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Malaria rapid diagnostic tests in elimination settings—can they find the
last parasite?

M. L. McMorrow'?2, M. Aidoo' and S. P. Kachur'*?
1) Malaria Branch, Division of Parasitic Diseases and Malaria, Center for Global Health, US Centers for Disease Control and Prevention, Atlanta, GA and
2) US Public Health Service, Rockville, MD, USA

Abstract

Rapid diagnostic tests (RDTs) for malaria have improved the availability of parasite-based diagnosis throughout the malaria-endemic
world. Accurate malaria diagnosis is essential for malaria case management, surveillance, and elimination. RDTs are inexpensive, simple
to perform, and provide results in 15-20 min. Despite high sensitivity and specificity for Plasmodium falciparum infections, RDTs have
several limitations that may reduce their utility in low-transmission settings: they do not reliably detect low-density parasitaemia
(<200 parasites/uL), many are less sensitive for Plasmodium vivax infections, and their ability to detect Plasmodium ovale and Plasmodium
malariae is unknown. Therefore, in elimination settings, alternative tools with higher sensitivity for low-density infections (e.g. nucleic
acid-based tests) are required to complement field diagnostics, and new highly sensitive and specific field-appropriate tests must be
developed to ensure accurate diagnosis of symptomatic and asymptomatic carriers. As malaria transmission declines, the proportion of
low-density infections among symptomatic and asymptomatic persons is likely to increase, which may limit the utility of RDTs. Monitor-
ing malaria in elimination settings will probably depend on the use of more than one diagnostic tool in clinical-care and surveillance
activities, and the combination of tools utilized will need to be informed by regular monitoring of test performance through effective

quality assurance.
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Introduction where laboratory testing was unavailable. Currently 78 (91%)

of the 86 countries where Plasmodium falciparum is endemic

have adopted policies to confirm malaria with a laboratory

The diagnosis of malaria has evolved rapidly in the last
10 years, largely because of the introduction of rapid diag-
nostic tests (RDTs) for malaria. As malaria transmission
declines throughout the world, accurate diagnosis is becom-
ing increasingly important both for individual case manage-
ment and for disease surveillance. In early 2010, the WHO
recommended that all suspected malaria cases should be
confirmed with a parasite-based diagnostic assay [I]. This
new policy stands in stark contrast to prior WHO recom-
mendations, which supported universal treatment of febrile
children <5 years of age in malaria-endemic areas, and

empirical treatment of older children and adults in areas

test prior to treatment in all age groups [2]. However,
despite the rapid change of policy, many countries are still
struggling to implement a comprehensive diagnostic pro-
gramme for malaria. In 2009, 21 (50%) of 42 reporting coun-
tries in the WHO Africa Region reported that fewer than
20% of suspected malaria cases were laboratory-confirmed
[2]. Fortunately, the Africa Region is increasing the propor-
tion of laboratory-confirmed cases, and this positive trend is
being noted in nearly all WHO Regions.

Prompt, reliable diagnosis is essential for the effective
management of malaria. Clinical signs and symptoms are not

specific for malaria infection, and result in overdiagnosis of
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malaria and inappropriate treatment of non-malarial illness
with antimalarial drugs [3-5]. Misdiagnosis of hospitalized
patients with non-malarial febrile illness can be associated
with higher mortality than malaria infection in malaria-ende-
mic countries [6,7], and inappropriate use of antimalarial
drugs contributes to the development of antimalarial drug
resistance [8,9]. Expansion of the diagnostic capacity for
malaria has the potential to reduce inappropriate use of anti-
malarial drugs. However, in many settings, providers neither
test patients meeting the suspected malaria case definition
nor adhere to test results when diagnosing and treating
malaria [10—15]. There are many potential reasons for poor
adherence to test results, including the lack of tests for
other diseases, poor understanding of the epidemiology of
febrile disease in malaria-endemic settings, patient expecta-
tions, unclear policies on managing negative results [16], low
confidence in laboratory results, and the legacy of treatment
based on clinical symptoms. Despite these challenges, several
malaria-endemic countries have successfully introduced RDTs
at the most peripheral levels of the health system, in some
instances even down to the community health worker [I17-
I9]. The combination of early and accurate diagnosis by
RDT and early treatment with artemisinin-based combination
therapy by community health workers has also demonstrated
the ability to reduce malaria morbidity and mortality in low-

transmission settings [20,21].

Advantages and Limitations of RDTs

Malaria RDTs are immunochromatographic tests that detect
parasite antigens in whole blood samples. RDTs offer several
advantages over clinical diagnosis or microscopy. In field tri-
als, they have demonstrated >90% sensitivity and specificity
for P. falciparum infection with >200 parasites/uL [22-24].
They are simple in comparison with other malaria diagnostic
tests, because they do not require electricity or expensive
equipment. They provide results in 15-20 min, and they are
relatively inexpensive, at $0.60—1.20 per test. RDTs are sim-
ple to use, and clinicians or community health workers can
be taught to perform them with a half day or full day of
didactic and practical training. Correct interpretation of
RDTs is less subjective than that of microscopy—the test
line is either present or absent. Currently available RDT
products detect one or more of three target antigens. Histi-
dine-rich protein 2 (HRP2)-detecting tests are highly sensi-
tive and specific for P. falciparum. Plasmodium lactate
dehydrogenase-based tests can be species-specific for P. falci-
parum or Plasmodium vivax or detect all malaria species (pan-

specific). A minority of commercially available RDT products

also use Plasmodium aldolase as a pan-species target antigen.
RDTs typically have a shelf-life of 18-24 months, allowing
sufficient time for delivery, distribution, and use in most set-
tings. Because of their ease of use and accuracy, RDTs have
an increased capacity to provide malaria diagnosis in nearly
all healthcare settings, an essential component of accurate
disease surveillance in an elimination setting.

However, RDTs do have some disadvantages. RDTs, espe-
cially HRP2-based tests, are highly sensitive for P. falciparum
infections above 100-200 parasites/ulL, but presently do not
reliably detect lower-density parasitaemia. Results for the
detection of P. vivax are more variable at densities of 00—
200 parasites/uL or even at higher parasite densities, depend-
ing on the target antigen and the product [25]. Of the 45
products tested in recent WHO/FIND/CDC evaluations,
only nine had panel detection scores of 290% when tested
against clinical samples of P. vivax at 200 parasites/uL [26].
Detection rates for Plasmodium ovale and Plasmodium malariae
were not included in the WHO/FIND/CDC product testing,
and there are limited data from field trials, which do suggest
that there is considerable unreliability in detecting infections
with these two species. Quantification of malaria parasita-
emia is an essential part of managing severe malaria and
monitoring treatment response, but is not possible with
RDTs that give qualitative results only. RDTs cannot distin-
guish current from recently treated infections, especially
those that detect HRP2, which may remain positive for sev-
eral weeks after treatment. Persistent positivity of RDTs
may be incorrectly interpreted by health workers as treat-
ment failure, reducing confidence in antimalarial drug effec-
tiveness. There has also been considerable variation in the
manufacturing quality of RDTs. Some RDT products are con-
sistently poor performers, with considerable inter-lot vari-
ability, whereas others have only minor inter-lot variability
[26]. The monoclonal antibodies that are used to bind anti-
gen and produce a positive test result are also sensitive to a
combination of heat and humidity, especially those used in
Plasmodium lactate dehydrogenase-based tests, and may
degrade in the tropical conditions common to many malaria-
endemic countries when not protected by appropriate pack-
aging. There is also recent evidence that HRP2-based RDTs
may miss P. falciparum infections in regions where the hrp2
genes are deleted from a large proportion of the parasite
population, or at low parasitaemia densities, when there are
fewer repeated epitopes in the HRP2 product [27,28], but
the frequency of such deletions and lower repeat epitope
copy numbers remains poorly defined in most settings.
Finally, quality control of RDTs in remote locations is chal-
lenging, because there are currently few available positive

controls or other tools for determining the reliability of
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RDTs in use in field locations. Therefore, quality control is
frequently limited to supervisory visits or review of blood
smears at locations away from the point of use. Despite
these challenges, RDTs remain a useful and widely deployed

diagnostic tool for malaria surveillance and control.

Alternatives for Malaria Diagnosis

Other methods of malaria diagnosis require significantly
greater investments in equipment, reagents, and training. The
historical reference standard for malaria diagnosis is light
microscopy. It is highly sensitive and specific when used by a
highly competent microscopist working with an optimally
functioning microscope and good reagents, and can reliably
detect as few as 10 parasites/uL. However, because micro-
scopy requires extensive training, quality materials, and sev-
eral years of experience to attain and maintain proficiency,
routine diagnosis by microscopy is of variable quality, and
lower-density infections are frequently not identified. Nucleic
acid-based tests (NATs) have consistently demonstrated
superiority to RDTs and microscopy in detecting infections
at levels below the detection limits of a competent micros-
copist [29-34]. As countries progress towards malaria elimi-
nation, the need to detect submicroscopic infections is
becoming increasingly important, as reservoirs of infected
persons may sustain transmission even without this manifest-
ing in clinical illness. Therefore, it may be necessary to incor-
porate more sensitive NATs into elimination programmes.

NATs differ in their sensitivity, ease of use, and other
requirements, such as DNA targets, primers and probes, and
instrumentation. The most commonly used NATs for para-
site detection are nested-PCR amplification and quantitative
nucleic acid sequence-based amplification PCR. Other NATs,
such as loop-mediated isothermal amplification [35-38] and
fluorescent microbead technology [32,39,40], have also been
described. Increased sensitivity is achieved with these tests
by repeated amplification of an initially low level of parasite
genetic material and subsequent detection by specific fluores-
cent tags. In addition, primers and probes can be designed
for different Plasmodium species and, possibly, variants within
a species. Because the critical steps of amplification and
detection are automated, test results are less subjective than
those of microscopy and RDTs. When appropriately cali-
brated and targeted, some real-time NATs have the addi-
tional advantage of parasite quantification.

The currently available NATs are not suitable for routine
malaria diagnosis, because they require expensive equipment
and expensive reagents that require refrigeration, along with

highly qualified technicians. They are best suited for special-

ized laboratories that rarely exist in clinical-care settings in
most malaria-endemic countries. However, these drawbacks
do not necessarily preclude their use in elimination settings
as adjuncts to microscopy and RDTs. Indeed, their amenabil-
ity to high throughput means that samples from multiple loca-
tions can be collected and sent to a central laboratory for
analyses, which is more cost-effective. Further cost savings
can be realized by DNA sample pooling [41,42] in elimination
settings, where most samples are expected to be parasite-
negative. Expected innovations, such as making NATs less
costly, easier to perform, and field ready, will allow their use
in a variety of elimination settings and vastly improve the
quality of surveillance in low-transmission settings.

Another surveillance tool that may be useful in elimination
and near-elimination settings is malaria serology. Population-
level antibody responses to certain Plasmodium parasite anti-
gens can be used to determine transmission trends over a
period of months to years [43—45]. The choice of the spe-
cific antigen targeted for serological monitoring will depend
on characteristics such as immunogenicity and seroconver-
sion rates, persistence of the specific antibody (decay rate),
and limited variation in the target antigen. Serological testing
could provide useful population-level data with which to
measure progress in control and elimination programmes,
but is unsuitable for individual case management in endemic
settings.

The diagnostic tools mentioned above will probably be
deployed in combination in elimination settings. The Malaria
Eradication Research Agenda Consultative Group on Diagno-
sis and Diagnostics recommended that, as countries shift
from control to eradication, the emphasis may shift from
light microscopy and RDTs to greater reliance on appropri-
ate NATs and serology [46]. Specific programme require-
ments and malaria transmission dynamics will determine
which test combinations are deployed for individual clinical
diagnosis at each level of the health system for passive case
detection, for active case detection, and for population-level
surveillance. Identification and treatment of individuals with
asymptomatic malaria infections is critical to the success of
elimination programmes. Therefore, the use of RDTs for
case management and surveillance in elimination settings
requires an understanding of the limitations of these tests, in
order to adjust diagnostic strategies when necessary and also
to put test results in the appropriate perspective. Until tests
with greater sensitivity are able to be performed in periph-
eral health centres and/or by community health workers,
RDTs remain the best option for laboratory-confirmed diag-
nosis of malaria in remote locations. However, population-
level surveillance will probably require more sensitive tests
to estimate the true burden of malaria infection.
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Parasite Density and RDTs in Surveillance

Making informed decisions about the utility of RDTs in elimi-
nation settings requires knowledge of the proportion of low-
density infections in symptomatic and asymptomatic persons.
The proportion of such infections is likely to be influenced
by a variety of factors, including disease endemicity, parasite
species and strain virulence, host factors such as age, race,
prior malaria exposure, haemoglobinopathies, and others
[47-51]. Recent studies using PCR in low-transmission set-
tings have demonstrated a high proportion of low-density
parasitaemias that were not detected by microscopy or
RDT, and revealed that a high proportion of infected individ-
uals were asymptomatic [29,52,53]. Traditionally, it is to be
expected that many asymptomatic infections will be found in
areas of high malaria prevalence, because of acquired immu-
nity resulting from repeated infections. Conversely, because
areas of low or sporadic malaria transmission provide less
malaria exposure, the convention is to expect to find few
asymptomatic infections. However, in areas where malaria
transmission has decreased rapidly over a relatively short
period of time, there may be different effects of waning
immunity on the proportion of asymptomatic infections than
in areas where low or sporadic malaria transmission has
been sustained for decades. These new data suggest the
potential limited utility of RDTs for monitoring disease or

parasite prevalence in some elimination settings. However,
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parasite densities associated with asymptomatic infections
are not static, and may need to be periodically monitored to
determine whether RDT use remains appropriate.

Malaria Indicator Surveys (MISs) may provide a useful
means of monitoring low-density infection prevalence among
symptomatic and asymptomatic children. The proportion of
low-density P. falciparum infections (<200 parasites/uL) in
asymptomatic and symptomatic children was highly variable
in Kenya, Mozambique, Senegal and Zambia MISs, ranging
from 2.6% to 29.7% of children surveyed with positive blood
smears (Fig. |). Despite the variability in the proportion of
low-density infections, the overall sensitivity of RDTs
remained relatively high in all four surveys, ranging from
80.5% to 97.7% (Table 1). The sensitivity for low-density
infections (<200 parasites/uL) was less consistent, ranging
from 71.7% to 100% (data not shown). The specificity
remained over 90% in all surveys except for that in Moza-
mbque (74.6%). Higher parasite prevalence and recently
treated infections may have led to a higher proportion of
false-positive RDT results because of ongoing HRP2 circula-
tion reducing specificity in Mozambique. The parasite preva-
lence measured by RDTs was consistently higher than that
measured by microscopy in all four surveys, which may
represent continued HRP2 antigenaemia following treatment,
submicroscopic infection, or human error in labelling, inter-
preting or recording test results. The Roll Back Malaria
Monitoring and Evaluation Reference Group is considering

recommending the use of RDTs alone for future MISs, which

FIG. |. Proportion of positive blood smears with Plasmodium falciparum parasite density <100, <200 and <500 parasites/yL in symptomatic and

asymptomatic children 6-59 months of age surveyed during Malaria Indicator Surveys, 2007-2009.
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could limit the ability to monitor parasite density, and gamet-
ocytaemia, and will have unknown effects on the monitoring
of P. ovale and P. malariae infections.

Studies of the pyrogenic threshold for P. falciparum malaria
in immunonaive individuals have demonstrated a wide spec-
trum of parasitaemias at fever onset, ranging from 10 to
200 000 parasites/uL [54]. Data from several malaria-ende-
mic countries indicate that the proportion of low-density
(<200 parasites/uL) infections in symptomatic persons is
higher in low-transmission than in high-transmission areas,
and also higher in P. vivax than in P. falciparum infections [55].
This suggests that a larger proportion of symptomatic cases
may be missed in low-transmission (i.e. elimination) settings
and for P. vivax infections if RDTs are the sole means of par-
asitological confirmation. However, these studies were con-
ducted with confirmation by microscopy alone, and the true
burden of submicroscopic infection may be much higher
when determined by PCR [56]. Irrespective of the parasite
density, all malaria infections, if not identified and treated,
represent parasite reservoirs with the potential to infect
mosquitoes [31,34,57]. Active case detection will be an
essential component of any elimination plan. Malaria control
programmes will also need to actively monitor the sensitivity
of RDTs and microscopy in detecting low-density parasita-
emia in symptomatic patients presenting to health facilities
and in population-based surveys to capture asymptomatic
infections with more sensitive NATs. The development of
more sensitive RDTs would be ideal, but there will be limits
to detection with immunochromatographic tests without an

amplification step to increase parasite detection.

Malaria Surveillance in Elimination Settings

Nearly all malaria-endemic areas experience some degree of
seasonality in malaria transmission associated with periods of
increased rainfall. The proportion of fevers attributable to

malaria illness will rise in the high-transmission season and
fall in the low-transmission season. Likewise, the proportion
of fevers attributed to malaria will decrease as malaria elimi-
nation progresses [58], while other febrile diseases may
remain relatively stable in the population and appear to be
relatively more important. A reduction in the proportion of
fever cases positive for malaria may have consequences for
the use of RDTs and malaria case management. First, there
could be an erroneous perception by health workers that
negative test results are frequently false-negative results, and
this may reduce confidence in the tests [59]. Second, a high
prevalence of non-malarial fevers may discourage testing for
malaria, resulting in missed malaria cases. Therefore, the use
of RDTs in elimination settings may require substantial
efforts to maintain regular testing and quality case manage-
ment. However, doing this means that resources will be chan-
nelled into testing for a very low-prevalence disease that
could be used for managing non-malaria fevers. Without the
ability to test for and diagnose other febrile illnesses, health
practitioners may revert to treating all fevers as malaria or
to injudiciously prescribing antibiotics for a broader range
of symptoms associated with fever. Dissatisfaction with a
‘not malaria’ diagnosis may arise as patients become more
informed health consumers. Improving diagnostic resources
and training for other causes of severe and non-severe febrile
illness will be an essential component of malaria elimination,
to encourage accurate testing and reporting of malaria cases.
High-quality malaria surveillance through rigorous testing of
symptomatic persons presenting to health facilities will help to
target other malaria control interventions in an elimination
setting. Early identification of localized areas of high malaria
activity will allow targeted action to eliminate pockets of local
transmission, and may serve as a useful intervention tool to
reduce the further spread of malaria beyond the identified
zone. Quality malaria surveillance, including active case detec-
tion in travellers from malaria-endemic areas, will also be an
essential component of sustaining malaria elimination for

TABLE I. Microscopy and rapid diagnostic test results from Malaria Indicator Surveys that collected the results of both

malaria tests, 2007-2009

Kenya 2007 Mozambique 2007 Senegal 2008-2009 Zambia 2008
Number with blood smear results 4598 3238 4139 3656
Malaria parasite prevalence by microscopy (%)* 3.6 31.7 6.3 9.7
RDT product ICT Malaria Pf ICT Malaria Pf Paracheck Pf ICT Malaria Pf
(ICT Diagnostics) (ICT Diagnostics) (Orchid Biomedical) (ICT Diagnostics)
Number with RDT results (positive/negative) 5117 3876 4032 3652
Malaria prevalence by RDT (%)* 8.1 43.8 12.0 16.3
Number with RDT and BS results 4582 2438 3960 3652
RDT sensitivity (%)° 94.0 87.0 80.5 97.7
RDT specificity (%)° 95.6 746 92.8 92.5

BS, blood smear; RDT, rapid diagnostic test.
*Prevalence estimates not weight-adjusted.
®Microscopy considered to be the reference standard.
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countries that share borders with malaria-endemic nations
and those with frequent importation of malaria from travel-
lers. The infrastructure developed to improve malaria diagno-
sis during elimination may also be utilized to expand the
diagnostic capacity for other diseases, including tuberculosis
and human immunodeficiency virus disease: an individual
trained to perform malaria microscopy can be easily trained
to perform tuberculosis microscopy, and those trained to per-
form malaria RDTs would probably be capable of performing
human immunodeficiency virus rapid testing as well. Epidemio-
logical data regarding outcomes of non-malarial febrile disease
will also be useful to assist clinicians in determining the best
course of treatment for non-malarial febrile illness and to

reduce overprescription of antimalarial drugs and antibiotics.

Hypnozoites and Elimination of P. vivax and
P. ovale

Elimination of P. vivax and P. ovale malaria will be further com-
plicated by the presence of liver hypnozoites and the inability
of current tests to detect them. Plasmodium hypnozoites are
not eliminated by most antimalarial drug combinations, and
frequently cause relapse in patients who are not treated with
8-aminoquinoline drugs (primaquine, tafenoquine, and pamag-
uine). Incorrect speciation or failure to identify mixed infec-
tions with P.vivax or P.ovale may result in continued
transmission of malaria from asymptomatic carriage of hypn-
ozoites that later mature and produce blood-stage infections.
Treatment with primaquine and other drugs in this class can
produce severe haemolytic anaemia in persons with glucose-
6-phosphate dehydrogenase (G6PD) deficiency, an inherited
enzymatic defect that is common in much of the malaria-
endemic world [60]. The currently available rapid G6PD
screening tests are relatively expensive and have not been
widely implemented. ldentification of alternative drugs for
eliminating hypnozoites or more affordable, rapid tests for
G6PD deficiency will be an essential component in safely elim-

inating P. vivax and P. ovale in malaria-endemic areas.

Conclusion

The currently available RDTs are useful tests for expanding
the availability of malaria diagnosis in a variety of field set-
tings. They are highly sensitive for P. falciparum infections
with parasite densities of 2200 parasites/ulL, and a few prod-
ucts achieve similarly high sensitivity for P. vivax infections.
However, there is increasing evidence that low-density and
microscopically subpatent infections may be more common

than previously recognized in near-elimination settings.
Therefore, unless RDTs are able to improve sensitivity mea-
sures at low densities of parasitaemia without sacrificing
specificity, newer diagnostic tools will be required for malaria
elimination. An ideal diagnostic test for malaria would have
high sensitivity and specificity at any density of parasitaemia,
be portable, and be easily and accurately used in field set-
tings. In addition, the characteristics of an ideal test are likely
to differ for programmes at differing stages along the road
from malaria control to pre-elimination and elimination [46].
NATSs already achieve high sensitivity, but are not currently
portable or simple enough for widespread use. Future
research and development in malaria diagnostics should
emphasize: highly sensitive detection of low-density infec-
tions; detection of liver-stage and sexual-stage parasites; mul-
tiplex systems to detect malaria and non-malarial causes of
illness or severity markers; and detection of G6PD deficiency
and other factors that may help to guide treatment. Monitor-
ing malaria in elimination settings will probably depend on
the use of more than one diagnostic tool in clinical-care and
surveillance activities, and the combination of tools utilized
will need to be informed by regular monitoring of test per-
formance through effective quality assurance. Investments in
improving malaria surveillance may seem costly, but will
probably be beneficial in improving the diagnosis of other

diseases and preventing the re-introduction of malaria.

Acknowledgements

The authors would like to express their gratitude to J. Barn-
well for editorial contributions, the National Malaria Control
Programmes in Kenya, Mozambique, Senegal and Zambia for
access to the MISs, and A. Craig, A. Kilian, A. Hightower, G.
Tetteh, ). Hwang, ). Thwing, J. Morgan and R. Perry for their

assistance.

Transparency Declaration

The authors received no external funding for this manu-
script. All authors are employees of the US Centers for Dis-
ease Control and Prevention, a US government institution.

They have no conflicts of interest.

References

I. World Health Organization. Guidelines for the treatment of malaria,
2nd edn. Geneva: WHO Press, 2010.

Clinical Microbiology and Infection ©201 | European Society of Clinical Microbiology and Infectious Diseases, CMI

No claim to original US government works, 17, 1624-1631



1630

Clinical Microbiology and Infection, Volume 17 Number |1, November 2011

CMI

. World Health Organization. World Malaria Report 2010. Geneva:

WHO Press, 2010.

. Chandramohan D, Jaffar S, Greenwood B. Use of clinical algorithms

for diagnosing malaria. Trop Med Int Health 2002; 7: 45-52.

. Kallander K, Nsungwa-Sabiiti |, Peterson S. Symptom overlap for

malaria and pneumonia—policy implications for home management
strategies. Acta Trop 2004; 90: 211-214.

. Amexo M, Tolhurst R, Barnish G, Bates |. Malaria misdiagnosis:

effects on the poor and vulnerable. Lancet 2004; 364: 1896—1898.

. Reyburn H, Mbatia R, Drakeley C et al. Overdiagnosis of malaria in

patients with severe febrile illness in Tanzania: a prospective study.
BMJ 2004; 329: 1212.

. Opoka RO, Xia Z, Bangirana P, John CC. Inpatient mortality in chil-

dren with clinically diagnosed malaria as compared with microscopi-
cally confirmed malaria. Pediatr Infect Dis | 2008; 27: 319-324.

. Laxminarayan R, Bhutta Z, Duse A et al. Drug resistance. In: Jamison

DT, Breman )G, Measham AR et al,, eds. Disease control priorities in
developing countries, ch. 55, 2nd edn. Washington, DC: World Bank,
2006; 1031-1052.

. White NJ. Antimalarial drug resistance. | Clin Invest 2004; 113: 1084—

1092.

10. Juma E, Zurovac D. Changes in health workers’ malaria diagnosis and

20.

21.

22.

treatment practices in Kenya. Malar | 2011; 10: 1.

Bisoffi Z, Sirima BS, Angheben A et al. Rapid malaria diagnostic tests
vs. clinical management of malaria in rural Burkina Faso: safety and
effect on clinical decisions. A randomized trial. Trop Med Int Health
2009; 14: 491-498.

. Chinkhumba ], Skarbinski ], Chilima B et al. Comparative field perfor-

mance and adherence to test results of four malaria rapid diagnostic
tests among febrile patients more than five years of age in Blantyre,
Malawi. Malar | 2010; 9: 209.

. Ndyomugyenyi R, Magnussen P, Clarke S. Diagnosis and treatment of

malaria in peripheral health facilities in Uganda: findings from an area
of low transmission in south-western Uganda. Malar | 2007; 6: 39.

. Rowe AK, de Leon GF, Mihigo J, Santelli AC, Miller NP, Van-Dunem

P. Quality of malaria case management at outpatient health facilities
in Angola. Malar | 2009; 8: 275.

. Skarbinski J, Ouma PO, Causer LM et al. Effect of malaria rapid diag-

nostic tests on the management of uncomplicated malaria with ar-
temether—lumefantrine in Kenya: a cluster randomized trial. Am |
Trop Med Hyg 2009; 80: 919-926.

. Chandler CI, Whitty CJ, Ansah EK. How can malaria rapid diagnostic

tests achieve their potential? A qualitative study of a trial at health
facilities in Ghana. Malar | 2010; 9: 95.

. Msellem MI, Martensson A, Rotllant G et al. Influence of rapid malaria

diagnostic tests on treatment and health outcome in fever patients,
Zanzibar: a crossover validation study. PLoS Med 2009; 6: e 000070.

. Harvey SA, Jennings L, Chinyama M, Masaninga F, Mulholland K, Bell

DR. Improving community health worker use of malaria rapid diag-
nostic tests in Zambia: package instructions, job aid and job aid-
plus-training. Malar | 2008; 7: 160.

. Phommanivong V, Thongkham K, Deyer G, Rene JP, Barennes H. An

assessment of early diagnosis and treatment of malaria by village
health volunteers in the Lao PDR. Malar | 2010; 9: 347.

Thang ND, Erhart A, Hung le X et al. Rapid decrease of malaria mor-
bidity following the introduction of community-based monitoring in a
rural area of central Vietnam. Malar | 2009; 8: 3.

Carrara VI, Sirilak S, Thonglairuam | et al. Deployment of early diag-
nosis and mefloquine—artesunate treatment of falciparum malaria in
Thailand: the Tak Malaria Initiative. PLoS Med 2006; 3: e183.

Hopkins H, Kambale W, Kamya MR, Staedke SG, Dorsey G, Rosen-
thal PJ. Comparison of HRP2- and pLDH-based rapid diagnostic tests
for malaria with longitudinal follow-up in Kampala, Uganda. Am | Trop
Med Hyg 2007; 76: 1092-1097.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

Moody A. Rapid diagnostic tests for malaria parasites. Clin Microbiol
Rev 2002; |5: 66-78.

Proux S, Hkirijareon L, Ngamngonkiri C, McConnell S, Nosten F.
Paracheck-Pf: a new, inexpensive and reliable rapid test for P. falcipa-
rum malaria. Trop Med Int Health 2001; 6: 99-101.

Bharti PK, Silawat N, Singh PP et al. The usefulness of a new rapid
diagnostic test, the First Response Malaria Combo (pLDH/HRP2)
card test, for malaria diagnosis in the forested belt of central India.
Malar | 2008; 7: 126.

World Health Organization. Malaria rapid diagnostic test perfor-
mance: summary results of WHO product testing of malaria RDTs:
Rounds | and 2 (2008-2009). World Health Organization on behalf
of the Special Programme for Research and Training in Tropical Dis-
eases, 2010.

Gamboa D, Ho MF, Bendezu ] et al. A large proportion of P. falciparum
isolates in the Amazon region of Peru lack pfhrp2 and pfhrp3: implica-
tions for malaria rapid diagnostic tests. PLoS ONE 2010; 5: e8091.

Lee N, Baker J, Andrews KT et al. Effect of sequence variation in Plas-
modium falciparum histidine-rich protein 2 on binding of specific
monoclonal antibodies: implications for rapid diagnostic tests for
malaria. | Clin Microbiol 2006; 44: 2773-2778.

Harris |, Sharrock WW, Bain LM et al. A large proportion of asymp-
tomatic Plasmodium infections with low and sub-microscopic parasite
densities in the low transmission setting of Temotu Province, Solo-
mon Islands: challenges for malaria diagnostics in an elimination set-
ting. Malar | 2010; 9: 254.

Stresman GH, Kamanga A, Moono P et al. A method of active case
detection to target reservoirs of asymptomatic malaria and gameto-
cyte carriers in a rural area in Southern Province, Zambia. Malar
] 2010; 9: 265.

Quedraogo AL, Bousema T, Schneider P et al. Substantial contribu-
tion of submicroscopical Plasmodium falciparum gametocyte carriage
to the infectious reservoir in an area of seasonal transmission. PLoS
ONE 2009; 4: e8410.

Menge DM, Ernst KC, Vulule JM, Zimmerman PA, Guo H, John CC.
Microscopy underestimates the frequency of Plasmodium falciparum
infection in symptomatic individuals in a low transmission highland
area. Am | Trop Med Hyg 2008; 79: 173-177.

Mens P, Spieker N, Omar S, Heijnen M, Schallig H, Kager PA. Is
molecular biology the best alternative for diagnosis of malaria to
microscopy! A comparison between microscopy, antigen detection
and molecular tests in rural Kenya and urban Tanzania. Trop Med Int
Health 2007; 12: 238-244.

Shekalaghe SA, Bousema JT, Kunei KK et al. Submicroscopic Plasmodium
falciparum gametocyte carriage is common in an area of low and sea-
sonal transmission in Tanzania. Trop Med Int Health 2007; 12: 547-553.
Buates S, Bantuchai S, Sattabongkot ] et al. Development of a reverse
transcription-loop-mediated isothermal amplification (RT-LAMP) for
clinical detection of Plasmodium falciparum gametocytes. Parasitol Int
2010; 59: 414-420.

Han ET, Watanabe R, Sattabongkot | et al. Detection of four Plasmo-
dium species by genus- and species-specific loop-mediated isothermal
amplification for clinical diagnosis. | Clin Microbiol 2007; 45: 2521-2528.
Poschl B, Waneesorn ], Thekisoe O, Chutipongvivate S, Karanis P.
Comparative diagnosis of malaria infections by microscopy, nested
PCR, and LAMP in northern Thailand. Am | Trop Med Hyg 2010; 83:
56—60.

Lucchi NW, Demas A, Narayanan | et al. Real-time fluorescence loop
mediated isothermal amplification for the diagnosis of malaria. PLoS
ONE 2010; 5: el3733.

McNamara DT, Thomson |JM, Kasehagen L), Zimmerman PA. Devel-
opment of a multiplex PCR-ligase detection reaction assay for diagno-
sis of infection by the four parasite species causing malaria in
humans. | Clin Microbiol 2004; 42: 2403-2410.

Clinical Microbiology and Infection ©201 | European Society of Clinical Microbiology and Infectious Diseases, CMI
No claim to original US government works, 17, 1624-1631



CMI

McMorrow et al.

Malaria RDTs in elimination settings 1631

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

McNamara DT, Kasehagen LJ, Grimberg BT, Cole-Tobian J, Collins
WE, Zimmerman PA. Diagnosing infection levels of four human
malaria parasite species by a polymerase chain reaction/ligase detec-
tion reaction fluorescent microsphere-based assay. Am | Trop Med
Hyg 2006; 74: 413-421.

Hsiang MS, Lin M, Dokomajilar C et al. PCR-based pooling of dried
blood spots for detection of malaria parasites: optimization and appli-
cation to a cohort of Ugandan children. | Clin Microbiol 2010; 48:
3539-3543.

Taylor SM, Juliano J), Trottman PA et al. High-throughput pooling and
real-time PCR-based strategy for malaria detection. | Clin Microbiol
2010; 48: 512-519.

Cook J, Reid H, lavro ] et al. Using serological measures to monitor
changes in malaria transmission in Vanuatu. Malar | 2010; 9: 169.
Drakeley CJ, Corran PH, Coleman PG et al. Estimating medium- and
long-term trends in malaria transmission by using serological markers
of malaria exposure. Proc Natl Acad Sci USA 2005; 102: 5108-5113.
Stewart L, Gosling R, Griffin ] et al. Rapid assessment of malaria
transmission using age-specific sero-conversion rates. PLoS ONE 2009;
4: e6083.

Alonso PL, Barnwell JW, Bell D et al. A research agenda for malaria
eradication: diagnoses and diagnostics. PLoS Med 201 1; 8: e|000396.
Dicko A, Mantel C, Kouriba B et al. Season, fever prevalence and
pyrogenic threshold for malaria disease definition in an endemic area
of Mali. Trop Med Int Health 2005; 10: 550-556.

Boisier P, Jambou R, Raharimalala L, Roux J. Relationship between
parasite density and fever risk in a community exposed to a low level
of malaria transmission in Madagascar highlands. Am | Trop Med Hyg
2002; 67: 137-140.

Damien GB, Djenontin A, Rogier C et al. Malaria infection and dis-
ease in an area with pyrethroid-resistant vectors in southern Benin.
Malar | 2010; 9: 380.

Modiano D, Luoni G, Sirima BS et al. The lower susceptibility to Plas-
modium falciparum malaria of Fulani of Burkina Faso (west Africa) is
associated with low frequencies of classic malaria-resistance genes.
Trans R Soc Trop Med Hyg 2001; 95: 149-152.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lin E, Kiniboro B, Gray L et al. Differential patterns of infection and
disease with P. falciparum and P. vivax in young Papua New Guinean
children. PLoS ONE 2010; 5: €9047.

Alves FP, Durlacher RR, Menezes M), Krieger H, Silva LH, Camargo
EP. High prevalence of asymptomatic Plasmodium vivax and Plasmo-
dium falciparum infections in native Amazonian populations. Am | Trop
Med Hyg 2002; 66: 641-648.

Nicastri E, Bevilacqua N, Sane Schepisi M et al. Accuracy of malaria
diagnosis by microscopy, rapid diagnostic test, and PCR methods and
evidence of antimalarial overprescription in non-severe febrile
patients in two Tanzanian hospitals. Am | Trop Med Hyg 2009; 80:
712-717.

Gatton ML, Cheng Q. Evaluation of the pyrogenic threshold for Plas-
modium falciparum malaria in naive individuals. Am | Trop Med Hyg
2002; 66: 467—473.

World Health Organization. Parasitological confirmation of malaria
diagnosis: report of a WHO technical consultation Geneva, 6-8
October 2009. Geneva: WHO, 2010.

Branch O, Casapia WM, Gamboa DV et al. Clustered local transmis-
sion and asymptomatic Plasmodium falciparum and Plasmodium vivax
malaria infections in a recently emerged, hypoendemic Peruvian Ama-
zon community. Malar | 2005; 4: 27.

Schneider P, Bousema JT, Gouagna LC et al. Submicroscopic Plasmo-
dium falciparum gametocyte densities frequently result in mosquito
infection. Am | Trop Med Hyg 2007; 76: 470—-474.

Olotu A, Fegan G, Williams TN et al. Defining clinical malaria: the
specificity and incidence of endpoints from active and passive surveil-
lance of children in rural Kenya. PLoS ONE 2010; 5: el5569.
Wijesinghe RS, Atkinson JA, Bobogare A, Wini L, Whittaker M.
Exploring provider and community responses to the new malaria
diagnostic and treatment regime in Solomon Islands. Malar | 2011;
10: 3.

Nkhoma ET, Poole C, Vannappagari V, Hall SA, Beutler E. The global
prevalence of glucose-6-phosphate dehydrogenase deficiency: a sys-
tematic review and meta-analysis. Blood Cells Mol Dis 2009; 42: 267—
278.

Clinical Microbiology and Infection ©201 | European Society of Clinical Microbiology and Infectious Diseases, CMI

No claim to original US government works, 17, 1624-1631



	Malaria rapid diagnostic tests in elimination settings—can they find the last parasite?
	Introduction
	Advantages and Limitations of RDTs
	Alternatives for Malaria Diagnosis
	Parasite Density and RDTs in Surveillance
	Malaria Surveillance in Elimination Settings
	Hypnozoites and Elimination of P. vivax and P. ovale
	Conclusion
	Acknowledgements
	Transparency Declaration
	References


