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A B S T R A C T

Accurate detection of severe acute respiratory syndrome coronavirus 2 is not only necessary for viral load
monitoring to optimize treatment in hospitalized coronavirus disease 2019 patients, but also critical for
deciding whether the patient could be discharged without any risk of viral shedding. Digital droplet PCR
(ddPCR) is more sensitive than reverse transcription quantitative real-time polymerase chain reaction (RT-
qPCR) and is usually considered the superior choice. In the current study, we compared the clinical perfor-
mance of RT-qPCR and ddPCR using oropharyngeal swab samples from patients hospitalized in the tempo-
rary Huoshenshan Hospital, Wuhan, Hubei, China. Results demonstrated that ddPCR was indeed more
sensitive than RT-qPCR. Negative results might be caused by poor sampling technique or recovered patients,
as the range of viral load in these patients varied significantly. In addition, both methods were highly corre-
lated in terms of their ability to detect all three target genes as well as the ratio of copies of viral genes to
that of the IC gene. Furthermore, our results evidenced that both methods detected the N gene more easily
than the ORF gene. Taken together, these findings imply that the use of ddPCR, as an alternative to RT-qPCR,
is necessary for the accurate diagnosis of hospitalized coronavirus disease 2019 patients.

© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Since its outbreak in December 2019, coronavirus disease 2019
(COVID-19) caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has spread rapidly and resulted in a worldwide pan-
demic https://coronavirus.jhu.edu. In this situation, there is an
unprecedented need for diagnostic nucleic acid testing [1,2]. The
availability and reliability of rapid nucleic acid tests facilitates the
quick identification of infected individuals. This mobilizes the appro-
priate utilization of scarce public health and medical resources,
including those related to contact-tracing, isolation, personal protec-
tive equipment, and therapeutic devices [3].
Reverse transcription quantitative real-time polymerase chain
reaction (RT-qPCR) is considered the gold standard method for the
diagnosis of SARS-CoV-2 infection and is routinely used in the epi-
demiological screening of individuals with suspected COVID-19.
However, for hospitalized patients, the sensitivity of RT-qPCR is
usually not sufficient to discriminate positive patients with a very
low SARS-CoV-2 viral load, from recovered patients without risk of
viral shedding [4−6]. In addition, the inability to quantify the viral
load in patients renders it impossible to monitor viral load
changes during treatment [6−8]. Therefore, more sensitive and
robust detection methods, especially for low and residual viral
load samples, are required for accurate SARS-CoV-2 diagnosis and
to mitigate the shortcomings of RT-qPCR. Fortunately, digital drop-
let PCR (ddPCR) provides absolute quantification through Poisson
statistics after limiting dilution and endpoint PCR, offering a more
sensitive method than RT-qPCR [9,10]. ddPCR has been used to
detect small fold changes in copy number variation or gene
expression, and rare mutations in cancer diagnostics and infec-
tious disease diagnostics, including dengue virus, hepatitis A virus,
norovirus, and SARS-CoV-2 [11−15].
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In hospitalized patients with suspected COVID-19, relying on
RT-qPCR to confirm SARS-CoV-2 infection, the accurate detection
and precise diagnosis of viral content are helpful and necessary
for viral load monitoring and treatment adjustment [7,8]. Addi-
tionally, accurate diagnostic techniques are critical for deciding
whether the patient has recovered without risk of viral shedding
and can be discharged, or the patient is still shedding viral
debris and requires further treatment [8,16]. In the present
study, we compared the clinical performance of RT-qPCR and
ddPCR in patients hospitalized at Huoshenshan Hospital, a tem-
porary hospital built in response to the COVID-19 outbreak in
Wuhan, China [17]. Furthermore, we assessed the correlation
between these two methods in determining RNA copies of differ-
ent viral genes from different individuals. Our results provide a
unique characterization of SARS-CoV-2 viral load in clinical
specimens from hospitalized patients who underwent treatment
or were awaiting discharge. Additionally, our findings demon-
strate a notable correlation between SARS-CoV-2 detection using
RT-qPCR and ddPCR and might indicate viral load fluctuations
within individuals and the divergence of genome replication
within different regions.
2. Materials and methods

2.1. Clinical specimens

The Huoshenshan Hospital was specifically established to treat
COVID-19 patients in response to the outbreak in Wuhan, Hubei,
China [17]. All specimens used in this study were obtained from
patients with confirmed SARS-CoV-2 infection before they were
transferred to Huoshenshan Hospital. In total, more than 4,000
patients were admitted and treated in this hospital [17]. All recov-
ered patients must test SARS-CoV-2-negative for two consecutive
days before being discharged. Some of these patients might have
recovered from the infection during the sampling; therefore, the
samples obtained from them tested negative for SARS-CoV-2 and
were used as negative controls for our experiments. Oropharyngeal
swabs were collected under aseptic conditions and placed in sterile
tubes containing viral transport medium. Samples were stored at
4 °C and transported directly to the diagnostic laboratory for further
examination.
2.2. RNA extraction

Prior to RNA extraction, all samples were treated at 56 °C for 30
minutes to inactivate SARS-CoV-2. Within 2 hours of inactivation,
total viral RNA was extracted from the supernatant using Prefilled
Viral Total NA Kit-Flex (KFRPF-805296; Fisher Scientific, LOCATION)
following the manufacturer’s instructions. Briefly, 200 mL specimens
were used for extraction, and elution was set to 50 mL. Extracted
RNA samples were either immediately subjected to RT-qPCR and
ddPCR protocol or stored at -80 °C for further studies.
2.3. Primers and probes

T a g ge d PAccording to the Chinese Center for Disease Control and Preven-
tion (China CD), primers and probes targeted ORF1ab and N genes of
SARS-CoV-2. The primer and probe sequences used in the present
study were as follows http://ivdc.chinacdc.cn/kyjz/202001/
t20200121_211337.html:

� Target 1 (ORF1ab): forward, 50-CCCTGTGGGTTTTACACTTAA-30;
reverse, 50-ACGATTGTGCATCAGCTGA-30; and probe, 50-FAM-
CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-30.
� Target 2 (N): forward, 50-GGGGAACTTCTCCTGCTAGAAT-30;
reverse, 50-CAGACATTTTGCTCTCAAGCTG-30; and probe: 50-HEX-
TTGCTGCTGCTTGACAGATT-TAMRA-30.

� Internal control gene (IC gene; RPP30): forward, 50-AGT GCA TGC
TTA TCT CTG ACA G-30; reverse, 50-GCA GGG CTA TAG ACA AGT
TCA-30; and probe: 50-Cy5-TTT CCT GTG AAG GCG ATT GAC CGA-
BHQ-30.
2.4. RT-qPCR

RT-qPCR was conducted using the SARS-CoV-2 RNA detection
kit (Sansure Co, Ltd, Changsha, China) with the SLAN Real-time
PCR System following the manufacturer’s instructions. Briefly, the
total volume of the reaction mixture was 25 mL and it contained
10 mL RNA template. The reaction conditions were as follows:
reverse transcription at 50 °C for 30 minutes; cDNA pre-denatur-
ation at 95 °C for 1 minute; denaturation at 95 °C for 15 seconds
(45 cycles), then annealing and elongation (with fluorescence
monitoring) at 60 °C for 30 seconds, and a final step at 25 °C for
10 minutes. A cycle threshold (CT) value ≤ 40 indicated a positive
result and that >40 represented a negative result. Samples posi-
tive for all three genes were considered positive, whereas sam-
ples positive for the IC gene and only one viral gene indicated
suspected COVID-19 cases. However, samples positive for the IC
gene and negative for both viral genes were considered negative.
Samples that tested negative for the IC gene were considered
defective.

2.5. Digital droplet PCR

Workflow procedures for ddPCR were performed according to
the manufacturer’s instructions for the RainSure DropX-2000
Droplet Digital PCR System using the RainSure Novel Coronavirus
(SARS-CoV-2) Nucleic Acid Detection Kit [19]. Briefly, 25 mL reac-
tion mixture contained 10 mL SARS-CoV-2 one-step RT ddPCR
master mix, 4 mL enzyme mix, and 10 mL RNA extracted from
patient samples. Firstly, 70 mL droplet generation oil and 25 mL
reaction mixture were loaded into an oil well and a sample well,
respectively. Thereafter, a gasket with filters was mounted onto
the wells of the reagent-loaded cartridges. The cartridges were
then loaded into the instrument and the droplet generation pro-
cess automatically commenced using the following thermal
cycling protocol: 49 °C for 20 minutes (reverse transcription);
97 °C for 12 minutes (DNA polymerase activation); 40 cycles at
95.3 °C for 20 seconds (denaturation), and then 52 °C for 1
minutes (annealing); and finally 20 °C (cooling) for infinite hold.
The cartridges were then transferred and loaded onto the DScan-
ner-2000 for multi-channel fluorescence detection of droplets.
Results were interpreted in a similar manner to those of
RT-qPCR.

2.6. Data analysis

Analysis of ddPCR data was performed using the analysis soft-
ware GeneCount V1.60b0318 (RainSure Scientific). Concentrations
of target RNA sequences along with their Poisson-based 95% con-
fidence intervals were provided by the software. The Mann-Whit-
ney test was performed to make comparisons between two
groups. Additionally, the Spearman rank correlation test was used
to analyze the correlation between the CT values of RT-qPCR and
log2 values of copies determined by ddPCR. Computations were
performed using R software version 3.6. P values < 0.05 were
considered statistically significant.
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3. Results

3.1. Comparing clinical performance of RT-qPCR and ddPCR in
hospitalized patients

Among the 130 clinical samples obtained from hospitalized
patients, 89, 9, and 32 samples tested positive, suspected, and nega-
tive for COVID-19, respectively, using RT-qPCR. Conversely, ddPCR
detected 93, 21, and 16 positive, suspected, and negative COVID-19
samples, respectively. Although both methods are considered to have
a high specificity, ddPCR demonstrated a higher true positive rate
and sensitivity than RT-qPCR (Table 1). Furthermore, both methods
successfully detected the IC gene in all 130 samples. Regarding the
ORF gene, all 89 positive samples detected with RT-qPCR also tested
positive using ddPCR (100%). However, 6 of the 41 samples that
tested negative for the ORF gene using RT-qPCR, came back positive
using ddPCR (14.6%). Moreover, the 98 samples that tested positive
for the N gene using RT-qPCR were also positive using ddPCR (100%),
although 14 of the 32 samples that tested negative for the N gene
using RT-qPCR, tested positive using ddPCR (43.75%) (Table 2). These
results indicate that ddPCR might be more sensitive than RT-qPCR for
Table 1
Comparison between the ddPCR and RT-qPCR results of the clinical samples.

RT-qPCR

Negative Suspected Positive

ddPCR Negative 16 0 0
Suspected 13 8 0
Positive 3 1 89

ddPCR = digital droplet PCR; RT-qPCR = real-time polymerase chain reaction.

Fig. 1. Comparison of the distribution of results obtained with RT-qPCR and ddPCR. (A) CT v
qPCR. (B) -log2 values of the IC gene in negative, suspected, and positive samples determine
values of the ORF and N genes determined using ddPCR. P values are included in the box. C
qPCR = real-time polymerase chain reaction.
detecting the ORF and N genes, although both methods successfully
detected the IC gene similarly; this was consistent with the results
from previous studies [5,18,19]. Regarding CT values determined
using RT-qPCR, CTORF values were higher than CTN values in all 89
positive samples. However, 8 samples (8/89; 8.98%) determined
using ddPCR demonstrated a higher valueORF than valueN, which
might be due to the higher accuracy with which ddPCR detects viral
targets (Supplement Table 1) [20].

Regarding RT-qPCR, CT values of the IC, ORF, and N genes ranged
from 20.79 to 37.03 (median: 27.20), 18.65 to 39.93 (median: 32.52),
and from 16.03 to 37.09 (median: 30.21), respectively. The number of
copies of the IC, ORF, and N genes ranged from 0.02 to 9425.00
(median: of 146.10), 0.12 to 7727.00 (median: 6.42), and from 0.14 to
13561.00 (median: of 8.814), respectively, when using ddPCR. For
both RT-qPCR and ddPCR techniques, the median CT value of the IC
gene was higher in the COVID-19-negative group than that in the
COVID-19-positive group (Fig. 1A and B). Moreover, higher CT values
of the IC gene in negative samples indicated lower total RNA content
gets, using clinical samples.

RT-qPCR

Negative Positive

ddPCR IC Negative 0 0
Positive 0 130

ORF gene Negative 35 0
Positive 6 89

N gene Negative 18 0
Positive 14 98

ddPCR = digital droplet PCR; RT-qPCR = real-time polymerase chain reaction.

alues of the IC gene in negative, suspected, and positive samples determined using RT-
d using ddPCR. (C) CT values of the ORF and N genes determined using RT-qPCR. (D) CT
T = cycle threshold; ddPCR = digital droplet PCR; IC gene = internal control gene; RT-



Fig. 2. Correlation analysis between the CT values and -log2 values determined by RT-qPCR and ddPCR, respectively, for the IC gene (A), ORF gene (B), and N gene (C). Comparison of
deviations of values obtained for each sample ran using the same method. (A) CT values of the three target genes determined using RT-qPCR. (B) -log2 values of the three target
genes determined using ddPCR. Correlation analysis between the ORF and N genes. (A) CT values determined with RT-qPCR. (B) -log2 values determined by ddPCR. CT = cycle
threshold; ddPCR = digital droplet PCR; IC gene = internal control gene; RT-qPCR = real-time polymerase chain reaction.
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compared to positive samples. This might be due to poor sampling
techniques, which result in lower viral content collected on oropha-
ryngeal swabs.

The median CT values of the ORF gene were higher than those of
the N gene, detected using RT-qPCR [19]; however, there were no
obvious differences noted when using ddPCR (Fig. 1C and D). This
suggests that further study is required regarding individual differen-
ces of these two methods.

3.2. Correlation between results obtained using RT-qPCR and ddPCR

Considering that RT-qPCR and ddPCR are semi-quantitative and
quantitative detection methods, respectively, we aimed to explore
whether any correlation existed between these two methods. Sur-
prisingly, for all 89 COVID-19-positive samples detected in several
different batches, we identified that the results for all three target
genes demonstrated a high correlation between RT-qPCR and ddPCR
techniques. Particularly, R2 values of 0.9752, 0.8455, and 0.8942 were
calculated for the IC, ORF, and N genes, respectively (Fig. 2A−C).
These results indicate that although the CT value determined using
RT-qPCR is considered relatively quantitative, R2 values are more
accurate for determining the absolute content of the target gene (i.e.,
viral load) in detecting SARS-CoV-2. Therefore, contrary to prior
belief that only valuable qualitative results were obtained from RT-
qPCR, we might be able to compare the viral load of different samples
using their CT value determined using RT-qPCR [6].
3.3. Correlation between copy numbers of the ORF and N genes
determined using either RT-qPCR or ddPCR

A single SARS-CoV-2 genome only contains one copy of both
the ORF and N genes. This suggests that copies of the ORF gene
should be equal to those of the N gene [21]. However, RT-qPCR-
revealed CT values of the ORF gene were higher than those of
the N gene in most samples. These results suggest that the N
gene consisted of more nucleic acids than the ORF gene within
the same sample, where amplification efficiency was not consid-
ered. Moreover, ddPCR also detected that most of the copy val-
ues of the ORF gene were lower than those of the N gene at the
individual level (Fig. 2D and E) [20]. Interestingly, the ddPCR
method detected no significant differences between the overall
values of the ORF and N genes (Fig. 2D). This might be due to a
few exceptions in which outlying results misrepresented the
overall effects, indicating that a more detailed comparison is
necessary for analyzing absolute quantitative results obtained
with ddPCR.

The CT values of the ORF and N genes demonstrate a strong corre-
lation, using both RT-qPCR (R2= 0.8897) and ddPCR detection meth-
ods (R2= 0.9097), as presented in Fig. 2F and G. The correlation
between the ORF and N genes in any one method elucidated that
these two target genes, within the viral genome, are closely related
[6,20]. In general, both methods were more sensitive for the detec-
tion of the N gene than the ORF gene [20].
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3.4. Correlation between ratios of any two of the three target genes

As described above, we confirmed that the values of the ORF and
N genes exhibited a linear correlation in any one detection method.
Moreover, the detection of all three target genes also had a linear cor-
relation across both methods. Therefore, we pondered whether the
ratio between any two target genes was correlated within the same
method or between the two methods. To further determine the cor-
relation of the ratio between any two targets, we used CTIC/ CTORF,
CTIC/ CTN, and CTORF/ CTN for RT-qPCR and log2(valueIC/valueORF), log2
(valueIC/valueN), and log2(valueORF/valueN) for ddPCR.

We identified that CTIC/ CTORF and CTIC/ CTN demonstrated a very
strong linear correlation in the RT-qPCR method, with a similar result
verified with ddPCR (Fig. 3A and B). Moreover, a linear correlation
was detected between CTIC/ CTORF in RT-qPCR and log2(valueIC/val-
ueORF) in ddPCR, with similar results obtained regarding these ratios
for the N gene (Fig. 3C and D). Unsurprisingly, we did not observe
Fig. 3. Correlation analysis among ratios of the three target genes determined using the sa
using RT-qPCR. (B) Correlation between �log2(valueIC/ valueORF) and -log2(valueIC/ valueN)
ueORF) determined by RT-qPCR and ddPCR, respectively. (D) Correlation between CTIC/ CTN a
tion between CTN/ CTORF and �log2(valueN/valueORF) determined by RT-qPCR and ddPCR, re
gene; RT-qPCR = real-time polymerase chain reaction.
any correlation between CTORF/ CTN in RT-qPCR and log2(valueORF/
valueN) in ddPCR (Fig. 3E). The ratio of copies of viral genes compared
to that of the IC revealed that individuals have fluctuating viral loads
to some extent, and a very strong correlation within and between the
two methods. This indicates that the analysis of these ratios is reliable
and could efficiently reflect variable virus loads during infection.

4. Discussion

Positive specimens, obtained by screening for SARS-CoV-2 infec-
tion among suspected COVID-19 cases, were sampled from patients
during the early phase of infection. Therefore, the qualitative obser-
vation of viral infection was generally sufficient to help make correct
medical decisions [1]. For hospitalized COVID-19 patients, nucleic
acid testing for the detection of viral RNA is usually required when
patients have obviously recovered and are awaiting discharge, or
when patients experience worsening of symptoms and require
me or different method. (A) Correlation between CTIC/ CTORF and CTIC/ CTN determined
determined using ddPCR. (C) Correlation between CTIC/ CTORF and �log2(valueIC/ val-
nd �log2(valueIC/valueN) determined by RT-qPCR and ddPCR, respectively. (E) Correla-
spectively. CT = cycle threshold; ddPCR = digital droplet PCR; IC gene = internal control
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treatment optimization [6,8]. Therefore, it may be possible to charac-
terize viral load fluctuation in these patients [6-8]. The results of
RT-qPCR and ddPCR performed using specimens collected from hos-
pitalized COVID-19 patients demonstrate that ddPCR is indeed more
sensitive than RT-qPCR. Moreover, negative specimens might be the
result of poor sampling techniques, as the viral load in these patients
varied significantly [18,19,22-24].

Both methods demonstrated a strong correlation regarding the
detection of all three target genes, and between the ratio of the copies
of viral genes to that of the IC gene. These results indicate that the CT
values of genes detected using RT-qPCR could be used to evaluate the
number of viral copies in a specimen when it was not possible to uti-
lize ddPCR to directly determine viral copies [6,20]. Furthermore, our
results evidence that the N gene was more easily detected by both
methods, which might be due to the efficiency of amplification and
fluorescence monitoring of these two genes as well as their primers
and probes [8,20]. This might indicate a distinction between primers,
probes, polymerase, and reaction mixtures, or imply deviations of
genome replication or stability within the N and ORF regions, which
requires further study [19].

In summary, we compared the clinical performance of RT-qPCR
and ddPCR in detecting SARS-CoV-2 infection in oropharyngeal swab
samples from hospitalized patients. Results indicated that ddPCR is
indeed more sensitive than RT-qPCR. Additionally, COVID-19-nega-
tive specimens might result from poor sampling techniques, as the
viral load in these patients varies significantly. All three target genes
and their ratios demonstrated strong correlations between both
methods; however, both methods were more sensitive for detecting
the N gene than the ORF gene. Our results evidence that ddPCR
should be used as an alternative to RT-qPCR for the accurate
diagnosis of COVID-19 in hospitalized patients.
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