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Abstract

Background

Taenia solium neurocysticercosis is a zoonotic neglected tropical disease, for which ade-

quate diagnostic management is paramount, especially in patients with active cysts for

whom improved and timely management could prove beneficial. Immunodiagnosis can

potentially partially mitigate the necessity for neuroimaging, shortening the diagnostic -and

treatment- pathway. An up-to-date review of immunological test performance is however

lacking.

Methodology/Principal findings

Searches were performed in PubMed, EMBASE, Web of Science, and Scopus (up to Janu-

ary 2024), with included records fitting the review scope, i.e. accuracy evaluation of an anti-

body-/or antigen-detecting immunological test, using serum or urine of humans confirmed

via reference standard (i.e. neuroimaging or surgery/biopsy). Record data was assessed,

with classification of descriptive data on cyst localization and stage according to a developed

confidence scale, and with selection of tests evaluated on a sufficiently high sample size. A

QUADAS-2 risk of bias assessment was performed. After screening, 169 records were

included for data collection, with 53 records—corresponding to 123 tests- selected for analy-

sis. Absence of data and large data heterogeneity complicated result interpretation. The len-

til lectin-bound glycoprotein enzyme-linked immunoelectrotranfser blot seems to fulfill high

accuracy standards regarding detection of parenchymal active multiple cysts; also antigen-

detecting tests on serum and urine performed well, additionally in detection of
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extraparenchymal neurocysticercosis. A novel multi-antigen print immunoassay is highly

promising, with sensitivity for detection of extraparenchymal and parenchymal active single

and multiple cysts of 100.0%, and specificity of 98.5%. Point-of-care tests showed promising

results, however require further evaluation in targeted resource-poor settings.

Conclusions/Significance

The review highlights the importance of transparent and unambiguous data reporting. With

promising immunological tests in development, the challenge before usage in targeted set-

tings will be to perform large-scale evaluations whilst holding into account both optimized

test performance and ease of use. Accessibility to validated tests and feasibility of imple-

mentation should also be considered.

Author summary

Neurocysticercosis is an important, but neglected disease in many low- and middle-

income countries. In resource-poor areas, management of the disease is impeded by lack

of availability of, and access to, adequate diagnostic techniques. Immunological tests, per-

formed on serum or urine of affected humans, could be tools of interest in improving the

diagnostic pathway. This systematic review provides an overview of immunological tests

that have been evaluated so far, and especially focusses on test performance in detection of

cysts with specific localization, stage and number. Results on test accuracy proved difficult

to retrieve from published records. The comparison of obtained test results was exceed-

ingly challenging due to large heterogeneity. With usable data meticulously selected, sev-

eral known test formats, such as the LLGP-EITB and the antigen ELISA, showed expected

performance results, and some novel test formats, such as the multi-antigen print immu-

noassay, were highly promising. Also, urine-based tests could provide a non-invasive

alternative to serum-based tests. Evaluation of immunological tests in non-clinical settings

requires a sufficient sample size for further analysis of data. To improve management of

the disease in targeted resource-poor settings, immunological test formats will have to

comply with high performance and ease-of-use standards, to optimize chances of future

implementation.

Introduction

Taenia solium, or the pork tapeworm, is a zoonotic foodborne parasite. The neglected tropical

disease taeniasis/cysticercosis caused by this parasite, is endemic in various areas including

areas in Africa, Latin America, and South- and South-East Asia. Its presence is however not

restricted to these regions, as imported cases are sporadically seen in high-income non-

endemic countries [1–3]. The main public health concern and leading cause of acquired epi-

lepsy worldwide, lies in the infection of humans with the metacestode larval stage, which devel-

ops as a cyst in the central nervous system—referred to as neurocysticercosis (NCC) [4]. Cysts

can be localized in the brain parenchyma, or, less frequently, have an extraparenchymal locali-

zation, mainly in the subarachnoid or ventricular space. Different cyst stages are discernible,

indicating the cyst’s progression from viable (i.e. active), over degenerating, to a calcified stage
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(i.e. inactive) [5]. Clinical manifestations of NCC range from severe progressive headache and

epileptic seizures, to hydrocephalus, vasculitis and arachnoiditis [6,7].

Paramount in NCC management is the timely and adequate diagnosis of the disease, most

importantly diagnosis of cysts in the active stage, ensuring an equally early initiation of treat-

ment. Various factors complicate the diagnosis of NCC. Symptoms often only arise months to

years after infection, and clinical manifestations are highly unspecific and depend on many

factors such as cyst localization, number, size and stage; therefore emphasizing the necessity of

neuroimaging confirmation [7,8]. Furthermore, endemic regions for NCC harbour many

other infectious diseases with similar symptoms and/or antigenic components to T. solium cys-

ticercosis, thus increasing the chance of test cross-reactions [9]. To aid in diagnosis of the dis-

ease, two sets of criteria have been developed, i.e. the criteria by Del Brutto et al. [10,11] and

the criteria by Carpio et al. [12]. In both, neuroimaging modalities (computed tomography

(CT) and magnetic resonance imaging (MRI)) and serological tests for neuroimaging selection

and confirmation (antibody-detecting enzyme-linked immunoelectrotranfser blot (EITB), or

antigen-detecting enzyme-linked immunosorbent assay (ELISA)), are deemed indispensable

to achieve accurate diagnosis. However, in endemic and resource-poor settings, neuroimaging

modalities are often dysfunctional, inaccessible or unavailable. Also, the use of these modalities

is costly, and requires highly-trained staff capable of interpreting images of varying quality

depending on the obtainable image resolution [13]. Similar reservations can be made for

immunological tests, although to a far lesser extent. Currently, hindrances such as availability,

adaptability and low or unknown accuracy still impede the uptake and use of these tests. In

easy-to-use and cost-saving test formats, immunological tests detecting specific antibodies or

antigens, could form the key to reduce the need of neuroimaging, hereby improving NCC

diagnostic -and treatment- management. To date, numerous immunological tests for detection

of NCC have been reported, however, first a clear picture is needed of the currently available

test formats and their performance. Regarding serological tests for antibody detection, such as

Western blot and antibody ELISA, the LLGP (lentil lectin-bound glycoprotein)-EITB is

known as the assay of preference in clinical settings due to its high test accuracy [14]. However,

it requires experienced lab personnel, intricate equipment and a large amount of parasite

material to produce test strips. Many commercial tests are based on the ELISA format using

crude or semi-purified antigens, but these do not score well on diagnostic performance [15].

Immunodiagnosis has evolved in recent years, with a shift from use of crude or semi-purified

antigens, to the use of recombinant and synthetic antigens for detection of antibodies against

NCC. Serological antigen-detecting tests, such as the antigen ELISA, have demonstrated to be

excellent tools for detection of active NCC infections [16]. Interestingly, the use of urine as a

parasite antigen source has also been explored in the development of immunological tests, pro-

viding an alternative to tests that depend on more invasive blood collection [17,18]. Tests

using cerebrospinal fluid samples were not included in this review, as they require an even

more invasive approach and are therefore not applicable in field conditions. Also point-of-care

(POC) tests provide significant advantages in terms of usability and cost-effectiveness, but still

lack adequate accuracy results when used in hospital-/community-based settings [19,20].

In 2017, the WHO published several updated Target Product Profiles (TPPs) for diagnosis

of T. solium, providing key characteristics of diagnostic tools for the development of products

applicable in specific settings [21]. The call for applicable, easy-to-use, and cost-effective diag-

nostic tools is evident, with a special need for tools that are adaptable to resource-poor settings.

A previously published systematic review on immunodiagnosis of NCC, by Cardona-Arias

et al. 2017 [22], provides an overview of existing tests, however, since then, new developments

and evaluations have occurred. Our systematic review carefully extends the overview of char-

acteristics and performance of existing immunological tests and -in extent- of antibodies or
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antigens utilized in these tests (hereon forward referred to as the diagnostic reagent), focusing

on biological serum and urine samples. Additionally, test performance was evaluated accord-

ing to the localization, stage and number of cysts.

Methods

Review questions and search syntax

A systematic review was conducted of published literature, and reported according to the Pre-

ferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines [23]. A

PRISMA checklist can be found in the Supplementary Materials (S1 Checklist). The following

review questions were posed: How do different immunological tests, and utilized diagnostic

reagents, on biological serum/urine samples for diagnosis of neurocysticercosis perform

regarding accuracy? What is the performed accuracy of immunological tests for diagnosis of

neurocysticercosis with different cyst localization, stage, and number? In order to identify rele-

vant records, a search syntax of Boolean operators (AND, OR, NOT, *) and key words involv-

ing “(human) (neuro)cysticercosis”, “immunological tests”, “serological tests”, “diagnostic

marker”, “accuracy”, and “serum”/” urine” was composed. The search syntax was applied in

four different search engines (i.e. PubMed, EMBASE, Web of Science and Scopus) without

restrictions of language or publication date (S1 Search Strategy). Obtained records from data-

bases were merged in reference management software EndNote 20 [24].

Record selection

Three screening phases were performed to acquire relevant records for this systematic review.

The first screening phase was performed in EndNote, for removal of duplicate records. The

second screening phase was performed using the web tool Rayyan [25], for selection of eligible

records according to pre-defined eligibility criteria, by title and abstract (TIAB) screening.

This screening was performed independently and blinded by two authors in case of English

records (LVA, LT), and by one author in case of Spanish and Portuguese (LT), or Chinese

(HZ) records. The third screening phase was again conducted in Rayyan, now with full-text

eligibility screening, by one author (respectively LVA for English, LT for Spanish and Portu-

guese, and HZ for Chinese records). Screenings were performed according to following exclu-

sion criteria: (i) records with no available full text, (ii) records with an incorrect publication

and/or study type (defined in S1 Protocol), (iii) records not concerning an immunological test

or diagnostic reagent for detection of antigens or antibodies in NCC diagnosis, (iv) records

with immunodiagnosis not performed on samples originating from humans with NCC con-

firmed via reference standard(s), i.e. neuroimaging and/or surgery/biopsy, (v) records with

immunodiagnosis not performed on urine and/or serum samples of infected patients (includ-

ing whole blood and plasma), and (vi) records not -as a main focus- evaluating accuracy of an

immunological test/diagnostic reagent. As test accuracy evaluation by localization, stage and

number of cysts was regarded of high importance in this review, records reporting data on test

specificity only, and not on test sensitivity, were not included. When unclarities were encoun-

tered regarding inclusion or exclusion of records for the third screening phase, corresponding

authors were contacted. Records not identified via the search syntax, were sought out via back-

ward snowballing (i.e. accessing the reference lists of each selected record, and assessing eligi-

bility of the reference list records by reading the full text). One additional submitted,

preprinted record was added before submission of this paper, obtained via internal communi-

cation. Final selected records all fitted the scope of the review, evaluating accuracy of an anti-

body-/or antigen-detecting immunological index test, with use of serum, urine, plasma or
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whole blood samples, of humans confirmed to have NCC via reference standard (i.e. neuroim-

aging and/or surgery/biopsy).

Data collection was performed in a Microsoft Excel macro-enabled worksheet by one

author (respectively LVA for English, LT for Spanish and Portuguese, and HZ for Chinese rec-

ords), and with a quality control of 10% of English records by an additional author (MC). Per

record, data was collected on (i) study characteristics, (ii) study participants, (iii) test samples,

(iv) immunological test, and (v) additional information. Study participants were subdivided

into three categories: 1) NCC group (consisting of patients with confirmed NCC via defined

reference standard(s)), 2) control group (consisting of healthy individuals, or individuals with

other non-infectious neurological conditions), and 3) other infections group (consisting of

individuals with infections other than T. solium cysticercosis). Data on immunological tests

included test characteristics, test performance, cross-reactivity, test development stage, and

availability. Further information on the review methodology is detailed in the published proto-

col of the systematic review on the International Prospective Register of Systematic Reviews

(PROSPERO) (https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD420

23440930) (S1 Protocol).

Study quality was assessed via a Risk of Bias (RoB) assessment, applying the Quality Assess-

ment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool [26], adapted to the current review

(S1 Protocol). The RoB assessment was done by one author (respectively LVA for English, LT

for Spanish and Portuguese, and HZ for Chinese records). Sixteen signalling questions were

applied for risk assessment over four domains, i.e. Patient selection (Q1-4), Index test(s) (Q5-

9), Reference standard(s) (Q10-13), and Flow and Timing (Q14-16) (S1 Text). Signalling ques-

tions were formulated in a way that a positive answer is indicative of a low risk of bias, whereas

a negative answer is indicative of a high risk of bias.

Data classification and reporting

A confidence scale was developed to assess the usability of collected data, in terms of availabil-

ity of descriptive data on cyst localization and cyst stage (Fig 1). For cyst localization, data was

classified into one of three groups, i.e. parenchymal (only parenchymal cysts), extraparenchy-

mal (only extraparenchymal cysts localized in either subarachnoid or ventricular space, or not

specified), or parenchymal + extraparenchymal (a combination of both). For cyst stage,

descriptive data was matched to one of two groups, i.e. active (viable cysts and/or cysts in tran-

sitional stage, with or without additional inactive cysts), or inactive (only calcified cysts). Based

on developed criteria as can be consulted in Fig 1, a level of certainty (either ‘definite’, or ‘prob-

able’, or ‘possible’) was assigned to each evaluated entity, regarding both cyst localization and

stage. With both certainty levels regarded ‘definite’, or one ‘definite’ and one ‘probable’, the

data of the evaluated test was included for analysis with high confidence. Those with both lev-

els ‘probable’, or one ‘definite’ with one ‘possible’, were included with low confidence. When

data on test accuracy was inadequate (e.g. data on cyst localization and cyst stage was not pro-

vided, or data was provided but insufficient for assignment of certainty levels, or certainty lev-

els were assigned but data was unmatchable), or when data did not fulfill the criteria for

abovementioned classification, the concerned entity was excluded from further analysis.

Included tests with high confidence were individually placed into one of following catego-

ries: serological antibody detection, serological antigen detection, urine-based antibody detec-

tion, urine-based antigen detection. Within each category, a further classification was made

according to the test format of used index test (e.g. Western blot) and according to the diag-

nostic reagent (e.g. T. solium somatic antigen: cyst fluid), grouping entities based on the same

type of index test and a similar origin of diagnostic reagent. If not clearly specified on which
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Fig 1. Proposed certainty criteria and classification grid for confidence scaling of evaluated entities.

https://doi.org/10.1371/journal.pntd.0012643.g001
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diagnostic reagent the index test was based (e.g. no clarification of the type of somatic antigen),

the corresponding author of the record was contacted for enquiry. If no clarification was pro-

vided, the entity was excluded (due to insufficient data for categorization). If multiple diagnos-

tic reagents were tested within a record (e.g. multiple recombinant and synthetic antigens),

followed by combining the best performing fractions, only the test evaluating the best perform-

ing combination was included. For further classification, the cyst number was considered in

case of parenchymal localization (i.e. parenchymal single cysts and/or parenchymal multiple

cysts). When not mentioned, the test was excluded, unless data was provided on extraparench-

ymal localization of cysts, regardless of cyst number. Next, the added sample size of entities

within a subgroup with the same type of index test and a similar origin of diagnostic reagent

was considered (e.g. the subgroup of Western blots based on T. solium somatic antigen: cyst

fluid). Added sample sizes were calculated per following class of cyst types: parenchymal active,

parenchymal inactive, extraparenchymal, parenchymal + extraparenchymal. If, in a subgroup,

the added sample size in a cyst type class was below 20, the concerning data of this class was

excluded from analysis to reduce the risk of bias and ensure a more reliable and consistent

interpretation of the evidence. A similar procedure was followed to categorize and select low

confidence data.

For each included test, data on test sensitivity according to cyst localization, stage and num-

ber was reported, depending on data availability. If available, data on test specificity was also

added, i.e. specificity for the control group, for the other infections group, and/or for a combi-

nation of both. As substantial data heterogeneity was observed, narrative analysis was pre-

ferred to meta-analysis.

Results

Search results

A total of 2315 records were identified through database searches (performed on 4th January

2024). This included 569, 692, 557, and 497 records from PubMed, EMBASE, Web of Science,

and Scopus, respectively. During the first screening stage, 1400 duplicate records were

removed. In further screening phases, 700 records (second screening) and 63 records (third

screening) were excluded, as they did not meet our eligibility criteria, while 16 records were

introduced via scanning of reference lists. An additional preprinted paper was added [27].

This consecutively led to 169 records that were included for data collection, of which full-text

could be found in following languages: English (159 records), Spanish (6 records), Chinese (2

records), and Portuguese (2 records). Of 159 English records, 10% (corresponding to 16 rec-

ords) were randomly selected for quality control to evaluate data extraction reliability. No sys-

tematic errors were perceived in the data collection process. An overview of the record

selection process, including defined eligibility criteria, was constructed as a PRISMA flowchart

diagram (Fig 2). Before finalization of the review, database searches were repeated on 30th

April 2024, with no additional inclusion of records according to eligibility criteria.

Risk of bias assessment

Results of the RoB analysis performed on selected studies, using QUADAS-2 modified signal-

ling questions, are presented in Fig 3. Within the domain of Patient selection, many negative

responses were recorded to Q2 (i.e. avoidance of a case-control design), indicating a high risk

of selection bias when enrolling patients in a case group or control group before performing

the index test(s). The allocation of patients to a case group based on affirmative reference stan-

dard results, was predefined as an eligibility criterium for study selection. The allocation of

patients to a control group, however, when performed without confirmation via reference
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Fig 2. Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) flowchart diagram of the record selection process.

https://doi.org/10.1371/journal.pntd.0012643.g002
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standard (Q4), contributed to potential risk of selection bias. With the reference standard

often performed preliminary to the index test(s), blinding to index test results is highly likely,

as was asserted by many positive responses to Q13 (i.e. blind interpretation of reference stan-

dard results to the index test). On the other hand, blind interpretation of index test results to

reference standard results must be ensured. Missing record data on blinding, however, led to

increase in index test risk of bias (Q7). Lacking data also strongly affected selection bias (Q1),

and flow and timing risk of bias (Q14-15). A summary of the results of the RoB assessment for

all included studies can be found in Supplementary Materials (S1 Table).

Data analysis

Data classification was performed to select studies providing adequate data on cyst localization

and cyst stage. Of 169 records included for data collection, corresponding to 504 evaluated

tests -as some records evaluate more than one index test-, 116 records corresponding to 381

tests were excluded according to exclusion criteria (Fig 4).

Records and related tests included with high and low confidence, are displayed in Tables 1

and 2, respectively. In both tables, records were summarized by test format, used biological

specimen, and diagnostic reagent (as specified in the record, or clarified via communication

with the author). A total of 53 studies were included in both tables, with 123 tests evaluated. Of

these 53 studies, 40% (21/53) were conducted in South America [17,28–47], 23% (12/53) in

South Asia [48–59], 11% (6/53) in East Asia [60–65], 9% (5/53) in North America including

Mexico [66–70], 6% (3/53) in Eastern Africa [20,27,71], 2% (1/53) in Western Africa [72], 2%

(1/53) in Central America [73], and 8% (4/53) not specified [74–77]. Of 123 included tests,

evaluated test accuracy results concerning both sensitivity and specificity were available for

106 tests, whereas 17 of included tests reported sensitivity alone. Test results are presented as a

percentage, with additional data displayed as a proportion (i.e. regarding sensitivity, the pro-

portion of true positives / (true positives + false negatives), and regarding specificity, the pro-

portion of true negatives / (true negatives + false positives)).

Despite considerable data exclusion to reserve data confidence, several patterns can be

identified within the included test results demonstrated in Table 1. The Western Blot based on

Fig 3. Risk of Bias assessment using QUADAS-2 tool modified signalling questions.

https://doi.org/10.1371/journal.pntd.0012643.g003
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LLGP shows sensitivities of 81.1–100.0% in detection of parenchymal active multiple cysts

[31,32,53], and in all but one study [31], sensitivity drops significantly for single cysts

(<62.6%) [51–54]. The expected high specificity for the Western Blot was also confirmed

(92.3–100.0%) [20,29,31,51,52,54,66,67,73]. Although a significant number of studies using the

antibody ELISA test format have been included, data is largely variable, and insufficient to

make comparisons with other test formats. Regarding the use of recombinant and/or synthetic

antigens as test diagnostic reagents, results were variable. The newly developed multi-antigen

print immunoassay (MAPIA) based on three recombinant and synthetic antigens, shows nota-

ble sensitivity for parenchymal active single and multiple cysts (100.0%) and extraparenchymal

cysts in the subarachnoid space (100.0%), and delivers high specificity (98.5%) [31]. Although

these results are based on small sample sizes, the MAPIA has potential to form an interesting

addition to standard laboratory performed tests. The Western Blot based on rTsEndoB1 [60],

and the Western Blot based on rTsAg5 [33], display promising sensitivities for detection of

parenchymal active (71.9%) [33] and inactive (72.5%) [60] multiple cysts and extraparenchy-

mal cysts (96.4%) [33], however limited specificity in the control group (75.7%) [33], and

cross-reactivities (e.g. with taeniasis, hydatidosis) could limit their use [60]. Regarding serolog-

ical antigen-detecting tests, based on monoclonal antibodies such as B158/B60 and TsW8/

TsW5, high sensitivity values were observed in case of parenchymal active multiple cysts

(75.0%, 100.0%) [27,71], and extraparenchymal subarachnoid cysts (97.8–100.0%) [30,43].

Similarly, urine-based antigen-detecting tests (antigen ELISA and POC dipstick) presented

sensitivities of 96.2% and 96.7% for parenchymal active multiple cysts and extraparenchymal

subarachnoid cysts, respectively [17,46].

Some reports that evaluated commercial kits, i.e. the QualiCode Cysticercosis Western Blot

Kit developed by Immunetics Inc. [66,72], the Cysticercosis Western Blot IgG developed by

LDBIO Diagnostics [67], the NovaLisa Taenia solium IgG developed by NovaTec Immundiag-

nostica GmbH [67], and the Cysticercosis Ag ELISA developed by apDia [43], presented too

little data to confirm whether or not commercial kits deliver inadequate test performance.

Fig 4. Exclusion criteria for data analysis, with amount of excluded records and corresponding tests.

https://doi.org/10.1371/journal.pntd.0012643.g004
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Tests using diagnostic reagents derived from Taenia crassiceps [67], Taenia saginata [36,41],

and Taenia taeniaeformis [57], constitute a possible alternative to the commonly used T.

soliummetacestode antigen. Also displayed in Table 1 are five studies evaluating promising

rapid tests or POC tests, two describing DOT-ELISAs in phase of test development, using

either T. solium somatic antigen as diagnostic reagent (sensitivity parenchymal active multiple

cysts 77.3% (43/55), extraparenchymal cysts 97.2% (52/54), overall specificity 99.5% (188/189))

[42], or using T. taeniaeformis somatic antigen as reagent (sensitivity parenchymal active sin-

gle cysts 83.3% (30/36), parenchymal active multiple cysts 100.0% (14/14), overall specificity

74.0% (37/50)) [57]. One describes a urine-based dipstick assay with laboratory-based evalua-

tion of samples from subarachnoid NCC patients (sensitivity 96.7% (29/30), specificity control

group 100.0% (10/10)) [46]. However, all these tests require further evaluation in setting-spe-

cific population-based studies to contribute as screening tools in rural setting. Another two

tests describe a lateral flow-assay with potential use as POC test, tested in a controlled hospital

setting in Tanzania [20], and in a community-based setting in Zambia [27]. Although many

data here were excluded for analysis due to insufficient characterization and sample size, these

studies reported sensitivity values of 78.3% (18/23) and 73.3% (22/30) respectively for paren-

chymal inactive cysts, and control group specificity of 91.0% and 88.0%. Data included with

low confidence can be found in Table 2. In the supplementary materials, an overview of sensi-

tivity and specificity data of all 169 records and associated tests can be found (S2 Table).

Discussion

The goal of this systematic review was to provide an overview of the existing (and in literature

described) serological and urine-based immunological tests for diagnosis of NCC, with a main

focus on evaluating test performance according to cyst localization, stage and number. An

accurate and early disease detection is especially important in patients with active NCC. More

specifically, early detection of active NCC via immunodiagnosis could shorten the diagnostic

pathway between screening and final neuroimaging confirmation, and therefore benefit early

initiation of treatment. In case of parenchymal active NCC, treatment with anthelmintics may

induce degeneration and calcification of active cysts, leading to cyst resolution [7,71]. As a

result, clinical symptoms may subside or even cease completely, significantly improving the

quality of life. Also, immunodiagnosis could be potentially beneficial in monitoring treatment

efficacy, as the change in cyst stage is associated with a drop in antigen levels, indicating treat-

ment success [32,78]. In the case of extraparenchymal active NCC, an early detection is para-

mount for patient referral to specialized care and treatment, such as surgical cyst removal to

avoid life-threatening disease development [7].

The heterogeneity of this pleiomorphic disease complicates the interpretation of results and

the usability of tests. Host immunological responses are driven by cyst localization, stage and

number. Therefore, in order to perform an appropriate evaluation of test performance, well-

characterized data is required. This review revealed that data on patient characteristics was

scarce in many records, with ambiguous or no cyst specifications regarding localization or

stage. To address this issue and exploit as much data as possible, a standardized method was

developed for classification of cyst characteristics, based on certainty criteria for confidence

scaling (Fig 1). Of the 169 records selected for data collection, 53 studies assessing 123 tests

were ultimately included with high and/or low confidence. This indicates that even with stan-

dardized data extraction, supplied data on cyst characteristics is insufficient in the majority of

published literature. Unequivocal data on used test format and diagnostic reagent is also para-

mount to impede exclusion and enable test comparison in this review. Although many records

indicated the used reagent and test characterization, specified data is needed on reagent
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procurement and preparation/synthesis method, on the used test methodology and threshold

determination, and on the detected analyte. Also, antigens used for coating require specifica-

tion on the used strain/species of the parasite, as different results could be expected whether or

not using the indigenous local strain/species [79]. While all records provided test format data,

some lacked details on the used diagnostic reagent, requiring further research in other data

sources or contacting the author for clarification. Accessibility to these immunodiagnostic

tests and reagents is another limiting factor. Test comparison is further complicated by patient

population heterogeneity. Patients enrolled in a hospital-based setting are expected to have

more severe symptoms, associated with higher antigen/antibody levels, compared to individu-

als enrolled in community-based studies for screening purposes [78]. Some studies also per-

formed preliminary testing on the patient population, only including these patients for index

testing who had a previous positive test result. Further bias is induced depending on the used

test to define patient recruitment, e.g. antigen ELISAs -which were specifically developed to

detect active cysts [80] -will naturally detect more cases with active multiple cysts. Similar for

reference standards, e.g. CT scans will bias towards selection of patients with parenchymal cal-

cified cysts, whereas MRI scans are superior for detection of active parenchymal and extrapar-

enchymal NCC [7].

Possible false-positive and false-negative test results must also be taken into account. Refer-

ence standards, as defined, are likely to correctly identify the target disease, however are not

completely reliable as gold standard diagnostic tools. A biopsy only guarantees definite diagno-

sis when subsequent pathological confirmation is done. Imaging scans can display typical

pathognomonic lesions for NCC, but may also be limited to showing highly suggestive lesions

or compatible lesions not clearly discernible from lesions caused by other conditions [11].

Therefore, in studies with both definitive and probable cases of NCC, as defined by Del Brutto

criteria [11], data was collected in this review’s NCC group only for cases with definitive NCC.

For control group and other infections group individuals, the uncertainty of correct classifica-

tion is even greater, as many individuals have not been confirmed via reference standard. The

RoB assessment showed that, of 148 studies with a defined control group and/or other infec-

tions group, only 20% specifically mentions concerned individuals to be confirmed as NCC-

negative via reference standard (Fig 3 Q4). When evaluating specificity and cross-reactivity in

these groups, we must also consider the possibility of other (undiagnosed) infections, depend-

ing on regional endemicity of these infections. Similar antigenic components to T. solium cys-

ticercosis could cause false-positive index test results [9]. We must always hold into account

that test performance results are highly setting-specific, and can not be plainly extrapolated.

Furthermore, immunodiagnosis can yield false-positives for NCC when cysticerci are localized

outside the central nervous system, or in case of transient seropositives [21,81].

In addition to the STARD 2015 reporting guideline for diagnostic accuracy studies, aimed

at enhancing reporting completeness and transparency, and allowing adequate assessment of

study validity [82], we wish to propose reporting recommendations for diagnostic accuracy

studies assessing immunodiagnosis of neurocysticercosis. This includes a minimal and recom-

mended set of information to be reported on methodology and results, detailed in the supple-

mentary materials (S3 Table).

Abovementioned findings demonstrate the difficulty with which accuracy results of immu-

nodiagnostic tests can be interpreted and compared, even with essential data available. Also,

the RoB assessment of this review demonstrates that many studies likely carry bias, either in

patient selection, in index testing, reference standard testing, or in flow and timing. Reported

test results should therefore always be interpreted attentively, including highly promising

results. Nonetheless, it is possible to cautiously formulate initial findings based on results of

this systematic review. For detection of parenchymal active multiple cysts, the antibody-
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detecting LLGP Western Blot approaches the high accuracy standards, as do antigen-detecting

test formats. Antibody-detecting ELISA results are difficult to compare due to the variety of

diagnostic reagents used. While these tests showed overall higher sensitivity for multiple cysts

than antigen-detecting tests, due to high amount of circulating antibody in comparison to cir-

culating antigen levels, they cannot discriminate active from inactive infections, making them

inadequate for post-treatment follow-up. In this scenario, patient follow-up via urine-based

antigen-detection could form a minimally invasive monitoring technique. More studies are

needed to unveil the actual usability of urine tests. Up till now, the detection of parenchymal

active single cysts remains challenging. The newly developed MAPIA based on T. solium
recombinant and synthetic antigens [31], seemingly exceeded sensitivity results of other test

formats for single cyst detection. It also showed promising results for diagnosis of parenchymal

active multiple and extraparenchymal NCC. We must hold into account that current study

results are based on low sample sizes, with patients selected using the LLGP Western Blot as

additional reference standard to CT or MRI.

Some test results are promising but were excluded from Tables 1 and 2 due to inadequate

characterization or insufficient sample size. These results can be consulted in the supplemen-

tary S2 Table. For example, an immunochromatography-based POC LFA (iCysticercosis kit)

showed preliminary sensitivity of 83.3% (15/18, of which only 3 samples could be character-

ized with high confidence as extraparenchymal subarachnoid) and specificity of 92.0% (150/

163) [9]. Another POC LFA based on rT24H-Qdots, gave -as determined in this review- an

NCC group sensitivity of 81.3% (91/112, all patients with parenchymal and/or extraparenchy-

mal active single or multiple cysts) and a control group + other infections group specificity of

98.6% (150/152) [83]. The rT24H-POC LFA tested in a hospital-based setting in Tanzania [20]

and a community-based setting in Zambia [27], with estimated sensitivities of 49% and 26%

for all types of NCC determined via logistic regression analysis and generalized linear models

respectively, showed promising sensitivities for parenchymal active lesions (>98% and

>99%), although sample sizes were too small to draw significant conclusions. Regarding anti-

gen-detection, an antigen ELISA based on monoclonal antibody HP10 proved especially inter-

esting for identification of patients with extraparenchymal NCC [45]. For use in rural field

settings, the same research group has developed a modified HP10-antigen LFA with 100.0%

(4/4) sensitivity for tested samples from patients with extraparenchymal cysts, and 75.0% (6/8)

sensitivity for tested samples from patients with both parenchymal and extraparenchymal

cysts [84].

Our study had some important limitations. Some publication bias may have been intro-

duced, as mainly published records were screened. The full-text screening, data collection and

RoB assessment were performed by one author per language only due to time and resource

limitations. Yet for data collection, a 10% quality control of English articles was completed.

The QUADAS-2 RoB assessment was performed only assessing risk of bias and not applicabil-

ity of eligible studies, as we believed our eligibility criteria were robust enough to exclude those

articles not aligning with the review questions. To maintain a sufficient level of confidence in

cyst characteristics data, confidence scaling was done according to authors’ predeveloped crite-

ria, resulting in exclusion of many records and corresponding tests. As such, accuracy data

might have been skewed and this must be considered when consulting the results. Another key

limitation is the variability in reference standards across included studies. While neuroimaging

is commonly used, it can not be truly considered as a gold standard technique, potentially lead-

ing to misclassification errors. We did not evaluate if included studies applied methods (e.g.

Bayesian latent class models) to address potential errors. Future reviews could consider this

aspect to strengthen conclusions. Lastly, this review has highlighted that interpretation and

comparison of test results was highly challenging due to data heterogeneity, impeding the
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possibility to perform meta-analysis. Nevertheless, the narrative analysis effectively elucidates

immunological test performance across clinically relevant scenarios.

Conclusion

To assess the potential added value of immunological tests in diagnosis of NCC, unambiguous

and complete data on test performance is necessary. This requires researchers to ensure ade-

quate characterization of samples during the study process, and to report all relevant data in

published records. In conducted studies, bias can be minimized by avoiding predetermined

classification of patients, and by determination of the disease status by use of reliable reference

standard(s). Index test methodologies should be clearly defined, as well as used threshold val-

ues or determination methods, to facilitate comparison of test results. Neurocysticercosis is a

global disease of major concern, mostly endemic in resource-poor areas where neuroimaging

is often not available. Immunodiagnostic tests can help to provide an early and adequate diag-

nosis in settings ranging from specialized hospitals to rural communities. New test formats are

in constant development, however, have not been validated due to lack of adequate sample size

and well-characterized samples. A striving for an elaborate and accessible biobank, acquirable

through extensive international collaboration, should be prioritized in order to further develop

immunological tests. Thus far, especially suitable tests formats for use in resource-poor areas

lack sufficiently large-scale evaluations in the targeted field settings. Point-of-care tests require

further development and testing in targeted settings. A clear view on test characteristics and

performance can subsequently be reflected in revised WHO TPPs, with recommendations

adapted to contextual test use.
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