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Abstract 

Background High-quality malaria diagnosis is essential for effective treatment and clinical disease management. 
Microscopy and rapid diagnostic tests are the conventional methods performed as first-line malaria diagnostics in 
non-endemic countries. However, these methods lack the characteristic to detect very low parasitaemia, and accurate 
identification of the Plasmodium species can be difficult. This study evaluated the performance of the MC004 melting 
curve-based qPCR for the diagnosis of malaria in routine clinical practice in non-endemic setting. 

Methods and results Whole blood samples were collected from 304 patients with clinical suspicion of malaria and 
analysed by both the MC004 assay and conventional diagnostics. Two discrepancies were found between the MC004 
assay and microscopy. Repeated microscopic analysis confirmed the qPCR results. Comparison of the parasitaemia 
of nineteen Plasmodium falciparum samples determined by both microscopy and qPCR showed the potential of 
the MC004 assay to estimate the parasite load of P. falciparum. Eight Plasmodium infected patients were followed 
after anti-malarial treatment by the MC004 assay and microscopy. The MC004 assay still detected Plasmodium DNA 
although no parasites were seen with microscopy in post-treatment samples. The rapid decline in Plasmodium DNA 
showed the potential for therapy-monitoring.

Conclusion Implementation of the MC004 assay in non-endemic clinical setting improved the diagnosis of malaria. 
The MC004 assay demonstrated superior Plasmodium species identification, the ability to indicate the Plasmodium 
parasite load, and can potentially detect submicroscopic Plasmodium infections.
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Background
Malaria is a life-threatening infectious disease caused 
by Plasmodium parasites transmitted by infected 
Anopheles mosquitoes in (sub)tropical areas. The 
World Health Organization (WHO) considers malaria a 
leading public health concern due to its potential lethal 
complications. In 2021, the WHO estimated 247 mil-
lion malaria cases, leading to 619,000 malaria deaths 
worldwide [1]. Although progress has been made in 
global malaria control, malaria remains a threat, not 
only to the population in endemic areas, but also to 
travellers and migrants [2]. Among the seven species 
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that infect humans, Plasmodium falciparum is respon-
sible for the majority of malaria deaths worldwide [1, 
3].

Early and accurate diagnosis of malaria is essential for 
both effective clinical management and malaria control. 
High-quality malaria diagnosis is important, as misdiag-
nosis can result in significant morbidity and mortality [4, 
5]. In non-endemic countries, a combination of micro-
scopic examination (thick and thin blood smears) and a 
rapid diagnostic test (RDT) is commonly used as first-
line malaria diagnosis.

Microscopic examination of Giemsa-stained thick and 
thin blood smears is the most widely used method, and 
remains the gold standard for the diagnosis of malaria. 
Microscopic examination provides inexpensive and rapid 
detection and identification of the Plasmodium species, 
stage levels, and allows determination of the parasite 
density (parasitaemia). The major limitations of micros-
copy are the need for experienced microscopists, and 
decreased accuracy when the parasite density is low [6, 
7]. Misdiagnosis has been reported frequently, as dis-
tinction between Plasmodium species can be difficult or 
even impossible and the limit of detection (LoD) of the 
Giemsa-stained thick blood smear (5 to 50 parasites/μL 
of blood) is not always sufficient to detect low-density 
infections [6, 8, 9].

RDTs are immunochromatographic tests that are inex-
pensive, easy to use and results can be obtained within 5 
to 15 min. The most widely used RDTs are based on the 
detection of histidine-rich protein II (HRP-II) of P. falci-
parum and lactate dehydrogenase or aldolase common to 
all Plasmodium species. RDTs have reasonable sensitivity 
to detect P. falciparum, but lack sensitivity for the detec-
tion of other Plasmodium species [10, 11]. The limit of 
detection of RDTs is in the range of 200 to 2000 parasites 
per μL of blood [12]. Another limitation of RDTs is the 
occurrence of false-negative results due to deletions of 
the HRP-II gene in some P. falciparum strains [13].

To overcome the limitations of microscopy and RDTs, 
molecular assays based on the detection of Plasmodium 
DNA have been proposed as a confirmatory method. 
Several nucleic acid amplification tests (NAATs) have 
been developed for the detection of Plasmodium DNA. 
These include conventional polymerase chain reaction 
(PCR), qPCR and loop-mediated isothermal amplifica-
tion tests (LAMP), which mostly detect genus- or spe-
cies-specific DNA-sequences of the Plasmodium parasite 
[14, 15]. NAATs allow superior species identification and 
are at least tenfold more sensitive than microscopy [16–
21]. The LoD of NAATs is between 0.002 to 6 parasites 
per μL of blood, depending on the type of NAAT and the 
Plasmodium species [18–21]. In addition, NAATs that 
allow quantification of the parasitaemia to make clinical 

management decisions are described in literature [22, 
23].

However, a well-known issue with NAATs is the pos-
sible occurrence of cross-reactivity between different 
Plasmodium species. Especially the nucleotide sequences 
of Plasmodium vivax, Plasmodium knowlesi and Plasmo-
dium cynomolgi share high similarity, which may cause 
misidentification and mistreatment [24, 25]. Further-
more, NAATs have been reported to detect Plasmodium 
DNA up to several weeks after effective anti-malarial 
treatment, potentially leading to over-diagnosis of recru-
descence [26]. The MC004 melting curve-based qPCR 
assay was recently developed to detect, quantify and dis-
criminate between P. falciparum, P. vivax, Plasmodium 
malariae, Plasmodium ovale wallikeri, Plasmodium ovale 
curtisi, P. knowlesi (including differentiation of three 
strains) and P. cynomolgi (including differentiation of 
three strains) [27].

Furthermore, a prospective cross-sectional study was 
performed in malaria endemic setting (central Ethio-
pia) to further assess the performance of MC004 for the 
detection and identification of Plasmodium parasites 
compared to standard microscopy [28]. The present study 
was designed to evaluate the performance of the MC004 
assay in routine clinical practice in a non-endemic set-
ting. Accuracy of the MC004 assay for malaria diagnosis 
in blood samples from patients with clinical suspicion of 
malaria was determined by comparison to the standard 
method of microscopy and RDT. In addition, follow-up 
of malaria treated patients was assessed.

Methods
Study population
The performance of the MC004 assay (melting curve-
based qPCR) in routine clinical practice was determined 
by analysing clinical samples received from different 
laboratories (Result Laboratory—Dordrecht (Albert Sch-
weitzer hospital), the Netherlands, Breda (Amphia hos-
pital), the Netherlands, Regional Laboratory for Medical 
Microbiology & Public Health—Haarlem, the Nether-
lands, Noordwest Ziekenhuisgroep—Alkmaar, the Neth-
erlands). In total, 318 ethylenediaminetetraacetic acid 
(EDTA) whole blood samples obtained from 304 patients 
with clinical suspicion of malaria were included in the 
study. All patients had travelled to malaria-endemic 
areas and presented with signs and symptoms of malaria. 
A series of post-malaria treatment samples (one to four 
samples per patient) from five P. falciparum infected 
patients; one P. vivax, one P. malariae and one P. ovale 
were available and also included. These follow-up sam-
ples were used to examine the correlation between the 
RFU (Relative Fluorescence Units) of the melting curves 
determined by the MC004 assay and parasite density 
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(parasitaemia) determined by microscopy. The follow-
up samples were not collected systematically, but deter-
mined based on the clinician’s request for laboratory 
testing.

All blood samples were taken as part of routine blood 
sampling and examined by microscopy (Giemsa-stained 
thick and thin blood smear) and a rapid diagnostic test 
(RDT). The MC004 assay was performed blindly (retro-
spectively) after the initial diagnosis by microscopy. For 
the follow-up patients, only the first sample had been 
examined by all available diagnostic tests; RDT, micros-
copy and the MC004 assay. The results of the MC004 
assay were compared with the results by microscopy.

Rapid diagnostic testing
The Palutop + 4 Optima (Biosynex, Strasbourg, France) 
immunochromatographic test (ICT) was used for rapid 
diagnostic testing of the clinical samples from Result 
Laboratory according to the manufacturer’s instructions. 
The test can detect and differentiate between P. falcipa-
rum by targeting Histidine-Rich Protein II (HRP-II), P. 
vivax by P. vivax-specific parasite lactate dehydroge-
nase (Pv-pLDH) and pan-pLDH for Plasmodium species 
[6]. The BinaxNOW malaria RDT (Binax Inc, Inverness 
Medical, ME, USA) was used by the Regional Laboratory 
for Medical Microbiology & Public Health, Noordwest 
Ziekenhuisgroep and Amphia hospital for the detection 
of the HRP-II antigen specific to P. falciparum and pan-
aldolase for Plasmodium species, following manufactur-
er’s instructions [6].

Microscopy
The thick and thin blood smears were stained with 3% 
Giemsa in phosphate-buffer (pH 7.2), followed by micro-
scopic examination (1000 × magnification) by two experi-
enced technicians, according to WHO recommendations 
[29]. A blood smear was defined as “No malaria parasites 
seen” if a minimum of 100 fields were examined. If para-
sites were detected, the thin blood smears were used to 
identify the Plasmodium species and in the case of P. fal-
ciparum or P. knowlesi also the parasitaemia was calcu-
lated, following the Dutch standard guidelines for thin 
smear microscopy [30, 31].

DNA extraction
DNA was extracted from 200 µL of (EDTA) human whole 
blood using the QIAamp DNA Blood Mini QIAcube Kit 
(Qiagen, Hilden, Germany) on a QIAcube instrument 
(Qiagen, Hilden, Germany), following the manufactur-
er’s specifications. DNA was eluted with 100 µL elution 
buffer and the processed specimen samples were stored 
at − 30 °C.

MC004 melting curve‑based qPCR
The previously described MC004 assay (MRC-Holland, 
Amsterdam, the Netherlands) is a single tube multiplex 
qPCR for the detection and identification of Plasmodium 
species that cause malaria in humans [27]. The assay tar-
gets the mitochondrial DNA of Plasmodium species and 
discriminates between 11  Plasmodium  species/strains 
(P. falciparum, P. vivax, P. malariae, P. ovale wallikeri, P. 
ovale curtisi, P. knowlesi LT48, P. knowlesi ATCC 30153, P. 
knowlesi ATCC 30158 P. cynomolgi ATCC 30149, P. cyn-
omolgi  KJ569866.1 and  P. cynomolgi  KJ569868.1). The 
MC004 assay involves two main steps. (1) asymmetric 
target amplification by two different primer sets, primer 
pair 1 designed to amplify all 11 Plasmodium species/
strains and primer pair 2 designed to amplify only P. 
vivax, P. knowlesi, and P. cynomolgi. (2) detection and 
differentiation of the amplicons using probe-based melt-
ing curve analysis. The three different molecular bea-
con probes were labelled with either Texas Red, Cy5, or 
Cy5.5. The PCR reaction was performed in a final volume 
of 25 µL, including 23 µL MC004 Mastermix (MRC-Hol-
land, Amsterdam, the Netherlands) and 2 µL of extracted 
DNA. Amplification was performed using the CFX96 
Touch Real-time PCR Detection System (Bio-Rad, Her-
cules, CA, USA) and the following settings: 95  °C for 
3 min, 50 cycles of 95 °C for 15 s, 60 °C for 30 s and 68 °C 
for 40 s. Followed by a melting curve step: gradual tem-
perature increase from 25 to 69.4 °C (0.4 °C per 5 s).

Positive and negative controls were used to monitor 
run validity. Each run included two negative controls: 
elution buffer added as template and a fresh uninfected 
human whole blood specimen processed as a separate 
sample. This control should produce an amplification 
curve, if no amplification curve was observed, this may 
be a sign of inhibition and makes the result invalid. To 
guarantee the analytical sensitivity of the assay, every 
run also included a positive control for limit of detec-
tion (1st WHO International Standard for P. falciparum 
DNA, diluted in EDTA whole blood to a concentration of 
1 ×  10–3  IU/mL) [32]. Positive controls for each Plasmo-
dium species come with the MC004 assay as provided by 
MRC Holland.

Quantification of the parasitaemia by the MC004 assay
Nineteen positive P. falciparum samples were used to 
examine the association between the Cq-value deter-
mined with the MC004 assay and the parasitaemia deter-
mined by thin blood smear microscopy. The parasitaemia 
based on Cq-value was calculated using the previously 
described calibration curve of the MC004 assay [27]. For 
the MC004 assay, a Cq-value > 21.7 was reported as a par-
asitaemia of < 0.1%.
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Statistical analysis
Linear regression analysis and calculation of R-squared 
were performed using Microsoft Excel for Mac 2016. 
Confidence intervals and P-values were calculated using 
GraphPad Prism 9 for macOS (version 9.5.1), modules 
‘Simple linear regression’ and ‘Correlation’.

Results
Clinical performance of the MC004 assay compared 
to microscopy and RDT
A total of 304 patients were included in the study for the 
comparison between microscopy, RDT and the MC004 
assay. As shown in Table 1, the MC004 assay tested posi-
tive in 34 cases, including 27 P. falciparum, three P. vivax, 
two P. malariae, one P. ovale wallikeri and one P. ovale 
curtisi. No P. knowlesi, P. cynomolgi or mixed infections 
were detected in the examined patients. The remaining 
270 patients tested negative for the presence of Plasmo-
dium DNA. Twenty-seven (100%) of 27 P. falciparum 
PCR positive samples were identified by microscopy, 
with parasitaemias ranging from < 0.1% to 35.8%. P. vivax 
was identified in 2 of 3 cases (67%), P. malariae in 2 of 
2 cases (100%) and P. ovale in 2 of 2 cases (100%) of the 
PCR positive samples (see Table  1). However, one PCR 
positive P. falciparum sample was identified as mixed 
infection of P. falciparum and P. vivax by microscopy. 
RDT tested positive in all 27 PCR positive P. falciparum 
samples, but missed all PCR-positive P. vivax, P. malariae 
and P. ovale cases.

Analysis of the data showed two discrepancies. In one 
P. vivax PCR positive sample, P. vivax parasites were not 
seen with microscopy and the sample was also tested 
negative with RDT (Palutop + 4 Optima). However, after 
blind re-examination of the blood smear P. vivax tropho-
zoites were seen. Furthermore, a mixed infection of P. 
falciparum and P. vivax was identified by microscopy, 

whereas the MC004 assay only detected the presence of 
P. falciparum DNA. The RDT showed the presence of 
the HRP-II, Pv-pLDH and pan-pLDH band (Palutop + 4 
Optima). Blind re-examination of the blood smear iden-
tified the presence of only P. falciparum trophozoites 
(parasitaemia 1.3%). Therefore, both sensitivity and 
specificity were 100% for the MC004 assay compared to 
microscopy.

Follow‑up during anti‑malarial treatment with the MC004 
assay
Five P. falciparum infected patients (parasitaemia rang-
ing from < 0.1 to 3.1%), one P. vivax, one P. malariae and 
one P. ovale wallikeri infected patient were followed after 
starting anti-malarial treatment. The follow-up sam-
ples (one to four samples per patient) were examined by 
microscopy and the MC004 assay. In one P. falciparum 
(parasitaemia < 0.1%), one P. vivax and one P. ovale wal-
likeri infected patient, the MC004 assay became nega-
tive during follow-up (no melting curves detected). In all 
three cases, no malaria parasites were seen with micros-
copy although malaria DNA was still detected by the 
MC004 assay, see Table  2. Melting curves were absent 
20 days after the start of anti-malarial treatment for P. fal-
ciparum and after 7 days of treatment for P. vivax and P. 
ovale wallikeri, shown in Fig. 1A–C.

The follow-up of the other five patients (one P. malar-
iae and four P. falciparum) stopped when no parasites 
were seen anymore with microscopy (Table  2). The 
MC004 assay did not become negative, but a decrease in 
RFU of the melting curves was observed in every patient, 
see Additional file  1: Fig. S1. Decreased melting curves 
were observed 12  days after the start of anti-malarial 
treatment for P. falciparum (parasitaemia 0.2%), 8  days 
for P. falciparum (parasitaemia 3.1%) and 3  days for P. 

Table 1 Agreement between microscopy, RDT and the MC004 assay for patients with suspected malaria

Note the two discrepancies in bold

Pf/Pv/Pm/Pow/Poc/Po = P. falciparum, P. vivax, P. malariae, P. ovale wallikeri, P. ovale curtisi, P. ovale

*Misidentified mixed infection of P. falciparum + P. vivax

**Presence P. falciparum, P. vivax and PAN band

Microscopy Melting curve‑based qPCR (MC004) RDT RDT

Pf Pv Pm Pow Poc Negative ( +) (−)

Pf 26 0 0 0 0 0 26 0

Pv 0 2 0 0 0 0 0 3

Pm 0 0 2 0 0 0 0 2

Po 0 0 0 1 1 0 0 2

Mixed 1* 0 0 0 0 0 1** 0

No malaria parasites seen 0 1 0 0 0 270 0 270

Total 27 3 2 1 1 270 27 277
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malariae, P. falciparum (parasitaemia 0.1%) and P. falci-
parum (parasitaemia 0.1%).

Comparison of calculated parasitaemia by the MC004 
assay and microscopy
The parasitaemia of nineteen P. falciparum samples 
was determined by microscopy and calculated using 
the calibration curve of the MC004 assay. The results 
of the MC004 assay were compared with the results by 
microscopy, shown in Table  3. The parasitaemia levels 
determined by the MC004 assay are highlighted in red 
if the value was outside the range of the 95% confidence 
interval of the parasitaemia levels determined by micros-
copy [16]. The range of absolute differences was − 2.0% 
(at parasitaemia level of 4.2%) to 0.5% (at parasitaemia 
level of 0.3%). In none of the nineteen samples schiz-
onts or gametocytes were seen by microscopy. Figure  2 
shows the graphical comparison between parasitaemia 
estimated by microscopy and the MC004 assay. A linear 
regression line was fitted (parasitaemia by MC004 equals 
0.52 times the parasitaemia by microscopy plus 0.23) and 
R-squared was calculated (0.87).

Discussion
Clinical performance of the MC004 assay compared 
to microscopy and RDT
In this study, the clinical performance of the novel 
MC004 melting curve-based qPCR assay compared to 
microscopy and RDT was evaluated for the detection 
and identification of Plasmodium parasites. The MC004 
assay detects Plasmodium mitochondrial DNA from 
Plasmodium parasites that cause malaria in humans, 

and identifies the Plasmodium species using melting 
curve analysis based on three different molecular bea-
con probes. The technical validation of the MC004 assay 
using reference samples and synthetic controls was previ-
ously reported [27].

In routine non-endemic setting, the MC004 assay 
showed 100% sensitivity and specificity for the diagno-
sis of malaria in humans. These results align with the 
findings reported by Beyene et  al. [28], which demon-
strated a 100% sensitivity of the MC004 assay compared 
to microscopy. The specificity was slightly lower at 96.7% 
due to the misidentification of mixed infections as single 
infections by the MC004 assay.

Here, two discrepant results were observed between 
the MC004 assay and microscopy. One PCR positive P. 
vivax was missed by microscopy and one PCR positive 
P. falciparum was misidentified as a mixed infection of P. 
falciparum and P. vivax (Table 1). Both discrepant results 
could be related to the result of the RDT, since techni-
cians performing the microscopic examination were 
biased by the RDT results.

The most likely explanation for the missed P. vivax is 
inadequate microscopic examination, as result of a nega-
tive RDT result, although it is known that RDTs can 
give false-negative results in case of non-falciparum 
infections. Since no parasites were reported during the 
first examination in combination with a negative RDT 
result, the possibility of malaria was deemed to be highly 
unlikely by the second microscopist, who consequently 
also failed to identify P. vivax parasites. The initial mis-
diagnosis delayed the treatment of this patient by nine 
months, highlighting the important diagnostic value of 

Table 2 Microscopy versus the MC004 assay in follow-up patients after start anti-malarial treatment

 +   Positive, − Negative

Plasmodium‑species Days after start anti‑malarial treatment

Day 1 Day 2 Day 3 Day 7 Day 8 Day 12 Day 20

P. falciparum
3.1%

Microscopy −
MC004 assay  + 

P. falciparum
0.2%

Microscopy −
MC004 assay  + 

P. falciparum
0.1%

Microscopy −
MC004 assay  + 

P. falciparum
 < 0.1%

Microscopy − − −
MC004 assay  +  + −

P. vivax Microscopy  + − − −
MC004 assay  +  +  + −

P. ovale Microscopy −
MC004 assay −

P. malariae Microscopy −
MC004 assay  + 
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qPCR as additional test in the diagnosis of malaria. Mis-
diagnosis in the case of non-falciparum malaria is not 
uncommon in non-endemic setting and raised as a con-
cern in previously reported literature [33]. RDTs mainly 
focus on the diagnosis of P. falciparum and maintaining 
expertise in the microscopic diagnosis is difficult, as each 
single laboratory in non-endemic setting only encounters 
a small number of malaria cases per year.

In the case of the misidentified mixed infection by 
microscopy, the RDT showed the presence of the P. fal-
ciparum (HRP-II), P. vivax (Pv-pLDH), and pan-pLDH 
band (Palutop + 4 Optima). Although cross-reaction of P. 

falciparum with the P. vivax Pv-pLDH antigen is a known 
issue for RDTs, misunderstanding of the RDT bands 
could have influenced the microscopic examination [34, 
35]. Blind re-examination of the blood smears showed 
that the result of the MC004 assay regarding this discrep-
ancy was also correct; only P. falciparum parasites were 
seen.

No P. knowlesi, P. cynomolgi or mixed infections were 
detected by the MC004 assay during this study, indicat-
ing that these infections are rare in non-endemic set-
ting. The same observation was reported by Gier et al. 
for the period of 2008–2015 in the Netherlands and 

Fig. 1 Melting curves of one P. ovale wallikeri (A), one P. vivax (B) and one P. falciparum (parasitaemia < 0.1%) (C) patient followed after starting 
anti-malarial treatment. The specific melting curve pattern was used to identify the Plasmodium species. The x-axis shows the temperature (°C). The 
y-axis shows the negative derivative of fluorescence (RFU) with respect to temperature (T). The Plasmodium species is indicated in the left corner of 
each figure. The amount of days after the start of anti-malarial treatment is indicated at the right of the melting curves. Red curves correspond to 
the Texas Red labelled probe, purple curves to the Cy5 labelled probe, and brown curves to the Cy5.5 labelled probe. The MC004 assay was reported 
as negative if no melting curves were present. For the sake of clarity, not all follow-up samples are included in the figures
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Calderaro et al. for the period of 2013–2017 in Italy [36, 
37].

Regarding the performance of the RDT, the results 
highlight that the use of RDTs is useful especially for the 
diagnosis of P. falciparum, although, in order to ensure 
correct interpretation, their limitations should be taken 
into account. Besides the already mentioned limitation, 
one should be well aware of the fact that P. falciparum 
variants are circulating that lack HRP-II. Correct identi-
fication of these P. falciparum variants by HRP-II-based 
assays may be compromised [38].

Follow‑up during anti‑malarial treatment with the MC004 
assay
In the present study, several follow-up samples were 
obtained from eight different patients during anti-
malarial treatment. The MC004 assay could still detect 
Plasmodium DNA although no parasites were seen any-
more with microscopy. The MC004 assay became nega-
tive within 7  days after starting anti-malarial treatment 
for one P. vivax and one P. ovale infected patient, and 
between day 4 and 20 for a P. falciparum infected patient 
(Table 2, Fig. 1A–C). The five remaining patients showed 
decreased melting curves after starting anti-malarial 
treatment (Additional file 1: Fig. S1), also indicating the 
process of parasite clearance.

A higher parasite clearance rate was expected for the 
patients with a low parasitaemia (≤ 0.2%) compared to 
the patient with a high parasitaemia (3.1%), since less 

Table 3 Comparison of microscopy and MC004 assay for the 
quantification of parasitaemia

MC004 parasitaemia levels outside the 95% confidence interval (determined by 
microscopy) are in bold [16]

P = Parasitaemia

Parasitaemia (%) [95% 
confidence interval] 
microscopy

Parasitaemia 
(%)
MC004 assay

Cq‑value Difference (%)
(PMC004‑PMic)

4.2 [3.0–5.4] 2.2 16.56 − 2.0

3.5 [2.4–4.6] 1.8 16.90 − 1.7

3.1 [2.0–4.2] 2.2 16.55 − 0.9

3.1 [2.0–4.2] 1.9 16.76 − 1.2

2.8 [1.8–3.8] 2.1 16.61 − 0.7

1.8 [1.0–2.6] 0.7 18.36 − 1.1

1.3 [0.6–2.0] 0.7 18.30 − 0.6

0.4 [0.0–0.8]  < 0.1 22.13 Not applicable

0.3 [0.0–0.6] 0.8 18.17 0.5

0.3 [0.0–0.6] 0.2 20.42 − 0.1

0.2 [0.0–0.5] 0.4 19.38 0.2

0.2 [0.0–0.5] 0.2 20.42 0

0.1 [0.0–0.3]  < 0.1 22.13 Not applicable

 < 0.1 [Not applicable] 0.1 21.25 Not applicable

 < 0.1 [Not applicable] 0.1 21.40 Not applicable

 < 0.1 [Not applicable]  < 0.1 21.91 Not applicable

 < 0.1 [Not applicable]  < 0.1 23.35 Not applicable

 < 0.1 [Not applicable]  < 0.1 24.34 Not applicable

 < 0.1 [Not applicable]  < 0.1 29.04 Not applicable

Fig. 2 Statistical analysis of parasitaemia determined by microscopy and the MC004 assay. The solid black line represents the fitted linear regression 
line of which the equation is shown in the upper-right corner of the graph. The 95% confidence intervals of the best-fit values of the slope and 
Y-intercept are shown in brackets. The slope is significantly non-zero (P-value < 0.0001). R-squared (0.87; P-value < 0.0001) is also shown in the upper 
right corner. Values preceded by a ’less than’ symbol ( <) were excluded
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Plasmodium DNA would be present. However, the dif-
ference in parasite clearance rate could not be correlated 
with the initial parasite density or with the presence of 
gametocytes pre-treatment (determined by microscopy). 
A P. falciparum infected patient with a parasitaemia of 
3.1% showed melting curves around 1000 RFU at day 8 
after starting anti-malarial treatment, whereas the same 
RFU was observed at day 12 for a P. falciparum infected 
patient with a parasitaemia of only 0.2%. Other factors 
that could have influenced the parasite clearance rate are 
the drug concentration, drug resistance and host malaria-
specific immunity [39, 40]. According to the Dutch 
guideline for malaria diagnostics, PCR is not suitable for 
determining the parasitaemia in follow-up patients, since 
PCR cannot distinguish between DNA originating from 
asexual and sexual lifecycle stages, and DNA originating 
from viable and non-viable parasites [41]. Nevertheless, 
a decrease in RFU of the melting curves for each patient 
receiving anti-malarial treatment was shown.

One additional benefit of the MC004 assay is its high 
negative predictive value. According to the UK guideline, 
the microscopic examination should be repeated three 
times (every 12–24 h) in order to rule out the diagnosis 
of malaria [42]. Since over 80% of all malaria tests per-
formed for patients suspected of imported malaria are 
negative, the MC004 assay can greatly reduce the need 
for repeated microscopic examination [43]. In addition, 
the Dutch guideline reported that a negative PCR 28 days 
after anti-malarial-treatment can rule out recrudescence 
or relapse in follow-up patients [41].

Quantification of the parasitaemia by the MC004 assay 
compared to microscopy
Nineteen P. falciparum samples were used to evaluate the 
calculated parasitaemia by the MC004 assay with the par-
asitaemia determined with microscopy. In fourteen of the 
nineteen samples the parasitaemia levels determined by 
the MC004 assay were inside the 95% confidence inter-
vals of the parasitaemia levels determined by microscopy. 
In five samples, including the two highest parasitaemia 
levels of 4.2% and 3.5%, the parasitaemia levels deter-
mined by the MC004 assay fell outside the confidence 
interval (Table  3) [16]. Thus, the MC004 assay under-
estimated a parasitaemia of over 4%, which is a thresh-
old to indicate severe malaria [49]. Figure  2 shows that 
the parasitaemia estimated by the MC004 assay and by 
microscopy were strongly correlated (R-squared of 0.87), 
and the tendency of the MC004 assay to underestimate 
the parasitaemia compared to microscopy.

In microscopy only the trophozoite stages are counted 
and an erythrocyte infected with multiple trophozoites 
is counted as one infected erythrocyte. The parasitaemia 
calculated by the MC004 assay was mostly lower than 

the parasitaemia determined with microscopy. Since the 
MC004 assay cannot distinguish between DNA origi-
nating from the different lifecycle stages, overestimation 
of parasitaemia by the MC004 assay might have been 
expected rather than underestimation. However, in none 
of the samples schizonts or gametocytes were seen by 
microscopy. Therefore, the effect of the presence of schi-
zonts and gametocytes remains unknown. Furthermore, 
the limited number of samples hinders certainty regard-
ing whether the observed differences in parasitemia rep-
resent systematic bias or variation. Large variation in 
parasitaemia determined by microscopy is a well-known 
phenomenon [44]. Microscopy is the gold standard for 
determining the parasitaemia, however, the accuracy of 
microscopy is influenced by the technician’s expertise, 
choice of film type (thick or thin smear), the amount of 
examined fields and red blood cell count [45, 46]. On 
the other hand, small differences in Cq-value can result 
in large differences in the calculated parasitaemia by the 
MC004 assay, especially in the case of high parasitaemia 
(low Cq-value).

This study showed that the MC004 assay has potential 
for indication of parasitaemia in uncomplicated P. fal-
ciparum malaria (parasitaemia < 4%). Further research 
would be needed to evaluate quantification of parasitae-
mia in severe or complicated malaria (> 4%).

Limitations of the study
The present study had limitations. During the study 
period, no mixed infection were observed, as mixed 
infections are rare in non-endemic setting [36, 37]. 
Therefore, the ability of the MC004 assay for the detec-
tion of mixed infections in clinical samples could not be 
evaluated. Another limitation concerns the lack of sys-
tematically collected follow-up samples for each patient 
and the small sample size of eight follow-up patients. Fur-
thermore, quantification of samples with high parasitae-
mias (> 4%) by the MC004 assay could not be evaluated 
thoroughly, since only a single sample with a parasitae-
mia > 4% was present during this study. In addition, the 
diagnostic performance of the MC004 assay should be 
compared to that of alternative molecular diagnostic 
assays, in particular LAMP assays, which are becoming 
increasingly used in developed countries [47, 48].

Conclusion
The MC004 melting curve-based qPCR assay showed 
100% sensitivity and specificity for the diagnosis of 
malaria within routine non-endemic setting. Patient 
health care and clinical disease management were 
improved with the implementation of the MC004 assay, 
especially in the case of non-falciparum malaria. The 
MC004 assay demonstrated more accurate Plasmodium 
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species identification, the ability to indicate the para-
site load of P. falciparum, and can potentially detect 
submicroscopic Plasmodium infections. In addition, 
this study indicated the potential of the MC004 assay 
for therapy-monitoring reflected by the RFU of melting 
curves.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12936- 023- 04617-z.

Additional file 1:  Fig S1. Melting curves of one P. malariae patient and 
four P. falciparum (parasitaemia ranging from 0.1-3.1%) patients that were 
followed after starting anti-malarial treatment. The specific melting curve 
pattern was used to identify the Plasmodium species. The x-axis shows the 
temperature (°C). The y-axis shows the negative derivative of fluorescence 
(RFU) with respect to temperature (T). The Plasmodium species is indi-
cated in the left corner of each figure. The amount of days after the start of 
anti-malarial treatment is indicated at the right of the melting curves. Red 
curves correspond to the Texas Red labelled probe, purple curves to the 
Cy5 labelled probe, and brown curves to the Cy5.5 labelled probe. For the 
sake of clarity, not all follow-up samples are included in the figures.
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