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ABSTRACT

COVID-19, a new respiratory infectious disease, was first reported at the end of 2019, in Wuhan, China. Now,
COVID-19 is still causing major loss of human life and economic productivity in almost all countries around the
world. Early detection, early isolation, and early diagnosis of COVID-19 patients and asymptomatic carriers are
essential to blocking the spread of the pandemic. This paper briefly reviewed COVID-19 diagnostic assays for
clinical application, including nucleic acid tests, immunological methods, and Computed Tomography (CT)
imaging. Nucleic acid tests (NAT) target the virus genome and indicates the existence of the SARS-CoV-2 virus.
Currently, real-time quantitative PCR (qPCR) is the most widely used NAT and, basically, is the most used
diagnostic assay for COVID-19. Besides qPCR, many novel rapid and sensitive NAT assays were also developed.
Serological testing (detection of serum antibodies specific to SARS-CoV-2), which belongs to the immunological
methods, is also used in the diagnosis of COVID-19. The positive results of serological testing indicate the
presence of antibodies specific to SARS-CoV-2 resulting from being infected with the virus. Viral antigen
detection assays are also important immunological methods used mainly for rapid virus detection. However, only
a few of these assays had been reported. CT imaging is still an important auxiliary diagnosis tool for COVID-19
patients, especially for symptomatic patients in the early stage, whose viral load is low and different to be
identified by NAT. These diagnostic techniques are all good in some way and applying a combination of them
will greatly improve the accuracy of COVID-19 diagnostics.

1. Introduction

In late December 2019, a viral pneumonia respiratory infectious
disease caused by a novel coronavirus was firstly reported in Wuhan,
Hubei Province, China (Liu et al., 2020a). It resulted in infecting more
than 80,000 people in China. The world health organization (WHO)
named the disease COVID-19, short for Coronavirus Disease 2019
(WHO, 2020). Subsequently, scientific experts in the Coronavirus Study
Group of the ICTV named the virus SARS-CoV-2 (Gorbalenya et al.,
2020). On March 11, 2020, the WHO announced that COVID-19
constituted a global pandemic. According to the statistics released by
Johns Hopkins University, as of December 14, 2021, the cumulative
confirmed COVID-19 cases worldwide had exceeded 270,822,728 (over
22,000,000 cases in the US, India, and Brazil), and the cumulative
number of deaths had exceeded 5,312,913 (over 470,000 deaths in the
US, Brazil, and India).

SARS-CoV-2 is a positive-sense single-stranded RNA virus of the
species Severe acute respiratory syndrome-related coronavirus belonging to
the genus Betacoronavirus in the family Coronaviridae (Zhu et al., 2020a),
some members of which are highly pathogenic to humans (Weiss and
Navas-Martin, 2005; Cui et al., 2019). SARS-CoV-2 is the seventh
coronavirus (HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKUI1,
SARS-CoV, MERS-CoV and SARS-CoV-2) found to be infectious in
humans (Ludwig and Zarbock, 2020).

COVID-19 patients often suffer from fever, fatigue, cough, and dys-
pnea (Huang et al., 2020; Wang et al., 2020c). Severe cases rapidly
evolve into acute respiratory distress syndrome (ARDS) and multiple
organ failure (MOF), or even death (Yang et al., 2020). SARS-CoV-2
became a huge threat to the safety of human life (Wang et al., 2020a)
and the world has changed greatly because of it. Over 2020, the value of
the basic reproduction number (Rp) of SARS-CoV-2 ranged from 1.8 to
3.6, indicating that the epidemic was spreading (Petersen et al., 2020).
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The infectivity and fatality rates of SARS-CoV-2 are both higher than
those of influenza, which is also transmitted mainly through airborne
routes (Chen, 2020; Wu and McGoogan, 2020). However, as the
COVID-19 pandemic progressing, it was reported that the new
SARS-CoV-2 delta variant had a shocking Ry of nearly 7 (Burki, 2021)
and its incubation period was shorter than the original one (Zhang et al.,
2021a). It is an even greater challenge for global governments and now
we are in the early stages of a third wave according to the WHO (Tedros,
2021). To stop the spread of COVID-19, the identification of COVID-19
patients and contact tracing are especially important. Compared to
previous infectious diseases, more advanced contact tracing technolo-
gies are being applied in the pandemic, such as big data and contact
tracing smartphone apps (Maccari and Cagno, 2021). These technolo-
gies greatly improve the speed by which the relevant government de-
partments respond to the outbreaks, but they also bring a lot of
controversies such as privacy and ethics (Scassa, 2021). Additional
measures, such as isolation and lockdown, to limit the movement of
people were also applied which caused a lot of economic and social
hardship as well (World Trade Organization, 2020; Zhang et al., 2021b).
Nevertheless, the availability of assays for the widespread, rapid, and
early detection of COVID-19 infections will reduce the social demands of
contact tracing and prevent extensive and extended lockdowns, as well
as reducing the risk of being infected by close contacts.

Early detection, early isolation, and early diagnostic of COVID-19
patients are vital for winning the fight against the pandemic. Like all
virological diagnostics, nucleic acid tests (NAT) and immunological
assays are the most widely used methods for SARS-CoV-2 detection and
the diagnosis of COVID-19 patients and asymptomatic carriers (Yu et al.,
2021; Eftekhari et al., 2021). CT imaging is still important for COVID-19
diagnosis, especially for symptomatic patients in the early stage, whose
viral load is low and different to be identified by NAT (De et al., 2021;
Brogna et al., 2021). The 8th guideline for diagnosis and treatment of
COVID-19 released by the National Health Commission (NHC) of China
still added CT imaging in the diagnostic criteria to avoid false-negative
results (National Health Commission of the People’s Republic of China,
2020). Over the past 18 months, after the initial panic along with
shortage of diagnosis and treatment resources, effective detection sys-
tems (reagents and equipment production, testing capacity expand, and
skilled personnel training.) have been developed and applied in the
spread control. Besides, research and development of new assays are
emerging with understanding viral pathogenesis. Therefore, this
mini-review focused on the developed diagnostic assays of COVID-19.
We hoped it would provide more thoughts for developing novel diag-
nostic assays.

2. Nucleic acid tests (NAT)

With the development of sequencing technology, the whole genome
sequence of SARS-CoV-2 was rapidly obtained and published on NCBI
website on January 5, 2020 (GenBank: MN908947.3, Wu et al., 2020).
The SARS-CoV-2 genome consists of ORFla and ORF1b (ORFla and
ORF1b coding 16 nonstructural proteins such as RNA-dependent RNA
polymerase (Udugama et al., 2020), S (spike protein), E (envelop pro-
tein), M (membrane protein), and N (nucleocapsid protein) (Touma,
2020) (Fig. 1). Based on the genome sequence of SARS-CoV-2, the spe-
cific target sequences are selected and used in NAT assays development.
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Fig. 1. Genome structure of SARS-CoV-2.
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2.1. Real-time PCR assays for detection of SARS-CoV-2

Real-time quantitative PCR (qPCR) is regarded as a gold standard
for the detection of SARS-CoV-2 and is recommended by WHO and
global CDCs. It is widely applied in departure and entry of people and
goods, community screening for SARS-CoV-2 detection because of its
rapidity and low cost. Chu et al. (2020) developed two one-step real--
time reverse transcription PCR (rRT-PCR) methods to detect specific
genes ORF1b and N, with the limit of detection (LOD) lower than 10
copies/reaction. Corman et al. (2020) reported the qPCR assay targeting
E (envelope protein) gene and RdRp (RNA-dependent RNA polymerase)
gene, and the LOD was 5.2 and 3.8 copies/reaction, respectively, while
the sensitivity of N gene detection was slightly lower. Suo et al. (2020)
reported a droplet digital PCR (ddPCR) assay has a limit significantly
lower than RT-PCR (Fig. 2). Generally, it is recommended that
COVID-19 patients can be identified only when two or more SARS-CoV-2
target gene sequences are detected as positive results. If only one target
is positive, a retest is required. NAT with multiple target genes can
effectively avoid false-positive results.

Because of the spread of infection, the demand for tests increases
quickly, and the test results are time-sensitive. Researchers have tried
many ways to improve the efficiency of qPCR. Ben-Ami et al. (2020)
tested 184 samples in eight pools for RNA extraction and detection.
Compared with testing individually, the results were not significantly
affected. This strategy could greatly improve the efficiency of the test.
Wuhan has tested 9,899,828 samples with this strategy in 16 days and
the results were satisfactory. RNA extraction kits are the bottleneck of
detection (Fomsgaard and Rosenstierne, 2020), and the lack of RNA
extraction kits affect the response to the pandemic. Fukumoto et al.
(2020), Eckel et al. (2020) and Hasan et al. (2020), and other re-
searchers tried different methods to avoid the RNA extraction step.
Unfortunately, the specificity and sensitivity of assays without the RNA
extraction step were still inferior to those with the RNA extraction step.
The false-negative rate of clinical samples was up to 83.0 % compared
with standard PCR assays (Eckel et al., 2020). This might be contributed
to the lower sensitivity of detection without the RNA extraction step
(Pearson et al., 2021). An additional heat step might help improve the
sensitivity (Hasan et al., 2020). Nevertheless, the virus RNA extraction
and purification should be paid more attention to. Besides, there were
also some studies tried other ways to increase detection efficiency such
as comparing different samples treatment methods and thermocyclers
(Ransom et al., 2020), designing double-quencher probes (Hirotsu et al.,
2020), developing RT-PCR automated analyzer tool for SARS-CoV-2
detection (Dharavath et al., 2020).

2.2. Isothermal amplification assays for the detection of SARS-CoV-2

qPCR assay plays an important role in the clinical diagnosis of
COVID-19 and there are numerous commercial products now (Igloi
et al.,, 2020; Mostafa et al., 2020). In addition, various isothermal
amplification assays such as loop-mediated isothermal amplification
(LAMP) (Fig. 3) (Yoo et al., 2021), transcription-mediated amplification
(TMA), reverse transcription recombinase-aided amplification
(RT-RAA), multiple cross displacement amplification (MCDA), and
recombinase-aided amplification (RPA), CHAnicking and extension
amplification reaction (NEAR) have been developed for diagnosing
COVID-19 (Table 1). These isothermal amplification assays are more
sensitive and independent of a thermal cycler, which makes them more
suitable in rapid, high-throughput, and low-cost assays development.
Among them, LAMP is the most mature isothermal amplification method
and the LAMP assays for SARS-CoV-2 detection are the most used
isothermal amplification method.
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Table 1 sequences. The detection assays based on Cas proteins have been
Ia the ! lificati for the detecti £ SARS-CoV-2 developed. However, Cas protein could not detect target DNA when its
sothermal amplircation assays 1or the detection o: -LoV-2. . . .
P y concentration is lower than 1-10 nM (Guo et al., 2020). An isothermal
Assay Targeted gene Detection limit References amplification step was usually added before the detection of CRISP-
LAMP N gene 60 copies/pL (Deng et al., 2021) R-CasN-based assays. There have been several Cas-protein-based assays.
TMA N gene 5.5 copies/pL (Gorzalski et al., 2020). For instance, based on RPA and Casl3a (namely SHERLOCK system),
;TC-gﬁA gRFlab gene (1)60(;‘ C°91es// F;} ?L/Vﬂngtmlalﬁogz(;z)()d) Zhang et al. (2020Db) established an isothermal amplification method for
gene copies/J uu et al., B .
RPA N gene and S gene 0.05 copies/jiL (Xia and Chen, 2020) detecting RNI.\ ?f SARS-CoV-2, which could dete.ct 20-200 aM
CHA ORFlab and N genes 2 copies/pL (Zou et al., 2021) SARS-CoV-2 within 1 h. Broughton et al. (2020) and Ding et al. (2020)
NEAR RdRp gene 0.125 copies/pL.  (Khan et al., 2020) developed CRISPR-Cas12-based assays in the detection of SARS-CoV-2.

2.3. CRISPR-CasN-based assays and other novel NAT assays for
detection of SARS-CoV-2

Cas proteins including Cas 9, Cas 12, Cas 13, and Cas 14 can identify
specific DNA/RNA sequences under a given condition and activate the
activity of cleaving DNA or RNA fragments (Wang et al., 2020f). This
makes Cas proteins particularly suitable in the detection of nucleic acid

To avoid the additional nucleic acid amplification, Fozouni et al. (2020)
used CRISPR-Casl3a and mobile phone microscopy to develop an
amplification-free detection assay of SARS-CoV-2 and this assay had a
sensitivity of 100 copies/uL in 30 min. Although CRISPR-CasN-based
assays are far from mature, they have tremendous application potential
in the diagnostic of COVID-19 and other diseases caused by viruses.
Other novel assays such as DNA nano-scaffold based on SARS-CoV-2
RNA triggered isothermal amplification (The reaction time was about 10
min and the reaction temperature is between 15-35 °C) (Jiao et al.,
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2020) and visual “naked-eye” detection assay based on thiol-modified
ASO-capped AuNPs (this assay has a detection limit of 0.18 ng/puL of
RNA) (Moitra et al., 2020) has also been developed. All these provide an
alternative for SARS-CoV-2 detection.

2.4. Limitation of NAT methods

It is noteworthy that the false-negative results of RT-PCR and other
NAT assays appeared frequently (Woloshin et al., 2020), which brings
challenges to epidemic control. The reasons for false-negative results
may be poor specificity of target genes or inadequate sensitivity of
detection methods (Tahamtan and Ardebili, 2020). Wang et al. (2020b)
identified 13 mutation sites in ORF (open reading frame) of the virus
genome by comparing 95 strains of SARS-CoV-2, of which the mutation
rate in ORFla region was 29.47 %. It suggested that SARS-CoV-2 might
have selective mutations, and certain regions must be avoided when
designing primers and probes (Tian et al., 2020). These results suggest
that each 10-fold increase in LoD is expected to increase the
false-negative rate by 13 %, missing an additional one in eight infected
patients (Arnaout et al., 2020). Chan et al. (2020) compared the three
gPCR assays targeting RdRp gene, S (spike glycoprotein) gene, and N
gene established by themselves with the NAT methods adopted by 30
laboratories in the European Union. The results showed that the detec-
tion methods currently applied in clinical practice need to strengthen
the sensitivity to reduce false-negative results.

The sample collection methods also have an important impact on the
accuracy of NAT results. Among them, nasopharyngeal swab sampling is
the recommended method in most countries for detection of the nucleic
acid of SARS-CoV-2 according to the characteristic of respiratory in-
fectious disease. However, the nasopharyngeal swab sampling needs
technical skills and puts the health care workers at risk of exposure.
Saliva seems to be a good alternative. Saliva can be self-collected at a
lower cost and few health care workers are needed. The virus RNA in
saliva specimens is stable in 48 h (Matic et al., 2020) and SARS-CoV-2 in
saliva can be detected even over one week (Williams et al., 2021). Saliva
shows good concordance with a nasopharyngeal swab (or even better
than) for detection of SARS-CoV-2 in most recent reports (Fan et al.,
2020; Medeiros da Silva et al., 2020; Sakanashi et al., 2021; Sui et al.,
2020). Notably, the collection way of saliva will affect the detection
result. For example, hock-a-loogie saliva is better than saliva without
cough (Fan et al., 2020; Yee et al., 2020). The U.S. Food and Drug
Administration (FDA) had authorized the first in-home saliva collection
for the detection of SARS-CoV-2 on May 08, 2020 (FDA, 2020). Besides,
sputum is also another potential tool for detection (Lin et al., 2020).

Anyway, correct sampling operation and clinical application of new
methods with high specificity and high sensitivity can reduce the risk of
infection while sampling (Fabbris et al., 2021), false-negative results,
and improve the accuracy of NAT methods in COVID-19 diagnosis.

3. Immunological methods

Immunological methods for COVID-19 diagnostics could be divided
into two types: antibodies detection methods and antigens detection. For
the former, we usually used serological tests to detect serum antibodies
specific to SARS-CoV-2, which indicated if people were ever exposed to
the virus or not. For the latter, we usually used prepared specific anti-
bodies to develop detection methods, that was direct detection of the
presence of SARS-CoV-2 antigens. They were valuable techniques for
detecting COVID-19 patients with high viral load (that was super
spreaders) at low cost (Pujadas et al., 2020).

3.1. Serological tests: detection of serum antibody specific to SARS-CoV-2
NAT assay usually indicates the current infection situation. Sero-

logical tests usually detect the antibody level in the serum, which in-
dicates the situation of ever infection. IgM indicates an early viral
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infection and subsequent IgG indicates the later stages of infection
(Zheng et al., 2020). Serological tests can be used in epidemiological
investigation such as the investigation of pediatric medical workers
exposed to varying levels of SARS-CoV-2 (Tu et al., 2020). In Hubei
Province, China, COVID-19 patients, asymptomatic infection, and
healthy people were tested by serological methods, with an accuracy of
about 80 %, showing good specificity and sensitivity (Li et al., 2020;
Xiang et al., 2020).

Enzyme-Linked Immunosorbent Assay (ELISA), Chemiluminescence
Immunoassay (CLIA), and Lateral Flow Immunoassay (LFIA) are widely
used in the detection of anti-SARS-CoV-2 antibodies (Nguyen et al.,
2020). Researchers also tried to put forward other alternatives. Kaset-
sirikul et al. (2020) developed a paper-based ELISA assay which could be
finished in 30 min with a cost of around 1.45-1.65 USD (Fig. 4). Dzi-
mianski et al. (2020) developed a biolayer interferometry immunosor-
bent assay. This assay could obtain a semi-quantitative result in less than
20 min. It is not even the fastest detection assay. An electrochemical
impedance-based detector developed by Rashed et al. could detect the
serum antibody in less than 5 min (Rashed et al., 2021). Besides, some
researchers also introduced a machine learning approach scoring patient
samples for prior COVID-19 infection based on the antibody detection
data to further improve the diagnostic efficiency (Cady et al., 2021).
Most of the serological tests examine the IgG, IgM or both that are
specific to SARS-CoV-2. Roda et al. (2021) developed dual lateral flow
optical/chemiluminescence immunosensors for IgA which could be used
to assess the efficacy of SARS-CoV-2 vaccines.

Some researchers believed that 30%-60% of infection is asymp-
tomatic (Qiu, 2020). However, the asymptomatic carriers are also con-
tagious, which may lead to a new outbreak. Nowadays, some countries
and regions are in the late stage of the pandemic. Extensive serological
tests can help to detect the previous infection, assess the progress of a
regional epidemic situation, and predict the likely outcome of the
epidemic.

3.2. Antigen detection: detection of specific antigens of SARS-CoV-2
based on specific antibody

The detection of serum antibodies is not suitable for rapid SARS-CoV-
2 diagnostic. The developed rapid detection assays based on antibody
tends to use a specific antibody to detect SARS-CoV-2 in samples directly
or capture SARS-CoV-2 for further detection. Now, there have been some
studies and commercial antigen detection kits for SARS-CoV-2 (Verma
et al., 2020; Yuce et al., 2021; Azzi et al., 2021). Seo et al. (2020)
immobilized antibody targeting SARS-CoV-2 spike protein on the gra-
phene surface and prepared a field-effect transistor-based biosensor.
This biosensor could detect SARS-CoV-2 with a concentration of 2.42 x
102 copies/mL in clinical samples. Karakus et al. (2021) developed a
colorimetric and electrochemical biosensor for SARS-CoV-2. The
detection limit of it was 48 ng/mL SARS-CoV-2 spike antigen. Wang
et al. (2021) developed a fluorescent immunochromatographic assay for
SARS-CoV-2 based on multilayer quantum dot nanobead with a detec-
tion limit of 5 pg/mL SARS-CoV-2 NP antigen.

To avoid the long preparation period, Kim et al. (2020) used phage
display technology to obtain single-chain variable
fragment-crystallizable fragment (scFv-Fc) fusion antibodies specific to
SARS-CoV-2 and developed a lateral flow immunoassay (LFIA)-based
biosensor (Fig. 5). The reports of antigen detection kits were less than
other detection methods although they were low cost and easy to use.
This may be contributed to the long preparation period of specific an-
tibodies and their sensitivity was generally lower than NAT methods
(Liu and Rusling, 2021; Mak et al., 2020; Scohy et al., 2020).

Some researchers also tried other ways to detect antigens of SARS-
Cov-2 without specific antibodies. Antibody analog such as aptamer is
also applied in the detection of SARS-Cov-2. Chen et al. (2020) modified
a SARS-CoV-2 specific DNA aptamer and selected three variants tar-
geting SARS-CoV-2 N protein. These aptamers had potentials in
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diagnostic and had a short preparation period compared with a tradi-
tional antibody. Human angiotensin-converting enzyme 2 (ACE2) is the
functional receptor of SARS-Cov-2 to bind with the SARS-Cov-2. The
ACE2 can be detected by a commercial antibody. Based on it, Lee et al.
(2021) developed a lateral flow immunoassay. It was interesting that the
SARS-CoV S1 and MERS-CoV S1 proteins could not cause false-positive
results although ACE2 was also the receptor of SARS-CoV and
MERS-CoV.

These antigen detection assays based on specific antibodies or other
macromolecules that can bind with SARS-CoV-2 are rapid and low-cost
detection assays although the detection sensitivity is lower than NAT
(Table 2). They may be suitable tools for rapid detection of COVID-19 to
stop the spread. More attention should be paid to antigen detection.

3.3. Limitations of immunological methods

For the serological tests, all the detection assays are based on the
detection of the antibodies specific to SARS-CoV-2 that are produced by
the human immune system. The increase of the titer of the antibodies
specific to SARS-CoV-2 is later than the infection (window period), so
serological tests are not suitable for early diagnosis of COVID-19 (Wang,
2020; Ma et al., 2020). Serological tests are more suitable in the
epidemiological survey and help to improve the accuracy of COVID-19
diagnosis. For example, the combination of serological and RT-PCR

Table 2
Detection assays of specific antigens of SARS-CoV-2.
Assay Targeted Detection References
antigen limit
ACE2-LFIA Spike 1 1.86 x 10° (Lee et al.,
antigen copies/mL 2021)
Fluorescent NP antigen 5 pg/mL (Wang et al.,
immunochromatographic 2021)
assay
Gold nanoparticle-based Spike 48 ng/mL (Karakus
biosensor antigen et al., 2021)
Field-effect transistor-based Spike 2.42 copies/ (Seo et al.,
biosensor protein mL 2020)
ScFv-Fc biosensor NP antigen 2.5 x 10*pfu/  (Kim et al.,
reaction 2020)
Aptamer NP antigen 10 ng/mL (Chen et al.,
2020)

test has better sensitivity and specificity (Wang, 2020). Another
important limitation of serological tests is the cross-reaction. The IgM
and IgG specific to other viruses might also have the ability of binding
SARS-CoV-2. For example, Zhu et al. (2020b) found the serum anti-
bodies from SARS patients and immunized animals had a cross-reaction
with SARS-CoV-2. This might bring a false positive result during trace-
ability research. Researchers had noticed this and try to avoid it (La Rosa
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et al., 2021). For the same reason, the cross-reaction and long-period
preparation of antibodies are also the limitations of antigen detection.
This should be an important reason why there are only a few antigen
detection assays.

4. CT imaging

Computed tomography imaging (CT imaging) is a kind of non-
invasive medical imaging technique for diagnostics based on radi-
ology. COVID-19 patients often have pulmonary inflammation. Chest CT
examination can observe the imaging features of COVID-19 patients
with multiple ground-glass opacity (GGO) in both lungs, which have the
advantages of short time-consuming and high resolution (Wang et al.,
2020e). Thus, CT imaging also became an important tool for the diag-
nosis of COVID-19.

4.1. Advantages and application of CT imaging in the diagnosis of
COVID-19

The guideline for diagnosis and treatment of COVID-19 released by
China NHC has included CT imaging in the diagnostic criteria to
improve the accuracy of COVID-19 diagnosis. CT imaging can assist in
the diagnosis of COVID-19. It was an important technique for the early
detection of COVID-19 patients (Liu et al., 2020b).

Due to the low accuracy of NAT methods in COVID-19 diagnosis, CT
imaging is recommended as an important diagnostic method for COVID-
19 by researchers and clinicians. Fang et al. reported that the sensitivity
of chest CT examination was higher than that of qPCR (98 % and 71 %,
respectively) in the diagnosis of early COVID-19 cases in Hubei Prov-
ince, China, suggesting the application of CT imaging to screen sus-
pected patients with clinical symptoms and epidemiological history of
COVID-19, especially when the test results of qQPCR were negative
(Fang et al., 2020; Gao et al., 2020). Ai et al. (2020) analyzed 1014 cases
of COVID-19 patients, of which 601 (59 %) patients were positive for
qPCR assays, while 888 (88 %) patients were positive for chest CT ex-
aminations. It suggested that CT imaging was extremely sensitive to the
diagnosis of COVID-19 to be widely used for suspected cases, even as a
preliminary examination for admission. In epidemic areas, CT imaging
may be the primary diagnostic technique for COVID-19. The fact that
chest CT might be beneficial in the early detection of cases of COVID-19
was also proved by a meta-analysis study (Mahmoud et al., 2020).

Researchers also developed tools based on deep learning to provides
automated detection and quantification of pneumonia by automated CT
imaging analysis (Nayak et al., 2021; Zhang et al., 2020a). This tool
greatly reduces the workload although it cannot replace the role of the
doctor now.

4.2. Limitations of CT imaging

Although CT imaging is an important tool for the diagnosis of
COVID-19, there are some limitations of its application. Hope et al.
proposed that the imaging features of pneumonia in COVID-19 patients
were not specific to the disease. It might appear in a series of infectious
and non-communicable diseases. Positive chest CT results were only
credible when COVID-19 was highly suspected (Hope et al., 2020). The
results of a chest CT examination for a definite diagnosis of COVID-19
should combine with NAT and immunological methods. In addition,
the environmental safety of CT examinations should be considered.
Given that COVID-19 is a highly contagious disease that can be spread
through the air, the staff must take strict protective measures and the CT
room should be thoroughly disinfected (Escudero et al., 2020; Kenar-
koohi et al., 2020).

5. Conclusion and future trend/development/improvements

With the acceleration of globalization, emerging infectious diseases
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are likely to cause large-scale spread around the world. The high
infectivity and high pathogenicity of COVID-19 pose a serious threat to
the safety of human life. Early detection, early isolation, and early
diagnosis of COVID-19 patients are especially important, which could
effectively block the spread of the pandemic and return people to normal
life orders as soon as possible. It challenges the ability of clinical diag-
nosis. In this review, we briefly reviewed diagnostic assays of COVID-19
for clinical application. Nucleic acid testing (NAT) can detect SARS-CoV-
2 ribonucleic acid fragments and it (mainly qPCR) is widely applied in
the departure and entry of people and goods, community screening.
Other novel NAT assays such as isothermal amplification assays and
CRISPR-CasN-based assays are also developed. The limitations of NAT
are that the accuracy of its detection varied with the sensitivity, sam-
pling methods, and so on. The researcher had also done a lot of work on
them such as saliva sampling and pooled RNA extraction. These
improved the detection efficiency and made large-scale testing in a short
time became possible, which prevent the spread. However, different
variants are emerging continuously, which makes diagnosis and treat-
ment methods development more challenged.

Serological testing (namely detection of serum antibody specific to
SARS-CoV-2), belongs to immunological methods, and also used in the
diagnosis of COVID-19. However, the positive results of serological
testing indicate the situation of infection at an undetermined time in the
past, rather than the present situation. Compared with serological
testing, there are fewer reports about the SARS-CoV-2 antigen detection
based on the specific antibody. To improve the accuracy, a combination
of NAT and serological testing is recommended. Besides, CT imaging is
also another important auxiliary diagnosis tool for improving the diag-
nostic accuracy of COVID-19.

In total, Researchers are still working on better detection assay
development to further improve the sensitivity and detection speed,
increase throughput and reduce cost. They will make a great contribu-
tion to terminate the epidemic.
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