
tern was observed. Nasopharyngeal and sputum PCR status on day 14 was not significantly associated with
survival up to day 60 in this small cohort.
Conclusion: In general SARS-CoV-2 RNA levels in respiratory samples in patients with severe COVID-19 decrease
after the first week after intubation, but individual SARS-CoV-2 RNA levels can show a relapsing pattern. Larger
studies are needed to address the association of clearance of SARS-CoV-2 RNA from respiratory sampleswith sur-
vival, because we observed a trend towards better survival in patients with early clearance from sputum.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19), caused by infection with
SARS-CoV-2, has a broad clinical spectrum of disease, ranging from
asymptomatic infection to severe respiratory disease requiring inten-
sive care unit (ICU) admission and mechanical ventilation.

For diagnosis of COVID-19, guidelines recommend SARS-CoV-2
nucleic acid amplification testing (NAAT) on respiratory samples (naso-
pharyngeal/oropharyngeal samples and sputum) [1,2]. Although respi-
ratory samples have the greatest yield, SARS-CoV-2 can also be
detected in non-respiratory samples, like stool samples [3,4].

A pooled analysis of 28 studies reporting on SARS-CoV-2 RNA shed-
ding showed a median duration of shedding of 18.4 days in respiratory
samples from mainly hospitalized patients [5]. Prolonged shedding has
been described in patients with mild and severe disease, including RNA
detection in respiratory samples for more than 3 months after onset of
symptoms [5,6]. Severe disease has been shown to be associated with
. This is an open access article under
prolonged shedding [7-9]. In addition multiple cases have been
reported of patients testing positive after being discharged from isola-
tion. To date the question remains whether this is caused by intermit-
tent low load RNA shedding or reinfection with SARS-CoV-2 [10].
Whether prolonged RNA detection in respiratory samples is associated
with a poor prognosis within the group of patients with severe
COVID-19 is unclear.

Previous studies have reported on the SARS-CoV-2 RNA load over
time in various sequential samples (upper/lower respiratory samples
or faeces) in COVID-19 patients in general [11-14] or in hospitalized
COVID-19 patients [7,15,16]. Most of these studies describe an increase
in viral load in the first week of the infection, followed by a decline in
viral load [7,13,15]. For the most severely ill COVID-19 patients (i.e. ad-
mitted to the ICU requiring invasive mechanical ventilation) the corre-
lation between nasopharyngeal and sputum load, the evolution of
these loads through time, the presence of specific patterns in individual
viral dynamics and their prognostic value remains to be elucidated. Fur-
thermore, it is of interest whether these viral dynamics resemble other
respiratory infections like influenza or SARS-CoV.

In this study, we aim to describe nasopharyngeal and sputum SARS-
CoV-2 RNA dynamics on a group level and on an individual level in a
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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large cohort of patients with severe COVID-19 admitted to the ICU and
requiring invasivemechanical ventilation. Furtherwe aim to investigate
whether prolonged shedding is related to mortality.

2. Methods

2.1. Patients and samples

COVID-19 patients admitted to the Intensive Care Unit (ICU) in the
University Medical Center Groningen (UMCG), The Netherlands be-
tween March 24 th and May 25th 2020 and requiring invasive mechan-
ical ventilationwere included in this study. Patients were excluded if no
SARS-CoV-2 RT-PCR results were available.

The following clinical datawere collected from the electronic patient
files: age, sex, BMI, relevant comorbidity, date of onset symptoms, start
and end date of mechanical ventilation, the need of extra corporeal life
support, hydroxychloroquine treatment (optional treatment according
to national guidelines at the time of inclusion, although no longer at
time of publication [17]), date of hospital discharge, date of transfer
from or to another hospital and date of death. Comorbidity was catego-
rized in 10 categories: diabetes mellitus, hypertension, hypercholester-
olemia, cardiovascular disease, chronic pulmonary disease, malignancy,
renal insufficiency, thromboembolic disease, auto-immune disorders or
solid organ transplantation. Respiratory sample SARS-CoV-2 RT-PCR re-
sults and CRP levels of these patientswere extracted from the laboratory
information system. ICU capacity during the inclusion period was suffi-
cient for the relatively small number of patients from our own region
and for transfer of patients from other regions in The Netherlands (the
majority of patients included). Most patients were transferred due to
ICU capacity problems and a few patients transferred because extra cor-
poreal life supportwas considered. The first diagnostic samples of trans-
ferred patients were tested elsewhere and these initial Ct values were
therefore not available for most patients.

All samples were collected and tested as part of clinical care. For all
ICU COVID-19 patients nasopharyngeal samples and sputum samples
(in intubated patients) were routinely collected twice a week. The use
of samples and data was approved by the review board of the UMCG
(METc 2020/344). The objection register for use of data and biological
materials was checked for all patients. Data were pseudonymised after
collection from the electronic patient files and laboratory information
system and the pseudonymisation key was stored separately.

Nasopharyngeal swabs were preserved in 3 ml of universal viral
transport medium prior to testing. Sputum samples were transported
to the laboratory in native conditions. In some viscous sputum samples
1 ml of viral transport mediumwas added. For RNA extraction 190 μl or
200 μl of sample was used (depending on the platform used). All sam-
ples were tested within 24 h and stored at 4 °C prior to testing.

2.2. RNA extraction and real-time PCR

Total nucleic acid was extracted on the NucliSENS® EasyMAG®
(Biomerieux, France) according to the instructions of the manufacturer.
RT-PCR was performed by using an in-house assay targeting the E-gene
of SARS-CoV-2 on the Applied Biosystems 7500 Real-time PCR system
(Applied Biosystems, USA) or with the GeneFinder™ COVID-19 Plus
RealAmp Kit on the ELITe InGenius® RT-PCR system (amplification of
RdRp gene, E gene and N gene) (EliTech, France). Ct-values of the N
gene were used in the analysis for samples tested on the InGenius sys-
tem. We estimated two calibration curves (one for the in-house assay
and one for the GeneFinder™ assay) of Ct values versus the load mea-
sured by digital droplet PCR using data from a quality control panel,
and used these curves for conversion of our study sample Ct values to
log copies/ml. The lower limits of detection based on the quality control
panel were 1.7 log copies/ml (in-house assay) and 2.0 log copies/ml
(GeneFinder™ assay, N-gene). Any lower values in our study data
should be interpreted as positive outside range of quantification.
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To investigate whether unexpected increases in viral load were at-
tributable to variations in sample quality human housekeeping gene
RNAse P (included as an endogenous internal control in the GeneFinder
COVID-19 Plus RealAmp assay) was used as a comparison gene if the
amount of sample was sufficient for an additional PCR.
3. Data analysis

3.1. Patient characteristics

Patient characteristics were described as numbers with percentages
(categorical variables) or median with interquartile range (continuous
variables). To calculate the duration of admission, the date of discharge
home or to a physical rehabilitation hospital was used.
3.2. Duplicate samples on one day

Differences in SARS-CoV-2 load between duplicate samples on a sin-
gle day were calculated as a measure of replicability (see Supplemen-
tary Table 1). For all further analyses, the mean of the duplicate
samples on one day was used.
3.3. Analysis of SARS-CoV-2 RNA dynamics on a group level

Categories of 1 week were made to plot the viral load in nasophar-
ynx and sputum over time. If more than one sample of a patient was
tested within this time period of 1 week, a value of a random sample
within this week was taken for the analysis.
3.4. Analysis of individual SARS-CoV-2 RNA dynamics

An increase in SARS-CoV-2 viral load was scored in samples when 2
log copies/ml increase compared to the previous samples was observed
and the Ct valuewas ≤33 (corresponding to a load of 2.3 log copies/ml in
the in-house PCR). For the purpose of calculation of these differences,
negative samples were set to−1 log copies/ml. To study the association
between CRP and increase in viral load, an increase of 50 mg/l in the in-
terval from 2 days before to 3 days after a SARS-CoV-2 peak was used.
3.5. Survival analysis

Wecompared survival of patientswith at least 1 negative SARS-CoV-
2 PCR on a nasopharyngeal swab by day 14 after intubation to survival
of patients without a negative nasopharyngeal swab by day 14 after in-
tubation. Similarly, we compared survival of patients with at least 1
negative SARS-CoV-2 PCR on a sputum sample by day 14 after intuba-
tion to survival of patients without a negative a sputum sample by day
14 after intubation. For this analysis, we included only those patients
still on mechanical ventilation in the UMCG on day 14 after intubation.
The 14 day timepointwas chosen because the cohort of patients onme-
chanical ventilation in the UMCG ICUwas relatively large at day 14 (i.e.
most patientswere transferred fromelsewhere by this time and fewpa-
tients were already detubated) and a substantial minority of patients
had negative PCR results by this time. Follow-up ended 60 days after in-
tubation, or on June 15th 2020 if earlier. Patients who were transferred
to another hospital were censored on the day of transfer. Patients who
were discharged home or to a physical rehabilitation hospital were pre-
sumed to be alive on day 60. Survival curves were estimated using
Kaplan-Meier's methodology. To assess the differences between the es-
timated survival curves the log-rank test was used.

All analyses were performed in StataSE 14 and/or GraphPad
Prism 7.0.



Table 1
Patient characteristics.

Age (years), median (IQR) 62 (55–69)
Male sex, n (%) 63 (73)
Transfer from another hospital
Transferred, n (%) 84 (98)
Intubated on/before day of transfer, n(%) 79 (94)
Duration of mechanical ventilation upon transfer (days),
median (IQR)

2 (0–5)

Duration of symptoms before intubation (days)a, median (IQR) 9 (7–14)
Comorbidity, n(%)
Diabetes mellitus 25 (29)
Hypertension 27 (31)
Dyslipidemia 6 (7)
Cardiovascular disease 15 (17)
Chronic pulmonary disease 10 (12)
Malignancy 11 (13)
Renal insufficiency 5 (6)
DVT and/or pulmonary embolism 2 (2)
Autoimmune disease 5 (6)
Solid organ transplantation 2 (2)
BMI, median (IQR) 27 (25–31)
Hydroxychloroquine treatment, n (%) 57 (66)
Extra corporeal life support, n (%) 5 (6)

a Information available for 66 patients.
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4. Results

4.1. Patients and samples

Eighty-six patients with proven COVID-19 admitted to the ICU were
included in the study. Patient characteristics are listed in Table 1. Most
patients were transferred from a different region in The Netherlands
(n = 84, 98%) and intubated before or on the day of transport (n =
79, 94% of those transferred), with a median duration of mechanical
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ventilation before transfer of 2 days (IQR 0–5). In 63 (73%) patients
one or more relevant comorbidities were present, of whom 41 (48% of
all patients) had diabetesmellitus, hypertension and/or hypercholester-
olemia. The median Body Mass Index of the patients was 27 (IQR 25–
31). For 66 patients, the first day of illness was known. Intubation oc-
curred at a median of 9 days (IQR 7–14) after onset of symptoms.
None of these patients were treated for COVID-19with dexamethasone,
because this was not recommended at time of inclusion (but some pa-
tients may have received corticosteroids for other indications).

In our cohort, 19 patients died (22%). Death occurred between 5 and
50 days after intubation (median 21 days). Patients who survived (n=
67) received mechanical ventilation for a median of 17 days (range
7- ≥60 days). Out of 5 patients who received extra corporeal life support
(ECLS), 2 patients died. Two patients were transferred to another hospi-
tal and 59 patients were discharged home or to a rehabilitation hospital
before end of follow-up. At 60 days after intubation 6 patients were still
in our hospital.

4.2. Viral RNA shedding in nasopharyngeal and sputum samples

From these 86 patients a total of 870 samples (485 nasopharyngeal
samples and 385 sputum samples taken mostly simultaneously) were
tested by RT-PCR. The median number of nasopharyngeal samples per
patient was 5 (range 1–13), the median number of sputum samples
per patient was 4 (range 0–14).

In the first week after intubation, nasopharyngeal samples of 54 pa-
tients were tested for SARS-CoV-2 RNA, of which 46 were positive for
SARS-CoV-2 RNA, with a median viral load of 3.5 Log copies/ml (IQR
1.5–4.3). Sputum from 51 patients was obtained during the first week
after intubation, in all but one SARS-CoV-2 RNA was detected with a
median viral load of 4.3 Log copies/ml (IQR 3.3–5.6). In the first two
weeks of admission the viral load was higher in sputum samples than
in nasopharyngeal samples (median second week sputum 3.3 (IQR
1.7–4.3), nasopharynx 2.0 (IQR negative – 3.3)). As shown in Fig. 1
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overall viral load (sputum and nasopharynx) was highest in the first
days after intubation and gradually decreased.

Of thepatientswhodied of COVID-19, 14 out of 19 (74%)were SARS-
CoV-2-RNA positive in the last nasopharyngeal sample, with a median
viral load of 2.6 (IQR 1.7–3.6) log copies/ml. At time of detubation, 32
out of 66 patients (48%) still had detectable virus in the last nasopharyn-
geal swab, with a median viral load of 3.0 (IQR 2.3–3.6) log copies/ml.
SARS-CoV-2 remained detectable in nasopharyngeal swabs for ex-
tremely long periods of more than 35 days following intubation in 5 pa-
tients (in at least 1 sample), with a load of ≥2.3 log copies/mL (Ct-value
≤33) in 3 of these patients.
4.3. Viral dynamics in serial samples and C-reactive protein

Next we examined the dynamics of viral load through time in all in-
dividual patients. Inmost patients viral loadswere high on admission to
the intensive care unit and decreased over time (typical example shown
in Fig. 2A). However, in a considerable proportion of patients a relapsing
pattern was observed (example shown in Fig. 2B). Seventeen out of 86
patients (20%) had a relevant increase in nasopharyngeal SARS-CoV-2
RNA load (defined as an increase of >2 log copies/mL in 1 or 2 incre-
ments, with a minimal “peak” load of 2.3 log copies/mL). Four out of
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Fig. 2. Time course graph of SARS-CoV-2 viral load and CRP. a. Typical example of a patient
with a gradually decreasing viral load pattern. b. Typical example of a patients with a
relapsing pattern. X-axis time from intubation. Y-axis left SARS-CoV-2 viral load (log
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86 patients (5%) had a relevant increase in sputum SARS-CoV-2 viral
load. For 6 patients with an increase in nasopharyngeal SARS-CoV-2
RNA load, the CT-value of housekeeping gene RNAse P was available
for both the peak sample and the pre-peak sample. The difference in
RNAse P CT-value between the peak sample and the pre-peak sample
ranged from −2.6 (i.e. more human DNA in the peak sample) to +1.7
(i.e. less human DNA in the peak sample). Therefore the increases
in viral load are not clearly caused by differences in sample quality. In
2/17 patients the increase in SARS-CoV-2 RNA nasopharyngeal load
was accompanied by a simultaneous CRP increase (more than 50 mg/l
in any interval between 2 days before and 3 days after the peak in
viral load). Furthermore, in 2 patients a positive nasopharyngeal PCR
(>2.3 log copies/ml) was observed following ≥2 consecutive negative
nasopharyngeal PCRs.

4.4. Duration of viral RNA detection and survival

Overall 60 day survival as estimated by Kaplan-Meier in this cohort
of patients with severe COVID-19 was 76% (Fig. 3). Most deaths oc-
curred within the first 3 weeks after intubation (14%). To assess
whether prolonged SARS-CoV-2 detection is associated with a poor
prognosis, survival of patients with viral RNA detection at least 14
dayswas comparedwith patientswith at least 1 negative samplewithin
14days (restricted to patients still onmechanical ventilation onday 14).
Overall 60 days survival for the patients still intubated after 14 days is
shown in Fig. 4A. Fourteendays after intubation 30 patients had positive
nasopharyngeal swabs and 18patients had 1 ormore negative nasopha-
ryngeal swab. Fig. 4B shows the survival curve according to nasopharyn-
geal PCR status. Survival from14 days to 60dayswas 80% in the groupof
patients with positive nasopharyngeal swabs only up to day 14, while
survival was 78% in the patients with at least 1 negative swab at 14
days after intubation (p = 0.81). Fourteen days after intubation 39 pa-
tients had positive sputum samples and 9 patients had 1 or more nega-
tive test results. Fig. 4C shows the survival curve from14days to 60 days
according to sputum PCR status. Survival was 74% in the group of pa-
tients with positive sputum samples only up to day 14, while survival
was 100% in the patients with at least 1 negative sputum sample at 14
days after intubation (p = 0.10).

5. Discussion

This study shows the viral dynamics of SARS-CoV-2 in a relatively
large cohort of intensive care COVID-19 patients in the Netherlands.
We found that on a group level 1. SARS-CoV-2 RNA loads were highest
in thefirstweek after intubation, decreasing thereafter and 2.during the
first two weeks after intubation sputum SARS-CoV-2 RNA levels
exceeded nasopharyngeal SARS-CoV-2 RNA load. On an individual
level, we found diverse patterns of SARS-CoV-2 RNA dynamics in time,
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Fig. 3. Overall 60-day survival. Patients enter the set of patients at risk upon admission or
transfer to the ICU of the UMCG, which in many cases is later than the day of intubation.
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with some patients showing quickly and steadily decreasing levels and
other patients showing peaks in load after an initial decrease, i.e. a re-
lapsing pattern. In those patients still intubated after two weeks,
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clearance of SARS-CoV-2 RNA from the nasopharynx was not related
to mortality, whereas clearance of SARS-CoV-2 RNA from sputum
showed a trend towards lower mortality.

Most patients had high viral loads in the first week after intubation
and these loads gradually decreased over time. A peak in viral load in
the first week and gradual decrease of viral load over time has been de-
scribed by several authors in mixed populations of patients with severe
and mild disease [7,12,14-16]. Furthermore, we observed a higher load
in sputum samples than in nasopharyngeal samples in the first 2
weeks after intubation, which also has been described previously
[12,14,16,18].

In 20% of patients a relapsing pattern was observed. After an initial
low and/or decreasing viral load, a sudden increase of ≥2 log copies/ml
was observed. Although previous studies have described viral dynamics
primarily on a group level and have not commented on the patterns of
individual viral dynamics, upon inspection of published individual
viral load graphs similar viral load increases can be observed [19,20].
The phenomenon of more than one peak in the viral load versus time
curve is recognized for Influenza A, where it is thought to be the result
of target cell depletion, temporal dynamics in interferon production
by infected cells or developing adaptive immunity [21]. More recently
it was shown that subgenomic RNA from double walled vesicles may
be detected for prolonged periods of time following SARS-CoV-2 infec-
tions [22].

The significance of the increases in viral load after periods of de-
crease or low load which we describe in this study remains uncertain.
More research is necessary to investigate if this is observed by others
and if it is associated with adverse outcome and longer total virus
shedding.

In many aspects, our study population was similar to previously de-
scribed cohorts of ICU COVID-19 patients. Patients were admitted to the
ICU between 4 and 22 days (mean 10 days) after onset of symptoms,
which is similar to what has been reported before [23]. In 73% of the pa-
tients at least one of the recognized risk factors for severe COVID-19 in-
fections was present, which is also similar to what has been reported
before [24]. A distinctive aspect of our cohort of patients is the large pro-
portion of patients transferred from another hospital. This may affect
generalizability of our results, because patients who were intubated,
but had a clinical condition suitable for transport were transferred to
our hospital. The slightly better survival than previously described
[25] may also be explained by the non-representative group of patients
transferred to our hospital. How this may have affected results with
regard to viral dynamics is difficult to predict.

Altered treatment recommendations may affect generalizability of
our results to future patients. Most patients were treated with
hydroxychloroquine, which may affect viral dynamics. However,
several studies have shown that the use of hydroxychloroquine
does not affect survival in COVID-19 patients [26]. Furthermore, the
hydroxychloquine was discontinued upon admission to our ICU.
Whereas hydroxychloroquine treatment is no longer recommended,
current Dutch national guidelines recommend treatment of moderately
to severely COVID-19 with dexamethasone. As this suppresses the
inflammatory response, it may cause increased or prolonged viral
shedding.

There are some technical limitations with regard to sampling and
the RT-PCR procedure. Quality of both nasopharyngeal samples and
sputum samples can vary, which means that an observed increase in
viral load could be attributable to improved sampling compared with
the previous sample. We further explored the effect of sampling vari-
ability through analysis of the CT-value of the human housekeeping
gene RNAse P (expressed in human epithelial cells), which was avail-
able for only a limited number of relevant samples. This did not clearly
indicate that the SARS-CoV-2 RNA peak samples were of better quality
than the previous sample.

Due to routine sampling twice weekly during the time patients
were intubated, there was no selective sampling based on clinical
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deterioration as long as patients were intubated. In detubated patients,
nasopharyngeal samples were still submitted at regular intervals to
guide infection prevention measures. However, in detubated patients
sputum was only incidentally tested. This may have led to a sampling
bias, because it is more likely that sputum was tested in patients with
clinical deterioration.

In 5 patients nasopharyngeal viral RNA detection of more than 35
days after intubation was observed. Huang et al. [16] have described
viral shedding of >28 days after onset of symptoms in 69% of critically
ill patients. Prolonged positivity and testing positive after initial nega-
tive test(s), may have implications for infection control. Van Kampen
et al. [27] assessed the duration and determinants of infectious virus
shedding in 129 patients with severe COVID-19. Viral loads above 7
log10 RNA copies/mL and absence of serum neutralizing antibodies
were independently associated with isolation of infectious SARS-CoV-
2 from the respiratory tract using viral culture. In our study we did not
perform viral culture. Therefore, it is unknown 1. up to which point
the prolonged detection of SARS-CoV-2 RNA indicates the presence of
viable virus and 2. whether a relapsing pattern may indicate the pres-
ence of viable virus. The relapsing pattern suggests that a single PCR
test with a high Ct value may not be sufficient for patients with severe
COVID-19 to be taken out of isolation.

SARS-CoV-2 clearance from sputum before 14 days after intubation
showed a trend towards better outcome, however not significantly
due to small numbers of patients included in this analysis. Therefore,
the association between survival and early clearance of SARS-CoV-2
needs to be investigated in larger prospective studies.

Becausewedid not have follow-up data of patients discharged home
or to a rehabilitation hospital, patients discharged before day60 after in-
tubation were assumed to be alive at day 60. Although there is a small
chance that we may have underestimated mortality, this will have re-
sulted in less bias than censoring all discharged patients (i.e. presuming
that their risk of dying is the same as that of patients still in hospital).
Sputum samples were infrequently obtained once patients were
detubated, and nasopharyngeal swabs no longer obtained once patients
were discharged. This could potentially lead to misclassification in
survival analysis according to PCR status, due to patientswith a last pos-
itive sample before detubation or discharge remaining in the positive
category. However, because we performed the analysis on patients
still intubated at day 14, the risk of misclassification in our analysis is
low.

In conclusion, we describe a relapsing viral load in a relatively
large cohort of patients with severe COVID-19. We observed a higher
viral load in sputum samples than in nasopharyngeal samples in the
first two weeks after intubation and viral RNA was detected in naso-
pharyngeal samples for more than 35 days in 5 patients. Whether
prolonged or relapsing viral detection also has implications for infec-
tion control remains to be elucidated. Routinely monitoring of spu-
tum viral load in severe COVID-19 patients may be beneficial for
development of infection control guidelines and prediction of
prognosis.
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