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Abstract: Although great strides have been achieved, schistosomiasis japonica remains a major public
health concern in China. Inmunodiagnostics have been widely accepted as the first choice in large-
scale screening of Schistosoma japonicum human infections, and indirect hemagglutination test (IHA),
enzyme-linked immunosorbent assay (ELISA), and dipstick dye immunoassay (DDIA) are currently
the three most common immunological tests for the diagnosis of S. japonicum human infections in
China. This meta-analysis aimed to comprehensively assess the performance of IHA, ELISA, and
DDIA for the field diagnosis of S. japonicum human infections. A total of 37 eligible publications
were enrolled in the final analysis, including 29 Chinese publications and 8 English publications. No
significant heterogeneities were detected among the studies reporting ELISA (I? = 88%, p < 0.05), THA
(I? = 95%, p < 0.05), or DDIA (I = 84%, p < 0.05). DDIA showed the highest pooled sensitivity (90.8%,
95% CI: 84.6% to 94.7%) and IHA presented the highest pooled specificity for detection of S. japonicum
human infections (71.6%, 95% CI: 65.9% to 76.7%). Summary receiver operating characteristic (SROC)
curve analysis showed that IHA exhibited the highest area under the SROC curve (AUC) (0.88, 95%
CI: 0.85 to 0.9), and ELISA presented the lowest AUC (0.85, 95% CI: 0.82 to 0.88). Deeks’ funnel plots
indicated no publication bias. IHA presented the highest sensitivity in medium-endemicity regions
and the highest specificity for diagnosis of S. japonicum human infections in low-endemicity regions,
and ELISA showed the highest diagnostic sensitivity in high-endemicity regions and the highest
specificity in medium-endemicity regions, while DDIA exhibited the highest diagnostic sensitivity
in high-endemicity regions and the highest specificity in low-endemicity regions. IHA and DDIA
presented a higher efficiency for the diagnosis of S. japonicum human infections in marshland and
lake regions than in hilly and mountainous regions, while ELISA showed a comparable diagnostic
sensitivity between in marshland and lake regions and hilly and mountainous regions (88.3% vs.
88.6%), and a higher specificity in marshland and lake regions than in hilly and mountainous regions
(60% vs. 48%). Our meta-analysis demonstrates a comparable diagnostic accuracy of IHA, ELISA,
and DDIA for S. japonicum human infections, and the diagnostic sensitivity and specificity of IHA,
ELISA, and DDIA vary in types and infection prevalence of endemic regions. DDIA combined with
THA is recommended as a tool for screening chemotherapy targets and seroepidemiological surveys
during the stage moving towards schistosomiasis elimination in China. Further studies to examine
the effectiveness of combinations of two or three immunological tests for diagnosis of S. japonicum
human infections are warranted.

Keywords: Schistosoma japonicum; immunodiagnosis; diagnostic efficiency; indirect hemagglutination
test; enzyme-linked immunosorbent assay; dipstick dye immunoassay; meta-analysis
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1. Introduction

Schistosomiasis is a neglected global tropical parasitic disease which affects more than
140 million individuals and causes approximately 200,000 annual deaths worldwide [1].
The recent great strides urged the ambitious goal set for elimination of schistosomiasis as a
public health problem in all disease-endemic countries in the world by 2030; however, great
challenges have been identified to achieve this ambitious goal [2,3]. Unfortunately, the
global pandemic of COVID-19 poses negative effects on global schistosomiasis elimination
programs, adding challenges to achieve the goal of a schistosomiasis-free world [4-6].

Schistosomiasis in China, Indonesia, and the Philippines is caused by infections with
Schistosoma japonicum as the predominant species [7]. China was once highly endemic for
S. japonicum and suffered from the highest burden of schistosomiasis in the world [8]. After
the national schistosomiasis control program was initiated in the 1950s, great successes have
been achieved, and schistosomiasis had been eliminated as a public health problem in China
according to the World Health Organization-defined criteria as of 2015 [9]. Nevertheless,
multiple challenges are identified to completely wipe out the “God of Plague” in the
country [10].

Diagnosis is central to the schistosomiasis control program, which is necessary for
identification of chemotherapy targets, assessment of chemotherapy efficacy, as well as
planning, implementation, and evaluation of the effectiveness of the schistosomiasis control
program [11]. Currently, detection of parasite eggs or juvenile parasites with parasitolog-
ical techniques remains the gold standard for the definitive diagnosis of schistosomiasis
japonica; however, these tools suffer from problems of time-consuming procedures, low
participation rate, and high false negative rate in low-endemicity regions [12]. A large
number of emerging molecular assays have shown potential in precise early diagnosis of
schistosomiasis japonica; however, these DNA- or RNA-based assays suffer from problems
of laboratory-intensive procedures, high costs, and requirements of professional healthcare
education, and there have been no commercial molecular kits available for the clinical
diagnosis of S. japonicum human infections until now [13-15]. Immunodiagnostics, which
are rapid and easy to perform, are currently the most efficacious and practical means for
diagnosis of human schistosomiases based on the detection of infection-specific antibodies
and have been widely accepted as the first choice in large-scale screening of S. japonicum
human infections, seroepidemiological surveys, and assessment of the effectiveness of
the schistosomiasis control program in China [16], although the performance of immun-
odiagnostic assays for early detection of S. japonicum human infections remains to be
improved [17,18].

Currently, indirect hemagglutination test (IHA), enzyme-linked immunosorbent assay
(ELISA), and dipstick dye immunoassay (DDIA) are the three most common immunolog-
ical tests for the diagnosis of S. japonicum human infections in China [17,18]. During the
stage moving towards elimination of schistosomiasis, the option of immunodiagnostics
is a critical part of the national schistosomiasis elimination program in China [19]. How-
ever, there have been no pooled estimates of the sensitivity and specificity of commercial
immunological tests for the diagnosis of S. japonicum human infections in endemic foci
with different epidemic types and levels [20-22]. Based on data from public databases,
this study aimed to comprehensively assess the performance of the three most common
commercial immunodiagnostic assays, including IHA, ELISA, and DDIA, for the diagnosis
of S. japonicum human infections in endemic foci of China, so as to provide insights into
the option of immunodiagnostics for the national schistosomiasis elimination program
in China.

2. Methods
2.1. Literature Search
A joint search was performed in international and national electronic databases, in-

cluding Web of Science, PubMed, Scopus, Google Scholar, and Chinese electronic databases
CNKI (https://www.cnki.net/; accessed on 7 April 2022), Wanfang Data (https://www.
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wanfangdata.com.cn; accessed on 7 April 2022) and VIP (http:/ /www.cqvip.com/; accessed
on 7 April 2022) using the mesh terms ((schistosom *) OR (bilharzia *)) AND ((serologic *
test) OR (immunological test) OR (ELISA) OR (IHA) OR (DDIA)) AND ((stool examination)
OR (Kato-Katz) OR (miracidium hatching)), to retrieve English and Chinese publications
pertaining to the diagnosis of S. japonicum human infections with IHA, ELISA, or DDIA.
The time of search was defined as from 1980 to 2021. In addition, the post-text references of
retrieved publications were read, and grey literatures, such as institutional annual reports,
proceedings, and collections, were artificially searched to track all possibly related studies.

2.2. Inclusion and Exclusion Criteria

We defined the following inclusion criteria: (1) there were parasitological tests as
the gold standard for diagnosis of S. japonicum human infections in the studies, such as
Kato-Katz technique or miracidium hatching test; (2) there were one or multiple uses of
thee three immunological tests (IHA, ELISA, DDIA) in the study; (3) the immunological
assay had been commercial and standardized used in the schistosomiasis-endemic foci;
(4) there were detailed numbers to calculate true positives (TP), false positives (FP), true
negatives (IN), and false negatives (FN) in the study; (5) immunological assays were used
for detection of S. japonicum human infections in the study; (6) immunological tests were
performed independently and blindly; and (7) full-text files were available. All studies
that met the following criteria were excluded from the analysis: (1) no parasitological tests;
(2) immunological assays were used for detection of S. japonicum infections in animals;
(3) case-control studies; (4) no detailed numbers to calculate TP, FP, TN, or EN; (5) review
articles or meeting reports; (6) the study sample size was less than 50; or (7) full-text
publications were unavailable.

2.3. Data Extraction

Following joint search in electronic databases, repeated publications were excluded,
and the title and abstract of screened literatures were carefully read. Then, eligible studies
were identified based on defined inclusion and exclusion criteria. Each grey literature
was reviewed carefully based on the defined inclusion and exclusion criteria. All data
were managed using the software Microsoft Excel 2010 (Microsoft Inc., Redmond, WA,
USA). The title, authors, year of publication, serological tests, participants’ age, epidemic
types, endemicity, the gold standard used for detection of S. japonicum human infections,
TP, FP, TN, and FN were extracted by two independent investigators. If there was a
disagreement, an additional investigator was introduced, and the final decision was made
by the third investigator.

2.4. Asymmetry Test

The potential presence of publication bias was evaluated using the Deeks’ funnel plot
created with the software Stata version 14.0 (Stata Corporation Lakeway, TX, USA) [23].
An asymmetrical funnel plot indicated the presence of publication bias.

2.5. Meta-Analysis

Since the “threshold effect” has been recognized as a notable source of heterogeneity
for diagnostic tests [24], the presence of heterogeneity caused by the “threshold effect” was
tested using the software Stata version 14.0. Then, the heterogeneity among studies was
examined using the software OpenMeta [analyst] version 3.3 prior to pooled estimates. If
I statistic was <50% and p > 0.05 in the Q test, no significant heterogeneity was identified
among studies, and a fixed-effect model was employed for pooled estimates; otherwise,
a random-effect model was used. A summary receiver operating characteristic (SROC)
curve was plotted using the software Stata version 14.0 in order to compare the diagnostic
accuracy of three immunological assays, and the area under the SROC curve (AUC) was
calculated. A higher AUC indicated a greater diagnostic accuracy.
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Next, subgroup analyses were performed according to the test of heterogeneity, to
examine the effects of the endemicity and epidemic types of schistosomiasis on the perfor-
mance of IHA, ELISA, and DDIA for detection of S. japonicum human infections.

In this study, the epidemic types were classified into marshland and lake regions,
plain regions with waterway networks and hilly and mountainous regions [25], and the
epidemic level was classified based on the prevalence of S. japonicum human infections:
high endemicity, infection prevalence of 10% and higher; medium endemicity, infection
prevalence of <10% and no less than 5%; and low endemicity, infection prevalence of
<5% [26].

3. Results
3.1. Study Characteristics

A total of 2252 publications were screened, including 1308 Chinese publications and
944 English publications, and 37 eligible publications that met the inclusion and exclusion
criteria were enrolled in the final analysis, including 29 Chinese publications and 8 English
publications (Figure 1). Table 1 demonstrates the characteristics of all included studies.

2 252 records identified through
databases searching (1 308 in
Chinese, 944 in English)

» 847 duplicates excluded

y

1 405 records identified after
duplicates removed

1 171 records excluded through title
and abstract review

y

234 records identified after
reading titles and abstracts

197 records excluded according to
inclusion and exclusion criteria

» Case-control studies (61)

y

37 records included in pooled
estimates

» The sensitivity and specificity could
not be calculated (46)

» Without etiological examination (31)

» Non-field application kit (25)

* Other schistosomiasis except
schistosomiasis japonica (18)

» Conference or review literatures (10)
* Duplicate data (4)

 According to the preliminary meta-
analysis results, there are extreme
values (2)

Figure 1. Flow chart of publication selection.
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Table 1. Subject characteristics of the included studies.

Publication Subjects’ Degree of . . Immunological Parasitological True False True False
Year Age (Years) Endemicity Epidemic Types Assay Technique Positives Negatives Negatives Positives Reference
Hilly and Miracidium hatching
1982 >15 High mountainous IHA test (three slides from 295 28 1923 978 [27]
regions three stool samples)
Plain regions with .
1999 3t070 High waterway HA Kato-Kaiz (two slides 200 80 157 197 28]
networke rom one stool sample)
2000 610 60 Medium Marshland and IHA Kato-Katz 413 28 3723 458 [29]
lake regions
Marshland and IHA Kato-Katz (three slides 12 3 564 37
2002 5to 56 Low lake regions from one stool sample) (301
DDIA 14 1 436 165
. Marshland and IHA Kato-Katz (three slides 64 14 430 175
2002 N/A Medium lake regions from one stool sample) 1311
DDIA 74 4 247 358
Marshland and Miracidium hatching
2002 5to 60 N/A lake regions ELISA test 10 1 43 20 [32]
Kato-Katz (three slides
Marshland and DDIA from one stool sample) 17 1 389 56 133]
2003 6to64 Low lake regions and miracidium -
ELISA hatching test 15 3 375 70
Marshland and .,
2004 N/A Low lake regions DDIA Kato-Katz 16 1 247 49 [34]
Hilly and HA R . 12 9 30 29
2004 6 to 60 Medium mountainous Miracidium hatching [35]
regions DDIA test 16 5 19 40
Miracidium hatching
2004 60 to 65 Low Marshland and DDIA test (three slides from 13 0 400 52 [36]
lake regions
three stool samples)
DDIA Miracidium hatching 51 3 237 113
2005 15 to 70 High Marshland and test (three slides from [37]
lake regions one stool sample)
ELISA 47 7 228 122
. Hilly ?"d DDIA Kato-Katz (three slides 184 3 189 283
2005 10to 70 High mountainous from one stool sample) [38]
reglons ELISA 181 6 98 374
Hilly and Kato-Katz (three slides
2005 6t0 65 High mountainous ELISA from one stool sample) 182 5 77 237 [39]
regions and miracidium
hatching test
Low .
Hilly and . i 2 0 458 41
2005 N/A mountainous IHA Fn_a)trg (If:: ézsgg};e;ilsﬁs) [40]
High regions 65 1 384 175
Hilly and
mountainous ELISA ~ six slides 73 3 90 4
2006 5t0 65 N/A regions, and frfri“t’wlf)a;fo(gl";jg‘;ﬁ;s) [41]
marshland and
lake regions THA 68 8 94 4
Hilly and SR .
2006 N/A High mounainous ELISA Miracidium hatching 139 25 101 241 [42]
regions test
Miracidium hatching
test (three slides from 31 36 1589 272
HA three stool samples)
. . Kato-Katz (two slides
High, Hilly and 57 83 1542 246
2006 >5 medium, and mountainous from one stool sample) [43]
low regions Miracidium hatching
test (three slides from 23 18 743 163
ELISA three stool samples)
Kato-Katz (two slides 28 21 740 158
from one stool sample)
Marshland and
lake regions, plain
regions with Miracidium hatchi
ELISA iracidium hatching 25 2 249 860
2006 6t0 65 Low \;vateivYay d test (one slide from one [44]
netwOorks, an stool sample)
hilly and
mountainous
regions DDIA 27 0 521 588
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Table 1. Cont.

Publication Subjects” Degree of Immunological Parasitological True False True False

Year Age (Years) Endemicity Epidemic Types Assay Technique Positives Negatives Negatives Positives Reference
Miracidium hatching
High, Hilly and ELISA test (one slide from one 19 10 185 137
2007 >5 medium, and mountainous stool sample) and [45]
low regions ————— Kato-Katz (four slides
DDIA from one stool sample) 13 16 219 103
DDIA Kato-Katz (three slides 11 9 260 128
Hilly and ELISA from one stool sample) 114 6 309 79
2007 10 to 70 High mountainous — - [46]
regions DDIA Miracidium hatching 155 8 129 216
T riex  test(one slide from one
ELISA atool sample) 160 3 82 263
& Miracidium hatching 110 36 ki 654
ELISA test (three slides from 96 50 731 682
2007 6 to 65 Medium N{Z{ih lzng)f‘:d ——————— onestool sample) and [47]
& [HA-A Kato-Katz (three slides 125 21 504 909
HA-B from one stool sample) 11 35 899 514
Hilly and Miracidium hatching
2007 6 to 65 Medium mountainous ELISA test (three slides from 6 2 39 61 [48]
regions three stool samples)
V‘lkllaig; A HA 159 31 165 369
Marshland and Kato-Katz (three slides y
2007 5to75 Village B: lake regions from one stool sample) [49]
1age b THA 48 4 495 240
medium
Kato-Katz (seven slides
. Marshland and from one stool sample)
2007 N/A High lake regions THA and miracidium 159 % 4 4 (501
hatching test
Hilly and :
2007 61065 Low mountainous ELISA Kato-Katz (four slides 35 3 726 675 [51]
: from one stool sample)
regions
2008 N/A N/A Marshland and HA Kato-Katz (twelve slides 39 17 510 67 [52]
lake regions from two stool samples) -
HA 34 0 436 130
Hilly and .
. : HA Kato-Katz (three slides 41 12 134
2008 610 65 Medium molintiil)lrl;l;)us from one stool sample) 0 5 3 [53]
s HA 52 0 411 137
X Marshland and THA Kato-Katz (six slides 156 27 460 368 y
2008 >5 High lake regions —————— from two stool samples) (54]
IHA 68 19 323 242
2008 5 Hich Marshland and ELISA Kato-Katz (six slides 162 4 322 506 [55]
> & lake regions ELISA from two stool samples) 69 18 302 263 -
IHA ; 10 2 145 17
. Marshland and Kato-Katz (three slides
2009 1tod6 Medium lake regions ELISA from one stool sample) 1 1 134 28 501
IHA 4 1 264 18
Marshland and oA Miracidium hatching _
2010 6 to 65 Low éfe rggi O‘a‘l; DDIA test (three slides from 4 1 22 260 [57]
ELISA one stool sample) 1 1 52 230
Kato-Katz (nine slides
Hilly and from three stool
2010 5to 80 Low mountainous IHA samples) and 19 0 149 226 [58]
regions miracidium hatching
test
Ma““l?‘“@ and Kato-Katz (three slides
Medium and lake regions, and from one stool sample)
2011 6to 65 1 hilly and DDIA stool samp 241 23 3196 2825 [59]
ow mouritainous and miracidium
regions hatching test
li\ﬁzrrsel;ia(ﬁ a?x?d Kato-Katz (three slides
Medium and aKe I¢ s IHA from one stool sample) 231 33 3370 2254
2011 61065 low m?ﬁ:\};aﬁggus and miracidium (601
regions ELISA hatching test 252 12 3137 2847
Marshland and HA Kato-Katz (three slides 68 6 1772 1158
lake regions, and  _____ from one stool sample)
2013 61065 Low hillyand DDIA and miracidium 67 7 1201 1729 o1l
regions ELISA hatching test 71 3 1221 1709
. Kato-Katz (twenty
2016 >5 N/A Mlill?: i:nﬁ)irsld THA seven slides from three 3 0 282 232 [62]
& stool samples)
THA Kato-Katz (three slides 49 12 116 23
Marshlandand ————————  from one stool sample)
2017 N/A N/A lake regions ELISA and miracidium 5 9 130 9 [63]
hatching test

N/ A, subjects” age or the degree of the endemicity was not reported in the study.

3.2. Meta-Analysis

We found that the threshold effect contributed 12%, 1%, and 3% to the heterogeneity
for ELISA, IHA, and DDIA, respectively. The test of heterogeneity revealed significant
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heterogeneities among the studies reporting ELISA (I? = 88%, p < 0.05), IHA (I = 95%,
p < 0.05), and DDIA (I = 84%, p < 0.05), and a random-effect model was therefore employed
for pooled estimates. DDIA showed the highest pooled sensitivity (90.8%, 95% CI: 84.6%
to 94.7%) and IHA presented the highest pooled specificity for detection of S. japonicum
human infections (71.6%, 95% CI: 65.9% to 76.7%) (Figure 2).
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Figure 2. Forest plots show the pooled sensitivity and specificity of ELISA, IHA, and DDIA for the
diagnosis of Schistosoma japonicum human infections. (A) Forest plot of the pooled sensitivity and
specificity of ELISA for the diagnosis of S. japonicum human infections; (B) Forest plot of the pooled
sensitivity and specificity of IHA for the diagnosis of S. japonicum human infections; (C) Forest plot
of the pooled sensitivity and specificity of DDIA for the diagnosis of S. japonicum human infections.

3.3. Comparison of the Diagnostic Accuracy of Three Immunodiagnostic Assays

SROC curve analysis showed that IHA exhibited the highest AUC (0.88, 95% CI: 0.85 to
0.9), and ELISA presented the lowest AUC (0.85, 95% CI: 0.82 to 0.88) (Figure 3), indicating
that IHA has the highest accuracy for the diagnosis of S. japonicum human infections.

3.4. Publication Bias

Deeks’ funnel plots were created to evaluate the publication bias of included studies.
All three funnel plots were found to be almost symmetrical (Figure 4), and asymmetry test
revealed no statistical significances (p > 0.05), indicating no publication bias.
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Figure 3. SROC curves for the diagnostic accuracy of ELISA, IHA, and DDIA for the detection of
Schistosoma japonicum human infections. (A) SROC curve for the diagnostic accuracy of ELISA for the
detection of S. japonicum human infections; (B) SROC curve for the diagnostic accuracy of IHA for
the detection of S. japonicum human infections; (C) SROC curve for the diagnostic accuracy of DDIA
for the detection of S. japonicum human infections.
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Figure 4. Deeks’ funnel plots of studies reporting ELISA, IHA, and DDIA. (A) Deeks’ funnel plot of
studies reporting ELISA; (B) Deeks’ funnel plot of studies reporting IHA; (C) Deeks’ funnel plot of
studies reporting DDIA. An asymmetrical funnel plot indicates the presence of publication bias.

3.5. Subgroup Analysis

ELISA presented the highest sensitivity in high-endemicity regions (94.6%, 95% CI:
88.7% to 97.5%), and the highest specificity for diagnosis of S. japonicum human infections
in medium-endemicity regions (55%, 95% CI: 44.9% to 64.8%) (Figure 5A), and IHA showed
the highest diagnostic sensitivity in medium-endemicity regions (87.8%, 95% CI: 80.9%
to 92.5%) and the highest diagnostic specificity in low-endemicity regions (76.2%, 95%
CI: 66.9% to 83.5%) (Figure 5B), while DDIA exhibited the highest diagnostic sensitivity
in high-endemicity regions (95.3%, 95% CI: 91.7% to 97.4%), and the highest diagnostic
specificity in low-endemicity regions (62%, 95% CI: 48.3% to 74%) (Figure 5C). Overall,
DDIA presented the highest pooled sensitivity (92.8%, 95% CI: 90.4% to 94.6%), and IHA
showed the highest pooled specificity for diagnosis of S. japonicum human infections (69.6%,
95% CI: 63.5% to 75.1%).

ELISA presented a comparable sensitivity between in hilly and mountainous regions
(88.6%, 95% CI: 76.9% to 94.8%) and marshland and lake regions (88.3%, 95% CI: 82.4% to
92.4%), and a higher specificity for diagnosis of S. japonicum human infections in marshland
and lake regions (60%, 95% CI: 52.9% to 66.8%) than in hilly and mountainous regions
(48%, 95% CI: 32.1% to 64.3%) (Figure 6A), and IHA showed a higher pooled diagnostic
sensitivity (85.2%, 95% CI: 81.3% to 88.3%) and specificity (73.4%, 95% CI: 66.2% to 79.5%)
in marshland and lake regions than in hilly and mountainous regions (76.4%, 95% CI: 49.2%
t0 91.6%; 66.5%, 95% CI: 51.7% to 78.6%) and plain regions with waterway networks (71.4%,
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higher pooled diagnostic sensitivity (90.9%, 95% CI: 85.7% to 94.3%) and specificity (62.2%,
95% CI: 52.1% to 71.3%) in marshland and lake regions than in hilly and mountainous
regions (89%, 95% CI: 70.9% to 96.4%; 47.1%, 95% CI: 39.7% to 56.6%) (Figure 6C). Similarly,
DDIA presented the highest pooled sensitivity (90.5%, 95% CI: 84.9% to 94.1%) and IHA
showed the highest pooled specificity for diagnosis of S. japonicum human infections (71.2%,
95% CI: 65% to 76.7%).
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Figure 5. Forest plots show the pooled sensitivity and specificity of ELISA, IHA, and DDIA for

the diagnosis of Schistosoma japonicum human infections in regions with different endemic levels.
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(A) Forest plot of the pooled sensitivity and specificity of ELISA for the diagnosis of Schistosoma
japonicum human infections in regions with different endemic levels; (B) Forest plot of the pooled
sensitivity and specificity of IHA for the diagnosis of Schistosoma japonicum human infections in
regions with different endemic levels; (C) Forest plot of the pooled sensitivity and specificity of DDIA
for the diagnosis of Schistosoma japonicum human infections in regions with different endemic levels.
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Figure 6. Forest plots show the pooled sensitivity and specificity of ELISA, IHA, and DDIA for the
diagnosis of Schistosoma japonicum human infections in endemic foci with different epidemic types.
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(A) Forest plot of the pooled sensitivity and specificity of ELISA for the diagnosis of
Schistosoma japonicum human infections in endemic foci with different epidemic types; (B) Forest plot
of the pooled sensitivity and specificity of IHA for the diagnosis of Schistosoma japonicum human
infections in endemic foci with different epidemic types; (C) Forest plot of the pooled sensitivity and
specificity of DDIA for the diagnosis of Schistosoma japonicum human infections in endemic foci with
different epidemic types.

4. Discussion

Precise diagnosis, which is a prerequisite to chemotherapy, is extremely helpful in
implementing strategies for the control and elimination of schistosomiasis, which plays
a pivotal role in schistosomiasis control programs [64]. Following the concerted efforts
for more than seven decades, the epidemiological features of schistosomiasis are char-
acterized by low prevalence and low-infection intensity in China [65-67]. Conventional
parasitological tools, which remain the gold standard for the diagnosis of schistosomi-
asis, fail to meet the needs of precise identification of S. japonicum human infections in
endemic foci of China, because of its high rate of missing diagnosis in low-endemicity
regions [15]. To achieve early, precise identification of S. japonicum infections, multiple PCR
assays have been developed and shown potential for the field detection of S. japonicum
human infections; however, these assays require specific equipment and are high in costs,
making them unlikely to be used for large-scale screening and epidemiological surveys in
schistosomiasis-endemic foci [68-70]. In addition, loop-mediated isothermal amplification
(LAMP) assays were developed for accurate, visualized, and early detection of S. japonicum
human infections; however, these assays are extremely likely to be contaminated, resulting
in false positives [71-73]. Recently, amplification recombinase-aided isothermal amplifica-
tion (RAA) and recombinase polymerase amplification (RPA) assays have been developed
for early detection of S. japonicum human infections; however, the performance of RAA and
RPA assays remains to be investigated for detection of S. japonicum infections in large-scale
clinical studies [74-78].

Antibody-based immunodiagnostics have been accepted as the first choice for large-
scale screening and seroepidemiological surveys of S. japonicum human infections [64].
Currently, there are four commercial serological kits used for diagnosis of S. japonicum
human infections in China, including IHA, ELISA, DDIA, and dot immunogold filtra-
tion assay (DIGFA), and IHA, ELISA, and DDIA are the three most common approaches
used for schistosomiasis immunodiagnosis because of simple, rapid procedures and low
costs [17]. Since the diagnostic effectiveness of IHA, ELISA, and DDIA for schistosomiasis
has been reported to vary in endemic foci, a precise and comprehensive assessment of
the performance of these serological tests for detection of S. japonicum human infections
is therefore of great significance to optimize the option of immunodiagnostic assays in
various endemic foci of China.

In this study, a total of 37 eligible studies that met the inclusion and exclusion criteria
were enrolled in meta-analysis, and no publication bias was detected among studies by
the asymmetry test. The highest pooled sensitivity for detection of S. japonicum human
infections was seen for DDIA, with the lowest for IHA, and the highest pooled specificity
was seen IHA, with the lowest for ELISA, which was in agreement with a previous meta-
analysis reporting that IHA, ELISA, and DDIA presented the pooled sensitivities of 0.83,
0.87, and 0.90 and specificities of 0.69, 0.60, and 0.62 for diagnosis of schistosomiasis
japonica [20]. In addition, SROC curve analysis showed that IHA exhibited the highest
accuracy and ELISA presented the lowest accuracy for the diagnosis of S. japonicum human
infections, which was inconsistent with previous results showing 0.89, 0.96, and 0.92 AUCs
for IHA, ELISA, and DDIA [20]. This may be attributed to the difference of included studies.
However, our findings are in agreement with two previous meta-analyses reporting a higher
accuracy of IHA than ELISA for diagnosis of schistosomiasis japonica [21,22].
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Since there are three types of endemic foci in China [25], we performed a subgroup
analysis to estimate the pooled sensitivity and specificity for detection of S. japonicum
human infections in endemic foci with different epidemic types. Our findings showed
that IHA and DDIA presented a higher efficiency for the diagnosis of S. japonicum human
infections in marshland and lake regions than in hilly and mountainous regions; however,
ELISA showed a comparable diagnostic sensitivity between in marshland and lake regions
and hilly and mountainous regions (88.3% vs. 88.6%), and a higher specificity in marshland
and lake regions than in hilly and mountainous regions (60% vs. 48%). All these three
immunological tests are antibody-based assays, and the differences in diagnostic sensitivity
and specificity are considered to be explained by that the antigens used for preparation of
these three immunodiagnostics are derived from S. japonicum isolates from the marshland
and lake regions.

To compare the performance of three immunological tests for detection of S. japonicum
human infections in regions with different endemic levels, a subgroup analysis was performed.
Our findings showed the highest diagnostic sensitivity of IHA in medium-endemicity regions
and the highest specificity in low-endemicity regions, the highest diagnostic sensitivity of
ELISA in high-endemicity regions and highest specificity in medium-endemicity regions,
and the highest diagnostic sensitivity of DDIA in high-endemicity regions and the highest
specificity in low-endemicity regions. Results from a previous meta-analysis showed that
the sensitivities of IHA, ELISA, and DDIA were 0.84, 0.76, and 0.94; 0.88, 0.80, and 0.93;
and 0.93, 0.81, and 0.93 in high-, medium-, and low-endemicity regions, and the specificities
were 0.73, 0.64, and 0.73; 0.59, 0.59, and 0.62; and 0.66, 0.69, and 0.59 in high-, medium-, and
low-endemicity regions, respectively [20], which was inconsistent with our data. This may be
attributed to the variation of included studies.

To accelerate the achievements of the target for the elimination of schistosomiasis as a
public health problem and the interruption of transmission in humans in selected countries
by 2030 set out in the WHO road map “Ending the neglect to attain the Sustainable Devel-
opment Goals: A road map for neglected tropical diseases 2021-2030" [79], a new guideline
for the control and elimination of human schistosomiasis was released by WHO in February
2022 [80]. In this new guideline, six evidence-based recommendations were proposed for
the control and elimination of human schistosomiasis in disease-affected countries, includ-
ing diagnostic strategies for assessment of schistosomiasis infection in humans [80]. In this
study, we found a diverse diagnostic sensitivity and specificity of IHA, ELISA, and DDIA
for detection of S. japonicum human infections in different types and infection prevalence
of endemic regions of China, and DDIA presented the highest pooled sensitivity, while
IHA showed the highest pooled specificity for diagnosis of S. japonicum human infections.
Large-scale diagnostic tests to compare the performance of IHA, ELISA, and DDIA for
detection of S. japonicum human infections in same settings are encouraged. Based on
successful experiences from the national schistosomiasis control program, China had been
supporting schistosomiasis elimination programs in disease-endemic countries along the
Belt and Road Initiative [81]. China-made praziquantel and chemical molluscicides have
shown effective for schistosomiasis control in African countries [82,83]. Although IHA,
ELISA, and DDIA are produced based on the antigens from S. japonicum isolates, previous
studies have shown the effectiveness of DDIA and IHA for the detection of S. mekongi,
S. mansoni, and S. haematobium human infections [84-87]. Further large-scale diagnostic
tests to investigate the performance of China-made commercial immunodiagnostic assays
for the diagnosis of African schistosomiasis seem justified, with may provide tools to sup-
port the elimination of schistosomiasis in African continents. In addition, improvements of
China-made immunodiagnostics with antigens from S. mansoni and S. haematobium isolates
may improve the sensitivity and specificity for diagnosis of S. mansoni and S. haematobium
human infections.

This study has some limitations. First, the immunodiagnostics were provided by
different manufacturers; however, we did not compare the diagnostic performance of
immunodiagnostics by different manufacturers for schistosomiasis immunodiagnosis,
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since the suppliers of some immunodiagnostics were not available in publications. Second,
we did not perform a subgroup analysis to compare the effectiveness of immunodiagnostic
assays among participants with different ages.

In summary, the results of our meta-analysis demonstrate a comparable diagnostic
accuracy of IHA, ELISA, and DDIA for S. japonicum human infections, and the diagnostic
sensitivity and specificity of IHA, ELISA, and DDIA vary in endemic regions with different
epidemic types and endemic levels. In addition, DDIA presents the highest pooled sensi-
tivity and IHA shows the highest pooled specificity for diagnosis of S. japonicum human
infections. Since schistosomiasis is currently low in prevalence and infection intensity in
China, DDIA in combination with IHA is recommended as a tool for screening chemother-
apy targets and seroepidemiological surveys. Further studies to examine the effectiveness
of combinations of two or three immunological tests for diagnosis of S. japonicum human
infections are warranted.
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