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Abstract

The TS POC test, Taenia solium point-of-care test, is a two-strip lateral flow assay using
the recombinant antigen rES33 on the TS POC T test strip, and rT24H on the TS POC
CC test strip, to detect antibodies against T. solium taeniosis and cysticercosis, respec-
tively. The objective of this study was to assess the diagnostic performance of the TS
POC test for the detection of T. solium taeniosis and cysticercosis in individuals attending
district hospitals in Tanzania. In this prospective two-phase diagnostic accuracy study,
we recruited participants aged 10 and above, excluding pregnant women and those with
acute severe iliness. Participants were consecutively recruited in three cohorts according
to their signs/symptoms: compatible with neurocysticercosis (cohort 1), intestinal worm
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infections (cohort 2), and other signs/symptoms (cohort 3). Lacking a gold standard test
for both infections, diagnostic accuracy was evaluated using results of two coprological
and two serological tests for taeniosis, and three serological tests for cysticercosis, in a
Bayesian Latent Class Model approach. The TS POC test was conducted on 601 partic-
ipants in cohort 1, 1661 participants in cohort 2, and 662 participants in cohort 3. Most
individuals tested negative on both TS POC test strips, with proportions of 83% (n = 496),
97% (n = 1613) and 97% (n = 641) in cohorts 1, 2 and 3, respectively. Complete case data
were available for 120, 114, and 53 participants for taeniosis, and 126, 122, and 55 par-
ticipants for cysticercosis. Sensitivity values for the TS POC T test strip were 50.2% [95%
credible interval 4.9 - 96.4], 40.8% [2.2 - 95.2], and 40.4% [2.3 — 95.0], while specificity
values were 98.6% [97.1 - 99.6], 99.3% [98.7 - 99.7] and 99.4% [98.5 - 99.9], respectively.
For the TS POC CC test strip, the sensitivity was 77.5% [37.8 - 99.2], 24.9% [95% Cl 6.4

- 52.7] and 44.2% [6.6 - 91.5], and the specificity 92.3% [86.5 - 98.8], 99.1% [97.8 - 100],
and 98.1% [96.1 - 99.7] across the respective cohorts. Although the TS POC test has a
low sensitivity, it demonstrates a high specificity, which may have clinical utility to guide
treatment and diagnostic decisions, or in epidemiological studies. An important strength of
this study lies in its assessment of the TS POC test under real-world conditions, revealing
divergent estimates across distinct cohorts. The study underscores the suboptimal per-
formance of existing tests under field conditions, emphasizing the need to enhance and
validate these tests for better performance in practical real-world settings.

Registration number: PACTR201712002788898.

Author summary

Taenia solium poses significant public health concerns globally and is a leading cause of
acquired epilepsy in T. solium endemic areas. The parasite causes two distinct infections
in humans: taeniosis, an intestinal infection, and cysticercosis, a tissue infection. The
disease is particularly prevalent in low-resource settings, contributing to substantial mor-
bidity and economic burdens. Recently, a test was specifically developed as an affordable
and rapid diagnostic tool, tailored for deployment in resource-constrained regions. The
TS POC test is composed of two test strips, one to detect taeniosis and one for cysticerco-
sis. This study provides a critical assessment of the diagnostic efficacy of the TS POC test
in Tanzanian district hospital settings. By evaluating the test’s performance across diverse
cohorts and real-world conditions, the research sheds light on the limitations of existing
diagnostic modalities and underscores the imperative for improved testing strategies.
The findings offer valuable insights for public health practitioners and policymakers
striving to enhance diagnostic capabilities and ultimately mitigate the burden of T solium
infections in endemic regions.

1 Introduction

Taenia solium is an important zoonotic parasite, affecting humans and pigs. In humans,
infections can have different presentations. The adult tapeworm resides in the intestines
of humans (taeniosis), while its larvae can lead to a systemic infection (cysticercosis, CC).
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Humans become infected with the tapeworm by consuming undercooked or raw pork that
contains viable cysticerci. When eggs of the tapeworm are ingested, larvae can encyst in
various tissues of the human body, including the central nervous system, causing neurocys-
ticercosis (NCC). The impact of T. solium on public health, economics, and social welfare is
significant, particularly in resource-limited settings. In Tanzania, the prevalence of T. solium
taeniosis and cysticercosis is high, with prevalence rates of up to 5% in stool and 45% having
antibodies based on serology, respectively [1,2], resulting in significant public health and
economic consequences [3].

Diagnosis of T. solium taeniosis and cysticercosis in humans is currently performed
through laboratory-based methods targeting antigens and antibodies, such as enzyme-linked
immunosorbent assay (ELISA) and immunoelectrotransfer blot (EITB) assay [4,5], and also
basic coprological methods for taeniosis [6]. If there is a suspicion of NCC, either on clinical
grounds and/or positive cysticercosis serology, neuroimaging such as computed tomography
is the diagnostic tool of choice. Also, several molecular methods are available for the diag-
nosis of taeniosis and the confirmation of cysticercosis lesions, which are mostly PCR-based
[4,7]. Most of these methods are time-consuming, expensive and/or not readily available in
rural areas, leading to a significant challenge in the management of these infections [8]. Rapid
diagnostic tests (RDTs) have revolutionized the field of diagnostics by providing fast and easy-
to-use tools for the detection of diseases in resource-limited settings. The implementation of
RDTs has the potential to significantly reduce the global burden of disease, as evidenced by
studies estimating the impact on acute lower respiratory infections [9], human immunodefi-
ciency virus [10], and tuberculosis [11]. However, the accuracy of RDTs is often questioned, as
field validation is often not performed [12].

For taeniosis, a rapid test that can be performed at the point of care (POC) would facili-
tate timely and targeted treatment, reducing disease transmission. Furthermore, an easy and
rapid test for the detection of cysticercosis may be useful in patient care, disease monitoring
programs and epidemiological studies. As such, an easy-to-use POC test (called TS POC test)
has been developed for T. solium by the Centers for Disease Control and Prevention (CDC)
and the Technical University of Munich (TUM). The test showed a promising sensitivity and
specificity to detect T. solium taeniosis and NCC during its preliminary evaluation under lab-
oratory conditions. To evaluate its real-world performance in resource-poor, highly endemic
areas in sub-Saharan Africa, studies were designed to evaluate the performance characteris-
tics of the TS POC test in two different settings: in rural communities in Zambia [13], and in
district hospitals in Tanzania [14]. The evaluation of the TS POC test for the detection of T.
solium taeniosis and cysticercosis at community level has been reported elsewhere [15,16].
Also the evaluation of the TS POC test for the neuroimaging-based diagnosis of NCC in both
settings were reported elsewhere [17,18], and are thus out of the scope of this paper. The focus
of this paper is the evaluation of the TS POC test for the detection of infection with the adult
tapeworm (taeniosis) and/or the larval stage (cysticercosis) of T. solium in individuals attend-
ing district hospitals (Tier 2 level) in Tanzania. The primary endpoints of this paper are the
sensitivity and specificity of the TS POC test for the detection of both infections, evaluated in
three different clinical cohorts.

2 Materials and methods
2.1 Ethics statement

The study adhered to the principles outlined in the Declaration of Helsinki and obtained
ethical approval from the National Ethics Health Research Committee (NatREC) of Tanza-
nia (NIMR/HQ/R.8a/Vol.IX/2597), the Institute of Tropical Medicine (IRB/AB/ac/112 Ref

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012310  March 28, 2025 3/19




PLOS NEGLECTED TROPICAL DISEASES TS POC for taeniosis and cysticercosis

1177/17) through the ethics committee of the University of Antwerp (EC UZA 17/31/352),
and the Technical University of Munich via their Ethics Committee at the Klinikum rechts der
Isar, Munich (299/18S). Written informed consent (assent for minors, with written consent of
parent/guardian) was obtained from all participants.

2.2 Trial registration

The trial was registered at the Pan African Clinical Trials Registry with identifier
PACTR201712002788898. A comprehensive description of the trial rationale, design and
methodology can be found in Trevisan et al. [14]. Only the methodological details relevant
for this manuscript are summarized in this paper, i.e., only focusing on T. solium taeniosis
and cysticercosis testing. The evaluation of the TS POC CC test strip for NCC diagnosis is
described elsewhere [17,18].

2.3 Study design

The study was designed as a prospective, two-phase, multicentre diagnostic accuracy study.
First, all participants were tested using the TS POC test (phase 1), after which all participants
testing positive and a subset of the participants testing negative were requested to provide a
blood and stool sample for further testing (phase 2). Since there is no gold standard as com-
parison method for either of the infections, the performance of the TS POC test was assessed
using a combination of tests. The details of these tests can be found in section 2.4, sample col-
lection and testing. The TS POC test is a two-strip lateral flow assay prototype. The primary
aim of this paper is to determine the sensitivity and specificity of the TS POC T test strip and
TS POC CC test strip for the detection of T. solium taeniosis and cysticercosis, respectively, in
individuals attending district hospitals in Tanzania. As sensitivity and specificity are known
to differ between study populations, the evaluation was done in three different cohorts: 1)
individuals with specific neurological signs and symptoms compatible with NCC (epilepsy
and/or severe progressive headache) (from now on referred to as « cohort 1 »); 2) individuals
with complaints compatible with intestinal worm infections such as abdominal pain and loss
of appetite (cohort 2); and 3) individuals with other signs/symptoms, such as coughing, limb
pain, hypertension, and diabetes patients (cohort 3).

2.4 Participants

Participants were enrolled between December 2017 and February 2020 in three district
hospitals in southern Tanzania: Mbeya (rural) District (Ifisi) and Rungwe District (Tukuyu),
both located in Mbeya Region, and Mbozi District (Vwawa), located in Songwe Region. To
be included, individuals aged 10 years or above had to be willing and able to provide written
informed consent, living in the study area for the past three months and planning to stay
in the same area throughout the study period. Pregnant women and individuals with acute
severe illness that needed in-patient care were excluded. Different additional inclusion criteria
were applied to define eligibility for the different cohorts, as described below.

Individuals with neurological signs/symptoms compatible with NCC (cohort 1) were
consecutively recruited from Outpatient Departments (OPD) and the Mental Health Clin-
ics (MHC). A questionnaire consisting of nine questions was used to assess if individuals
fulfilled the criteria for epileptic seizures and/or severe progressive headache (S1 Appendix;
more details can be found in Stelzle et al. [17,19]). For cohort 2, individuals who presented
at the OPD with complaints compatible with intestinal worm infection were included. They
needed to have at least one of the following signs/symptoms: abdominal pain/discomfort,
having seen worm parts in the stool, express having a worm in the stomach, nausea, diarrhoea
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and loss of appetite. All other people presenting at the OPD, without signs/symptoms com-
patible with cohort 1 or cohort 2, were potential candidates to be included in cohort 3.
Participants with epilepsy and/or severe progressive headache (cohort 1) or signs/symptoms
compatible with intestinal worm infections (cohort 2) were consecutively recruited. For
cohort 3, every 10" individual was approached for enrolment in the study.

Eligible participants were informed about the study and were invited to provide informed
consent. Written informed consent (assent for minors, with written consent of parent/guard-
ian) was obtained from all participants. Following consent, demographic and clinical data
were collected from participants, including self-reported age, and gender.

2.5 TS POC test

The TS POC is an antibody-detecting lateral flow assay, using two test strips, each with a
previously characterised recombinant protein, rES33 for the TS POC T test strip and rT24H
for the TS POC CC test strip [20,21]. During initial assessments conducted within labora-
tory settings using known positive and negative control sera, the TS POC test demonstrated
encouraging results. The TS POC T test strip exhibited a sensitivity of 82% and a specificity of
99% in detecting taeniosis. In the case of NCC, the TS POC CC test strip had a sensitivity of
88%, and 93% for infection with multiple cysticerci, with a corresponding specificity of 99%.
The TS POC cassette prototype was assembled at CDC, Atlanta.

Details about the TS POC test and testing procedures have been described elsewhere
[13,15,16,22]. In short, 20 uL blood was collected from a fingertip and placed in a sample
port of one of the test strips, and the same procedure was repeated for the other test strip.
After applying chase buffer, the TS POC test was read after 20 minutes. A TS POC test strip
was considered positive when the control line and test line were positive (visible as a red
line). The result was invalid when the control line was negative. The result was negative when
the control line was positive and test line negative. The results were read by two different
readers. When there was disagreement between the readers, the result of a third reader was
decisive.

2.6 Sample collection and testing

Participants testing positive for one or both TS POC test strips, and every 10™ participant test-
ing negative on both strips, were further sampled and tested. Since there is no gold standard
test available for taeniosis or cysticercosis, multiple imperfect tests were used. For taeniosis,
the following three tests were used: 1) copro Ag ELISA according to Allan et al. [23] and mod-
ified by Mwape et al. [24] to detect Taenia antigens in stool using a predefined cut-off value of
0.972; 2) copro mPCR according to Yamasaki et al. [7] to detect Taenia DNA in stool, which
was considered positive only when a 720bp T. solium band was visible; and 3) rES33-EITB

to detect antibodies in serum [25], which was positive when the rES33 band was visible. For
cysticercosis, two serum-based tests were used: 1) serum Ag ELISA to detect antigens with the
cut-off value determined by comparing the optical density to that of a set of negative serum
samples according to Dorny et al. [26], and 2) rT24H-EITB to detect antibodies [20], which
was considered positive when the rT24H band was visible. Although also the LLGP-EITB was
initially planned to be included in the study [14], this in-house test could not be used due to
doubts about the validity of the test results. The test did not satisfy internal quality control
standards during laboratory analyses [16], so it was decided to exclude the results to ensure
the reliability of the results presented in this study. Further details regarding the tests are
available in the study protocols [13,14]. No adverse events were recorded during the collection
of blood samples for the serological tests.
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Samples were shipped from Tanzania to Belgium for analysis. The PCR assays, copro Ag
ELISA and immunoblots were performed at the Institute of Tropical Medicine (Antwerp,
Belgium). Serum Ag ELISA was performed at Ghent University (Merelbeke, Belgium). Sam-
ples arriving at the laboratories were only labelled with a pseudonymized code, so laboratory
personnel performing the tests were blinded to the TS POC result and the participant’s cohort.

2.7 Statistical analysis

2.7.1 Bayesian analysis. The primary objective of this paper was to determine the
sensitivity and specificity of: 1) the TS POC T test strip for the detection of taeniosis, and 2)
the T'S POC CC test strip for the detection of cysticercosis. Due to the lack of a gold standard
test for infection with adult worm and larval stages of T. solium, diagnostic accuracy measures
were estimated using a Bayesian Latent Class Model (BLCM)-like approach according to
Berkvens et al. [27] using Open BUGS software version 3.2.3 (www.openbugs.net). The

analysis allowed the sensitivities and specificities to differ conditional on the other test results.
The R code used for the analyses is provided in S2 Appendix. The analyses were performed for
each of the three cohorts separately. Directed acyclic graphs are included in S3 Appendix to
visualise the relationship between the target conditions and the different diagnostic tests.

This study was reported following the Standards for Reporting of Diagnostic Accuracy
studies that use BLCMs (STARD-BLCM) [28].

Sensitivity and specificity of the TS POC test were considered co-primary endpoints. The
positive/negative predictive values, the prevalence, and the accuracy measures of the tests were
also estimated using the models and were considered exploratory endpoints.

2.7.1.1 Handling missing and inconclusive results: The test strips of the TS POC test
were read by two readers, and a third reader in case the first two readers disagreed. There
were no inconclusive TS POC results found. For cysticercosis, participants with one or more
missing blood results were excluded from the analysis, and for taeniosis, participants with a
missing result for a blood test and/or stool test were excluded, i.e., a complete case analysis
was performed. To avoid partial verification bias due to the two-phase sampling, the multino-
mial probabilities in the models were adapted according to the observed sampling frequencies.
The weighting was determined by the proportion of complete cases per test strip result.

2.7.1.2 Priors: For the probabilistic constraints in the Bayesian analyses, initially the
same priors were used as described previously, for the evaluation of the TS POC test accuracy
at community level Click or tap here to enter text [15,16]. However, the priors were revised
since diagnostic accuracy measures differ according to the target population, and the data did
not support the priors in certain models, as demonstrated by high Bayesian P values (see S3-
Appendix for all model outcomes). Therefore, new priors were defined based on the knowl-
edge that was obtained about the test performance during the field studies at community
level [15,16]. Given the well-documented bias of sensitivity and specificity estimates from
laboratory-based case-control studies, and the lack of field validation data, this approach was
deemed the most appropriate. The outputs of the least restrictive models of the community-
based studies were used as a basis to determine the new sets of priors and were updated after
a more thorough literature search whenever necessary. The priors that were used during the
first (initial priors) and second (new priors) round of analyses, including the rationale, are
given in S3 Appendix.

2.7.1.3 Models: Only the outputs of the final models are reported in the main article
for clarity, but the output of all models that were performed can be found in S3 Appendix for
completeness. The output of the new sets of priors was used as the final model for most analy-
ses. Only for the evaluation of cysticercosis tests in cohort 2, the results from the model using
the least restrictive original priors were used because this model fitted considerably better
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compared to the model using the new priors (Bayesian p value of 0.635 and 0.790, respec-
tively; see S3 Appendix).

Due to the low number of positive cases for taeniosis, all analyses for taeniosis were
repeated for the three cohorts combined. When combining the three cohorts, one overall
prevalence (for the mixture of the three cohorts) was estimated, and the conditional sensi-
tivities and specificities were assumed to be equal. The overall models (combining the three
cohorts) are included in S3 Appendix, but they are not reported in the main manuscript due
to the high Bayesian p values, indicating a bad fit.

For the evaluation of the TS POC T strip, the TS POC CC test strip result was included
in all models to account for the relatively large number of TS POC CC positive participants
within TS POC T negative complete cases. Since rES33-EITB detects exposure (antibodies)
whereas copro mPCR and copro Ag ELISA detect infection (parasitic DNA and proteins,
respectively) and the TS POC T test was developed to identify active infections by detecting
higher levels of antibodies, the analyses were also repeated without rES33-EITB to estimate
the accuracy for detecting active infection. The estimates from models with and without
rES33-EITB were very similar (see S3 Appendix), so only the models including rES33-EITB
are reported as final model for taeniosis.

2.7.2 Agreement between tests

Cohen’s kappa statistics, and positive/negative agreements were calculated to explore the
agreement between different tests [29]. The observed frequencies of the complete cases were
inversely weighted according to their sampling frequencies to calculate the measures of
agreement.

2.7.3 Sample size and descriptive statistics

The sample sizes were calculated to obtain a desired precision of 10% around the sensitivity
and specificity of the T'S POC test, resulting in 600 individuals in cohort 1, and 2000 individ-
uals, distributed over cohort 2 and 3 [14]. Demographic characteristics of participants were
reported descriptively, using R version 4.2.3 [30].

3 Results
3.1 Study population

In total, 3055 participants were recruited in three district hospitals in Tanzania. Participants were
recruited for neurological signs/symptoms compatible with NCC (cohort 1, n = 742); complaints
compatible with intestinal worm infection (cohort 2; n = 1661); and other symptoms (cohort 3;
n = 663). The flows for each of the three cohorts are visualised in Figs 1-3, respectively. The TS
POC test was performed in 601 participants of cohort 1, 1661 participants of cohort 2, and 662
participants of cohort 3. The baseline characteristics of these participants in each of the three
cohorts are given in Table 1. The median age varied between 33 and 40 years and the proportion
of women varied between 52% and 69%. The characteristics of patients who were selected for
sampling, and of the participants in the final analysis set, are provided in S1 Appendix.

In cohort 1, 422 participants were recruited from the mental health clinic, and 170 from the
outpatient department (S1 Appendix). Based on the initial screening questionnaire admin-
istered by local nurses, participants were recruited for both severe progressive headache and
epilepsy (n = 307), only epilepsy (n = 169) or only severe progressive headache (n = 125). An
overview of symptoms based on the screening questionnaires is given in S1 Appendix. More
details regarding the characteristics and neurological signs/symptoms of participants in cohort
1 can be found in Stelzle et al. [19].
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Table 1. Baseline characteristics of participants tested using the TS POC test, in each of the three cohorts,
recruited in three district hospitals in Tanzania.

Cohort 1 Cohort 2 Cohort 3
(n=601) (n=1661) (n=662)
Age (in years)
Mean 36 38 43
Median [interquartile range] 33 [23] 33 [32] 40 [28]
Gender
Female (%) 313 (52%) 1146 (69%) 445 (67%)
Male (%) 288 (48%) 515 (31%) 217 (33%)

Cohort 1: people with specific neurological signs/symptoms (epilepsy and/or severe progressive headache); cohort 2:
people with complaints compatible with intestinal worm infections; cohort 3: people with any other symptom(s).

https://doi.org/10.1371/journal.pntd.0012310.t001

‘ Potentially eligible patients (n = 742) ‘

Excluded (n=141)
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L
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Fig 1. Flow diagram of participants with specific neurological signs/symptoms compatible with NCC (cohort 1).
TS POC: T. solium point-of-care test; rT24H-EITB: recombinant T24H enzyme-linked immunoelectrotransfer blot,
serum Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in serum; rES33-EITB: recombi-
nant ES33 enzyme-linked immunoelectrotransfer blot, copro mPCR: multiplex polymerase chain reaction in stool,
copro Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in stool. The numbers after each of
the taeniosis and cysticercosis test results refer to the number of positive samples.

https://doi.org/10.1371/journal.pntd.0012310.9001
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Fig 2. Flow diagram of participants with complaints compatible with intestinal worm infections (cohort 2). TS
POC: T. solium point-of-care test; r'T24H-EITB: recombinant T24H enzyme-linked immunoelectrotransfer blot,
serum Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in serum; rES33-EITB: recombi-
nant ES33 enzyme-linked immunoelectrotransfer blot, copro mPCR: multiplex polymerase chain reaction in stool,
copro Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in stool. The numbers after each of
the taeniosis and cysticercosis test results refer to the number of positive samples.

https://doi.org/10.1371/journal.pntd.0012310.9002

In cohort 2, participants were included with gastro-intestinal symptoms. Out of the par-
ticipants with complete data for the screening questionnaire (n = 1537), most indicated to
have three (n = 595) or two (n = 568) symptoms, and fewer had one (n = 252), four (n = 117)
or five (n = 5) symptoms. Most participants reported abdominal pain/discomfort (n = 1438),
followed by loss of appetite (n = 827), nausea (n = 796), diarrhoea (n = 403), express having a
worm in the stomach (n = 110) and having seen worm parts in their stool (n = 92).

3.2 TS POC test results

Within the three cohorts, most participants tested negative using both TS POC test strips (n
=496, 83%; n=1613, 97%; n=641, 97% in cohort 1, 2 and 3, respectively). All participants who
were positive for at least one test strip and a subset of participants negative using both test
strips were selected to give a blood and stool sample for further testing. Overall, 287 complete
cases, i.e., results available for all tests, were obtained for the evaluation of taeniosis, and 303
complete cases were obtained for cysticercosis. Details regarding the TS POC result combina-
tions within each of the cohorts can be found in the respective flow diagrams (Figs 1-3).

3.3 Taeniosis tests

Most participants provided a stool sample immediately after recruitment, with a median dura-
tion of two days between the TS POC test and processing of the stool sample in the hospital
lab (based on 220 participants for whom both dates were known). Nevertheless, 27 partici-
pants provided a stool sample more than one month after recruitment.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012310  March 28, 2025 9/19



https://doi.org/10.1371/journal.pntd.0012310.g002

PLOS NEGLECTED TROPICAL DISEASES TS POC for taeniosis and cysticercosis

‘ Potentially eligible patients (n = 663) ‘
N

| Eligible participants with written consent/assent (n = 663) ‘

Excluded (n=1)
- Symptoms not clear (n = 1)

| TS POC test performed (n= 662) ‘
2
| Valid TS POC result (n = 662) ‘

|
! l ]

T-CC- T-CC+ T+CC- || T+CC+
(n=641) (n=18) (n=2) (n=1)

No reference test results

- Not selected (n = 594)

- No serum sample (n=10)
- No stool sample (n=11)

No reference test results
- No serum sample (n=3)
- No stool sample (n=1)

________________________________________________________ -
'% Complete cases 37 15 2 1 '
5 | LLGP-EITB + 0 1 0 0 !
«3 rT24H-EITB + 0 3 0 1 !
& | Serum Ag ELISA + 3 6 0 0 !
o | Complete cases 35 15 2 1 i
é rES33-EITB + 0 1 0 o
g | Copro mPCR + 0 0 0 0 1
= | Copro AgELISA+ 1 2 0 0 i

Fig 3. Flow diagram of participants attending district hospitals with symptoms other than neurological and
gastro-intestinal (cohort 3). TS POC: T. solium point-of-care test; rT24H-EITB: recombinant T24H enzyme-linked
immunoelectrotransfer blot, serum Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in
serum; rES33-EITB: recombinant ES33 enzyme-linked immunoelectrotransfer blot, copro mPCR: multiplex poly-
merase chain reaction in stool, copro Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in
stool. The numbers after each of the taeniosis and cysticercosis test results refer to the number of positive samples.

https://doi.org/10.1371/journal.pntd.0012310.9003

3.3.1 Test results. Table 2 shows the results of the 287 complete cases for the
evaluation of T. solium taeniosis, per cohort. Within TS POC T negative participants, the
majority (231/267, 87%) tested negative using all other taeniosis tests. Also, within TS POC
T positive complete cases, most participants (12/20, 60%) tested negative using all other
tests.

3.3.2 Diagnostic performance measures. Based on the output of the final model for
taeniosis, the TS POC T test strip had an estimated sensitivity of 50.2% [95% CI 4.9 - 96.4] in
cohort 1, 40.8% [2.2 - 95.2] in cohort 2, and 40.4% [2.3 - 95] in cohort 3. The specificity was
98.6% [97.1 - 99.6], 99.3% [98.7 - 99.7] and 99.4% [98.5 - 99.9], respectively. The sensitivity
and specificity of the TS POC T test strip, rES33-EITB, copro Ag ELISA and copro mPCR
are visualised in Fig 4. The estimated sensitivities of all tests were low, ranging from 40.8%
to 56.5%, and all had wide credible intervals. The prevalence of T. solium taeniosis in the
cohorts was estimated at 1.1% [0.1 - 3.5] (cohort 1), 0.3% [0 - 1.4] (cohort 2), and 0.5% [0 -
2.4] (cohort 3). The positive predictive values of the TS POC T test strip were 25% [0.9 - 71.6],
10% [0.2 - 41.2], and 20.1% [0.4 - 73.1], and the negative predictive values were 99.4% [97.2
- 100], 99.8% [98.8 - 100], 99.6% [97.9 - 100], and 99.8% [98.9 - 100] for the three cohorts,

respectively (S3 Appendix).
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Table 2. Cross tabulation of the tests used to detect taeniosis within the three cohorts (complete cases only, n = 287).

TSPOCT test | rES33-EITB | Copro Copro Ag Cohort 1 Cohort 2 Cohort 3 Total
strip mPCR ELISA TS POCCC- | TSPOCCC+ | TSPOCCC- | TS POC CC+ | TS POC CC- | TS POC CC+
negative negative negative negative 27 63 73 22 34 12 231
negative negative negative positive 0 4 3 0 1 2 10
negative negative positive positive 0 1 1 0 0 0 2
negative positive negative negative 0 16 3 4 0 1 24
positive negative negative negative 2 1 5 1 2 1 12
positive negative negative positive 0 1 0 0 0 0 1
positive positive negative negative 1 3 0 2 0 0 6
positive positive positive positive 0 1 0 0 0 0 1

TS POC T: T. solium point-of-care test strip for taeniosis; rES33-EITB: recombinant ES33 enzyme-linked immunoelectrotransfer blot, copro mPCR: multiplex poly-
merase chain reaction in stool, copro Ag ELISA: enzyme-linked immunosorbent assay detecting Taenia antigens in stool. The numbers within each cohort represent the
number of participants for each TS POC T and TS POC CC test strip result combination. A two-phase design was used, selecting only a subset of the TS POC negative
population for further testing, so particularly participants that were negative using both TS POC test strips are underrepresented. Combinations of test results that did
not occur in the dataset are not included in the table.

https://doi.org/10.1371/journal.pntd.0012310.t002
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Fig 4. Sensitivity and specificity of the TS POC T test strip, rES33-EITB, copro Ag ELISA and copro mPCR to
detect taeniosis in three cohorts of participants recruited at district hospitals in Tanzania. Results of the same
cohort are indicated with the same colour. The error bars indicate the 95% credible intervals around the mean

estimates. Cohort 1: participants with specific neurological signs and symptoms compatible with NCC (epilepsy and/
or severe progressive headache); cohort 2: participants with complaints compatible with intestinal worm infections;
cohort 3: participants with other symptom(s). TS POC T: T. solium point-of-care test strip for taeniosis; rES33-EITB:
recombinant ES33 enzyme-linked immunoelectrotransfer blot, copro Ag ELISA: enzyme-linked immunosorbent
assay detecting Taenia antigens in stool, copro mPCR: multiplex polymerase chain reaction in stool.

https://doi.org/10.1371/journal.pntd.0012310.g004

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012310  March 28, 2025

1/19



https://doi.org/10.1371/journal.pntd.0012310.t002
https://doi.org/10.1371/journal.pntd.0012310.g004

PLOS NEGLECTED TROPICAL DISEASES TS POC for taeniosis and cysticercosis

3.3.3 Agreement between taeniosis tests

The point estimates for agreement and positive agreement were low among all tests for taeniosis
(Table 3). Due to the low number of test positive samples, the estimates for agreement should

be interpreted with caution. There was no agreement between the TS POC T test and any of the
other tests within cohort 2 and cohort 3. Also, the agreement between rES33-EITB and the stool-
based tests was low, with positive agreements from 0 to 8%. Only within cohort 1, the agreement
between the TS POC T test strip and rES33-EITB was fair, with 31% positive agreement. All
three copro mPCR positive cases within this cohort were also positive using copro Ag ELISA.

3.4 Cysticercosis

3.4.1 Testresults. The results of cysticercosis tests for the complete cases within each of the three
cohorts is shown in Table 4. Within TS POC CC negative complete cases, only few were positive
using either serum Ag ELISA or rT24H-EITB, and none of the POC CC negative participants tested
positive using both other tests simultaneously. Within TS POC CC positive complete cases, most
participants tested positive using both tests or negative using both tests (Table 4).

Table 3. Agreement between the different tests for taenioisis and cysticercosis, for the three different cohorts of participants.

Cohort 1 Cohort 2 Cohort 3

Taeniosis tests

TSPOCT - rES33-EITB 0.290.31]0.98 0.040.05]0.98 0.00 ] 0.00 | 1.00
TSPOCT - copro mPCR 0.17]0.18]0.99 -0.01 | 0.00 | 0.99 0.00 | 0.00 | 1.00
TSPOCT - copro Ag ELISA 0.230.24]0.99 -0.01[0.00]0.97 -0.01]0.00|0.98
tES33-EITB - copro mPCR 0.07 | 0.08 | 0.98 -0.02 | 0.00 | 0.97 0.00 | 0.00 | 1.00
rES33-EITB - copro Ag ELISA 0.05 | 0.06 | 0.98 -0.04 ] 0.00 ] 0.95 0.00]0.00]0.98
Copro mPCR - copro Ag ELISA 0.43 | 0.43 | 1.00 0.390.40 | 0.98 0.00]0.00|0.98
Cysticercosis tests

TS POC CC - rT24H-EITB 0.66 | 0.70 | 0.95 0.33]0.35]0.98 0.3810.39]0.99
TS POC CC - serum Ag ELISA 0.570.63 | 0.94 0.270.30]0.97 0.15]0.180.95
rT24H-EITB - serum Ag ELISA 0.74|0.76 | 0.97 0.180.22]0.96 0.100.11]0.96

The numbers indicate Cohen’s kappa, positive and negative agreement, respectively. Point estimates were calculated based on complete cases, which were inversely
weighted according to their observed sampling frequencies (according to the TS POC C and TS POC T result combination) to account for the study design.

https://doi.org/10.1371/journal.pntd.0012310.t003

Table 4. Cross tabulation of the tests used to detect cysticercosis within the three cohorts of participants (complete cases only; n = 303).

TS POC CC test strip rT24H-EITB Serum Ag ELISA Cohort 1 Cohort 2 Cohort 3 Total
POCT- POC T+ POCT- POC T+ POCT- POC T+
negative negative negative 29 3 80 5 34 2 153
negative negative positive 1 0 4 0 3 0 8
negative positive negative 0 0 3 0 0 0 3
positive negative negative 36 1 13 1 9 0 60
positive negative positive 6 0 1 0 3 0 10
positive positive negative 6 0 1 0 0 1 8
positive positive positive 39 5 12 2 3 0 61

TS POC CC: T. solium point-of-care test strip for cysticercosis; rT24H-EITB: recombinant T24H enzyme-linked immunoelectrotransfer blot, serum Ag ELISA: enzyme-
linked immunosorbent assay detecting Taenia antigens in serum. The numbers within each cohort represent the number of participants for each result combination. A
two-phase design was used, selecting only a subset of the TS POC negative population for further testing, so participants that were negative on both TS POC test strips
are underrepresented.

https://doi.org/10.1371/journal.pntd.0012310.t004
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3.4.2 Diagnostic performance of cysticercosis tests. The complete cases in Table 4
were used to estimate the performance characteristics of the TS POC CC test strip using a
Bayesian model, for each of the three cohorts separately. The sensitivity and specificity of the
final models are visualised in Fig 5. The sensitivity of the TS POC CC test strip was 77.5%
[37.8 - 99.2] in cohort 1, 24.9% [6.4 - 52.7] in cohort 2, and 44.2% [2.3 - 95] in cohort 3. The
specificity was 92.3% [86.5 - 98.8], 99.1% [97.8 - 100], and 98.1% [96.1 - 99.7], respectively.
The point estimates of the sensitivity of all tests were higher in cohort 1 than in the other
two cohorts. The prevalence of cysticercosis was estimated at 15.3% [8.1 - 29.4] (cohort 1),
9.4% [5.1 - 23.9] (cohort 2), and 5.1% [0.8 - 17.1] (cohort 3). Positive predictive values of the
TS POC CC test strip were 63.3% [44.1 - 94.5], 71.6% [35.4 - 98.8], and 46.6% [13.5 - 91.2],
and negative predictive values 95.1 [79.4 - 99.9], 92.4% [77.4 - 97.3], and 96.4% [84.2 - 99.9],

respectively (S3 Appendix).
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Fig 5. Sensitivity and specificity of the TS POC CC test strip, rT24H-EITB and serum Ag ELISA to detect cystic-
ercosis in three cohorts recruited in three district hospitals in Tanzania. Results of the same cohort are indicated
with the same color. The error bars indicate the 95% credible intervals around the mean estimates. Cohort 1: partici-
pants with specific neurological signs/symptoms compatible with NCC (epilepsy and/or severe progressive headache);
cohort 2: participants with complaints compatible with intestinal worm infections; cohort 3: participants with other
symptom(s). TS POC CC: T. solium point-of-care test for cysticercosis; rT24H-EITB: recombinant enzyme-linked
immunoelectrotransfer blot; serum Ag ELISA: serum antigen enzyme-linked immunosorbent assay.

https://doi.org/10.1371/journal.pntd.0012310.9005
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3.4.3 Agreement between cysticercosis tests. Cohen’s kappa, positive and negative
agreements between each of the different tests are shown in Table 3, for each of the three
cohorts. The agreement between the TS POC CC result and the rT24H-EITB was substantial
within cohort 1 (kx = 66%), but only fair within the other cohorts (k = 33-38%). Within each
cohort, the agreement of TS POC CC with serum Ag ELISA was lower than the agreement
with rT24H-EITB (Table 3). In cohort 1, there was a substantial agreement between the
rT24H-EITB and serum Ag ELISA (x = 74%), whereas the agreement between both tests in
the other cohorts was low (k < 20%). The negative agreements were all above 94%, but the
positive agreements were lower, varying between 11% and 76%.

4 Discussion

The primary objective of this study was to assess the sensitivity and specificity of the TS POC
test under field conditions in people attending district hospitals in Tanzania for the detection
of taeniosis and cysticercosis. The study lateral-flow test demonstrated a moderate sensitivity
for cysticercosis detection in individuals suspect of (neuro)cysticercosis. In contrast, the sen-
sitivity was largely unsatisfactory for the detection of taeniosis even in clinical suspects. The
relatively high specificity of the test may be useful in clinical care.

We used several strategies to minimize bias in this diagnostic accuracy study [13,14]. Despite
these efforts, certain factors may have affected the sensitivity and specificity estimates. One
potential source of bias for the taeniosis evaluation is the time interval between the initial
test and the stool sample collection, which could result in disease progression bias. Although
most participants submitted a stool sample within two days of the T'S POC test, some waited
considerably longer to return a stool sample, raising the possibility of infection acquisition
or changes in egg excretion during the interval. In contrast, blood samples were collected
promptly by a nurse, thus limiting the risk of disease progression bias. Logistical issues, such
as sample shipment and COVID-19-related delays, may have further affected test outcomes.
Prolonged storage could have led to false negatives and variations in the stability of antibodies,
antigens, and DNA, could have contributed to the observed low agreement between tests. Our
two-stage design, sampling all POC test positives and a subset of negatives, aimed to reduce the
number of tests. Although weighted adjustments were applied to address partial verification
bias, the subset of verified negatives (every 10" patient), may not be fully representative because
of the systematic sampling and missing stool or blood samples. Recently, a point-of-care test
for the detection of antigens in urine has undergone laboratory validation, showing promise
for future field validation [31]. Urine is less invasive than blood sampling and more practical
to collect than stool samples, offering potential advantages. The TS POC CC test result was
included in the model for taeniosis to account for the two-stage design, but may have influ-
enced results, and complicates the interpretation of the latent class. Due to the lower sensitivity
of the TS POC test than the preliminary laboratory tests, we only identified few infections,
particularly for taeniosis, which resulted in wide credible intervals for sensitivity. The results
should be interpreted with caution as the smaller-than-anticipated analysis population in this
study may have affected the reliability and precision of the estimates obtained. Moreover,
transforming continuous variables, such as antibody levels or DNA concentrations, into binary
outcomes (presence or absence of infection) inevitably leads to a loss of valuable information.
This simplification can result in misclassification, particularly near cut-off thresholds. Despite
these limitations, this study showed valuable insights in diagnostic tests for T. solium infections
in hospital settings. Its main strength was evaluating the test in target populations, yielding
more realistic estimates than diagnostic case-control studies conducted in laboratory settings.

Rapid diagnostic tests can be particularly useful for identifying T. solium taeniosis, as they
shorten diagnostic turnaround times and enable quicker treatment, preventing the spread
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of infectious eggs. A high sensitivity is essential to avoid missing infected individuals. In our
study, the TS POC T test strip had a sensitivity of 40% to 50%, with wide credible intervals,
falling short of the 95% sensitivity threshold recommended in Target Product Profiles (TPPs)
for monitoring of control interventions, as well as for diagnosis and treatment [8]. Addi-
tionally, rES33-EITB, copro Ag ELISA and copro mPCR also showed sensitivities below the
95% TPP threshold, highlighting the need for improved diagnostic methods validated under
field conditions. The low disease prevalence complicates sensitivity assessment, as seen in
our cohorts where true prevalence was very low and similar to 0.6% [32] and 1.8% [15] in
rural communities of Eastern Province of Zambia. Achieving a sensitivity above the 95%
TPP threshold for taeniosis tests under field conditions with current tests and low prevalence
would thus require very large studies to achieve accurate field validation.

The sensitivity of the T'S POC CC test strip for detecting infection with cysticerci varied
across the different cohorts. These differences were expected due to varying disease spectra
among populations. Sensitivity was low among participants with gastrointestinal symptoms
(25% [6 - 53%]) and other symptoms (44% [2 - 95%]), similar to rates observed in asymp-
tomatic rural communities in Zambia (35% [14-63%]) [16]. The sensitivity was higher among
participants with neurological signs/symptoms (77% [38-99%]), likely due to higher parasitic
loads, resulting in elevated antibody/antigen levels [33], which are more easily detected by a
diagnostic test. As such, both r'T24H-EITB and serum Ag ELISA also demonstrated higher
sensitivities in individuals with neurological signs/symptoms compared to the other cohorts
and asymptomatic community members [16]. Consequently, also the agreement between
the different cysticercosis tests was higher in individuals with neurological signs/symptoms
than in the other cohorts and asymptomatic community members [16]. The almost perfect
agreement that has been reported for different NCC tests [34-36] should thus be interpreted
cautiously, as it may not be representative for the target population. Differences in test agree-
ment among subgroups stratified by location and stage of the lesions [37] further suggests
variability according to disease spectrum. Similarly, the TS POC CC test strip and serological
tests showed a sensitivity of 44 to 50% for NCC diagnosis in hospital settings, but above 98%
among patients with active lesions [17]. This study shows that agreement between serolog-
ical tests is only minimal to moderate under field conditions, particularly in individuals not
clinically suspect of NCC. In our study, a substantial number of patients were excluded from
cohort 1 due to incorrect application of the criteria for severe progressive headache during
recruitment. Consequently, the diagnostic estimates may not accurately reflect patients with a
presentation of severe progressive headache that differ from the criteria used during screen-
ing, potentially limiting the generalizability of our findings to broader patient populations.

There is no gold standard test for diagnosing cysticercosis, and existing tests have been
evaluated almost exclusively for neuroimaging-based detection of NCC [33-38], often in
(severely diseased) symptomatic patients in diagnostic case-control studies. This leads to
an overestimation of the diagnostic performance in laboratory settings [39], making these
estimates not representative for the target population. The lack of data on test performance
for cysticercosis detection made selecting prior information challenging. Priors were updated
based on community-level evaluation data [16], and were chosen to be minimally restrictive,
contributing to wide credible intervals. More knowledge on serological test performance
under field conditions is urgently needed, not just for NCC.

Compared to the sensitivities, the specificities of all tests were more precisely estimated and
generally high, exceeding 90% in all cohorts. When used in a magnetic immunochromato-
graphic test, the rES33 antigen had a specificity of 96% using serum from regions without
taeniosis/cysticercosis transmission, with some reactivity in patients infected with Echino-
coccus granulosus, Ascaris lumbricoides, Plasmodium falciparum, Trichinella and Schistosoma
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mansoni [40]. As we evaluated the tests in an endemic region and under field conditions, the
specificity estimates that were obtained in our study are likely more realistic than the ones
obtained using diagnostic case-control studies. Despite the potential presence of comorbid
infections in our study populations, the specificity of the TS POC test seems rather high, and
may be useful for epidemiological studies and monitoring of interventions. Nevertheless,
when the disease prevalence decreases, a very high specificity is required [41], so the specific-
ity of the tests would have to be evaluated in post-intervention populations to determine if it is
fit for purpose.

5 Conclusions

The TS POC test demonstrated a moderate sensitivity for infections with cysticerci in individu-
als with neurological signs/symptoms, but a high specificity, which could be useful for the care
of this population. In contrast, the sensitivity was largely unsatisfactory for the detection of T.
solium taeniosis, even in clinical suspected cases, an infection for which straightforward treat-
ment is available. This study also highlights the lack of knowledge on the performance of the
currently used diagnostic tests for T solium taeniosis and cysticercosis under field conditions.
Most tests have only been evaluated in laboratory settings using diagnostic case-control studies,
resulting in an overestimation of the diagnostic performance of the tests. The variability in test
performance across different cohorts underscores the importance of estimating the diagnostic
accuracy of a test in the intended target population, and that the sensitivity cannot be extrapo-
lated to populations with a different disease spectrum. Since also the other tests in the current
study performed poorly under field conditions, this study showed the overall need to develop
more sensitive and specific diagnostic tests to detect human T. solium taeniosis and cysticercosis.
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the initial phase of this study. This work is dedicated to the memory of our esteemed colleague
and friend, Dr. Benedict Ndawi.
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