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Background Children aged under five years accounted for 61% of all ma- E
laria deaths worldwide in 2017, and quicker differential diagnosis of ma-
laria fever is vital for them. Rapid diagnostic tests (RDTs) are strips to detect
Plasmodium-specific antigens promptly and are helpful in resource-limited
areas. Thus, our aim is to assess the diagnostic accuracy of RDTs for malar-
ia in children against the gold standard.

Methods MEDLINE, Web of Science, EMBASE, Cochrane Library, the Chi-
na National Knowledge Infrastructure, Wanfang, and Sinomed databases
were systematically searched on August 23, 2019. Studies that compared
RDTs with microscopy or polymerase chain reaction in malaria diagnoses
for children were eligible. Relevant data were extracted. The quality of stud-
ies was evaluated using the revised Quality Assessment of Diagnostic Ac-
curacy Studies instrument. Meta-analyses were carried out to calculate the
pooled estimates and 95% confidence intervals of sensitivity and specificity.

Results 51 articles were included. For diagnostic accuracy, the pooled esti-
mates of the sensitivity and specificity of RDTs were 0.93 (95% confidence
interval (CD)=0.90, 0.95) and 0.93 (95% CI1=0.90, 0.96) respectively. Stud-
ies were highly heterogeneous, and subgroup analyses showed that the ap-
plication of RDTs in high malaria transmission areas had higher sensitivity
but lower specificity than those in low-to-moderate areas.

Conclusions RDTs have high accuracy for malaria diagnosis in children,
and this characteristic is more prominent in high transmission areas. As
they also have the advantages of rapid-detection, are easy-to-use, and can
be cost-effective, it is recommended that the wider usage of RDTs should be
promoted, especially in resource-limited areas. Further research is required
to assess their performance in WHO South-East Asia and Americas Region.

Malaria is a preventable, curable but life-threatening disease caused by para-
sites including Plasmodium falciparum (Pf), Plasmodium vivax (Pv), Plasmodium
knowlesi (Pk), Plasmodium malariae (Pm), and Plasmodium ovale (Po), of which P
falciparum and P, vivax are the most prevailing and P, falciparum the most deadly
[1,2]. In 2017, there were around 219 million cases of malaria worldwide, and
the attributable mortality was nearly 435 thousand [3]. Especially, children aged
under 5-year-old accounted for 61% of all malaria deaths around the world,
thus they are the most susceptible group affected by malaria [3,4]. Contrast to
adults, children are more vulnerable to infectious diseases, and quicker differ-
ential diagnosis between malaria and non-malaria fever is needed for lessening
death and severe cases.
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According to World Health Organization (WHO), all suspected malaria cases should take a parasitologi-
cal test to confirm the diagnosis using either microscopy or malaria rapid diagnostic tests (RDTs) [5]. The
aim of this strategy is to reduce the unnecessary use of Artemisinin-based combination therapies (ACT)
and prevent potential drug resistance [6]. In addition, it can improve the diagnosis of other non-malaria
febrile diseases. Microscopic examination of blood slides is considered as the “gold standard” for malaria
diagnosis, but it is time-consuming and requires well-trained personnel and adequate laboratory equip-
ment, which is hard to maintain in most of the endemic areas [7,8]. RDTs can detect specific antigens
produced by Plasmodium in individual blood, including histidine-rich protein-2 (HRP2), lactate dehydro-
genase (LDH), and aldolase. HRP2 is specific for P, falciparum, while aldolase can be found in all species
(pan-specific). LDH can be divided into three categories: Pf-specific, Pv-specific and pan-specific. Anti-
bodies against these antigens can be combined in one type of RDTs to detect different Plasmodium species
[9,10]. According to Bell and his colleagues, RDTs can be divided into 7 types depending on their target
antigens (Appendix S1 in the Online Supplementary Document) [11]. Besides, pan-specific LDH only
and Pv-specific LDH only tests are also available now [12]. The typical operation of RDTs is to combine
a drop of finger-pricked blood and a couple of drops of buffer into RDTs cassette and wait for several
minutes until the results appear on the strip. Compared to microscopy, the tests are simple to perform
and interpret while providing rapid results. So, it can be used at the community level. Polymerase chain
reaction (PCR) is one of nucleic acid amplification techniques, which is more sensitive than microscopy,
and it can also be regarded as the “gold standard”. However, it has a higher requirement on trained tech-
nicians and standard laboratory. Thus, it does not fit the field malaria diagnosis currently and is mainly
operated in epidemiological research [9,13].

Although WHO has established the diagnostic criteria, the use of parasitological tests to diagnose malar-
ia for children was still depressed. WHO African Region accounted for 92% of all malaria cases in 2017,
but according to 58 household surveys conducted in 30 sub-Saharan African countries, in 2015-2017,
the median percentage of febrile children who received a diagnostic test in public health facilities was
only 59% [3], which meant that there were still around two-fifths children who did not have the access
to the parasitological diagnosis. Since the majority of African health facilities lack the capacity and/or de-
vice to perform microscopy [14], RDTs, which are easy to use, will be helpful to provide rapid diagno-
sis and avert avoidable death for children, to reach SDG 3.2 — end preventable deaths of newborns and
children under-5 by 2030, and the target set by the Global Technical Strategy for Malaria 2016-2030, ie, at
least 90% malaria incidence and mortality should be reduced by 2030.

The validity of RDTs has been approved in recently published systematic reviews [9,12,15], but all of them
do not have restrictions on the age of the target population. The validity of RDTs in childhood malaria
diagnosis has its own characteristics and may be different from adults. That is because the immunity to-
wards Plasmodium increases with age [16], and the anti-parasite ability of children is lower than adults. It
would lead to a higher parasite density of childhood malaria infection if other conditions are the same [17].

Clinical evidence has been accumulated on the operations of RDTs for childhood malaria diagnosis. How-
ever, wide disparities in their performance have been observed across studies [18-22]. These discrep-
ancies may be attributed to different study designs, sample size, study location and reference standard
used. Therefore, a systematic review was conducted to provide a comprehensive evaluation of the diag-
nostic accuracy and investigate the performance of RDTs against the gold standard in malaria diagnosis
among children.

METHODS

Search strategy and selection criteria

A systematic approach was used to search the following databases: Pubmed, Web of Science, EMBASE,
Cochrane Library, the China National Knowledge Infrastructure (CNKI), Wanfang Data, and Sinomed.
The latter three are Chinese databases. The search strategies were outlined in Appendix S2 in the Online
Supplementary Document and no restriction was imposed. The search was undertaken on August 23,
2019, and the references of all eligible studies were checked manually to identify extra relevant articles.

The inclusion criteria were as follows: (1) Primary studies that evaluated the diagnostic accuracy of RDTs.
(2) The microscopic examination of blood smears or PCR was selected as the gold standard. (3) Partici-
pants were children. (4) Studies that reported the direct comparison results between RDTs and the gold
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standard. The exclusion criteria were as follows: (1) Studies that were case reports, reviews, editorials, let-
ters, comments, and conference abstracts. (2) Studies that did not present enough information to extract
or calculate the number of true-positives, false-positives, true-negatives, and false-negatives. The title and
abstract of all relevant articles were read by three reviewers independently according to the inclusion and
exclusion criteria during the first round of screening. Then the full texts of the eligible studies were re-
checked based on the same criteria. Any disagreement between three reviewers was resolved by discussion.

Data extraction and quality assessment

The following data were independently extracted by three reviewers from eligible studies using Microsoft
Excel 2016 (Microsoft Inc, Seattle WA, USA): (1) study characteristics: journal, publication year, first au-
thor and his/her institution, study period, study setting, and study design. (2) participants’ characteris-
tics: the inclusion and exclusion criteria, sample size, the number of malaria cases, the age range and sex
distribution of participants, and the parasite density of Plasmodium. (3) RDTs characteristics: commercial
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brand, and specific Plasmodium species and antigens detected. (4) RDTs performance: the reference stan-
dard, and the number of true-positives, false-positives, true-negatives, and false-negatives. Any discrep-
ancy between three reviewers was resolved by discussion. If only a subset of participants met the selec-
tion criteria, data were extracted only for the subgroup.

The revised Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool was used to assess the
methodological quality of the eligible studies [23], as recommended by the Cochrane Collaboration. The
tool has four domains: patient selection, index test, reference standard, and flow and timing. Each do-
main was scored as “high/low risk of bias” and “high/low applicability concern”, except for the last one
which only contains the risk of bias section. If insufficient data were reported, the corresponding section
would be classified as “unclear”. Reviewers assessed the quality of studies independently using Review
Manager 5.3 and discussed the inconsistencies. The criteria for each section are listed in Appendix S3 in
the Online Supplementary Document.

Statistical analysis

We estimated the sensitivity and specificity of each study with 95% confidence intervals (CI) and pre-
sented the results in forest plots. Then we used the Midas module in Stata 12.1 (StataCorp LLC, Tex-
as, USA) to calculate the pooled estimates of the sensitivity, specificity, positive likelihood ratio, neg-
ative likelihood ratio, and diagnostic odds ratio. Midas is a comprehensive program for undertaking
meta-analysis of diagnostic test accuracy in Stata. Its primary data synthesis is based on the bivariate
mixed-effects regression framework. A hierarchical summary receiver operating characteristic curve
(HSROCQ) was fitted and funnel plots were presented respectively to show the comprehensive diagnos-
tic value of RDTs and the potential publication bias among eligible studies. Compared with the sum-
mary receiver operating characteristic (SROC) model, the HSROC model allows more between and
within-study variability [24]. It was adopted as studies included are expected to show considerable
heterogeneity in diagnostic accuracy [25]. We also performed the Q test to assess the heterogeneity
among the included studies. The extent of heterogeneity was quantified by I measure [26]. If the het-
erogeneity was significant (I°>50%), we used Meta-disc 1.4.0 software (the Unit of Clinical Biostatis-
tics team of the Ramon y Cajal Hospital, Madrid, Spain) to explore whether a threshold effect existed.
Furthermore, meta-regression was conducted to investigate the potential sources of heterogeneity. Co-
variates included local malaria transmission type, study design, sampling method, reference standard,
sample size, geographic location, blinding status, RDTs type, and target antigens. In the regression, the
accuracy measure was relative diagnostic odds ratio (RDOR). The coefficients of covariates indicated
the change in the diagnostic performance of the RDTs under each study per unit increase in the covari-
ates. In other words, P<0.05 represented that the corresponding covariates were the major sources of
heterogeneity. Subgroup analyses based on the sources of heterogeneity were subsequently conducted
by Stata (Stata Corp, College Station, TX, USA).

For meta-regression and subgroup analyses, transmission type was divided into four categories: high,
low-to-moderate, mixed and unclear. The transmission type was classified as “high” if the authors de-
scribed it as “hyperendemic”, “perennial”, “holoendemic” or “high”; “low-to-moderate” when it was
“mesoendemic”, “sporadic”, “moderate” or “low”; “mixed” if it was described as “seasonal” or when
multiple sites of different transmission types were included; “unclear” if the transmission type was not
mentioned.
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RESULTS

Results of the search

A total of 9731 relevant articles were identified. After removing duplicates, 5933 articles were selected.
5861 articles were excluded based on the criteria. The full texts of 72 articles were evaluated and 51 of
them were eventually included. Among them, the most common reason for exclusion was the lack of data
for a 2x2 table. The detailed process for selection is shown in Figure 1.

Out of 51 studies included in the review, two evaluated the validity of RDTs when they were used to mon-
itor the effects of ACT treatment, and the others assessed the diagnostic capacity of RDTs. Since HRP2 will
be cleared slowly from bloodstream if the treatment of P falciparum is successful and it can contribute to a
higher false-positive rate of RDTs [27], our analy-
ses were grouped into two parts according to the

Records identified through database
searching
(n=9731)

Additional records identified
through other sources
(n=0)

usage time of RDTs (before or after ACT treat-
ment). There were 9 studies that adopted mul-
tiple types of RDTs and/or reference standards:

4" Excluded duplicates (n = 3798) |

Excluded (n = 5861)

The reference standard was not
microscopy or PCR: 17

No rapid diagnostic tests evaluated:
2354

Not a diagnostic accuracy research:
1157

The assessed population was not
children: 1115

Case reports, reviews, editorials,

6 studies evaluated 2 types of RDTs [28-33], 2
studies evaluated 3 types of RDTs [18,34], and 2
studies selected two different types of reference
standards [32,35]. Particularly, in one study, two
staffs read the RDTs strips respectively, so there
were two different results for each type of RDTs
[29]. As enrolled children were asked to retest

Titles and abstracts
screened (n = 5933)

Full-text articles assessed

for eligibility letters or conference abstracts: 1110 .

0=72) Abstract was unavailable: 23 blood samples during the follow-up regularly, the
e et Pl tudies that d the RDT: ity f
Data rrr: 4 studies that assesse e s capacity for mon-
nsuficient data for 263 tables: 12 itoring the effect of ACT treatment all have mul-
ull text was unavailable: 5

Studies included in tiple test evaluations. As a result, we had 82 test

qualitative synthesis . .
@-51) evaluations reporting a total of 57 312 test results.
l Among them, 34.45% of tests (19 746) showed

Sdios oloded the positive result against the reference standard.
1Cs 1ncluded in
quantitative synthesis

A Most of the studies included were conducted in

n=49) Africa (n=47), and the rest of them happened in
Asia (three in India and one in Pakistan). The de-
tailed characteristics of the included studies were
summarized in Table 1.

Figure 1. Flowchart of the selection procedure. PCR — polymerase chain re-
action.

The methodological quality of the included studies

The overall methodological quality of studies included was relatively high, as the scores of risk of bias and
applicability concerns in the four domains were mainly low. Most studies (n=41) enrolled consecutive
or random sample of patients. None of them were case-control studies. 17 studies adopted double-blind
method, and 1 study was single-blind, but the rest did not supply sufficient information. 6 studies select-
ed PCR as the reference standard, 43 studies took microscopy as the reference standard, and 2 studies
chose both. 31.37% (16/51) of the eligible studies were scored to have a high risk of bias in the flow and
timing domain since they did not include all patients in the analysis. 35.299%(18/51) of included studies
had a high applicability concern in patient selection domain because of their unrepresentative samples.
The results of the methodological quality were shown in Figure 2, Panel A and Panel B.

Diagnostic accuracy of RDTs

There were 63 test evaluations that focused on the diagnostic accuracy of RDTs [6,18-22,28-32,34-59,61-
72]. 59 were conducted in Africa and 4 in Asia. 55 tests selected microscopy as the reference standard and
8 chose PCR. The median sample size was 400 (range: 102 - 6260). 14 tests evaluated the performance
of RDTs in a high malaria transmission setting, 6 in low-to-moderate and 20 in mixed.

Sensitivities of tests ranged from 0.00 to 1.00, and specificities from 0.08 to 1.00 (Figure 3). The pooled
summary of sensitivity and specificity (95% CI) of RDTs were 0.93 (0.90-0.95) and 0.93 (0.90-0.96) re-
spectively. The pooled estimates for the positive likelihood ratio, negative likelihood ratio, and diagnostic
odds ratio (95% CI) were 13.67 (8.94-20.90), 0.07 (0.05-0.10), and 192.67 (111.46-333.06) respec-
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Figure 3. Forest plots of sensitivity and specificity of RDTs.

tively. HSROC curve summarized the sensitivity and specificity of RDTs in Figure 4. The area under the
curve is close to 100%, indicating that the performance of RDTs was satisfactory. High heterogeneity was
observed between studies (Cochrane’s Q=2182.22, 1°=100.00, P<0.001), thus we explored its source
through the threshold effect analysis and meta-regression. The results suggested that there was no thresh-
old effect between studies (P=0.06), while transmission type, sampling method and study design were
the major sources of heterogeneity (P<0.05). The results of the meta-regression were shown in Table 2
In addition, the effect of each variable on the accuracy of RDTs was presented by forest plots if the vari-
able was categorical (Figure 5, Panel A and Panel B), and by scatter plots if it was continuous (Figure 6,
Panel A and Panel B).

Subgroup analyses were conducted and the results were shown in Table 3. In brief, RDTs conducted in
high malaria transmission areas had higher sensitivity but lower specificity compared to low-to-moderate
areas. The studies with consecutive or random sample of patients presented higher sensitivity than others.

Tahle 2. Meta-regression analysis of diagnostic accuracy

COEFFICIENT STANDARD ERROR P-vaLue RDOR 95% CI

Cte 7.83 2.23 0.00 NA NA

S -0.40 0.12 0.00 NA NA

Transmission type -0.46 0.16 0.00 0.63 0.46-0.86
Study design 1.18 0.58 0.05 3.24 1.01-10.45
Sampling method -2.16 0.83 0.01 0.12 0.02-0.61
RDTs type -0.23 0.25 0.38 0.80 0.48-1.32
Reference standard -1.32 0.74 0.08 0.27 0.06-1.19
HRP2 based or not 0.49 0.88 0.58 1.63 0.28-9.51
Sample size 0.00 0.00 0.05 1.00 1.00-1.00
Continent 1.57 1.11 0.16 4.82 0.52-44.32
Blinding status -0.33 0.28 0.25 0.72 0.41-1.27

RDTs — malaria rapid diagnostic tests, HRP2 — histidine-rich protein-2, NA —not applicable, CI — confidence interval, RDOR — rel-
ative diagnostic odds ratio, Cte — constant term in the equation, S —a measure of threshold
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Both sensitivity and specificity estimated by prospective cohort
3 studies appeared to be higher in comparison with cross-sectional
¢ studies. A funnel plot was presented in Figure 7. It demonstrated
# the existence of publication bias (P=0.04), and it was found that
S~ studies with high accuracy results tended to be published.

s Many studies discussed the diagnostic value of HRP2 based RDTs
vs LDH based RDTs [73,74], and the problem about which type
of RDTs is better still exists. Although target antigens were not the

=@ © <
= y

>

= )

2 R

@

»

.y |° major sources of heterogeneity, a subgroup analysis was performed
based on it. Results showed that HRP2 based RDTs had higher sen-
sitivity but lower specificity than RDTs that did not contain HRP2

ol - (Table 3). But there was no statistically significant difference.

RDTs capacity for monitoring the effect of ACT
o treatment

1 8 6 4 2 0

19 tests evaluated RDTs’ capacity of monitoring the effect of ACT

Specificity
treatment [33,60]. All were conducted in Africa. Fourteen tests
© Suyestimate M Summery peint took microscopy as the reference standard and five took PCR.
HSROC curve  ———— ?fgf;ﬁo”f'deme Since the days after initial treatment is an important factor affecting
________ 95% prediction the accuracy of RDTs, we analyzed the results based on this frame-
region work. Consequently, after categorizing based on the follow-up
period, there was no more than 3 tests within each category, and
Figure 4. HISROC curve of sensitivity vs specificity of thus we could not perform a meta-analysis (To perform Midas, a
RDTs. HSROC — hierarchical summary receiver operating ~ minimum of four 2 x2 tables is required). In the lack of statistical
characteristic curve. pooling, we presented the findings in a narrative table (Table 4).

In short, the specificity of HRP2 based RDTs increased with the
follow-up period. And at early stages after the initial treatment, the specificity of Pf-LDH based RDTs was
much higher than HRP2 based RDTs.

DISCUSSION

Our results demonstrated that RDTs had relatively high sensitivity and specificity for malaria diagnosis
in children and all the findings were reported based on the PRISMA Checklist (Appendix S4 in the On-
line Supplementary Document) [75]. Since there is no previous systematic review focused on children,

A B
Study Study
D Sensttivity (95% CI) D Specifictty (95% CI)
Transmission type  High —+—| 0.96 (0.91, 0.99) Transmission type High —— | 0.92(0.85, 0.96)
Low-to-moderate —— 0.89 (0.79, 0.95) Low-to-moderate ———| 0.96 (0.89, 0.99)
Mixed —— | 0.94(0.90, 0.97) Mixed —— | 0.94(0.88,0.97)
Unclear e 0.90 (0.81, 0.95) Unclear —— | 0.92(0.81,097)
Study design Cross-sectional study —— | 0.92(0.88, 0.95) Study design Cross-sectional study — 0.91 (0.86, 0.94)
Perspective cohort —+ | 0.96 (0.92, 0.98) Perspective cohort —| 0.97 (0.94, 0.99)
Sampling method ~ Consecutive or Random —+ | 0.95(0.92, 0.96) Sampling method Consecutive or Random — [0.93(0.89,0.95)
Others —— 0.79 (0.67, 0.88) Others ——| 0.95(0.85, 0.99)
RDTs type Typel — [ 094(091,096) RDTs type Typel —— | 092(0.83,0.95)
Type Il ——— | 0.91(0.83, 0.96) Type Il —_— 0.87 (0.78, 0.93)
Type V 0.88 (0.32, 0.99) Type V ——-| 0.97 (0.90, 0.99)
only pan-specific LDH e 0.90 (0.84, 0.94) only pan-specific LDH -4 1.00 (0.98, 1.00)
Reference standard Microscopy —+ [ 0.95(0.92,0.97) d Py —— | 0.92(0.88,0.85)
PCR —_—— 0.74 (0.68, 0.80) PCR —| 0.98 (0.92, 0.99)
Target antigens Contained HRP2 —+ | 0.94 (0.91, 0.96) Target antigens Contaned HRP2 — 0.91(0.87, 0.94)
Not contained HRP2 ————+— | 0.90 (069, 0.97) Not HRP2 —+{ 0.99 (0.96, 1.00)
Continent Africa —+ | 0.94(0.90, 0.96) Continent Africa —— | 0.93(0.89, 0.96)
Bind Doubebind = osr 0900 = " Tam 0 0%
indness status ul = | O .99, 0. i Double blind —— | 0.93(0.87, 0.96)
Unclear —— | 090084093 Blindness status Unclear —— | 094090, 097)
(ISl el 7 e, Bt U et Pt P et gy —————————————
3.3544555665.775885.9.91 335 445 55566577588 991

Figure 5. The effect of each categorical variables on the accuracy of RDTs. Panel A. The effect of each categorical variables on the
sensitivity of RDTs. Type II, type unclear, and single-blind groups did not have enough test evaluations to perform meta-analysis.
HRP2 — histidine-rich protein-2. LDH =lactate dehydrogenase. Pan=all Plasmodium species. PCR — polymerase chain reaction. Pan-
el B. The effect of each categorical variables on the specificity of RDTs. Type 1I, type unclear, and single-blind groups did not have
enough test evaluations to perform meta-analysis. HRP2 — histidine-rich protein-2. LDH — lactate dehydrogenase. Pan — all Plasmo-
dium species. PCR — polymerase chain reaction.
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Tahle 4. RDTs capacity for monitoring the effect of ACT treatment classified by days of follow-up

RDTS TARGET ANTIGENS DAY:H‘::::I‘E:'T"AL TP TN FP FN  Sensmviy (%) Seeciriciy (%)
Aydin-Schmidt, 2013 [60] HRP2 Day 14 3 8 32 0 100.00 20.00
Day 21 1 15 27 0 100.00 35.71
Day 28 1 24 18 0 100.00 57.14
Day 35 1 32 10 0 100.00 76.19
Day 42 2 38 3 0 100.00 92.68
Houze, 2009 [33] HRP2 Day 3 35 28 134 0 100.00 17.28
Day 7 6 49 115 1 85.71 29.88
Day 14 6 87 69 1 85.71 55.77
Day 21 14 104 38 2 87.50 73.24
Day 28 13 92 63 2 86.67 59.35
Day 35 9 79 4 2 81.82 95.18
Day 42 2 73 1 66.67 94.81
Houze, 2009 [33] Pf-specific LDH & pan-specific LDH Day 3 28 141 21 7 80.00 87.04
Day 7 5 151 13 2 71.43 92.07
Day 14 5 150 6 2 7143 96.15
Day 21 16 137 5 0 100.00 96.48
Day 28 13 122 3 2 86.67 97.60
Day 35 9 81 2 2 81.82 97.59
Day 42 2 77 0 1 66.67 100.00

RDTs — malaria rapid diagnostic tests, HRP2 — histidine-rich protein-2, LDH — lactate dehydrogenase, Pf — Plasmodium falciparum, Pan — all Plasmodium
species, TP — true-positives, TN — true-negatives, FP — false-positives, FN — false-negatives

the results were compared with those of the whole population. Abba’s research found that the sensitivity
of RDT varied between 0.915 and 0.995, while its specificity ranged from 0.906 and 0.987 [9], which is
comparable to our results. Moreover, in high transmission areas, the sensitivity and specificity were higher
among children (0.96 and 0.92, respectively) than the whole population (0.937 and 0.896, respectively)
[9]. This may relate to the fact that because adults have greater immune status than children, adult pa-
tients with malaria is more likely to have lower parasite density [60,76], and it could be difficult for RDTs
to detect the low concentration of antigens among them. This characteristic makes RDTs more suitable
for childhood malaria detection in high transmission areas. Another research conducted by Li calculated
the accuracy of HRP2 based RDTs [15]. Comparatively, it had lower sensitivity (0.94 vs 0.96, respective-
ly) but higher specificity (0.91 vs 0.86, respectively) in children than in adults.

Besides high diagnostic accuracy, RDTs also have the advantages of rapid detection and are easy-to-use,
making it feasible to utilize it at primary health care centers. These advantages can be particularly import-
ant for P falciparum detection, as it can progress rapidly from an uncomplicated febrile illness to poten-
tially deadly disease [77]. Furthermore, compared to microscopy or PCR, the diagnostic cost of RDTs is
relatively low, with a low cost of RDT strips and the training fees for laboratory staff. A few studies have
been undertaken to evaluate the economic value of RDTs and they demonstrated that in comparison with
microscopy, RDTs are more cost-effective if the whole treatment course have been taken into account [78-
80]. Therefore, as most of the malaria-endemic areas have limited resources, RDTs is of high value to be
used there. For instance, in a large proportion of African lower-level health facilities, technical expertise
and microscopy were not available for children [81]. Likewise, almost half of the suspected malaria pa-
tients seek care in the private sector in Africa [82], which could be even less equipped.

Considering the endemicity of malaria, RDTs performed in high transmission areas had higher sensitivi-
ty but lower specificity than those conducted in low-to-moderate areas. This may be because low-densi-
ty infection represents a significant proportion of malaria infections among children in low-transmission
settings [83,84], leading to a higher false-negative rate. Furthermore, for HRP2 based RDTs, the remain-
ing HRP2 antigen will last for several weeks in peripheral blood after a successful treatment, leading to
false-positive results [27,57]. This is more common in high transmission areas since the children there
may be infected with P, falciparum several times across their lives [28,60].

Though we did not impose any restriction on the country or region, only four studies conducted in Asia
were included, and the rest of them were all performed in Africa. However, each endemic area has its own
epidemiological characteristics, and the evidence of Africa cannot verify the applicability of RDTs in other
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areas. For instance, in the WHO South-East Asia Region, where the incidence rate was 7.0 per 1000 pop-
ulation at risk in 2017, both P, falciparum and P, vivax were dominant parasites [3,85]. P knowlesi infection
was also widely distributed there [86]. Meanwhile, most countries are confronted with the problem of
limited resource. For example, India carries a high proportion of disease burden, however, microscopies
were not accessible for suspected children in poor, remote villages [36,44]. Another endemic area is the
WHO Americas Region, where the incidence rate was 7.3 per 1000 population at risk in 2017 [3]. Evi-
dence demonstrated that a large proportion of P falciparum lacked pthrp2 or pthrp3 or both genes there
[87], which may lead to invalidity of HRP2 based RDTs. Therefore, corresponding research conducted
in these areas is urgently needed.

There are two limitations to be considered in this study. First, since the parasite density of patients is a
critical factor for the sensitivity of RDTs, we intended to perform a subgroup analysis. However, almost
half of the included studies did not report the geometric mean parasite densities of patients, so linear re-
gression could not be performed. Furthermore, it seemed that there was no widely-recognized standard
for the classification of Plasmodium parasite density, and most of the studies classified it differently. Also,
because none of the studies provided individual-level data, we could not classify the parasite density by
ourselves. As a result, we could not add this factor into meta-regression and subgroup analyses, which
might introduce bias. Second, our findings may be more transferable to Africa as most of the included
studies were conducted there.

CONCLUSIONS

This systematic review shows the high value of RDTs in malaria diagnosis among children. Considering
current prevalence of malaria, RDTs should be a suitable diagnostic test for children, especially in re-
source-limited areas.
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