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Abstract

Improving the capacity of detecting positive severe acute respiratory syndrome coronavirus 2 is critical for identifying
the infection of coronavirus disease 2019 (COVID-19) precisely and thereby curbing the pandemic. Cross-disciplinary
approaches may improve the efficiency of COVID-19 diagnosis by compensating to some extent the limitations encountered
by traditional test methods during the COVID-19 pandemic. Combining computed tomography (CT), serum-specific antibody
detection, and nanopore sequencing with nucleic acid testing for individual testing may improve the accuracy of identifying
COVID-19 patients. At community or even regional/national levels, the combination of pooled screening and spatial epide-
miological strategies may enable the detection of early transmission of epidemics in a cost-effective way, which is also less
affected by restricted access to diagnostic tests and kit supplies. This would significantly advance our capacity of curbing
epidemics as soon as possible, and better prepare us for entering a new era of high-impact and high-frequency epidemics.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has rapidly spread to more than 200 countries worldwide and
been identified by the World Health Organization (WHO) as
a pandemic (Wiersinga et al. 2020). Although SARS-CoV-2
is similar to other human coronaviruses, such as SARS-CoV
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and Middle East respiratory syndrome coronavirus (MERS-
CoV), COVID-19 has exhibited higher infectivity and lower
mortality (Sah et al. 2020). The basic reproduction number
(Ry) of the COVID-19 infection has varied from 2.2 to 3.9
by location (Sanche et al. 2020), which is higher than that
of SARS-CoV (1.7-1.9) and MERS-CoV (< 1) (Yan et al.
2020b). At present, it is believed that SARS-CoV-2 has been
mainly spread by COVID-19 patients with symptoms (Qu
and Cong 2020), although asymptomatic infections have also
accounted for an uncertain portion of the total infections
due to their similar viral loads of SARS-CoV-2 as that in
symptomatic patients (Nishiura et al. 2020). For example, it
was recently estimated that symptoms in about 31-60% of
all COVID-19 infections might be covert or mild (Nishiura
et al. 2020), where they may have not been ill enough to seek
medical care, and probably slipped past traditional screening
methods, such as temperature check (Qiu 2020). Although
the roles played by asymptomatic infections in virus trans-
mission remain elusive (Qiu 2020), it is vital to identify and
isolate both symptomatic and asymptomatic infections as
early and accurately as possible, which is a major way to
prevent the spread of infectious diseases including COVID-
19 (Qiu 2020).

This review offers an overview of the current methods
for SARS-CoV-2 nucleic acid testing (NAT), discusses how
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sampling time and sample types could influence SARS-
CoV-2 NAT, identifies challenges for improving SARS-
CoV-2 NAT, introduces other test methods that may assist
with SARS-CoV-2 NAT for overcoming the false negative
issue, and provides an outlook on the potential use of spa-
tial technologies in furthering strengthening traditional test
methods at individual and community levels during the
COVID-19 pandemic.

Current methods for SARS-CoV-2 NAT

The currently available methods for SARS-CoV-2 NAT
can be generally grouped into three categories: reverse
transcriptase polymerase chain reaction (RT-PCR), reverse
transcription loop-mediated isothermal amplification (RT-
LAMP), and metagenome sequencing. RT-PCR is the most
widely used and also considered as a “gold standard” (Baron
et al. 2020), which consists of viral extraction, reverse tran-
scription, PCR amplification, and result interpretation,
requiring well-equipped laboratory-based facilities and
skilled technicians. Numerous laboratory-based and com-
mercial assays have been developed based on RT-PCR, each
with adequate sensitivity and specificity claimed for evalua-
tion on different sample types. The sensitivity of these assays
has varied from 66.7 to 100% (Chan et al. 2020), mainly
across different SARS-CoV-2 genome targets, testing pro-
cedures, and references for sensitivity validation. Although
RT-PCR has been approved with the capability for sensitive
detection, the implementation of RT-PCR still suffers from a
time-consuming detection process (usually more than 2 h or
longer, depending on the procedures of sample processing,
shipment, and handling in a clinical diagnostic laboratory)
and strict requirements on the facilities and technicians’
skills (Dao Thi et al. 2020). Moreover, the false negative
rates associated with RT-PCR have been high due to the low
viral load during both initial and recovery stages of patients
(Pokhrel et al. 2020).

RT-LAMP assays for SARS-CoV-2 have emerged as
an alternative NAT method (Ali et al. 2020; Kashir and
Yaqginuddin 2020). Based on the isothermal amplification
employing reverse transcriptase and DNA polymerase with
strong activities of strand replacement, RT-LAMP, espe-
cially the RNA extraction-free colorimetric RT-LAMP
assay, possesses advantages including rapid diagnostic time
(usually less than 60 min) and not requiring special equip-
ment, such as thermal cyclers (reaction at a constant tem-
perature, e.g., 65 °C or 63 °C), allowing point-of-care diag-
nostic testing (Dao Thi et al. 2020; Kashir and Yaqinuddin
2020). RT-LAMP assays can be assisted by artificial intel-
ligence (e.g., using smart diagnostic devices for automated
image acquisition and data processing) (Rohaim et al. 2020),
enhanced by coupling the detection of amplified targets with
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CRISPR-Cas12 module (Ali et al. 2020), and optimized by
two-stage isothermal methods (El-Tholoth et al. 2020). The
sensitivity was reported from 75 to 97.5% by validation
using clinical samples or RNA extracts (Ali et al. 2020).
However, several studies reported that RT-LAMP assays
were less analytically sensitive than RT-PCR. For example,
the limit of detection (LOD) of RT-LAMP assays is about
ten-fold higher in copies per reaction than that of RT-PCR
(Baek et al. 2020).

Metagenome sequencing, including next generation
sequencing (NGS) and nanopore sequencing, have been used
to obtain the full genome of SARS-CoV-2 to facilitate bet-
ter understanding of its evolution, transmission, and patho-
genicity (Garces-Ayala et al. 2020; Laamarti et al. 2020).
However, NGS techniques are costly, time-consuming, low-
throughput, and require large amounts of viral templates
(e.g., viral load > 10° copies/mL) (Xiao et al. 2020b), and
hence are usually not adopted as the initial NAT method(s)
for virus detection. Although resource-intensive, NGS tech-
niques are essential for monitoring emerging SARS-CoV-2
variants and updating the genome resources of SARS-
CoV-2, which is critical for optimization of primers and
probes to improve the capability of RT-PCR and RT-LAMP
assays. The SWIFT SARS-CoV-2 panel (a commercial
panel) for NGS enables high-throughput performance and
preparation of viral sequence libraries from samples with
low viral titers, which provides a potential solution to opti-
mize NGS for regular SARS-CoV-2 diagnosis. A nanopore
sequencing assay with the efficacy of targeting amplification
and long-read and real-time sequencing, called nanopore
targeted sequencing (NTS), has recently been developed to
detect SARS-CoV-2 within 6—10 h (Wang et al. 2020). By
parallel testing with RT-PCR assays, NTS was found to have
increased sensitivity and specificity for SARS-CoV-2 detec-
tion (Wang et al. 2020).

Sampling time and sample types influencing
SARS-CoV-2 NAT

Sampling time from the onset of symptoms is one of the
important factors affecting the detection rate of SARS-
CoV-2 (Fig. 1). Several studies have described high detec-
tion rates (>90%) using real-time quantitative RT-PCR for
samples collected within 5-7 days from the onset of symp-
toms (Xiao et al. 2020a). The detection rates of samples
diminished as the days went by after the onset of symp-
toms, even becoming zero after 6 weeks (Xiao et al. 2020a).
Another similar study described increased RT-PCR cycle
threshold (Ct) values (i.e., declines of viral load) for up
to 20 days after the onset of COVID-19 symptoms (Sin-
ganayagam et al. 2020). Therefore, the optimal sampling
time for NAT seems to be within 5—7 days after the onset
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Fig. 1 Key factors for high
detection rate of SARS-CoV-2
by nucleic acid testing (NAT).
Timely sampling in acute
phases of SARS-CoV-2, simul-
taneous testing on multiple
types of samples, and proper
storage and shipping of the
samples to RNA extraction in
the laboratories are the keys for
high detection rates of SARS-
CoV-2
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of symptoms, owing to a higher viral load during this acute
stage of the disease (Wang 2020).

The detection rates (mostly based on RT-PCR) for ini-
tial diagnosis of SARS-CoV-2 varied among different (col-
lected) sample types. Samples from bronchoalveolar lavage
fluid and fibro-bronchoscope brush biopsy, highly demand-
ing of sampling facilities, were reported to have detection
rates that were as high as 93—-100% (Liu et al. 2020). Con-
venience samples, such as nasopharyngeal swabs, oral phar-
yngeal swabs, throat swabs, sputum, and saliva, were the
most commonly used for initial diagnosis or confirmatory
testing for SARS-CoV-2, with detection rates of 7.6-91.7%
(Wolfel et al. 2020). Among these, nasopharyngeal swabs
were the most abundantly used and represented the recom-
mended convenience sample for screening owing to moder-
ate detection rates (Bwire et al. 2020). Feces/stool samples
or anal swabs were adopted in several studies related to
virus shedding, with detection rates of 16.7-37.5% (To et al.
2020a). These were usually not the first choice for initial
diagnosis or confirmatory testing. Similarly, low detection
rates of 0-22% were observed among urine and blood sam-
ples (Wolfel et al. 2020).

Both sampling time and sample types should be con-
sidered for increasing detection rates. Timely sampling in
acute phases of the disease is the key for high detection rates
regardless of sample types. For example, a detection rate of
91.7% was observed among saliva samples that were col-
lected on the second day from the onset of symptoms (To
et al. 2020b). Also, simultaneous testing on multiple types
of samples may be suitable to increase detection rates and
decrease false negative rates (Woloshin et al. 2020). Further,
samples should be directly proceeded, or properly stored
and shipped at 2-8 °C within 72 h, to RNA extraction in the
laboratories, as improper operations during the process of
sample storage and shipment may lead to the degradation of
RNA, possibly resulting in false negative outcomes via NAT.

Challenges for improving SARS-CoV-2 NAT

The primary concern for improving the sensitivity of NAT is
to minimize the false negative rate for SARS-CoV-2 detec-
tion. Although more COVID-19 cases could be identified
by repeated and/or simultaneous testing on multiple types
of samples, two major intrinsic factors for false negative
detection remained. One factor is the genome variants or
deletion of genomic fragments of SARS-CoV-2. The cur-
rent RT-PCR and RT-LAMP assays target specific genomic/
protein-encoding regions, such as ORFlab, RARP (RNA-
dependent RNA polymerase), S (surface glycoprotein),
E (envelope protein), M (membrane glycoprotein), and
N (nucleocapsid phosphoprotein). A recent analysis of
10,022 SARS-CoV-2 genomes from the four national and
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global databases identified 5775 distinct genome variants,
belonging to five major clades (i.e., D614G, L84S, L3606F,
D448del, and G392D) (Koyama et al. 2020). These variants
were described to be associated with different levels of influ-
ences on pathogenicity, but rarely with increased disease
severity. Nevertheless, it should be noted that the sensitivity
of NAT may suffer from these variants, especially in the case
of mutations within the regions that are targeted by the prim-
ers and probes used for RT-PCR or RT-LAMP assays. Also,
the genome variation and the reported deletion of a certain
length of the virus genome may make the existing primers
or probes lose the target, consequently increasing the chance
of false negative detection (Su et al. 2020).

In addition to the impact of genome variants or deletion
of genomic fragments of SARS-CoV-2, the other factor for
false negative detection for SARS-CoV-2 is the LOD of
NAT. The viral loads in patients during the latent or early
convalescent periods of SARS-CoV-2 infection may be
lower than the LOD of the selected NAT, which may result
in false negative results. To date, a vast range of LODs have
been reported among various brands of assays and labora-
tory settings and in different countries. For example, the
LODs of RT-PCR were reported between 5 and 7740 cop-
ies/mL (Norz et al. 2020; Sahajpal et al. 2020) or between
3.8 and 5.2 copies/reaction (Corman et al. 2020), while the
LODs of RT-LAMP assays ranged from 2 to 304 copies/
reaction (Lamb et al. 2020; Yan et al. 2020a). Such large var-
iations in LODs may be due to multiple aspects during the
NAT process that affect the stability of testing performance,
which includes viral extraction, volume of RNA templates
required for amplification, efficiency of reverse transcription
(and amplification), conditions and settings of the reaction,
and the effect of inhibitors within the reaction. However,
despite these limitations, some less sensitive NAT is easy
to implement on site, and hence still strongly encouraged
to assist as an important diagnostic tool with the control of
the pandemic.

Other test methods assisting
with SARS-CoV-2 NAT

The detection rate of SARS-CoV-2 by NAT is usually dif-
ficult to improve during the epidemics. Given the persis-
tence of a certain rate of false negative detection and thus
missed diagnoses for any single method of NAT, other test
methods should be combined with NAT to improve the rate
of diagnosis of SARS-COV-2 infection (Fig. 2). Computed
tomography (CT) scanning can be considered an auxiliary
diagnostic tool by assessing the nature and extent of lesions
and discovering subtle lung parenchymal changes in the
early stage of COVID-19 (Ai et al. 2020). Several stud-
ies have indicated that combining CT with RT-PCR could
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Fig.2 Cross-disciplinary meth-
ods to assist with nucleic acid
testing (NAT) for SARS-CoV-2.
Combining SARS-CoV-2 NAT
with traditional auxiliary meth-
ods, such as computed tomogra-
phy (CT) and serological tests,
and spatial technologies could
improve the diagnostic accuracy
of COVID-19 patients

Normal
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Table 1 Sensitivity of RT-PCR and CT test methods for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)

First author (year) Num- Sensitivity of RT-  Difference
ber of PCR and CT of sensitiv-
patients ity

RT-PCR CT scans

(Ai et al. 2020) 1014 59% 88% 29%

(Bernheim et al. 2020) 121 74% 83% 9%
(Falaschi et al. 2020) 773 60% 63% 3%
(Fang et al. 2020) 51 71% 98% 27%
(Feng et al. 2020) 38 24% 97% 73%
(Gietema et al. 2020) 193 43% 57% 14%
(He et al. 2020) 34 79% 77% 2%
(Long et al. 2020) 36 83% 97% 13%
(Mei et al. 2020) 905 46% 75% 29%
(Yamamoto et al. 36 14% 44% 30%
2020)

CT computed tomography, RT-PCR real-time quantitative reverse
transcriptase PCR

increase the sensitivity of the detection, compared to using
RT-PCR alone (Table 1). Moreover, CT can help evaluate
the severity of COVID-19 in patients (De Smet et al. 2021).
However, CT scanning is less cost-effective and not capable
of detecting asymptomatic patients. For those with posi-
tive CT results (e.g., ground-glass opacity, consolidation,
reticulation and/or thickened interlobular septa, nodules)
but negative RT-PCR results, repeated RT-PCR tests on a
different type of samples or using a different test assay are
recommended.

Antibody tests, a widely used rapid test method, have also
been commonly used for diagnosis for SARS-CoV-2, with
detection rates ranging from 55 to 100% (Mahase 2020).
Antibodies, such as immunoglobulin G (IgG), M (IgM),
and A (IgA) generated by the immune system in response
to SARS-CoV-2 infection, are used as potential markers.
Current evidence has suggested that IgM may be a good
indicator of early SARS-CoV-2 infection, and a higher level
of IgG has often been observed in late stages (or during the
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Serological test
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Nucleic acid testing

post-recovery period) of SARS-CoV-2 infection (Lv et al.
2020). The most common antibody tests are based on colloi-
dal gold-based immunochromatographic assay (GICA) and
enzyme-linked immunosorbent type assays (ELISA); other
types of antibody tests include lateral flow type assays (LFA)
and chemiluminescent immunoassays (CLIA). The optimal
sampling time for antibody tests was found to be 7 days
after the onset of symptoms, considering the time required
for antibody production (Mallapaty 2020). Despite the low
sensitivity of antibody tests (e.g., 30.1% in the first week
since the onset of symptoms (Deeks et al. 2020)), which may
have limited its application as the primary diagnostic tool for
COVID-19, they have played an important role in comple-
menting NAT to improve the detection rate, especially when
NAT results are negative for those presenting COVID-19
symptoms (Petherick 2020). However, developing accurate
antibody tests remains a challenge due to various levels of
antibody response and cross-reaction of antibody assays.

Spatial technologies to further strengthen
traditional test methods

Although traditional test methods could harmonize for bet-
ter testing than using each method alone, all of them may
suffer from limited testing capacity and materials (e.g., rea-
gents) during public health emergencies, especially at the
early stages of the epidemic outbreak. Advanced spatial
technologies may help us take fuller advantage of limited
testing resources to monitor the infection status of a larger
population in a cost-effective manner (Yang et al. 2020).
Spatial epidemiological and big data approaches, such as
spatial clustering analysis in a Geographic Information
Systems (GIS) environment, have been used to detect local
clustering of cases in previous infectious disease and epi-
demic research; spatiotemporal clustering analysis may
further reveal space—time clusters of cases (Cuadros et al.
2017). They have played a critical role in curbing COVID-19
epidemic, and may play an even bigger role if data-sharing
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infrastructures and confidentiality protection mechanisms
were set up more properly ahead. For example, combining
one’s movement trajectory and that of individual infected
cases, from mobile service providers and/or smartphone-
based apps, could determine one’s contact history precisely
and hence estimate the level of risk for infection (Yang et al.
2021b). Such estimation may to some extent improve the
sensitivity and specificity of traditional tests for SARS-
CoV-2. That is to say, one with recent exposure to COVID-
19 cases, if tested positive for SARS-CoV-2, is more likely
to be true positive. One without recent exposure to COVID-
19 cases, if tested negative for SARS-CoV-2, is more likely
to be true negative (Yang et al. 2021a). The integration of
spatial epidemiological methods with RT-PCR detection
may be realized without violating the confidentiality require-
ments in an intelligent syndromic surveillance system (Jia
and Yang 2020a, b). Such spatial approaches would also
overcome recall bias to a large extent, which is a key limita-
tion of the traditional epidemiological survey (Budd et al.
2020).

Spatial technologies may also help select sites of greatest
need for interventions, such as individual NAT for SARS-
CoV-2. For example, if the potential environmental deter-
minants of COVID-19 incidence are identified (e.g., air pol-
lutants), remote sensing could simultaneously acquire those
environmental data at large scales over a short period (e.g.,
acquiring air pollutant concentration over the whole of China
within 2 h), to detect the regions with specific environments
(Jia et al. 2019; Jiang et al. 2020). Such large-scale data
acquisition methods are extremely useful when healthcare
resources (e.g., NAT reagents) are limited during emergency
events, especially when the epidemic has become a pan-
demic at the global scale. Moreover, agent-based modeling
may further integrate environmental data with individual
characteristics over time, to simulate a dynamic process of
host-agent-environment interaction in a lifecourse epidemio-
logical triad (Jia 2019, 2020; Jia et al. 2020). This would
enable the precise assignment of priority for SARS-CoV-2
tests at the individual level.

More cost-effectively than most, if not all, approaches,
spatial epidemiological approaches may leverage individu-
als’ movement and contact history and environmental infor-
mation from multiple sources (e.g., population/syndromic/
environmental surveillance systems, social networks, web
searches) to improve early warning of epidemics and identify
covert COVID-19 cases, who may otherwise escape labo-
ratory and clinical tests due to lack of any symptoms (Hu
and Ci 2020). For example, spatial technologies can assist
in building global databases of SARS-CoV-2 on the basis
of the data from wastewater surveillance, which has been
used by myriad universities and cities worldwide during
COVID-19 to monitor the presence of infection within a
given region, and to track and infer the spreading of infection
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across regions. Tests of historical wastewater samples have
shown that SARS-CoV-2 had existed at different places of
the world in 2019, for example, in Barcelona of Spain on 12
March, in Florianépolis of Brazil on 27 November, and in
Milan and Turin of Italy on 18 December. Such databases
of SARS-CoV-2 could supplement other COVID-19 surveil-
lance systems to inform timely public health actions, such
as screening for infections at targeted sites at early stages.

Concluding remarks

Cross-disciplinary approaches may improve the efficiency of
COVID-19 diagnosis. To improve the sensitivity of NAT at
the individual level, we need to select appropriate diagnostic
site(s) and use a standardized sampling process at differ-
ent stages of infection, and follow standardized operation
procedures in laboratories. Combining CT, serum-specific
antibody detection, and nanopore sequencing with NAT may
improve the accuracy of identifying COVID-19 patients. At
community or even regional/national levels, the combination
of pooled screening and spatial epidemiological strategies
might enable the detection of early transmission of epidem-
ics in a cost-effective way, which is also less affected by
restricted access to diagnostic tests and kit supplies. This
would significantly advance our capacity of curbing epidem-
ics as soon as possible, and better prepare us for entering a
new era of high-impact and high-frequency epidemics.
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