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Techniques with high sensitivity and specificity are required for an accurate diagnosis

in low-transmission settings, where the conventional parasitological methods are

insensitive. We determined the accuracy of an up-converting phosphor-lateral flow

circulating anodic antigen (UCP-LF CAA) assay in urine and serum for Schistosoma

mansoni diagnosis in low-prevalence settings in Ceará, Brazil, before and after

praziquantel treatment. Clinical samples of a total of 258 individuals were investigated

by UCP-LF CAA, point-of-care—circulating cathodic antigen (POC-CCA), soluble worm

antigen preparation (SWAP)-ELISA and Kato-Katz (KK); a selection of 128 stools by

real-time PCR technique. Three and 6-weeks after treatment, samples were collected

and evaluated by detection Schistosoma circulating antigens (CAA and CCA). The

UCP-LF CAA assays detected 80 positives (31%) with urine and 82 positives (31.8%)

with serum. The urine POC-CCA and serum SWAP-ELISA assays detected 30 (11.6%)

and 107 (40.7%) positives, respectively. The Kato-Katz technique revealed only 4 positive

stool samples (1.6%). Among the 128 individuals with complete data records, 19 cases

were identified by PCR (14.8%); Sensitivities and specificities of the UCP-LF CAA assays,

determined versus a combined reference standard based on CCA/KK/PCR positivity,

ranged from 60–68% to 68–77%, respectively. In addition only for comparative purposes,

sensitivities of the different assays were determined vs. a comparative reference based on

CAA/KK/PCR positivity, showing the highest sensitivity for the urine CAA assay (80%),

followed by the serum CAA (70.9%), SWAP-ELISA (43.6%), PCR (34.5%), POC-CCA

(29.1%), whilst triplicate Kato-Katz thick smears had a very low sensitivity (3.6%). CAA

concentrations were higher in serum than in urine and were significantly correlated.
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There was a significant decrease in urine and serum CAA levels 3 and 6-weeks after

treatment. The UCP-LF CAA assays revealed 33 and 28 S. mansoni-infected patients

at the 3- and 6-week post-treatment follow-up, respectively. The UCP-LF CAA assays

show high sensitivity for the diagnosis of S. mansoni in low-endemicity settings. It detects

a considerably higher number of infections than microscopy, POC-CCA or PCR. Also it

shows to be very useful for evaluating cure rates after treatment. Hence, the UCP-LF

CAA assay is a robust and promising diagnostic approach in low-transmission settings.

Keywords: circulating anodic antigen (CAA), diagnosis, up-converting phosphor lateral-flow assay, POC-CCA test,

polymerase chain reaction (PCR), Schistosoma mansoni, Brazil, low endemic area

INTRODUCTION

In a nation-wide study during a 12-year period, with 12, 491,280
deaths in Brazil, 76,847 deaths (0.62%) were caused by Neglected
Tropical Diseases (NTDs). Schistosomiasis was the second cause
of death (6,319 deaths; 8.2%), behind only Chagas disease (58,928
deaths; 76.7%) (1). Although mortality has greatly been reduced
over the last years, schistosomiasis is still a neglected cause
of death in Brazil, with considerable regional differences (2).
According to data obtained by the national prevalence survey
(2010–2015), an estimated 1.5 million people are infected in
Brazil (nearly 1% of the population) (3). A study performed in
Pains, state of Minas Gerais, showed that severe clinical forms
of schistosomiasis can be present even in such low-endemic
areas (4). Another study with a spatiotemporal analysis identified
high-risk clusters of deaths, mainly in highly schistosomiasis-
endemic areas along the coast of Brazil’s Northeast Region (5).
In the Ceará state, some isolated foci of intestinal schistosomiasis
remain with low parasite burden. According to data from the
Brazilian Ministry of Health, the municipality of Capistrano,
from 2008 to 2012, was among the five municipalities with the
highest prevalence in Ceará state (6).

The diagnosis of Schistosoma mansoni infections is routinely
performed by the microscopic detection of parasite eggs in
the stools (7, 8), using the Kato-Katz, the technique that is
still most widely used in epidemiological surveys of intestinal
schistosomiasis (9). However, there is a marked decrease in the
sensitivity of this method in low-endemicity areas, and thus
the development of other tools for diagnosis and surveillance is
necessary (10).

Antibody detection is considered highly sensitive and
it has been suggested as a complementary tool for the
schistosomiasis diagnosis in low endemic areas and/or after large-
scale chemotherapy (11–13). However, antibody levels are not
associated with the actual worm burden and remain unaffected
by treatment of the infection and, consequently, this type of assay
has no value when surveying endemic regions (14, 15) as it cannot
distinguish between past (previously cured) and new infections.
Antibody detection to identify active infections in control
programmes will only have value several years after transmission
has been interrupted and then still only for newborns from
after transmission stop was achieved (16). Antibody detection
may also be used to screen travelers with no past infection
record (17).

Diagnosis by PCR can be used to detect (egg-derived) DNA of
Schistosoma in stool (18–21) serum (22, 23), plasma (24), or urine
(25–27) and has demonstrated high sensitivity and specificity. A
study carried out in Senegal and Kenya raised the PCR as the
next reference standard for the diagnosis of Schistosoma in stool,
particularly useful for S. mansoni detection in low transmission
areas, post-control settings, and to improves schistosomiasis
control programs, epidemiological research, and quality control
of microscopy (28).

Alternatively, assays for the detection of Schistosoma
circulating antigens (adult worm gut-associated antigens) have
been described. The circulating cathodic antigen (CCA) and the
circulating anodic antigen (CAA) are both applied to diagnose
active infections and indicated to be a useful approach also in
evaluation drug efficiency, and the assessment of cure (29–32).

Various studies have been conducted in endemic areas
of the African, Asian and South American continents to
determine the efficacy and field applicability of the commercially
available rapid Point-of-Care test (POC-CCA) for diagnosis of
intestinal schistosomiasis (i.e., S. mansoni infection). A summary
of 5 countries’ evaluations of the POC-CCA test, funded
by the Schistosomiasis Consortium for Operational Research
and Evaluation (SCORE), demonstrated that this method is
recommended as a mapping tool for the detection of S. mansoni
in endemic areas (33–35). Up to now only a few studies have
been published showing the results of POC-CCA trials in Brazil.
Overall, they have shown that the POC-CCA is capable of
detecting many additional positive cases compared to Kato-Katz
thick smears, in particular in low endemic areas, but they also
reported that the true significance of the trace readings remains
unclear (4, 36–38). A systematic review about Kato-Katz vs.
POC-CCA for Schistosoma mansoni indicated that below 50% of
prevalence, the POC-CCA test is more sensitive than the Kato-
Katz, but that further research in low- prevalence areas is needed
to understand how best to manage places that have very low
or no prevalence by Kato-Katz, but significant prevalence using
POC-CCA or others new assays (39).

In order to continue the development of rapid tests for
the schistosomiasis diagnosis that may be employed in future
as Point-of-Care applications, and also to further improve
robustness, the ultra-sensitive up-converting phosphor (UCP)
technology was introduced in combination with a lateral flow-
based platform for the CAA detection in serum (UCP-LF CAA
assay). This assay achieved an analytical sensitivity below 1
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pg/mL, about 10-fold better than that of the CAA-ELISA (29, 40–
42). The concentration of 1 pg/mL in serum is expected to
allow identification of single worm infections, since in vitro
worm culture studies and studies with experimentally infected
baboons indicate steady state serum CAA levels of approximately
5 pg/mL (43, 44). Corstjens et al. (29) have shown that the UCP-
LF format was also successfully applied for detection of CAA
levels in urine and after a concentration step using disposable
centrifugal concentration devices shows almost absolute accuracy
to diagnose schistosomiasis. Whereas, the POC-CCA test is
most applied to demonstrate S. mansoni infection, the UCP-
LF CAA test is a genus-specific test which can be applied to
demonstrate infections with any Schistosoma species, including
veterinarian (29, 45). Variants of the assay format were evaluated
with banked urine samples from highly endemic settings in the
Philippines for S. japonicum and in Cambodia and Lao People’s
democratic Republic for S. mekongi (35, 46). The test has also
been successfully applied in low transmission settings in the
People’s Republic of China, in Tanzania and Burundi for the
diagnosis of, respectively, S. japonicum (47), S. haematobium
(48), and S. mansoni infections (49).

Recently, Colley et al. (16) reported the crucial necessity
for continued evaluation of the assays involved and for new
guidelines based on the use of the more sensitive assays for
those NTD programs that wish to move forward to strategies
designed for elimination. Here, the current study focuses on a full
evaluation of the UCP-CAA lateral flow test (UCP-CAA LF) in a
low endemic area in Brazil, comparing the results with several
diagnostic methods including Kato-Katz, POC-CCA, PCR, and
antibody detection before treatment (baseline). Additionally,
the UCP-CAA LF assays and POC-CCA test were utilized for
determining the efficacy of treatment by follow-up testing of
urine and serum samples 3 and 6 weeks post-treatment. In
an accompanying previous article (36), the performance of the
POC-CCA was compared with Kato-Katz technique in the same
community, resulting in a 7-fold increase in prevalence of S.
mansoni and also it was compared with antibody detection.

MATERIALS AND METHODS

Ethics Statement, Recruitment
and Treatment
The study protocol was approved by the Universidade Federal
do Ceara ethical committee (application no. 480.719). It was
conducted by the Resolution No. 466/12 of the Brazilian
Health Council. District health authorities and all community
were informed about the purpose, procedures, and potential
risks and benefits of the study. Before enrollment, informed
consent was obtained in writing or by fingerprint (in cases of
illiteracy). Parents/ legal guardians provided informed consent
for their children to participate. Participation was voluntary
and anyone could withdraw at any time without further
obligation. All samples obtained in the study were coded and
treated confidentially.

Treatment with praziquantel (PZQ) (Farmanguinhos,
Ministry of Health, Brazil) was offered to all individuals free of

charge regardless of infection status. The collective treatment
was applied because this study is part of a larger project, whose
objective is to interrupt the transmission of schistosomiasis in
this area. It was done with a single dose of 60 mg/kg for children
(≤15 years old) and 50 mg/kg for adults, as recommended by the
Brazilian Ministry of Health. All treatment was supervised and
confirmed by a doctor and a nurse from district. The younger
children participating were treated with crushed PZQ tablets
mixed with some of juice and the efficacy and safety of this
intervention have been described elsewhere (50).

Study Area and Population
The study pursued a 3- and 6-week longitudinal design with
a treatment intervention and was conducted between April
and October 2013 in the community of Bananeiras, a rural
locality belonging to the Capistrano municipality, in Ceará
state, Northeast of Brazil (geographical co-ordinates 4◦ 28′ 20′′S
latitude, 38◦ 54′ 14′′W longitude). Capistrano extends for 222.6
km2 and is located at 155 meters of altitude in relation to the
level of the sea, about 93 km south of Fortaleza, the capital of
Ceará. The region is endemic for S. mansoni and this has been
documented since the early surveys in Ceara State by the control
program in 1976. Situated in a region of semi-arid climate,
the river which passing through the village (Aracoiaba River)
remains dry most of the year, with the flood season between
the months of December and March. Our door-to-door census
conducted in March 2013 revealed 297 people aged 2 years or
above in Bananeiras community. This area was chosen because
the positivity rate of schistosomiasis reported in 2010 was 1.6%
(3 positives/ n = 188) and there has been no specific treatment
for schistosomiasis in the past 2 years.

The 3- and 6-week time-points post-treatment were chosen
for optimal reduction of test parameters and before reinfection
can be recorded (51, 52).

Sample Collection
Infection with S. mansoni was assessed during a baseline
cross-sectional survey and again 3 and 6 weeks after PZQ
administration. Individuals (aged 2 years or above) with
informed consent and no recent treatment for schistosomiasis (at
least within in the past 2 years) were invited for stool, urine and
blood sample collection at baseline.

At baseline, one day before the collect-day two plastic
containers labeled with unique identification numbers (IDs)
(stool and urine containers) were delivered to each study
participant/mothers or guardians, at this time also venous blood
samples were taken. Individual serum samples were obtained
after centrifugation of coagulated blood samples at 3,000 g for
5min and these were stored frozen at −20◦C. On the following
day, the community was invited to return the containers filled
with a fresh morning urine sample and a stool sample to
the fieldworkers stationed at Bananeiras Health Center, where
the samples were processed the same day. Small aliquots of
urine (5mL) and of serum (2mL) were frozen and kept at
−20◦C in Parasitology and Mollusks Biology research laboratory
at Universidade Federal do Ceara in Brazil prior to transfer
to the Department of Parasitology, Leiden University Medical
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Center (LUMC) in the Netherlands for circulating anodic antigen
testing. Three and six weeks after PZQ administration, urine, and
serum samples were collected again, using the same procedures.

LABORATORY PROCEDURES

Microscopy
Three Kato-Katz thick smears slides per stool sample, using
41.7mg templates, were prepared and quantitatively examined
for S. mansoni (53). Each slide was read by two trained
microscopists and any discrepancies resolved before results were
recorded as egg counts per slide and multiplied by a factor of
24 to convert it into eggs per gram of stool (EPG). For quality
control, 10% of the Kato-Katz thick smears were re-examined by
a senior technician from Rene Rachou Research Center, Oswaldo
Cruz Foundation, Minas Gerais, Brazil.

UCP-LF CAA Assays
Additionally, all urine and serum samples were frozen and
transported on dry ice to LUMC in Leiden, where they were
stored at −20◦C. Overall, urine and serum samples from 128
patients were examined by an upconverted phosphor lateral flow
(UCP-LF) assay for schistosome CAA before and 3 and 6 weeks
after PZQ administration. Urine samples were investigated by a
highly sensitive concentration-based assay (UCAA2000 format,
as described elsewhere (29). Briefly, 2mL urine samples were
diluted with an equal volume of 4% (w/v) tri-chloro-acetic acid
(TCA), centrifuged and then the clear supernatants were reduced
to amounts of 20–30 µL using an Amicon Ultra-4 device (EMD
Millipore; Billerica, MA, USA). After incubation with the UCP-
antibody conjugate solution, strips were added and the samples
allowed to run as described previously (29). Following overnight
drying, the strips were scanned for bound UCP, using a Packard
FluoroCount microtiter plate reader adapted with an IR laser
(980 nm) modified to scan LF strips (54).

The serum samples were examined in a similar way using the
UCP-LF assay with a concentration-based assay utilizing 500 µL
of serum (SCAA500). It followed an analogous procedure to the
UCAA2000 method, with 500 µL serum TCA supernatant being
concentrated over an Amicon Ultra-0.5 device to 20 µL.

Test line signals (T) were normalized to flow control signals
(FC) of the individual LF strips and results expressed as a
ratio value (T/FC) (29, 55). Standard curves of CAA spike in
negative urine/serum were used to quantify CAA levels in the
clinical samples (30). In more detail, dilution series of partly
purified antigen, i.e., the TCA-soluble fraction of S. mansoni
adult worm antigen (AWA) containing 3% CAA (AWA-TCA)
in negative urine/serum, were assayed with each set of clinical
samples (50 urine/100 serum) and the respective standard curves
were included for calculation of the CAA concentration (pg/mL
urine/serum) in the original sample as described elsewhere (40).
The assay cut-offs were decided in accordance with Corstjens et
al. (29) using 0.1 pg/mL urine and 1 pg/mL serum as the lower
limits of detection (LOD), and 0.05 pg/mL urine and 0.5 pg/mL
serum as the LOD if the assay would have been performed with
multiple samples under ideal laboratory conditions. The region
between the two LODs was designated as “indecisive,” indicating

that samples are suspected to be positive but to truly ascertain the
positive or negative score, the samples would need to be retested,
preferable at higher sample volume.

Circulating Cathodic Antigen (CCA) Test
Urine samples were tested using a commercially available POC-
CCA cassette test (Batch no. 33,827, Rapid Medical Diagnostics,
Pretoria, South Africa) performed at ambient temperature
according to themanufacturer’s instructions on the day of sample
collection. Briefly, one drop of urine was added to the well of
the testing cassette and allowed to absorb. Once fully absorbed,
one drop of buffer (provided with the CCA test kits) was
added. The test results were read 20min after adding the buffer.
Valid tests were scored as negative, trace or positive, according
to the visibility of the color reaction and the manufacturer’s
instructions. All tests were read independently by two blinded
investigators and in case of discordant results discussed with
a third independent investigator until agreement was reached.
Urine samples collected at all time points in the study were
subjected as described above.

DNA Isolation and Real-Time PCR
For specific real-time PCR, total genomic DNA was extracted
from stool specimens using the NucleoSpin R© Soil (MACHEREY-
NAGEL, Düren, Germany) according to the manufacturer’s
instructions. Stool suspensions from each clinical specimen
were prepared from 1 g of unpreserved feces in deionized
water. Samples were disrupted in the Mini-Beadbeater-16 cell
disruptor instrument (BioSpec Products, Bartlesville, OK, USA)
for 1min. DNA was stored at −20◦C until used in real-time
PCRs. For the detection of S. mansoni—specific egg DNA,
the primers SMCYT748F and SMCYT847R were selected to
amplify a fragment of 99 bp, which is detected by the double-
labeled probe, SMCYT785T-FAM (19). For the amplification,
5 µL of DNA extracted from stool specimens was used as a
template (sample, positive and negative DNA controls) with 11
µL of Platinum Quantitative PCR Supermix-UDG with ROX
(Invitrogen, Carlsbad, CA, USA) added with 0.55 µL of each
primer, 1.1 µL of the probe, and 1.8 µL of deionized water,
resulting in a total reaction volume of 20 µL. Primers and probe
were used at 0.19µM and 0.139µM concentrations, respectively.
Each unknown sample was diluted 1:2 and 1:20, and both
dilutions were used in the assay. Amplification consisted of
2min at 95◦C followed by 40 cycles of 15 s at 95◦C and 30 s at
60◦C. Amplification, detection and data analysis were performed
with the Applied Biosystems 7500 Fast Real Time PCR System
(Applied Biosystems, Foster city, CA, USA). DNA amplification
was positive when Ct values were < 38. We choose the samples
from the 128 followed-up individuals to the partial analysis by
PCR at baseline.

Serology
The ELISA assay was performed for the detection of IgG antibody
against soluble worm antigen preparation (ELISA-SWAP)
according to the methodology described by Grenfell et al. (13).
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FIGURE 1 | Flowchart showing study participation. Flowchart detailing the

study participation and adherence of people for submitting samples for the

diagnosis of S. mansoni infection before and after administration of

praziquantel in Bananeiras village, Ceara, Brazil, between April and

October 2013.

Statistical Analysis
Data were entered in a spreadsheet (Excel 2007TM). Statistical
analysis was done using GraphPad Prism 5 (GraphPad Software
Inc.; California, USA) and SPSS version 20 (IBM Corp.; Armonk,
USA). Non-parametric statistics were used for correlation
between test results, to assess the CAA levels before and after
drug treatment and the correlation and differences between
urine and serum CAA concentrations. Agreement between
binary variables was established by determining the kappa
statistics (k). Specificity and sensitivity were calculated and
used for indication of the performances of the UCP-LF CAA
assays and of the SWAP-ELISA against a combined reference
standard constructed by Kato-Katz and/or PCR and/or POC-
CCA (considering “trace” readings as negative) results; On the
other hand, specificity, sensitivity and positive and negative
predictive values of the diagnostic tests were calculated following
an approach described previously (47, 48), but only for
comparative reasons. For this purpose, a comparative reference

was constructed, defined as being positive if a sample from
an individual presented with Schistosoma mansoni eggs at least
once out of three thick smears (Kato-Katz) and/or found
positive in the PCR and/or the UCP-LF CAA assay (urine
or serum), considering “indecisive” readings as negative. This
approach implied that, by definition, the specificities and
consequently the positive predictive values of the individual
tests were taken as 100%. Due to the very high specificities
of the circulating antigen assays used this was considered
valid (56). In addition, an “indecisive” or “trace” category was
defined and analyzed separately, both for the CAA assays and
the POC-CCA results, following the approach described by
Coulibaly et al. (57), Van Dam et al. (35), and Vonghachack
et al. (46). A two-way analysis of CAA data in urine/serum
with “indecisive” results considered infection-negative (UCAA-
/SCAA-) and “indecisive” results considered infection-positive
(UCAA+/SCAA+) were performed. Moreover, this was not a
crossectional study as well as that the parameters are influence
by prevalence. Cure rates were calculated from individuals for
whom a complete UCAA2000 or SCAA500 results was obtained
at all time points in the study. Cure rates were calculated as
the proportion of patients positive by UCAA2000 or SCAA500
before treatment who became negative 3 or 6 weeks after
treatment. A 5% level of significance was adopted for all
inferential procedures.

RESULTS

Adherence and Population Characteristics
Figure 1 shows the adherence of people to the study protocol.
Our population census revealed 297 people aged 2 years or
above, all of whomwere invited to participate. Twelve individuals
had no written informed consent. From the 285 individuals
participating at the baseline cross-sectional survey, twenty-seven
were excluded due to incomplete data (e.g., insufficiently large

TABLE 1 | Baseline prevalence of S. mansoni according to different diagnostic

approaches (n = 258).

Diagnostic Infected (N◦.) % positive (95% CI)

Kato-Katz 4 1.6 (0.0–3.1)

UCAA2000− 80 31 (25–37)

UCAA2000+ 93 36 (30–42)

SCAA500− 82 32 (26–38)

SCAA500+ 96 37 (31–43)

POC-CCA (t−) 10 3.9 (1.5–6.2)

POC-CCA (t+) 30 12 (7.7–16)

SWAP-ELISA 105 41 (35-47)

UCP-LF CAA: up-converting phosphor—lateral flow assay detecting circulating anodic

antigen; UCAA 2000–: UCP-LF CAA prepared with 2mL of urine, indecisive results

were considered as negative; UCAA 2000+: UCP-LF CAA prepared with 2mL of urine,

indecisive results were considered as positive; SCAA500–: UCP-LF CAA prepared with

0.5mL of serum, indecisive results were considered as negative; SCAA500+: UCP-LF

CAA prepared with 0.5mL of serum, indecisive results were considered as positive; POC-

CCA: rapid urine based point-of-care circulating cathodic antigen test; t–, trace negative;

t+, trace positive; CI, confidence interval.
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TABLE 2 | Number of positive cases for the respective age group, according to different diagnostic approaches.

Age group Number tested Positives (n/%) Tested* Positives (n/%) PCR*

Microscopy UCAA– SCAA–

2–9 32 0 3/9.4 4/13 26 2/7.7

10–19 58 0 12/20 12/21 39 3/7.7

20–29 38 0 16/42 16/42 17 5/29

30–39 43 3/7 20/47 20/47 20 6/30

40–49 35 1/2.8 11/31 14/40 14 1/7.1

50–59 23 0 9/39 6/26 5 2/40

>60 29 0 9/31 10/35 7 0

Total 258 4/1.6 80/31 82/32 128 19/15

UCAA–: UCP-LF CAA assay detecting circulating anodic antigen in urine, indecisive results were considered as negative; SCAA–: UCP-LF CAA assay detecting circulating anodic

antigen in serum, indecisive results were considered as negative; *PCR was performed by sampling (n = 128).

stool sample for triplicate Kato-Katz thick smears). The 258
remaining people provided stool, urine and blood samples for
a suite of diagnostic tests for detection of S. mansoni (triplicate
Kato-Katz thick smears, SWAP-ELISA, one POC-CCA test, and
UCP-LF CAA assays). There were 140 female (54.3%) and 118
male with a median age of 30 years (range: 2 to 87 years). Among
them 230 received PZQ treatment. Three and six weeks post-
treatment, except for a few losses in certain tests, we were able
to re-examine urine and serum sample from 128 patients (re-
examined with one POC-CCA test and UCP-LF CAA assays).
Among them 40.6% (n = 52) were male and the median age of
the cohort was 19 years (age range 2–87 years). The molecular
diagnostic at baseline and consequently the accuracy analysis was
focused on this cohort of people.

Individual Test Results and S. mansoni

Prevalences Before Treatment According
to Diagnostic Approach
Only four out of the 258 stool samples at baseline were found
positive by Kato-Katz thick smears, owing to a prevalence
of 1.6%. The prevalence for a single, duplicate and triplicate
smear readings were 0.8, 1.2, and 1.6%, respectively. All the
positive ones were classified as having a very low intensity
infection (arithmetic means fecal egg counts equal to 8 EPG).
Meantime, we found 80 urine CAA positives (31.0%), 82 serum
CAA positives (31.8%), and 10 POC-CCA positives (3.9%).
Additionally, in the POC-CCA test, 20 cases were scored
trace (7.7%) whereas in the urine CAA assay, 13 cases were
scored indecisive (5.0%) and 14 cases (5.4%) in the serum
CAA. SWAP-ELISA detected 105 (40.7%) positive cases. Table 1
shows those positive for S. mansoni, as assessed by different
diagnostic approaches. The 95% confidence intervals (95% CI)
for prevalence are shown. In the PCR sampling, we found 19
positives (14.8%; n = 128). There was no association between
infection and gender (p = 0.46). Table 2 shows the Kato-Katz,
the urine and serum CAA and the PCR positive cases, according
to different age-groups. The highest positivity occurred in adults
regardless of the diagnostic approach, with a maximum between
20 and 39 years-old.

DIAGNOSIS ACCURACY OF DIFFERENT
TESTS BEFORE TREATMENT

Sensitivity and Specificity of Diagnostic
Techniques Using a Combined
Reference Standard
Table 3 shows the numbers of positive, negative, indecisive and
trace results for each diagnostic method combination in 6-cell
and nine-cell-matrixes. Of the four egg-positive patients, only
one was positive in the POC-CCA and two others were positive
both in theUCP-LFCAA assays and in the PCR. Noteworthy, one
out of the four egg-positive cases, 11 (57.9%) of the PCR positives
and 51 (53.1%) of the CAA positives were antibody negative.

The sensitivities and specificities of the SWAP-ELISA and of
the UCP-LF CAA assays, including the separate analysis with
indecisive results being considered as negative or positive, versus
the combined reference standard (combination of the triplicate
Kato-Katz thick smears, PCR and POC-CCA test with trace
results considered as negative) are summarized inTable 4. A total
of 128 cases had data from all assays with 25 positive by Kato-
Katz and/or PCR and/or CCA. The sensitivities of the UCP-LF
CAA assays were similar in both clinical samples (range 60–68%)
and higher than SWAP-ELISA (40%). The specificities of all these
assays were similar (range 67–77%).

The sensitivities, specificities and the positive and negative
predictive values of the different assays, including the separate
analysis with trace/indecisive results being considered as negative
or positive, vs. a comparative reference (combination of the
triplicate Kato-Katz thick smears, PCR and UCP-LF CAA assay
(urine and serum) with indecisive results considered as negative)
are summarized in Table 5. A total of 128 cases had data from
all assays with 55 positive by Kato-Katz, PCR and/or urine or
serum CAA. The UCAA2000+ had the highest sensitivity of
83.6%, followed by UCAA2000- and SCAA500+ both with a
sensitivity of 80.0%. The sensitivities of UCP-LF CAA assays,
SWAP-ELISA (43.6%) and PCR (34.5%) or even the single CCA
test (t+ = 29.1%; t– = 10.9%) were considerably higher than
the stool examination with three Kato-Katz thick smears, which
showed very low sensitivity (3.6%). Also the UCAA2000+ had
the highest NPV of 88.5%, followed by the UCAA2000- with a
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TABLE 3 | Agreement between the different diagnostic approaches.

Positive Trace/indecisive Negative Total K* P-value

UCAA2000 POC-CCA

Positive 7 11 62 80

Indecisive 0 0 13 13 0.09 0.007

Negative 3 9 153 165

Total 10 20 228 258

SCAA500

Positive 66 6 8 80

Indecisive 2 1 10 13 0.73 0.000

Negative 14 7 144 165

Total 82 14 162 258

PCR UCAA2000

Positive 14 1 4 19

Negative 30 5 74 109 0.30 0.000

Total 44 6 78 128

SCAA500

Positive 13 2 4 19

Negative 26 5 78 109 0.31 0.000

Total 39 7 82 128

POC-CCA

Positive 3 7 9 19

Negative 5 9 95 109 0.15 0.063

Total 8 16 104 128

Six-cell and nine-cell-matrixes showing the agreement of the number of positive, negative,

indecisive, and trace results of the up-converting phosphor—lateral flow assay detecting

circulating anodic antigen in urine (UCAA2000) and in serum (SCAA500), the POC-CCA

test and the PCR for the diagnosis of S. mansoni in samples from Brazil. *Kappa indexes:

trace and indecisive results were considered as negative.

NPV of 86.9%. Sensitivity improvements were obtained by the
combination of urine and serum CAA findings (87.3%; 89.1%)
and by the combination of CAA assays and CCA test findings
(89.1%; 94.5%).

Post-treatment Readings and
Efficacy Evaluation
We found 34 (26.8%) and 35 (27.3%) urine and 13 (10.9%) and
11 (8.9%) serum CAA positives at 3 and 6 weeks after treatment,
respectively. Additionally, in the urine CAA assay, 6 (4.7%) and
30 (23.4%) cases were scored indecisive at 3 and 6 weeks after
treatment and 6 (5.0%) and 7 (5.6%), in the serum CAA assay,
respectively (Table 6). Meanwhile, we found 2 CCA positives
(1.6%) and 3 (2.3%) trace results in the POC-CCA test at 3
weeks after treatment. At the 6-week post-treatment evaluation,
all patients were CCA negatives.

Among the 44 patients who were UCAA2000- positives at
baseline, 12 (27.3%) became UCAA2000- negatives on repeat
testing performed 3 weeks post-treatment. Seven (21.9%) of the
remaining UCAA2000- positives (n= 32) became negative based
on follow-up UCAA2000- testing at 6 weeks post-treatment.
Meanwhile, among the 34 patients who were SCAA500- positives
at baseline, 23 (67.6%) became SCAA500- negatives on repeat

TABLE 4 | Number of positive and negative results of the up-converting

phosphor–lateral flow assay detecting circulating anodic antigen in urine

(UCAA2000) and in serum (SCAA500), and the SWAP-ELISA for the diagnosis of

S. mansoni against a combined reference standard of infection-positivity by either

egg (Kato-Katz) and/or PCR and/or POC-CCA test in samples from Brazil.

KatoKatz and/or PCR and/or POC-CCA

results as combined standard*

Positive Negative Total

UCAA2000-

Positive 16 28 44

Negative 9 75 84

Total 25 103 128

Sensitivity 64% Specificity 73%

UCAA2000+

Positive 17 33 50

Negative 8 70 78

Total 25 103 128

Sensitivity 68% Specificity 68%

SCAA500-

Positive 15 24 39

Negative 10 79 89

Total 25 103 128

Sensitivity 60% Specificity 77%

SCAA500+

Positive 17 29 46

Negative 8 74 82

Total 25 103 128

Sensitivity 68% Specificity 72%

SWAP-ELISA

Positive 10 34 44

Negative 15 69 84

Total 25 103 128

Sensitivity 40% Specificity 67%

* i.e., combined reference standard, assuming 100% specificity of the egg detection (Kato-

Katz) and/or PCR and/or CCA results, considering “trace” readings as negative (n = 25

positives). UCAA 2000-: UCP-LF CAA prepared with 2mL of urine, indecisive results

were considered as negative; UCAA 2000+: UCP-LF CAA prepared with 2mL of urine,

indecisive results were considered as positive; SCAA500–: UCP-LF CAA prepared with

0.5mL of serum, indecisive results were considered as negative; SCAA500+: UCP-LF

CAA prepared with 0.5mL of serum, indecisive results were considered as positive.

testing performed 3 weeks post-treatment. Four (36.4%) of the
remaining SCAA500- positives (n = 11) became negative based
on follow-up SCAA500- testing at 6 weeks post-treatment.

The UCP-LF CAA assays (serum and urine), considering
“indecisive” as negative results, revealed 33 and 28 S. mansoni-
infected patients at the 3- and 6-week post-treatment follow-
up, respectively. The respective Cure Rates (CRs) were 31.2 and
41.7%. The CRs are showed in more details according with
the clinical sample applied (UCAA2000/SCAA500), considering
“indecisive” as positive or negative results in the Table 7.

Correlation of Urine and Serum CAA Levels
A total of 258,118 and 124 patients had both serum and
urine samples subjected to CAA testing at baseline, 3 and
6-weeks after treatment, respectively. We found significant
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TABLE 5 | Diagnostic characteristics of various assays used for the diagnosis of S. mansoni against a comparative reference of infection-positivity by either egg

(Kato-Katz) and/or PCR and/or UCP-LF CAA assaya, in samples from Brazil (n = 55 positives).

Comparative referencea Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

Kato-Katz 3.6 (0.0–8.6) b.d.a b.d.a 58 (49–67)

PCR 35 (22–47) b.d. b.d. 67 (58–76)

UCAA2000– 80 (69–91) b.d. b.d. 87 (80–94)

UCAA2000+ 84 (74–93) 95 (89–100) 92 (85–100) 89 (81–96)

SCAA500– 71 (59–83) b.d. b.d. 82 (74–90)

SCAA500+ 80 (69–91) 97 (94–100) 96 (90–100) 87 (79–94)

UCAA2000– and SCAA500–b 87 (79–96) b.d. b.d. 91 (85–97)

UCAA2000+ and SCAA500+b 89 (81–97) 92 (86–98) 89 (81–97) 92 (86–98)

POC-CCA (t–) 11 (2.7–19) 97 (94–100) 75 (45–100) 59 (50–68)

POC-CCA (t+) 29 (17–41) 89 (82–96) 67 (48–86) 63 (53–72)

UCAA2000–, SCAA500–, and POC–CCA (t–)c 89 (81–97) 97 (94–100) 96 (91–100) 92 (86–98)

UCAA2000+, SCAA500+, and POC CCA (t+)c 95 (89–100) 81 (72–90) 79 (69–89) 95 (90–100)

SWAP-ELISA 44 (31–57) 73 (62–83) 55 (40–69) 63 (53–73)

a i.e., comparative reference, assuming 100% specificity of the egg detection (Kato-Katz), PCR and CAA results, considering “indecisive” readings as negative. Therefore, by definition

(b.d.) specificity and positive predictive values are 100%.
bCAA in urine and/or serum.
cCombined of CAA assays and CCA test findings with trace/indecisive results considered as negative or positive. UCP-LF CAA: up-converting phosphor—lateral flow assay detecting

circulating anodic antigen; UCAA 2000–: UCP-LF CAA prepared with 2mL of urine, indecisive results were considered as negative; UCAA 2000+: UCP-LF CAA prepared with 2mL

of urine, indecisive results were considered as positive; SCAA500–: UCP-LF CAA prepared with 0.5mL of serum, indecisive results were considered as negative; SCAA500+: UCP-LF

CAA prepared with 0.5mL of serum, indecisive results were considered as positive; POC-CCA: rapid urine based point-of-care circulating cathodic antigen test; CI, confidence interval;

PPV, Positive Predictive Value; NPV, Negative Predictive Value; t–, trace negative; t+, trace positive.

TABLE 6 | Number of urine and serum baseline CAA positive cases, compared to 3 and 6 weeks after treatment with praziquantel.

3 weeks after treatment 6 weeks after treatment

Baseline Total Positive Indecisive Negative Positive Indecisive Negative

UCAA2000a

Positive 44 32 4 8 27 8 9

Indecisive 6 0 0 6 1 0 5

Negative 78 2 2 73 7 22 49

Total 128 34 6 87 35 30 63

Positivity 34% 27% 27%

SCAA500b

Positive 39 12 6 18 10 5 21

Indecisive 7 1 0 6 0 0 7

Negative 82 0 0 76 1 2 78

Total 128 13 6 100 11 7 106

Positivity 31% 11% 8.9%

aOne patient have no UCAA2000 result at 3 weeks after treatment.
bNine and four patients have no SCAA500 results at 3 and 6-weeks after treatment, respectively.

correlations between the concentrations in all three points:
baseline (panel A, Spearman’s rho 0.66, p < 0.001), 3-
weeks (panel B, Spearman’s rho 0.60, p < 0.001) and 6-
weeks after treatment (panel C, Spearman’s rho 0.45, p <

0.001) (Figure 2). Serum CAA concentrations were significantly
higher than those in urine [Baseline—Serum CAA (24 ± 83),
Urine CAA (1.7 ± 5.9), p < 0.001; 6 weeks after PZQ—
Serum CAA (0.36 ± 1.03), Urine CAA (0.11 ± 0.24), p
< 0.001], except in 3-week analysis after treatment [Serum
CAA (0.35 ± 0.90), Urine CAA (0.18 ± 0.45), p = 0.45]
(Mann-Whitney test).

Praziquantel Efficiency by Changes in the
CAA Levels
Figure 3 shows urine and serum CAA levels before and 3–6
weeks after administration of the drug praziquantel. Panel A
shows decrease of urine and serum CAA levels 3 (p < 0.001)
and 6 weeks (p < 0.001) after treatment. There was no difference
between 3 and 6 weeks in both clinical samples (p = 0.78,
urine; p = 0.93, serum) (Wilcoxon test). The urine and serum
CAA concentrations of 27 and 10 patients, respectively, remained
above the high specificity cut-off threshold at 6 weeks after
treatment (panel B).
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TABLE 7 | Diagnosis of S. mansoni infection by UCAA2000 and SCAA500

methods, 3–6-weeks after treatment.

Pre-treatment n (%)

Indecisive pos Indecisive neg

Positive Negative Positive Negative

3-WEEK POST- TREATMENT

UCAA2000

Positive 36 (72) 4 (5.2) 32 (73) 2 (2.4)

Negative 14 (28)* 73 (95) 12 (27)* 81 (98)

SCAA500

Positive 19 (44) 0 12 (33) 1 (1.2)

Negative 24 (56)* 76 (100) 24 (67)* 82 (99)

6-WEEK POST-TREATMENT

UCAA2000

Positive 36 (72) 29 (37) 27 (61) 8 (9.5)

Negative 14 (28)* 49 (63) 17 (39)* 76 (90.5)

SCAA500

Positive 15 (35) 3 (3.7) 10 (28) 1 (1.1)

Negative 28 (65)* 78 (96) 26 (72)* 87 (99)

*Percentage cure as determined considering indecisive result as positive or negative.

Correlation of S. mansoni Urine CAA
Levels With POC-CCA Intensity Scores
Figure 4 depicts the correlations between the CAA
concentrations and POC-CCA intensity scores at baseline
(panel A, Spearman’s rho = 0.24, p < 0.001) and at 3 weeks
after drug administration (panel B, Spearman’s rho = −0.043,
p = 0.63). Panel A shows that eleven “trace” signals of the
twenty POC-CCA tests were confirmed positive by the UCP-LF
CAA test.

DISCUSSION

The current study highlights the potential of serum as well
as urine samples for a CAA diagnostic approach to accurately
determine the S. mansoni infections using the ultra-sensitive
UCP-LF assay, as evaluated for the first time in a low endemic
area in Brazil. The observed prevalence was significantly higher
with the antigen approach: increasing from 1.6% by Kato-
Katz to about 31% by the UCP-LF CAA assays; an almost
twenty-fold increase. The UCAA2000 and SCAA500 assays
identified additional 78 and 80 positive cases with respect to
Kato-Katz technique, respectively. The genus specific UCP-
LF CAA assays have been well evaluated in various endemic
settings and previous studies (46–48) showing considerably
more positive cases both for the different intestinal as well
as urinary Schistosoma species. The strength and uniqueness
of the current study is the evaluation of the CAA levels
both in serum and urine on 2 time-points relatively shortly
after treatment.

Despite of the guidance of Brazilian Schistosomiasis Control
Program (two slides), the Kato-Katz technique was performed

on three slides from one stool. However, the method was
only 3.6% sensitive against the ultrasensitive UCP-LF CAA
assays for S. mansoni diagnosis, thus providing further evidence
that the widely used Kato-Katz technique is insensitive in
low-endemic areas (9, 58). The introduction of the UCP
reporter technology was a substantial factor for the increase
in sensitivity (59). The applied 400 nm Y2O2S:Yb3+, Er3+

luminescent (phosphorescence) reporter particles compared
to other conventionally applied (fluorescent) labels include
advantages such as high sensitivity (no auto fluorescence from
other assay components), long shelf life and a permanent record
(no fading). Furthermore, the addition of a concentration step of
the samples after extraction with TCA allowed the use of larger
volumes of urine (2mL) and serum (0.5mL) in the UCP-LF
assay. It implied a significant increase in its analytical sensitivity,
as indicated in laboratory studies by Corstjens et al. (29, 30).
Clearly better strategic decisions will be made withmore sensitive
diagnostics (60).

In the current study, the high cut-off threshold that was
chosen according to the protocol outlined by Corstjens et al.
(29) turned out to be quite conservative and contributed to
the nearly 100% specificity. Negative quality controls (QC) and
standard series indicated that in fact a slightly lower cut-off
was allowed. However, in areas with low prevalence and/or
low parasitic load, settings that are moving toward elimination,
assay accuracy, and particularly specificity is very important.
Therefore, studies with the UCP-LF CAA assay have been
indicated the application of two cut-off values, allowing an
analysis with lower or greater (100%) specificity, depending on
the hypothesis or the purpose of the study, which implied the
definition of a group that was designated “potentially positive”
in early studies (40, 61) and more recently called “indecisive” (29,
35, 47). The detection by highly specific monoclonal antibodies
(62), the extraction of CAA by TCA sample pre-treatment
and the antigen uniqueness (63) are the main arguments
for the high specificity of the UCP-LF CAA assay used in
this study.

The commercially available POC-CCA urine cassette test
showed sensitivity higher to Kato-Katz technique (29.1 vs. 3.6%,
including trace results as positive). Our data corroborate findings
from others in different African settings (34) and more recent
findings in a Brazilian low-endemicity area (38) that have shown
that the POC-CCA is capable of detecting many additional
positive cases compared to Kato-Katz thick smears. Advantages
include direct savings in terms of the costs of testing and
treatment delivery as well as considerable savings in time for
collection and processing of samples (urine instead of stool),
and compliance of patients (34, 64). On the other hand, in this
low endemic area, the POC-CCA test was much less sensitive
than the UCP-LF CAA assays. Indeed, 62 individuals detected
by the UCAA2000- assay were negatives by POC-CCA analysis,
and therefore would be incorrectly found negative by this
the latter test. Moreover, the common appearance of “trace”
signals (very light lines) was raised previously due to its reader
subjectivity and the need for reading standardization has been
discussed (34, 38). Recently, a study was performed using image
analysis to quantify the color of the lines in the strip of the
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FIGURE 2 | Scattergram of urine and serum CAA concentrations as

determined by the UCP-LF CAA assay at baseline (A), 3 weeks (B), and 6

weeks after drug treatment (C). The solid red lines indicate high-specificity

cut-off levels, while the dotted red lines indicate lower specificity levels.

Samples that have concentrations in the in-between region would be classified

as “indecisive.” The solid green diagonal line represents where CAA

concentrations in serum and urine would be equal, indicating that most serum

CAA concentrations are higher than urine CAA.

cassette (65). Also, a study in a Brazilian population with low
parasite burden in an endemic area was designed to clarify the
interpretation of the concept of trace showed that after a 10-
fold concentration of urine samples by lyophilization, the trace
became positive in parasitological positive cases, but remained as
trace in parasitological negative cases, indicating trace readings
could not be promptly defined as positive or negative (37). Using
the UCP-CAA assay as a “confirmatory” test, according Colley
et al. (16), we noticed that eleven POC-CCA “trace” signals out
of twenty were confirmed positive by UCAA2000-. Moreover, 18
POC-CCA positive but egg-negative cases were also confirmed
positive. Evaluation the POC-CCA against a comparative
reference of urine and serum CAA, PCR and KK results,
showed a sensitivity and specificity of 29 and 89% if traces were
considered positive, and 11 and 97%, respectively, if traces were
considered negative.

The PCR showed sensitivity significantly higher to Kato-
Katz technique (34.5 vs. 3.6%), as expected and demonstrated

elsewhere (18, 21). Also themolecular method wasmore sensitive
than the POC-CCA test, corroborating with findings from other
authors (25, 66). Noteworthy, six out of the 19 PCR positive
individuals were not detected by UCP-LF CAA assays. However,
PCR was less sensitive than the UCP-LF CAA assays. This
can be explained in part by the fact that the fecal aliquot
used may not contain the minimum amount of parasite egg
required to obtain DNA in the extraction stage, since they are
samples from individuals with low parasitic load. The number of
excreted eggs is often low and shows high day-to-day fluctuation
(67), with consequent unequal distribution of these in stool
samples. In addition, although cost reduction can be achieved by
methodological modifications, such as the improvement of DNA
extraction methods (68), the PCR remains an expensive method.
In fact, a limitation of our study and approaches to estimate
sensitivity and specificity is that the PCR was not performed in
all samples.

The antibody detection is considered highly sensitive and
it has been recommended as a complementary tool for the
schistosomiasis diagnosis for individuals with low infection
burden, which are usually hard to detect by parasitological
methods (11, 13). However, our results show that one out
of the four egg-positive cases and 51 (53.1%) of the CAA
positives were antibody negative. This was reported previously
in a Chinese setting characterized by a very low prevalence
of S. japonicum (47) and could be explained by an effect of
immune down-regulation in chronic schistosome infections (69),
any immune incompetence or it could be due to the test itself.
The performances of antibody assays do vary a lot (70, 71).
Anyway, this implies that if we using the SWAP-ELISA as a
first-line screening tool, more than half of the active infections
would be missed, thereby allowing these patients to go untreated
and continue to contribute to transmission. The low specificity
of the ELISA (73%) would also lead to the conclusion that
many individuals would be positive, which actually did not have
active infections.

Categorizing the urine and serum CAA and egg-DNA
positivity by age, the highest positivities were found in older
people (nearly of the 30–39 olds 50% were positive by CAA).
However, also many people below 20 years old tested positive.
Although most studies are based on schoolchildren populations,
a study conducted in Zambia using Kato-Katz, POC-CCA, and
PCR methods similarly revealed that there are high prevalence
rates of S. mansoni infections in adults (66), while a study in a low
endemic area in China showed that prevalences were highest in
even older age groups with a maximum in 40–49 year old people
(47). This is an important observation from the strategic point of
view for decision-making in the Control Programs, because since
the control approach for areas with prevalence levels between
10 and 50% is preferentially aimed at the treatment of only the
schoolchildren (72, 73), many of these positive patients would
remain untreated and continue to contribute to the transmission
of the disease. Moreover, we found children before their sixth
birthday infected, which reinforce that preschool-aged children
are at risk of schistosomiasis as described elsewhere (50, 57), and
the treatment these little children also is recommended by WHO
(74) and increasingly encouraged (75).
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FIGURE 3 | CAA levels before and after drug treatment. (A) The decrease in urine and serum CAA concentrations showing the respective values before and 3–6

weeks after treatment with praziquantel. (B) Scatter plot of the urine and serum CAA concentrations as determined before and 6 weeks after treatment. The solid red

lines indicate high-specificity cut-off levels, while the dotted red lines indicate lower specificity levels. Samples that have concentrations in the in-between region would

be classified as “indecisive.” The solid green diagonal line in (B) indicates the “no change in CAA concentration” position; samples with values below this line indicate a

decrease of the CAA concentration 6 weeks after treatment.

We found 35 (27.3%) and 11 (8.9%) positive patients by
the UCAA2000- and the SCAA500- at 6-weeks post-treatment,
respectively. It would be very interesting to design further
research with a good protocol which assists elucidating these
findings, but at least four points need to be discussed. First,
6 weeks should be enough for antigen clearance (51, 76), in
particular in these rather low concentrations, so the presence
of CAA is still indicative for the presence of remaining worms,
although at a very low load. Second, a study showed that cure
rates against S. mansoni, determined 1 month after treatment,
ranged from 52 to 92% (77). In addition, a systematic review
revealed a global cure rate of 71.3% of praziquantel against S.

haematobium and S. mansoni (78). Thus, these studies, among
others based on both the detection of circulating antigens (31, 32)
and by PCR (79), have already demonstrated that the effectivity
of praziquantel is much lower indicating that many worms may
survive. Also, it is known that worms may be affected but will
recover from the PZQ attack (16, 29). Third, the killing of
the worms is dependent on an active immune response, so in
people with some immunosuppression the worms may relatively
easily survive (80–82). Finally, when there are adult worms, and
transmission is going on, there will also be young worms, which
are not affected by PZQ (83). They will grow to adult worms over
a period of weeks and will start to excrete higher CAA levels.
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FIGURE 4 | Correlations of S. mansoni urine CAA levels with POC-CCA intensity scores. Correlations of CAA levels (pg/mL) determined by the UCP-LF CAA assay

(UCAA 2000) with POC-CCA intensity scores at baseline (A) and 3 weeks after drug treatment (B). The solid red lines represent the high-specificity cut-off levels, while

the dotted red lines indicate lower specificity levels for the UCP-LF CAA assay. Samples that have concentrations in the region between the dotted line and the solid

line are classified as “indecisive”.

Despite the considerable number of positive patients by
UCP-LF CAA after treatment, it was found that CAA
concentrations in these individuals were quite low. Our findings
showed a significant reduction in CAA concentrations 3 and
6 weeks after treatment, which is in accordance with the
findings of Corstjens et al. (29) that showed a decrease in
urine CAA concentrations 2 months after administration of
praziquantel in S. haematobium infected individuals. These
findings confirm that determination of CAA levels immediately
before and shortly after drug administration will be a better
indicator for monitoring drug efficiency than monitoring
egg production.

Serum CAA concentrations were found to be significantly
higher than urine levels, as has generally been observed in
previous studies employing CAA-ELISA (43, 84) or more
recently using UCP-LF CAA assay (47). In contrast to a
previous study in S. mekongi infected individuals (35) we
obtained only a low correlation between CAA concentrations
and POC-CCA intensity scores, which could be explained
by the very low parasite burden in this setting, resulting
in relatively low POC-CCA signals. Consequently, the
number of positive individuals detected by the much more
sensitive UCP-LF CAA test was significantly higher than
by POC-CCA.

Although the absence of a true gold standard could be
considered as a limitation, the combined reference standard
method has been used before with the discussed considerations
and limitations (46–48) and has actually been recommended for
such a situation by a WHO/TDR (the Special Programme for
Research and Training in Tropical Diseases) working group (85).
We constructed a combined reference standard composite by
Kato-Katz and/or PCR and/or POC-CCA results for indication
of the performances of the UCP-LF CAA assays and of the
SWAP-ELISA; posteriorly, a comparative reference composited

by Kato-Katz and/or PCR and/or CAA results was done but
only for comparative reasons in an attempt to indicate of the
performances of all diagnostic tests. This last one allowed the
results to be compared to other similar studies which applied
the same analysis approach, which warrants its importance. It is
worth of note that sensitivities and specificities parameters from
the UCP-LF CAA assays andmainly from the SWAP-ELISA were
similar when analyzed against both combined references. The
Bayesian latent class analyses (LCA) is an alternative statistical
approach which was applied in a different study (34, 49). In
such a statistically more elaborate approach with UCP-LF CAA
not being part of the reference, the results would most probably
be very similar as observed by Knopp et al. (48) that applied
both methods. A further option for future studies would be
to use a more sensitive parasitological test as (approximate)
gold standard for active infection, such as Helmintex (86).
This alternative for egg microscopy would improve diagnosis
of infections with low burdens and was recently optimized
(e.g., to decrease the time for completing the examination)
(87). However, the method is still very labor intensive and
time-consuming for field applications (88). A rapid and cost-
effective diagnostic test capable of detecting very low numbers
of schistosome worms is urgently needed when moving to
the elimination stage of schistosomiasis control programs (64).
PCR and detection of circulating antigens presents significant
differences from diagnosis by traditional stool microscopy and
serology methods. While serology is an indirect technique not
distinguishing between active and past infection, the other
approaches are direct and therefore applicable, depending on
sensitivity, to indicate infection status and treatment outcomes.
Detection of the rapidly cleared worm regurgitated circulating
antigens CAA and CCA may be preferred also given cost issues
and lower sensitivity due the dependence on the presence of egg-
derived DNA for most of the current available PCR methods.
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While the POC-CCA is commercially available at relatively low
cost ($1–$1.5 per test) a drawback of the UCP-LF CAA test is
that it is currently still a laboratory based test, with its application
limited to collaborative research projects.

In summary, the UCP-LF CAA assay was employed for first
time to urine and serum samples from S. mansoni-infected
individuals from Brazil before and after praziquantel treatment.
Extending the existing diagnostic arsenal is one of the essential
requirements for successful disease control. The significantly
higher prevalences of active Schistosoma infections detected by
UCP-LF CAA assays shown in the current study, its potential
utility for evaluating cure rates after treatment, and the fact this
test can be performed on urine samples (less invasive collecting)
taken together makes of the UCP-LF CAA assay a sensitive,
robust and promising diagnostic approach, especially in low-
endemicity settings.

AUTHOR CONTRIBUTIONS

FB, GvD, MS, ED, and MP: conceived and designed the
experiments; MS, GvD, CdD, MP, RP, and JP: performed the
experiments; MS, GvD, CdD, PC, FB: analyzed the data; FB,
GvD, CdD, PC, JP, RP, ED: contributed reagents, materials,
analysis tools; MS: wrote the first draft of the manuscript;
MS, GvD, PC, FB, and ED: wrote sections and revising
it critically. All the authors approved the final version of
the manuscript.

FUNDING

This work obtained financial support from The National Council
for Scientific and Technological Development (CNPq) (BR):
MCTI (Ministério da Ciência, Tecnologia e Inovação) CNPq
number 01/2016 (Proc. 402112/2016-4). This study was financed
in part by the Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior–Brazil (CAPES)–Finance Code 001. Moreover,
part of this work received financial support from theUniversity of
Georgia Research Foundation, Inc., which was funded by the Bill
&Melinda Gates Foundation for the Schistosomiasis Consortium
for Operational Research and Evaluation (SCORE) project.

ACKNOWLEDGMENTS

The authors would like to thank the Central Laboratory of
Public Health of Ceará State, the Health Secretariat of the State
Government of Ceará and the Health Secretariat of Capistrano
municipality for the technical support. We would like to thank
the Rene Rachou Research Center, Oswaldo Cruz Foundation,
Minas Gerais, Brazil, for the ELISA experiments. We would
like to acknowledge Neels van Rooyen from Rapid Medical
Diagnostics and Santiago Nicholls from PAHO/WHO for the
donation of POC-CCA R© kits. Dieuwke Kornelis is acknowledged
for lab assistance and Pytsje Hoekstra-Mevius for artwork. We
also want to give our special thanks to the population of
Bananeiras for their collaboration during the field work.

REFERENCES

1. Martins-Melo FR, Ramos AN Jr, Alencar CH, Heukelbach J. Mortality from
neglected tropical diseases in Brazil, 2000-2011. Bull World Health Organ.

(2016) 94:103–10. doi: 10.2471/BLT.15.152363
2. Martins-Melo FR, Pinheiro MC, Ramos AN Jr, Alencar CH, Bezerra FS,

Heukelbach J. Trends in schistosomiasis-related mortality in Brazil, 2000-
2011. Int J Parasitol. (2014) 44:1055–62. doi: 10.1016/j.ijpara.2014.07.009

3. Katz N. Inquérito Nacional de Prevalência da Esquistossomose mansoni e

Geo-helmintoses. 22nd Edition. Belo Horizonte: CPqRR FIOCRUZ (2018).
4. Ferreira FT, Fidelis TA, Pereira TA, Otoni A, Queiroz LC, Amâncio FF, et al.

Sensitivity and specificity of the circulating cathodic antigen rapid urine test in
the diagnosis of Schistosomiasis mansoni infection and evaluation ofmorbidity
in a low- endemic area in Brazil. Rev Soc Bras Med Trop. (2017) 50:358–64.
doi: 10.1590/0037-8682-0423-2016

5. Martins-Melo FR, Pinheiro MC, Ramos AN Jr, Alencar CH, Bezerra
FS, Heukelbach J. Spatiotemporal Patterns of Schistosomiasis-Related
Deaths, Brazil, 2000-2011. Emerg Infect Dis. (2015) 21:1820–3.
doi: 10.3201/eid2110.141438

6. Brasil. Ministério da Saúde (MS). Positividade por Ano segundo Município.

Secretaria de Vigilância em Saúde. Coordenação Geral de Hanseníase e

Doenças em Eliminação. Grupo de Trabalho do Programa de Controle da

Esquistossomose. Brasília: Ministério da Saúde (2013) Available online at:
http://tabnet.datasus.gov.br/cgi/tabcgi.exe?sinan/pce/cnv/pcebr.def (Updated
November 10, 2016) (Accessed June 20, 2017).

7. Gryseels B. Schistosomiasis. Infect Dis Clin North Am. (2012) 26:383–97.
doi: 10.1016/j.idc.2012.03.004

8. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis.
Lancet. (2014) 383:2253–64. doi: 10.1016/S0140-6736(13)61949-2

9. Utzinger J, N’goran EK, Caffrey CR, Keiser J. From innovation
to application: social-ecological context, diagnostics, drugs and

integrated control of schistosomiasis. Acta Trop. (2011) 120:S121–37.
doi: 10.1016/j.actatropica.2010.08.020

10. Cavalcanti MG, Silva LF, Peralta RH, Barreto MG, Peralta JM. Schistosomiasis
in areas of low endemicity: a new era in diagnosis. Trends Parasitol. (2013)
29:75–82. doi: 10.1016/j.pt.2012.11.003

11. Alarcón de Noya B, Ruiz R, Losada S, Colmenares C, Contreras R, Cesari IM,
et al. Detection of schistosomiasis cases in low-transmission areas based on
coprologic and serologic criteria the Venezuelan experience. Acta Trop. (2007)
103:41–9. doi: 10.1016/j.actatropica.2007.04.018

12. Carneiro TR, Pinheiro MC, de Oliveira SM, Hanemann AL, Queiroz JA,
Bezerra FS. Increased detection of schistosomiasis with Kato-Katz and SWAP-
IgG-ELISA in a Northeastern Brazil low-intensity transmission area. Rev
Soc Bras Med Trop. (2012) 45:510–3. doi: 10.1590/S0037-868220120004
00019

13. Grenfell RF, Martins W, Enk M, Almeida A, Siqueira L, Silva-Moraes
V, et al. Schistosoma mansoni in a low-prevalence area in Brazil:
the importance of additional methods for the diagnosis of hard-to-
detect individual carriers by low-cost immunological assays. Mem Inst

Oswaldo Cruz. (2013) 108:328–34. doi: 10.1590/S0074-027620130003
00011

14. van Lieshout L, Polderman, AM, Deelder AM. Immunodiagnosis of
schistosomiasis by determination of the circulating antigens CAA and CCA,
in particular in individuals with recent or light infections. Acta Trop. (2000)
77:69–80. doi: 10.1016/S0001-706X(00)00115-7

15. Utzinger J, Becker SL, van Lieshout L, van Dam GJ, Knopp S. New
diagnostic tools in schistosomiasis. Clin Microbiol Infect. (2015) 21:529–42.
doi: 10.1016/j.cmi.2015.03.014

16. Colley DG, Andros TS, Campbell CH. Schistosomiasis is more prevalent
than previously thought: what does it mean for public health goals, policies,
strategies, guidelines and intervention programs? Infect Dis Poverty. (2017)
6:63. doi: 10.1186/s40249-017-0275-5

Frontiers in Immunology | www.frontiersin.org 13 April 2019 | Volume 10 | Article 682

https://doi.org/10.2471/BLT.15.152363
https://doi.org/10.1016/j.ijpara.2014.07.009
https://doi.org/10.1590/0037-8682-0423-2016
https://doi.org/10.3201/eid2110.141438
http://tabnet.datasus.gov.br/cgi/tabcgi.exe?sinan/pce/cnv/pcebr.def
https://doi.org/10.1016/j.idc.2012.03.004
https://doi.org/10.1016/S0140-6736(13)61949-2
https://doi.org/10.1016/j.actatropica.2010.08.020
https://doi.org/10.1016/j.pt.2012.11.003
https://doi.org/10.1016/j.actatropica.2007.04.018
https://doi.org/10.1590/S0037-86822012000400019
https://doi.org/10.1590/S0074-02762013000300011
https://doi.org/10.1016/S0001-706X(00)00115-7
https://doi.org/10.1016/j.cmi.2015.03.014
https://doi.org/10.1186/s40249-017-0275-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sousa et al. Schistosomiasis CAA Testing in Brazil

17. Bierman WF, Wetsteyn JC, van Gool T. Presentation and diagnosis of
imported schistosomiasis: relevance of eosinophilia, microscopy for ova, and
serology. J Travel Med. (2005) 12:9–13. doi: 10.2310/7060.2005.00003

18. Carneiro TR, Peralta RH, Pinheiro MC, Oliveira, SM, Peralta JM, Bezerra
FS. Convencional PCR for the diagnosis of human shistosomiasis in stool
samples from individuals in a low endemic area in Ceará state, Brazil. Mem

Inst Oswaldo Cruz. (2013) 108:1037–44. doi: 10.1590/0074-0276130202
19. ten Hove RJ, Verweij JJ, Vereecken K, Polman K, Dieye L, van Lieshout

L. Multiplex real-time PCR for the detection and quantification of
Schistosoma mansoni and S. haematobium infection in stool samples collected
in northern Senegal. Trans R Soc Trop Med Hyg. (2008) 102:179–85.
doi: 10.1016/j.trstmh.2007.10.011

20. Gomes LI, dos Santos Marques LH, Enk MJ, de Oliveira MC, Coelho PM,
Rabello A. Development and evaluation of a sensitive PCR-ELISA system for
detection of schistosoma infection in feces. PLoS Negl Trop Dis. (2010) 4:e664.
doi: 10.1371/journal.pntd.0000664

21. Schwarz NG, Rakotozandrindrainy R, Heriniaina JN, Randriamampionona
N, Hahn A, Hogan B, et al. Schistosoma mansoni in schoolchildren in a
Madagascan highland school assessed by PCR and sedimentation microscopy
and Bayesian estimation of sensitivities and specificities. Acta Trop. (2014)
134:89–94. doi: 10.1016/j.actatropica.2014.03.003

22. Clerinx J, Bottieau E, Wichmann D, Tannich E, van Esbroeck
M. Acute schistosomiasis in a cluster of travelers from Rwanda:
diagnostic contribution of schistosome DNA detection in serum
compared to parasitology and serology. J Travel Med. (2011) 18:367–72.
doi: 10.1111/j.1708-8305.2011.00552.x

23. Wichmann D, Poppert S, von Thien H, Clerinx J, Dieckmann S, Jensenius M,
et al. Prospective European-wide multicentre study on a blood based real-time
PCR for the diagnosis of acute schistosomiasis. BMC Infect Dis. (2013) 13:55.
doi: 10.1186/1471-2334-13-55

24. Wichmann D, Panning M, Quack T, Kramme S, Burchard GD,
Grevelding C, et al. Diagnosing schistosomiasis by detection of cell-free
parasite DNA in human plasma. PLoS Negl Trop Dis. (2009) 3:e422.
doi: 10.1371/journal.pntd.0000422

25. Obeng BB, Aryeetey YA, de Dood CJ, Amoah AS, Larbi IA, Deelder AM, et
al. Application of a circulating-cathodic-antigen (CCA) strip test and real-
time PCR, in comparison with microscopy, for the detection of Schistosoma

haematobium in urine samples from Ghana. Ann Trop Med Parasitol. (2008)
102:625–33. doi: 10.1179/136485908X337490

26. Cnops L, Tannich E, Polman K, Clerinx J, van Esbroeck M. Schistosoma real-
time PCR as diagnostic tool for international travellers and migrants. Trop
Med Int Health. (2012) 17:1208–16. doi: 10.1111/j.1365-3156.2012.03060.x

27. Lodh N, Naples JM, Bosompem KM, Quartey J, Shiff CJ. Detection of
parasite specific DNA in urine sediment obtained by filtration differentiates
between single and mixed infections of Schistosoma mansoni and S.

haematobium from endemic areas in Ghana. PLoS ONE. (2014) 9:e91144.
doi: 10.1371/journal.pone.0091144

28. Meurs L, Brienen E, Mbow M, Ochola EA, Mboup S, Karanja DM, et al. Is
PCR the next reference standard for the diagnosis of schistosoma in stool?
A comparison with microscopy in Senegal and Kenya. PLoS Negl Trop Dis.

(2015) 9:e0003959. doi: 10.1371/journal.pntd.0003959
29. Corstjens PL, de Dood CJ, Kornelis D, Fat EM, Wilson RA, Kariuki

TM, et al. Tools for diagnosis, monitoring and screening of Schistosoma
infections utilizing lateral-flow based assays and upconverting phosphor
labels. Parasitology. (2014) 141:1841–55. doi: 10.1017/S0031182014000626

30. Corstjens PL, Nyakundi RK, de Dood CJ, Kariuki TM, Ochola EA, Karanja
DM, et al. Improved sensitivity of the urine CAA lateral-flow assay for
diagnosing active schistosoma infections by using larger sample volumes.
Parasit Vectors. (2015) 8:241. doi: 10.1186/s13071-015-0857-7

31. Corstjens PL, Hoekstra PT, de Dood CJ, van Dam GJ. Utilizing the
ultrasensitive Schistosoma up-converting phosphor lateral flow circulating
anodic antigen (UCP-LF CAA) assay for sample pooling-strategies. Infect Dis
Poverty. (2017) 6:155. doi: 10.1186/s40249-017-0368-1

32. de Dood CJ, Hoekstra PT, Mngara J, Kalluvya SE, van Dam GJ, Downs
JA, et al. Refining diagnosis of Schistosoma haematobium infections:
antigen and antibody detection in urine. Front Immunol. (2018) 9:2635.
doi: 10.3389/fimmu.2018.02635

33. Adriko M, Standley CJ, Tinkitina B, Tukahebwa EM, Fenwick A, Fleming
FM, et al. Evaluation of circulating cathodic antigen (CCA) urine-cassette
assay as a survey tool for Schistosoma mansoni in different transmission
settings within Bugiri District, Uganda. Acta Trop. (2014) 136:50–7.
doi: 10.1016/j.actatropica.2014.04.001

34. Colley DG, Binder S, Campbell C, King CH, Tchuem Tchuenté LA, N’Goran
EK, et al. A five-country evaluation of a point-of-care circulating cathodic
antigen urine assay for the prevalence of Schistosomamansoni. Am J TropMed

Hyg. (2013) 88:426–32. doi: 10.4269/ajtmh.12-0639
35. Van Dam GJ, Odermatt P, Acosta L, Bergquist R, de Dood CJ, Kornelis D,

et al. Evaluation of banked urine samples for the detection of circulating
anodic and cathodic antigens in Schistosoma mekongi and S. japonicum

infections: A proof-of-concept study. Acta Trop. (2015) 141:198–203.
doi: 10.1016/j.actatropica.2014.09.003

36. Bezerra FSM, Leal JKF, Sousa MS, Pinheiro MCC, Ramos AN Jr., Silva-
Moraes V, et al. Evaluating a point-of-care circulating cathodic antigen
test (POC-CCA) to detect Schistosoma mansoni infections in a low
endemic area in north-eastern Brazil. Acta Trop. (2018) 182:264–70.
doi: 10.1016/j.actatropica.2018.03.002

37. Coelho PM, Siqueira LM, Grenfell RF, Almeida NB, Katz N, Almeida Á,
et al. Improvement of POC-CCA Interpretation by Using Lyophilization of
Urine from Patients with Schistosoma mansoni low worm burden: towards an
elimination of doubts about the concept of trace. PLoS Negl Trop Dis. (2016)
10:e0004778. doi: 10.1371/journal.pntd.0004778

38. Siqueira LM, Couto FF, Taboada D, Oliveira ÁA, Carneiro NF, Oliveira E, et
al. Performance of POC-CCA R© in diagnosis of Schistosomiasis mansoni in
individuals with low parasite burden. Rev Soc BrasMed Trop. (2016) 49:341–7.
doi: 10.1590/0037-8682-0070-2016

39. Kittur N, Castleman JD, Campbell CH Jr, King CH, Colley DG. Comparison
of Schistosoma mansoni prevalence and intensity of infection, as determined
by the circulating cathodic antigen urine assay or by the Kato-Katz
fecal assay: a systematic review. Am J Trop Med Hyg. (2016) 94:605–10.
doi: 10.4269/ajtmh.15-0725

40. Corstjens PL, van Lieshout L, Zuiderwijk M, Kornelis D, Tanke HJ, Deelder
AM, et al. Up-converting phosphor technology-based lateral flow assay for
detection of Schistosoma circulating anodic antigen in serum. J ClinMicrobiol.

(2008) 46:171–6. doi: 10.1128/JCM.00877-07
41. Zarling DA, Rossi MJ, Peppers NA, Kane J, Faris GW, Dyer MJ, Ng

SY, Schneider LV, inventors; SRI International, assignee. Up-Converting

Reporters for Biological and Other Assays Using Laser Excitation Techniques.
United States patent US 5,674,698 (1997).

42. Zijlmans HJ, Bonnet J, Burton J, Kardos K, Vail T, Niedbala RS, et
al. Detection of cell and tissue surface antigens using up-converting
phosphors: a new reporter technology. Anal Biochem. (1999) 267:30–6.
doi: 10.1006/abio.1998.2965

43. van Dam GJ, Bogitsh BJ, van Zeyl RJ, Rotmans JP, Deelder AM.
Schistosoma mansoni: in vitro and in vivo excretion of CAA and CCA by
developing schistosomula and adult worms. J Parasitol. (1996) 82:557–64.
doi: 10.2307/3283780

44. Wilson RA, van Dam GJ, Kariuki TM, Farah IO, Deelder AM, Coulson PS.
The detection limits for estimates of infection intensity in Schistosomiasis

mansoni established by a study in non-human primates. Int J Parasitol. (2006)
36:1241–4. doi: 10.1016/j.ijpara.2006.07.002

45. Beechler BR, Jolles AE, Budischak SA, Corstjens PLAM, Ezenwa VO, Smith
M, et al. Host immunity, nutrition and coinfection alter longitudinal infection
patterns of schistosomes in a free ranging African buffalo population. PLoS
Negl Trop Dis. (2017) 11:e0006122. doi: 10.1371/journal.pntd.0006122

46. Vonghachack Y, Sayasone S, Khieu V, Bergquist R, van Dam GJ, Hoekstra PT,
et al. Comparison of novel and standard diagnostic tools for the detection
of Schistosoma mekongi infection in Lao People’s Democratic Republic and
Cambodia. Infect Dis Poverty. (2017) 6:127. doi: 10.1186/s40249-017-0335-x

47. Van Dam GJ, Xu J, Bergquist R, de Dood CJ, Utzinger J, Qin ZQ, et al. An
ultra-sensitive assay targeting the circulating anodic antigen for the diagnosis
of Schistosoma japonicum in a low-endemic area, People’s Republic of China.
Acta Trop. (2015) 141:190–7. doi: 10.1016/j.actatropica.2014.08.004

48. Knopp S, Corstjens PL, Koukounari A, Cercamondi CI, Ame SM, Ali SM,
et al. Sensitivity and specificity of a urine circulating anodic antigen test for

Frontiers in Immunology | www.frontiersin.org 14 April 2019 | Volume 10 | Article 682

https://doi.org/10.2310/7060.2005.00003
https://doi.org/10.1590/0074-0276130202
https://doi.org/10.1016/j.trstmh.2007.10.011
https://doi.org/10.1371/journal.pntd.0000664
https://doi.org/10.1016/j.actatropica.2014.03.003
https://doi.org/10.1111/j.1708-8305.2011.00552.x
https://doi.org/10.1186/1471-2334-13-55
https://doi.org/10.1371/journal.pntd.0000422
https://doi.org/10.1179/136485908X337490
https://doi.org/10.1111/j.1365-3156.2012.03060.x
https://doi.org/10.1371/journal.pone.0091144
https://doi.org/10.1371/journal.pntd.0003959
https://doi.org/10.1017/S0031182014000626
https://doi.org/10.1186/s13071-015-0857-7
https://doi.org/10.1186/s40249-017-0368-1
https://doi.org/10.3389/fimmu.2018.02635
https://doi.org/10.1016/j.actatropica.2014.04.001
https://doi.org/10.4269/ajtmh.12-0639
https://doi.org/10.1016/j.actatropica.2014.09.003
https://doi.org/10.1016/j.actatropica.2018.03.002
https://doi.org/10.1371/journal.pntd.0004778
https://doi.org/10.1590/0037-8682-0070-2016
https://doi.org/10.4269/ajtmh.15-0725
https://doi.org/10.1128/JCM.00877-07
https://doi.org/10.1006/abio.1998.2965
https://doi.org/10.2307/3283780
https://doi.org/10.1016/j.ijpara.2006.07.002
https://doi.org/10.1371/journal.pntd.0006122
https://doi.org/10.1186/s40249-017-0335-x
https://doi.org/10.1016/j.actatropica.2014.08.004
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sousa et al. Schistosomiasis CAA Testing in Brazil

the diagnosis of Schistosoma haematobium in low endemic settings. PLoS Negl
Trop Dis. (2015) 9:e0003752. doi: 10.1371/journal.pntd.0003752

49. Clements MN, Corstjens PL, Binder S, Campbell CH Jr, de Dood CJ, Fenwick
A, et al. Latent class analysis to evaluate performance of point-of-care CCA
for low-intensity Schistosoma mansoni infections in Burundi. Parasit Vectors.
(2018) 11:111. doi: 10.1186/s13071-018-2700-4

50. Coulibaly JT, N’gbesso YK, Knopp S, Keiser J, N’goran EK, Utzinger J. Efficacy
and safety of praziquantel in preschool-aged children in an area co-endemic
for Schistosoma mansoni and S. haematobium. PLoS Negl Trop Dis. (2012)
6:e1917. doi: 10.1371/journal.pntd.0001917

51. Van Lieshout L, de Jonge N, Bassily S, MansourMM, Deelder AM. Assessment
of cure in schistosomiasis patients after chemotherapy with praziquantel by
quantitation of circulating anodic antigen (CAA) in urine. Am J Trop Med

Hyg. (1991) 44:323–8. doi: 10.4269/ajtmh.1991.44.323
52. Scherrer AU, SjöbergMK, Allangba A, TraoréM, Lohourignon LK, Tschannen

AB, et al. Sequential analysis of helminth egg output in human stool samples
following albendazole and praziquantel administration. Acta Trop. (2009)
109:226–31. doi: 10.1016/j.actatropica.2008.11.015

53. Katz N, Chaves A, Pellegrino J. A simple device for quantitative stool
thick-smear technique in schistosomiasis mansoni. Rev Inst Med Trop.

(1972) 14:397–400.
54. Niedbala RS, Feindt H, Kardos K, Vail T, Burton J, Bielska B, et al. Detection

of analytes by immunoassay using up-converting phosphor technology. Anal
Biochem. (2001) 293:22–30. doi: 10.1006/abio.2001.5105

55. Hampl J, Hall M, Mufti NA, Yao YM, MacQueen DB, Wright WH, et al.
Upconverting phosphor reporters in immunochromatographic assays. Anal
Biochem. (2001) 288:176–87. doi: 10.1006/abio.2000.4902

56. Midzi N, Butterworth AE, Mduluza TS, Munyati S, Deelder AM, Van
Dam GJ. Use of circulating cathodic antigen strips for the diagnosis of
urinary schistosomiasis. Trans R Soc Trop Med Hyg. (2009) 103:45–51.
doi: 10.1016/j.trstmh.2008.08.018

57. Coulibaly JT, N’gbesso YK, Knopp S, N’guessan NA, Silue KD, Van Dam GJ,
et al. Accuracy of urine circulating cathodic antigen test for the diagnosis of
Schistosoma mansoni in preschool-aged children before and after treatment.
PLoS Negl Trop Dis. (2013) 7:e2109. doi: 10.1371/journal.pntd.0002109

58. Siqueira LM, Coelho PM, Oliveira ÁA, Massara CL, Carneiro NF,
Lima AC, et al. Evaluation of two coproscopic techniques for the
diagnosis of schistosomiasis in a low-transmission area in the state
of Minas Gerais, Brazil. Mem Inst Oswaldo Cruz. (2011) 106:844–50.
doi: 10.1590/S0074-02762011000700010

59. Corstjens PL, Li S, Zuiderwijk M, Kardos K, Abrams WR, Niedbala RS, et
al. Infrared up-converting phosphors for bioassays. IEE Proc Nanobiotechnol.

(2005) 152:64–72. doi: 10.1049/ip-nbt:20045014
60. Collins C, Xu J, Tang S. Schistosomiasis control and the health system in P. R.

China. Infect Dis Poverty. (2012) 1:8. doi: 10.1186/2049-9957-1-8
61. Van Dam GJ, de Dood CJ, Lewis M, Deelder AM, van Lieshout L, Tanke

HJ, et al. A robust dry reagent lateral flow assay for diagnosis of active
schistosomiasis by detection of Schistosoma circulating anodic antigen. Exp
Parasitol. (2013) 135:274–82. doi: 10.1016/j.exppara.2013.06.017

62. Deelder AM, de Jonge N, Boerman OC, Fillie YE, Hilberath GW, Rotmans
JP, et al. Sensitive determination of circulating anodic antigen in Schistosoma

mansoni infected individuals by an enzyme-linked immunosorbent assay
using monoclonal antibodies. Am J Trop Med Hyg. (1989) 40:268–72.
doi: 10.4269/ajtmh.1989.40.268

63. Bergwerff AA, Van Dam GJ, Rotmans JP, Deelder AM, Kamerling JP,
Vliegenthart JF. Immunologically reactive part of immunopurified circulating
anodic antigen from Schistosomamansoni is a threoninelinked polysaccharide
consisting of−6)- [ß- D-GlcpA-( 1−3)]-; ß -D-GalpNAc-1-∗repeating units. J
Biol Chem. (1994) 269:31510–7.

64. Knopp S, Becker SL, Ingram KJ, Keiser J, Utzinger J. Diagnosis and treatment
of schistosomiasis in children in the era of intensified control. Expert Rev Anti
Infect Ther. (2013) 11:1237–58. doi: 10.1586/14787210.2013.844066

65. Casacuberta M, Kinunghi S, Vennervald BJ, Olsen A. Evaluation and
optimization of the circulating cathodic antigen (POC-CCA) cassette test for
detecting Schistosoma mansoni infection by using image analysis in school
children in Mwanza Region, Tanzania. Parasite Epidemiol Control. (2016)
1:105–15. doi: 10.1016/j.parepi.2016.04.002

66. Lodh N, Mwansa JC, Mutengo MM, Shiff CJ. Diagnosis of Schistosoma

mansoni without the stool: comparison of three diagnostic tests to detect
Schistosoma mansoni infection from filtered urine in Zambia. Am J Trop Med

Hyg. (2013) 89:46–50. doi: 10.4269/ajtmh.13-0104
67. Kongs A,Marks G, Verlé P, van der Stuyft P. The unreliability of the Kato-Katz

technique limits its usefulness for evaluation S. mansoni infections. Trop Med

Int Health. (2001) 6:163–9. doi: 10.1046/j.1365-3156.2001.00687.x
68. EnkMJ, Oliveira e Silva G, Rodrigues NB. Diagnostic accuracy Schistosomiasis

mansoni and applicability of a PCR System for the detection of Schistosoma

mansoni DNA in human urine samples from an endemic area. PLoS ONE.

(2012) 7:e38947. doi: 10.1371/journal.pone.0038947
69. van Lieshout L, Panday UG, de Jonge N, Krijger FW, Oostburg BF, Polderman

AM, et al. Immunodiagnosis of Schistosomiasis mansoni in a low endemic area
in Surinam by determination of the circulating antigens CAA and CCA. Acta
Trop. (1995) 59:19–29. doi: 10.1016/0001-706X(94)00084-E

70. Balahbib A, Amarir F, Corstjens PL, de Dood CJ, van Dam GJ, Hajli A, et al.
Selecting accurate post-elimination monitoring tools to prevent reemergence
of urogenital schistosomiasis in Morocco: a pilot study. Infect Dis Poverty.
(2017) 6:75. doi: 10.1186/s40249-017-0289-z

71. Hinz R, Schwarz NG, Hahn A, Frickmann H. Serological approaches for
the diagnosis of schistosomiasis-a review. Mol Cell Probes. (2017) 31:2–21.
doi: 10.1016/j.mcp.2016.12.003

72. WHO. Report of the WHO Informal Consultation on the Use of Praziquantel

During Pregnancy/Lactation and Albendazole/Mebendazole in Children Under

24 Months. Geneva: World Health Organization (2002).
73. WHO. Preventive Chemotherapy in Human Helminthiasis: Coordinated

Use of Anthelminthic Drugs in Control Interventions: A Manual for

Health Professionals and Programme Managers. Geneva: World Health
Organization (2006).

74. WHO. Report of a Meeting to Review the Results of Studies on the

Treatment of Schistosomiasis in Preschool-Age Children. Geneva:World Health
Organization (2011).

75. Stothard JR, Sousa-Figueiredo JC, Betson M, Bustinduy A, Reinhard-Rupp J.
Schistosomiasis in African infants and preschool children: let them now be
treated! Trends Parasitol. (2013) 29:197–205. doi: 10.1016/j.pt.2013.02.001

76. de Jonge N, Fillié YE, Hilberath GW, Krijger FW, Lengeler C, de Savigny DH,
et al. Presence of the schistosome circulating anodic antigen (CAA) in urine of
patients with Schistosoma mansoni or S. haematobium infections. Am J Trop

Med Hyg. (1989) 41:563–9. doi: 10.4269/ajtmh.1989.41.563
77. Danso-Appiah A, Olliaro PL, Donegan S, Sinclair D, Utzinger J. Drugs for

treating Schistosoma mansoni infection. Cochr Database Syst Rev. (2013)
2:CD000528. doi: 10.1002/14651858.CD000528.pub2

78. Stothard JR, Sousa-Figueiredo JC, Navaratnam AM. Advocacy, policies and
practicalities of preventive chemotherapy campaigns for African children
with schistosomiasis. Expert Rev Anti Infect Ther. (2013) 11:733–52.
doi: 10.1586/14787210.2013.811931

79. Vinkeles Melchers NV, van Dam GJ, Shaproski D, Kahama AI, Brienen EA,
Vennervald BJ, et al. Diagnostic performance of Schistosoma real-time PCR in
urine samples from Kenyan children infected with Schistosoma haematobium:
day-to-day variation and follow-up after praziquantel treatment. PLoS Negl

Trop Dis. (2014) 8:e2807. doi: 10.1371/journal.pntd.0002807
80. Sabah AA, Fletcher C, Webbe G, DoenhoffMJ. Schistosoma mansoni: reduced

efficacy of chemotherapy in infected T-cell-deprived mice. Exp Parasitol.

(1985) 60:348–54. doi: 10.1016/0014-4894(85)90041-4
81. Brindley PJ, Sher A. The chemotherapeutic effect of praziquantel against

Schistosoma mansoni is dependent on host antibody response. J Immunol.

(1987) 139:215–20.
82. Doenhoff MJ, Cioli D, Utzinger J. Praziquantel: mechanisms of action,

resistance and new derivatives for schistosomiasis. Curr Opin Infect Dis.

(2008) 21:659–67. doi: 10.1097/QCO.0b013e328318978f
83. Sabah AA, Fletcher C, Webbe G, Doenhoff MJ. Schistosoma mansoni:

chemotherapy of infections of different ages. Exp Parasitol. (1986) 61:294–303.
doi: 10.1016/0014-4894(86)90184-0

84. Polman K, Stelma FF, Gryseels B, van Dam GJ, Talla I, Niang M, et
al. Epidemiologic application of circulating antigen detection in a recent
Schistosoma mansoni focus in northern Senegal. Am J Trop Med Hyg. (1995)
53:152–7. doi: 10.4269/ajtmh.1995.53.152

Frontiers in Immunology | www.frontiersin.org 15 April 2019 | Volume 10 | Article 682

https://doi.org/10.1371/journal.pntd.0003752
https://doi.org/10.1186/s13071-018-2700-4
https://doi.org/10.1371/journal.pntd.0001917
https://doi.org/10.4269/ajtmh.1991.44.323
https://doi.org/10.1016/j.actatropica.2008.11.015
https://doi.org/10.1006/abio.2001.5105
https://doi.org/10.1006/abio.2000.4902
https://doi.org/10.1016/j.trstmh.2008.08.018
https://doi.org/10.1371/journal.pntd.0002109
https://doi.org/10.1590/S0074-02762011000700010
https://doi.org/10.1049/ip-nbt:20045014
https://doi.org/10.1186/2049-9957-1-8
https://doi.org/10.1016/j.exppara.2013.06.017
https://doi.org/10.4269/ajtmh.1989.40.268
https://doi.org/10.1586/14787210.2013.844066
https://doi.org/10.1016/j.parepi.2016.04.002
https://doi.org/10.4269/ajtmh.13-0104
https://doi.org/10.1046/j.1365-3156.2001.00687.x
https://doi.org/10.1371/journal.pone.0038947
https://doi.org/10.1016/0001-706X(94)00084-E
https://doi.org/10.1186/s40249-017-0289-z
https://doi.org/10.1016/j.mcp.2016.12.003
https://doi.org/10.1016/j.pt.2013.02.001
https://doi.org/10.4269/ajtmh.1989.41.563
https://doi.org/10.1002/14651858.CD000528.pub2
https://doi.org/10.1586/14787210.2013.811931
https://doi.org/10.1371/journal.pntd.0002807
https://doi.org/10.1016/0014-4894(85)90041-4
https://doi.org/10.1097/QCO.0b013e328318978f
https://doi.org/10.1016/0014-4894(86)90184-0
https://doi.org/10.4269/ajtmh.1995.53.152
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sousa et al. Schistosomiasis CAA Testing in Brazil

85. Banoo S, Bell D, Bossuyt P, Herring A, Mabey D, Poole F, et al. Evaluation of
diagnostic tests for infectious diseases: general principles. Nat Rev Microbiol.

(2010) 8:S16–28. doi: 10.1038/nrmicro1523z
86. Fagundes Teixeira C, Neuhauss E, Ben R, Romanzini J, Graeff-

Teixeira C. Detection of Schistosoma mansoni eggs in feces through
their interaction with paramagnetic beads in a magnetic field.
PLoS Negl Trop Dis. (2007) 1:e73. doi: 10.1371/journal.pntd.00
00073

87. Favero V, Frasca Candido RR, DeMarco Verissimo C, JonesMK, St Pierre TG,
Lindholz CG, et al. Optimization of the Helmintexmethod for schistosomiasis
diagnosis. Exp Parasitol. (2017) 177:28–34. doi: 10.1016/j.exppara.2017.
04.001

88. Candido RRF, St Pierre TG, Morassutti AL, Graeff-Teixeira C, Jones
MK. Eggs and magnetism: new approaches for Schistosomiasis

diagnosis. Trends Parasitol. (2018) 34:267–71. doi: 10.1016/j.pt.2018.
01.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Sousa, van Dam, Pinheiro, de Dood, Peralta, Peralta, Daher,

Corstjens and Bezerra. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 16 April 2019 | Volume 10 | Article 682

https://doi.org/10.1038/nrmicro1523z
https://doi.org/10.1371/journal.pntd.0000073
https://doi.org/10.1016/j.exppara.2017.04.001
https://doi.org/10.1016/j.pt.2018.01.003~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Performance of an Ultra-Sensitive Assay Targeting the Circulating Anodic Antigen (CAA) for Detection of Schistosoma mansoni Infection in a Low Endemic Area in Brazil
	Introduction
	Materials and Methods
	Ethics Statement, Recruitment and Treatment
	Study Area and Population
	Sample Collection

	Laboratory Procedures
	Microscopy
	UCP-LF CAA Assays
	Circulating Cathodic Antigen (CCA) Test
	DNA Isolation and Real-Time PCR
	Serology
	Statistical Analysis

	Results
	Adherence and Population Characteristics
	Individual Test Results and S. mansoni Prevalences Before Treatment According to Diagnostic Approach

	Diagnosis Accuracy of Different Tests Before Treatment
	Sensitivity and Specificity of Diagnostic Techniques Using a Combined Reference Standard
	Post-treatment Readings and Efficacy Evaluation
	Correlation of Urine and Serum CAA Levels
	Praziquantel Efficiency by Changes in the CAA Levels
	Correlation of S. mansoni Urine CAA Levels With POC-CCA Intensity Scores

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


