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BACKGROUND: Coronavirus disease-2019 (COVID-19)
has spread widely throughout the world since the end of
2019. Nucleic acid testing (NAT) has played an important role in patient diagnosis and management of
COVID-19. In some circumstances, thermal inactivation at 56 C has been recommended to inactivate severe
acute respiratory syndrome coronavirus 2 (SARS-CoV2) before NAT. However, this procedure could theoretically disrupt nucleic acid integrity of this single-stranded
RNA virus and cause false negatives in real-time polymerase chain reaction (RT-PCR) tests.

We investigated whether thermal inactivation could affect the results of viral NAT. We examined
the effects of thermal inactivation on the quantitative
RT-PCR results of SARS-CoV-2, particularly with regard to the rates of false-negative results for specimens
carrying low viral loads. We additionally investigated
the effects of different specimen types, sample preservation times, and a chemical inactivation approach on
NAT.

negatives (2 of 15 samples, 13.3%) and significantly less
increase in Ct values than heat inactivation.
CONCLUSION: Thermal inactivation adversely affected
the efficiency of RT-PCR for SARS-CoV-2 detection.
Given the limited applicability associated with chemical
inactivators, other approaches to ensure the overall protection of laboratory personnel need consideration.

Introduction

METHODS:

Our study showed increased Ct values in
specimens from diagnosed COVID-19 patients in RTPCR tests after thermal incubation. Moreover, about
half of the weak-positive samples (7 of 15 samples,
46.7%) were RT-PCR negative after heat inactivation
in at least one parallel testing. The use of guanidiniumbased lysis for preservation of these specimens had a
smaller impact on RT-PCR results with fewer false
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The spread of new pathogen severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has caused an
expanding pandemic of coronavirus disease-2019
(COVID-19) (1–4). As of March 10, 2020, the global
number of confirmed cases of COVID-19 had surpassed
118 000 with more than 4292 deaths due to acute respiratory failure or other related complications (5). Most
cases (68.42%) occurred in China; outside China, a total of 37 371 cases of COVID-19 has been confirmed in
114 countries/territories/areas with 1130 deaths (5). To
allow prompt patient identification and clinical treatment, the Chinese government has released seven successive editions of Guidelines for Diagnosis and
Treatment of COVID-19 since January 15, 2020.
Laboratory viral nucleic acid testing (NAT) has been
recommended as a gold standard for COVID-19 diagnosis, together with serological examination (6). NAT
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Potential False-Negative Nucleic Acid Testing
Results for Severe Acute Respiratory Syndrome
Coronavirus 2 from Thermal Inactivation of
Samples with Low Viral Loads

Materials and Methods
SOURCES OF SPECIMEN

Twenty-three confirmed patients with SARS-CoV-2 infection in Beijing were included in this study. The
2 Clinical Chemistry 0:0 (2020)

criteria for confirmed cases with SARS-CoV-2 infection
included: (1) A positive result of the nucleic acid sequence of SARS-CoV-2 by real-time RT-PCR or (2) the
virus gene sequence being highly homologous to the
known SARS-CoV-2 (12). A total of 19 throat swabs,
2 sputum samples, and 2 stool samples were collected
from enrolled patients when diagnosed. Four throat
swabs and sputum samples were stored in 3 mL standard
virus transport media (VTM) (modified Hank’s buffer,
Yocon, China). The other 15 weak positive throat swabs
were stored in 3 mL VTM or 3 mL chemically inactivated buffer (lysis buffer, Qiagen) and the stool samples
were kept in the sampling tube. All samples were kept at
4 C and transferred to the laboratory within 4 h.
SPECIMEN DILUTION AND INACTIVATION

The throat swabs were serially diluted using VTM or
chemically inactivated buffer. The sputum samples were
treated with an equal volume of Sputasol
(ThermoFisher) before serial dilution. For stool samples,
3 mL VTM were used to resuspend the sample and the
supernatant was collected for the subsequent dilution.
All samples were inactivated by incubation in a water
bath at 56 C for 30 min.
RNA EXTRACTION AND QUANTITATIVE RT-PCR ASSAY

Samples were pretreated with heat incubation, followed
by RNA extraction. Viral RNA purification kit
(QIAamp Viral RNA Mini Kit, Qiagen) was used as
instructed by the manufacturer. For all RNA extractions, RNA was extracted from 140 mL of sample and
eluted in 60 mL elution buffer containing poly(A) carrier
RNA. The quantitative RT-PCR assay was performed
by TaqMan Fast Virus 1-Step Master Mix
(ThermoFisher) in an ABI 7500 fast system. 0.5 mmol/L
of forward primer, 0.5 lmol/L of reverse primer,
0.25 lmol/L of probe, and 5 ll of RNA sample were
mixed in a 25 mL monoplex quantitative RT-PCR reaction. The primer and probe were generated following
the national guidelines (12), and the reaction conditions
were set according to the manufacturer’s protocol. All
reactions were run in duplicate. Ct (threshold cycle)
value was determined by default threshold settings. A Ct
value >37 was determined as an undetectable value.
DCt ¼ Ct i – Ct n, where Ct i was defined as the Ct
value of the inactivated group, and Ct n was defined as
the Ct value of the non-inactivated group.
STATISTICAL ANALYSIS

Data are presented as mean 6 standard deviation (SD)
or median, range. Paired two-tailed Student’s t-tests
were used to analyze the differences between paired
samples in inactivated and non-inactivated groups.
Mann-Whitney U tests were used to compare the differences of detectable data between low and high viral load
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shows better performance than antibody assays as it can
identify the viral RNA in the early stage of infection,
even during the incubation period. Since 1988, polymerase chain reaction (PCR) technology has been used
extensively in clinical examination with the prominent
advantages of high sensitivity, convenience, and economy (7).
Currently, more than 100 enterprises in China
have developed real-time PCR (RT-PCR) detection kits
for COVID-19, and 9 of these kits have been approved
by National Medical Products Administration (NMPA)
of China (8). In clinical trials subjected to the NMPA
approval procedure, all kits exhibited a high sensitivity
of over 90% with samples from confirmed cases.
However, in real clinical settings, the positive diagnosis
rates of suspected patients were not as high as previously
evaluated (9). Many suspected patients exhibited typical
clinical symptoms or imaging studies consistent with
pneumonia, but were not found positive in RT-PCR
testing. This raised the question of what caused these
missing positive results in clinical practice?
Given the high quality of NMPA approved kits,
false-negative test results were less likely to have arisen
from the procedures of nucleic acid extraction and detection. The types of samples collected clinically
appeared to be one of the main causes of the lower performance of RT-PCR tests than expected (10), but
other factors need to be considered, particularly appropriate sample pretreatments before testing.
Considering that SARS-CoV-2 is a single-stranded
RNA, isolation of its genome requires cautious handling
of samples and good laboratory practices. Owing to the
contagiousness of SARS-CoV-2, many Chinese laboratories have inactivated the virus at 56–60 C for 30–
60 min before RNA extraction. Thermal inactivation at
56 C has also been recommended to ensure the security
of medical inspectors in the Chinese expert’s consensus
(11). The consensus also raises the uncertainty of
whether heat inactivation may decrease the sensitivity of
NAT (11). Although it is suspected that such pretreatment may affect the detection of SARS-CoV-2 in samples with low viral loads, quantitative comparisons on its
impact are still unclear. Herein, we investigated the
effects of thermal inactivation on the quantitative RTPCR results of SARS-CoV-2 and evaluated the falsenegative rates due to thermal inactivation. We further
investigated the effects of different specimen types, sample preservation times, and a chemical inactivation approach on NAT.

Potential Thermal-Caused False Detection of SARS-CoV-2

groups. SPSS 20.0 (IBM) and Prism 7 (GraphPad) were
used for all statistical determinations. P-values less than
0.05 were considered significant.

THERMAL INACTIVATION REDUCED THE DETECTABLE
AMOUNT OF SARS-COV-2 IN RT-PCR DETECTION

CLINICAL WEAK POSITIVE SPECIMENS WERE MORE

To determine the impact of thermal inactivation, parallel NAT was performed using clinical specimens from
4 confirmed COVID-19 patients. Each specimen was
serially diluted by a factor of 105 and then determined
by RT-PCR. The line chart presented contrasts the Ct
values of each specimen with or without incubation at
56 C for 30 min (Fig. 1). We classified the original and
diluted concentration of 101 and 102 as the high viral
load (HVL) group and all remaining dilutions (103 to
105) as the low viral load (LVL) group. In general,
most of the inactivated samples exhibited higher Ct values (mean 33.07 6 SD 5.00) than those with noninactivated treatment (mean 32.69 6 SD 4.92) with a
mean increase of 0.38 (P ¼ 0.017, Supplemental Table
1). We further calculated the DCt of each sample with
or without inactivation. The DCts of detectable samples
in the LVL group (median 1.37, range 0.81 to 2.17)
were much higher than those (median 0.14, range 0.38
to 1.57) in the HVL group (P ¼ 0.02, Supplemental
Table 1). These data suggested that in detectable samples of the LVL group, the tendency for increased Ct by
thermal inactivation was more substantial than that in

SUSCEPTIBLE TO THERMAL INACTIVATION

To further verify the effects of thermal inactivation on
specimens with low viral loads, 15 specimens with viral
loads near the limit of detection were collected from
confirmed cases and tested in parallel. The Ct values of
non-inactivated specimens ranged from 33.37 to 36.89.
Again, the inactivated group (mean 36.48 6 SD 1.48)
showed higher mean Ct values than the non-inactivated
group (mean 35.26 6 SD 1.24) with a mean increase of
1.22 (P < 0.001, Fig. 2). Moreover, in duplicate RTPCR tests, positive results in 7 of 15 specimens (46.7%)
were converted into undetectable values (false negatives)
in at least one parallel testing after thermal inactivation
(Table 1). The mean Ct value of the 7 specimens with
non-inactivation was 36.25, providing a possible threshold for thermal susceptibility in viral NAT.
EFFECTS OF THERMAL INACTIVATION ON DIFFERENT TYPES
OF SAMPLES

Clinical samples for COVID-19 tests included throat
swab, sputum, bronchoalveolar lavage fluid, stool, and
blood. To explore the effect of thermal inactivation in

Fig. 1. Effects of thermal inactivation on the RT-PCR tests of SARS-CoV-2 in throat swabs samples. Each sample (n ¼ 4) was
detected in raw solution or after a series of dilutions by virus transport media from 101 to 105, followed by treatment with or
without incubation at 56 C for 30 min. The black dot represents the mean Ct value of the duplicate quantitative RT-PCR experiments. The dotted line represents Ct value 37 and Ct values of undetectable results were determined as 38.
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Results

the HVL group. Notably, a few diluted samples showed
negative results after inactivation. These results demonstrated thermal inactivation could cause an increased Ct
value in the RT-PCR tests of SARS-CoV-2 and might
affect the qualitative results of samples carrying low viral
loads.

Table 1. Ct value of RT-PCR for detecting SARS-CoV-2
in throat swab specimens with low viral loads.

Ct 1

Ct 2

Ct 1

Ct 2

Sample A

35.64

35.84

34.65

34.71

Sample B

33.12

33.49

33.34

33.39

Sample C

34.47

34.50

34.55

34.58

Sample D
Sample E
Sample F

Fig. 2. Effects of thermal inactivation on RT-PCR tests of
SARS-CoV-2 in clinical throat swabs carrying low viral loads.
Each sample (n ¼ 15) was detected with or without incubation at 56 C for 30 min. Each dot represents the mean Ct
value of duplicate quantitative RT-PCR experiments. The
dotted line represents Ct value 37 and Ct values of undetectable results were determined as 38. The comparison
between the inactivation and non-inactivation groups was
tested by paired two-tailed Student’s t-test. *** represents
P < 0.001.

Non-inactivation

Sample G

36.72
NA
36.70
36.61

NA

36.55

36.62

NA

36.75

36.94

35.51

35.42

36.39
36.06

35.41

35.00

Sample H

NA

36.74

36.02

35.92

Sample I

NA

36.61

34.69

34.67

Sample J

34.89

34.98

33.33

33.50

Sample K

35.14

34.97

33.64

33.41

Sample L

34.95

35.09

Sample M

NA

36.50

NA

36.93

36.88

36.90

Sample N

NA

NA

36.80

36.84

Sample O

NA

NA

35.84

36.04

NA, not available, represents undetectable value of Ct > 37.

different specimen types, we deployed 4 throat swabs,
2 sputum samples, and 2 stool samples, and serially diluted each specimen by a factor of 105. Compared to
the non-inactivated group (mean 33.64 6 SD 4.61),
thermal inactivation raised the Ct values of most samples (mean 34.08 6 SD 4.68) by a mean increase of
0.44 (P < 0.001, Fig. 3, Supplemental Table 2). We
then performed a further analysis within different sample types. While the susceptibility to thermal inactivation in throat swabs has been described above (Fig. 1,
Supplemental Table 3), the mean Ct values of inactivated stool samples (mean 36.29 6 SD 2.87) were also
higher than those of the non-inactivated group (mean
35.55 6 SD 3.24) by a mean increase of 0.74
(P ¼ 0.014, Supplemental Table 3). However, the difference in mean Ct values in sputum between inactivated (mean 33.90 6 SD 5.06) and non-inactivated
groups (mean 33.62 6 SD 4.85) was not found to be
significant (P ¼ 0.308, Supplemental Table 3).
HIGHER TEMPERATURE AND LONGER TIME OF SPECIMEN
PRESERVATION PARTIALLY CONTRIBUTED TO FALSE-NEGATIVE

Fig. 3. Effects of thermal inactivation on the quantitative
RT-PCR tests of SARS-CoV-2 in different sample types.
Specimens of sputum (n ¼ 2), stool (n ¼ 2), and throat
swabs (n ¼ 4) were incorporated. Each sample was detected
twice in raw solution or dilution by virus transport media
from 101 to 105. Each symbol represents Ct value from
one test. The dotted line represents equal Ct value between
the inactivated and non-inactivated group. Shaded areas
represent detectable values in both two groups. Ct values
of undetectable results were determined as 38.

RESULTS IN SPECIMENS CARRYING LOW VIRAL LOADS

To explore the effects of time and temperature on laboratory detection, we diluted 4 throat swab specimens by
factors of 102 and 104. All original and diluted samples were kept at 4 C or room temperature (RT) and
harvested at different time points of 12, 24, 36, and
4 Clinical Chemistry 0:0 (2020)

48 h. Time and temperature of preservation only exhibited sight impact on the increase of detected Ct value.
However, higher Ct values were more prominent with
longer time of preservation, especially in diluted samples
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with lower viral loads. Notably, two positive samples
(sample 2 and 4) diluted by a factor of 104 were converted into negative ones with longer storage or preservation at RT (Fig. 4). Altogether despite the fact that
the influence of storage time and temperature on NAT
was slight, an extended time and high temperature of
preservation were able to cause false-negative results in
low viral load specimens.
VIRAL INACTIVATION BY GUANIDINIUM-BASED LYSIS
EXHIBITED LESS EFFECTS ON THE DETECTABLE AMOUNT OF
SARS-COV-2 THAN THERMAL INACTIVATION

As genomic RNA of SARS-CoV-2 is unstable and easily
degraded by environmental nuclease, the solutions used
to preserve specimens are of great importance to protect
the viral genomic integrity. Guanidinium-based buffer,

a common solution for specimen preservation, has been
shown to have the dual function of viral inactivation
through chemical destruction of the viral protein (13).
Therefore, we collected 15 throat swab specimens to investigate the effect of chemical inactivation by
guanidinium-based solutions on the RT-PCR tests for
SARS-CoV-2. Each sample was divided into subgroups
based on chemical inactivation by guanidinium-based
lysis (GL group), and by thermal inactivation at 56 C
for 30 min (VTM group). VTM was used for specimen
preservation before thermal inactivation. The Ct values
of most samples in the VTM group (mean 36.48 6 SD
1.48) were higher than those in GL group (mean
35.40 6 SD 1.33) by a mean increase of 1.08
(P < 0.001, Fig. 5A, Supplemental Table 4), demonstrating that GL provided better protection of viral
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Fig. 4. Effects of temperature and time of specimen preservation on the RT-PCR tests of SARS-CoV-2 in throat swabs samples.
Each sample (n ¼ 4) was detected in raw solution or diluted by virus transport media by factors of 102 and 104 and then preserved at 4 C or room temperature (RT). The samples were detected every 12 h in the next 2 days. Each symbol represents
mean Ct of duplicate quantitative RT-PCR experiments. The dotted line represents Ct value 37 and Ct values of undetectable
results were determined as 38.

nucleic acid than thermal inactivation. Moreover, the
number of specimens with undetectable results was 2 of
15 in the GL inactivated group, but 7 of 15 in the thermal inactivated group. We calculated the DCt values of
the thermally and chemically inactivated groups versus
the non-inactivated group. The DCt values of thermally
inactivated specimens were much higher than those in
GL inactivated group (P < 0.001, Fig. 5B). These
results suggested that GL preservation could attenuate
the increased Ct value compared to thermal
inactivation.
Discussion
SARS-CoV-2 is a novel member of beta-coronavirus
with high homology to severe acute respiratory syndrome coronavirus (SARS-CoV) (14, 15) that has
attracted high attention worldwide. Owing to its high
sensitivity, specificity, and efficiency, RT-PCR has
played a pivotal role in the public health response to
pathogen identification, including coronavirus (16, 17).
Previous studies on the application of thermal inactivation have provided evidence that treatment at 56 C for
at least 20 min or 30 min was sufficient to inactivate
SARS-CoV (18) or the Middle East respiratory syndrome coronavirus (MERS-CoV) (19), thereby
6 Clinical Chemistry 0:0 (2020)

attenuating their infectivity. During the current rapid
emergence of COVID-19, inactivation of 56 C for 30–
60 min has been recommended in a few Chinese
consensus.
Whether thermal inactivation affects nucleic acid
results is controversial (9, 20). We found that thermal
inactivation could result in a decreased detectable
amount of viral nucleic acid and increased Ct values in
RT-PCR detection, consistent with the results of a recent study that established a model of porcine epidemic
diarrhea virus (9). Thermal inactivation showed no significant influence on qualitative results for specimens
carrying high viral loads. However, for the weak positive
specimens (Ct value range from 33.37 to 36.89), thermal inactivation could be one of the possible causes of
false-negative results in laboratory detection of SARSCoV-2. It has been speculated that thermal inactivation
might have a potential impact on detection in patients
with early infection, causing NAT to lose its advantage
of identifying patients with low viral loads. In our studies, nearly half of the weak positive specimens (7 of 15
samples, 46.7%) exhibited false-negative qualitative
results after thermal inactivation in at least one parallel
RT-PCR test. The mean Ct values of those 7 specimens
(36.25), equivalent to about 700 copies/mL (21), might
provide a possible threshold for thermally susceptible
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Fig. 5. Effects of guanidinium-based lysis on the quantitative RT-PCR tests of SARS-CoV-2. All throat swabs samples (n ¼ 15)
were placed into guanidinium-based lysis (GL) or virus transport media (VTM). Each sample in the VTM group was divided into
subgroups with or without incubation at 56 C for 30 min. A) Comparative analysis of Ct values in specimens between chemical
inactivation (preserved in GL) or thermal inactivation (preserved in VTM). Shaded areas represent detectable values in both inactivation methods. B) Comparative analysis of DCt values in specimens preserved in GL or VTM. DCt value was calculated by the
difference of Ct values between inactivation and non-inactivation specimens. Each symbol or dot represents the mean Ct of duplicate quantitative RT-PCR experiments. Ct values of undetectable results were determined as 38. The comparison of DCt values
between GL and VTM group was tested by paired two-tailed Student’s t-test. *** represents P < 0.001.

Potential Thermal-Caused False Detection of SARS-CoV-2

Competent personnel in clinical laboratories will achieve
full protection during sample handling using BSCs and
personal protective equipment (PPE) in biosafety level 2
labs. In view of the non-negligible influence of thermal
inactivation on the RT-PCR assay, and the potential
contamination of chemical inactivators, the overall approach taken to ensure the protection of laboratory personnel, rather than viral inactivation itself, should
receive more attention in all diagnostic laboratories (24).
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