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Abstract

Objectives

To exploit the features of digital PCR for implementing SARS-CoV-2 observational studies
by reliably including the viral load factor expressed as copies/JL.

Methods

A small cohort of 51 Covid-19 positive samples was assessed by both RT-gPCR and digital
PCR assays. A linear regression model was built using a training subset, and its accuracy was
assessed in the remaining evaluation subset. The model was then used to convert the stored
cycle threshold values of a large dataset of 6208 diagnostic samples into copies/uL of SARS-
CoV-2. The calculated viral load was used for a single cohort retrospective study. Finally, the
cohort was randomly divided into a training set (n = 3095) and an evaluation set (n =3113) to
establish a logistic regression model for predicting case-fatality and to assess its accuracy.

Results

The model for converting the Ct values into copies/uL was suitably accurate. The calculated
viral load over time in the cohort of Covid-19 positive samples showed very low viral loads
during the summer inter-epidemic waves in Italy. The calculated viral load along with gender
and age allowed building a predictive model of case-fatality probability which showed high
specificity (99.0%) and low sensitivity (21.7%) at the optimal threshold which varied by modi-
fying the threshold (i.e. 75% sensitivity and 83.7% specificity). Alternative models including
categorised cVL or raw cycle thresholds obtained by the same diagnostic method also gave
the same performance.

Conclusion

The modelling of the cycle threshold values using digital PCR had the potential of fostering
studies addressing issues regarding Sars-CoV-2; furthermore, it may allow setting up
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predictive tools capable of early identifying those patients at high risk of case-fatality already
at diagnosis, irrespective of the diagnostic RT-qPCR platform in use. Depending upon the
epidemiological situation, public health authority policies/aims, the resources available and
the thresholds used, adequate sensitivity could be achieved with acceptable low specificity.

Introduction

A year after severe acute respiratory system coronavirus 2 (SARS-CoV-2) was declared to be a
pandemic [1], many aspects of the infection still remain undefined. In particular, the role of
viral loads (VLs) in infectivity and case-fatality rates is still poorly clarified and scarcely used to
implement public health measures [2-9].

Since the beginning, it has been clear that VLs have varied greatly among patients over the
course of disease, and that infectivity was associated with higher VLs [5, 8]. With respect to
SARS, however, high VLs may also be evident in the pre-symptomatic phase, and the peak of
viral shedding was observed early in the course of the disease [2, 7, 9]. Furthermore, the role of
the VL in the respiratory tract in predicting mortality is also not well-known, although it was
evident that higher VLs were associated with higher case-fatality ratios. One of the main hin-
drances to assessing VLs lies in the inherent difficulty of absolutely quantifying SARS-CoV-2.
In fact, reverse transcription quantitative polymerase chain reaction (RT-qPCR) could provide
absolute quantification by using labour-demanding daily calibration procedures which, in
turn, require not readily available reference materials [10]. Diagnostic laboratories worldwide
have been buried by an impressive demand for diagnostics and have hardly been able to face
any additional investigational activity. As a result, the majority of the studies regarding VLs
have evaluated the cycle threshold (Ct), automatically calculated by thermal cyclers, as a rough
quantitative estimate of VL [4-7, 9, 11-16].

Digital PCR (dPCR) is a straightforward evolution of PCR with some obvious advantages
over standard qPCR assays. Specifically, dPCR allows for the absolute quantitation of nucleic
acid samples without the need for a calibration curve, thanks to compartmentalization by par-
titioning of the target nucleic acid in thousands of small volume vessels [17]. Thanks to these
features, dPCR is inherently more sensitive, specific and precise than standard qPCR, and is
specifically reliable for VL absolute quantification [18, 19]. In the face of its many advantages
over RT-qPCR, dPCR has still been limited by much higher costs for analysis and a longer
turnaround time (TAT), which restricts its application as ancillary or complementary to RT-
qPCR. In fact, to date, many studies have demonstrated the superiority of dPCR when com-
pared to RT-qPCR in terms of diagnostic performance [20-31]. However, studies relying on
dPCR have not been based on consistent case numbers and the VLs were quantified in only
relatively small cohorts. To date, dPCR has been utilised for investigating SARS-CoV-2 for VL
quantification in regard to infectivity [2], and disease course monitoring [32, 33], and as a tool
for assessing the circulating RN Aaemia as an outcome predictor [34-38], as a diagnostic tool
for specifically reducing the false negative results for discharging convalescent patients [27, 30,
39], when inhibition was likely as in examining crude sample lysates or samples without RNA
purification [21, 35, 40], or wastewater [41], for analysing contaminated surfaces [39] or for
preparing standard material for RT-qPCR or cell cultures [42-45]. Moreover, the overwhelm-
ing demand for diagnostic testing and the very low TAT required during the epidemic “waves”
were scarcely suited to the majority of dPCR platforms. As a result, the vast majority of Covid-

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 2/21


https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

19 cases, being evaluated with only RT-qPCR or dPCR were generally characterised by rela-
tively low consistency cohorts of cases and had a limited impact on SARS-CoV-2 knowledge.

To overcome this drawback, this study attempted to model the relationship between the Ct
and genome absolute quantification for calculating the VL expressed as copies/uL; this was car-
ried out using the stored Ct value retrieved from the medical records of a public centralised
diagnostic laboratory intensely involved in diagnosing SARS-CoV-2. The aim was to test the
hypothesis that a model built on a small subset of data could be advantageously harnessed to
infer the VL in a large cohort. To that aim, the calculated VLs (cVLs) were then investigated in
relationship to chronological fluctuations and differences between age groups, or were used to
investigate its predictive power for the outcome.

Materials & methods
Ethics statement

The study was conducted according to the guidelines of the Declaration of Helsinki, and
approved by the Institutional Review Board of AUSL Romagna under the protocol code
“COVdPCR of 07/02/2020. The study has been performed using exclusively anonymized, left-
over samples deriving from the routine diagnostic procedures therefore the Ethical approval
or informed consent is not required. The anonymization was achieved by using the current
procedure (AVR-PPC P09, rev.2) checked by the local Ethical Board.

Experimental layout

The present study was composed of three steps:

1. The first step was aimed at defining a function to convert the Ct values obtained using diag-
nostic RT-qPCR to absolute quantification as genome copies/uL carried out using dPCR
and to assess the respective error. This task was achieved using a linear regression model
built using a small cohort of 51 samples.

2. After defining the regression function and its accuracy, the equation was used to calculate
the VL in a very large cohort of 6208 Covid-19 cases. The cVLs were investigated in an
observational study with a cross-sectional retrospective design.

3. Finally, the medical data, including cVL, was used to build a straightforward predictive
model, and its accuracy was calculated in a single cohort retrospective study and compared
with a model including the raw Ct value.

Samples

Digital PCR has been demonstrated to be suitable for the retrospective evaluation of universal
transport medium (UTM)-stored SARS-CoV-2 positive samples [31]. On this basis, 51 RNA
samples conserved at -80°C in UTM (Copan, Copan Italia SpA) were selected from all the
diagnostic samples examined at the “Great Romagna Hub Laboratory Pievesestina” (AVR
Centro Servizi Laboratorio Unico Pievesestina, Cesena) during the Covid-19 pandemic. All
the samples had been collected using nasopharyngeal or oropharyngeal swabs (Copan), imme-
diately transferred into tubes containing 3 mL of UTM and transported to the diagnostic labo-
ratory for SARS-CoV-2 testing using one of many different RNA purification platforms and
RT-qPCR assays (S1 File). The results were expressed as positive or negative together with the
Ct values of the respective targets; some anamnestic, epidemiological and clinical data were
retrieved from the Laboratory database. The case-fatality information was recovered from the
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Death Registries of the Public Health Departments of the local medical services of Romagna.
The samples were retrieved from the repository, the RNA was purified and re-assessed using
both RT-qPCR and dPCR. In addition, the samples were divided into two sets; the first set of
13 samples (training set) was used to create the regression model while the second set of 38
samples (evaluation set) was used to validate the model. Regardless of the method originally
used, the cohort of 51 samples was composed by stratifying the samples into high (< 20 Ct),
medium (> 20 < 25 Ct) and low (> 25 Ct) VL categories using the recorded Ct.

RNA purification, RT-qPCR and dPCR

The samples were collected using oro and nasopharyngeal swabs immediately placed in UTM
(Copan, Copan Italia SpA). The RNA was purified from UTM, and used for RT-PCR and
dPCR assays. The detailed protocols are reported in S1 File.

Statistical analysis and modelling

The analytical performances of the dPCR assay were established in terms of analytical sensitiv-
ity, precision and linearity, and were expressed as Limit of Detection (LOD) and Coeftficient of
Variation % (CV%) across technical replicates carried out over different days, and as a linear
coefficient of correlation R? respectively. The analytical performances were evaluated using
Analyse-it software (Analyse-it Software, UK). (S1 File).

Fifty-one samples positive at Sars-CoV-2 RT-qPCR were retrieved from the repository and
divided into two sets: a training set composed of 13 samples and an evaluation set composed
of 38 samples. The training set samples were analysed in triplicate with dPCR, and the findings
were included in building the model. After that, the 38 samples of the evaluation set were also
assessed in single using dPCR, and the results were used to validate the linear regression
model. The dPCR results, expressed in terms of log;, copies/uL of cDNA, were entered as
dependent variables and the Ct values as predictors using STATA v12 software. The software
allowed calculating both the fitting of the model as a Pseudo R-squared value and its signifi-
cance beyond the terms of the linear regression function Y = aX + b where Y is the log;, cop-
ies/uL, X is the C; measured in the RT-qPCR, a is the coefficient of X as defined by the model
and b the constant (Table 1).

The 38 samples of the evaluation set were used to test the model. To that end, the predictor
formula was used to calculate the absolute counts using the Ct of each sample of the evaluation
group. All the samples in the evaluation group were then assayed once using dPCR, and the
results were compared with those obtained using the predictor formula. The accuracy of the

Table 1. Linear regression model including copies/pL as a dependant variable and cycle threshold (Ct) as a predictor factor.

y =ax+b

y =LOG;, (copies/pL)

x = Cycle threshold

a = Cycle threshold coefficient

b = constant
coefficient Robust SE n R-squared Root MSE
Log copies 38 .900 454
Ct -.307 .018
constant 10.55 431

log0AbsQuant = —.307[Ct]+10.55
SE: Standard Error; MSE: Mean error sum of squares. R-squared is an indicator of reliability of the model. Root MSE is an indicator of accuracy of the model.

https://doi.org/10.1371/journal.pone.0260884.t001
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prediction was calculated as the Median Absolute Deviation (MAD) of the percentage error
(PE) calculated using the formula PE = Absolute value (measured — calculated/measured) x
100. The formula was used to calculate the VL in a cohort of 6208 cases. The cVL as well as the
raw Ct and other medical data including gender, age, presence of signs and symptoms, ward/
unit of origin, administrative origin, turnaround-time (urgency), date of sampling, type of
sampling (oro or nasopharyngeal swabs) were also entered into a logistic regression model to
investigate their role as a predictor of case-fatality (outcome alive or dead). In particular, age
and cVL were evaluated either as continuous variables or as factors after categorisation accord-
ing to the following: age (< 6 years-old, >6 and < 18; >18 and < 30; >30 and < 50; >50
and < 70; >70); cVL (<1 copies/uL; >1 and < 10'; >10" and < 10% >10% and < 10’%; >10°
and < 10% >10* and < 10% >10° and < 10% >10°) which were entered into the model as fac-
tors. Covid-19 case fatality was retrieved from the death registries of the local Public Health
Departments. Collinear variables were excluded. The best model was built by entering the pre-
dictors in a stepwise approach following the criteria of the significant contribution to the fit-
ting of the model in terms of Pseudo-R squared. Alternative models including either
categorized cVL, continuous cVL or raw Ct values were also built for comparison purposes.

To that end, the entire cohort was randomly divided into two sets (50% randomly selected
samples): a model set (n = 3095), used to build predictive logistic regression models which
were built using the fewest predictors achieving the best Pseudo R-squares, and an evaluation
set (n = 3113) used to evaluate models’ accuracy. The coefficients and constants of the models
were included in predicting equations which calculated the probability of death (S1 File). The
diagnostic performances of the models selected were evaluated using receiver operating char-
acteristic (ROC) curve analysis, and optimal thresholds were obtained using the Youden J
parameter. The predicted outcomes of the different models were utilised to calculate the
respective sensitivity, specificity, positive and negative likelihood ratios, positive and negative
predictive values, and overall accuracy. The latter statistical analyses were carried out using
Analyse-it software (Analyse-it Software, Ltd, UK).

The cVLs from the end of February 2020 until October 2020 were reported using descrip-
tive statistics.

For statistical purposes, the samples positive only at a target different from the N gene were
considered positive with 0 copies/uL.

Results

The original Ct values were compared with the Cts of the retested values to exclude the possi-
bility of a degradation of the samples. No evidence of degradation was observed since the Cts
were not statistically different between the retested values and the original test values
(p =0.74) (Fig 1). However, in terms of absolute value, a mean difference in the Ct of 1.6 and
1.9 was observed between all the samples (regardless of the primary assay) and only the See-
gene samples (comparison restricted to samples initially assayed with the Seegene assay),
respectively. The difference was not statistically significant (p = 0.45). This finding was not
dependent on the original test used (Fig 1).

The dPCR assay performed adequately under the conditions described herein, achieving an
LOD of 1.19 copies/pL (Fig 2).

Using a serial dilution experiment, the dPCR linearity was restricted to samples below
2.3 x10* copies/pL. Hence, in building the linear regression model, an adequate dynamic range
was obtained by diluting those samples below the 22 Ct threshold 1:10 (Fig 3).

Finally, precision as a measure of inter-assay repeatability over the entire dynamic range
achieved an average CV of 15.3% and a median CV of 4.3%: (S1 File).
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Fig 1. Scatter plot A) and Residual plot B) of the original and repeated Ct values. Colour codes indicate the original
testing method.

https://doi.org/10.1371/journal.pone.0260884.9001

The absolute quantification obtained by dPCR was regressed on the Ct values, and a linear
regression function was derived. The model achieved good reliability and accuracy (Table 1).

The regression equation allowed calculating the absolute quantity of viral genome expressed
as copies/pL in the evaluation set. Notably, in the evaluation set, the R* value was also 0.918
assessing a good linear correlation between the predicted and measured copies/uL values
(Fig 4).

In absolute terms, the error in predicting the cVL expressed as MAD of the PE was 53.0%.
The error was uniformly distributed into high, medium and low VL categories, although, to
some extent, the latter showed higher errors. The complete comparison of measured versus
calculated absolute copies/pL in evaluating the set counts are reported in detail in (S1 File).

The linear regression equation was used to calculate the cVL in a cohort of 6208 Covid-19
positive cases diagnosed in the period from 24 February to 30 September 2020 using the All-
plex Seegene assay, and the cVL was recorded in the database. There is no unanimous consen-
sus on how to interpret very low VL. In the present study, those cases with only one of the
three positive target genes different from the N gene, which was that targeted by dPCR, was
considered positive with 0 copies/uL [46]. The characteristics of the cohort are reported in
Table 2.

The cVL differed greatly from 0 to more than 5x10° copies/pL. The majority of cases
showed less than 1 copy/pL (Fig 5).
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By plotting the positive results over time, it could be observed that, in addition to the abso-
lute number of positives, the cVL differed over time, being markedly lower during the sum-
mertime. The 90™ and 95™ percentiles of VL tended be very low during this period (Fig 5A).
Furthermore, a rapid increase in VL in terms of higher percentiles, could be observed begin-
ning in mid-August and peaking in September. This anticipated the exponential upwards
rapid incidence increase of the epidemic curve observed in the same geographical area one
month later (Fig 6B).

The cVLs were also examined after stratifying the cohort according to age group. Higher
VLs, i.e. those which account for the majority of the transmission risk roughly estimated at
1500 copies/ uL by converting the reported Ct beyond which it is not possible to infect cell cul-
tures using diagnostic samples [26], were observed primarily in the elderly followed by the
youngest age group (Fig 7).

Finally, logistic regression models were used to investigate the effect of the sets of predictors
considered in this study, including cVL, categorised cVL and raw Ct to predict the case-fatality
outcome and to evaluate their accuracy.

Of all the possible models considered, the best one reached an adjusted R-square of 0.34
(p<0.01) and included categorised cVL, age and gender. A high cVL was associated with
increased case-fatality odds. In particular, a cVL > 10 copies/uL was significantly associated
with increased mortality rates and a cVL > 1x10° was associated with an Odds-ratio of 9.24
(CI 2.36-36.26; p<0.001) (Table 3). Age (odds-ratio 1.11; CI 1.10-1.12; p<0.001), and male
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gender (odds-ratio 1.51; CI 1.14-2.00; p<0.001) were also significantly associated with
increased case-fatality odds.

The diagnostic performances of the models, including cVL, categorised cVL and raw Ct,
were substantially equal having areas under the curve (AUCs) of 0.889, 0.888 and 0.889,
respectively; no statistically significant differences were found at pair comparisons. At the opti-
mal threshold, all models achieved very high specificity and low sensitivity. Being substantially
equivalent, additional analyses were carried out using the model, including the cVL parameter.
The optimal threshold was found to be 57.1% of the probability of death. Using this setting,
the sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, positive predictive
value and negative predictive value were 21.7%, 99.0%, 5.70, 0.43, 67.0% and 93.0%, respec-
tively (Fig 8).

In the evaluation set with a prior probability of case-fatality of 8.74%, the model identified
59 deaths out of 272. The false positive death predictions were 29 with a positive predictive
probability of 67%. By fixing the sensitivity threshold at 75.0%, the predictive threshold was
found at 2.66%. Using this threshold, a specificity of 83.7% was achieved and the model identi-
fied 204/272 case-fatalities; however, 464 false positive predictions occurred with a positive
predictive power of 31% (Fig 9). Complete findings of the logistic predictive models are
reported in S1 File. Both models performed almost identically regarding predictions (Fig 9).
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Discussion

In this study, a method of quantifying the VL by modelling the relationship between the dPCR
and RT-qPCR results was established. To the best of the Authors” knowledge, this is the first
study of this kind, although, while this paper was under review, another study was published
suggesting the same approach for underpinning the investigations regarding Sars-CoV-2 biol-
ogy [19]. The Authors further extended the approach by challenging the regression model in
an evaluation set of data. The median of difference between the calculated and the measured
VL was 53.0%. Since a 100% efficient PCR doubles the target every cycle, the 53.0% mean aver-
age error corresponds to a Ct value of less than 0.5. As the cVL spanned over 6 orders of mag-
nitude from 0 to more than 5 million genomes/uL, the reported error could be considered
almost negligible. Therefore, the model was used to calculate the VL in a cohort of 6208 cases
diagnosed with Covid-19 having a known specified error.

Many studies have investigated VL in Covid-19 patients. Regrettably, the majority of them
used an RT-qPCR assay originally intended as a qualitative, not a quantitative, assay; as a mat-
ter of fact, the Ct values of the diagnostic RT-qPCR in large cohorts of cases were used either
as a rough estimate of the amount of virus as such or, in a minority of cases, were converted

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 9/21


https://doi.org/10.1371/journal.pone.0260884.g004
https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

Table 2. Characteristics of the cohort of SARS-CoV-2 positive cases (n = 6208).

Age (median (IQR) 55 (38-74)
Age categories (years) n (%)
<6 55(0.9)
>6<18 298 (4.8)
> 18 < 30 728 (11.7)
>30 <50 1478 (23.8)
>50<70 1755 (28.3)
>70 1894 (30.5)
Gender N (%)
female 3155 (50.8)
male 3053 (49.2)
Viral load (copies/pL) n (%)
<1 2722 (43.8)
>1<10 957 (15.4)
>10' < 10° 719 (11.6)
>10% < 10° 619 (10.0)
>10° < 10* 522 (8.4)
>10* < 10° 430 (6.9)
>10° < 10° 197 (3.2)
> 10° 42 (0.7)
Turnaround time (days) N (%)
0 922 (14.1)
1 4535 (73.9)
2 708 (11.4)
>3 43(0.7)
Swabs n (%)
nasopharyngeal 5982 (96.4)
oropharyngeal 226 (3.6)
Ward/unit
Hospital ward 1289 (20.8%)
Emergency ward 755 (12.2%)

Covid Drive-through

890 (14.3%)

Preventive medicine unit

3101 (50.0%)

Intensive care unit

161 (2.6%)

Others 12 (0.2%)
Presence of signs/symptoms n (%)

no 2315 (37.3)

yes 2210 (35.6)

Not known 1670 (26.9)
Outcome n (%)

Deceased 583 (9.4)

IQR: Interquartile range.

https://doi.org/10.1371/journal.pone.0260884.t002

into log;o copies/mL using an RT-qPCR calibration curve carried out once [47, 48]. However,
in these studies, no detailed methods of Ct conversion were reported nor were the measured
errors provided. A plethora of factors can affect the accuracy of absolute quantification by RT-
qPCR using calibration curves. These concerns have recently been addressed together with
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Fig 5. Pie chart reporting the percentage of each viral load category in the cohort of 6208 Covid-19 cases.
Calculated viral loads are expressed as Log;ocopies/pL.

https://doi.org/10.1371/journal.pone.0260884.g005

strategies for improving absolute quantification [49, 50]. One of the greatest concerns is that
the efficiency of RT-qPCR may vary, biasing the accuracy and, specifically, the reproducibility
of the calibration curves which, in turn, propagates the error. For the above-mentioned rea-
sons, a direct comparison with the study herein reported could not be made, and the findings
of these studies should be regarded as an error prone approximate estimation of the VL.
Although hampered by the above-mentioned drawbacks, such studies established or not an
association between VL and case-fatality; however, even in the former case, they did not pro-
vide a model for precisely quantifying the risk [4, 48, 51-54]. On the other hand, many fewer
studies have quantified VL as copies/volume (of reaction or of sample) using dPCR. Remark-
ably, as indirect evidence of robustness and reliability of the calculated approach method, the
measured copies/reaction in convalescent patients would be very similar, if calculated using
the model here described from the high Ct values obtained in RT-qPCR [23]. Overall, the cVL
range inferred with the regression model matches that directly measured from nasopharyngeal
swabs in other studies [32]. However, to the best of the Authors’ knowledge, no studies have
quantified VL using diagnostic swabs and correlated it to outcome. Many advantages of the
mathematical approach herein described are highlighted as 1) findings which can be compared
between studies, 2) findings which can be included in a metanalysis or 3) different diagnostic
RT-qPCR results which can be expressed in terms of Ct within the same laboratory and can be
included in the same dataset which allows increasing the possibility of addressing the question
of Sars-CoV-2 biology [19]. This latter advantage it is noteworthy since it has the potential to
allow comparing the VL obtained using different RT-qPCR platforms in the same laboratory
or even in different laboratories worldwide, provided that the linear regression equation was
defined using the respective Ct data.

Overall, nearly half of the cases had less than 1 copy/puL. This quantity is very close to the
detection limit of RT-qPCR. It is beyond the Authors’ aims to investigate whether these were
false positives in technical terms or true positive, carrying however only free nucleic acid and
no viral particles. Moreover, the majority of studies which used viral isolation in cell cultures
to estimate the infectivity identified in 24 Ct, the threshold beyond which the likelihood of
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isolating SARS-CoV-2 from nasopharyngeal swabs drops abruptly, and in 30-33 Ct beyond
which it is not possible to isolate the virus [26, 55, 56]. In terms of cVL according with our
regression model, it could be roughly estimated that approximately 1500copies/puL represented
the limit beyond which infectivity drops and 20 copies/uL the limit beyond which it is almost
impossible to isolate the virus. These data are in agreement with those reported in a small case
series including the absolute quantification of VL using RT-qPCR [57]. This study established
a limit of 10° copies/mL (corresponding to 10°/uL in the present study) for successfully achiev-
ing virus isolation. In the present cohort, fewer than 18% (17.4%) of the samples had a

cVL > 1500 copies/uL and only 37.2% had a cVL > 20 copies/pL (Fig 5). The VL may also
depend on the different times of diagnosis. Unfortunately, this represents an inherent limita-
tion of the present study due to its retrospective nature.

With regard to the fluctuation of the VL, Clementi et al. (2020) reported low VLs during
the summer period in Italy after the first epidemic wave had hit the country in the previous
spring. Lower VLs were associated with fewer Covid-19 cases. The present study confirmed
and extended these observations. After the first public health measures were eased in mid-
May, the incidence continued to decline, reaching its lowest rate at the end of July 2020; simi-
larly, the active cases also remained at very low levels until the end of September 2020 when an
exponential rise in active cases was observed. Interestingly, this study confirmed that almost all
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the cases diagnosed during the summertime had very low VLs. This evidence was corroborated
by the 95" and 99" percentiles of VL data which were below the likely threshold of infectivity
in May and June, and started to moderately rise in July and peaked in August. The peak of
cases with high VLs was followed one month later by the exponential rise in incidence and
active cases. This finding would suggest that an increase in VL should be considered as an
early predictor of worsening epidemiologic parameters useful for tightening public health
measures while minimising the economic impact of the restrictions [58-62].

The VL data were also applied to age groups to more specifically investigate the role of
childhood in SARS-CoV-2 transmission. Although children are relatively spared by the severe
forms of Covid-19, their possible role in transmission should be considered when
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Table 3. A three parameter (age, gender and cVL) logistic regression model to predict case-fatality. The statisti-
cally significant (P<0.01) parameters are evidenced in bold.

Number of observations = 3095

LR chi® = 698.84

Probability > chi2 = 0.0000

Pseudo R2 = 0.346

Odds Ratio SE P 95% Confidence Interval
Viral load (copies/pL)
<1
>1<10! 1.10 23 962 65 1.58
>10' < 10° 1.30 30 261 .82 2.05
>10% < 10° 2.30 52 .000 1.47 3.58
>10° < 10* 2.63 65 .000 1.62 427
>10% < 10° 223 57 .002 1.35 3.69
>10° < 10° 4.70 1.53 .000 2.49 8.89
>10° 9.24 6.45 .001 2.36 36.26
Age 1.11 .007 .000 1.10 1.12

ale gender 51 21 .005 1.1 .

Male gend 1 219 00 4 2.00

SE = Standard Error; LR = logistic regression.

https://doi.org/10.1371/journal.pone.0260884.t003

implementing radical measures, such as school closure [3]. The authors found that, in addition
to the elderly, preschool children (0-6-years old) had the highest VL in both the higher percen-
tiles and in the percentage of cases above the aforementioned threshold of infectivity (Fig 7).
Conversely, school children >6-years old and < 18-years old) were those with the lowest VLs.
To the best of the Authors” knowledge, the largest cohort study to date has showed a moderate
trend to higher VLs with increasing age categories [63, 64]. However, it should be emphasised
that, in this study, the percentiles above the threshold considered as the limit of infectivity
were almost similar among all age categories. This latter parameter is likely more representa-
tive of the weight of each age category as a transmitter.

Strong evidence exists that the absolute quantification of circulating VL is an independent
and strong predictor of fatality [34-38]. However, this approach requires invasive blood sam-
pling which is carried out solely in hospital settings with prognostic aims while its diagnostic
value is limited. Herein, the power of cVL, and some other simple and readily available signal-
ment data at the moment of Covid-19 testing were evaluated. The regression model found cVL
to be an independent predictor of case-fatality after correcting for gender and age. In particu-
lar, a VL above the threshold of 10° copies/pL was strongly associated with negative outcomes.
Similar findings have also been reported by others [48]; however, in the present study, the
odds ratios were additionally refined using different levels of cVL, making the VL readily inter-
pretable. The other negative independent predictors found were male gender and older age.
These predictors were almost invariably found in all the studies and meta-analyses carried out
in hospital settings [48, 65-67], with or without considering VLs. When the model including
the three predictors was used to predict the outcome in the evaluation set of cases, it was nota-
bly able to specifically detect those cases having a high probability of survival. For instance,
using the optimal threshold, the model identified 3024 out of 3113 subjects who were predicted
to survive the Sars-CoV-3 infection with a probability of 93% (negative predictive value). Of
the 89 predicted deaths, eventually 59 died; hence, the model showed a 66.3% positive predic-
tive value. Conversely, if adequate sensitivity was requested by the model, for instance 75%
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https://doi.org/10.1371/journal.pone.0260884.g008

sensitivity, the model allowed identifying 204 out of 272 case-fatalities although 465 false posi-
tive cases were also found.

This evidence may have relevant implications in terms of public health since this tool could
give public health institutions the opportunity of classifying those patients at risk of death
already at the moment of diagnosis so as to efficiently allocate finite health resources by
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focusing medical monitoring on those high-risk patients at an early stage, at a very low addi-
tional cost. Furthermore, the threshold may be set at different levels based upon specific aims
and guidelines in order to focus the public health resources on those Covid-19 cases at risk of
developing severe disease.

There are many reviews and meta-analyses which have investigated the risk factors associ-
ated with death outcome. However, the majority of them examined different cohorts of
patients variably selected, i.e., those hospitalised, those having the presence of specific comor-
bidities, those coming from specific wards and those presenting specific markers. All these
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studies were suitable for stratifying patients within specific settings, implementing in an evi-
dence-based manner, the resource allocations. It should be noted that this was the first study
aimed at addressing the role of VL as an independent variable in a cohort of diagnosed cases
from the Diagnostic Laboratory. This evidence could be important for the early stratification
of cases, thus focusing medical surveillance on patients at a high risk of developing severe
forms of Covid-19 and on efficiently allocating resources. Interestingly, this result could be
attained computationally by simply including the signalment and anamnestic data already
available at the moment of diagnosis along with the cVL data. Unfortunately, data regarding
the presence or absence of signs and symptoms were very incompletely represented in the
database; therefore, they could not be included in the model. It is very likely that this informa-
tion would have allowed better stratifying the sample. Public health laboratories should be
aware of this and improve the exchange of information between all the players engaged in the
network of diagnosing and curing Covid-19.

Supporting information

S1 File. Supplementary materials & methods.
(DOCX)

S2 File. Complete dataset. The Excel file includes two spreadsheets providing both model
group and test group. In the latter, the predictive formulas are embedded in the spreadsheet.
(XLSX)

Author Contributions

Conceptualization: Fabio Gentilini, Maria Elena Turba, Vittorio Sambri.

Data curation: Francesca Taddei, Tommaso Gritti, Michela Fantini, Giorgio Dirani.
Funding acquisition: Maria Elena Turba, Vittorio Sambri.

Investigation: Fabio Gentilini, Maria Elena Turba, Francesca Taddei, Tommaso Gritti,
Michela Fantini, Giorgio Dirani, Vittorio Sambri.

Methodology: Fabio Gentilini, Maria Elena Turba, Francesca Taddei, Tommaso Gritti,
Michela Fantini, Giorgio Dirani, Vittorio Sambri.

Resources: Maria Elena Turba, Vittorio Sambri.

Supervision: Fabio Gentilini, Vittorio Sambri.

Validation: Fabio Gentilini, Michela Fantini, Giorgio Dirani.
Writing - original draft: Fabio Gentilini, Maria Elena Turba.

Writing - review & editing: Vittorio Sambri.

References

1.  World Health Organisation. Coronavirus Disease 2019 (COVID-19): Situation Report-51 [Internet].
[cited 2020 Mar 18]. https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200311-
sitrep-51-covid-19.pdf. 1.

2. HeX, LauEHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in viral shedding and trans-
missibility of COVID-19. Nat Med. 2020 May; 26(5):672—675. https://doi.org/10.1038/s41591-020-
0869-5 PMID: 32296168

3. Merckx J, Labrecque JA, Kaufman JS. Transmission of SARS-CoV-2 by Children. Dtsch Arztebl Int.
2020; 117: 553-560. https://doi.org/10.3238/arztebl.2020.0553 PMID: 32705983

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260884.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260884.s002
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200311-sitrep-51-covid-19.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200311-sitrep-51-covid-19.pdf
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1038/s41591-020-0869-5
http://www.ncbi.nlm.nih.gov/pubmed/32296168
https://doi.org/10.3238/arztebl.2020.0553
http://www.ncbi.nlm.nih.gov/pubmed/32705983
https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Shlomai A, Ben-Zvi H, Glusman Bendersky A, Shafran N, Goldberg E, Sklan EH. Nasopharyngeal viral
load predicts hypoxemia and disease outcome in admitted COVID-19 patients. Crit Care. 2020; 24:
539. https://doi.org/10.1186/s13054-020-03244-3 PMID: 32873316

To KK, Tsang OT, Leung WS, Tam AR, Wu TC, Lung DC, et al Temporal profiles of viral load in poste-
rior oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-2: an
observational cohort study. Lancet Infect Dis. 2020; 20: 565-574. https://doi.org/10.1016/S1473-3099
(20)30196-1 PMID: 32213337

Walsh KA, Jordan K, Clyne B, Rohde D, Drummond L, Byrne P, et al. SARS-CoV-2 detection, viral load
and infectivity over the course of an infection. J Infect. 2020; 81: 357-371. https://doi.org/10.1016/j.jinf.
2020.06.067 PMID: 32615199

Widders A, Broom A, Broom J. SARS-CoV-2: The viral shedding vs infectivity dilemma. J Infect Dis
Health. 2020; 25: 210-215. https://doi.org/10.1016/}.idh.2020.05.002 PMID: 32473952

Zheng S, Fan J, YuF, Feng B, Lou B, Zou Q, et al. Viral load dynamics and disease severity in patients
infected with SARS-CoV-2 in Zhejiang province, China, January-March 2020: retrospective cohort
study.BMJ. 2020; 369: m1443. https://doi.org/10.1136/bmj.m1443 PMID: 32317267

Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper Respira-
tory Specimens of Infected Patients. N Engl J Med. 2020; 382: 1177-1179. https://doi.org/10.1056/
NEJMc2001737 PMID: 32074444

Vogels CBF, Brito AF, Wyllie AL, Fauver JR, Ott IM, Kalinich CC, et al. Analytical sensitivity and effi-
ciency comparisons of SARS-CoV-2 RT-qPCR primer-probe sets. Nat Microbiol. 2020; 5: 1299-1305.
https://doi.org/10.1038/s41564-020-0761-6 PMID: 32651556

Azzi L, Carcano G, Gianfagna F, Grossi P, Gasperina DD, Genoni A, et al. Saliva is a reliable tool to
detect SARS-CoV-2. J Infect. 2020; 81: e45—e50. https://doi.org/10.1016/.jinf.2020.04.005 PMID:
32298676

Clementi N, Ferrarese R, TonelliM, Amato V, Racca S, Locatelli M, et al. Lower nasopharyngeal viral
load during the latest phase of COVID-19 pandemic in a Northern Italy University Hospital. Clin Chem
Lab Med. 2020; 58: 1573—1577. https://doi.org/10.1515/cclm-2020-0815 PMID: 32598306

Hu X, ZhuL, Luo Y, Zhao Q, Tan C, Chen X et al. Evaluation of the clinical performance of single-, dual-
, and triple-target SARS-CoV-2 RT-qPCR methods. Clin Chim Acta. 2020; 511: 143—148. https://doi.
org/10.1016/j.cca.2020.10.008 PMID: 33058839

Lim J, Jeon S, Shin HY, Kim MJ, Seong YM, Lee WJ, et al. Case of the Index Patient Who Caused Ter-
tiary Transmission of COVID-19 Infection in Korea: the Application of Lopinavir/Ritonavir for the Treat-
ment of COVID-19 Infected Pneumonia Monitored by Quantitative RT-PCR. J Korean Med Sci. 2020;
35: e79. PMID: 32056407

Wang W, XuY, Gao R, Lu R, Han K, Wu G, et al. Detection of SARS-CoV-2 in Different Types of Clinical
Specimens. JAMA. 2020; 323: 1843-1844. https://doi.org/10.1001/jama.2020.3786 PMID: 32159775

ZhuZ,LuZ,XuT, ChenC, Yang G, ZhaT, et al. Arbidol monotherapy is superior to lopinavir/ritonavir in
treating COVID-19. J Infect. 2020; 81: e21—e23. https://doi.org/10.1016/}.jinf.2020.03.060 PMID:
32283143

Morley AA. Digital PCR: A brief history. Biomol Detect Quantif. 2014; 1: 1-2. https://doi.org/10.1016/j.
bdg.2014.06.001 PMID: 27920991

Salipante SJ, Jerome KR. Digital PCR-An Emerging Technology with Broad Applications in Microbiol-
ogy. Clin Chem. 2020; 66: 117—123. https://doi.org/10.1373/clinchem.2019.304048 PMID: 31704712

Kinloch NN, Ritchie G, Dong W, Cobarrubias KD, Sudderuddin H, et al. SARS-CoV-2 RNA Quantifica-
tion Using Droplet Digital RT-PCR. J Mol Diagn. 2021; 23:907-919. https://doi.org/10.1016/j.jmoldx.
2021.04.014 PMID: 34062285

Cassinari K, Alessandri-Gradt E, Chambon P, Charbonnier F, Gracias S, Beaussire L, et al. Assess-
ment of multiplex digital droplet RT-PCR as a diagnostic tool for SARS-CoV-2 detection in nasopharyn-
geal swabs and saliva samples. Clin Chem. 2020 Dec 17. hvaa323. https://doi.org/10.1093/clinchem/
hvaa323 PMID: 33331864

Deiana M, Mori A, Piubelli C, Scarso S, Favarato M, Pomari E. Assessment of the direct quantitation of
SARS-CoV-2 by droplet digital PCR. Sci Rep. 2020; 10: 18764. https://doi.org/10.1038/s41598-020-
75958-x PMID: 33127953

de Kock R, Baselmans M, Scharnhorst V, Deiman B. Sensitive detection and quantification of SARS-
CoV-2 by multiplex droplet digital RT-PCR. Eur J Clin Microbiol Infect Dis. 2020 Oct 26: 1-7. https://doi.
0rg/10.1007/s10096-020-04076-3 PMID: 33104899

Dong L, Zhou J, Niu C, Wang Q, Pan Y, Sheng S, et al. Highly accurate and sensitive diagnostic detec-
tion of SARS-CoV-2 by digital PCR. Talanta. 2021 Mar 1; 224:121726. https://doi.org/10.1016/j.talanta.
2020.121726 PMID: 33379001

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 18/21


https://doi.org/10.1186/s13054-020-03244-3
http://www.ncbi.nlm.nih.gov/pubmed/32873316
https://doi.org/10.1016/S1473-3099%2820%2930196-1
https://doi.org/10.1016/S1473-3099%2820%2930196-1
http://www.ncbi.nlm.nih.gov/pubmed/32213337
https://doi.org/10.1016/j.jinf.2020.06.067
https://doi.org/10.1016/j.jinf.2020.06.067
http://www.ncbi.nlm.nih.gov/pubmed/32615199
https://doi.org/10.1016/j.idh.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32473952
https://doi.org/10.1136/bmj.m1443
http://www.ncbi.nlm.nih.gov/pubmed/32317267
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
http://www.ncbi.nlm.nih.gov/pubmed/32074444
https://doi.org/10.1038/s41564-020-0761-6
http://www.ncbi.nlm.nih.gov/pubmed/32651556
https://doi.org/10.1016/j.jinf.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32298676
https://doi.org/10.1515/cclm-2020-0815
http://www.ncbi.nlm.nih.gov/pubmed/32598306
https://doi.org/10.1016/j.cca.2020.10.008
https://doi.org/10.1016/j.cca.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33058839
http://www.ncbi.nlm.nih.gov/pubmed/32056407
https://doi.org/10.1001/jama.2020.3786
http://www.ncbi.nlm.nih.gov/pubmed/32159775
https://doi.org/10.1016/j.jinf.2020.03.060
http://www.ncbi.nlm.nih.gov/pubmed/32283143
https://doi.org/10.1016/j.bdq.2014.06.001
https://doi.org/10.1016/j.bdq.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27920991
https://doi.org/10.1373/clinchem.2019.304048
http://www.ncbi.nlm.nih.gov/pubmed/31704712
https://doi.org/10.1016/j.jmoldx.2021.04.014
https://doi.org/10.1016/j.jmoldx.2021.04.014
http://www.ncbi.nlm.nih.gov/pubmed/34062285
https://doi.org/10.1093/clinchem/hvaa323
https://doi.org/10.1093/clinchem/hvaa323
http://www.ncbi.nlm.nih.gov/pubmed/33331864
https://doi.org/10.1038/s41598-020-75958-x
https://doi.org/10.1038/s41598-020-75958-x
http://www.ncbi.nlm.nih.gov/pubmed/33127953
https://doi.org/10.1007/s10096-020-04076-3
https://doi.org/10.1007/s10096-020-04076-3
http://www.ncbi.nlm.nih.gov/pubmed/33104899
https://doi.org/10.1016/j.talanta.2020.121726
https://doi.org/10.1016/j.talanta.2020.121726
http://www.ncbi.nlm.nih.gov/pubmed/33379001
https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

Duong K, Ou J, LiZ, LvZ, Dong H, Hu T, et al. Increased sensitivity using real-time dPCR for detection
of SARS-CoV-2. Biotechniques. 2020 Nov 23. https://doi.org/10.2144/btn-2020-0133 PMID: 33222514

Falzone L, Musso N, Gattuso G, Bongiorno D, Palermo Cl, Scalia G, et al. Sensitivity assessment of
droplet digital PCR for SARS-CoV-2 detection. Int J Mol Med. 2020; 46: 957-964. https://doi.org/10.
3892/ijmm.2020.4673 PMID: 32705153

Gniazdowski V, Morris CP, Wohl S, Mehoke T, Ramakrishnan S, Thielen P, et al. Repeat COVID-19
Molecular Testing: Correlation of SARS-CoV-2 Culture with Molecular Assays and Cycle Thresholds.
Clin Infect Dis. 2020 Oct 27:ciaa1616. https://doi.org/10.1093/cid/ciaa1616 PMID: 33104776

LiuC, ShiQ, PengM, Lu R, LiH, Cai, et al. Evaluation of droplet digital PCR for quantification of
SARS-CoV-2 Virus in discharged COVID-19 patients. Aging (Albany NY). 2020; 12: 20997-21003.
https://doi.org/10.18632/aging. 104020 PMID: 33136068

LvJ, Yang J, Xue J, Zhu P, Liu L, Li S. Detection of SARS-CoV-2 RNA residue on object surfaces in
nucleic acid testing laboratory using droplet digital PCR. Sci Total Environ. 2020 Nov 10; 742:140370.
https://doi.org/10.1016/j.scitotenv.2020.140370 PMID: 32619841

Suo T, Liu X, Feng J, Guo M, Hu W, Guo D, et al. ddPCR: a more accurate tool for SARS-CoV-2 detec-
tion in low viral load specimens. Emerg Microbes Infect. 2020; 9: 1259—-1268. https://doi.org/10.1080/
22221751.2020.1772678 PMID: 32438868

Ternovoi VA, Lutkovsky RY, Ponomareva EP, Gladysheva AV, Chub EV, Tupota NL, et al. Detection of
SARS-CoV-2 RNA in nasopharyngeal swabs from COVID-19 patients and asymptomatic cases of
infection by real-time and digital PCR. Klin Lab Diagn. 2020; 65: 785—792. https://doi.org/10.18821/
0869-2084-2020-65-12-785-792 PMID: 33373511

Vasudevan H, Xu P, Servellita V, Miller S, Liu L, Gopez A, et al. Digital droplet PCR accurately quanti-
fies SARS-CoV-2 viral load from crude lysate without nucleic acid purification. medR-
xiv.:2020.09.02.20186023. [posted 2020 Sep 3]. Available from https://doi.org/10.1101/2020.09.02.
20186023 PMID: 32908995

LiL, Tan C, Zeng J, Luo C, Hu S, Peng Y, et al. Analysis of viral load in different specimen types and
serum antibody levels of COVID-19 patients. J Transl Med. 2021; 19: 30. https://doi.org/10.1186/
$12967-020-02693-2 PMID: 33413461

YuF, YanL,WangN, Yang S, Wang L, Tang Y, et al. Quantitative Detection and Viral Load Analysis of
SARS-CoV-2 in Infected Patients. Clin Infect Dis. 2020; 71: 793-798. https://doi.org/10.1093/cid/
ciaa345 PMID: 32221523

Bermejo-Martin JF, Gonzélez-Rivera M, Almansa R, Micheloud D, Tedim AP, Dominguez-Gil M, et al.
Viral RNA load in plasma is associated with critical illness and a dysregulated host response in COVID-
19. Crit Care. 2020; 24: 691. https://doi.org/10.1186/s13054-020-03398-0 PMID: 33317616

Chen L, Wang G, Long X, Hou H, Wei J, Cao Y, et al. Dynamics of Blood Viral Load Is Strongly Associ-
ated with Clinical Outcomes in Coronavirus Disease 2019 (COVID-19) Patients: A Prospective Cohort
Study. J Mol Diagn. 2021; 23: 10-18. https://doi.org/10.1016/j.jmoldx.2020.10.007 PMID: 33122141

Ram-Mohan N, Kim D, Zudock EJ, Hashemi MM, Tjandra KC, Rogers AJ, et al. SARS-CoV-2 RNAae-
mia predicts clinical deterioration and extrapulmonary complications from COVID-19. medRxiv.
2020.12.19.20248561. [posted 2020 Dec 22]. Available from: https://doi.org/10.1101/2020.12.19.
20248561 PMID: 33398290

Szwebel TA, Veyer D, Robillard N, Eshagh D, Canoui E, Bruneau T, et al. Usefulness of Plasma SARS-
CoV-2 RNA Quantification by Droplet-based Digital PCR to Monitor Treatment Against COVID-19ina
B-cell Lymphoma Patient. Stem Cell Rev Rep. 2021 Jan 5:1—4. https://doi.org/10.1007/s12015-020-
10107-5 PMID: 33403488

Veyer D, Kernéis S, Poulet G, Wack M, Robillard N, Taly V, et al. Highly sensitive quantification of
plasma SARS-CoV-2 RNA shelds light on its potential clinical value. Clin Infect Dis. 2020 Aug 17:
ciaa1196. https://doi.org/10.1093/cid/ciaal196 PMID: 32803231

Jiang Y, WangH, Hao S, Chen Y, He J, Liu Y, et al. Digital PCR is a sensitive new technique for SARS-
CoV-2 detection in clinical applications. Clin Chim Acta. 2020; 511: 346—351. https://doi.org/10.1016/j.
cca.2020.10.032 PMID: 33159953

Park C, Lee J, Hassan ZU, Ku KB, Kim SJ, Kim HG, et al. Comparison of digital PCR and quantitative
PCR with various SARS-CoV-2 primer-probe sets. J Microbiol Biotechnol. 2020 Dec 25. https://doi.org/
10.4014/jmb.2009.09006 PMID: 33397829

Hamouda M, Mustafa F, Maraga M, Rizvi T, Aly Hassan A. Wastewater surveillance for SARS-CoV-2:
Lessons learnt from recent studies to define future applications. Sci Total Environ. 2020; 759: 143493.
https://doi.org/10.1016/j.scitotenv.2020.143493 PMID: 33190883

Ahmed W, Bertsch PM, Angel N, Bibby K, Bivins A, Dierens L, et al. Detection of SARS-CoV-2 RNA in
commercial passenger aircraft and cruise ship wastewater: a surveillance tool for assessing the

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 19/21


https://doi.org/10.2144/btn-2020-0133
http://www.ncbi.nlm.nih.gov/pubmed/33222514
https://doi.org/10.3892/ijmm.2020.4673
https://doi.org/10.3892/ijmm.2020.4673
http://www.ncbi.nlm.nih.gov/pubmed/32705153
https://doi.org/10.1093/cid/ciaa1616
http://www.ncbi.nlm.nih.gov/pubmed/33104776
https://doi.org/10.18632/aging.104020
http://www.ncbi.nlm.nih.gov/pubmed/33136068
https://doi.org/10.1016/j.scitotenv.2020.140370
http://www.ncbi.nlm.nih.gov/pubmed/32619841
https://doi.org/10.1080/22221751.2020.1772678
https://doi.org/10.1080/22221751.2020.1772678
http://www.ncbi.nlm.nih.gov/pubmed/32438868
https://doi.org/10.18821/0869-2084-2020-65-12-785-792
https://doi.org/10.18821/0869-2084-2020-65-12-785-792
http://www.ncbi.nlm.nih.gov/pubmed/33373511
https://doi.org/10.1101/2020.09.02.20186023
https://doi.org/10.1101/2020.09.02.20186023
http://www.ncbi.nlm.nih.gov/pubmed/32908995
https://doi.org/10.1186/s12967-020-02693-2
https://doi.org/10.1186/s12967-020-02693-2
http://www.ncbi.nlm.nih.gov/pubmed/33413461
https://doi.org/10.1093/cid/ciaa345
https://doi.org/10.1093/cid/ciaa345
http://www.ncbi.nlm.nih.gov/pubmed/32221523
https://doi.org/10.1186/s13054-020-03398-0
http://www.ncbi.nlm.nih.gov/pubmed/33317616
https://doi.org/10.1016/j.jmoldx.2020.10.007
http://www.ncbi.nlm.nih.gov/pubmed/33122141
https://doi.org/10.1101/2020.12.19.20248561
https://doi.org/10.1101/2020.12.19.20248561
http://www.ncbi.nlm.nih.gov/pubmed/33398290
https://doi.org/10.1007/s12015-020-10107-5
https://doi.org/10.1007/s12015-020-10107-5
http://www.ncbi.nlm.nih.gov/pubmed/33403488
https://doi.org/10.1093/cid/ciaa1196
http://www.ncbi.nlm.nih.gov/pubmed/32803231
https://doi.org/10.1016/j.cca.2020.10.032
https://doi.org/10.1016/j.cca.2020.10.032
http://www.ncbi.nlm.nih.gov/pubmed/33159953
https://doi.org/10.4014/jmb.2009.09006
https://doi.org/10.4014/jmb.2009.09006
http://www.ncbi.nlm.nih.gov/pubmed/33397829
https://doi.org/10.1016/j.scitotenv.2020.143493
http://www.ncbi.nlm.nih.gov/pubmed/33190883
https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

presence of COVID-19 infected travellers. J Travel Med. 2020; 27: taaa116. https://doi.org/10.1093/jtm/
taaa116 PMID: 32662867

Changl, YanY, ZhaoL, Hu G, Deng L, Su D, et al. No evidence of SARS-CoV-2 RNA among blood
donors: A multicenter study in Hubei, China. Transfusion. 2020; 60: 2038—2046. https://doi.org/10.
1111/trf.15943 PMID: 32666556

Fung B, Gopez A, Servellita V, Arevalo S, Ho C, Deucher A, et al. Direct Comparison of SARS-CoV-2
Analytical Limits of Detection across Seven Molecular Assays. J Clin Microbiol. 2020; 58: 01535-20.
https://doi.org/10.1128/JCM.01535-20 PMID: 32651238

ZhouH, LiuD,MalL,MaT, XuT, RenlL,etal. ASARS-CoV-2 Reference Standard Quantified by Multi-
ple Digital PCR Platforms for Quality Assessment of Molecular Tests. Anal Chem. 2020 Dec 8:acs.ana-
Ilchem.0c03996. https://doi.org/10.1021/acs.analchem.0c03996 PMID: 33289545

Sung H, Roh KH, Hong KH, Seong MW, Ryoo N, Kim HS, et al. COVID-19 Molecular Testing in Korea:
Practical Essentials and Answers From Experts Based on Experiences of Emergency Use Authoriza-

tion Assays. Ann Lab Med. 2020; 40: 439-447. https://doi.org/10.3343/alm.2020.40.6.439 Erratum: in
Ann Lab Med. 2021; 41: 126-127. PMID: 32539299

Kleiboeker S, Cowden S, Grantham J, Nutt J, Tyler A, Berg A, et al. SARS-CoV-2 viral load assessment
in respiratory samples. J Clin Virol. 2020; 129:104439. https://doi.org/10.1016/j.jcv.2020.104439 PMID:
32674034

Yazdanpanah Y; French COVID cohort investigators and study group. Impact on disease mortality of
clinical, biological, and virological characteristics at hospital admission and overtime in COVID-19
patients. J Med Virol. 2020 Oct 15:10.1002/jmv.26601. https://doi.org/10.1002/jmv.26601 PMID:
33058220

Tellinghuisen J, Spiess AN. Comparing real-time quantitative polymerase chain reaction analysis meth-
ods for precision, linearity, and accuracy of estimating amplification efficiency. Anal Biochem. 2014;
449: 76-82. https://doi.org/10.1016/j.ab.2013.12.020 PMID: 24365068

Tellinghuisen J, Spiess AN. Bias and imprecision in analysis of real-time quantitative polymerase chain
reaction data. Anal Chem. 2015; 87: 8925-8931. https://doi.org/10.1021/acs.analchem.5b02057 PMID:
26235706

Bryan A, Fink SL, Gattuso MA, Pepper G, Chaudhary A, Wener MH, et al. SARS-CoV-2 Viral Load on
Admission Is Associated With 30-Day Mortality. Open Forum Infect Dis. 2020; 7: ofaa535. https://doi.
org/10.1093/ofid/ofaa535 PMID: 33349793

Carrasquer A, Peird OM, Sanchez-Gimenez R, Lal-Trehan N, Del-Moral-Ronda V, Bonet G, et al. Lack
of Association of Initial Viral Load in SARS-CoV-2 Patients with In-Hospital Mortality. Am J Trop Med
Hyg. 2020 Dec 23. https://doi.org/10.4269/ajtmh.20-1427 PMID: 33357280

Faico-Filho KS, Passarelli VC, Bellei N. Is Higher Viral Load in SARS-CoV-2 Associated with Death?
Am J Trop Med Hyg. 2020; 103: 2019-2021. https://doi.org/10.4269/ajtmh.20-0954 PMID: 32996443

Magleby R, Westblade LF, Trzebucki A, Simon MS, Rajan M, Park J, et al. Impact of SARS-CoV-2 Viral
Load on Risk of Intubation and Mortality Among Hospitalized Patients with Coronavirus Disease 2019.
Clin Infect Dis. 2020 Jun 30:ciaa851. https://doi.org/10.1093/cid/ciaa851 PMID: 32603425

La Scola B, Le Bideau M, Andreani J, Hoang VT, Grimaldier C, Colson P, et al. Viral RNA load as deter-
mined by cell culture as a management tool for discharge of SARS-CoV-2 patients from infectious dis-
ease wards. Eur J Clin Microbiol Infect Dis. 2020; 39: 1059—1061. https://doi.org/10.1007/s10096-020-
03913-9 PMID: 32342252

Sohn'Y, Jeong SJ, Chung WS, Hyun JH, Baek YJ, Cho Y, et al. Assessing Viral Shedding and Infectivity
of Asymptomatic or Mildly Symptomatic Patients with COVID-19 in a Later Phase. J Clin Med. 2020; 9:
2924, https://doi.org/10.3390/jcm9092924 PMID: 32927798

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, et al. Virological assessment
of hospitalized patients with COVID-2019. Nature. 2020; 581: 465—469. https://doi.org/10.1038/
$41586-020-2196-x PMID: 32235945

Davies NG, Barnard RC, Jarvis Cl, Russell TW, Semple MG, Jit M, et al; Centre for Mathematical
Modelling of Infectious Diseases COVID-19 Working Group; ISARIC4C investigators. Association of
tiered restrictions and a second lockdown with COVID-19 deaths and hospital admissions in England: a
modelling study. Lancet Infect Dis. 2020 Dec 23:S1473-3099(20)30984-1. https://doi.org/10.1016/
S1473-3099(20)30984-1 PMID: 33357518

Gatto M, Bertuzzo E, Mari L, Miccoli S, Carraro L, Casagrandi R, et al. Spread and dynamics of the
COVID-19 epidemic in Italy: Effects of emergency containment measures. Proc Natl Acad Sci U S A.
2020; 117: 10484—10491. https://doi.org/10.1073/pnas.2004978117 PMID: 32327608

Guzzetta G, Riccardo F, Marziano V, Poletti P, Trentini F, Bella A, et al; COVID-19 Working Group,2,
Brusaferro S, Rezza G, Pezzotti P, Ajelli M, Merler S. Impact of a Nationwide Lockdown on SARS-CoV-

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 20/21


https://doi.org/10.1093/jtm/taaa116
https://doi.org/10.1093/jtm/taaa116
http://www.ncbi.nlm.nih.gov/pubmed/32662867
https://doi.org/10.1111/trf.15943
https://doi.org/10.1111/trf.15943
http://www.ncbi.nlm.nih.gov/pubmed/32666556
https://doi.org/10.1128/JCM.01535-20
http://www.ncbi.nlm.nih.gov/pubmed/32651238
https://doi.org/10.1021/acs.analchem.0c03996
http://www.ncbi.nlm.nih.gov/pubmed/33289545
https://doi.org/10.3343/alm.2020.40.6.439
http://www.ncbi.nlm.nih.gov/pubmed/32539299
https://doi.org/10.1016/j.jcv.2020.104439
http://www.ncbi.nlm.nih.gov/pubmed/32674034
https://doi.org/10.1002/jmv.26601
http://www.ncbi.nlm.nih.gov/pubmed/33058220
https://doi.org/10.1016/j.ab.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24365068
https://doi.org/10.1021/acs.analchem.5b02057
http://www.ncbi.nlm.nih.gov/pubmed/26235706
https://doi.org/10.1093/ofid/ofaa535
https://doi.org/10.1093/ofid/ofaa535
http://www.ncbi.nlm.nih.gov/pubmed/33349793
https://doi.org/10.4269/ajtmh.20-1427
http://www.ncbi.nlm.nih.gov/pubmed/33357280
https://doi.org/10.4269/ajtmh.20-0954
http://www.ncbi.nlm.nih.gov/pubmed/32996443
https://doi.org/10.1093/cid/ciaa851
http://www.ncbi.nlm.nih.gov/pubmed/32603425
https://doi.org/10.1007/s10096-020-03913-9
https://doi.org/10.1007/s10096-020-03913-9
http://www.ncbi.nlm.nih.gov/pubmed/32342252
https://doi.org/10.3390/jcm9092924
http://www.ncbi.nlm.nih.gov/pubmed/32927798
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945
https://doi.org/10.1016/S1473-3099%2820%2930984-1
https://doi.org/10.1016/S1473-3099%2820%2930984-1
http://www.ncbi.nlm.nih.gov/pubmed/33357518
https://doi.org/10.1073/pnas.2004978117
http://www.ncbi.nlm.nih.gov/pubmed/32327608
https://doi.org/10.1371/journal.pone.0260884

PLOS ONE

Digital PCR for SARS-CoV-2 viral load studies

61.

62.

63.

64.
65.

66.

67.

2 Transmissibility, Italy. Emerg Infect Dis. 2021; 27: 267-270. https://doi.org/10.3201/eid2701.202114
PMID: 33080168

Inglesby TV. Public Health Measures and the Reproduction Number of SARS-CoV-2. JAMA. 2020;
323:2186—2187. https://doi.org/10.1001/jama.2020.7878 PMID: 32356869

Nussbaumer-Streit B, Mayr V, Dobrescu Al, Chapman A, Persad E, Klerings |, et al. Quarantine alone
or in combination with other public health measures to control COVID-19: a rapid review. Cochrane
Database Syst Rev. 2020; 4: CD013574. https://doi.org/10.1002/14651858.CD013574 PMID:
32267544

Jones T.C., Mihlemann B., Veith T., Biele G, Zuchowski M., Hofmann J., et al. An analysis of SARS-
CoV-2 viral load by patient age. medrxiv [posted 2020 June 9] Available from: https%3A//doi.org/10.
1101/2020.06.08.2012548

Held L. A discussion and reanalysis of the results reported in Jones et al. https://osf.io/bkuar/2020.

Chidambaram V, Tun NL, Haque WZ, Majella MG, Sivakumar RK, Kumar A, et al. Factors associated
with disease severity and mortality among patients with COVID-19: A systematic review and meta-anal-
ysis. PLoS One. 2020; 15: e0241541. https://doi.org/10.1371/journal.pone.0241541 PMID: 33206661

Palaiodimos L, Kokkinidis DG, Li W, Karamanis D, Ognibene J, Arora S, et al. Severe obesity, increas-
ing age and male sex are independently associated with worse in-hospital outcomes, and higher in-
hospital mortality, in a cohort of patients with COVID-19 in the Bronx, New York. Metabolism. 2020;
108: 154262. https://doi.org/10.1016/j.metabol.2020.154262 PMID: 32422233

Tian W, Jiang W, Yao J, Nicholson CJ, Li RH, Sigurslid HH, et al. Predictors of mortality in hospitalized
COVID-19 patients: A systematic review and meta-analysis. J Med Virol. 2020; 92: 1875-1883. https:/
doi.org/10.1002/jmv.26050 PMID: 32441789

PLOS ONE | https://doi.org/10.1371/journal.pone.0260884 December 20, 2021 21/21


https://doi.org/10.3201/eid2701.202114
http://www.ncbi.nlm.nih.gov/pubmed/33080168
https://doi.org/10.1001/jama.2020.7878
http://www.ncbi.nlm.nih.gov/pubmed/32356869
https://doi.org/10.1002/14651858.CD013574
http://www.ncbi.nlm.nih.gov/pubmed/32267544
https://doi.org/https%3A//doi.org/10.1101/2020.06.08.2012548
https://doi.org/https%3A//doi.org/10.1101/2020.06.08.2012548
https://osf.io/bkuar/2020
https://doi.org/10.1371/journal.pone.0241541
http://www.ncbi.nlm.nih.gov/pubmed/33206661
https://doi.org/10.1016/j.metabol.2020.154262
http://www.ncbi.nlm.nih.gov/pubmed/32422233
https://doi.org/10.1002/jmv.26050
https://doi.org/10.1002/jmv.26050
http://www.ncbi.nlm.nih.gov/pubmed/32441789
https://doi.org/10.1371/journal.pone.0260884

