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The epidemiology of malaria in “low-transmission” areas has been underestimated. Molecular detection methods have revealed
higher prevalences of malaria than conventional microscopy or rapid diagnostic tests, but these typically evaluate finger-prick
capillary blood samples (�5 �l) and therefore cannot detect parasite densities of <200/ml. Their use underestimates true para-
site carriage rates. To characterize the epidemiology of malaria in low-transmission settings and plan elimination strategies,
more sensitive quantitative PCR (qPCR) is needed to identify and quantify low-density malaria parasitemias. A highly sensitive
“high-volume” quantitative PCR (qPCR) method based on Plasmodium sp. 18S RNA was adapted for blood sample volumes of
>250 �l and scaled for high throughput. The methods were validated by assessment of the analytical sensitivity and specificity,
diagnostic sensitivity, and specificity, efficiency, precision, analytical and diagnostic accuracies, limit of detection, root cause
analysis of false positives, and robustness. The high-volume qPCR method based on Plasmodium sp. 18S RNA gave high PCR
efficiency of 90 to 105%. Concentrations of parasite DNA from large volumes of blood gave a consistent analytical detection limit
(LOD) of 22 parasites/ml (95% CI, 21.79 to 74.9), which is some 2,500 times more sensitive than conventional microscopy and 50
times more sensitive than currently used PCR methods from filter paper blood spots. The diagnostic specificity was 99.75%. Us-
ing automated procedures it was possible to process 700 blood samples per week. A very sensitive and specific high-throughput
high-volume qPCR method for the detection of low-density parasitemias (>20 parasites/ml) was developed and validated.

Elimination of malaria, the most important parasitic disease of
humans, is now firmly back on the global agenda. Major re-

ductions in malaria morbidity and mortality have been observed
recently, but these gains and the goal of elimination are threatened
by the emergence of artemisinin-resistant Plasmodium falciparum
in South-East Asia. P. falciparum coexists in Asia with Plasmodium
vivax, which is also developing resistance to current treatments
and is intrinsically more difficult to eliminate because of its dor-
mant liver stages. The spread of artemisinin resistance in P. falcip-
arum, which is now compromising the therapeutic efficacy of ar-
temisinin combination treatments (ACTs), might derail current
global initiatives to control and eliminate malaria (1). Consensus
is growing that elimination of falciparum malaria in regions with
artemisinin resistance is the only effective approach to counter
this threat (2, 3). In order to eliminate malaria, it is essential to
define its epidemiology. Conventional descriptions of the epide-
miology of malaria in low-transmission settings suggest that ma-
laria prevalences are low (�10%) and heterogeneous. Most or all
infections have been thought to be symptomatic, since the popu-
lation is considered to remain nonimmune in these low-transmis-
sions settings, so the focus of malaria control activities has been on
the identification and treatment of symptomatic individuals.

Molecular assays to detect Plasmodium infections have been
increasingly implemented because, although they are not point of
care, they have higher sensitivity than microscopy or rapid diag-
nostic tests (RDTs), and they also provide definitive species iden-
tification and additional information on genotype. PCR for ma-

laria detection has been developed based on several different
target genes such as 18S RNA (4–11), tRNA (12), and mitochon-
drial genes such as cytochrome b (13, 14), AMA1 (15), and Stevor
(16). Of these, the 18S RNA gene has been most commonly used as
the target of PCR malaria detection because it is specific, con-
served in all Plasmodium species, and has �5 to 7 copies per ge-
nome, which increases sensitivity (17). The detection level (sensi-
tivity) of these PCR methods, either as nested PCR or real-time
PCR, is usually in the range of 100 to 1000 parasites per milliliter
(18). Sensitive PCR methods reveal a high prevalence of low-den-
sity parasitemia in areas of endemicity (5, 6), but nearly all epide-
miological studies reported to date applied the PCR assay on
small-volume blood samples (5, 6, 18–23), typically finger-prick
capillary blood samples (�5 �l). These have also been used in
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“focused screening and treatment” strategies (24). Even if it were
possible to reliably amplify the DNA from a single parasite, the
sensitivity of this method is still limited by the sample volume to
�1 parasite/5 �l, so that parasite densities of �200/ml cannot be
detected. In reality, with the use of capillary blood samples, the
limit of detection is around 1,000 or more parasites per ml. Larger
blood volume PCR detection has been reported but not widely
used (19).

To detect and quantify low-density malaria parasitemias in
large sample sets, we developed a highly sensitive quantitative
PCR (qPCR) based on a previously published methodology (11)
adapted for a blood sample volume of �200 �l. The method was
validated by assessment of the analytical sensitivity and specificity,
diagnostic sensitivity and specificity, efficiency, precision, analyt-
ical and diagnostic accuracies, limit of detection, and robustness.
It was then adapted for high throughput use in order to facilitate
epidemiological screening in areas where malaria elimination ac-
tivities might be implemented.

MATERIALS AND METHODS
Blood sample collection and DNA extraction. Whole blood samples (1
ml) were collected in EDTA tubes and centrifuged at 2,500 rpm for 10 min
to remove all plasma together with 70 to 100 �l of the buffy coat per 1 ml
of whole blood. The packed red blood cells (RBCs) were then frozen at
�30°C. The DNA template for PCR detection and quantification of Plas-
modium was purified from the thawed packed red blood cell samples.
After careful measurement of sample volume, DNA was extracted using a
QIAamp blood minikit for sample volumes of �200 �l (equivalent to 500
�l of whole blood at a hematocrit of 40%), or a QIAamp blood midi kit for
sample volumes between 200 to 2,000 �l packed red blood cells (Qiagen,
Germany). The purified DNA was dried completely in a centrifugal vac-
uum concentrator and then suspended in a small volume of PCR-grade
water to provide a concentrate. The starting volume of whole blood was 1
ml and the purified DNA volume after concentration was 10 �l, so that 1
�l of template suspension corresponds to 100 �l of whole blood. A 2-�l
aliquot of the DNA was used as the DNA template in each qPCR. The
performance characteristics of this method were therefore assessed for
blood sample volumes of �200 �l.

Quantitative real-time malaria parasite PCR. The presence of para-
sites and an estimate of the parasite numbers in each sample were assessed
by an absolute quantitative real-time PCR method (Corbett Rotor-Gene
Q, Corbett Research, Australia). The 18S rRNA-targeting primers and
hydrolysis probes used in the assay were based on a previously published
protocol (11), which was modified to improve sensitivity by concentra-
tion of the parasite DNA template from large volumes of blood (i.e., 200
�l of packed red cells instead of the conventional 2 �l).

Standard controls were prepared using P. falciparum 3D7 ring-stage
synchronized cultured parasites. Suspensions containing precisely 10,000
ring-stage infected red blood cells per tube in packed red blood cells were
obtained using fluorescence-activated cell sorting (FACS), following the
protocol described by Malleret et al. (2011) (25) using an Influx flow

cytometer (Becton, Dickinson). These accurately defined controls were
then diluted into carefully measured volumes of white blood cell-depleted
red cells obtained from a volunteer with no history of malaria. The sam-
ples’ DNA were extracted using an automated DNA extraction machine
(QIAsymphony and DSP DNA midi kit; Qiagen, Germany) and then
dried using a centrifugal vacuum concentrator, and subsequently resus-
pended in PCR-grade water as described above to yield the DNA concen-
trate. The standard curve for calibration was made by 5-fold serial
dilutions from 250,000, to 16 parasites per milliliter (7 points) with dou-
ble-distilled water. A QuantiTect multiplex PCR NoROX (Qiagen, Ger-
many) was used, and the PCR mixture was prepared using 1� QuantiTect
buffer, 0.4 �M each primer, and 0.2 �M hydrolysis probe. The tempera-
ture profiles were 95°C initial denaturation for 15 min, and then 50 cycles
of denaturation (94°C) for 15 s followed by annealing (60°C) for 60 s. An
internal control was multiplexed in the reaction based on the human
beta-actin gene (GenBank accession number, NM_001101.3). The primer
and probe sequences were obtained from ShineGene Bio-Technologies,
Inc. (primers, 5=-ACCGAGCGCGGCTACAG [forward] and 5=-CTTAA
TGTCACGCACGATTTCC [reverse]; 6-carboxytetramethylrhodamine
[TAMRA] probe, 5=-VIC-TTCACC ACCACGGCCGAG C-3=).

An estimate of the parasite numbers in each sample was derived from
extrapolation of the threshold cycle (CT) value obtained for the unknown
sample to the standard curve using the Rotor-Gene Q series software v.
2.0.2. Based on the calibration experiments, the cutoff CT value was set
prospectively to 40. For samples where the qPCR was positive, an attempt
was made to determine the Plasmodium species present using nested PCR
protocols specific to P. falciparum (microsatellite marker name Pk2), P.
vivax (microsatellite marker name 3.502) and Plasmodium malariae (18S
rRNA) as described previously (18–20). Positive samples for which there
was insufficient DNA to do this or no amplification was obtained were
reported as being malaria of indeterminate species.

qPCR protocol validation. The technique was validated following
published guidelines on diagnostic tests involving nucleic acid amplifica-
tion and detection (26), and on the minimum information requirements
for publication of quantitative real-time PCR experiments (27). The fol-
lowing validation parameters were investigated: analytical sensitivity and
specificity, diagnostic sensitivity and specificity, efficiency, precision, an-
alytical and diagnostic accuracies, limit of detection, and robustness. Root
cause analysis was conducted for samples with false-positive results. The
reference materials used throughout the validation were the samples of
accurately known parasite densities obtained through FACS within a
range of 20 to 10,000 rings in 100 �l of packed red blood cells (RBCs) as
described above.

The sensitivity of our “high-volume” qPCR protocol was also com-
pared to that of the previously published 18S RNA-based protocols; these
were the original protocols of Kamau et al. (2011) (11) and Hermsen et al.
(2001) (7), and two P. falciparum-specific protocols described by Peradin
et al. (2004) (8) and Rougemont et al. (2004) (9) (Table 1). Testing was
performed in triplicate reactions for each of the seven FACS reference
sample parasite concentrations used to construct the standard calibration
control curve (i.e., 250,000, 50,000, 10,000, 2000, 400, 80, and 16 para-
sites/ml). A QuantiTect multiplex PCR NoROX (Qiagen, Germany) was

TABLE 1 Comparison of the sensitivity of the high-volume qPCR to previously published qPCR protocols

qPCR protocola Rep1/mlb Rep2/ml Rep3/ml Mean/ml SD CV%

Current method 24 43 35.2 34.07 9.55 28.03
Kamau et al. (2011) 655 877 1,353 961.67 356.62 37.08
Hermsen et al. (2001) 8,245 6,573 11,452 8,756.67 2,479.42 28.31
Peradin et al. (2004) 902 1,274 1,543 1,239.67 321.88 25.96
Rougement et al. (2004) 1,220 1,567 2,544 1,777 686.53 38.63
a Kamau et al., reference 11; Hermsen et al. (based on Plasmodium genus specificity), reference 7; Peradin et al., reference 8; Rougemont et al. (based on P. falciparum species
specificity), reference 9.
b Each Rep (replicate) column shows the concentration of parasites per ml of blood as determined by each assay. Rep1, Rep 2, and Rep3 represent replicates 1, 2, and 3, respectively.
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used, and the PCR mixture and the cycling conditions were per the man-
ufacturer’s instructions.

Test specificity. Contamination precautions were rigorously applied
in the laboratory. Checking for contamination was performed by routine
random insertion of known negative samples (15% of total) in each run. If
a negative control yielded a positive result in routine testing, the whole run
was repeated and retested until all negative controls gave a negative read-
ing (invariably in the next run). Root cause analysis usually identified the
concentrated positive control as the source of contamination. Investiga-
tion of potential contamination involved genotyping based on the msp1,
msp2, and glurp genes for P. falciparum and on the microsatellite markers
pv3.27, pv3.502, and pvms5 for P. vivax, following previously published
protocols for P. falciparum (28) and P. vivax (29).

The possibility that cell-free malaria DNA caused false positives was
considered. Malaria DNA in merozoites is released from parasitized red
cells at the moment of schizont rupture, and free merozoite DNA persists
in the circulation. Studies in progress show that plasma DNA concentra-
tions (genomes/�l) are approximately 0.1% of the corresponding whole-
blood parasite density (per �l) in acute malaria and are cleared rapidly.
Intraleukocytic parasite material is also cleared within days (30). Taken
together, these findings indicate that in ultralow parasitemias the extra-
erythrocytic DNA is highly unlikely to be a confounder.

In order to rule out cross-contamination of samples during DNA ex-
traction or PCR processing, negative controls consisting of only water
were added in a proportion of 8 for every 48 samples.

Scale-up. To scale up for high-throughput testing, automated proce-
dures were developed. The samples were labeled using barcodes created
from the sample management software Freezerworks (Dataworks Devel-
opment, Inc., Lynnwood, Seattle, WA). Automated DNA extraction was
performed using a QIA Symphony automated nucleic acid extraction in-
tegrated system (Qiagen, Germany), and then the QIAgility liquid han-
dling system was used to prepare master mixes for the PCRs and for
adding the DNA template.

RESULTS
Absolute quantitative real-time PCR malaria parasite density
estimation. (i) Quantification calibrators and PCR efficiency.
The seven reference standards for calibration (250,000, 50,000,
10,000, 2000, 400, 80, and 16 parasites/ml) gave linear standard
plots (R2 � 0.98) with slope values of �3.203 to 3.322 and ampli-
fication efficiencies of 90 to 105% (Fig. 1). Nonspecific amplifica-
tion was not observed during assessment of qPCR products by gel
electrophoresis.

(ii) Analytical sensitivity. The analytical sensitivity of the
high-volume qPCR was derived from the seven-point standard
dilution series described above (i.e., from 250,000 to 16 P. falcip-
arum 3D7 ring-stage parasites/ml) analyzed with the Rotor Gene
Q (Qiagen, Germany). The experiments were performed on three
different days on six replicates. The results were determined by a
probit analysis using SPSS 11 (SPSS, Inc., Chicago, IL). A graphi-
cal illustration of the probit analysis is shown in Fig. 2. The ana-
lytical detection limit (LOD) derived from the plots is 22 (stan-
dard deviation [SD], 5) parasites/ml (Fig. 2). This implies that
when the assay is applied to the 3D7 parasite strain, there is a 95%
probability of detecting a parasitemia as low as 22/ml. Given that
the sequence of the target fragment amplified from the P. falcipa-
rum 18S RNA genes is exactly the same as that in the 18S RNA
genes present in P. vivax, P. ovale, P. malariae, and Plasmodium
knowlesi, it is unlikely that the analytical sensitivities for these
species would be substantially different than that for P. falciparum.
Nonetheless, this would need to be confirmed prospectively.

(iii) Sensitivity comparison of high-volume qPCR to previ-
ously published qPCR protocols. The sensitivity of the high-vol-

FIG 1 Linearity of serial dilution of standard controls versus the coefficient of determination; R2 was 0.99651.
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ume qPCR protocol was compared to previously published pro-
tocols targeting the 18S RNA genes. Two of these are not species
specific (7, 11), and two are P. falciparum specific (8, 9). Testing
was performed in triplicate for each of the seven-point dilution
series (FACS-prepared reference samples) used to obtain the stan-
dard calibration plot. Overall, the high-volume qPCR protocol
had a mean sensitivity that was 28 to 257 times higher than that of
the other methods (Table 1).

(iv) Diagnostic sensitivity and specificity. The specificity of
the qPCR was assessed in samples obtained from Thai volunteers
who had never experienced a malaria infection, and who were not
considered to have been exposed to malaria during their lifetime.
These samples were also confirmed to be negative for Plasmodium
by the reference nested-PCR method targeting the 18S RNA (31).
The qPCR assay was negative for all except one sample, presum-
ably a false-positive signal (Table 2). Thus, the diagnostic specific-
ity was 99.75% (95%CI 99.3 to 100%). Twenty one samples from
patients with acute malaria confirmed as truly positive for P. fal-
ciparum infection using a standard nested PCR species detection
technique based on 18S RNA technique (31) were tested and all
were positive.

(v) Analytical specificity. The specificity of the qPCR protocol
was tested by three approaches: (i) BLAST analysis of the primers
and probe sequences against the NCBI databases, (ii) testing of
different field samples harboring the four Plasmodium species that

infect humans, and (iii) screening for sequence polymorphisms in
the 18S RNA Plasmodium gene fragments amplified.

(a) BLAST analysis. The specificity of the qPCR was maximized
by the selection of primers and probes highly specific to the Plas-
modium genes, which were then used under stringent reaction
conditions. The primers and hydrolysis probes selected had al-
ready been validated by Kamau et al. (2011) (11), and were shown
to have very high specificity for Plasmodium sp. 18S RNA. We
conducted updated (9 January 2014) searches using Nucleotide
BLAST to confirm that these primers would be unlikely to hybrid-
ize and amplify any unrelated genes that have been sequenced
recently. There was 100% identity to Plasmodium genus se-
quences, with no indication that the qPCR might generate positive
signals with other organisms, including other parasites in the Plas-
modiidae family such as Hepatocystis.

(b) qPCR testing in field samples of all four human malaria in-
fections. Blood samples which were microscopy positive for one of
four Plasmodium species of humans (100 samples with P. falcipa-
rum, 100 samples with P. vivax, 20 samples with P. malariae, and
10 samples with P. ovale) that had been confirmed by the reference
method based on nested PCR targeting the 18Ss RNA (31) were
tested for specificity. All were positive, as shown in Table 3. Sam-
ples from P. knowlesi cases were not available, but sequence anal-
ysis predicts that they would also have been positive.

FIG 2 Analytical sensitivity of the malaria qPCR method.

TABLE 2 Diagnostic sensitivity and specificity estimates of the malaria
qPCR method in method developmenta

Result

No. of reference samples

Known positive Known negative

Positive 21 (true positive) 1 (false positive)
Negative 0 (false negative) 400 (true negative)
a Diagnostic sensitivity: true positive (TP)/(TP � false negative [FN]), 100% (21/21);
diagnostic sensitivity: TN/(TN � FP), 99.75% (400/401).

TABLE 3 Testing of specificity of the qPCR method on relevant
Plasmodium speciesa

Plasmodium sp. No. of samples No. of positive results

P. falciparum 100 100
P. vivax 100 100
P. malariae 20 20
P. ovale 10 10
a qPCR testing of patient samples harboring one or another of four Plasmodium species
that infect humans.
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(c) Screening for sequence polymorphisms. Direct sequencing of
the fragment amplified from more than 70 Plasmodium-positive
field samples did not reveal any mutations. Finally, the lack of any
bands other than the one expected in the qPCR products ampli-
fied from 350 field samples indicated that nonspecific amplifica-
tion does not occur.

(vi) Precision. Precision analysis describes the closeness of
agreement between replicate analyses of the same sample. The
precision data allow the determination of the total variance of the
assay. The total variance consists of the intra-assay variability
(variability of multiple results of samples of the same concentra-
tion within one experiment) and the interassay variability (vari-
ability of multiple results of the assay generated on different in-
struments of the same type at different times by different
operators within the laboratory). The precision data were calcu-
lated on the basis of the CT values of the amplification curves and
the parasitemia/ml values. The data obtained were used to deter-
mine the standard deviation and the variance.

Assessment of precision was undertaken by testing five of the
serially diluted calibration samples (corresponding to 10000,
2000, 400, 80, and 16 parasites/ml, see above) on six separate oc-
casions. The mean coefficient of variation for the cycle threshold
across the five samples was 0.78% (Table 4), which translated to a
coefficient of variation for parasites/ml of 13.9% (Table 5).

(vii) Robustness. Thirty confirmed Plasmodium-negative
blood samples were spiked with 100 parasites/ml of P. falciparum
3D7 control samples. After extraction using the automated DNA
extraction machine QIAsymphony and the DSP DNA midi kit
(Qiagen, Germany), these samples were analyzed with the qPCR.
As a control, an unspiked set of Plasmodium-negative blood sam-
ples were processed similarly (n 	 30). All the control samples
were negative, while all the spiked samples were positive, indicat-
ing that inhibition of the amplification did not occur. Thus, the
robustness of the qPCR is �99%.

(viii) High throughput. For the high-throughput automated
procedures, the capacity for DNA extraction using the
QIAsymphony machine (Qiagen, Germany), was 120 samples
in 8 h per machine. Concentrating the purified DNA template
required 3 h. Resuspension of the template was performed
overnight (12 h). The qPCR and nested PCR performed using
the QIAgility liquid handling machines took 10 h per machine.
These combined procedures allowed us to process 700 blood
samples per week, including appropriate checks. The standard
manual procedures with the same number of personnel han-
dled a maximum of 200 samples per week.

(ix) Capillary blood samples on filter paper. In many field

surveys, capillary blood sampling and storage of dried blood on
filter paper are performed. This is satisfactory for small blood
samples, but with larger volumes drying is slower and the proba-
bility of contamination with human or microbial DNA increases.
Host white cells are retained in the sample. Drying problems may
be countered partially by use of thicker filter paper, although the
extraction efficiencies vary between filter paper types. This highly
sensitive method is being modified and validated for filter paper,
but sensitivities are currently four to five times lower, so the cur-
rent specifications refer to centrifuged whole blood samples only.

DISCUSSION

This study describes a highly sensitive and specific qPCR method
using a relatively large blood volume and enabling accurate assess-
ment of malaria parasite densities as low as 22 parasites/ml of
blood. The method is based on existing protocols (11) using sim-
ple, but essential, modifications: the use of a higher blood volume
results in a larger amount of Plasmodium DNA which can be pro-
cessed. However, host leukocyte DNA concentrations will also be
increased concomitantly, so that the careful removal of the buffy
coat from the centrifuged sample is a prerequisite to avoid inter-
ference during PCR processing. The larger blood sample volumes
require venipuncture, since capillary blood sampling of �200 �l
from a finger prick sample is difficult. In addition, a finger prick
sample often leads to interstitial fluid dilution as the finger is
squeezed, and the host white cells (and thus host DNA) cannot be
removed. If blood-collecting tubes are not used, then thick filter
papers are required with variable DNA extraction efficiencies, and
incomplete drying increases the risks of contamination and mi-
crobial overgrowth.

The high-volume method was shown to be robust, reliable, and
accurate. The very high sensitivity of the method demands that
scrupulous care is taken to avoid contamination. To this end,
routine inclusion of standard low-density positive as well as neg-
ative controls in sample series, preferably blinded, is strongly rec-
ommended. Calibration and quality assurance would be facili-
tated by global quality assurance schemes similar in operations to
those instituted for antimalarial drugs (World Wide Antimalarial
Resistance Network [WWARN] [32]). An important practical ap-
plication of the ultrasensitive high-throughput method is in ma-
laria epidemiological surveys to determine the asymptomatic
Plasmodium burden in a population in low-transmission settings.
The methodology presented here is now being applied to samples
collected during ongoing studies to define the epidemiology of
malaria in different regions of South-East Asia and to plan elimi-
nation strategies. Preliminary results indicate high rates of asymp-
tomatic low-density parasite carriage in some areas. Conventional

TABLE 5 Precision data of the qPCR method on the basis of the
parasitemia/ml values

Parasitemia (p/ml) Mean (p/ml) SD (p/ml)
Coefficient of
variation (%)

10,000 11,005.09 2,243.31 20.38
2,000 2,117.36 277.60 13.11
400 420.17 27.75 6.60
80 99.04 12.53 12.65
16 43.56 7.49 17.19

Total variance standard 2,737.04 513.73 13.99

TABLE 4 Precision data of the qPCR method on the basis of the qPCR
CT values

Parasite density (p/ml)a Mean CT CT SD
CT coefficient of
variation (%)

10,000 30.41 0.25 0.82
2,000 32.55 0.33 1.03
400 34.29 0.24 0.71
80 36.51 0.31 0.85
16 38.83 0.19 0.49

Total variance standard 34.52 0.27 0.78
a p, parasites.
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microscopy or rapid diagnostic tests typically detect parasite den-
sities reliably down to 50,000 to 100,000 parasites/ml, whereas
capillary blood filter paper PCR methods, usually sampling 5 �l of
whole blood, will detect densities down to around 100 parasites
per ml. The exact relationship between these different detection
methods with different detection limits needs to be determined
and reflects the shape of the parasite density distributions in dif-
ferent populations under different epidemiological circum-
stances. If there is a predictable relationship between the less sen-
sitive methods and this high-volume method (33), capillary blood
filter paper methods might be a useful surrogate measure for the
true Plasmodium prevalence in a population. Appropriate filter
paper and storage methods will then need to be assessed and val-
idated. However, it is likely that the more sensitive methods will be
needed in an elimination setting in which malaria transmission is
reduced to low levels.

Some additional factors may warrant consideration when in-
terpreting the results, given the high sensitivity of the qPCR pro-
tocol described here. First, it is possible that malaria DNA released
from dead parasites will give rise to a positive result, strictly speak-
ing a false positive. This depends on the amount released and the
time for which such DNA persists in the circulation. Data from
clinical studies indicate that free DNA would be a significant con-
founder only if recent parasitemias were high (well into the range
detectable by microscopy) and if the sample from which the DNA
was purified contained �10% plasma. This is unlikely to pose a
problem for the qPCR protocol if the plasma is removed, partic-
ularly in low-transmission settings where microscopy-positive
parasitemia (i.e., �50,000 parasites/ml) is likely to be associated
with clinical signs. Second, the liberation of large numbers of
merozoites from the hepatic schizonts (typically 10,000 to 30,000
merozoites from each hepatic schizont) might lead to the circula-
tion of �300,000 merozoites following synchronous rupture of 10
hepatic forms (the median sporozoite inoculum is considered to
be around 10), i.e., �60 parasites/ml (a higher density in children
who have lower blood volumes), which would be likely to give a
positive result for the qPCR protocol (sensitivity of �20 parasites/
ml). In areas of low transmission intensity (�10 infectious bites
per year), the likelihood of sampling at the exact time of hepatic
schizont rupture is low. In higher-transmission settings where
most infections are self-limiting this might be a significant con-
founder. Finally, for the parasite species where the mature forms
do not sequester significantly (non-P. falciparum), a maturing
erythrocytic schizont might contain up to 24 parasite genomes,
which would overestimate the parasitemia estimated by the qPCR
method.

In conclusion, we describe a highly sensitive and specific high-
volume qPCR method that allows assessment of the asymptomatic
reservoir of parasitemic individuals with chronic very low-level
Plasmodium infections, thereby providing an accurate assessment
of the malaria epidemiology. The utility of this new method will
now require further evaluation in diverse malaria endemic set-
tings, and in particular those striving for malaria elimination.
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