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A B S T R A C T   

Background: The study aimed to construct a standardized quality control management procedure (QCMP) and 
access its accuracy in the quality control of COVID-19 reverse transcriptase-polymerase chain reaction (RT-PCR). 
Methods: Considering the initial RT-PCR results without applying QCMP as the gold standard, a large-scale 
diagnostic accuracy study including 4,385,925 participants at three COVID-19 RT-PCR testing sites in China, 
Foshan (as a pilot test), Guangzhou and Shenyang (as validation sites), was conducted from May 21, 2021, to 
December 15, 2022. 
Results: In the pilot test, the RT-PCR with QCMP had a high accuracy of 99.18% with 100% specificity, 100% 
positive predictive value (PPV), and 99.17% negative predictive value (NPV). The rate of retesting was reduced 
from 1.98% to 1.16%. Its accuracy was then consistently validated in Guangzhou and Shenyang. 
Conclusions: The RT-PCR with QCMP showed excellent accuracy in identifying true negative COVID-19 and 
relieved the labor and time spent on retesting.   

1. Introduction 

As of July 12, 2023, the coronavirus disease 2019 (COVID-19) has 
spread to over 200 countries with approximately 768 million cumulative 
confirmed cases and 6.95 million cumulative deaths [1]. Although the 

World Health Organization (WHO) declared the COVID-19 pandemic 
emergency over on May 5, 2023, it is still considered a global health 
threat [2–9]. There are still new scattered and small clustered cases in 
many places due to the existence of novel Omicron variants, e.g., XBB 
and its subvariants, which accounted for 99.2% of cases in China on May 
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28, 2023 [10]. Therefore, reverse transcriptase-polymerase chain reac-
tion (RT-PCR) is still significant in diagnosing COVID-19 cases, espe-
cially in countries with huge population bases like China. 

The RT-PCR is the gold standard for the identification of genetic 
material of severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) in upper and lower respiratory specimens [11,12]. It has been widely 
applied in community screening and clinical diagnosis, effectively con-
taining the transmission of the epidemic. As the gold standard for 
diagnosing COVID-19, RT-PCR can achieve 95% sensitivity and speci-
ficity [13]. Nevertheless, there are still 20%-67% false negative cases in 
practice [14–16]. A study involving 365 laboratories in 36 countries 
showed a false positive rate of 0.7% for COVID-19 RT-PCR testing [17]. 
Even this 0.7% false positive rate can heavily destroy the prevention and 
management of COVID-19 in countries with a huge population density, 
e.g., China. Both false positive and false negative cases pose a huge 
challenge for the diagnosis and deployment of the epidemic [18,19]. 
Especially, false positive results are not only detrimental to the mental 
and physical health of misdiagnosed people, but also place a heavy 
burden on the economy and health care system. Therefore, ensuring the 
accuracy of COVID-19 RT-PCR testing, identifying the possible factors 
which result in false positive and false negative, and providing targeted 
intervention are beneficial to the prevention and control of the 
epidemic. 

A complete quality control management system and a standardized 
handling procedure can guarantee the high quality of COVID-19 RT-PCR 
testing. To improve the quality of RT-PCR testing and reduce false 
positive and false negative rates, every procedure in the process of RT- 
PCR testing must be strictly controlled. Based on the long-term 
COVID-19 RT-PCR testing practices of Hybribio Medical Laboratory 
Group Ltd., we formulated a standardized quality control management 
procedure (QCMP) to eliminate the factors leading to false positive and 
false negative and assessed its performance in the quality control of 
COVID-19 RT-PCR testing in Foshan, China, as a pilot test. Afterwards, 
its accuracy was validated in two real-world scenarios, Guangzhou and 
Shenyang, China, aiming to improve the diagnostic accuracy of COVID- 
19 RT-PCR testing and prevent further spread of the epidemic. 

2. Materials and Methods 

2.1. Design, setting and participants 

537,920 oropharyngeal samples from Foshan, 1,037,172 from 
Guangzhou, and 2,810,833 from Shenyang were collected in this diag-
nostic accuracy study from May 21, 2021 to December 15, 2022 in China 
to assess and validate the performance of RT-PCR with the application of 
QCMP in diagnosing COVID-19. Specifically, Foshan was a pilot site, 
while Guangzhou, the representative city in Southern China, and She-
nyang, the representative city in Northern China, were validation sites. 
The Human Medical Ethics Committee of the First Affiliated Hospital of 
Shantou University Medical College approved this study and exempted 
the need for informed consents of participants because all samples were 
de-identified in the study (No. B-2021-263). 

2.2. Results interpretation of RT-PCR 

The open reading frame 1ab (ORF1ab) and gene coding for nucleo-
capsid protein (N) are two targeted genomic sequences of SARS-CoV-2 in 
RT-PCR [20]. All detections were conducted in SLAN-96P/S RT-PCR 
system (Hongshi Medical Techonology Co., Ltd., Shanghai, China) with 
COVID-19 RT-PCR kits (Hybribio Biotech Co., Ltd., Guangdong, China) 
in initial RT-PCR testing. The samples were categorized into positive, 
indefinite, and negative cases according to the following interpretation 
principles of RT-PCR in the process of initial RT-PCR testing: 

a. Positive: 10-35 cycle threshold (Ct) values and sigmoidal amplifi-
cation curves of both ORF1ab and N genes.  

b. Indefinite: <10 or >35 Ct values and abnormal curves of ORF1ab and 
(or) N gene(s).  

c. Negative: undetermined Ct values and no sigmoidal amplification 
curves of both ORF1ab and N genes. 

The quality management of negative samples shown in the initial RT- 
PCR testing were conducted by both Chinese Center for Disease Control 
(CDC) and Hybribio Medical Laboratories via random sampling in-
spection. For example, a negative sample was randomly picked out from 
each 96-well plates and re-inspected to evaluate the specificity and ac-
curacy of RT-PCR, while the remined negative samples from each 96- 
well plates were reported as negative instantaneously, which is consis-
tent with the sampling inspection standard of Chinese CDC. The speci-
ficity and accuracy of sampling inspection were 100% both in CDC and 
Hybribio Medical Laboratories. The positive and indefinite samples 
shown in the initial RT-PCR testing were retested by other kits produced 
by different manufacturers and only confirmed by the identical results 
being obtained by two different kits. Only the positive RT-PCR results 
shown in the retesting process were diagnosed as COVID-19. The RT- 
PCR kits used for retesting were listed in Supplementary Table S1. 

2.3. Instructions for QCMP 

To improve the quality and biological safety in COVID-19 RT-PCR 
testing, a standardized QCMP was formulated, which consisted of both 
pre-lab (specimen collection, transportation and storage) and in-lab 
workflows (RT-PCR operations and results interpretation). In the pre-
sent study, owing to the intricate environmental characteristics and 
different infectious status among these three cities, the heavy re-
quirements of large-scale nucleic acid detection on human, material and 
financial resources, as well as the difficulties in collecting two samples in 
one participant, only one sample was collected from each participant, 
and all samples were collected by using unified standardized swabs, 
preservation solution, and tubes to exclude the bias of pre-lab operations 
on RT-PCR results. Therefore, the difference between RT-PCR with 
QCMP and RT-PCR without QCMP lies in the in-lab protocol. The in-lab 
quality control measures and strict retesting criteria for positive and 
indefinite samples were particularly vital effect factors for the accuracy 
of QCMP. The detailed instructions of QCMP were listed in the Sup-
plementary Materials. 

2.4. RT-PCR without QCMP as the gold standard 

In the first round RT-PCR, the samples were categorized into posi-
tive, indefinite and negative cases according to the interpretation prin-
ciples, which reflected the real-world scenario without the influence of 
QCMP. In the second round RT-PCR, the QCMP was used to retest these 
samples. In this process, the negative samples shown in the first round 
RT-PCR were re-inspected via random sampling, while the positive and 
indefinite results indicated in the first round RT-PCR were retested by 
other brands of RT-PCR kits. Therefore, the first round RT-PCR testing 
without applying QCMP was served as a benchmark and considered the 
gold standard in the diagnostic accuracy study. The comparison of the 
RT-PCR results obtained with and without applying QCMP allowed for a 
direct evaluation of the actual effectiveness and improvement achieved 
by QCMP application. 

2.5. Statistical analysis 

To evaluate the performance of QCMP, the COVID-19 RT-PCR results 
were divided into two categories, no retest required (i.e., the negative 
samples) and retest required (i.e., the positive and indefinite or suspi-
cious positive samples) [21]. Considering the RT-PCR results in the first 
round screening without QCMP as the gold standard, the sensitivity, 
specificity, positive predictive value (PPV), negative predictive value 
(NPV), accuracy, 95% confidence interval (95%CI), and Cohen’s kappa 
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of RT-PCR with QCMP were calculated by applying an online statistical 
tool [22]. 

3. Results 

To evaluate the performance of the QCMP, the RT-PCR results of 
537,920 samples in the pilot site, Foshan, were analysed before and after 
the application of QCMP. The results of first round RT-PCR testing 
without QCMP were divided into positive, indefinite, and negative. The 
negative results were inspected via random sampling, while the positive 
and indefinite results were retested by other RT-PCR kits provided by 
different manufacturers. Of the 537,920 oropharyngeal samples in 
Foshan, 9,855 (1.83%) were positive, 772 (0.14%) were indefinite, and 
527,293 (98.02%) were negative in initial RT-PCR testing (Table S2). 
Without the support of QCMP, 10,627 (1.98%) participants in Foshan 
were required to be retested. When the QCMP was applied, the rate of 
retesting was decreased to 1.16% in Foshan, showing the effective role 
of the QCMP in decreasing manpower and time input (Table 1). Addi-
tionally, the application of QCMP demonstrated 58.58% (95%CI, 
57.63%-59.52%) sensitivity, 100.00% specificity, 100.00% PPV, 
99.17% (95%CI, 99.15%-99.19%) NPV, and 99.18% (95%CI, 99.16%- 
99.21%) accuracy, with a Cohen’s kappa of 0.735 in Foshan (Table 2). 

The accuracy of QCMP in the quality control of COVID-19 RT-PCR 
was then validated in two mega cities, Guangzhou and Shenyang. Of the 
1,037,172 oropharyngeal samples in Guangzhou, 25,333 (2.44%) were 
positive, 9,821 (0.95%) were indefinite, and 1,002,018 (96.61%) were 
negative in initial RT-PCR testing; of the 2,810,833 oropharyngeal 
samples in Shenyang, 17,754 (0.63%) were positive, 1,954 (0.07%) 
were indefinite, and 2,791,125 (99.30%) were negative in initial RT- 
PCR testing (Table S2). Without the support of QCMP, 35,154 (3.39%) 
participants in Guangzhou and 19,708 (0.70%) participants in Shenyang 
were required to be retested. When the QCMP was applied, the rate of 
retesting was decreased to 1.77% in Guangzhou and 0.32% in Shenyang 
(Table 1). In addition, the application of QCMP demonstrated 52.09% 
(95%CI, 51.56%-52.61%) sensitivity, 100.00% specificity, 100.00% 
PPV, 98.35% (95%CI, 98.33%-98.36%) NPV, and 98.38% (95%CI, 
98.35%-98.40%) accuracy, with a 0.677 Cohen’s kappa in Guangzhou; 
45.62% (95%CI, 44.92%-46.31%) sensitivity, 100.00% specificity, 
100.00% PPV, 99.62% (95%CI, 99.61%-99.62%) NPV, and 99.62% 
(95%CI, 99.61%-99.63%) accuracy, with a Cohen’s kappa of 0.625 in 
Shenyang and a P-value under 0.001 (Table 2), suggesting a perfect 
accuracy of RT-PCR with the application of QCMP in real-world 
environments. 

4. Discussion 

RT-PCR is the gold standard for the detection of SARS-CoV-2 genetic 
material, and it is the most commonly used method in mass COVID-19 
screening [23]. However, the false positive and false negative results 
have been often reported in the mass community screening, causing 
huge panic in citizens and affecting the prevention and control strategies 
in combating COVID-19. Therefore, a standardized operation procedure 
of RT-PCR testing is necessary to reduce the false positive and false 
negative cases. 

Both pre-lab and in-lab factors can contribute to suspicious results. 
The factors giving rise to the false negative of RT-PCR testing mainly 
attribute to the method and timing of sampling. Study showed that the 
positive rate in nasopharyngeal swabs is higher than that of in oropha-
ryngeal swabs (65% vs. 22.5%) and that positive rate dropped further 
for oropharyngeal swabs in the later stages of COVID-19 infection (65% 
vs. 2.5%) [24]. The false negative rate also varies from infection expo-
sure, onset of clinical symptoms to recovery period. A systematic 
retrospective study showed a U-shaped change of COVID-19 false 
negative rate, i.e., 100% on the first day of infection, 67% on the fourth 
day, 38% on the fifth day, 20% on the eighth day, and 66% on the 
twenty-first day [16]. In addition, virus mutations can also contribute to 
false negative results. For example, a case with repeated negative 
RT-PCR tests due to virus mutations was reported in Guangzhou, China 
in February 2020 [25]. Other factors such as a long-time storage and 
long-distance transportation for specimens, mismatch between extrac-
tion reagents and amplification reagents, and non-standard operation 
also increase the false negative rate. In contrast, contamination in the 
process of specimen collection and detection, such as pollution of re-
agents, amplification products, aerosol, and clonal plasmid, is the main 
reason contributing to false positive of COVID-19 [26]. 

To minimize the false negative and false positive results, we listed 
the key points of pre-lab and in-lab operations that merit close attention 
and formulated a detailed QCMP for laboratory workflow including the 
instructions of samples collection, storage and transportation, and the 
corresponding retesting criteria and strategies. Subsequently, the 
effectiveness of QCMP was tested in Foshan and validated in Guangzhou 
and Shenyang in routine daily tests and several large-scale community 
screenings. The RT-PCR results of COVID-19 screened in Chinese com-
munities revealed that the application of QCMP reduced the retesting 
rate from 1.98% to 1.16% in Foshan, from 3.39% to 1.77% in Guangz-
hou, and from 0.70% to 0.32% in Shenyang. These data suggested that 
the application of QCMP is both labor-saving and time efficient. 

The specificity and accuracy of QCMP were perfect, which indicated 
that QCMP was excellent in correctly identifying negative cases, i.e., true 
negatives. While the sensitivity of QCMP was unsatisfactory, revealing 

Table 1 
COVID-19 RT-PCR results before and after the application of QCMP, classified as 
retest required and no retest required.  

After application of QCMP Initial RT-PCR results without 
QCMP 

Total 

Retest 
requireda 

No retest 
requiredb 

Foshan Retest requireda 6,225 0 6,225 
No retest 
requiredb 

4,402 527,293 531,695 

Total 10,627 527,293 537,920 
Guangzhou Retest requireda 18,310 0 18,310 

No retest 
requiredb 

16,844 1,002,018 1,018,862 

Total 35,154 1,002,018 1,037,172 
Shenyang Retest requireda 8,990 0 8,990 

No retest 
requiredb 

10,718 2,791,125 2,801,843 

Total 19,708 2,791,125 2,810,833  

a Retest required: positive and indefinite 
b No retest required: negative 

Table 2 
Evaluation for the diagnostic accuracy of QCMP.   

Foshan Guangzhou Shenyang 

Sensitivity 58.58% (95%CI, 
57.63%-59.52%) 

52.09% (95%CI, 
51.56%-52.61%) 

45.62% (95%CI, 
44.92%-46.31%) 

Specificity 100% 100% 100% 
Youden 

index 
0.5858 0.5209 0.4562 

PPV 100% 100% 100% 
NPV 99.17% (95%CI, 

99.15%-99.19%) 
98.35% (95%CI, 
98.33%-98.36%) 

99.62% (95%CI, 
99.61%-99.62%) 

Accuracy 99.18% (95%CI, 
99.16%-99.21%) 

98.38% (95%CI, 
98.35%-98.40%) 

99.62% (95%CI, 
99.61%-99.63%) 

Cohen’s 
kappa 

0.735 0.677 0.625 

P-value <0.001 <0.001 <0.001 
Prevalence 1.98% (95%CI, 

1.94%-2.01%) 
3.39% (95%CI, 
3.35%-3.42%) 

0.70% (95%CI, 
0.69%-0.71%) 

Abbreviations: PPV, Positive predictive value; NPV, Negative predictive value; 
95%CI, 95% confidence interval. 
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that it was not good at recognizing positive cases, i.e., true positives. 
However, this cannot be problematic, because the goal of QCMP was to 
identify all negative cases accurately, which can be reported directly, 
while these samples being identified as true positive and false negative 
cases, need to be retested for further assessment. 

This study was conducted as a pilot in Foshan and further validated 
in representative cities in both Southern China (Guangzhou) and 
Northern China (Shenyang), aiming to assess the generalizability and 
applicability of QCMP in settings with variable testing conditions, lab-
oratory practices, and geographical environmental characteristics. The 
results of the study revealed that QCMP exhibited effective and reliable 
performance in ensuring the accuracy and precision of COVID-19 RT- 
PCR testing, highlighting its potential for widespread implementation 
and adoption in diverse healthcare settings across China. 

However, a limitation in this study should be noted. The QCMP was 
formulated based on the situation and practice of large-scale COVID-19 
screening in China, and only tested and validated in three Chinese cities, 
whether it keeps the perfect accuracy worldwide remains to be further 
investigated. 

5. Conclusions 

In conclusion, we formulated a standard QCMP covering every step 
of COVID-19 RT-PCR testing by summarizing potential factors that 
caused the false positive and false negative cases in COVID-19 RT-PCR 
testing and tested its performance in the quality control of COVID-19 
RT-PCR in Foshan as a pilot test. Subsequently, it was validated in two 
cities, Guangzhou and Shenyang. This study revealed that QCMP not 
only relieved labor and time spent on retesting, but also showed a high 
accuracy in COVID-19 RT-PCR testing. 
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