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Abstract
The accuracy of diagnostic laboratory tests for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can impact 
downstream clinical procedures in managing and controlling the outbreak of coronavirus disease 2019 (COVID-19). To assess 
the effectiveness of laboratory tools for managing COVID-19 patients in low-income countries (LICs), we systematically 
searched the PubMed, Embase, Scopus and CINHAL databases for reports published between January 2020 and June 2022. 
We found that 22 of 1303 articles reported the performance of various SARS-CoV-2 detection tools across 10 LICs. These 
tools were (1) real-time reverse transcriptase polymerase chain reaction (RT-PCR); (2) reverse transcription loop-mediated 
isothermal amplification (RT-LAMP); (3) rapid diagnostic tests (RDTs); (4) enzyme-linked immunosorbent assay (ELISA); 
and (5) dot-blot immunoassay. The detection of COVID-19 is largely divided into two main streams—direct virus (antigen) 
detection and serology (immunoglobulin)-based detection. Point-of-care testing using antigen-based RDTs is preferred in 
LICs because of cost effectiveness and simplicity in the test procedures. The nucleic acid amplification technology (RT-PCR 
and RT-LAMP) has the highest diagnostic performance among the available tests, but it is not broadly used in this context 
due to costs and shortage of facilities/trained staff. The serology-based test method is affected by antibody interferences and 
varying amounts of SARS-CoV-2 immunoglobulins expressed at different stages of disease onset. We further discuss the 
effectiveness and shortcomings of each of these tools in the diagnosis and management of COVID-19. Using the LICs as 
the study model, our findings highlight ways to improve the quality and turnaround time of COVID-19 testing in resource-
constrained settings, notably through local/international collaborative efforts to refine the molecular-based or immunoassay-
based testing technologies.

Key Points 

This article describes the effectiveness and challenges of 
coronavirus disease 2019 (COVID-19) testing strategies 
in low-income countries where front-end technologies 
are restricted.
Ways to promote efficient and cost-effective testing meth-
ods in resource-limited scenarios are discussed.

1  Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a novel coronavirus first detected in December 
2019. This virus causes a type of respiratory illness, i.e. 
coronavirus disease 2019 (COVID-19), which has claimed 
> 6.6 million lives worldwide as of November 2022, and 
the death toll is still growing [1]. Several prominent SARS-
CoV-2 variants, Alpha (B.1.1.7), Beta (B.1.351), Gamma 
(P.1) and Delta (B1.617.2), were identified [2]. On 26 
November 2021, the World Health Organization (WHO) 
declared a highly mutated variant, Omicron (B.1.1.529), 
first detected in Bostwana/Hong Kong/South Africa, as a 
new variant of concern [3, 4]. The Omicron lineage BA.2 
was rapidly replaced by two newer lineages with enhanced 
transmissibility (BA.4 and BA.5) in April 2022, although 
the impact on severity is mild [5]. The enhanced transmis-
sibility of the newer SARS-CoV-2 variants causes a remark-
able increase in the number of people who tested positive 
for COVID-19, with modelling data demonstrating that the 
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Omicron strain is approximately 10 times more contagious 
than the original Alpha strain, or 2.8 times more infectious 
than the Delta variant [2].

1.1  Testing and Management of Suspected 
and Confirmed Coronavirus Disease 2019 Cases

According to WHO, a suspected case of SARS-CoV-2 infec-
tion is defined as an individual who meets the clinical or epi-
demiological criteria of COVID-19 [6]. The clinical criteria 
refer to displaying the disease signs/symptoms (e.g. fever, 
cough and sore throat), while the epidemiological criteria 
refer to the contact of probable or confirmed cases or linked 
to the outbreak cluster. While immunoassay-based self-test-
ing is usually the initial diagnostic tool, SARS-CoV-2 infec-
tion is confirmed if a person is tested positive by nucleic 
acid amplification technology (NAAT). WHO published the 
living guidance for clinical management of COVID-19 on 
27 May 2020 [7]. Patients diagnosed with COVID-19 were 
required to isolate 7–14 days until the NAAT results become 
negative. At the time of writing, the self-isolation require-
ments have been alleviated. A study conducted in England 
between 29 April and 28 July 2021 examined if contacts 
of confirmed COVID-19 cases may be exempted from the 
standard 10-day quarantine period [8]. It was demonstrated 
that exemption from self-isolation for 24 h upon a nega-
tive SARS-CoV-2 result was a safe alternative to contain 
COVID-19, which enabled the non-affected individuals to 
return to normality. This highlights the importance of accu-
rate diagnostic testing in managing confirmed COVID-19 
cases, and to avoid unnecessary quarantine of suspected 
cases or close contacts.

Large-scale screening and early detection of SARS-
CoV-2 may help to contain the spread of COVID-19. NAAT 
that detects SARS-CoV-2 nucleic acid by real-time reverse 
transcriptase polymerase chain reaction (RT-PCR) is con-
sidered a comparator or reference for evaluating other diag-
nostic tests of COVID-19. RT-PCR may elicit false-negative 
and false-positive results as the method can be affected by 
sample type, timing in sample collection, and nature of the 
sample preservation. To strengthen this notion, a meta-anal-
ysis involving > 18,000 COVID-19-infected subjects dem-
onstrated that the overall false-negative rate for RT-PCR was 
0.12 (95% confidence interval 0.10–0.14), equivalent to 12% 
of the tested population [9]. Due to the rapid evolution of 
SARS-CoV-2, mutations in the primer hybridisation regions 
may render RT-PCR ineffective [10]. Data sourced from a 
Cochrane database systematic review demonstrated that 
NAAT has an average sensitivity of 95.2% and specificity 
of 98.9%. A hypothetical cohort of 1000 suspected COVID-
19 cases with a prevalence of 10% will pick up 105 positive 
and 895 negative results. Of these, 10 results will be false 
positives, giving a positive predictive value (PPV) of 90%, 

plus 5 false negative results, with a negative predictive value 
(NPV) of 99% [11]. Each PCR test requires sophisticated 
equipment, expensive reagents and highly trained personnel. 
If the turnaround time is not able to meet the needs of early 
detection, then it may not be suitable for prevention and 
control of the pandemic.

1.2  Challenges Faced by Low‑Income Countries 
in Coping with the Testing Demands Arising 
from the COVID‑19 Pandemic

In low-income countries (LICs), establishing laborato-
ries equipped with NAAT can be particularly challeng-
ing. Here, the LICs are defined based on the key indica-
tor set by the United Nations (UN), where the yearly gross 
national income per capita on a 3-year average is less than 
US$1018, also known as the least developed countries [12]. 
As of 2021, 46 countries were classified as LICs [13]. In 
LICs, factors such as (1) lack of skilled laboratory scientists, 
(2) shortage of certified biomedical engineers capable of 
calibrating/maintaining the biosafety of laboratory equip-
ment, and (3) expensive overhead running costs of RT-PCR 
have unfortunately discouraged global implementation of 
NAAT. A report based in Nepal, an LIC, documented that 
the country lacks trained manpower in conducting viral RNA 
extraction, which is crucial for the molecular PCR testing 
protocols [14]. The situation is compounded by insufficient 
numbers of clinical experts who can correctly interpret the 
test results, and by the fact that priority is placed for treating 
other medical emergencies or acute illnesses.

Considering this, diagnostic tests that do not rely on 
RT-PCR were developed as an alternative mechanism 
to detect SARS-CoV-2. Such examples include the rapid 
diagnostic test (RDT) and enzyme-linked immunosorbent 
assay (ELISA). These immunoassay-based tests can detect 
either the viral protein fragments (antigen) in throat swab 
and sputum or immunoglobulin (Ig) G and IgM in blood 
produced upon exposure to SARS-CoV-2 infection. Using 
the STANDARD™ Q COVID-19 Ag Test (SD Biosensor, 
Suwon-si, South Korea) as an example, the test detects the 
presence of SARS-CoV-2 antigen in the specimen. The 
antigen will bind to the anti-SARS-CoV-2 antibody con-
jugated with chromogenic agent on the test cassette. The 
antigen-antibody complex will migrate on the nitrocellu-
lose membrane via capillary action until it is captured by 
a secondary anti-SARS-CoV-2 antibody pre-coated on the 
membrane, which eventually develops a coloured test line 
[15]. Some ELISA tests can detect IgG and IgM in infected 
samples since the solid surface is coated with the recombi-
nant SARS-CoV-2 proteins (spike and nucleocapsid) [16]. 
Results from these immunoassay-based methods can typi-
cally be obtained within 30 min after testing; however, their 
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performance varies significantly, with an average sensitivity 
of only 56.2% (compared with 95.2% in NAAT) [11].

1.3  Objective of this Review

In this review, we asked the question “What is the effec-
tiveness of testing strategies for COVID-19 in LICs?” Our 
review identified knowledge gaps on the types of diagnostic 
tests available in LICs in detecting SARS-CoV-2. We aimed 
at mapping ways to improve the quality and turnaround time 
of COVID-19 testing in LICs, and how resource-rich coun-
tries may play a role in achieving these goals.

2  Methods

2.1  Data Sources and Search Strategy

Using the readily available data from the literature, the focus 
of our research was to integrate meaningful information to 
elucidate what tests are being used to detect SARS-CoV-2 
in LICs, as well as their effectiveness. Our search methodol-
ogy is confined exclusively to the ‘least developed countries’ 
with a low gross national income per capita as determined 
by the UN [12]. The Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines for 
scoping review were followed to conduct a systematic lit-
erature search in four databases (PubMed, Embase, Scopus 
and CINHAL) to identify relevant observational studies, 
randomised control trials and systematic reviews published 
from January 2020 to June 2022. The PICO (Population, 
Intervention, Comparison and Outcomes) model was 
adopted to formulate the search eligibility criteria (Table 1). 
We used search terms including ‘SARS-CoV-2 AND low-
resource AND testing’, ‘COVID-19 AND resource-limited 
AND nucleic acid test’, ‘Novel coronavirus AND limited 
resource AND serological rapid test’ to capture the relevant 
literature. The search strategy was adopted from the paper 
by Ouma et al. [17]. New keywords including ‘prognosis’, 

‘molecular test’ and ‘nucleic acid test’ were added to our 
search. Articles with keywords associated with ‘cancer’, 
‘cancer treatment’, ‘malignancy’ and ‘malignancy treat-
ment’ were excluded. A complete list of search terms used 
is outlined in electronic supplementary Table 1. The search 
process was further refined by applying the following inclu-
sion/exclusion criteria:

Inclusion criteria:

• Peer-reviewed articles published in English from January 
2020 to June 2022.

• Content addresses SARS-CoV-2 testing strategies in 
LICs.

Exclusion criteria:

• Grey literature (narrative reviews, web-based guidelines 
and editorials).

• Studies conducted outside LICs.
• No evidence of SARS-CoV-2 molecular/immunoassay-

based diagnostic tests.
• No evaluation on the diagnostic test performance.

2.2  Data Extraction Strategy

All relevant articles were exported to EndNote™ 20 (Thom-
son Reuters, New York, NY, USA). After removing dupli-
cates, the title/abstract of each article was independently 
screened by two authors (YPC and CXL) to determine if they 
met the inclusion/exclusion criteria. Discrepancy in opinions 
was resolved by discussion until consensus was achieved. 
Where opinions remained unresolved, a third colleague 
(KWC) was invited to provide additional insights. Articles 
that did not fulfil the selection criteria were removed. The 
data extracted for each article comprised country, COVID-
19 diagnostic test, manufacturer, research sample size/type, 
impact of testing strategy and challenge encountered.

Table 1  PICO model to address the primary research question of this study

LICs low-income countries, COVID-19 coronavirus disease 2019, RT-PCR reverse transcriptase polymerase chain reaction, SARS-CoV-2 severe 
acute respiratory syndrome coronavirus 2

Population Intervention Comparison Outcomes

Individuals of all ages resid-
ing in LICs as defined by 
the United Nations

Identification or confirmation 
of COVID-19 individuals 
by molecular/immunoassay 
-based diagnostic tests

RT-PCR as the reference test-
ing methodology

Primary: Types of SARS-CoV-2 diagnostic 
tests used in LICs

Secondary: Challenges to testing and 
approaches to improve diagnostic test quality 
and turnaround time
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3  Findings and Discussion

3.1  Description of the Search Results

We began with a total of 1303 eligible articles extracted from 
four databases; 177 duplicates were removed. The remain-
ing 1126 publications were screened via reading the title/
abstract and 1069 articles were removed based on the exclu-
sion criteria. The full text of 57 articles was individually 
examined and a total of 35 articles were excluded, largely 
due to not fulfilling the content criterion (see Sect. 2.1). Of 
the 35 excluded articles, one was not peer-reviewed; 17 stud-
ies were conducted outside LICs; 7 studies were not related 
to SARS-CoV2 molecular/immunoassay-based diagnostic 
tests; and 10 studies did not evaluate the performance of the 
diagnostic tests. Finally, a total of 22 articles were eligible 
for analysis of our primary research question. The workflow 
is summarised in Fig. 1.

Our findings are thus based on 22 reports pertaining to 10 
LICs: Bangladesh (4), Benin (2), Central African Republic 
(1), Ethiopia (3), Madagascar (3), Mali (1), Mozambique 
(1), Nepal (1), Uganda (5) and Zambia (1). Of these, five 
studies were conducted in collaboration with researchers 
outside LICs. Our findings reveal a series of COVID-19 
testing protocols available in these LICs (Table 2).

Only two countries (Central African Republic, Mali) eval-
uated the serology-based detection method; three countries 
(Mozambique, Nepal, Zambia) examined the utility of direct 
virus detection; and the remaining five countries (Bangla-
desh, Benin, Ethiopia, Madagascar, Uganda) explored the 
use of both viral and serological detection methods. Our 
search results uncover the performance of the individual 
COVID-19 test methods (Table 3), together with the impact 
and pitfalls of each diagnostic tool in managing COVID-19 
(Table 4). We elaborate below on the effectiveness of these 
testing strategies and how challenges may be overcome to 
promote efficient and cost-effective SARS-CoV-2 detection.

3.2  Real‑Time Reverse Transcriptase Polymerase 
Chain Reaction 

3.2.1  Sampling Methods

Our study demonstrated that 6 of the 10 LICs (Bangla-
desh, Benin, Ethiopia, Madagascar, Uganda and Zambia) 
utilise commercial RT-PCR for the diagnosis of COVID-
19 [18–23]. Nasopharyngeal swab is perceived as the gold 
standard to confirm COVID-19 as this sampling method 
gives the highest diagnostic yield for respiratory viruses 
[24]. Due to a lack of qualified healthcare professionals in 
collecting nasopharyngeal swabs, and discomfort of the 

procedure to patients, other less invasive sample collection 
techniques, including pooled nasal and throat swabs, nasal 
swabs, throat swabs and saliva were subsequently introduced 
[25]. In LICs, the RT-PCR was primarily performed on 
nasopharyngeal and oropharyngeal specimens [19–21, 23]. 
More recently, in Bangladesh, the diagnostic performance 
of self-collected saliva was assessed against the nasopharyn-
geal swab by RT-PCR [26]. It was observed that the overall 
sensitivity of saliva specimens was 80.35% relative to the 
nasopharyngeal swabs; the sensitivity could be improved if 
specimens were collected within 5 days post onset of symp-
toms. Given the salivary sampling method is low cost, the 
effectiveness of self-collected saliva for COVID-19 diagno-
sis could be further explored to favour a more economical 
testing strategy in low-resource settings.

3.2.2  Pooled Testing

Pooled testing was introduced in the 1940s to detect syphilis 
[27]. Negative results were reported for all individuals in the 
same pool if the combined serum was tested negative for 
the bacteria causing syphilis. If positive, all samples mak-
ing up the pool must be retested individually to ascertain 
which member(s) is (are) infected. Our findings show that 
Uganda adopted the pooled testing procedure for SARS-
CoV-2 detection, where a total of 1280 respiratory swabs 
were tested in batches of 10 samples per pool by RT-PCR 
[18]. This approach reduces the running cost by fourfold in 
comparison with the single testing method [18]. Nyazika and 
colleagues commented that pooled testing offers great ben-
efit compared with single-test RT-PCR [28]. Pooled testing 
not only conserves resources but also speeds up analytical 
run times, thus favouring mass testing and, in turn, mini-
mises the risk of viral transmission in the wider population. 
To substantiate this, researchers in Kenya, a sub-Saharan 
African country outside LICs found that analysing pooled 
respiratory swabs (combinations of 6 individual samples) 
by RT-PCR remarkably improves the testing capacity by 
approximately 100%, and conserves resources by saving up 
to 50% of the reagents for RNA extraction and RT-PCR [29].

However, there are known limitations of pooled testing. A 
pitfall is that the threshold cycle (ΔCt) was estimated at 1.59 
times higher for samples tested in pools compared with those 
tested individually, which may compromise diagnostic sensi-
tivity [29]. The viral loads are inversely correlated with the 
threshold cycle of RT-PCR [29, 30]. Pooled testing is only 
feasible when the incidence rate of SARS-CoV-2 infection 
within a population is low, typically < 15%. If the infection 
prevalence reaches 30%, the chance of most or all combined 
serum tested positive will be higher, and this strategy will 
then not benefit laboratory outputs and turnaround times.
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3.2.3  Portable RT‑PCR

Prior to the SARS-COV-2 pandemic, the portable PCR 
GeneXpert (Xpert; Cepheid, Sunnyvale, CA, USA) had 
already been employed as a diagnostic tool for tuberculosis 
in Madagascar [31]. The utility of GeneXpert was upscaled 
for COVID-19 diagnosis in the same country in response 
to the pandemic [19]. The GeneXpert platform uses Xpert 
Xpress SARS-CoV-2 assay, and the system combines sample 
processing, nucleic acid extraction and amplification, and 
detection of SARS-CoV-2 target sequence in a disposable 
single-use cartridge with a turnaround time of approximately 
45 min per sample. The diagnostic performance of Xpert 
Xpress SARS-CoV-2 was evaluated in Madagascar before 

Records identified from*:
PubMed (n = 592)
Scopus (n = 492)
Embase (n = 180)
CINAHL (n = 39)

Duplicate records removed (n = 177)

Records screened 
(n = 1126)

Records excluded after title and abstract 
screening:
Grey literature (n = 84)
Non-peer-reviewed (n = 3)
Non-English articles (n = 7)
Conducted outside the LICs (n=249)
Not relevant to Covid-19 molecular or 
immunodiagnostic tests (n = 674)
Performance of diagnostic tests not evaluated 
(n = 52)

Full text articles sought for 
retrieval and assessed for 
eligibility 
(n = 57)

Articles excluded after full-text screening:
Non-peer-reviewed (n = 1)
Conducted outside the LICs (n=17)
Not relevant to Covid-19 molecular or 
immunodiagnostic tests (n = 7)
Performance of diagnostic tests not evaluated 
(n = 10)

Studies included in review
(n = 22)

Identification of studies via databases and registers
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Fig. 1  Literature search and selection of items for scoping review. LICs low-income countries, COVID-19 coronavirus disease 2019

Table 2  SARS-CoV-2 detection strategies in low-income countries

Ig immunoglobulin

Direct virus (antigen) detection approach Serology 
(immunoglobulin)-
based detection 
approach

Real-time reverse transcriptase polymerase 
chain reaction (RT-PCR)

IgG/IgM-based RDTs

Reverse transcription loop-mediated isother-
mal amplification (RT-LAMP)

Enzyme-linked immu-
nosorbent assay 
(ELISA)

Antigen-based rapid diagnostic tests (RDTs) Dot-blot immunoassay
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implementing it nationwide [19]. When comparing its per-
formance with another NAAT assay, 2019 Novel Coronavi-
rus (2019-nCoV) RNA (DaAn Gene, Guangzhou, China), 
on 40 nasopharyngeal samples, it was observed that Xpert 
Xpress provided a sensitivity and specificity of 100% and 
80%, respectively. It appeared challenging to accurately 
determine the numbers of true positive samples, partly due 
to the electronic result interpretation by the software over-
estimating false positives, leading to unnecessary overload 
of the healthcare system. The widespread use of portable 
PCR is limited by the suboptimal availability of stable power 
supply in LICs, where power interruptions tend to occur 
regularly. Although the average cost of a portable PCR 
unit is under US$800, large-scale employment of portable 
PCRs still requires a significant initial cost investment by 
local governments. The ongoing maintenance cost is also a 
potential issue as portable PCRs require routine maintenance 
to ensure operating efficacy [32]. Nevertheless, the deploy-
ment of portable PCR in LICs is relatively cost effective 
since its operation involves minimal trained staff and does 
not require expensive thermal cycler equipment compared 
with conventional RT-PCR. Other similar portable RT-PCR 
platforms that have been evaluated elsewhere include the 
Roche  cobas®  Liat® and Roche  cobas® 6800/8800 [33]. The 
results show that the detection performance of both plat-
forms together with GeneXpert was robust and unaffected 
by multiple mutations in the SARS-CoV-2 genome.

3.3  Reverse Transcription Loop‑Mediated 
Isothermal Amplification (RT‑LAMP)

An attractive feature of LAMP is that the amplification of 
DNA does not involve heat denaturation of double-stranded 
DNAs. Baba and co-workers evaluated the performance of 
SARS-CoV-2 colorimetric RT-LAMP in sub-Saharan Africa 
[34]. This method produces a very good specificity (98%) 
and comparable sensitivity (87%) for medium–high viral 
loads, but the primer design for effective RT-LAMP can 
be challenging. The technical difficulty stems in optimis-
ing the number of primers involved in amplifying a limited 
fragment of DNA to avoid self-hybridisation of these prim-
ers [35]. The sensitivity of RT-LAMP decreases when the 
viral RNA abundance is low. Of note, an article by Huang 
et al. describes the development of new primer features to 
boost the sensitivity and specificity of RT-LAMP [36]. The 
authors claimed that SARS-CoV-2 in salivary samples can 
be directly detected by their new primers without the need 
to isolate RNA, making the diagnostic process more cost 
effective and beneficial for point-of-care testing.

3.4  Rapid Diagnostic Tests (RDTs)

3.4.1  Antigen‑Based RDTs

Our search findings further reveal the broad utility of 
antigen-based RDTs in several LICs [37–43]. The perfor-
mance of the STANDARD™ Q COVID-19 Ag Test was 
examined in four countries: Uganda, Madagascar, Bangla-
desh and Mozambique [38, 40, 41, 43]. The results show 
that the test kit provides comparable diagnostic specificity 
ranging from 92% to 100%, but the diagnostic sensitivity 
varies significantly from 34.6% to 85%. An RDT named 
 OnSite® COVID-19 Ag Rapid Test (CTK Biotech Inc., 
Poway, CA, USA) that recognises the nucleocapsid protein 
of SARS-CoV-2 was evaluated in Bangladesh [41]. This 
test kit provides an overall sensitivity and specificity of 91% 
and 99.2%, respectively, and demonstrates the capacity to 
detect patients even after 6 days post onset of COVID-19 
symptoms. In Uganda, field evaluation was undertaken to 
investigate the performance of seven antigen-based RDTs 
that were claimed to have high sensitivity (60–100%) and 
specificity (97.8–100%) by the manufacturers [37]. Para-
doxically, it was reported that none of the kit tested had a 
sensitivity of ≥80% at Ct ≤ 33 and ≤ 39. Four kits, i.e. (1) 
BIOCREDIT COVID -19 Ag (RapiGEN, INC, Suwon-si, 
South Korea), (2) COVID-19 Ag Respi-Strip (Coris Bio-
Concept, Gembloux, Belgium), (3)  MEDsan® SARS-CoV-2 
Antigen Rapid test  (MEDsan®, Hamburg, Germany), and (4) 
Panbio™ COVID-19 Ag Rapid Test (Abbott Rapid Diagnos-
tics, Jena, Germany), showed specificity of ≥ 97%, which 
conforms to the manufacturers’ statements. The field evalua-
tion has identified Panbio™ COVID-19 Ag Rapid Test as the 
best-performing diagnostic kit that meets the requirement 
recommended by WHO, with a sensitivity of ≥ 80% at Ct 
≤ 29 and specificity ≥ 97%. The test kit could potentially be 
implemented for large-scale COVID-19 testing in Uganda.

3.4.2  Immunoglobulin (Ig) G/IgM‑Based RDTs

The IgG/IgM-based RDTs were assessed by research-
ers in three countries: Uganda, Central Africa and Ethio-
pia [44–47]. Lutalo et al. evaluated the performance of 25 
SARS-CoV-2 RDTs at the Uganda Virus Research Institute 
[45]. These RDTs were designed to detect anti-SARS-CoV-2 
IgG and/or IgM in plasma samples. Of the 25 test kits, only 
three provide ≥98% sensitivity and specificity. Mboumba 
Bouassa et al. examined the frequency of false-positives of 
three antibody-based RDTs: (1)  BIOSYNEX® COVID-19 
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BSS (IgG/IgM) (Biosynex Swiss SA, Freiburg, Switzer-
land); (2). SIENNA™ COVID-19 IgG/IgM Rapid Test Cas-
sette (Salofa Oy, Salo, Finland); and (3) NG-Test® IgG–IgM 
COVID-19 (NG Biotech Laboratories, Guipry, France) [46]. 
Data from this study demonstrated that patients with previ-
ous viral (e.g. metapneumovirus, hepatitis C virus, human 
immunodeficiency virus) or parasitic (e.g. malaria) infec-
tions were tested positive for SARS-CoV-2 although they 
were not diagnosed with COVID-19. The high incidence 
of false-positives was mainly attributed to the non-specific 
cross-reactivity of circulating IgM from previous infections. 
This issue may be resolved by using at least two IgG/IgM-
based RDTs simultaneously or in series when performing 
SARS-CoV-2 testing for patients. Another study by Baker 
et al. investigated the differential performance of Coro-
naCHEK (Hangzhou Biotest Biotech Co. Ltd, Hangzhou, 
China) on populations from two continents—Uganda and 
Baltimore [44]. They observed that the diagnostic specificity 
of this test kit was 2.8% lower in the Ugandan samples than 
in the Baltimore samples, implying that the performance of 
a test kit may vary in different geographic locations of the 
specimens tested. The high false positives in the Ugandan 
samples correlated with antibody cross-reactivity. Hence, it 
may be inappropriate to extrapolate results from one coun-
try to another and assume the same specificity of IgG/IgM-
based RDTs across all populations.

3.4.3  Advantages of RDTs

One of the limitations of RDTs is that its performance gen-
erally declines when the viral load is low (Ct > 30), which 
may increase the rate of false negatives [40, 41]. Despite 
the shortcomings, RDTs can complement NAAT. The RDTs 
expedite the diagnostic process as the short turnaround 
time (approximately 30 min) permits large-scale population 
screening for SARS-CoV-2 in resource-constrained settings 
[42, 47]. Not only does this help to resolve backlog issues 
when testing demand is high, but more importantly, patients 
infected with SARS-CoV-2 can be isolated or treated imme-
diately before severity prevails. In rural areas, the attrac-
tiveness of RDTs is even more prominent given the limited 
access to molecular testing facilities. A study in Madagascar 
reports that the cost of running the RDTs is significantly 
cheaper than RT-PCR [40]. The cost of an RT-PCR test is 
$50, whereas a STANDARD™ Q COVID-19 Ag Test is less 
than $5. From a low-resource perspective, it is justifiable 
that RDTs are used more broadly in managing COVID-19 
cases. Asymptomatic COVID-19 patients possess viral loads 
similar to those of symptomatic patients, and can transmit 
disease to a similar extent as the symptomatic patients [30]. 
Future work aiming at improving the performance of RDT 
kits on asymptomatic populations with low viral load may 
be warranted to promote quality self-testing at home.

3.5  Enzyme‑Linked Immunosorbent Assay

Upon exposure to SARS-CoV-2, the immunity reacts by pro-
ducing a surge in total antibody, IgM and IgG with a median 
seroconversion time of 9-, 10- and 12-days post onset of 
symptoms, respectively [48]. The IgM immunoglobulin 
becomes undetectable by week 7, while IgG persists beyond 
this period [49]. Therefore, the timing of blood collection is 
critical. ELISA may not effectively identify SARS-CoV-2 
antibodies if blood is collected within 5 days of disease 
onset (sensitivity < 40%), but may better detect the total 
antibody, IgM and IgA between 6 and 10 days after onset 
of symptoms (sensitivity > 80%) [50]. The performance of 
several ELISA kits was evaluated in Madagascar, Mali and 
Benin [51–53]. In Benin, research was conducted to study 
the specificity of commercially available ELISA kits by 
comparing sera of COVID-19-positive patients versus the 
pre-pandemic controls [53]. It was observed that the IgA-
based ELISA gives a higher sensitivity than the IgG-based 
test, which is consistent with the SARS-CoV-2 antibody pro-
file. However, ELISA is subject to immunoglobulin cross-
reactivity. Patients previously infected or co-infected with 
other acute viral or parasitic diseases, especially malaria, 
may have a higher risk of obtaining false positive results. 
In line with this, Emmerich et al. reported that the speci-
ficity of four commercial SARS-CoV-2 IgG ELISAs is not 
consistent across the African countries [51]. The specificity 
of all four ELISAs was high for the Madagascan samples 
(93.4–99.4%), but the specificity of the same tests was poor 
for the Ghanaian and Nigerian samples (Ghana: nucle-
ocapsid antigen-based assays 77.7–89.7%, spike/S1-based 
assay 94.3%; Nigeria: nucleocapsid antigen-based assays 
39.3–82.7%, spike/S1-based assay 90.7%). This may be due 
to cross-reactivity of immunoglobulins developed from past 
infections other than COVID-19 across the different popula-
tions. Woodford and colleagues also highlighted the issue 
associated with high background reactivity to SARS-CoV-2 
antigens in Mali [52]. The authors suggested that application 
of a ‘two-immunoassay’ approach with population-specific 
cut-offs may improve the performance of ELISA. Generally, 
the costs of running a SARS-CoV-2 IgG ELISA range from 
US$8–$11 per test [54, 55]; this is significantly cheaper than 
that of RT-PCR (US$50 per test).

3.6  Dot‑Blot Immunoassay

This assay is modelled after the sandwich ELISA, where a 
labelled secondary antibody binds to the immunocomplex, 
producing colour intensity that can be rated on a 5-point 
gradient scale by the naked eye [56]. In Bangladesh, the 
performance of an in-house rapid dot-blot immunoassay was 
assessed by comparing its ability to detect antibodies against 
SARS-CoV-2 in four cohorts of COVID-19 patients: (1) 
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symptomatic for 1–7 days; (2) symptomatic for 8–14 days; 
(3) symptomatic but showed negative results by RT-PCR; 
and (4) convalescent [57]. The dot-blot immunoassay was 
less sensitive in picking up patients with symptoms, from 1 
to 7 days (sensitivity 11%), but the performance improved as 
the disease progressed, from 8 to 14 days (sensitivity 41%). 
Moreover, it detected 69.7% of the convalescent patients 
who were positive for SARS-CoV-2 confirmed by RT-PCR 
and asymptomatic for more than 14 days. It was proposed 
that the dot-blot immunoassay may be applied to screen 
patients at late-phase infection, especially when the viral 
load is diminishing and undetectable by RT-PCR. Addition-
ally, the test may assist in confirming whether an individual 
has been infected by SARS-CoV-2 in the past to enable map-
ping of the antibody profile of post-vaccinated populations.

A newer discovery indicates that the performance of the 
dot-blot immunoassay can be optimised by incorporating 
a flow-through detection system with colloidal gold nano-
particles acting as the assay reporter [58]. The translucent 
colour produced by colloidal gold nanoparticles is stable 
and provides high contrast visualisation for easy eye-read-
ing results, which is a desirable feature in LICs. However, 
the cost of establishing the dot-blot immunoassay was not 
defined. If nanomaterial labels are available at a low cost, 
this may place the dot-blot immunoassay a more practical 
approach for effective management of COVID-19 in LICs.

3.7  Effectiveness of SARS‑CoV‑2 Testing Strategies 
in LICs

3.7.1  Point‑of‑Care Testing 

It can be summarised that point-of-care testing (POCT), 
particularly the antigen-based RDTs, is the most common 
strategy for SARS-CoV-2 testing in LICs [37–43]. A major 
factor driving the wide use of POCT is cost effectiveness. 
Additionally, POCT can be performed outside of hospitals, 
does not demand invasive blood sample collection, and self-
collected samples can be applied to the test cassette without 
involvement of laboratory equipment/staff. The fast turna-
round time promises rapid testing to effectively treat and/
or isolate COVID-19-confirmed cases plus close contacts. 
The IgG/IgM-based RDTs are also POCT, but they are less 
preferred as the test outcomes are subject to errors from 
antibody cross-reactivity [44–47].

3.7.2  Direct Virus (Antigen) Detection Approach

NAAT with over 95% sensitivity and specificity [11] rep-
resents the most accurate diagnostic tool for COVID-19 
among the available tests. This molecular-based technology 

requires laboratory space/staff, consumables/equipment/
maintenance and shipping logistics including cold chain that 
exert extra costs compared with the POCT [19–23]. The 
operations of portable RT-PCR in underdeveloped countries 
can be interrupted by recurrent power failure [32]. Alterna-
tively, RT-LAMP that bypasses the use of thermal cycler 
equipment can technically reduce the costs [34]. Work was 
done to upgrade the performance of RT-LAMP by incorpo-
rating a newly formulated dye to improve assay readout and 
test accuracy [59]. However, the estimated cost of this new 
technique is $8 per test, which is still more costly than the 
antigen-based RDT (STANDARD™ Q COVID-19 Ag test) 
of $5 per test [40]. Pooled PCR testing is deemed to save 
costs [18]; this is only strategic provided the prevalence of 
COVID-19 is low (< 15%) [29].

3.7.3  Serology (Immunoglobulin)‑Based Detection 
Approach

Our findings do not reveal substantial use of commercially 
available ELISAs for SARS-CoV-2 detection in LICs. The 
diagnostic performance of ELISAs is highly dependent on 
the types of immunoglobulins in the blood. Different immu-
noglobulins (IgA, IgM and IgG) exist in varying amounts at 
different stages of COVID-19 infection, which may compli-
cate result reporting [53]. Furthermore, serology assays are 
prone to antibody interferences from past infections or co-
infections [51, 52]. Interestingly, our findings uncovered an 
in-house developed dot-blot immunoassay in Bangladesh [57]. 
Although this method cannot directly detect the viral antigen, 
it has the potential to be transformed and utilised in serological 
surveillance of COVID-19.

3.8  Limitations of this Study

Our literature search is confined to 46 LICs defined by UN 
[13]. The SARS-CoV-2 testing strategies presented in this 
review are derived from 22 publications in 10 countries. We 
acknowledge that the limited number of publications may 
create a bias, and thus may not holistically reflect the testing 
strategies across all LICs. Some nations implement combined 
COVID-19 testing and seroprevalence of SARS-CoV-2 to 
assess the infected population in the community. In Somalia, 
for example, a seroprevalence study was carried out in one of 
the densely populated cities as a surveillance mechanism to 
postulate the percentage of unreported COVID-19 cases [60]. 
The data were collected using an immuno-based RDT with 
test strip coated with a colloidal gold-labelled recombinant 
SARS-CoV-2 antigen that allows detection of SARS-CoV-2 
IgM and IgG simultaneously in whole blood.
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4  Summary and Future Directions

In this review, we performed a systematic search on the cur-
rent literature to ascertain SARS-CoV-2 detection strategies 
in the diagnosis and management of COVID-19 patients in 
LICs. We identified 22 articles published by 10 LICs assess-
ing the performance of COVID-19 testing. The test meth-
ods included (1) direct virus detection (RT-PCR, RT-LAMP, 
antigen-based RDTs) and (2) serology-based detection (IgG/
IgM-based RDTs, ELISA, dot-blot immunoassay). Our find-
ings reinforce the notion that utility of NAAT is limited in 
LICs due to high cost, lack of a specifically trained work-
force and under-equipped laboratory facilities. In contrast, 
immunodiagnostic testing is more economical with quicker 
result output, but its effectiveness is limited by poorer sensi-
tivity and specificity attributed by antibody cross-reactivity. 
Considering the logistics and cost factors, it can be con-
cluded that the antigen-based RDTs are most preferred for 
COVID-19 testing in LICs, although their performance is 
lower than that provided by NAAT.

4.1  Collaboration is Key 
in Laboratory‑Preparedness in Low‑Resource 
Settings

In response to the overwhelming demands for SARS-CoV-2 
PCR-based tests, an extensive collaborative network was 
established in sub-Saharan Africa to improve the molecular 
diagnostic capacity [61]. The University of Benin Teach-
ing Hospital (UBTH) and Nigeria cooperated with a World 
Bank-supported institution to establish a SARS-CoV-2 
molecular testing platform in UBTH. Priority was also 
placed to upgrade their current molecular virology labo-
ratory infrastructure. The quality of SARS-CoV-2 testing 
was validated by an inter-laboratory comparison scheme 
against a reference laboratory. These combined efforts ena-
bled the laboratory to achieve a turnover of 12,123 tests 
within 7 months of operation. Future collaborations involv-
ing national and international counterparts could be the key 
in laboratory preparedness to handle the increasing SARS-
CoV-2 test demands.

4.2  Examples of Improved Molecular‑Based 
COVID‑19 Testing

4.2.1  Extraction‑Free RT‑LAMP

An extraction-free RT-LAMP designed to save on process-
ing time and cost was developed in the UK [62]. The naso-
pharyngeal and throat samples were heat inactivated (95 °C, 
5 min) then tested directly without prior RNA extraction. 

The assay generated results within 30 min after sample col-
lection, similar to the RDTs. It yielded 86.7% sensitivity 
and 98.4% specificity. A similar diagnostic performance was 
reproduced when the assay was validated in Malawi, an LIC. 
A significant advantage of an extraction-free LAMP assay 
is that the reaction can resist temperature fluctuations in the 
event of power interruptions. The reagents for RT-LAMP 
are much cheaper (£3, against £30 for RT-PCR); they can be 
shipped or stored lyophilised at room temperature to miti-
gate issues around cold chain transport in underdeveloped 
regions.

4.2.2  Automated Mobile Laboratory for On‑Site COVID‑19 
Testing

A van-based mobile laboratory deployed in China adopts a 
six-axis robotic arm to collect oropharyngeal swabs [63]. 
Virus in the sample is inactivated by an infrared heating 
module, while nucleic acid amplification and readouts are 
completed through a ‘sample in, answer out’ model using a 
self-contained microfluidic analyser driven by RT-LAMP. 
The mobile laboratory contains eight microfluidic nucleic 
acid analysers that collectively increase testing outputs to 
150 samples in 8 h. Patient results are electronically reported 
by an onboard laboratory information system. This strategy 
promises fast deployment of on-site COVID-19 testing in 
remote or hotspot areas to rapidly contain disease outbreak. 
Future work aiming at sourcing funds from non-governmen-
tal organisations or philanthropists to implement the mobile 
laboratory campaigns in these areas may lead to more stra-
tegic COVID-19 testing in low-income settings.

5  Concluding Remarks

The accuracy of diagnostic laboratory tests for SARS-CoV-2 
can impact downstream clinical procedures in managing and 
controlling the outbreak of COVID-19. Our review maps 
the types of diagnostic tools available for COVID-19 in 
resource-limited scenarios. PCR-based testing is the refer-
ence method and RDTs complement NAAT. Given muta-
tions in SARS-CoV-2 generate variants with extremely high 
transmission rates, the increased demand for RT-PCR could 
impose extra burden to the already stressed healthcare and 
economy systems. Although our search findings are limited 
to the LICs defined by the UN, the diagnostic strategies 
described in this review may shed light on ways to maxim-
ise COVID-19 testing outputs, especially when test demands 
exceed resources.
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