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Abstract
Asymptomatic malaria infections represent a major challenge in malaria control and elimina-

tion in Africa. They are reservoirs of malaria parasite that can contribute to disease trans-

mission. Therefore, identification and control of asymptomatic infections are important to

make malaria elimination feasible. In this study, we investigated the extent and distribution

of asymptomatic malaria in Western Kenya and examined how varying parasitemia affects

performance of diagnostic methods including microscopy, conventional PCR, and quantita-

tive PCR. In addition, we compared parasite prevalence rates and parasitemia levels with

respect to topography and age in order to explore factors that influence malaria infection.

Over 11,000 asymptomatic blood samples from children and adolescents up to 18 years old

representing broad areas of Western Kenya were included. Quantitative PCR revealed the

highest parasite positive rate among all methods and malaria prevalence in western Kenya

varied widely from less than 1% to over 50%. A significantly lower parasitemia was detected

in highland than in lowland samples and this contrast was also observed primarily among

submicroscopic samples. Although we found no correlation between parasitemia level and

age, individuals of younger age group (aged<14) showed significantly higher parasite prev-

alence. In the lowlands, individuals of aged 5–14 showed significantly higher prevalence

than those under age 5. Our findings highlight the need for a more sensitive and time-effi-

cient assay for asymptomatic malaria detection particularly in areas of low-transmission.

Combining QPCR with microscopy can enhance the capacity of detecting submicroscopic

asymptomatic malaria infections.

Introduction
Asymptomatic malaria infection is a major obstacle to controlling and eliminating malaria in
many African countries. Asymptomatic infections represent reservoirs of malaria parasite that
can contribute to resurgence of disease transmission at the right conditions [1, 2]. It is impera-
tive to know the extent and distribution of asymptomatic infections in local communities and
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to accurately detect infections so as to reduce hidden malaria burden and make malaria elimi-
nation feasible. Asymptomatic infections can be caused by both high and low parasite density.
However, it is unclear whether the parasitemia level varied across different geographic areas,
for example, between highlands and lowlands, and whether such differences in parasitemia in-
fluence efficiency and reliability of microscopy and PCR-based diagnostic methods. This is par-
ticularly relevant to submicroscopic infections because subtle differences in parasitemia level
could influence diagnostic outcomes [3–5]. It is hypothesized that frequent infection in high-
transmission areas may increase the average parasite density in infected individuals, whereas in
lower transmission areas infections may have reached a submicroscopic phase [6]. However,
there is insufficient evidence to support this hypothesis. Moreover, there is ample evidence for
peak prevalence in younger age groups for severe [7, 8] and uncomplicated clinical malaria [9],
as well as for asymptomatic malaria among different transmission settings [10, 11]. However, it
remains unclear whether parasitemia level varies with age given that younger children may ex-
hibit lower parasite tolerance than the older ones.

In areas where malaria endemicity is low control programmes need increasingly sensitive
tools for identifying submicroscopic hidden malaria infections and monitoring malaria trans-
mission intensity [1]. Diagnosis of clinical malaria and estimates of asymptomatic malaria
prevalence are primarily based on microscopy and rapid diagnostic tests (RDTs) in most ma-
larious areas. Although several previous studies have demonstrated better performance of
PCR-based diagnostic methods [12–18], in most healthcare facilities in Africa microscopy re-
mains the standard and simple diagnostic method for symptomatic cases in resource-limited
countries or in remote areas where laboratory setting is often lacking [19]. Because interpreta-
tion of blood smears often requires considerable expertise, microscopic test can give false re-
sults especially when parasitemia level is low (submicroscopic level). PCR, on the other hand, is
a less subjective test and has been shown to be more sensitive (detecting 0.5–10 parasites/μL
compared to 50–500 parasites/μL by microscope) [12, 13, 20, 21]. Compared to conventional
PCR, quantitative real-time PCR (QPCR) method uses fluorescent labels for continuous moni-
toring of amplicon formation throughout the reaction and provides quantity of parasite DNA
copies, which is otherwise impossible by conventional PCR. QPCR may offer more reliable in-
formation for infection detection particularly concerning submicroscopic asymptomatic infec-
tions [15, 22, 23].

The present study sought to determine (1) the prevalence of asymptomatic P. falciparum in-
fections in broad areas of western Kenya, (2) whether there is a difference in parasitemia level
in asymptomatic infections especially the submicroscopic infections between high-transmis-
sion and low-transmission areas as well as among age groups, and (3) whether microscopy and
PCR-based approaches give different level of sensitivity and specificity when diagnosing
asymptomatic infections at different transmission settings. Characterizing and quantifying
parasitemia in asymptomatic infections will provide more in-depth information for malaria
control and elimination planning.

Materials and Methods

Scientific and ethical statement
Scientific and ethical clearance was given by the institutional scientific and ethical review
boards of the Kenya Medical Research Institute, Kenya and the University of California, Irvine,
USA. Written informed consent/assent for study participation was obtained from all consent-
ing heads of households, parents/guardians (for minors under age of 18), and each individual
who was willing to participate in the study.
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Areas and subjects of study
Blood samples were collected from a total of 47 sites within a 200×150 km2 area of Western
Kenya (1°12´N-1°12´S and 34°0´E-35°30´E; Fig. 1; S1 Table). This area encompasses an elevation
gradient from ca.1,100m in the Lake Victoria basin to over 2,500m in the highland zone west of
the Great Rift Valley. Sampling sites were selected every 20 km from the lakeshore lowland area
(defined as an elevation range of 1,000–1,500 m; Fig. 1; S1 Table) towards the northeastern and
southeastern slopes of the highland area (defined as an elevation range of 1,500–2,500 m). Finger-
prick blood samples were collected from 200–300 schoolchildren aged 3 to 18 years old in each
site. Altogether more than 11,000 individuals were examined during June-August, 2011 and
2012. Individuals included in this study showed no fever or malaria-related symptoms at the time
of sampling. Thick and thin blood smears were prepared for microscopic examination and 30–
50μl of blood was blotted onWhatman 3MM filter papers. Filter papers were air-dried and stored
in zip-sealed plastic bags with silica gel absorbent at room temperature until DNA extraction.

Fig 1. Malaria prevalence of studied sites in western Kenya based on (A) microscopy and (B) conventional PCR. Locality information can be referred
to S1 Table. Areas of elevation below 1500 m were indicated by light gray and above 1500 m by dark gray. Black, blue, and red circles represent sites of low
(<5%), moderate (5–25%), and high (>25%) malaria prevalence.

doi:10.1371/journal.pone.0121763.g001
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Detecting asymptomatic cases and measuring quantity of parasite DNA
Slides were examined under microscopes at a magnification of 100. Parasites were counted
against 200 leukocytes and a slide was considered negative when no parasites were observed
after counting over 100 microscopic fields. All slides were read in duplicate by two microsco-
pists at the time of sample collection. For some of the samples that showed discrepancy with
the conventional PCR results, we repeated the slide read for verification. The density of parasi-
temia was expressed as the number of asexual Plasmodium falciparum per microliter of blood,
assuming a leukocyte count of 8000 per microliter.

Parasite DNA was extracted from dried blood spots by the Saponin/Chelex method [24].
The final extracted volume was 200μl. The presence of P. falciparum was diagnosed by two
PCR assays. DNA from P. falciparum isolates 7G8 (MRA-926) and HB3 (MRA-155) were used
as positive controls in all amplifications, and water and uninfected samples were used as nega-
tive control to ensure lack of contamination.

In our pilot study, three different gene regions (18S rRNA, cytochrome, PFPK2) were tested
on a subset of samples for optimal amplification conditions in conventional PCR and quantita-
tive PCR. We selected gene regions and amplification conditions that produced reproducible
results and detected the most positive cases, respectively, in conventional PCR and QPCR to
minimize potential bias inherent in the PCR methods. A semi-nested amplification of the P.
falciparum-specificmicrosatellite PFPK2 [25] was finally chosen for parasite detection in all
samples. Amplification was conducted in a 20ul reaction mixture containing 2ul of genomic
DNA, 10ul of 2×DreamTaq Green PCRMaster Mix (Fermentas) and 0.3uM primer. Reaction
was performed in BIORADMyCycler thermal cycler, with an initial denaturation at 94°C for
2 min, followed by 25 cycles at 94°C for 30 sec, 42°C for 30 sec, 40°C for 30 sec, and 65°C for
40 sec, with a final 2 min extension at 65°C in the primary amplification. The secondary ampli-
fication was conducted in a 20ul reaction mixture containing 2ul of product from the primary
reaction and the same PCR reagents (except for one of the primers) and volume described above.
Reaction was performed with an initial denaturation at 94°C for 2 min, followed by 25 cycles at
94°C for 20 sec, 45°C for 20 sec, and 65°C for 30 sec, with a final 2 min extension at 65°C. The
amplified products were resolved electrophoretically on a 2% agarose gel in 0.5×Tris-borate
(TBE) buffer and visualized under UV light. For samples that showed discrepancy between the
microscopic and nested PCR results, we re-extracted DNA from a different blood spot of the
same sample and repeated amplifications using the above conditions for verification.

The number of parasite gene copies was compared between the lowland and highland sam-
ples, as well as between the microscopic-positive and microscopic-negative samples. A total of
1,168 samples were included in quantitative PCR and these samples were identified positive
based on conventional PCR assay (S3 Table). For the lowland sites, 800 out of 1,987 conven-
tional PCR-positive samples were included, of which 447 were microscopic-positive and 353
were microscopic-negative. These samples represented 25 of the 29 lowland sites with a mini-
mum of 10 individuals per site (S3 Table). A larger number of individuals were included for
sites with a higher parasite prevalence rate (S1 Table). For the highland sites, all 368 conven-
tional PCR-positive samples from the 18 sites were included in QPCR, of which 128 were mi-
croscopic-positive and 240 were microscopic-negative (S3 Table). The number of parasite gene
copies, a proxy for parasite density, were estimated using quantitative real-time PCR, specifi-
cally the SYBR Green detection method [26] and modified P. falciparum-specific primers (for-
ward: 5’-AGTCATCTTTCGAGGTGACTTTTAGATTGCT-3’; reverse: 5’-
GCCGCAAGCTCCACGCCTGGTGGTGC-3’) that targeted on a falciparum-specific rRNA
region. Amplification was conducted in a 20ul reaction mixture containing 2ul of genomic
DNA, 10ul 2×SYBR Green qPCRMaster Mix (Thermo Scientific), and 0.5uM primer. Reaction
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was performed in CFX96 Touch Real-Time PCR Detection System (BIORAD), with an initial
denaturation at 95°C for 3 min, followed by 45 cycles at 94°C for 30 sec, 55°C for 30 sec, and
68°C for 1 min with a final 95°C for 10 sec. This was then followed by a melting curve step of
temperature ranged from 65°C to 95°C with 0.5°C increment to determine the melting temper-
ature of each amplified product. Each assay included both positive controls (7G8 and HB3 iso-
lates) and negative controls (uninfected samples and water). A standard curve was produced
from 10-fold dilution series of P. falciparum control plasmid ranging from 105 to 101 copies/μl
to evaluate qPCR amplification efficiency (E). The 10-fold serial dilutions were included in
each plate run as internal standard and the amplification efficiency was calculated from the
corresponding threshold cycle (Ct) values of the dilutions for each plate samples. The amplifi-
cation efficiency ranges from 90.5–92.8% among all runs. The negative controls showed Ct val-
ues of above 40. Samples yielding Ct values higher than 40 were considered negative for
Plasmodium species. Melting curve analyses were performed for each amplified sample to con-
firm specific amplifications of the target sequence. The parasite gene copy number (GCN) in a
sample was quantified based on the threshold cycle using the follow equation: GCNsample =
2E×(40-Ctsample); where GCN stands for gene copy number, Ct for the threshold cycle of the sam-
ple, and E for amplification efficiency. Parasite density and gene copy number of samples
among sites were reported as geometric mean and range values.

Statistical analyses
Microsoft Excel software (Microsoft Office 2010) and MedCalc software (version 12; Maria-
kerke, Belgium) were used for sensitivity and specificity calculations. For all samples
(N = 11,185), results of conventional PCR were used as the standard. Sensitivity of microscopy
was calculated as true positives/(true positive + false negatives), and specificity was calculated
as true negatives/(true negatives + false positives). The χ2-test was used to test for the signifi-
cance of differences in parasite prevalence rates by microscopy versus PCR, as well among low-
land versus highland sites. One-tailed T-test was used to test for the significance of differences
in parasite gene copy number and parasite density among samples of different transmission
settings (high versus low transmission sites), and across age groups (under 5, 5–14, and over
14). In addition, we calculated Pearson's correlation coefficient (r) for continuous data includ-
ing (1) parasite density based on microscopy and parasite gene copy number based on QPCR;
(2) parasite gene copy number and age in R (R Core Team 2013).

Results

Comparisons of malaria prevalence by different approaches
Microscopy and conventional PCR methods revealed substantial variations in malaria preva-
lence among sites (Fig. 1; S1 Table). Microscopy-based malaria prevalence ranged from 0.4% to
58.2% with an average of 13.3%, and conventional PCR-based prevalence ranged from 2% to
64.7% with an average of 20.9%. Among all sites, 10, 14, and 23 were shown with high (>25%),
moderate (5–25%), and low (<5%) prevalence rate by microscopy (Fig. 1A), whereas 21, 18,
and 8 sites were shown with high, moderate, and low prevalence rate by conventional PCR
(Fig. 1B). Conventional PCR revealed a significantly higher rate of prevalence than microscopy
when samples of all sites were pooled together (Fig. 2A). Among the 47 examined sites, 26 of
them showed similar and consistent parasite prevalence rate by microscopy and conventional
PCR, i.e., these sites were defined as the same prevalence rate category (red, blue, and black
color dots in Fig. 1). For the 21 sites that showed discrepancy between the two methods, 17 of
them showed more than two-fold higher prevalence rate by conventional PCR than by micros-
copy; whereas the remaining four sites (KB, PA, SP, and YA) showed slightly higher prevalence
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Fig 2. Boxplots comparing (A) prevalence rate detected by microscopy and conventional PCR
methods for all sites as well as the lowland and highland sites separately. Numbers above bars indicate
number of sites included. Asterisks indicate level of significance; (B) parasitemia level and parasite DNA
quantity obtained by microscopy and quantitative polymerase chain reaction (QPCR), respectively, between
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rate by microscopy than by conventional PCR. These four sites had 1–7 additional individuals
identified by microscopy out of the 200+ examined samples from each site (S1 Table). The con-
trast in prevalence rate between the two methods remains the same when lowland and high-
land sites were analyzed separately (Fig. 2A).

Of all 11,185 samples, microscopy detected 1,470 positive cases (13.1%) whereas conven-
tional PCR detected 2,355 cases (21.1%), which was about 8% more of the total samples than
microscopy (χ2 = 120.88, d.f. = 1, P<0.0001; Table 1). When conventional PCR was used as the
gold standard, microscopy showed a low sensitivity (50.4%) but high specificity (96.8%; Tables
1 & S2 Table). Interestingly, the discrepancy between the two methods is considerably larger in
the highlands where malaria transmission is low. Of the 6,703 samples collected from the low-
land sites, microscopy and PCR detected 1,322 (19.7%) and 1,987 (29.6%) positive cases, re-
spectively (χ2 = 58.30, d.f. = 1, P<0.0001; Table 1). By contrast, of the 4,482 highland samples,
PCR detected 368 (8.2%) positive cases, which was nearly three-fold more than those detected
by microscopy (148 cases; 3.3%) (χ2 = 119.74, d.f. = 1, P<0.0001). Sensitivity of microscopy in
the highland samples (34.8%) was shown to be 20% lower than in the lowland samples
(53.3%), though specificity values of microscopy in both samples were similar (Table 1). Such
difference in sensitivity could be explained by the detection of a greater proportion of false neg-
ative samples in the highlands than the lowlands (S2 Table).

For the 1,470 samples that were detected positive by microscopy, 80% (1,187 out of 1,470)
but not all of them were detected positive by conventional PCR assay (S2 Table). Among the
283 microscopic-positive and conventional PCR-negative samples, quantitative PCR indicated
positive in 36 (12.7%) of these samples. These 36 samples had an average parasite gene copy
number of 1.1×101/μl (range 0.2×101 to 6.7×101/μl), which was apparently lower than those
microscopic-positive and conventional PCR-positive samples (geometric mean gene copy
number of 6.5×103/μl and range 6.3×101 to 2.6×106/μl). Likewise, the parasite density in the
microscopic-positive and conventional PCR-negative samples (geometric mean 3.8×102 para-
site/μl and range 4×101 to 3.5×103 parasites/μl) was also found to be lower than the microscop-
ic-positive and conventional PCR-positive samples (mean 8.3×103 parasite/μl and range 4×101

to 1×105 parasites/μl).

lowland and highland samples. Numbers above bars indicate number of individuals included. The central
box represents the interquartile range and the whiskers represent the first quartile and the fourth quartile of
the data. The median is shown as a lien through the center of the box and the ends of the whiskers
correspond to the minimum and maximum in the data.

doi:10.1371/journal.pone.0121763.g002

Table 1. Comparison of detective power betweenmicroscopy and conventional PCR (microsatellite PFPK2 assay) of all blood samples. PCR was
used as gold standard for diagnostic measures.

PCR method Microscopic method Microscopy vs. PCR

Number of blood samples (%) Number of blood samples (%) Diagnostic measure, % (95% CI)

Samples N Positive for P.
falciparum

Negative for P.
falciparum

Positive for P.
falciparum

Negative for P.
falciparum

Sensitivity Specificity

Total 11185 2355 (21.05) 8830 (78.95) 1470 (13.14) 9715 (86.86) 50.40 (48.36–
52.44)

96.80 (96.41–
97.15)

Lowlands 6703 1987 (29.64) 4716 (70.36) 1322 (19.72) 5381 (80.28) 53.30 (51.07–
55.51)

94.42 (93.73–
95.06)

Highlands 4482 368 (8.21) 4114 (91.79) 148 (3.30) 4334 (96.70) 34.78 (29.92–
39.89)

99.51 (99.25–
99.70)

doi:10.1371/journal.pone.0121763.t001
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Parasite gene copy number and density between lowlands and
highlands
Quantitative PCR and microscopy indicated that parasite gene copy number and density were
significantly higher in lowland than in highland samples, albeit with a difference in sample size
(Fig. 2B). QPCR revealed a geometric mean gene copy number of 7.9×103/μl and range
1.1×101 to 2.7×106/μl in the lowlands versus a mean of 1.8×102/μl and range 0.08×101 to
2×105/μl in the highlands (P<0.001; Fig. 2B; S3 Table). Microscopy indicted a geometric mean
of 2.1×103 parasite/μl and range 4×101 to 5.6×105 parasites/μl in the lowlands versus a geomet-
ric mean of 1.5×102 parasite/μl and range 1.6×101 to 1.9×105 parasites/μl in the highlands
(P<0.001; Fig. 2B; S3 Table).

The parasite gene copy number in submicroscopic samples (geometric mean 1.0×102/μl and
range 0.8×101 to 9.4×104/μl) was found to be significantly lower than in microscopic-positive
samples (geometric mean 7.4×103/μl and range 6.3×101 to 2.6×106/μl; P<0.001; Fig. 3). This
suggested that submicroscopic samples clearly contain parasites, but the parasitemia level
could be too low to be detected under microscope. Among the submicroscopic samples, QPCR
detected a significantly lower amount of parasite gene copy number in highland than lowland
samples (geometric mean gene copy number of 2.1×102/μl and range 2.9×101 to 1.6×104/μl in
the lowlands versus geometric mean of 1.2×101/μl and range 0.8×101 to 6.1×103/μl in the high-
lands; P = 0.005; Fig. 3). Such difference in parasite gene copy number was also observed in the
microscopic-positive samples between the lowlands (geometric mean 1.1×103/μl and range
1.3×101 to 2.6×106/μ) and highlands (geometric mean 5.7×102/μl and range 0.8×101 to
5.3×104/μ; P = 0.03; Fig. 3). Thus, the contrast in parasite gene copy number likely explains the
large discrepancy in the sensitivity values between microscopy and conventional PCR when de-
tecting prevalence among highland samples (Table 1). Highland submicroscopic samples in
general contain very low level of parasitemia that requires a more sensitive method to
detect positivity.

Parasite densities measured by microscopy are significantly correlated with parasite gene
copy number by QPCR (r2 = 0.66, P<0.01; Fig. 4). Such a correlation holds true when samples
were analyzed with respect to lowland and highland. The QPCR method indicated a detection
limit of above 3.05×10–5% parasitemia (equivalent to an estimated 1.5 parasites/mL assuming
approximately 5 million red blood cells per microliter of blood) counted on a stained thin
blood film (S4 Table).

Comparison of parasite prevalence and parasitemia with age
As expected, parasite prevalence rate was shown to be the lowest in older children (aged over
14) in both highland and lowland sites (Fig. 5). However, in the lowlands the highest preva-
lence was not found in the youngest children (age under 5) but those of age 5–14. By contrast,
in the highlands children of age<5 and 5–14 indicated no significant difference in prevalence
rate. The parasite gene copy number did not show a significant correlation with age in both the
highland and lowland sites (S1 Fig.). No significance differences were found in gender for both
the prevalence rate and parasite gene copy number.

Discussion
The present study is by far the most comprehensive survey that examines asymptomatic infec-
tions in broad areas of Western Kenya and includes a deep sampling at community level based
on both microscopy and PCR-based methods. We explore and compare parasite density and
gene copy number among sites of different transmission settings as well as across age groups. It
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is noted that our samples represent only children and adolescents up to 18 years old but not
the entire demographic population. This community-based study uncovers the extent of
asymptomatic malaria in areas such as the eastern and southern shore of the Lake Victoria
where malaria prevalence is previously unknown. The information obtained from this study is
important because it provides a basis for identifying priority areas for disease control concern-
ing asymptomatic malaria. Our data indicate that lowland areas in the northern shore of the
Lake Victoria have the highest asymptomatic malaria infection rate; and as expected, highland

Fig 3. Boxplots showing the amount of parasite DNA detected by SYBR quantitative polymerase chain reaction (QPCR) analysis of subset
samples that were diagnosed as positive by conventional PCR.Comparison of parasite DNA quantity was made between (1) microscopy positive and
negative samples; and (2) lowland and highland samples. Numbers above bars indicate number of individuals included. The central box represents the
interquartile range and the whiskers represent the first quartile and the fourth quartile of the data. The median is shown as a lien through the center of the
box and the ends of the whiskers correspond to the minimum and maximum in the data.

doi:10.1371/journal.pone.0121763.g003
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Fig 4. Scatter plot matrix showing correlation of estimates of parasite density obtained by microscopy and parasite DNA quantity by SYBR
quantitative polymerase chain reaction (QPCR) analysis of blood samples. Pearson’s product moment (r) correlation coefficients were indicated.

doi:10.1371/journal.pone.0121763.g004

Fig 5. Histogram showing the meanmalaria prevalence rate of the three age groups (under 5, aged 5–14, and over 14) in the lowlands and
highlands. Error bars indicated the standard deviation of the mean value. The level of significance was indicated.

doi:10.1371/journal.pone.0121763.g005
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fringe areas show relatively low transmissions. It is, however, noteworthy that not all lowland
sites surrounding the lakeshore area have high transmissions, for example, both microscopic
and PCR-based malaria prevalence rates were moderate in eastern and southern shore areas.
Thus, apart from topography [27], there could be other factors such as mosquito vector com-
position [28] and socio-economic factors such as human travel, accessibility to health care sys-
tems, and effectiveness of control measures that are operating in concert and influence malaria
occurrence in the lowlands [29, 30].

Our comparisons of parasite gene copy number among sites using QPCR confirm that sub-
microscopic asymptomatic infections in the low transmission setting of the highlands have
lower level of parasite gene copies than those in the high transmission setting of the lowlands
and that such difference impacts diagnostic outcomes. Although the comparison was made on
an imbalance sample size given that PCR-positive cases in the lowland are more than six times
higher than those in the highland, the samples included in the QPCR assay well represent the
majority of the study sites in Western Kenya. The contrast in parasite gene copy number sup-
ports the hypothesis that frequent infection in high-transmission areas increase the average
parasite density in infected asymptomatic individuals, whereas in lower transmission areas
asymptomatic infections are more likely to have reached a submicroscopic phase [6]. These
submicroscopic infections remain untreated by current malaria treatment policy and can sus-
tain malaria transmission in areas where malaria endemicity is low [2, 6, 17, 31]. Therefore, im-
proved detection of asymptomatic infections, particularly those of submicroscopic level in local
communities, is key to uncover the hidden malaria and to develop new control strategies in
order to minimize the burden of malaria.

Our study showed that microscopy detected a significantly smaller number of asymptomatic
infections compared to PCR-based method, which is consistent with several previous findings
that indicated molecular assay a more sensitive and time-efficient approach for asymptomatic
malaria [3, 15, 18, 32–35]. Among the 47 examined sites, 21 of them showed discrepancy be-
tween the two detection methods. Seventeen of these sites showed more than two-fold higher
prevalence rate by conventional PCR than by microscopy, and four of them showed slightly
higher prevalence rate by microscopy than by conventional PCR. Such discrepancies could be
due to the shortcomings of the two methods. Microscopy readings often exhibit substantial dis-
cordance when compared to molecular diagnosis, producing both false negative (e.g., submi-
croscopic infections [36–39]) as well as false positive readings (e.g., poor-quality blood films or
lack of expertise [36, 40]). The use of microscopy as a ‘gold standard’ has been shown to pro-
duce misleading results in clinical trials [41–43]. Several reports have shown that the examina-
tion of thin blood smears especially in cases of low parasitemia or mixed infections had lower
sensitivity (approximately 50 parasite/μl of blood) than conventional PCR techniques that can
detect as few as 1 parasite/μl of blood [40]. Our findings clearly demonstrate that conventional
PCR-positive and microscopic-negative samples had a significantly lower level of parasite gene
copy number than the PCR-positive and microscopic-positive samples. Thus, it is possible that
parasite density in the ‘false negative’ samples is beyond the detection limit of a trained micros-
copist. However, on the other hand, it is not uncommon for microscopic positive samples to be
sometimes detected as PCR negative due to poor DNA quality or mutations in the priming
sites of the parasite genome [12, 36]. PCR amplification is a stochastic process and the identifi-
cation of positivity on an agarose gel can be arbitrary when DNA quality is poor yielding little
or weak amplification products and gives a vague band signal. In addition, our data indicate
that microscopic-positive and conventional PCR-negative samples showed a considerably
lower parasite density than the microscopic-positive and conventional PCR-positive samples.
Among the microscopic-positive and conventional PCR-negative samples, QPCR detected a
small portion (12.7%) of them as positive and indicated that these samples in general revealed
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a lower amount of parasite gene copy number compared to the microscopic-positive and con-
ventional PCR-positive samples. Therefore, apart from DNA quality, our data might also sug-
gest that PCR results can sometimes be stochastic when parasite density is low in a sample and
this partly explains the discrepancy between microscopy and PCR-based detection methods.

Previous studies found that both uncomplicated clinical malaria and asymptomatic infec-
tions peak in young children [7–9] and that young children were most subjected to malaria-di-
agnosed death [10–11, 44]. Consistent to previous findings, our analyses indicated that
children of younger age groups had higher parasite prevalence rate and that the peak age of
asymptomatic malaria was found in children of age 5–14. These findings suggested the needs
for better age-specific strategies in malaria control programmes and critical evaluations on the
effect of existing preventive measures and treatment of children in low and high transmission
settings [11, 45, 46]. While parasitaemia would be expected to correlate with age by cumulative
exposure to parasite over time in asymptomatic infections or gradual acquisition of immunity,
our data did not indicate such a correlation.

In summary, this study highlights the need for a more sensitive and time-efficient assay for
asymptomatic malaria in areas of low-transmission settings because of the prevalence of sub-
microscopic infections with low parasite density and gene copy number. Combining PCR with
microscopy can enhance the capacity of detecting low-density asymptomatic malaria infections
and allow for an improved characterization of the current reservoir of infections that is largely
hidden and heterogeneous. The combined diagnostic approaches are of key importance in pro-
viding precise malaria prevalence information for novel surveillance control strategies targeting
the most infectious reservoirs.
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