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Abstract
Almost a decade ago our diagnostic laboratory implemented an in-house real-time PCR for the detection of PlasmodiumDNA to
diagnose malaria in parallel with conventional diagnostics, i.e., microscopy (thick and thin smears), quantitative buffy coat
microscopy (QBC), and a rapid diagnostic test (RDT). Here we report our experiences and make a comparison between the
different diagnostic procedures used in this non-endemic setting. All patients during the period February 2009–December 2017
suspected of malaria were prospectively tested at the moment of sample collection. Both PCR and conventional malaria
diagnostics were carried out on a total of 839 specimens from 825 patients. In addition, three Plasmodium falciparum (Pf)
patients were closely followed by real-time PCR andmicroscopy after treatment. Overall, 56 samples (55 patients) tested positive
by real-time PCR, of which six were missed by microscopy and seven by QBC. RDT showed fairly good results in detecting Pf,
whereas specificity was not optimal. RDT failed to detect 10 of 17 non-Pf PCR positive specimens. One Plasmodium malariae
patient would have been missed if only conventional diagnostic tests had been used. The high sensitivity of the PCR was
confirmed by the number of PCR positive, microscopy negative post-treatment samples. In conclusion, within our routine
diagnostic setting, malaria real-time PCR not only showed a high level of agreement with the conventional methods used, but
also showed higher sensitivity and better specificity. Still, for complete replacement of the conventional procedures in a non-
endemic setting, the time-to-results of the real-time PCR is currently too long.
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Introduction

Malaria is an infectious disease caused by Plasmodium para-
sites, which are transmitted by Anophelesmosquitoes in trop-
ical and subtropical areas. The disease has a substantial impact
on people’s health and life, not only in endemic areas, but also

in travelers and migrants. Estimates of the World Health
Organization (WHO) reported 216 million cases globally in
2016, leading to 445,000 deaths [1]. In the Netherlands, ap-
proximately 300 new malaria cases are reported each year;
while many more potential cases are seen because a traveler
or migrant shows clinical symptoms after being exposed in a
malaria-endemic region [2]. Today, five different species of
Plasmodium are known to cause disease in humans:
Plasmodium falciparum (Pf), Plasmodium vivax (Pv),
Plasmodium ovale (Po), Plasmodium malariae (Pm), and
Plasmodium knowlesi (Pk). It has been recognized that
Plasmodium ovale are in fact two closely related species:
Plasmodium ovale curtisi (Po-c) and Plasmodium ovale
wallikeri (Po-w) [3]. Pf is found most frequently worldwide
and is the species responsible for most of the global morbidity
and mortality due to malaria [1].

To diagnose a Plasmodium sp. infection, whole blood is
drawn from a patient and assessed for the presence of
Plasmodium parasites. In non-endemic countries, a combination
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of microscopy (thick and thin smears) and a rapid diagnos-
tic test (RDT) is commonly used as first-line malaria diag-
nosis. Although microscopy is relatively inexpensive to
perform and enables species differentiation and determina-
tion of parasitemia (parasite density), it is a subjective and
labor intense procedure which needs well-trained person-
nel to achieve optimal results. The limit of detection
(LoD) of Giemsa-stained thick blood film has been esti-
mated to be 5–50 parasites/μl (p/μl) [4, 5]. The main
advantage of RDTs is the simplicity in use and interpre-
tation, as well as the short time to result (~ 5–20 min). In
general, RDTs show good sensitivity for detection of Pf,
whereas sensitivity in detecting other Plasmodium spe-
cies is limited. In a laboratory-based evaluation of RDT
performance, as performed by the WHO, including 46
different RDT products, the median panel detection score
(the ability to detect Plasmodium parasites at a certain
concentration) for Pf at a low concentration (200 p/μl)
was 89.5%. [6]

To extend the diagnostic possibilities, a quantitative buffy
coat microscopy (QBC) test for rapid diagnosis of malaria can
be used as well. This technique is, in general, substantially
faster than conventional microscopy by a thick smear exami-
nation, but also needs more training for appropriate reading
and interpretation [7].

Although not widely used as a routine diagnostic tool in
a clinical setting, nucleic acid amplification testing
(NAAT) for the detection of Plasmodium DNA can be
performed either by using real-time PCR or loop-
mediated isothermal amplification (LAMP) [8, 9]. NAAT
provides a limit of detection that is at least tenfold better
than an experienced microscopist, and improved detection
of mixed infections. Although quantification by NAAT is
possible by determining the concentration of parasites per
microliter, parasitemia is still established by microscopy.
In non-endemic countries, this is commonly done by
counting the percentage of infected red blood cells in a
thin smear [4].

In our routine diagnostic laboratory, an in-house multi-
plex real-time PCR assay for the detection of the four most
common Plasmodium species was introduced as a first
line diagnostic test for malaria almost a decade ago.
Since then, all first-blood specimens obtained from pa-
tients suspected of malaria have, in principle, been exam-
ined by all available conventional methods, i.e., thick
smear microscopy, QBC and RDT, as well as by real-
time PCR. Here we report the results of a comparative
analysis of the malaria diagnostic procedures used and
discuss which approach is most efficient in a routine di-
agnostic setting in a non-endemic malaria region.

Materials and methods

Specimens and inclusion

Whole blood specimens drawn from patients suspected of
malaria during the period February 2009–December 2017
were tested at the clinical microbiology laboratory of the
Leiden University Medical Center (LUMC) in the
Netherlands. Per episode of suspected malaria, only the first
specimen per patient had been examined by all available di-
agnostic procedures, i.e., microscopy (thick/thin smear),
QBC, RDT, and real-time PCR. Only specimens that showed
valid results for all assays were included in the comparative
analysis. Arbitrarily, when a new specimen was received of a
patient more than 3 months after the first specimen, without
continuous follow-up during this time, it was considered a
new episode of suspected malaria. Hence, these specimens
were included in the present study as well. When multiple
specimens were obtained from a single patient within the giv-
en timeframe of 3 months while different Plasmodium species
were identified, additional specimens were also included.

Series of post-malaria treatment follow-up samples were
available from three Pf patients. These patients were selected
because of the high number of follow-up samples (5 to 12),
which therefore could be used to further examine the associ-
ation between parasite density (parasitemia) as determined by
microscopy and the cycle of quantification (Cq-value) as de-
termined by real-time PCR. All three cases had a severe clin-
ical presentation, which explains the intense sampling and the
prolonged presence of the parasite in the blood circulation.
These follow-up samples were not collected systematically,
but as determined by the clinical specialist in charge, based
on the clinical conditions of the patient.

All data used for this study were retrieved from the labora-
tory information management system (LIMS) of our depart-
ment. A patient and corresponding diagnostic data was includ-
ed only if the patient had not specifically indicated that sample
material and data could not be used for other purposes than
diagnosis of disease, as regulated by law and stated in
BHuman tissue and medical research: code of conduct for
responsible use^ (2011).

Microscopy

For thick smear analysis, 15 μl of whole blood was spread
onto a slide and stained with Giemsa, followed by microscop-
ic examination by two technicians. If parasites were detected,
the Plasmodium species was determined and parasitemia was
calculated in Pf and Pk positive cases according to the Dutch
national standard procedures using thin smear microscopy.
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QBC was performed using the QBC Malaria test
(Drucker Diagnostics, Port Matilda, PA, USA) followed
by fluorescent microscopic examination, according to the
manufacturer’s instructions. In short, an acridine orange-
coated microhematocrit tube was filled with blood,
sealed after gently mixing and subsequently centrifuged
for 5 min at 12,000 rpm. Depending on the stage of
Plasmodium present, the parasite stains green and orange
under the fluorescent microscope because of the uptake
of the dye [7].

Rapid diagnostic testing

The Binax NOW malaria immune chromatography test
(RDT, Alere, Tilburg, Netherlands) was used for rapid di-
agnostic testing according to the manufacturer’s instruc-
tions. The test can detect and differentiate between Pf and
Plasmodium species by targeting HRP2, specific to Pf, and
pan-malarial aldolase [4].

Real-time PCR

DNA extraction was performed using the QIAamp DNA
blood mini kit (Qiagen, Venlo, Netherlands) and, as of
February 2016, the MagnaPure96 platform with the DNA
and Viral NA Small volume kit 2.0 (Roche Diagnostics,
Almere, Netherlands). Both DNA extraction methods used
200 μl of whole blood yielding a final NA eluate of 100 μl.
To monitor the extraction process and the presence of po-
tential PCR inhibitors, an aliquot of Phocine Herpes Virus
(PhHV) was co-amplified as universal internal control.

Real-time PCR was introduced in February 2009 and was
tested in one multiplex assay in a 50 μl reaction volume
using primers and probes as described previously and sum-
marized in Table 1 [9–11]. Since February 2014, amplifi-
cation reactions were performed in a volume of 25 μl in-
cluding 12.5 μl Hotstar mastermix (Qiagen, Venlo,
Netherlands), supplemented with 1.75 mM MgCl2 and
primers/probes according to Table 1. Amplification was
performed using the CFX real-time detection system
(Bio-Rad laboratories, Veenendaal, Netherlands) and the
following thermal profile: 15 min at 95 °C, followed by
45 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C.
No additional testing of Po was done in order to differen-
tiate between Po-c and Po-w. In each run, negative and
positive extraction controls were included, and real-time
PCR was only interpreted when all controls showed results
within the defined acceptance criteria. A sample was con-
sidered inhibited if the Cq-value of PhHV in the sample
was > 3Cq points higher than the Cq-value of PhHV in the
negative control and re-tested using a one in ten dilution of
the eluate. A sample was reported as inhibited, and there-
fore excluded for comparison, when inhibition was ob-
served upon re-testing.

Results

A total of 839 specimens obtained from 825 patients were
included for comparison of the diagnostic outcome. As
shown in Table 2, real-time PCR tested positive in 56
specimens that were collected from 55 patients. Two

Table 1 Primers and probes used
in this study Plasmodium species, primer/probe Sequence (5′-3′) Concentration

P. falciparum-s CCGACTAGGTGTTGGATGAAAGTGTTAA 500 nM

P. falciparum-YAK-MGB CTTTCGAGGTGACTTTTAGAT 100 nM

P. vivax-s CCGACTAGGCTTTGGATGAAAGATTTTA 500 nM

P. vivax-FAM-MGB TTTTCTCTTCGGAGTTTATT 100 nM

P. ovalecurtisi-s CCAACTAGGTTTTGGATGAAAAGTTTTT 500 nM

P. ovale curtisi-TXR-MGB CCCGAAAGGAATTTTCTTATT 100 nM

P. ovale wallikeri-s CCGACTAGGTTTTGGATGAAAGATTTTT 500 nM

P. ovale wallikeri-TXR-MGB TCCAAAAGGAATTTTCTTATT 100 nM

P. malariae-s CCGACTAGGTGTTGGATGATAGAGTAAA 500 nM

P. malariae-ATTO700-MGB AGCTATCTAAAAGAAACACTCAT 100 nM

P. generic-as AACCCAAAGACTTTGATTTCTCATAA 500 nM

PhHV-s GGGCGAATCACAGATTGAATC 200 nM

PhHV-as GCGGTTCCAAACGTACCAA 200 nM

PhHV-TQ-CY5 TTTTTATGTGTCCGCCACCATCTGGATC 100 nM

nM nanomolar
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specimens of one patient were included since real-time
PCR tested positive for Pf (November 2016) and subse-
quently for Po (January 2017). Overall, the 56 real-time
PCR positive specimens included 39 Pf (median Cq-value
23.2, range 13.0–37.2), 6 Pv (median Cq-value 19.9,
range 18.9–24.6), 7 Po (median Cq-value 25.9, range
25.1–31.9), and 4 Pm (median Cq-value 28.9, range
23.2–33.6). No Pk (microscopy) or mixed infections (mi-
croscopy or PCR) were found in the examined specimens.
Thirty-five (89.7%) of 39 Pf PCR positive blood samples
were found positive with thick smear microscopy, 34
(87.2%) by QBC, and 37 (94.9%) by RDT. All Pv and
Po PCR positive specimens were identified using conven-
tional microscopy, whereas microscopy detected only two
of four Pm PCR positive specimens. Plasmodium was de-
tected with QBC in all Pv and Po cases, but missed half of
the Pm PCR positive samples. Pan-malarial aldolase was
detected in the RDT in 7 of 17 non-Pf cases.

In-depth analysis of the mismatching data showed the fol-
lowing. In the four Pf PCR positive samples with a negative
thick smear microscopy, Cq-values ranged from 31.1–37.2.
One of these specimens (Cq-value of 33.3) tested negative
by RDT. For this patient, originating from Sierra Leone, no
information was available regarding a possible earlier infec-
tion or prior testing. While the QBCwas reported negative for
trophozoites, one single gametocyte was observed. Although
a follow-up sample was requested by the clinical consultant,
the patient did not show-up the following day and was there-
fore lost to follow-up. The three remaining Pf PCR positive
patients tested negative in thick smear and QBC microscopy
but showed a positive RDT result. All three patients had al-
ready been diagnosed as being Pf positive and had therefore
been treated with anti-malarial therapy. Their pre-treatment
samples were not included in this comparative analysis, as
the QBC was not performed. The two Pm PCR positive sam-
ples were not only negative in thick smear microscopy, but
also in the QBC, and RDT. Of one patient (Cq-value 30.2), a
second specimen was obtained three days later and tested
again Pm PCR positive (Cq-value 39.1). This patient had just
returned from Tanzania and had locally received an anti-
malarial treatment approximately a week before, because of

high fever. The second Pm PCR positive patient (Cq-value
33.6), was not previously known to be positive. A second
specimen was obtained 5 days later and again tested Pm pos-
itive in the real-time PCR assay (Cq-value 32.1). After exten-
sive microscopic examination of multiple thick smear prepa-
rations, a few Pm schizonts and merozoites were found.

Seven patients tested positive by at least one of the conven-
tional methods, but remained negative in real-time PCR. Six
of the samples tested positive in RDT only and not in any of
the other conventional tests. One of them was known to have
been treated for malaria recently; the remaining five had no
history of malaria infection. One patient tested negative in
real-time PCR, while being positive in thick smear, QBC,
and RDT. Again, this patient was known to have been treated
for malaria recently.

Three Pf patients were closely followed after anti-malarial
treatment. These series (6–13 samples) were analyzed by con-
ventional microscopy as well as real-time PCR (Fig. 1A–C).
In all three cases, microscopy became negative before PCR,
with the first microscopy negative sample showing Cq-value
of 28.2, 31.1, and 31.2, respectively (Fig. 1A–C). All PCR
positive samples in this series with a Cq-value higher than 30
were microscopy negative.

Discussion

Here we present comparative data of almost 9 years of pro-
spective testing by real-time PCR for the detection of Pf, Pv,
Po, and Pm DNA in parallel with conventional malaria diag-
nostic methods. The real-time PCR assay was developed, val-
idated, and approved for routine diagnostic use in 2009. Over
the years, some minor changes in the DNA extraction method
and in the volume of the PCR assay have been integrated
following extensive in-house validation procedures. These ad-
aptations did not change the analytical sensitivity of the assay
(data not shown). Overall, we found reasonable agreement
between the performance of real-time PCR and thick smear
microscopy. Also the QBC performed well, although one Pf
PCR (Cq 28.1) and thick smear positive sample was missed.
This sample also tested positive in the RDT. A follow-up
specimen of this patient tested positive in the QBC and it is
not clear why the initial QBC was found to be negative.

As for the thick smear microscopy, the RDT also showed
acceptable results for the detection of Pf in comparison to the
real-time PCR assay, with 94.9% of the PCR positive speci-
mens being RDT positive. However, one should be aware of
the fact that Pf variants are circulating in which HRP-2 is not
present, yielding false-negative RDT results. Since the preva-
lence of HRP-2 lacking Pf variants is increasing, this could
potentially be of risk for rapid and correct detection of this
species using HRP-2-based assay formats [12].

Table 2 Results of the comparative study

PCR + TS + TS − QBC + QBC − RDT + RDT −

Pf 39 35 4 34 5 37 2
Pv 6 6 0 6 0 5 1
Po 7 7 0 7 0 1 6
Pm 4 2 2 2 2 1 3
Total 56 50 6 49 7 44 12

Pf Plasmodium falciparum,Pv Plasmodium vivax,PoPlasmodium ovale,
Pm Plasmodium malariae, TS thick smear microscopy,QBC quantitative
buffy coat microscopy, RDT rapid diagnostic test
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Despite the adequate performance of the RDT in diagnos-
ing Pf infections, the performance of the RDT in the non-
falciparum species was poor, which has been reported by

others before [5, 13, 14]. Although Pf is the most common
species, the present study again shows that diagnosingmalaria
using RDT only is not sufficient.
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Out of 56 real-time PCR positive specimens, six were
found negative by thick smear microscopy and QBC.
Five of these positive real-time PCR results were of little
clinical significance, since four (three Pf and one Pm)
were actually post malaria-treatment samples and the
fifth sample (Pf) only contained a single Pf gametocyte,
most likely from a patient without asexual reproducing
stages. On the other hand, the sixth malaria PCR-positive
patient (Pm) with negative microscopy was indeed of
clinical significance. Here, no history of previous malaria
infection or treatment was recorded and with only the
real-time PCR being positive on the initial sample, this
malaria infection would have been missed when only
conventional methods would have been used.

For one patient, who had already been treated for a
Plasmodium infection, PCR remained negative while mi-
croscopy (both thick smear and QBC) and RDTwere found
positive for Pf. Thick smear microscopy showed five tro-
phozoites in total in two different slides. A follow-up spec-
imen of this patient, collected 5 days later, only tested
positive by the RDT. This result was in contrast with other
specimens included in this study, in which it was shown
that real-time PCR can detect Pf in treated patients that
tested negative in the thick smear microscopy. Testing the
initial specimen by a nested Plasmodium genus PCR assay
also remained negative.

RDT alone tested (weakly) positive in six patients. One
of them had been recently treated for malaria, and there-
fore persistence of HRP-2 or aldolase in blood may have
resulted in prolonged positivity of RDTs [5]. However,
the remaining five patients had no history of malaria in-
fection. False-positive results may be caused by, for in-
stance, rheumatoid factor in blood and heterophile anti-
bodies [14]. We therefore conclude that the RDT positive
results which could not be confirmed by any of the other
diagnostic tests were most likely either due to prolonged
circulation of HRP-2 or cross-reaction with other immu-
nological factors.

In the present study, multiple specimens were obtained
from three patients following anti-malarial treatment. By
using all of these specimens, the analytical sensitivity of
conventional microscopy and real-time PCR could be
compared. This evaluation showed higher sensitivity of
real-time PCR, since Pf DNA could still be detected while
microscopy became negative. This is in line with earlier
studies that showed that PCR-based assays were found to
be more sensitive than conventional methods [15].
Nevertheless, it should be mentioned that false-positive
signals because of detection of remnant genetic material
could not be ruled out. To determine a formal cut-off Cq-
value as of which microscopy becomes negative, one
should perform more extensive testing of both methods
using a dilution series of a reference strain. Nevertheless,

in our setting, we found microscopy to be negative when
the real-time PCR showed a Cq-value of 30 or above.

During the 9 year period that the PCR had been used,
mixed infections were noticed in four patients: one Pf/Pv
and three Pf/Pm. Unfortunately, none of these cases could
be included in the current comparative study. From three
of these patients, we only received a little blood from an
external laboratory for species confirmation by PCR only.
The remaining case was a mixed infection found in a
young child. While thick smear microscopy showed a
Pm infection and the RDT indicated a Pf infection, real-
time PCR identified a mixed infection of both species. No
QBC was performed. This particular finding has been re-
ported elsewhere [16]. Although these results showed that
mixed infections are very rare in the Netherlands, it dem-
onstrated the added value of real-time PCR being able to
discriminate between Plasmodium species and identify
mixed infections. Similarly, in a recent study, Grossman
et al. even reported ten cases with mixed infections by
real-time PCR of which only one could be identified by
microscopy and RDT [17].

Obviously, this is not the first study comparing the
performance of malaria (real-time) PCR with conventional
diagnostic methods. Already in 2008, Berry et al.
reviewed the literature and concluded that PCR-based
methods should be included in the panel of diagnostic
tools for imported malaria, given its high sensitivity and
specificity [15]. Two more recent studies, conducted in
Israel and Italy, confirmed the excellent diagnostic perfor-
mance of real-time PCR in a non-endemic setting [17,
18]. Still, despite the high negative predictive value of
molecular testing, the majority of laboratories in non-
endemic settings do not use PCR as a first line diagnosis
for all their malaria suspected cases. This attitude toward
molecular diagnosis of imported malaria might change
rapidly in the coming years with the introduction of sim-
plified test procedures, such as the Illumigene loop-
mediated isothermal amplification (LAMP) malaria assay,
which makes it possible to perform molecular diagnostic
testing 24/7 without the need of advanced laboratory
equipment or high levels of expertise [8]. Preferably these
tests have a quantitative output and can differentiate
Plasmodium parasites at species level.

In conclusion, we found satisfactory results with the imple-
mentation of an in-house malaria multiplex real-time PCR
within our routine non-endemic diagnostic setting, showing
high sensitivity and specificity with the additional advantage
of more accurate species differentiation and the indication of
parasite load, as reflected by Cq-value. The major reason for
not fully replacing existing conventional methods with this
real-time PCR is the longer Btime to results^ period of the
PCR. Most likely these technical aspects will further improve
in the near future.
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