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Abstract: Typhoid fever, also known as typhoid, is a life-threatening bacterial infection that remains
a global health concern. The infection is associated with a significant morbidity and mortality rate,
resulting in an urgent need for specific and rapid detection tests to aid prevention and management
of the disease. The present review aims to assess the specificity and sensitivity of the available
literature on the immunodiagnostics of typhoid fever. A literature search was conducted using three
databases (PubMed, ProQuest and Scopus) and manual searches through the references of identified
full texts to retrieve relevant literature published between 1 January 2011 and 31 December 2020. Of
the 577 studies identified in our search, 12 were included in further analysis. Lipopolysaccharides
(LPS) and hemolysin E (HlyE) were the most frequently studied antigens. The specimens examined
in these studies included serum and saliva. Using blood culture as the gold standard, anti-LPS
IgA gave the highest sensitivity of 96% (95% CI: 93–99) and specificity of 96% (95% CI: 93–99) for
distinguishing between typhoid cases and healthy controls, whereas the combination of anti-LPS and
anti-flagellin total IgGAM gave the highest sensitivity of 93% (95% CI: 86–99) and specificity of 95%
(95% CI: 89–100) for distinguishing typhoid cases and other febrile infections. A comparably high
sensitivity of 92% (95% CI: 86–98) and specificity of 89% (95% CI: 78–100) were shown in testing based
on detection of the combination of anti-LPS (IgA and IgM) and anti-HlyE IgG as well as a slightly
lower sensitivity of 91% (95% CI: 74–100) in the case of anti-50kDa IgA. Anti-50kDa IgM had the
lowest sensitivity of 36% (95% CI: 6–65) against both healthy and febrile controls. The development
of a rapid diagnostic test targeting antibodies against lipopolysaccharides combined with flagellin
appeared to be a suitable approach for the rapid detection test of typhoid fever. Saliva is added
benefit for rapid typhoid diagnosis since it is less invasive. As a result, further studies could be done
to develop additional approaches for adopting such samples.

Keywords: immunodiagnostic; typhoid; systematic review; sensitivity; specificity

1. Introduction

Typhoid fever is a systemic infection associated with the Gram-negative and rod-
shaped bacillus Salmonella enterica serovar Typhi (S. Typhi). The life-threatening disease has
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been a public health problem in developing and underdeveloped countries for generations.
A systematic analysis by typhoid and paratyphoid collaborators estimated that 10.9 million
cases of typhoid fever occurred globally in 2017, resulting in 116.8 thousand deaths [1].
There is a declining global trend in typhoid incidence over the last few years with respect
to the number of cases per capita, particularly in most high-income countries, such as
Australia, Japan, New Zealand, Singapore, South Korea and Taiwan and middle-income
countries, such as Malaysia and Thailand [2]. However, in some countries such as Ghana,
Malawi, Fiji, China, Indonesia, Cambodia and Iraq, typhoid incidence shows a steady
increase from 1990 to 2014. These numbers are more than likely an underrepresentation
of the true disease burden given that a large proportion of patients are treated on an
outpatient basis or receive no treatment at all. In Malaysia, recent estimates suggest that
approximately 0.58 to 1.42 cases of S. Typhi infection per 100,000 population were reported
each year between 2011 and 2015 and most of the cases were due to travelers returning from
an endemic region, migrants and food chains being contaminated by food handlers [3].

Salmonella Typhi is an obligate pathogen and humans are the only host for this bac-
terium. Humans acquire the infection through ingestion of water or food contaminated
with S. Typhi. Typhoid fever is a great risk in areas that have low-quality potable water,
non-hygienic living conditions and improper sanitation systems. Asymptomatic carriers
play an important role in introducing contamination and disease transmission [2]. The
disease causes a prolonged fever that can be as high as 103–104 ◦F (39–40 ◦C), fatigue,
headache, nausea, constipation or diarrhea and abdominal pain, which develops within
6 to 30 days after infection [4]. Severe cases may lead to serious complications or even
death due to intestinal perforation [5,6].

Improving the quality of drinking water supplies and education in better hygiene
practices are likely the most effective measures towards typhoid elimination. However,
these interventions cannot be promptly realized in the endemic areas of Africa and South
Asia. Therefore, short-term control of typhoid is largely dependent on extensive vaccina-
tion programs and appropriate treatment, both of which rely on the application of rapid
diagnostic tests (RDTs) that have robust performance. There are several commercially
available RDTs for typhoid fever but finding a typhoid diagnostic assay with a high degree
of sensitivity or specificity is challenging. The lack of such tests limits the disease burden
assessments and may result in patients being misdiagnosed and receiving suboptimal
therapy. Furthermore, with the global increase in multidrug-resistant S. Typhi, the demand
for typhoid diagnostics is growing [7–9].

The laboratory diagnosis of typhoid fever currently relies on blood and stool cultures,
which is considered the gold standard for diagnosis. However, this may pose a major
challenge in resource-limited settings, such as areas with a lack of basic laboratory facilities
for culturing purposes [10]. Furthermore, the culture method is time-consuming, requiring
several days for the isolation and identification of the causative agents [11]. The Widal test,
which is the current standard serological method for typhoid diagnosis, relies on O and H
antigens that have a relatively low specificity due to cross-reactivity with other bacterial
infections [12]. Thus, a rapid and sensitive assay for the detection of S. Typhi would help
both in clinical diagnosis and in preventing the spread of disease [13]. In this context,
development of a highly specific and sensitive immunodiagnostic test for the diagnosis of
typhoid fever is an appropriate approach.

Several serology-based rapid diagnostic tests for typhoid fever are commercially avail-
able, such as Typhidot (Malaysia), TUBEX (Sweden) and Multi-Test Dip-S-Tics (USA).
These commercial RDTs have been globally evaluated for their performance. Despite
that, none of these tests yielded satisfactory results when validated in different endemic
setups [14]. This is due to the consistency in sensitivity level in those studies resulting
from false negative issue. Numerous antigens have been evaluated for their effectiveness
in detecting S. Typhi, such as flagellin, hemolysin E (HlyE), YncE and cytolethal distending
toxin subunit B (CdtB) [15–17]. However, due to the lack of thorough comparisons of
the available data, the option of the best antigen for S. Typhi detection is yet to be deter-
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mined. An understanding of the specificity and sensitivity of previously identified S. Typhi
biomarkers is critical in providing vital information for the selection of an effective target
and consequently establishing highly accurate diagnostic approaches for typhoid fever.
Therefore, the present review focuses on the evaluation of the available evidence regarding
the specificity and sensitivity of S. Typhi antigens. It is intended that our findings will
serve as an informative resource for researchers aiming to develop an accurate laboratory
diagnostic test for typhoid fever.

2. Results

Of the 577 studies that were identified from the three databases, 352 remained after
225 duplicates were removed. Of these, 322 were excluded during title and abstract
screening and 19 were excluded during full-text screening based on the study criteria,
leading to a total of 341 studies that were excluded. A total of four new studies were
identified through manual searches of the lists of references and three were removed after
the full-text screening. Twelve studies were included in the final review (Figure 1).
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Figure 1. Preferred reporting items for systematic review and meta-analyses (PRISMA) flow diagram
of search strategy and selection of studies.

2.1. Characteristics of Studies

The study characteristics are summarized in Table 1. Overall, all 12 studies utilized
antibody detection. A total of eight antigens were studied, which included lipopolysac-
charides (LPS), hemolysin E (HlyE), flagellin, uncharacterized protein YncE, cytolethal
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distending toxin subunit B (CdtB), membrane proteins (MP), Vi antigen and 50 kDa outer
membrane protein (OMP). LPS were the most frequently studied antigen, with 7 (58.3%)
out of the 12 studies reporting on diagnostic sensitivity and specificity, followed by HlyE,
which was reported in six (50.0%) studies. A total of eight (66.7%) studies evaluated the
performance of antibody-based detection using ELISA, two (16.7%) studies performed
detection using a lateral flow assay, one (8.3%) study used a dot enzyme immunoassay and
one (8.3%) study used both ELISA and a lateral flow assay. Most of the studies tested for
the presence of antibodies in serum sample and only two studies tested saliva.

Table 1. Characteristics of included studies.

Method Biomarker Sample Sensitivity and Specificity No of Samples Ref.

1 ELISA

Anti-LPS (IgG, IgM
and IgA)
anti-flagellin (IgG,
IgM and IgA)

Serum

Total Ig: 93% and 95%
IgG: 75% and 55%
IgM: 79% and 95%
IgA: 57% and 96%

Positive S. Typhi blood culture
(n = 67), Widal positive (98),
febrile controls (n = 216) and
healthy controls (n = 7).

[18]

2 ELISA Anti-LPS IgA Saliva 89.2% and 100%
Positive S. Typhi blood culture
(n = 37), febrile controls (n = 30)
and healthy controls (n = 30).

[19]

3 IC-LFT
Anti-LPS (IgG IgM)
and anti-flagellin
(IgG IgM)

Serum 68.8% and 71.1%
Positive S. Typhi blood culture
(n = 80) and negative S. Typhi
blood culture (n = 256).

[14]

4 ELISA
Anti-YncE (IgG)
and anti-Vi (IgG
and IgA)

Serum
YncE IgG: 70% and 100%
Vi IgG: 40% and 100%
Vi IgA: 50% and 97%

S. Typhi carriers (n = 10), acute
typhoid fever cases (n = 8),
Nepalese controls undergoing
elective cholecystectomy with
negative bile cultures (n = 8) and
healthy Bangladeshis (n = 8).

[20]

5 ELISA Anti-HlyE (IgG
IgM and IgA) Serum 70% and 100%

Positive S. Typhi blood culture
(n = 50), positive S. Paratyphi A
blood culture (n = 6), other febrile
infections (n = 19) and healthy
individuals (n = 25).

[21]

6 LFT
Anti-HlyE (IgG
IgA) and anti-LPS
(IgG IgA)

Serum

HlyE IgG: 91.5% and 80.0%
(against healthy)
HlyE IgA: 94.4% and 90.0%
(against healthy)
HlyE IgG: 78.7% and 100%
(against other febrile infections)
HlyE IgA: 66.7% and 80% (against
other febrile infections)
LPS IgG: 89.3% and 100%
(against healthy)
LPS IgA: 94.4% and 90.0%
(against healthy)
LPS IgG: 82.1% and 60.0% (against
other febrile infections)
LPS IgA: 81.8% and 54.5% (against
other febrile infections)

Positive S. Typhi blood culture
(n = 47), other febrile infections
(n = 15), febrile with no bacterial
growth (n = 67), healthy U.S.
adults (n = 11) and healthy
Nigerian children (n = 10).

[22]

7 ELISA
Anti-HlyE (IgG IgA
IgM) and anti-LPS
(IgG IgA IgM)

Serum

HlyE IgG: 84% and 90% (against
Nigerian febrile controls)
LPS IgA and IgM: 90% and 90%
(against Nigerian febrile controls)

Nigerian pediatric typhoid cases
(n = 86), Nigerian febrile controls
(n = 28) and Nigerian healthy
controls (n = 48).

[23]

8 Dot-EIA Anti-50 kDa (IgG
IgA IgM)

Saliva,
serum

50 kDa IgGAM: 90.9% sensitivity
and 85.4% (saliva)
50 kDa IgGAM: 100% and
100% (serum)

Positive S. Typhi blood culture
(n = 11), non-typhoid fever patients
(n = 43) and healthy (n = 53).

[24]

9 ELISA Anti-CdtB IgM Serum 100% and 83.3% Positive S. Typhi blood culture
(n = 21) and healthy controls (n = 12). [25]
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Table 1. Cont.

Method Biomarker Sample Sensitivity and Specificity No of Samples Ref.

10 ELISA
Anti-HlyE IgA,
anti-MP IgA and
anti-LPS IgA

Serum

HlyE: 90% and 87%
LPS: 90% and 77%
MP: 90% and 48%
HlyE and anti-LPS: 90% and 92%
HlyE, LPS and MP: 90% and 90%

Positive S. Typhi blood culture
(n = 105), healthy controls (n = 84)
and other febrile disease (n = 64).

[15]

11 ELISA
Anti-HlyE (IgG IgA
IgM) and anti-YncE
(IgG IgA IgM)

Serum HlyE IgGAM: 83% and 98%

Acute typhoid cases (n = 115),
healthy controls (n = 95), other
febrile infections (n = 95) and food
handlers (n = 117).

[16]

12 ELISA,
DDP-LF

Anti-LPS IgA and
anti-HlyE IgA Serum

92% and 94% (against all controls)
90% and 96% (against febrile
endemic controls)

Positive S. Typhi blood culture
(n = 30), positive S. Paratyphi A
blood culture (n = 20), healthy
endemic controls (n = 25) and
febrile endemic controls (n = 25).

[26]

HlyE = hemolysin E; LPS = lipopolysaccharides; CdtB = cytolethal distending toxin subunit B; MP = membrane protein; Ig = immunoglob-
ulin; YncE = uncharacterized protein; kDa = Kilodalton; Vi = virulence antigen; IC-LFT = immunochromatography lateral flow test;
DPP-LF = dual-path platform lateral flow; Dot-EIA = dot enzyme immunoassay; ELISA = enzyme-linked immunosorbent assay.

2.2. Methodological Risk of Bias

A summary of the QUADAS-2 assessment is presented in Figure 2. The overall results
of the quality assessment showed a low risk of bias in all 12 studies. For patient selection,
eight studies (67%) demonstrated a low risk of bias and four studies (33%) demonstrated
an unclear risk of bias. For index test, all 12 studies (100%) demonstrated a low risk of
bias with clear interpretation of the index test. For reference standard, 11 studies (92%)
demonstrated a low risk of bias and 1 study (8%) demonstrated a high risk of bias, as the
healthy controls were not confirmed with blood culture. For flow and timing, nine studies
(75%) demonstrated a low risk of bias and three studies (25%) demonstrated an unclear
risk of bias.

Pathogens 2021, 10, x FOR PEER REVIEW 6 of 14 
 

 

 

Figure 2. QUADAS-2 criteria among all studies (n = 12). 

2.3. Performances of the Immunodiagnostic Assays 

Sensitivity measures the ability of a diagnostic test to correctly identify patients who 

have a disease with positive test results. Using samples from healthy individuals as the 

control group, the sensitivity of antibody detection varied between 36% and 96% (Figure 

3). The anti-LPS IgA gave the highest sensitivity of 96% (95% CI: 93–99), followed by anti-

LPS (IgA and IgM), which achieved a sensitivity of 95% (95% CI: 91–100), anti-LPS IgM 

with 94% (95% CI: 89–99) and anti-HlyE IgA with 94% (95% CI: 90–98). Specificity 

measures the ability of a diagnostic test to correctly identify people who do not have the 

disease with a negative test result. Comparably high specificities ranging from 72% to 

100% were observed among all biomarkers. Only when the results of anti-LPS and anti-

flagellin were combined did the specificity decrease to 72% (95% CI: 66–77), while all other 

results showed a specificity above 80%. 

 

Figure 3. Meta-analysis of the diagnostic sensitivity and specificity of antibody detection tests with healthy individuals as 

a control group and blood culture as a reference standard. 

Using samples from other febrile infections as the control group, the sensitivity and 

specificity of antibody detection tests for distinguishing typhoid and other febrile infec-

0% 20% 40% 60% 80% 100%

Flow and timing risk of bias

Reference standard risk of bias

Index test risk of bias

Patient selection risk of bias

Proportion of studies with low, high or unclear risk of bias

Q
U

A
D

A
S-

2
 D

o
m

ai
n

Low High Unclear

Figure 2. QUADAS-2 criteria among all studies (n = 12).

2.3. Performances of the Immunodiagnostic Assays

Sensitivity measures the ability of a diagnostic test to correctly identify patients who
have a disease with positive test results. Using samples from healthy individuals as the
control group, the sensitivity of antibody detection varied between 36% and 96% (Figure 3).
The anti-LPS IgA gave the highest sensitivity of 96% (95% CI: 93–99), followed by anti-LPS
(IgA and IgM), which achieved a sensitivity of 95% (95% CI: 91–100), anti-LPS IgM with
94% (95% CI: 89–99) and anti-HlyE IgA with 94% (95% CI: 90–98). Specificity measures
the ability of a diagnostic test to correctly identify people who do not have the disease
with a negative test result. Comparably high specificities ranging from 72% to 100% were
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observed among all biomarkers. Only when the results of anti-LPS and anti-flagellin were
combined did the specificity decrease to 72% (95% CI: 66–77), while all other results showed
a specificity above 80%.
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Figure 3. Meta-analysis of the diagnostic sensitivity and specificity of antibody detection tests with healthy individuals as a
control group and blood culture as a reference standard.

Using samples from other febrile infections as the control group, the sensitivity and
specificity of antibody detection tests for distinguishing typhoid and other febrile infections
were 36–93% and 88–80%, respectively (Figure 4). The highest sensitivity was observed
when the results of anti-LPS and anti-flagellin were combined. The three combinations anti-
LPS (IgA + IgM) + anti-HlyE IgG, anti-HlyE (IgA) and anti-50 kDa (IgA) had comparably
high sensitivities. The specificity of the immunodiagnostic tests ranged between 49% and
100%. Only two biomarkers showed a specificity lower than 80%, namely anti-membrane
protein IgA and anti-LPS IgG.
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Analysis of the studies based on the immunodiagnostic detection of saliva and serum
samples showed that the tests had heterogeneous performance. A lower sensitivity (89.2%)
was observed for studies detecting anti-LPS IgA in saliva when compared to serum
(92%) [19,24]. On the contrary, anti-LPS IgA in saliva gave a higher specificity of 100%
compared to that in serum of 92%. For studies detecting antibodies (IgGAM) against a
50 kDa antigen, the dot enzyme immunoassay showed 100% sensitivity and specificity
when using serum but 90.9% sensitivity and 85.4% specificity when using saliva [22]. When
Ig class-specific screening was performed, the study showed a higher sensitivity for IgA
(90.9%) compared to IgG (72.7%) and IgM (72.7%) in saliva, but for serum, IgG (90.9%) had
a higher degree of sensitivity compared to IgA (36.4%) and IgM (63.6%).

3. Discussion

Typhoid fever remains a public health problem with significant morbidity and mor-
tality worldwide, particularly in underdeveloped and developing countries. Effective
management of the disease depends on the performance and turnaround time of diagnostic
tests. Although commercial point-of-care RDTs for enteric fever are available as alternatives
to the current reference standard test of blood, stool, or bone marrow culture or the widely
used Widal test, their diagnostic accuracy is still unsatisfactory [27]. The performance of
currently available rapid diagnostics tests for typhoid fever, namely the Tubex TF and
Typhidot tests, was moderate, with an average sensitivity of 78% and a specificity of 87%
for Tubex TF and an average sensitivity and specificity of 78% and 77%, respectively,
for Typhidot [28]. The present systematic review sought to evaluate the performance of
newly developed immunodiagnostic tests for typhoid fever reported in the past 10 years to
identify an alternative option for accurate laboratory testing.

The present study discovered an important gap in the immunodiagnostics for typhoid
fever, namely, that, for all 12 studies included in the final review, diagnosis was based on the
detection of antibodies rather than antigens. Tests conducted to detect antibody responses
to S. Typhi infection have revolutionized typhoid diagnostics by significantly increasing
detection capacity, allowing more people to be tested. However, such tests have limited
utility because the tests are unable to produce rapid diagnosis in the case of acute infections,
which hinders the process of taking immediate action and starting the needed course of
treatment. This delay is due to the time required for the host immunological response to
infection, for which detection is dependent, which can take several days [29]. Furthermore,
the detection of antibodies does not always correlate with the existence of the bacteria, as
antibodies can persist in the body for several months to years, making it challenging to
distinguish between acute and convalescent cases [30,31]. The decay rates of IgG, IgA and
IgM following S. Typhi infection were characterized in a kinetic study of human antibodies
response after the onset of the infection [32]. The antibody decay profiles showed IgG
antibodies persisted over 12 months after infection while the IgM and IgA antibodies
appeared to decline after 3 to 4 months post infection. Another important limitation of
antibody testing is that false positives may occur due to cross-reactivity resulting from
other infections [33].

Detection of antigens, rather than antibodies, seems to be a suitable approach for the
future development of RDTs for typhoid fever. A test that is able to detect S. Typhi antigens
in clinical specimens could provide rapid and direct evidence of active disease. The lack
of studies on antigen detection might reflect the difficulty in developing a reproducible
system that can capture the target antigen in biological samples. However, there is an
alternative to solve the problem, in which an aptamer can be used as the ligand instead of
antibodies. Aptamers have unique advantages over antibodies as they can be produced
in vitro, which reduces the potential for batch-to-batch variability and they are more stable
and cheaper to produce, making them a suitable alternative to replace antibodies in antigen
detection assays [34]. Even though antigen-based detection is superior to antibodies-based
detection, but it has several limitations. First, antigen detection for typhoid fever cannot be
performed using saliva as S. Typhi does not present in saliva during acute infection. Second,
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antigen-based detection is also challenging for carriers’ detection whereby intermittent
shedding of the bacteria resulting in higher number of false negative cases. Therefore,
combination of antigen-based tests can be a better alternative for carriers’ detection.

Anti-LPS was the most frequently studied antigen, probably because the use of S. Typhi
O antigen for antibody detection in the Widal test has become the basis of antigen-based
diagnostics. LPS are a component of the outer membrane and protect bacterial cells from
the actions of the innate immune system during infection [35]. In addition, LPS are also
the most abundant antigen on the cell surface of most Gram-negative bacteria, includ-
ing Salmonella spp., making them a suitable target for typhoid testing. Another antigen
that is frequently studied is HlyE, with all isotypes of antibodies having been evaluated.
Since the first report of the presence of HlyE-reactive antibodies in typhoid patients in
2006 [36], several studies have shown that antibodies against the S. Typhi HlyE antigen
are a promising biomarker for the detection of individuals with acute typhoid infections
due to their ability to discriminate between typhoid cases and healthy individuals [37,38].
HlyE is a pore-forming cytotoxin of a 34 kDa protein that assembles into a ring-shaped
dodeca-oligomer that forms stable pores in host membranes [39].

The detection system plays an important role in the process of developing RDTs. The
advancement of RDT development, which is moving towards the utilization of label-free
detection systems such as biosensors and paper-based sensors, shows good potential for
future diagnostics [40]. However, the majority of the 12 studies still relied on ELISA, which
requires labeling and advanced laboratory equipment such as a microplate reader, making
its application in the field setting infeasible. Only three studies utilized a lateral flow assay
as the detection system. This finding indicates the lack of point-of-care testing (POCT)
development for typhoid fever. Adoption of POCT can help to reduce the turnaround
times and to avoid sample transport problems, as onsite testing can be performed at the
location of patientcare [41]. Therefore, there is a need to develop POCT for typhoid fever
as rapid availability of results enables better clinical decisions, prevention and control,
especially in rural areas where access to laboratory-based testing is not available.

Non-invasive testing and sample collection are some of the important characteristics
to be considered in the development of a new testing kit/method. Samples such as saliva
and stool are quick and easy to collect and can be taken without the need for individual
expertise. Our findings showed that only two studies used saliva samples. This may be
partially attributed to the lack of studies on the saliva proteome. Most studies used serum
as a test sample because blood is the most popular biological specimen used for laboratory
diagnosis and the analysis of antibodies in serum has been widely reported [15,42]. The
comparative performance of serum and saliva for the diagnosis of typhoid fever remains
unclear. Detection of anti-LPS IgA in saliva gave a higher specificity but a lower sensitivity
when compared to serum. Similarly, detection of specific Ig classes against a 50 kDa antigen
showed a higher sensitivity for IgA when using saliva as compared to serum. However,
detection of IgG showed a higher degree of sensitivity when using serum compared to
saliva, while for IgM, saliva showed a higher sensitivity compared to serum. Combining
all isotypes (IgGAM), serum showed a higher sensitivity and specificity compared to saliva.
Therefore, further studies are needed to evaluate the performance of serum and saliva so
that the best sample type can be determined for each biomarker.

Our meta-analysis showed that anti-LPS IgA gave the best diagnostic performance for
distinguishing between typhoid cases and healthy individuals, with a sensitivity of 96%
and a specificity of 96%. The IgA responses to LPS were also identified in previous typhoid
microarray studies, in which the authors suggested including S. Typhi anti-LPS IgA in
the development of new immunodiagnostic assays [43]. However, a lower sensitivity
(87%) and specificity (84%) were observed in studies that involved other febrile infections
as the control group. Since typhoid fever symptoms are similar to those of many other
infectious diseases such as malaria and dengue [44,45], RDTs for typhoid fever would need
to have a high sensitivity for distinguishing typhoid fever from other febrile infections.
RDTs that are good at distinguishing between typhoid cases and healthy individuals
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might be valuable for epidemiological purposes, but their clinical utility will be restricted.
Combining the results of anti-LPS and anti-flagellin total Ig showed the highest sensitivity
for distinguishing typhoid cases and other febrile infections, making it the best biomarker
for typhoid testing. RDTs with such performance would be helpful to enable faster clinical
decision-making by avoiding false positive results due to other infections. However, it
is important to note that the two studies on the anti-LPS and anti-flagellin included in
this review did not include non-Typhoidal Salmonella species in the febrile control group.
The two studies only included dengue, malaria, paratyphoid, brucellosis, rickettsiosis and
leptospirosis [14,18]. Therefore, there is a possibility for cross reactivity of the anti-LPS
and anti-flagellin with non-Typhoidal Salmonella species and other Enterobacteriaceae
organisms. Further prospective evaluations with a larger sample size, more febrile controls
and at different settings are still needed to provide conclusive data.

On the other hand, the sensitivity and specificity of anti-HlyE ELISA as a diagnostic
tool for the detection of individuals with typhoid fever were comparable to those of anti-
LPS, with a sensitivity and specificity above the threshold of 90% in both control groups,
making it a suitable alternative option for accurate rapid diagnostic testing. We also
found that two studies reported higher levels of anti-YncE in chronic carriers. A study in
2013 reported that 7 out of 10 chronic carriers had detectable anti-YncE IgG and IgA in
the blood [20]. Another study identified nine individuals seropositive against anti-HlyE
who showed higher levels of antibodies against YncE, suggesting that these individuals
could be transient carriers of S. Typhi [16]. These two findings indicate that anti-YncE is
a potential biomarker for typhoid carrier detection. Such a biomarker is important for
the development of a diagnostic assay that can detect Salmonella carriers, as it would be a
powerful tool to estimate true disease burden and potential of transmission [46]. Overall,
the number of studies that have developed and evaluated the immunodiagnostic tests
for typhoid in the past ten years is still limited. There is a need for more field evaluation
studies to be performed in the future in order to provide a comprehensive overview of
the immunodiagnostic performance, leading to the development of highly sensitive and
specific RDTs for typhoid testing.

The present review has several limitations. First, the present study considered sensitiv-
ity and specificity but not predictive values. The prevalence of the disease among the study
population has a significantly greater impact on predictive values than sensitivity and
specificity, making it difficult to compare predictive values between studies [47]. Secondly,
the studies on anti-YncE, anti-CdtB, anti-Vi and anti-50 kDa has small sample sizes, which
might have affected the analysis of their diagnostic performance [48]. An insufficient
sample size may result in poor diagnostic performance when there are false negative
patients in the healthy control group. Thirdly, publication bias might have resulted in
overestimation of some of the diagnostic performances. For example, studies with poor
diagnostic performance are less likely to be published. Although only a small number of
relevant primary studies are available, our search of multiple literature databases and the
manual search of references in the retrieved literature should have helped to minimize the
risk of publication bias in our review. Finally, the unknown sensitivity of blood culture
is likely to have affected the analysis of immunodiagnostic performances. Blood culture
is recognized to be an imperfect gold standard [49]. Owing to the poor sensitivity of the
blood culture method, which is dependent on the abilities and knowledge of the laboratory
staff, patients with a negative blood culture in the control group bear the risk of including
undetected Salmonella Typhi cases [47]. Polymerase chain reaction (PCR) seems to be a
more suitable method for use as the reference standard, as several studies have reported
that PCR is more sensitive than the culture method [50,51].

4. Methods

The present systematic review utilized the preferred reporting items for systematic
review and meta-analyses (PRISMA) guidelines.
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4.1. Search Strategy

The literature search was conducted in January 2021 according to the modified pre-
ferred reporting items for systematic reviews and meta-analyses guidelines [52]. The search
was conducted through three databases (PubMed, ProQuest and Scopus) using lists of
keywords with reference to the expanded Medical Subject Headings (MeSH) thesaurus.
These keywords were combined using the Boolean operators OR (within key concepts)
and AND (between key concepts) as follows: [“Salmonella Typhi” OR “typhoid”] AND
[“antigen” OR “antibody”] AND [“diagnosis” OR diagnostic”] AND [“specificity” OR
“sensitivity”]. An additional search was conducted by manually screening the references of
the retrieved literature.

4.2. Selection of Studies

Articles were excluded if (i) the studies were published before 1 January 2011, or after
31 December 2020; (ii) the studies were published in languages other than English or Malay;
(iii) the studies did not mention the types of antigens used. We limit the studies to post
2011 (10 years) as the older literatures are not relevance to represent current diagnostic
performance of the newly developed assays. Only studies that analyzed samples of at least
two groups consisting of healthy controls and typhoid patients confirmed by positive blood
culture were included in this systematic review. The retrieved literature was downloaded
into Mendeley reference manager and duplicates were identified and removed. The
references were distributed to four authors, who independently reviewed the titles and
abstracts. A satisfactory agreement for the screening process was assessed between the
reviewers. All four reviewers performed full-text screening and summarized the findings.
Data from the selected sources were collated and summarized using a standard charting
table consisting of six domains: (i) detection assays; (ii) biomarker; (iii) biological specimens;
(iv) sample size; (v) specificity and sensitivity; (vi) year of publication.

4.3. Data Analysis

The number of true positives (TF), true negatives (TN), false positives (FP) and false
negatives (FN) was independently retrieved from each article by three investigators and
entered into an Excel datasheet. Discordant findings were assessed through discussion
and when in doubt, the authors sought verification. Using blood culture as the reference
standard, we calculated the sensitivity and specificity for each of the studied biomarker.
Sensitivity was calculated by dividing the number of true positive outcomes with the
sum of true positive and false negative outcomes. Specificity was calculated by dividing
the number of true negative outcomes with the sum of true negative and false positive
outcomes. Performance comparison of the immunodiagnostic assays was presented using
forest plots based on control groups.

Sensitivity =
TP

TP + FN

Speci f icity =
TN

TN + FP

4.4. Assessment of the Risk of Bias

The risk of bias for all included studies was assessed using the Quality Assessment of
Diagnostic Accuracy Studies 2 (QUADAS-2) tool [53]. The QUADAS-2 tool comprises four
domains: patient selection, index test, reference standard and flow and timing (Table 2).
Signaling questions were included to help the authors judge the risk of bias. The risk of bias
was categorized as low, high, or unclear for each domain following the recommendations
of the authors of the QUADAS checklist. The assessment was performed by three authors
independently and disagreements among the authors were resolved by discussion.
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Table 2. QUADAS-2 risk of bias assessment criteria.

Domains Criteria for Low Risk Assessment

Patient selection Patient enrolment strategy is specified and free of bias. A case—control
design and inappropriate exclusions are avoided.

Index test
The index test results are interpreted without knowledge of the results of
the reference standard. The conduct or interpretation of the index test
does not introduce bias.

Reference standard

The reference standard correctly classifies the target condition. The
reference standard results are interpreted without knowledge of the
results of the index test. The reference standard, its conduct, or its
interpretation do not introduce bias.

Flow and timing
There is an appropriate interval between the index test(s) and reference
standard. All patients receive the same reference standard. All patients
included in the analysis and patient flow do not introduce bias.

5. Conclusions

The present systematic review provides an overview of the performance of immun-
odiagnostic tests for typhoid fever and found that tests based on anti-LPS in combination
with anti-flagellin offered the best diagnostic performance for the diagnosis of typhoid
fever and that anti-HlyE could be an alternative option with a performance comparable to
that of anti-LPS. Our results highlight the limitations of the ongoing immunodiagnostic
development and provide baseline information for future studies to select appropriate
biomarkers in the development of RDTs for typhoid fever. Based on the good performance
of anti-LPS and anti-HlyE, these two antigens appear to be suitable options for the devel-
opment of future POCTs for typhoid fever. The currently low number of studies using
saliva samples for detection suggests that more studies could explore the development
of alternative approaches implementing such samples, which have the advantages of less
invasive sample collection, which would help to boost accessibility and facilitate efficient
testing in a community, especially during a disease outbreak and in areas where access to
laboratory-based testing is not available.
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