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ABSTRACT Intensive care unit (ICU) patients with COVID-19 are isolated until two
subsequent SARS-CoV-2 PCR tests have become negative. The question is whether the
viral RNA detected here represents intact or compromised viral particles. A viability
PCR method detects only intact infectious viruses and disregards RNA from incomplete
non-infectious viruses or RNA remnants. We hypothesize that the time to a negative
PCR is shorter using the viability PCR compared to conventional SARS-CoV-2 PCR.
Patients admitted to the ICU in the Maastricht University Medical Center within an
ongoing prospective cohort were included, and respiratory samples were collected
three times weekly. Samples were aliquoted for viability PCR into two aliquots, one of
which was treated with propidium monoazide (PMA) to eliminate incomplete viruses.
The PMA-untreated sample corresponded to the traditional SARS-CoV-2 PCR used in
routine diagnostics. A mean time difference between viability and conventional PCR was
estimated, assuming a negative binomial distribution. One hundred two ICU patients
were included in the analysis. The time to a negative PCR test result differed significantly
between viability PCR and conventional PCR (Paired Prentice-Wilcoxon test P-value =
0.0001). On average, the first negative viability PCR test result occurred 2.4 days (95%
Cl 1.5-4.2) before the first negative conventional PCR test result. The application of a
viability PCR technique for SARS-CoV-2 provided an earlier indication of the absence of
intact virus, suggesting reduced infectivity, potentially enabling earlier de-isolation of
ICU patients.

IMPORTANCE This study demonstrated that, within patients, on average, viability PCR
became negative 2.4 days earlier than conventional PCR, indicating that viability PCR
could potentially assist in de-isolating patients 2.4 days earlier. Future use of this assay
could thus aid in improving routine COVID-19 diagnostics and prognostics related to the
timing of de-isolation. Additionally, future development of a similar approach for other
respiratory viruses could be of interest.

KEYWORDS de-isolation, viability PCR, SARS-CoV-2, COVID-19

he prevention of SARS-CoV-2 transmission by adequate isolation measures remains a

laborious task for clinicians and hospital infection preventionists. More importantly,
isolation measures can have unfavorable consequences on the quality of care for
patients and their overall well-being (1). Real-time polymerase chain reaction (RT-PCR)
assays are the gold standard method for laboratory diagnosis of SARS-CoV-2 and other
viruses. However, RT-PCR testing cannot discern between non-infectious and infectious
viruses. This is especially problematic when patients have persistently positive RT-PCR
results, and the dilemma arises as to whether this represents a true replication-compe-
tent virus or remnant viral RNA. Such persistently positive PCRs have been observed
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in patients for weeks and sometimes even months (2-4). Several other studies indica-
ted that this could be due to the detection of remnant viral RNA (5-7). Unnecessarily
prolonged isolation measures can cause a burden on patients, intensive care unit (ICU)
personnel, ICU isolation room capacity, and healthcare costs.

The need for a diagnostic tool capable of detecting intact viruses instead of remnant
RNA is evident. Although viral culture has traditionally been used for this aim, this
method is not widely applied as a diagnostic tool in routine practice in many clinical
microbiology laboratories. One technique that utilizes membrane integrity as the main
aspect of viability is termed viability PCR (v-PCR) (8). This method utilizes pre-treat-
ment of the sample with a membrane-impermeant nucleic acid stain, followed by
RNA extraction and amplification. Propidium monoazide (PMA), which solely pene-
trates compromised membranes, irreversibly intercalates in the viral RNA and thereby
inhibits the amplification of PMA-altered RNA (9). Since the RNA from viable virus is
left unmodified, only RNA from intact virus will be amplified in subsequent analyses.
Compared to PMA, PMAXxx is a novel and improved viability dye that can be utilized for
the distinction between infectious and non-infectious pathogens (10).

A v-PCR assay for the detection of SARS-CoV-2 in patient samples has recently been
developed and thoroughly validated by (11, 11). This study found that this v-PCR assay
can discern intact, infectious SARS-CoV-2 from damaged, non-infectious SARS-CoV-2 in
cultured virus samples as well as in a clinical sample. Within this validation study, the
v-PCR showed that PMAxx treatment effectively blocks more than 99.99% of RNA from
compromised SARS-CoV-2 virions, only amplifying RNA from intact SARS-CoV-2 virions
(12). Sberna et al. (12) used a v-PCR in conjunction with a digital droplet PCR, while
the v-PCR by (11, 11) uses RT-PCR. The latter is more often used in determining the
SARS-CoV-2 virus. The current study focuses on assessing the potential implications for
earlier de-isolation in the ICU. Therefore, the v-PCR based on RT-PCR was preferred based
on the current clinical practice.

We hypothesize that the time to negative PCR test conversion is shorter using
the v-PCR method, and isolation duration can potentially be shortened using v-PCR
compared to conventional PCR.

MATERIALS AND METHODS
Design and Study Population

The Maastricht Intensive Care COVID (MaastrlCCht) cohort has been described exten-
sively elsewhere (13-15). In brief, this comprehensive prospective cohort study was
conducted in patients admitted to the ICU of the Maastricht University Medical Center+,
a tertiary care university teaching hospital in the southern part of the Netherlands (13).
The MaastrlCCht cohort has been ongoing and reported on mechanically ventilated
patients until 1 October 2021 (16). For the current study, we investigated an additional
109 patients with and without mechanical ventilation admitted to the ICU from 1
October 2021 to 1 May 2023. During this period, nasopharyngeal swab sampling was
performed every Monday, Wednesday, and Friday for RT-PCR and v-PCR analyses. These
repeated samples are considered repeated measurements within the same patient.

PCR sampling stopped when PCR results were no longer considered clinically
indicated by a joint decision of the attending ICU clinicians and microbiologist. A
distinction was made between two types of patients: those whose ICU admission was
directly related to COVID-19 (“primary SARS-CoV-2 infection”) and those whose SARS-
CoV-2 infection was coincident with warranted ICU admission (“non-primary SARS-CoV-2
infection”).

Outcome measures

The time to negativity was determined for both the PMA-treated as well as the PMA-
untreated aliquots of each patient sample. The time to negativity was defined as the
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number of days from ICU admission until the first PCR with a Ct-value of 35 or higher. In
this study, the day of ICU admission was the starting day (T0).

Sample collection and preparation

Respiratory samples were taken with nasopharyngeal swabs in a viral transport medium.
ICU sample collection was done three times weekly for each patient. On the day of
sampling, the nasopharyngeal swabs were transported to the laboratory for further
processing.

Each sample was split into three aliquots: one for treatment with PMAxx (labeled +
PMA), one left untreated (labeled—PMA), and one for the PCR assay used in routine
diagnostics. A total of 250 pL of the sample was pipetted in two 1.5 mL tubes, while
1 mL of the sample was pipetted in the tube meant for the PCR assay used in routine
diagnostics.

To the aliquots for PMAxx treatment, 2.5 uL 0.005% SDS solution (Sigma-Aldrich) and
1 pL 20 nM PMAxx (Biotium Inc., Hayward, CA) were added. Hong et al. showed that
adding surfactants such as SDS improved differentiating power and v-PCR, in particular,
the addition of 0.005% SDS (17). These tubes were vortexed and incubated for 30 min at
37°C. For PMAXxx to be activated and bind RNA of inactivated SARS-CoV-2 virus particles,
the PMAxx-containing tubes were placed in the PMA-lite LED photolysis device for 10
min. A total of 250 uL of Lysis buffer was added subsequently. A total of 250 uL of Lysis
buffer was added directly to the tubes containing samples that were left untreated.

Virus RNA extraction and RT-qPCR conditions

The RT-gqPCR conditions were the same for both PMAxx-treated and PMAxx-untreated
samples for the v-PCR method. The only difference was that for the PMAxx-treated PCR
procedure, samples were pre-treated with PMAxx, SDS, and photoactivation. Samples for
the PMAxx-untreated PCR method were not.

SARS-CoV-2 RNA was isolated using the MagNA Pure LC 96 DNA and viral RNA NA
Small Volume Kit (Roche) using the Pathogen Universal 200 protocol.

The E-gene was targeted using the forward primer 5-CGGAAGAGACAGGTACGTTAATA
G-3’, reverse primer 5-AGACCAGAAGATCAGGAACTCTA-3’, and probe 5-6-FAM-ACACTA
GCCATCCTTACTGCGCTTCG-BHQ-1-3

RT-gPCR was run on a QuantStudio 5 device (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA) with primers and probes targeting the SARS-CoV-2 E-gene. Ct
values were assessed with Quantstudio Design and Analysis Software v1.5.2. Each RT
reaction was performed by adding 10 pL of viral RNA to a mix containing 5 pL Tagpath
1-step RT gPCR MasterMIX (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA)
and 5 pL primer-probe mix. Amplification was done by a 2 min hold stage at 25° and a
hold stage for 15 min at 50°. This was followed by 42 cycles of 3 s at 95°C and 30 s at 60°C.

To correctly evaluate whether v-PCR becomes negative earlier compared to
conventional PCR, Ct 35 and above was considered as a negative test result. Using this
cut-off value, we aimed to measure time-to-negativity more accurately by avoiding the
variability of Ct value outcomes caused by the on-off effect of samples with a low viral
load.

Statistical methods

Patient characteristics were summarized using mean and standard deviation for normally
distributed variables and median and interquartile range (IQR) otherwise. The outcome
was the time (in days since ICU admission) until a negative PCR (viability and/or
conventional) test result. The data were considered paired since the conventional and
v-PCR tests were performed on the same patient/sample (i.e., no biological variability,
with two tests, each with potential analytical variability), while multiple serial samples
per patient (i.e., taken on Monday, Wednesday, and Friday) were investigated. In addition,
the outcome is considered right-censored because sampling stopped when patients
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were discharged from the ICU or died (which could occur before a negative test result,
indicating censoring).

To assess whether there was a significant difference in the time-to-negativity between
the v-PCR and conventional PCR test, the Paired Prentice-Wilcoxon (PPW) test for
censored paired data was used (18). Furthermore, the 50% event time (the time at which
half of the population was negative for the corresponding PCR) was also assessed. To
plot the different times to negativity between v-PCR and conventional PCR, a cumula-
tive incidence plot was used. A two-sided test with a P-value < 0.05 was considered
significant.

To calculate the average number of days that a v-PCR test result was negative before
a conventional PCR test result, we first calculated the time difference between a negative
viability test result and a negative conventional PCR test result for each patient. If
the conventional PCR test result was negative before the v-PCR test result, the time
difference was <0; if the viability test result was negative before the conventional test
result, the time difference was >0. Since the time to negative data is censored, the
differences are also censored. If a patient was discharged after a negative v-PCR test
result, but the last conventional PCR test result was still positive, the difference was
right censored. To account for censoring in the differences, parametric distributions were
fitted to the data using maximum likelihood estimation. A normal, Poisson, and negative
binomial distribution were fitted, and the best-fitting distribution was chosen based
on the Akaike Information Criteria and Bayesian Information Criteria (BIC) of the fitted
distributions. For the best-fitting distribution, the mean and the corresponding 95% Cl
are reported. The confidence interval is estimated via bias-corrected and accelerated
bootstrap method with 2,000 resamples.

To further investigate the results, a post-hoc analysis was performed. In this sub-anal-
ysis, the effects of primary/non-primary SARS-CoV-2 infection, chronic lung disease,
immunosuppression, and variant of concern on the difference between v-PCR and
conventional PCR were further investigated (Supplement 1).

All analyses were performed in R version 4.1.2 (19), and the fitdistrplus package
version 1.2-1 (20) was used to fit the different distributions to the censored differences in
time to a negative PCR test result.

RESULTS

The study population consisted of 109 patients, of whom 69 (63.3%) were admitted with
a primary SARS-CoV-2 infection and 40 (36.7%) with a non-primary SARS-CoV-2 infection.
The median age of patients was 64 years (IQR 56, 72), with a median body mass index of
26 (IQR 24.7, 30.9) kg/m?. The median length of stay before the ICU admission was 1 (IQR
0, 5) day; the length of stay in the ICU was 11 days patients; 74 (67.9%) survived their ICU
stay (Table 1).

Of the 109 patients, seven were excluded because of a negative PCR result between
TO and the start of the first v-PCR measurements or no PCR measurement for 30 or more
days between the TO and first v-PCR measurements, leaving 102 patients for the analysis
(Fig. 1).

Within the 102-patient cohort, the number of days to PCR negativity ranged from 0 to
31 days for the conventional PCR and from 0 to 20 days for the v-PCR. The median
number of days to a negative PCR result was 5 (IQR 2, 12) days for conventional PCR and
4.5 (IQR 2, 9) for the v-PCR.

Of the 102 patients, 70 (68.6%) had a negative result for the v-PCR during ICU stay,
and 32 (31.4%) stayed positive for the v-PCR during the ICU stay and thus were consid-
ered censored. For the conventional PCR, 62 patients (60.8%) had a negative result
during the ICU stay, and 40 patients (39.2%) stayed positive.

The 50% event time for negativity (time point where half of the PCR became negative
had occurred) was 7 days post-admission (95% Cl: 5-10) for v-PCR and 11 days (95% Cl:
8-15) for conventional PCR.
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TABLE 1 Descriptive statistics of the cohort?

Variables Units Overall
Number of patients N 109
Sex Male N (%) 78 (71.6)
Female N (%) 31(28.4)
Age Years Median (IQR) 64 (56,72)
BMI Weight (kg)/height (m?) Median (IQR) 26.7 (24.7,30.9)
ICU length of stay Days Median (IQR) 11(5,21)
Pre-ICU length of stay Days Median (IQR) 1(0,5)
ICU mortality Survivor N (%) 74 (67.9)
Non-survivor N (%) 35(32.1)
Primary or non-primary COVID Primary COVID N (%) 69 (63.3)
Non-primary COVID N (%) 40 (36.7)
APACHE Il score Clinical score N (%) 14(11,18)
Chronic lung disease Yes N (%) 22(20.2)
No N (%) 87 (79.8)
Immunosuppression Yes N (%) 7 (6.4)
No N (%) 102 (93.6)

?APACHE, Acute Physiology and Chronic Health Evaluation; BM, body mass index.

The difference between the time-to-negativity of the v-PCR and conventional PCR
was statistically significant (P = 0.0001) as assessed by the PPW-test (Fig. 2). This is a
strong indication that the occurrence in time of PCR negativity is different for v-PCR and
conventional PCR. In only one case did the conventional PCR become negative before
the v-PCR (v-PCR Ct: 34.2, conventional PCR Ct: 35.4). In the other cases, the v-PCR
became negative before the conventional PCR became negative. There were no
significant differences measured for primary/non-primary SARS-CoV-2 infection, chronic
lung disease status, immunosuppression status, and variant of concern on the difference
between v-PCR and conventional PCRs (Supplement 1).

To estimate the magnitude of the difference, the distribution of the differences had to
be modeled using the best-fitting distribution. The negative non-binomial distribution
had the best fit according to the BIC score and visual residual inspection. Using this fitted
distribution, the average difference was calculated. The resulting average difference in
days was 2.4 days (95% Cl; 1.5-4.2), in which the v-PCR converted earlier to negative
compared to the conventional PCR assay (Fig. 3).

DISCUSSION

The main finding of this study is that in ICU patients with SARS-CoV-2, the time-to-
negativity of the v-PCR is, on average, 2.4 days shorter compared to the currently
routinely used conventional PCR assay. Our findings thus confirm the hypothesis that
pre-treatment of samples with PMAxx shortens the detection time of PCR negativity
since only the intact virus is consequently detected.

This evidence contributes to the optimization of the decision-making approach
regarding discontinuation of isolation measures for patients admitted with COVID-19.
Regular PCR assays cannot discern between intact and remnant viruses, and thus
between infectious and non-infectious viruses. This can lead to dilemmas for clinicians
regarding patients with persistence, for example, beyond 10 days, positive PCR test
results. Our findings imply that with v-PCR testing, isolation measures could be discontin-
ued earlier. Theoretically, the 2.4 days earlier patients’ de-isolation (as implied by the
results of this study) could substantially reduce the burden on patients, ICU personnel,
ICU isolation room capacity, as well as healthcare costs.

Although the benefit of 2.4 days to de-isolate earlier is clinically relevant, based on
earlier reports, the expected difference in time-to-negativity is expected to be greater.
This can be explained by several aspects:
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Npatients = 433

COVID-19 ICU patients who didn't have viability PCR
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COVID-19 ICU patients who became SARS-Cov-2 PCR
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h
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COVID-19 ICU patients
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FIG 1 Cohort inclusion scheme inclusion flowchart of the cohort. v-PCR sampling started at the start of October 2021, resulting in a subset of 109 patients within
the MaastrlCCht cohort. The subset of 102 patients was analyzed in this study.

1. Suboptimal pre-treatment efficiency with PMAxx could be an underlying cause for
longer detection of viral RNA remnants. Veugen et al. demonstrated a blocking
efficiency of over 99% in both viral culture samples and clinical samples (11). Since
we have applied the same assay protocol from the latter study, suboptimal
efficiency seems a less plausible explanation, though we have not analyzed assay
efficiency in our present study.

2. Second, the method employed in our viability assay is based on the assumption
that a compromised cell membrane is the underlying mechanism leading to
reduced virus viability. As previously mentioned by Veugen et al. (11), it could be
argued that a compromised cell membrane could only be one of multiple possible
mechanisms of reduced virus viability and, therefore, not the only measure of viral
viability. Furthermore, there is also a possibility of the free-floating RNA (indicative
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FIG 2 Cumulative incidence of the conventional and v-PCR becoming negative in time. This figure shows the cumulative incidence plot of both the v-PCR

(orange line) and conventional PCR (blue line) becoming negative in time. The plot shows that the v-PCR becomes negative earlier in comparison with the

conventional PCR. This difference between the tests was statistically significant as assessed via the PPW test (P = 0.0001).

of non-intact viral particles) being encapsulated in extracellular vesicles. This
would also lead to a slightly diminished effect of the v-PCR.

3. Third, PCR samples were collected three times per week, not daily. This could imply
that some samples became negative within this interval, underestimating the
effect of the v-PCR.

4. Last, it could be a sign of longer persistence of the replication-competent virus in
patients than hypothesized (21). A previous study investigated prolonged
persistently positive RT-PCR cases using a subgenomic viral mRNA detection
method for assessment of viral viability. This study found that among cases with
prolonged viral shedding, subgenomic viral RNA was detected in 20% of cases
long after symptom onset (22). This report has underscored that prolonged
conventional PCR positivity should not be automatically dismissed as detection of
remnant RNA, as it might indicate true infectiousness in some patients. In other
terms, a prolonged PCR could indicate true prolonged infectiousness.

Regarding our post-hoc exploration, several remarks should be made. In the initial
analyses, we did not include information regarding the viral variant types. Additional
sequencing of the samples that were collected in our study could give more insights into
this in-host evolution phenomenon. We thus considered whether viral integrity is
dependent on viral variants. Though our post hoc exploration should be interpreted
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FIG 3 Distribution of the time difference between the v-PCR (+PMAxx) and conventional (~PMAxx) PCR becoming negative. This figure shows the time

difference distribution between the test becoming negative. Population density is shown on the y-axis, and on the x-axis, the difference in days between the

conventional PCR and v-PCR negativity is shown. If they both became negative on the same day, this would be zero, and if the v-PCR was negative first, a positive

time difference is shown. A negative-binomial distribution (red line) was fitted on the data to assess the mean (u) time difference (2.4 days [95%; Cl 1.5-4.2]

earlier).

cautiously, the distribution of the data shows no clear indication supporting this
assumption (Supplement 1). Similarly, a previous report did not find relevant differences
in the time to a negative culture outcome for Delta and Omicron variants (23). Concern-
ing an immune-compromised status, one study reported no prolonged virus shedding in
a cohort of patients, illustrating that this does not necessarily have to be a factor,
implying a longer presence of viable virus (24). Furthermore, additional analyses show
that the initial viral load does not seem to significantly affect (P = 0.37) the time differ-
ence variability between the viability and regular PCR (Supplement 2).

Our analysis has certain limitations. First, we used the day of ICU admission as the
first time point since information regarding SARS-CoV-2 PCR tests taken elsewhere from
patients who were admitted to the ICU was lacking. This could have impacted the time
to PCR negativity and most likely underestimated the potential gain in days by v-PCR.
Second, the duration of PCR positivity for the v-PCR assay could be overestimated since
samples were not taken daily but three times per week. Despite these limitations, a
clinically relevant 2.4-day reduction was observed.

Third, it has to be noted that in this study, we have not tested samples in parallel
using another—gold-standard—detection method capable of detecting viable viruses
(viral culture). Therefore, we cannot state with absolute certainty that the shedding of
infectious viruses is equal to zero. Nevertheless, the v-PCR used in this study has been
validated using culture as a gold standard, as published elsewhere (11). Last, we used
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Ct 35 and above as a cut-off for negativity to assess time-to-negativity more accurately.
In current clinical practice, there is no consensus on the use of a Ct threshold value for
making decisions regarding infectivity and isolation duration.

Apart from these limitations, this study also has several strengths. First, repea-
ted measurements were done within patients of both conventional and v-PCR until
negativity. Combined with simultaneous testing of v-PCR and conventional PCR, this
gave an accurate measure of the difference between the two PCR tests in time. Second,
the need to isolate, and consequently the need for testing infectivity, is present in
patients who are admitted with primary and non-primary SARS-CoV-2 infection, while
the latter group has not been admitted to the ICU for COVID-19 and thus may not
have this disease. By including both patients with primary and non-primary SARS-CoV-2
infection, the generalizability of the results was enhanced. Last, the currently chosen
study design and utilization of PCR are highly representative of clinical practice reality
during the SARS-CoV-2 pandemic.

This study demonstrated that within patients, on average, v-PCR became negative
2.4 days earlier when compared with conventional PCR, indicating that using v-PCR
could potentially assist in de-isolating patients 2.4 days earlier. Future use of this assay
could thus aid in improving routine COVID-19 diagnostics and prognostics related to the
timing of de-isolation. Additionally, future development of a similar approach for other
respiratory viruses could be of interest.

ACKNOWLEDGMENTS

This publication is part of the ColLalC project with project number 10430102110002 of
the COVID-19 research program, which is (partly) financed by the Netherlands Organisa-
tion for Health Research and Development (ZonMw).

The researchers hereby state that they are independent from funders.

Una Vojinovi¢: methodology, investigation, resources, writing—original draft, and
writing—review and editing. Tom Schoenmakers: methodology, software, validation,
formal analysis, writing—original draft, writing—review and editing, and visualization.
Ruben Deneer: methodology, software, validation, formal analysis, and writing—review
and editing. Mathie P.G. Leers: conceptualization, writing—review and editing, super-
vision, project administration, and funding acquisition. Frank van Rosmalen: investiga-
tion, resources, data curation, writing—review and editing, and project administration.
Stefan H.M. Gorissen: conceptualization, writing—review and editing, project admin-
istration, and funding acquisition. Wilhelmine P.H.G. Verboeket-van de Venne: con-
ceptualization, writing—review and editing, and funding acquisition. Walther N.K.A.
van Mook: conceptualization, resources, writing—review and editing, supervision,
and funding acquisition. Bas C.T. van Bussel: conceptualization, methodology, valida-
tion, formal analysis, resources, writing—review and editing, supervision, and funding
acquisition. Paul Savelkoul: resources, writing—review and editing, and supervision. Inge
H.M. van Loo: conceptualization, investigation, resources, writing—review and editing,
supervision, and funding acquisition. Petra F.G. Wolffs: conceptualization, investiga-
tion, resources, data curation, writing—review and editing, supervision, and funding
acquisition.

All authors have completed the Unified Competing Interest form (available on request
from the corresponding author) and declare: no support from any organization for the
submitted work; no financial relationships with any organizations that might have an
interest in the submitted work in the previous 3 years, no other relationships or activities
that could appear to have influenced the submitted work.

The manuscript’s guarantors affirm that the manuscript is an honest, accurate, and
transparent account of the study being reported; no important aspects of the study
have been omitted; and any discrepancies from the study as planned (and, if relevant,
registered) have been explained.

Patients (e.g., Longfonds) were and will be involved in the design and dissemination
plans of this research.

January 2026 Volume 14 Issue 1

Microbiology Spectrum

10.1128/spectrum.01140-25 9

Downloaded from https://journals.asm.org/journal/spectrum on 01 April 2026 by 145.118.202.69.


https://doi.org/10.1128/spectrum.01140-25

Research Article

The members of the Dutch ColLalC consortium: Stephanie Ament (MUMC+, Maas-
tricht); M. Sesmu Arbous (LUMC, Leiden); Otto Bekers (MUMC+, Maastricht); Miranda
van Berckel (Radboud UMC, Nijmegen); Arjan-Kars Boer (Catharina Hospital, Eindhoven),
Dirk W. van Dam (Zuyderland MC, Sittard-Geleen/Heerlen); Ruben Deneer (Catharina
Hospital, Eindhoven); William PT.M. van Doorn (MUMC+, Maastricht); Tom P. Dormans
(Zuyderland MC, Sittard-Geleen/Heerlen); Silvia M.M.A. Evers (Maastricht University,
Maastricht); Tim Frenzel (Radboud UMC, Nijmegen); Madeleen de Geus-Bosma (LUMC,
Leiden); Judith Gillis (LUMC, Leiden); lwan C.C van der Horst (MUMC+, Maastricht); Kitty
Linssen (Zuyderland MC, Sittard-Geleen); Steven J.R. Meex (MUMC+, Maastricht); Guy J.M.
Mostard (Zuyderland MC, Sittard-Geleen/Heerlen); Remy L.M. Mostard (Zuyderland MC,
Sittard-Geleen/Heerlen); Luuk C. Otterspoor (Catharina Hospital, Eindhoven); Natal A.W.
van Riel (Technical University, Eindhoven), Frans Stals (Zuyderland MC, Sittard-Geleen/
Heerlen); Harro van Westreenen (Zuyderland MC, Heerlen); Ghislaine van Mastrigt
(Maastricht University, Maastricht); Andrea Peeters (Maastricht University, Maastricht)

AUTHOR AFFILIATIONS

'Department of Medical Microbiology, Infectious Diseases and Infection Prevention,
Maastricht University Medical Center +, Maastricht, the Netherlands

’Department of Clinical Chemistry & Hematology, Zuyderland Medical Center, Sittard-
Geleen/Heerlen, the Netherlands

3School of Nutrition and Translational Research in Metabolism (NUTRIM), Maastricht
University, Maastricht, the Netherlands

‘Department of Intensive Care Medicine, Maastricht University Medical Center +,
Maastricht, the Netherlands

*Department of Clinical Chemistry, Catharina Hospital, Eindhoven, the Netherlands
®Faculty of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, the
Netherlands

"Department of Environmental Sciences, Faculty of Science, Open Universiteit, Heerlen,
the Netherlands

¥Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, Maastricht,
the Netherlands

°Zuyderland Academy, Zuyderland Medical Center, Sittard-Geleen/Heerlen, the
Netherlands

'%School of Health Professions Education (SHE), Maastricht University, Maastricht, the
Netherlands

""Academy for Postgraduate Medical Training, Maastricht University Medical Center +,
Maastricht, the Netherlands

"’Care and Public Health Research Institute (CAPHRI), Maastricht University, Maastricht,
the Netherlands

AUTHOR ORCIDs

Una Vojinovi¢ (2 http://orcid.org/0009-0008-6304-1084

Tom Schoenmakers 2 http://orcid.org/0000-0002-1576-7832
Ruben Deneer [ https://orcid.org/0000-0002-6011-7783

Mathie P.G. Leers & https://orcid.org/0000-0001-5186-5600

Frank van Rosmalen ( https://orcid.org/0000-0002-9522-3711
Stefan H. M. Gorissen (& http://orcid.org/0000-0003-3737-9053
Wilhelmine P. H. G. Verboeket-van de Venne 2 http://orcid.org/0000-0003-4980-0116
Walther N. K. A. van Mook © http://orcid.org/0000-0003-2398-8878
Bas C. T. van Bussel ( http://orcid.org/0000-0003-1621-7848

Paul Savelkoul 2 https://orcid.org/0000-0002-3527-6950

Inge H. M. van Loo 2 http://orcid.org/0000-0002-5960-4357

Petra F. G. Wolffs {2 http://orcid.org/0000-0002-5326-3985

January 2026 Volume 14 Issue 1

Microbiology Spectrum

10.1128/spectrum.01140-25 10

Downloaded from https://journals.asm.org/journal/spectrum on 01 April 2026 by 145.118.202.69.


http://orcid.org/0009-0008-6304-1084
http://orcid.org/0000-0002-1576-7832
https://orcid.org/0000-0002-6011-7783
https://orcid.org/0000-0001-5186-5600
https://orcid.org/0000-0002-9522-3711
http://orcid.org/0000-0003-3737-9053
http://orcid.org/0000-0003-4980-0116
http://orcid.org/0000-0003-2398-8878
http://orcid.org/0000-0003-1621-7848
https://orcid.org/0000-0002-3527-6950
http://orcid.org/0000-0002-5960-4357
http://orcid.org/0000-0002-5326-3985
https://doi.org/10.1128/spectrum.01140-25

Research Article

FUNDING
Funder Grant(s) Author(s)
ZonMw (Netherlands Organisation for Health 10430102110002 Bas C.T. van Bussel

Research and Development)

AUTHOR CONTRIBUTIONS

Una Vojinovi¢, Investigation, Methodology, Resources | Tom Schoenmakers, Formal
analysis, Methodology, Software, Validation, Visualization | Ruben Deneer, Formal
analysis, Methodology, Software, Validation | Mathie P.G. Leers, Conceptualization,
Project administration, Supervision | Frank van Rosmalen, Data curation, Investigation,
Project administration, Resources | Stefan H. M. Gorissen, Conceptualization, Project
administration | Wilhelmine P. H. G. Verboeket-van de Venne, Conceptualization | Walther
N. K. A. van Mook, Conceptualization, Resources, Supervision | Bas C. T. van Bussel,
Conceptualization, Formal analysis, Methodology, Resources, Supervision, Validation |
Paul Savelkoul, Resources, Supervision | Inge H. M. van Loo, Conceptualization, Inves-
tigation, Resources, Supervision | Petra F. G. Wolffs, Conceptualization, Data curation,
Investigation, Project administration, Resources, Supervision

DATA AVAILABILITY

The raw data can be obtained upon reasonable request from the corresponding author.

ETHICS APPROVAL

The institutional review board (Medisch Ethische Toetsingscommissie [METC]
2020-1565/301428) of the Maastricht UMC+ approved the study, which was performed
following the Declaration of Helsinki. During the pandemic, the board of directors of
Maastricht UMC+ adopted a policy to inform patients and ask their consent to use
the collected data and stored left-over serum samples for COVID-19 research purposes.
The study was registered in the International Clinical Trials Registry Platform (NL8613;

Microbiology Spectrum

12/05/2020).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Checklist (Spectrum01140-25-s0001.docx). STROBE checklist for cohorts.

Supplemental material (Spectrum01140-25-s0002.pdf). Supplements S1 and S2.
Research data (Spectrum01140-25-s0003.xlsx). Ct values and data dictionary.

REFERENCES

1.

Abad C, Fearday A, Safdar N. 2010. Adverse effects of isolation in
hospitalised patients: a systematic review. J Hosp Infect 76:97-102. https
://doi.org/10.1016/},jhin.2010.04.027

Binnicker MJ. 2021. Can testing predict SARS-CoV-2 infectivity? the
potential for certain methods to be surrogates for replication-
competent virus. J Clin Microbiol 59:e0046921. https://doi.org/10.1128/J
CM.00469-21

Chan M, Linn MMN, O'Hagan T, Guerra-Assuncao JA, Lackenby A,
Workman S, Dacre A, Burns SO, Breuer J, Hart J, Tadros S, Lowe DM. 2023.
Persistent SARS-CoV-2 PCR positivity despite anti-viral treatment in
immunodeficient patients. J Clin Immunol 43:1083-1092. https://doi.org
/10.1007/510875-023-01504-9

Lee CY, Shah MK, Hoyos D, Solovyov A, Douglas M, Taur Y, Maslak P,
Babady NE, Greenbaum B, Kamboj M, Vardhana SA. 2022. Prolonged
SARS-CoV-2 infection in patients with lymphoid malignancies. Cancer
Discov 12:62-73. https://doi.org/10.1158/2159-8290.CD-21-1033

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Miiller MA,
Niemeyer D, Jones TC, Vollmar P, Rothe C, Hoelscher M, Bleicker T,

January 2026 Volume 14 Issue 1

Briinink S, Schneider J, Ehmann R, Zwirglmaier K, Drosten C, Wendtner C.
2020. Virological assessment of hospitalized patients with COVID-2019.
Nature 581:465-469. https://doi.org/10.1038/541586-020-2196-x

Drain PK, Dalmat RR, Hao L, Bemer MJ, Budiawan E, Morton JF, Ireton RC,
Hsiang T-Y, Marfatia Z, Prabhu R, et al. 2023. Duration of viral infectious-
ness and correlation with symptoms and diagnostic testing in non-
hospitalized adults during acute SARS-CoV-2 infection: A longitudinal
cohort study. J Clin Virol 161:105420. https://doi.org/10.1016/j.jcv.2023.1
05420

Bullard J, Dust K, Funk D, Strong JE, Alexander D, Garnett L, Boodman C,
Bello A, Hedley A, Schiffman Z, Doan K, Bastien N, Li Y, Van Caeseele PG,
Poliquin G. 2020. Predicting infectious severe acute respiratory
syndrome coronavirus 2 from diagnostic samples. Clin Infect Dis
71:2663-2666. https://doi.org/10.1093/cid/ciaa638

Fittipaldi M, Nocker A, Codony F. 2012. Progress in understanding
preferential detection of live cells using viability dyes in combination
with DNA amplification. J Microbiol Methods 91:276-289. https://doi.org
/10.1016/j.mimet.2012.08.007

10.1128/spectrum.01140-2511

Downloaded from https://journals.asm.org/journal/spectrum on 01 April 2026 by 145.118.202.69.


https://doi.org/10.1128/spectrum.01140-25
https://doi.org/10.1016/j.jhin.2010.04.027
https://doi.org/10.1128/JCM.00469-21
https://doi.org/10.1007/s10875-023-01504-9
https://doi.org/10.1158/2159-8290.CD-21-1033
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1016/j.jcv.2023.105420
https://doi.org/10.1093/cid/ciaa638
https://doi.org/10.1016/j.mimet.2012.08.007
https://doi.org/10.1128/spectrum.01140-25

Research Article

January 2026 Volume 14

Nocker A, Camper AK. 2006. Selective removal of DNA from dead cells of
mixed bacterial communities by use of ethidium monoazide. Appl
Environ Microbiol 72:1997-2004. https://doi.org/10.1128/AEM.72.3.1997
-2004.2006

Oristo S, Lee HJ, Maunula L. 2018. Performance of pre-RT-gPCR
treatments to discriminate infectious human rotaviruses and norovi-
ruses from heat-inactivated viruses: applications of PMA/PMAXX,
benzonase and RNase. J Appl Microbiol 124:1008-1016. https://doi.org/
10.1111/jam.13737

Veugen JMJ, Schoenmakers T, van Loo IHM, Haagmans BL, Leers MPG,
Lamers MM, Lucchesi M, van Bussel BCT, van Mook WNKA, Nuijts RMMA,
Savelkoul PHM, Dickman MM, Wolffs PFG. 2024. Advancing COVID-19
diagnostics: rapid detection of intact SARS-CoV-2 using viability RT-PCR
assay. Microbiol Spectr 12:e0016024. https://doi.org/10.1128/spectrum.0
0160-24

Sberna G, Mija C, Lalle E, Rozera G, Matusali G, Carletti F, Girardi E, Maggi
F. 2024. Rapid Determination of SARS-CoV-2 Integrity and Infectivity by
Using Propidium Monoazide Coupled with Digital Droplet PCR. Int J Mol
Sci 25:11. https://doi.org/10.3390/ijms25116156

Tas J, van Gassel RJJ, Heines SJH, Mulder MMG, Heijnen NFL, Acampo-de
Jong MJ, Bels JLM, Bennis FC, Koelmann M, Groven RVM, et al. 2020.
Serial measurements in COVID-19-induced acute respiratory disease to
unravel heterogeneity of the disease course: design of the Maastricht
Intensive Care COVID cohort (MaastrlCCht). BMJ Open 10:e040175. https
://doi.org/10.1136/bmjopen-2020-040175

Heines SJH, van Bussel BCT, Jong MJA, Bennis FC, van Gassel RJJ, Groven
RVM, Heijnen NFL, Hermans BJM, Hounjet R, van Koll J, Mulder MMG,
van de Poll MCG, van Rosmalen F, Segers R, Steyns S, Strauch U, Tas J,
van der Horst ICC, van Kuijk SMJ, Bergmans DCJJ. 2022. Pulmonary
pathophysiology development of COVID-19 assessed by serial electrical
impedance tomography in the MaastrlCCht cohort. Sci Rep 12:14517. htt
ps://doi.org/10.1038/s41598-022-18843-z

Ghossein MA, Driessen RGH, van Rosmalen F, Sels J-WEM, Delnoij T,
Geyik Z, Mingels AMA, van Stipdonk AMW, Prinzen FW, Ghossein-Doha
C, van Kuijk SMJ, van der Horst ICC, Vernooy K, van Bussel BCT. 2022.
Serial assessment of myocardial injury markers in mechanically
ventilated patients with SARS-CoV-2 (from the Prospective MaastrlCCht
Cohort). Am J Cardiol 170:118-127. https://doi.org/10.1016/j.amjcard.20
22.01.030

Issue 1

16.

17.

18.

19.

20.

21.

22.

23.

24,

Microbiology Spectrum

Bels JLM, van Kuijk SMJ, Ghossein-Doha C, Tijssen FH, van Gassel RJJ, Tas
J, Collaborators M, Schnabel RM, Aries MJH, van de Poll MCG, Bergmans
DCJJ, Meex SJR, van Mook WNKA, van der Horst ICC, van Bussel BCT.
2021. Decreased serial scores of severe organ failure assessments are
associated with survival in mechanically ventilated patients; the
prospective Maastricht Intensive Care COVID cohort. J Crit Care 62:38-
45. https://doi.org/10.1016/j.jcrc.2020.11.006

Hong W, Xiong J, Nyaruaba R, Li J, Muturi E, Liu H, Yu J, Yang H, Wei H.
2021. Rapid determination of infectious SARS-CoV-2 in PCR-positive
samples by SDS-PMA assisted RT-qPCR. Sci Total Environ 797:149085. htt
ps://doi.org/10.1016/j.scitotenv.2021.149085

O’Brien PC, Fleming TR. 1987. A paired prentice-wilcoxon test for
censored paired data. Biometrics 43:169. https://doi.org/10.2307/253195
7

R Core Team. 2021. R: a language and environment for statistical
computing

Delignette-Muller ML, Dutang C. 2015. Fitdistrplus: an R package for
fitting distributions. J Stat Softw 64:1-34. https://doi.org/10.18637/jss.v0
64.i04

Puhach O, Meyer B, Eckerle I. 2023. SARS-CoV-2 viral load and shedding
kinetics. Nat Rev Microbiol 21:147-161. https://doi.org/10.1038/s41579-
022-00822-w

Rodriguez-Grande C, Adan-Jiménez J, Cataldn P, Alcald L, Estévez A,
Mufoz P, Pérez-Lago L, Garcia de Viedma D. 2021. Inference of active
viral replication in cases with sustained positive reverse transcription-
PCR results for SARS-CoV-2. J Clin Microbiol 59:e02277-20. https://doi.or
9/10.1128/JCM.02277-20

Bouton TC, Atarere J, Turcinovic J, Seitz S, Sher-Jan C, Gilbert M, White L,
Zhou Z, Hossain MM, Overbeck V, Doucette-Stamm L, Platt J, Landsberg
HE, Hamer DH, Klapperich C, Jacobson KR, Connor JH. 2023. Viral
Dynamics of omicron and delta severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) variants with implications for timing of
release from isolation: a longitudinal cohort study. Clin Infect Dis
76:e227-e233. https://doi.org/10.1093/cid/ciac510

Raglow Z, Surie D, Chappell JD, Zhu Y, Martin ET, Kwon JH, Frosch AE,
Mohamed A, Gilbert J, Bendall EE, et al. 2024. SARS-CoV-2 shedding and
evolution in patients who were immunocompromised during the
omicron period: a multicentre, prospective analysis. Lancet Microbe
5:e235-e246. https://doi.org/10.1016/52666-5247(23)00336-1

10.1128/spectrum.01140-25 12

Downloaded from https://journals.asm.org/journal/spectrum on 01 April 2026 by 145.118.202.69.


https://doi.org/10.1128/AEM.72.3.1997-2004.2006
https://doi.org/10.1111/jam.13737
https://doi.org/10.1128/spectrum.00160-24
https://doi.org/10.3390/ijms25116156
https://doi.org/10.1136/bmjopen-2020-040175
https://doi.org/10.1038/s41598-022-18843-z
https://doi.org/10.1016/j.amjcard.2022.01.030
https://doi.org/10.1016/j.jcrc.2020.11.006
https://doi.org/10.1016/j.scitotenv.2021.149085
https://doi.org/10.2307/2531957
https://doi.org/10.18637/jss.v064.i04
https://doi.org/10.1038/s41579-022-00822-w
https://doi.org/10.1128/JCM.02277-20
https://doi.org/10.1093/cid/ciac510
https://doi.org/10.1016/S2666-5247(23)00336-1
https://doi.org/10.1128/spectrum.01140-25

	Earlier de-isolation of SARS-CoV-2-infected ICU patients using a novel viability PCR: a prospective cohort study
	MATERIALS AND METHODS
	Design and Study Population
	Outcome measures
	Sample collection and preparation
	Virus RNA extraction and RT-qPCR conditions
	Statistical methods

	RESULTS
	DISCUSSION


