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Abstract
In Papua New Guinea (PNG), complex patterns of malaria commonly include single and mixed
infections of Plasmodium falciparum, P. vivax, P. malariae, and P. ovale. Here, we assess recent
epidemiologic characteristics of Plasmodium bloodstage infections in the Wosera region through
four cross-sectional surveys (August 2001 to June 2003). Whereas previous studies performed
here have relied on blood smear/light microscopy (LM) for diagnosing Plasmodium species
infections, we introduce a newly developed, post-polymerase chain reaction (PCR),
semiquantitative, ligase detection reaction-fluorescent microsphere assay (LDR-FMA). A direct
comparison of the two methods for > 1,100 samples showed that diagnosis was concordant for >
80% of the analyses performed for P. falciparum (PF), P. vivax (PV), and P. malariae (PM).
Greater sensitivity of the LDR-FMA accounted for 75% of the discordance between diagnoses.
Based on LM, the prevalence of blood-stage PF, PV, and PM infections was found to be markedly
reduced compared with an early 1990s survey. In addition, there were significant shifts in age
distribution of infections, with PV becoming the most common parasite in children < 4 years of
age. Consistent with previous studies, prevalence of all Plasmodium species infections increased
significantly in samples analyzed by the PCR-based LDRFMA. This increase was most
pronounced for PM, PO, and mixed infections and in adolescent (10–19 years) and adult age
groups, suggesting that LM may lead to under-reported prevalence of less common Plasmodium
species, infection complexity, and a skewed distribution of infections towards younger age groups.
This study shows that the application of LDR-FMA diagnosis in large epidemiologic studies or
malaria control interventions is feasible and may contribute novel insights regarding the
epidemiology of malaria.
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INTRODUCTION
Malaria is one of the primary reasons for health center use and admission in endemic areas
of Papua New Guinea (PNG).1 We and others have conducted a number of epidemiologic
surveys within PNG to improve our understanding of the relationships between malaria
parasite infection and disease,2–16 anti-malarial drug and vaccine effectiveness,17–19 and
human genetic polymorphisms.20–28 These studies have shown that all four Plasmodium
species (P. falciparum [PF], P. vivax [PV], P. malariae [PM], and P. ovale [PO]) cause
infection in PNG. Although PF is presently the predominant malaria parasite species, PV
and PM were observed to be the majority malaria parasite species before the 1980s.6 The
observed change in dominance is thought to have coincided with the development of
chloroquine resistance by PF.5 PO is observed infrequently in blood smears but is common
when diagnosis is performed using more sensitive polymerase chain reaction (PCR)-based
techniques.12 Drug-resistant strains of PF are now distributed widely throughout the coastal
lowlands and into highland regions in PNG.29–31 Additionally, a number of PNG-based
studies provide evidence that mixed Plasmodium species infections are common and exhibit
dynamic fluctuation.11–13,32,33

Prevention and control of human Plasmodium infections through new anti-malarial drugs,
vaccines, and vector control strategies requires a thorough knowledge of parasite species and
strain prevalence, distribution, and transmission. To evaluate initial and sustained impact of
control efforts, it will be necessary to perform diagnosis in a timely manner on thousands of
individuals at frequent intervals. To accomplish this, diagnostic strategies must be able to
differentiate Plasmodium species with accuracy regardless of infection complexity, and with
development of specific probes, should be capable of differentiating strains that vary
according to drug susceptibility or antigenic variation. It is also important for diagnostic
strategies to provide semi-quantitative assessment of Plasmodium species and strain
infection levels. Finally, it would be most efficient if the same approaches used to evaluate
human infections could also be used to evaluate the vectorial capacity of mosquito
populations.

Here, we report on characteristics of Plasmodium bloodstage infections in the Wosera region
of PNG using standard blood smear microscopy and molecular epidemiologic tools.
Prevalence and parasite levels were evaluated after diagnosis by light microscopy (LM) and
a semi-quantitative, Plasmodium species-specific, post-PCR/ ligase detection reaction–
fluorescent microsphere-based detection assay (LDR-FMA).34 Continuous sample
processing from DNA extraction through data analysis in a 96-well plate format avoids
cumbersome aspects of previously used molecular diagnostic assays. The performance,
versatility, and capacity of this DNA-based assay addresses many challenges confronting
diagnosis in large-scale malaria control programs.

MATERIALS AND METHODS
Study population and blood sample collection

The study was conducted in the Wosera district of East Sepik Province.8 This region of PNG
is characterized by perennial transmission of malaria, with an entomologic inoculation rate
of ~30 bites/ person/yr.35,36 Between August 2001 and June 2003, we conducted a series of
four cross-sectional surveys at 6-month intervals within 29 Wosera villages participating in
collaborative research studies between Case Western Reserve University and the PNG
Institute of Medical Research (PNGIMR). These surveys were performed during periods of
the year characterized by different rainfall intensities.8 Based on the annually updated
PNGIMR census, the combined population of the villages reached 13,000 at the completion
of the surveys. The total number of participants in each survey was as follows: Survey A, N
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= 4,813 (August–November 2001); Survey B, N = 3,476 (April–June 2002); Survey C, N =
4,124 (August–November 2002); Survey D, N = 3,797 (April–June 2003). Demographic
information and finger-prick blood samples were collected from each study volunteer. Blood
samples were used to produce thick and thin blood smears, determine hemoglobin
concentration, and enable human host and parasite DNA extraction. Informed consent was
obtained from all adult participants and from the parents or legal guardians of minors. This
project was approved by the PNG Medical Research Advisory Committee, the Institutional
Review Board for Human Investigation at University Hospitals of Cleveland, and the
International Centers for Tropical Disease Research Network/NIAID/NIH.

Blood smear examination
Thick/thin blood smears were prepared as described previously.8,37 Blood smears were
stained with a 4% Giemsa solution and examined under oil immersion (×100). PNGIMR
expert microscopists evaluated Plasmodium species-specific parasitemia while counting the
number of microscope fields containing 200 leukocytes (population average leukocyte
counts = 8,000/µL of blood8); parasite counts × 40 = parasites per microliter of blood.

DNA template preparation
DNA was extracted from whole blood (200 µL) using protocols recommended for the
QIAamp 96 DNA Blood Kit (QIAGEN, Valencia, CA).

PCR amplification and Plasmodium species-specific LDR-FMA
All methods for PCR amplification of small sub-unit rRNA target sequences and
Plasmodium species-specific detection by LDR-FMA were described in detail by
McNamara and others.34 Species-specific fluorescence data were collected using Bio-Rad
software, Bio-Plex Manager 3.0 (Bio-Rad Laboratories, Hercules, CA). To differentiate the
negative from positive fluorescent signals, we analyzed 353 samples from a random sample
of American Red Cross blood donors.38 All donors (18–55 years of age) were self-identified
as African American, American Oriental, white American, or Hispanic American and had no
history of malaria exposure. Median fluorescent intensity (MFI) LDR-FMA signals from
these samples were normally distributed (PF: mean 110.9 ± 31.0 [SD], median 110, 99%
quantile 187; PV: mean 86.5 ± 30.5, median 85, 99% quantile 158; PM: mean 94.1 ± 30.8,
median 93, 99% quantile 173; PO: mean 84.7 ± 31.6, median 85, 99% quantile 163).
Samples with MFIs greater than the 99% quantile values were determined to be positive for
infection. Before data analysis of the PNG study volunteers, these species-specific
background MFI values (99% quantile values) were subtracted from the LDR-FMA signals.

Statistical analyses and graphing
All statistical analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC) and
graphed using GraphPad PRISM version 4.0 (GraphPad Software, San Diego, CA).
Plasmodium species prevalence in parasite assemblages was determined as previously
described.12,13

RESULTS
Description of the study population

During the four serial cross-sectional surveys (Table 1), we collected a total of 16,209 blood
samples from 8,793 villagers (67.6% of the population). With the exception of children < 2
years of age, the demographic profile of survey participants was generally representative of
Wosera village populations: 49.4% were men, 2.1% were < 2 years, 7.1% were 2.0–3.9
years, 10.4% were 4.0–6.9 years, 11.2% were 7.0–9.9 years, 24.1% were 10.0–19.9 years,

Kasehagen et al. Page 3

Am J Trop Med Hyg. Author manuscript; available in PMC 2013 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



28.5% were 20.0–39.9 years, and 16.7% were ≥ 40 years of age. The age and sex
distribution of participants was comparable among the four surveys. In all surveys, the
majority of participants were asymptomatic. Only 2.6% (N = 426) of the survey participants
had a parasitemia based on light microscopy (LM) and an axillary temperature of at least
37.5°C indicating clinical malaria.

Prevalence of single and mixed Plasmodium infections
Blood smear/LM results. Overall, 34.9% of all samples showed evidence of a blood-stage
malaria infection by LM. The prevalence of each Plasmodium species was as follows: PF,
22.3%; PV, 10.4%; PM, 4.2%; PO, 0.2%. The majority of the blood-stage infections
(94.1%) were composed of a single Plasmodium species, whereas 5.9% of the infections
contained mixed Plasmodium species. The prevalence of infections differed significantly
between surveys (Table 2) and among age groups (Figure 1A). Generally, the prevalence of
different Plasmodium infections was lower in the second year of study (Surveys C and D).
While the prevalence of PF infections did not vary significantly between seasons, PV
increased and PM infections decreased in the dry season (Surveys A and C).

Plasmodium infections were most frequent in the 7- to 9-and 4- to 6-year-old children
(54.7%, CL: 52.4–57.0 and 51.5%, CL: 49.1–53.9, respectively), followed by adolescents
(10–19 years: 42.7%, CL: 41.1–44.2), 2–3 year olds (39.7%, CL: 36.9–42.6), adults (20–39
years: 22.6%, CL: 21.4–23.8), infants (0–1 years: 20.8%, CL: 16.6–25.6), and those ≥ 40
years of age (20.7, CL: 19.1–22.2). PV reached peak prevalence in younger children (4–6
years: 24.2%, CL: 22.1–26.3) than PF (7–9 years: 34.7%, CL: 32.5–36.9) or PM (7–9 years:
7.7%, CL: 6.5–9.0). The age distribution of infections by individual species did not differ
significantly between surveys.

Overall, the prevalence rates of Plasmodium infections were significantly lower in these
surveys compared with those performed from 1990 to 19928 (Figure 1A versus B).
Prevalence of PF was reduced from 39.6% to 22.2% (RR: 0.56, CL: 0.54–0.58, P < 0.001);
PV from 18.3% to 10.4% (RR: 0.57 CL: 0.53–0.60, P < 0.001), and PM from 13.8% to 4.2%
(RR: 0.31 CL: 0.28–0.34 P < 0.001). For PF, the reduced prevalence of infections was
significantly greater in children 2–6 years of age (RR range: 0.42–0.49) than in older
children (7–9 years) and adolescents (RR range: 0.59–0.61, P < 0.01), suggesting that the
highest burden of PF infection has shifted into older age groups. A contrasting pattern was
observed for PV, where reduced prevalence was significantly greater for adults (RR range:
0.33–0.36) than children 2–9 years of age (RR range: 0.69–0.75, P < 0.001).

Plasmodium species-specific LDR-FMA results
To evaluate diagnosis by the Plasmodium species–specific LDR-FMA, we selected a set (N
= 1,182) of samples from the four serial cross-sectional surveys that were representative of
the age, sex, and village composition of the Wosera. All samples included in this analysis
had a corresponding blood smear evaluated by LM. By this assay, 55.7% of all samples
showed evidence of a blood-stage malaria infection. In comparison with LM diagnosis, the
prevalence of infection observed by LDR-FMA increased by 1.6-fold for PF (20.6% versus
32.9%, P < 0.001), 2.1-fold for PV (12.7% versus 27.1%, P < 0.001), 3.1-fold for PM (4.0%
versus 12.4%, P < 0.001), and 22-fold for PO (0.25% versus 5.5%, P < 0.001), with the
prevalence of mixed infections increasing from 2.4% to 16.8% (P < 0.001). Mixed species
infections were thus present in 30.3% of all LDR-FMA–positive infections compared with
only 6.8% of all LM-positive cases.

For all Plasmodium species, the increase in prevalence of infections by the LDR-FMA assay
was proportionally larger in the adults and adolescents than in children (Figure 2).

Kasehagen et al. Page 4

Am J Trop Med Hyg. Author manuscript; available in PMC 2013 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Consistent with this observation, the prevalence of infection peaked at a later age for LDR-
FMA–detectable infections than when diagnosis was performed by LM (Figure 2). In all
species except PV, where infections were most commonly found in children 7–9 years of
age (42.6%), prevalence of infections peaked in older age groups (10–19 years: overall,
69.9%; PF, 48.6%; PM, 20.9%; PO, 9.3%; mixed infections, 25.7%).

Parasite assemblage comparison
To determine whether there was a random distribution of Plasmodium species in the survey
population, we analyzed parasite assemblages using the multiple-kind lottery model
described previously.12,13 Analyses were performed on both blood smear and LDR-FMA
data. Results of the LM analysis of the overall study population in Table 3 showed that
single species infections were observed at higher frequencies than expected, and different
mixed Plasmodium species infections were observed at frequencies that were equal to or
lower than the expected frequencies. Overall, mixed infections were found in only 2.1% of
all samples compared with the expected 3.6% (P < 0.001). In the LDR-FMA diagnostic data,
a different pattern was found. Single species and double infections were observed at
frequencies equal to or less than expected, whereas triple and quadruple infections
assemblages (4.4% versus 1.8%, P < 0.001) and negative samples (44.3% versus 40.5%, P =
0.008) were more significantly common than expected. Mixed infections were most
commonly found in older children (4–9 years) and adolescents, with 36.3% to 39.3% of all
LDR-FMA–positive infections containing more than one species.

Concordance between LM and LDR-FMA diagnosis
The above results indicate that diagnosis by LDR-FMA detected a higher prevalence of
infection than LM. We therefore compared semi-quantitative outcomes in those 1,182
samples that were evaluated with both diagnostic methods (Figure 3A–C). In diagnosis of
PF, 942 analyses were concordant (79.7%) between the two diagnostic techniques. Among
the 240 (20.3%) discordant analyses, 193 samples were LDR-FMA positive and LM
negative (LDR-FMA+:LM−), and 47 were LDR-FMA negative and LM positive (LDR-
FMA−:LM+; LDR-FMA sensitivity = 0.81 and specificity = 0.79; Figure 3A). Where PF
diagnosis was LDR-FMA+LM−, 48 samples were judged by LM as infected with at least
one other Plasmodium species. For PF LDR-FMA−:LM+ discordance, 21 samples were
identified by LDR-FMA as infected with at least one other Plasmodium species. Diagnosis
of PV found that 936 analyses were concordant (79.2%), whereas 246 were discordant.
Among the discordant analyses, 208 samples were LDR-FMA+LM−, and 38 were LDR-
FMA−LM+ (LDR-FMA sensitivity = 0.75 and specificity = 0.80; Figure 3B). Where PV
diagnosis was LDR-FMA+LM−, 69 samples were judged by microscopy as infected with at
least one other Plasmodium species. For PV LDR-FMA−:LM+ discordance, 13 samples
were identified by LDR-FMA as infected with at least one other Plasmodium species.
Diagnosis of PM found that 1,053 analyses were concordant (89.1%), and 129 were
discordant. Among discordant analyses, 114 samples were LDR-FMA+:LM− and 15
samples were LDR-FMA−:LM+ (LDR-FMA sensitivity = 0.68 and specificity = 0.90;
Figure 3C). Where PM diagnosis was LDR-FMA+LM−, 45 samples were judged by LM as
infected with at least one other Plasmodium species. For PM LDR-FMA−:LM+
discordance, 11 samples were identified by LDR-FMA as infected with at least one other
Plasmodium species.

The overall concordance between microscopy and LDR-FMA for the detection of all
possible Plasmodium assemblage combinations was Kw = 0.48 (95% CL: 0.43, 0.53). Based
on the weighted κ test,37 56.7% of the samples were 100% concordant, 88.2% of the
samples were at least 75% concordant, and 97.6% of the samples were at least 50%
concordant (Supplemental Table 1).
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Correlation between LM parasitemia and LDR-FMA MFI
In contrast to our previous studies where semiquantitative data on blood-stage Plasmodium
species infections was limited to LM, development of the LDR-FMA allowed semi-
quantitative assessment of differences in speciesspecific, blood-stage infection levels by a
molecular diagnostic assay.34 In this study, we found positive correlations between the
LDR-FMA MFI and LM parasitemia for each of the Plasmodium species parasite infections
(N = 1,182 paired samples; PF Pearson’s r = 0.65, 95% CI: 0.62–0.68, P < 0.0001, Figure
3A; PV Pearson’s r = 0.55, 95% CI: 0.51–0.59, P < 0.0001, Figure 3B; PM Pearson’s r =
0.47, 95% CI: 0.42– 0.51, P < 0.0001, Figure 3C).

Correlation between LM parasitemia/LDR-FMA MFI and age
For samples where diagnosis was performed by both assays, we compared these semi-
quantitative results for both techniques to the age of the study participants. As in earlier
studies,8,13 parasitemia assessed by LM decreased significantly with age (PF Pearson’s r =
−0.25, 95% CI: −0.34, −0.15, P < 0.0001, N = 389, Figure 4A; PV Pearson’s r = −0.26, 95%
CI: −0.36, −0.16, P < 0.0001, N = 320, Figure 4B; PM Pearson’s r = −0.25, 95% CI: −0.39,
−0.09, P = 0.0028, N = 146, Figure 4C). A parallel decrease with age was observed in the
LDR-FMA data (PF Pearson’s r = −0.30, 95% CI: −0.39, −0.20, P < 0.0001, N = 389,
Figure 4A; PV Pearson’s r = −0.26, 95% CI: −0.36, −0.16, P < 0.0001, N = 320, Figure 4B;
PM Pearson’s r = −0.19, 95% CI: −0.34, −0.02, P = 0.0224, N = 146, Figure 4C).

DISCUSSION
LM, the mainstay of malaria diagnosis in epidemiologic studies, has bedeviled
malariologists attempting to assess Plasmodium species infection prevalence in endemic
communities for > 100 years.39,40 Recent studies provide a consistent reminder that LM
exhibits limited sensitivity for detecting low level infections41–45 and is known to under-
estimate significantly the frequency of mixed Plasmodium species infections.12,13,46 To
address these shortcomings, a number of nucleic acid–based diagnostic assays have been
developed recently that attempt to address the major challenges of diagnosing all four
species of human malaria parasites in large epidemiologic studies.47–53 In previous studies,
we characterized the prevalence and complexity of mixed Plasmodium species infections
using both LM and more sensitive and specific PCR-based techniques in cross-sectional
surveys from several different malaria-endemic regions in northern PNG.12,13,37 As in
studies outside PNG, the prevalence of Plasmodium blood-stage infections of all types was
found to be under-represented by LM compared with observations made by PCR-based
methods.48–50,52,54–57 Here we expanded the scope of our surveys in the Wosera to include
all 29 villages participating in PNGIMR malaria epidemiology studies. The four surveys
summarized here were conducted at 6-month intervals over a 2-year period to monitor
general seasonal or annual differences in the prevalence of Plasmodium species infections.
More importantly, we took significant steps toward performing efficient large-scale
molecular epidemiologic analysis of malaria infection in endemic communities.

Because PCR-based diagnosis of Plasmodium species provides a powerful approach for both
species and strain assessment, we continued to refine methods for performing largescale
epidemiologic studies.12,13,34,37 Approaches used here have improved efficiency of sample
processing by using 96-well plate–based methods from DNA extraction through data
processing and enhanced diagnosis by adding semiquantitative assessment capabilities
comparable to real-time PCR-based methods.34 Details of the Plasmodium species LDR-
FMA method were presented recently.34 Results showed that the LDR-FMA was
consistently more sensitive than microscopy in detecting Plasmodium infected erythrocytes;
numerous mixing experiments showed that the sequence specificity of the LDR-FMA
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probes constrains the possibility for false-positive diagnoses (only 1/33 of nucleotides was
positionally identical among PF, PV, PM, and PO LDR probes).34,37 These assay
performance characteristics must be considered in interpreting head-to-head comparisons
between the LDR-FMA and LM data from the field-based samples evaluated here.

Data presented in Figure 3A–C showed that results for PF, PV, and PM were 80–90%
concordant between the two diagnostic methods. Evaluation of the discrepancies between
the diagnostic methods showed that LDR-FMA+:LM− outcomes accounted for 80–88% of
the observed discordance and is most likely explained by greater sensitivity of the PCR-
based assay. LDR-FMA−:LM+ outcomes accounting for 11–20% may have resulted from
misdiagnosis, inhibition of PCR amplification of template DNA, or target (ssu rRNA)
sequence variability.48,58

With enhanced capabilities of molecular diagnostic methods to perform semi-quantitative
analysis of Plasmodium species infections, we anticipate that new elements of discordance
will be observed, particularly in field studies performed in regions with complex malaria
epidemiology. For example, whereas the correlation between LDR-FMA signal strength and
the blood smear parasitemia improved with increasing numbers of infected erythrocytes
identified by LM (common in concordance studies between microscopists43,59), we
observed a wide range of LDR-FMA fluorescence for samples judged to contain a low
number of infected erythrocytes by microscopy. Our results also showed that the range of
fluorescent signals varied across 4 logs of fluorescent signal intensity for samples judged by
microscopy to be negative. Numerous factors may have contributed to this wide range of
LDR-FMA fluorescence associated with low-level parasitemia or for samples deemed
negative by microscopy. Although inconsistent estimates have been reported, DNA
persisting in circulating blood after parasites have been killed (24–144 hours)60,61 could
contribute to high LDR-FMA signal strength in samples with low blood smear parasitemia.
Additionally, if the number of PCR amplification cycles was too high, LDR-FMA signals
could reach maximum strength for all dilution controls. However, LDR-FMA signal
intensities correlating with species-specific controls throughout our studies34 would counter
this possibility. Alternatively, because mixed Plasmodium species infections are common in
PNG, it is possible that infection complexity may have influenced the accuracy of both
species identification and speciesspecific enumeration of infected erythrocytes. This latter
possibility consistently challenges comparisons between LM and molecular diagnostic
tools.42,43

Overall comparisons between our study and previous malariometric surveys in the Wosera
are limited to blood smear microscopy results because earlier studies did not include
molecular diagnostic analyses. Comparing results from our study to the early 1990s surveys
of Genton and others8 in 10 Wosera villages uncovers a significant reduction in the
prevalence of Plasmodium species infections from 38% to 22.3% for PF, 19.7% to 10.4%
for PV, and 15.7% to 4.2% for PM.8 It is potentially important to note that the prevalence of
PM has been on a consistent decline since the mid-1980s.2–4,6,8 Explanations underlying
this decrease in PM prevalence, beyond apparent susceptibility to malaria control measures,
could include morphologic variations that may contribute to misdiagnosis.63 These changes
in Plasmodium species prevalence in the Wosera have occurred in the absence of any
sustained community-wide malaria control program between 1990 and 2003. During this
time, however, the PNG Ministry of Health did change its anti-malarial treatment guidelines
from chloroquine or amodiaquine monotherapy to a combination of sulphadoxine-
pyrimethamine plus chloroquine or amodiaquine in 2000. Introducing this combination
treatment has greatly improved the effectiveness of treatment of PF infections in the study
area (Mueller and others, unpublished data). Although no coverage data are available, a
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gradual increase in the use of insecticide treated nets has also been observed over this region
of PNG in recent years.

Despite the important reduction in prevalence of Plasmodium species infections, many
features of malaria infection within the Wosera were similar between the early 1990s8 and
2001–2003 surveys reported here. PF and PV remain the predominant malaria species in this
endemic community, although their relative importance in different age groups has changed.
Detailed observations showed that PV was more prevalent than PF in children < 4 years of
age. After 7 years of age, the prevalence of PV declined, and a shift to PF predominance was
observed. The earlier age of peak prevalence of PV in both earlier8 and these later surveys
suggests that immunity to PV is likely to be acquired at an earlier age than for PF. Although
greatly reduced in prevalence, age distribution of PM remains notably similar to that
observed by Genton and others.8 These changing patterns between prevalence of parasitemia
and age seem to be unique for each species.

While LDR-FMA was only performed on a subset of the total 16,209 samples collected, our
results show promise for providing significant new insights into the epidemiology of all four
human Plasmodium parasite species. In particular, we show that PV, PM, and PO contribute
to a greater burden of infection than appreciated by LM. Sub-patent infections of all species
are most commonly found in adolescents and adults. The resulting shift in the age of peak
prevalence and complexity of infection suggests that older age groups that have developed
clinical immunity may contribute significantly more to the total parasite pool and
transmission levels than previously thought. If these low-level infections are treated with
indiscriminate use of anti-malarial drugs, this portion of the parasite population may
encounter selection pressure favoring acquisition of anti-malarial drug resistance
polymorphisms.

Finally, as in earlier studies conducted in PNG12,13 and elsewhere,46,63 mixed Plasmodium
species infections were observed more frequently by PCR-based assays compared with LM
diagnostic methods. While the apparent shortage of mixed infections by LM might suggest
the possibility of crossspecies protection from infection, this interpretation is not supported
by the LDR-FMA data. Observed patterns in both LM and LDR-FMA studies may be
influenced by small-scale (village-to-village) heterogeneity in transmission found in our
study population.64,65 The substantial difference in mixed species patterns observed by LM
and LDR-FMA reinforces the importance of using a reliable PCR-based diagnostic assay in
all studies on mixed Plasmodium species interactions.

Future analyses using LDR-FMA in comparison to blood smear microscopy will evaluate
the distribution heterogeneity of Plasmodium species infections within endemic
communities, Plasmodium strain (drug resistant and antigenic variants) prevalence and
diversity, susceptibility to recurrence of Plasmodium species blood stage infections, and host
genetic polymorphism associations with levels of infection and clinical malaria.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Prevalence of Plasmodium species infections in different age groups. (A) 2001–2003
surveys (A–D combined). (B) 1990–1992 surveys.8 Any, infected with any Plasmodium
species; PF, P. falciparum; PV, P. vivax; PM, P. malariae; Mixed, concurrent infection with
more than one Plasmodium species.
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Figure 2.
Age-specific prevalence of malaria infection as detected by LM and LDR-FMA assay. Solid
line, LM; dashed line, LDR-FMA assay; Any, infected with any Plasmodium species;
Mixed, concurrent infection with more than one Plasmodium species.
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Figure 3.
Association between semi-quantitative blood-stage parasitemia and LDR-FMA fluorescent
signal intensity. The association between species-specific Plasmodium fluorescent signal
intensity and parasitemia was determined using blood smear LM for N = 1,182 paired
samples. Quadrants delineated by the horizontal and vertical bars denote the limits of
negative and positive values. Top left quadrant, LDR-FMA+:LM−; top right quadrant, LDR-
FMA+:LM+; bottom left quadrant, LDR-FMA−:LM−; bottom right quadrant, LDR-FMA
−:LM+. In the top left quadrant, LDR-FMA+:LM− samples designated as + showed
evidence of one or more Plasmodium species in the blood smear other than the species
detected by LDR-FMA; samples designated as – showed evidence of no other Plasmodium
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species. In the bottom right quadrant, LDR-FMA−:LM+ positive samples designated as +
showed evidence of one or more Plasmodium species by LDR-FMA other than the species
detected by microscopy; samples designated as – showed evidence of no other Plasmodium
species. Panel A reports results for PF, panel B for PV, and panel C for PM.
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Figure 4.
Age distribution of geometric mean blood-stage parasitemia determined by semi-
quantitative blood smear microscopy and LDR-FMA. Blood smear parasitemia (infected red
blood cells [IRBCs]/µL of blood) and median fluorescent signal intensity (MFI) for
individuals who were positive for Plasmodium species infection by either LDR-FMA and/or
LM. (A) P. falciparum. (B) P. vivax. (C) P. malariae. Black circles, LDR-FMA MFI values;
gray circles, no. of IRBCs/µL; black solid line, geom. mean LDR-FMA MFI; gray dashed
line, geom. mean parasitaemia/µL. Mean values estimated using a symmetric local
regression (Loess) smoother with 1 degree of freedom.

Kasehagen et al. Page 17

Am J Trop Med Hyg. Author manuscript; available in PMC 2013 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasehagen et al. Page 18

Ta
bl

e 
1

D
is

tr
ib

ut
io

n 
of

 c
ro

ss
-s

ec
tio

na
l s

ur
ve

y 
pa

rt
ic

ip
an

ts
 b

y 
ag

e 
gr

ou
p,

 s
ex

, a
nd

 s
ur

ve
y

Su
rv

ey
 A

Su
rv

ey
 B

Su
rv

ey
 C

Su
rv

ey
 D

A
ge

(y
ea

rs
)

A
ug

–N
ov

 2
00

1
(d

ry
)

A
pr

il–
Ju

ne
 2

00
2

(w
et

)
A

ug
–N

ov
 2

00
2

(d
ry

)
A

pr
il–

Ju
ne

 2
00

3
(w

et
)

N
P

er
ce

nt
N

P
er

ce
nt

N
P

er
ce

nt
N

P
er

ce
nt

N
P

er
ce

nt

<
2

13
1

2.
7%

54
1.

6%
98

2.
4%

53
1.

4%
33

6
2.

1%

  2
–3

35
2

7.
3%

22
0

6.
3%

32
1

7.
8%

25
7

6.
8%

1,
15

0
7.

1%

  4
–6

53
9

11
.2

%
33

2
9.

6%
42

3
10

.3
%

39
8

10
.5

%
1,

69
2

10
.4

%

  7
–9

53
2

11
.1

%
38

7
11

.1
%

47
1

11
.4

%
42

9
11

.3
%

1,
81

9
11

.2
%

10
–1

9
1,

11
6

23
.2

%
92

7
26

.7
%

96
4

23
.4

%
89

2
23

.5
%

3,
89

9
24

.1
%

20
–3

9
1,

35
1

28
.1

%
99

1
28

.5
%

1,
15

3
28

.0
%

1,
11

3
29

.3
%

4,
60

8
28

.4
%

≥ 
40

79
2

16
.5

%
56

5
16

.3
%

69
3

16
.8

%
65

5
17

.3
%

2,
70

5
16

.7
%

A
ll

4,
81

3
3,

47
6

4,
12

3
3,

79
7

16
,2

09

Se
x

   
 M

al
e

2,
30

0
47

.8
%

1,
74

2
50

.1
%

1,
98

7
48

.2
%

1,
88

0
49

.5
%

7,
90

9
48

.8
%

   
 F

em
al

e
2,

51
3

52
.2

%
1,

73
4

49
.9

%
2,

13
6

51
.8

%
1,

91
7

50
.5

%
8,

30
0

51
.2

%

Am J Trop Med Hyg. Author manuscript; available in PMC 2013 July 31.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasehagen et al. Page 19

Ta
bl

e 
2

Pr
ev

al
en

ce
 o

f 
m

al
ar

ia
 in

fe
ct

io
ns

 (
lig

ht
 m

ic
ro

sc
op

y)
 b

y 
su

rv
ey

, s
tu

dy
 y

ea
r,

 a
nd

 s
ea

so
n

Su
rv

ey
Y

ea
r*

Se
as

on
†

A
(y

ea
r 

1,
 d

ry
)

B
(y

ea
r 

1,
 w

et
)

C
(y

ea
r 

2,
 d

ry
)

D
(y

ea
r 

2,
 w

et
)

A
ll

1
2

D
ry

W
et

P.
 fa

lc
ip

ar
um

 (
%

)
23

.9
23

.7
19

.5
22

22
.3

23
.8

¶
20

.7
¶

21
.8

22
.8

P.
 v

iv
ax

 (
%

)
11

.4
11

.3
10

.7
7.

8
10

.4
11

.4
¶

9.
3¶

11
.1

¶
9.

5¶

P.
 m

al
ar

ia
e 

(%
)

4
5.

4
3.

4
4.

2
4.

2
4.

6§
3.

8§
3.

7¶
4.

8¶

P.
 o

va
le

 (
%

)
0.

3
0.

1
0.

2
0.

1
0.

2
0.

2
0.

2
0.

2‡
0.

1‡

A
ny

 s
pe

ci
es

 (
%

)
36

.2
38

32
.6

33
.1

34
.9

36
.9

¶
32

.8
¶

34
.5

35
.4

M
ix

ed
 in

fe
ct

io
ns

 (
%

)*
*

8.
9

6.
5

4
3.

2
5.

9
7.

9¶
3.

6¶
6.

7§
4.

9§

* P 
va

lu
e 

re
fe

re
nc

es
 b

el
ow

 p
er

ta
in

 to
 s

ta
tis

tic
al

 c
om

pa
ri

so
ns

 b
et

w
ee

n 
ye

ar
s 

1 
an

d 
2.

† P 
va

lu
e 

re
fe

re
nc

es
 b

el
ow

 p
er

ta
in

 to
 s

ta
tis

tic
al

 c
om

pa
ri

so
ns

 b
et

w
ee

n 
“d

ry
” 

an
d 

“w
et

” 
se

as
on

s.

‡ P 
<

 0
.0

5

§ P 
<

 0
.0

1

¶ P 
<

 0
.0

01
.

**
Pr

op
or

tio
n 

of
 in

fe
ct

io
ns

 w
ith

 m
or

e 
th

an
 o

ne
 P

la
sm

od
iu

m
 s

pe
ci

es
.

Am J Trop Med Hyg. Author manuscript; available in PMC 2013 July 31.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kasehagen et al. Page 20

Table 3

Plasmodium species assemblages by different diagnostic techniques

Blood smear
(n = 16,209)

LDR-FMA
(n = 1,182)

Parasite assemblage Observed Expected Observed Expected

PF 3,312 3,094.41 224 234.97

PV 1,404 1,249.16 174 177.82

PM 591 476.37 46 67.5

PO 19 18.68 15 27.87

PF + PV 231 358.02 72 87.23

PF + PM 54 136.53 32 33.11

PF + PO 3 5.35 13 13.67

PV + PM 29 55.12 17 25.06

PV + PO 6 2.16 9 10.35

PM + PO 0 0.82 4 3.93

PF + PV + PM 11 15.8 28 12.29

PF + PV + PO 0 0.62 5 5.08

PF + PM + PO 0 0.24 4 1.93

PV + PM + PO 0 0.1 4 1.46

PF + PV + PM + PO 0 0.03 11 0.72

Non-infected 10,549 10,796.59 524 479.01
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