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Abstract

Background Malaria is the parasitic disease with the highest morbimortality worldwide. The World Health Organi-
zation (WHO) estimates that there were approximately 249 million cases in 2022, of which 3.4% were in Angola.
Diagnosis is based on parasite identification by microscopy examination, antigen detection, and/or molecular tests,
such as polymerase chain reaction (PCR). This study aimed to evaluate the usefulness of real-time PCR as a diagnostic
method for malaria in an endemic area (Cubal, Angola).

Methods A cross-sectional study was carried out at the Hospital Nossa Senhora da Paz in Cubal, Angola, includ-

ing 200 patients who consulted for febrile syndrome between May and July 2022. From each patient, a capillary
blood sample was obtained by finger prick for malaria field diagnosis [microscopy and rapid diagnostic test (RDT)]
and venous blood sample for real-time PCR performed at the Hospital Universitario Vall d'Hebron in Barcelona, Spain.
Any participant with a positive result from at least one of these three methods was diagnosed with malaria.

Results Of the 200 participants included, 54% were female and the median age was 7 years. Malaria was diagnosed
by at least one of the three techniques (microscopy, RDT, and/or real-time PCR) in 58% of the participants, with RDT
having the highest percentage of positivity (49%), followed by real-time PCR (39.5%) and microscopy (33.5%). Of

the 61 discordant samples, 4 were only positive by microscopy, 13 by real-time PCR, and 26 by RDT. Plasmodium
falciparum was the most frequent species detected (90.63%), followed by P malariae (17.19%) and P. ovale (9.38%).
Coinfections were detected in ten participants (15.63%): six (60%) were caused by P, falciparum and P. malariae, three
(30%) by P, falciparum and P, ovale, and one (10%) triple infection with these three species. In addition, it was observed
that P falciparum and P malariae coinfection significantly increased the parasite density of the latter.

Conclusions RDT was the technique with the highest positivity rate, followed by real-time PCR and microscopy. The

results of the real-time PCR may have been underestimated due to suboptimal storage conditions during the trans-
portation of the DNA eluates. However, real-time PCR techniques have an important role in the surveillance
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of circulating Plasmodium species, given the epidemiological importance of the increase in non-falciparum species
in the country, and can provide an estimate of the intensity of infection.
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Background

Malaria is the parasitic disease with the highest mor-
bidity and mortality worldwide. According to the World
Health Organization (WHO), approximately 249 mil-
lion cases of malaria and 608,000 deaths were recorded
worldwide in 2022 [1]. This anopheline mosquito-borne
disease is caused by protozoa of the genus Plasmodium.
The five species that infect humans are Plasmodium
falciparum, P. vivax, P. malariae, P. ovale (subspecies:
P. ovale wallikeri and P. ovale curtisi), and P. knowlesi
[2].

Angola, located in southwest Africa, is one of the
malaria high-burden countries, recording 3.4% of malaria
cases and 3.2% of global malaria deaths in 2022 [1]. Plas-
modium falciparum is the most prevalent species, how-
ever, molecular studies carried out in the last two decades
have demonstrated the presence of P. malariae, P. ovale,
and P vivax in smaller proportions [3]. The malaria
prevalence in this country varies according to latitude:
the north is hyperendemic, the center is stable mesoen-
demic, and the south is unstable mesoendemic [4]. Cubal
is a rural locality in the province of Benguela, located in
central-western Angola, which has a tropical climate with
a rainy season (November—May) associated with a period
of high transmission and a dry season (July—October) of
low transmission [5]. Malaria transmission in Cubal has
been defined as stable mesoendemic in previous studies
[6].

Accurate and early diagnosis of malaria is of great
importance for effective treatment and correct man-
agement of the disease. The main diagnostic methods
for malaria are based on the identification of parasitic
forms by microscopic examination of blood smears,
detection of antigens by rapid diagnostic tests (RDTs),
or nucleic acids by molecular methods, such as poly-
merase chain reaction (PCR) and loop-mediated iso-
thermal amplification (LAMP) [7]. Clinical diagnosis is
widely used in endemic areas [8], however, symptoms
are often not specific (fever, chills, muscle pains, head-
aches, and so on), and vary according to the stage of the
disease or the different Plasmodium species causing the
infection [9]. Therefore, the Global Technical Strategy
for Malaria 2016-2030, adopted by the WHO Global
Malaria Program in 2015, recommends that clinical
suspicions of malaria should be confirmed by parasi-
tological laboratory testing (microscopy and/or RDT)
before treatment [10].

Microscopic examination remains the gold stand-
ard technique for malaria diagnosis as it allows for the
quantification and identification of Plasmodium species
in blood samples. However, microscopy has a highly
expert-dependent detection limit of approximately
50-100 parasites/pL, which implies a low sensitivity in
patients with a low parasite load and in those with coin-
fections of two or more Plasmodium species cases [8,
11, 12]. Further, RDTs are a simple, rapid, easy-to-per-
form, and cost-effective method for malaria diagnosis.
The most frequent RDT targeting histidine-rich pro-
tein 2 of P. falciparum (PfHRP2) has a high sensitivity
when the parasite density is > 100 parasites/uL (94.3%),
however, when parasitaemia is less than<100 para-
sites/uL its sensitivity decreases considerably (74.1%)
[13]. Moreover, RDTs do not allow quantification of the
parasitaemia or accurate identification of the Plasmo-
dium species, and mutations in the gene encoding the
PfHRP2 can lead to false-negative results [14, 15].

Currently, molecular methods, mainly based on
PCR protocols, serve as relevant tools for the diagno-
sis of malaria due to their high sensitivity and specific-
ity, as they are able to detect the presence of parasite
DNA in asymptomatic patients or those with very low
parasite loads (detection limit<1 parasite/pL) [16, 17].
Moreover, PCR allows for the specific identification of
Plasmodium species [18]. Quantitative real-time PCR
enables the quantification of the parasite load [19],
making it possible to monitor the response to treat-
ment over time and establish the possible effect of coin-
fections on parasite density [20, 21]. However, PCR has
not been efficiently implemented in resource-limited
settings, mainly due to the high cost of the equipment
and the need for laboratories and specialized techni-
cians [22]. On the contrary, LAMP is a rapid and sim-
ple molecular method for the diagnosis of malaria in all
types of endemic and nonendemic areas. In addition,
the reagents and instrumentation used are cheaper
than those required for PCR techniques [23].

The objective of this study was to evaluate the useful-
ness of real-time PCR for diagnosing malaria in patients
with febrile symptoms in Cubal, Angola, comparing it
with other diagnostic methods (microscopy and RDT).
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Methods

Study population and data collection

A cross-sectional study was conducted at the Hospital
Nossa Senhora da Paz (HNSP, Cubal, Angola) in febrile
patients between May and July 2022. Recruitment of
participants and sample collection was performed as
described by Febrer-Sendra et al. [23], with febrile syn-
drome as the sole inclusion criterion.

Demographic data (age and gender) were collected
for each participant. In terms of age, four population
groups were established: preschool-aged children (PSAC)
(0—4.9 years), school-aged children (SAC) (5-14.9 years),
adults (15-49.9 years), and the elderly (> 50 years).

Sample size calculation

The sample size was calculated from data published in a
previous study at the HNSP of Cubal by Salvador et al.
[6]. A sample size of 186 patients with suspected malaria
was initially estimated with 95% confidence and a 5%
accepted error, with the final sample size rounded to 200
participants [24].

Sample collection and malaria diagnosis
A capillary blood sample and a 3 mL venous blood sam-
ple (collected in a tube with EDTA anticoagulant) were
collected from each participant following the clinical pro-
tocol established by the HNSP. Capillary blood obtained
by finger stick was used for microscopic examination and
RDT, whereas venous blood obtained by venipuncture
was used for molecular analysis (Fig. 1).

Microscopy was used as the standard for diagnos-
ing malaria. Until proven otherwise, it is this test that
is considered the WHO standard for malaria diagnosis.
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Regarding field diagnosis, the malaria case was defined
by a positive result by microscopy and/or RDT.

Microscopy examination

A thick drop smear was prepared from each capillary
blood sample and stained with 10% Giemsa for 15 min
[23]. The reading, diagnosis, and quantification of para-
site load were performed as described by Febrer-Sendra
et al. and by Alger et al. [23, 25]. Three groups of infec-
tion intensity were established according to the parasite
load of each drop following the thresholds marked by
Fox et al. [26], as follows: low intensity (<800 parasites/
pL), medium intensity (800—4000 parasites/pL), and high
intensity (>4000 parasites/uL). The detection limit of
microscopic examination in this study was 80 parasites/
pL.

Rapid diagnostic test

The STANDARD™ Q Malaria Pf/Pan Ag test (SD Biosen-
sor, Republic of Korea) was used for the rapid diagnosis
of malaria (lot numbers: 5102A71AC/1, 5102BJ1ACI1,
and 5102C82AC1). This antigen test targets PfHRP2 of
P falciparum and panmalaric lactate dehydrogenase
(pLDH) of P. falciparum, P. vivax, P. ovale, and P. malar-
iae. The detection limit is 163 parasites/uL. The test was
carried out according to the manufacturer’s instructions.

Molecular analysis

DNA extraction was performed on the same day of sam-
ple collection at the HNSP, using 200 pL of venous blood,
and eluting DNA in 100 pL of elution buffer, as described
by Febrer-Sendra et al. [23]. The eluates were stored in
the HNSP laboratory at —20 °C until transport to Spain.
Eluted DNA samples were shipped to the Microbiology

r{ Sample collection in HNSP (Cubal)

| Capillary blood |

l

Microscopy
by thick
drop

RDT

Venous blood

DNA extraction

Transportation to HUVH (Barcelona) |

Real-time PCR

Fig. 1 Flow chart established for sample collection and diagnostic methods used. Sample collection was carried out at the Hospital Nossa Senhora
da Paz (HNSP) in Cubal. For real-time PCR, a previous DNA extraction step was required, the eluates of which were transported to the Hospital

Universitario Vall d'Hebron (HUVH) in Barcelona
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Department of the Hospital Universitario Vall d'Hebron
(HUVH, Barcelona, Spain) for analysis by real-time PCR.
It should be noted that it was not possible to keep the
samples cold during transport.

A first real-time PCR was performed to detect Plasmo-
dium spp.-specific DNA using the RealStar® Malaria PCR
Kit 1.0 (Altona Diagnostics, Hamburg, Germany) accord-
ing to the manufacturer’s instructions [limit of detec-
tion: 1.27; confidence interval (CI) 0.57-5.42 copies/
pL of eluate]. Positive samples from the first PCR were
tested in a second real-time PCR that detects Plasmo-
dium species-specific DNA using the RealStar® Malaria
Screen & Type PCR Kit 1.0 (Altona Diagnostics), follow-
ing the manufacturer’s instructions. This assay consists of
two independent multiplex reactions, one targeting DNA
specific to P. falciparum and P, vivax (limits of detection:
0.80 and 0.73; CI 0.44-2.45 and 0.46-1.62 copies/pL of
eluate, respectively) and the other targeting DNA specific
to P. malariae, P. ovale, and P. knowlesi (limits of detec-
tion: 0.36, 1.46, and 2.35; CI 0.24-0.74, 0.89-3.28, and
1.37-5.55 copies/uL of eluate, respectively). All real-time
PCR reactions were performed using the CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA).

Negative (nuclease-free water) and positive (Plasmo-
dium spp.-specific or species-specific DNA, obtained
from DNA extraction from blood of patients with
malaria attending HUVH, whose infection was con-
firmed by microscopy and real-time PCR) controls were
included in each run. Samples were considered positive
for Plasmodium DNA when the threshold cycle (Ct) for
the Plasmodium target was<40 and the internal control
amplified effectively.

Although real-time PCR used in this study is not an
absolute but a relative quantitative method, Ct values
were used as an indirect estimate of parasite density [27].

Statistical analysis

Qualitative variables were expressed as percentages
and absolute frequencies. Quantitative variables were
described using the mean or median and standard devi-
ation (SD) or interquartile range (IQR) according to
normality.

Spearman’s correlation test assessed the relationship
between quantification via microscopy and real-time
PCR. The point-biserial correlation test was utilized
to establish the relationship between the patient’s age
and diagnosis by real-time PCR. Potential associations
between diagnosis using the different techniques, as
well as participant’s gender in relation to real-time PCR
diagnosis, were evaluated using the chi-squared test of
independence or Fisher’s exact test. The Kruskal-Wal-
lis test followed by the Mann—Whitney—Wilcoxon test,
and single-factor analysis of variance (ANOVA) followed

Page 4 of 11

by Tukey’s test for multiple comparisons were applied
to detect any significant differences between the groups
established on the basis of infection intensity for quantifi-
cation by microscopy and real-time PCR, respectively. To
test whether there was an effect on parasite density due
to coinfections, single-factor ANOVA and Tukey’s test
for multiple comparisons were applied. In all cases, the
significance level was set at P-value <0.05.

Diagnostic performance parameters for each test (sen-
sitivity, specificity, positive and negative predictive val-
ues) were calculated. Cohen’s Kappa coefficient was used
to analyze the level of agreement between tests, and was
interpreted as follows: slight agreement (0.00-0.20), fair
agreement (0.21-0.40), moderate agreement (0.41-0.60),
substantial agreement (0.61-0.80), and almost perfect
agreement (0.81-1.00). Youden’s index was calculated to
report the effectiveness of each technique: ineffective test
(negative value) and effective test (positive value).

The excess risk of coinfections was calculated as
described by Holzschuh et al. [21]. All species were
assumed to be independently distributed; thus, if X; is the
frequency of one species and X; of another, the expected
frequency of a coinfection will be XX}, and the excess risk
will be %, with Xij being the observed frequency of the
coinfection [21].

Statistical analyses were performed using the R-UCA
package for Windows (version R-UCA-3.3.1.exe).

Results

Characteristics of the study population

A total of 200 participants were included, of whom
54% (108/200) were female. In 199 cases, age could be
recorded, with a median of 7 years (IQR1.4-26.5), of
which 43.7% (87/199) were PSAC, 19.6% (39/199) SAC,
29.7% (59/199) adults, and 7.0% (14/199) elderly.

Malaria diagnosis and intensity of infection

Of all the febrile subjects, 58% (116/200) were diagnosed
with malaria by at least one of the three techniques.
Field diagnosis methods (microscopy and RDT) con-
firmed malaria in 51.5% (103/200) of cases. Regarding
the technique used, 49% (98/200) of samples were posi-
tive by RDT, 39.5% (79/200) by real-time PCR, and 33.5%
(67/200) by microscopy. Of the 98 RDT-positive cases,
PfHRP2 was detected in all of them, in 33.67% (33/98) of
cases both P/HRP2 and pLDH were detected, and no case
was only positive for pLDH.

From the 67 microscopy-positive samples, the mean
parasite density was 3120 parasites/pL (IQR 687-16,287):
47.8% (32/67) were classified as high, 22.4% (15/67) as
moderate, and 29.9% (20/67) as low intensity.

The intensity of infection was estimated by real-time
PCR, and the mean Ct value was 30.3 (SD5.6). In cases
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positive by both microscopy and real-time PCR tech-
niques, a correlation was observed between parasite
density and Ct values (r=—0.5; P-value <0.001).

When comparing microscopy and real-time PCR
results, the high-intensity group continued to be
the most represented (53.57%; 30/56). The median
number of parasites in each group increased sig-
nificantly (P-value<0.05). As expected, lower Ct val-
ues were obtained in the high-intensity infection
group. The median Ct of the high- and low-intensity
groups presented statistically significant differences
(P-value <0.05) (Table 1).

Table 1 Intensity of Plasmodium spp. infection determined by
microscopy and relationship with real-time PCR (n=56)

Infection intensity Infections Microscopy Real-time PCR
N (%) Parasite density (parasite/ ctd

ML

Low 12 (214)  314.0(185.0-476.0) a° 329(4.9) a“

Medium 14(250) 1920.0(12553-2523.8)  29.5(4.5) ab“
bC

High 30(536) 18,121.5(9779.3- 264 (5.28) b
81,959.5)

2The results are expressed as the median and its interquartile range
b The results are expressed as the mean and its standard deviation

¢ Letters indicate statistically significant differences between groups of different
infection intensities for each of the diagnostic techniques (P-value <0.05)
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RDT, real-time PCR, and microscopy results by age
and gender
The median age of participants diagnosed with malaria
by at least one of the techniques employed was 4 years
(IQR1.3-15.5). The technique with the lowest median
age for positive cases was RDT (median=3; IQR1.2—
10.0). The results of the three techniques employed were
significantly related to age (P-value <0.05) (Table 2). The
group with the highest proportion of positive results by
real-time PCR was SAC (48.7%, 19/39), however, no sta-
tistically significant association was found between the
different age groups established (P-value >0.05) (Table 2).
Women presented a higher proportion of positive cases
detected by all techniques, however, no significant asso-
ciation was found with the gender of the participants
(P-value >0.05) (Table 2).

Performance of diagnostic methods

When microscopy is considered the reference technique,
the sensitivity of real-time PCR was 83.6% with a speci-
ficity of 82.7%. Both techniques showed a substantial
level of agreement (x=0.64) (Table 3). When using the
field diagnosis as the reference (microscopy and/or RDT),
real-time PCR had a sensitivity of 64.1% with a specificity
of 86.6%, showing moderate agreement (x=0.5) between
both methods (Table 4). In contrast, using a positive
result of at least one of malaria diagnosis techniques
(RDT, real-time PCR, and/or microscopy) as the refer-
ence, the sensitivity of RDT was 84.5%, that of real-time
PCR 68.1%, and that of microscopy 57.8% (Table 5).

Table 2 Demographic data of the participant’s positive for the different diagnostic methods used

Demographic data RDT Real-time PCR Microscopy RDT + real-time
PCR +microscopy®
N (%) P-value (nN° N (%) P-value (r)° N (%) P-value (r)° N (%) P-value (n°
Age Age (yearS)b 3(1.2-100) <0.001*(=0.37) 5(1.7-17) <0.05* (-0.15) 5(1.5-14.8) <0.05* (-0.16) 4 (1.3-15.5) <0.001* (-0.27)
0-49years (87/199;  54(62.1)  <0001* 37(425)  >005 32(368)  >005 58(667)  <001*
43.7%)
5-149years (39/199; 25 (64.1) 19 (48.7) 17 (43.6) 27 (69.2)
19.6%)
15-49.9 years (59/199; 15 (254) 18 (30.5) 14 (23.7) 25 (42.4)
29.7%)
>50years (14/199;  3(214) 5(35.7) 3(214) 5(35.7)
7.0%)
Gender Female (108/200; 55 (50.9) >0.05 47 (435) >0.05 41 (38.0) >0.05 66 (61.1) >0.05
54%)
Male (92/200; 46%) 43 (46.7) 32(34.8) 26 (28.3) 50 (54.3)

2 Patients with a positive result in at least one of the three techniques (RDT, real-time PCR, and/or microscopy)

b The results are expressed as the median and its interquartile range

“The r-value is the Pearson correlation coefficient of age with respect to malaria diagnosis by the different techniques.

*Statistically significant
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Table 3 Performance of real-time PCR using microscopy as the reference (n=200)

Microscopy
N

Sensibility (95% Cl)

+ —_

Specificity (95% Cl)?

PPV@ (95% CI)*  NPV®(95% Cl)*  Kappa (95% CI)®  Youden's index

Real-time PCR  + 56 23
- 11 110

83.6(72.1-91.1) 82.7 (75.0-88.5)

709 (59.4-80.3) 90.9 (84.0-95.2) 0.64(0.52-0.75) 0.66

2 Cl, confidence interval; PPV, positive predictive value; NPV, negative predictive value

Table 4 Performance of real-time PCR using field diagnosis (microscopy and RDT) as the reference (n=200)

Microscopy+RDT®  Sensibility (95%  Specificity (95%  PPVP (95% CI)® NPV (95% CI)°  « (95% CI)® Youden's index
N ane an
+ a—
Real-time PCR + 66 13 64.1(540-73.1)  86.6(77.8-924)  835(73.1-906) 694 (60.3-77.3) 0.50(0.38-0.62) 0.50
- 37 84

2 Patients with a positive result in at least one of the two techniques used in the field (microscopy and/or RDT)

b Cl, confidence interval; PPV, positive predictive value; NPV, negative predictive value

Table 5 Performance and comparative results of malaria diagnostic techniques using all malaria diagnosis techniques as the reference

(n=200)
RDT +real-time Sensibility (95% CI)°  Specificity (95% CI)®  PPVP (95% CI)°®  NPV? (95% Cl)°>  Youden's Index
PCR+ microscopy® N
+ —
RDT + 93 0 84.5 (76.8-90) 100 (95.6-100) 100 (96.2-100)  84.2 (73.8-885)  0.85
- 18 84
Real-time PCR  + 79 0 68.1(59.2-75.9) 100 (95.6-100) 100(954-100) 694 (60.7-769)  0.68
- 37 84
Microscopy + 67 0 57.8 (48.7-66.4) 100 (95.6-100) 100 (946-100)  63.2 (547-70.9) 058
- 48 84

2 Patients with a positive result in at least one of the three techniques (RDT, real-time PCR, and/or microscopy)

b Cl, confidence interval; PPV, positive predictive value; NPV, negative predictive value

The similarities and discrepancies between the diag-
nostic techniques are shown in Fig. 2. A total of 55 sam-
ples were positive and 84 negative by the three diagnostic
techniques (real-time PCR, RDT, and microscopy). The
highest similarity of positive cases was observed between
real-time PCR and RDT (10 samples), while the nega-
tive cases for infection showed higher similarities in the
diagnosis by real-time PCR and microscopy (26 samples).
Despite the discordances, malaria diagnosis by each of
the techniques was shown to be significantly dependent
(P-value <0.001).

Molecular identification of Plasmodium species

Species identification was not successful in 19% (15/79)
of the confirmed cases due to low sample parasitaemia
(first real-time PCR Ct values > 34.5). The species could

be identified in 64 samples, with P falciparum being the
most prevalent (90.6%; 58/64), followed by P malariae
(17.2%; 11/64) and P. ovale (9.4%; 6/64). Single infection
was determined in 84.4% (54/64) of cases, while coinfec-
tions with two or more Plasmodium species were found
in 15.6% (10/64) (Fig. 3a).

Of all monoinfections, those caused by P. falciparum
were by far the most prevalent (88.9%; 48/54), followed
by P. malariae (7.4%; 4/54) and P. ovale (3.7%; 2/54). In
these cases, 83.3% (45/54) were RDT-positive (42 P. fal-
ciparum, 2 P. malariae, and 1 P. ovale). P/HRP2 was
detected in all positive RDTs; in contrast, the pLDH band
was only visualized in 57.14% (24/42) of P. falciparum
infections and one case of . ovale but not in P. malariae.
Of patients with P falciparum monoinfections, 45.8%
(22/48) were PSAC, 25% (12/48) SAC, 22.9% (11/48), and
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Real-time PCR
n=79
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4

Microscopy
n=67
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B Negatives

Real-time PCR
n=121

10

Microscopy
n=133

Fig. 2 Venn diagrams for comparison between diagnostic techniques (real-time PCR, microscopy, and RDT). A Distribution of positive samples
for Plasmodium spp. infection for each technique. B Distribution of negative samples for Plasmodium spp. infection for each technique

Plasmodium species.

A (n=64)

B P. falciparum

P. malariae

P. ovale

B Coinfections

Coinfections
B (n=10)

% mP. falc:parltlm
+ P. malariae

P. falciparum

30 + P. ovale

W P. falciparum
+ P. malariae
+ P. ovale

Fig. 3 Molecular identification of Plasmodium species in patients diagnosed with malaria by real-time PCR. A The results of real-time PCR specific
to each Plasmodium species are shown graphically. Coinfections refer to infection by more than one Plasmodium species. Results are expressed
as the percentage of infections in which the species could be determined (n=64). B Coinfections of different Plasmodium species are plotted.

Results are expressed as a percentage of coinfections (n=10)

6.3% (3/48) elderly; of those monoinfected with P. malar-
iae, 50% (2/4) were PSAC, 25% (1/4) SAC, and 25% (1/4)
elderly, while those monoinfected with P ovale were all
SAC.

Regarding the ten coinfections, P. falciparum was pre-
sent in all cases, with P falciparum +P. malariae being
the most common combination (60%; 6/10), followed by
P. falciparum+P. ovale (30%; 3/10). One case of triple
coinfection with P falciparum+P. malariae+P. ovale
was found (10%; 1/10) (Fig. 3b). All cases of coinfection
were RDT-positive. PHRP2 bands were visualized in all

these cases, whereas pLDH was visualized in 66.7% (4/6)
of P falciparum+P. malariae coinfections and 33.3%
(1/3) of P. falciparum+P. ovale, but not in the case of
triple coinfection. Patients with coinfections were 6/10
(60%) PSAC, 3/10 (30%) SAC, and only 1/10 (10%) was an
adult, aged 17 years.

The expected and observed frequencies of the dif-
ferent coinfections were as follows: 4.7% and 9.4% of
P falciparum+P. malariae, 2.3% and 4.7% of P. falci-
parum+P. ovale, and 0.2% and 1.6% of triple coinfec-
tion, respectively (Fig. 4a). The excess risk was estimated
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of the density of each Plasmodium species according to the type of infection (mono or coinfection). Results are expressed as mean Ct and SD (error
bars). The asterisk indicates significant differences (P-value < 0.05) between the mean Ct of P malariae infections in the case of monoinfections

and coinfection with P, falciparum

for the coinfections: triple infection (10.7), P falcipa-
rum+ P. malariae (2.0), and P, falciparum + P. ovale (2.0).

The results of the possible effect of coinfections on
parasite density estimated by real-time PCR are shown
in Fig. 4b. The mean Ct value for P falciparum was
lower when coinfected with P malariae (Ct=28.5) com-
pared with single infection (Ct=32.4) (P-value>0.05).
The same was observed for P. malariae coinfected with
P. falciparum (Ct=32.0) compared with monoinfection
(Ct=35.9) (P-value <0.05).

Discussion

The aim of this study was to evaluate the usefulness of
real-time PCR for the diagnosis of malaria in a group of
febrile patients from a rural setting in Angola. The prev-
alence of malaria in patients with febrile syndrome in
Cubal was 58%. In a study conducted in Bengo (a prov-
ince in northwestern Angola), the prevalence observed
was 15.9%, determined by microscopy and PCR [28].
These differences were attributed to the fact that in the
Bengo study, participants were selected regardless of
their symptomatology. Other studies conducted in locali-
ties of Central African countries such as Gabon and
the Republic of the Congo, where the transmission rate
is higher and more uniform than in Angola, showed a
malaria prevalence of 69.6% in febrile children by PCR

and 32.5% in febrile patients of all ages by RDT, respec-
tively [29, 30].

RDTs and microscopy are the most widely used diag-
nostic methods for malaria control [31]. Microscopy
remains the gold standard for the diagnosis of malaria
infection; however, more sensitive methods capable of
providing early and accurate diagnosis are needed [32].
In this study, taking the results of three techniques used
as the reference, real-time PCR had a higher sensitivity
(68.1%) than microscopy (57.8%) but RDT had a higher
sensitivity (84.5%) and negative predictive value than
real-time PCR. However, using microscopy as the refer-
ence method, real-time PCR showed a higher specificity
and positive predictive value than RDT according to the
results published by Febrer-Sendra et al. for RDT [23].

Our results agree with other published works in which
real-time PCR and RDT had higher sensitivities than
microscopy, taking the results of the three techniques as
the reference [33—36]. In contrast, most of them obtained
a higher sensitivity for real-time PCR than RDT [34, 36].
However, other studies obtained similar sensitivities [35],
and others agreed with our results [33]. In our case, this
low sensitivity of real-time PCR could be due to inade-
quate storage and transport of DNA eluates, which could
have caused sample degradation. In addition, the use of
venous blood for DNA extraction may have reduced the
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sensitivity of real-time PCR instead of using capillary
blood [37].

Classic microscopy is considered the gold standard
method for malaria diagnosis, and RDT and real-time
PCR are more sensitive alternatives for estimating the
prevalence in patients with febrile symptoms in endemic
areas [35]; however, PCR has not yet been adequately
implemented in the field. In this sense, LAMP is a good
alternative in rural areas with limited resources. In the
study by Febrer-Sendra et al. conducted in Cubal in
2022, a colorimetric and real-time LAMP was used for
malaria diagnosis, obtaining a higher performance than
that obtained in this study using real-time PCR [23].
These results suggest the importance of implementing a
diagnostic method with better performance than micros-
copy. Therefore, and despite the effort made in this study,
the strategy of performing DNA extraction in situ is not
recommended unless optimal storage conditions can be
guaranteed for a truly effective molecular analysis.

Regarding the discordances obtained between the
three diagnostic methods, samples that were positive
by microscopy or RDT and negative by real-time PCR
could be explained by the different method of blood col-
lection and the possible degradation of the DNA during
transport to Barcelona. On the contrary, those that were
positive by real-time PCR and negative by microscopy or
RDT could be due to the parasite load being submicro-
scopic or below the RDT detection limit. Nonetheless,
there is a possibility that these latter mismatches between
real-time PCR and RDT could be due to a deletion of the
pfhrp2 gene (which encodes for the target protein of the
antigenic test), as has been reported in other countries in
West sub-Saharan Africa [38, 39].

Furthermore, quantification of parasite density by
microscopy provides information about the intensity of
the infection as well as monitoring the response to treat-
ment [40]. In addition, real-time PCR allows for an indi-
rect estimation of the parasite load through Ct values
[41]. It was expected that most febrile patients show a
high intensity of infection, as published by Mangal et al.
[42]. In our case, we observed that as parasite densities
determined by microscopy increased, the Ct of real-time
PCR decreased. Thus, this Ct value could be an indirect
measure of parasite load and would allow the determina-
tion of the intensity of infection, at least in the high- and
low-intensity groups.

Gender was not related to real-time PCR diagnosis,
however, female patients and children presented a higher
proportion of positive cases, as described in another
study carried out in Ethiopia [43]. These results high-
light the great importance of focusing on the younger
age groups, as children under 5 years of age are those
most affected by malaria worldwide and have the highest
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mortality. In our case, the technique with the greatest
capacity to identify infections at an earlier age was RDT,
with a higher correlation than real-time PCR or micros-
copy. Again, RDT vyielded better results than real-time
PCR. Moreover, its rapidity in producing a result makes
it a highly effective technique for the diagnosis of malaria
in children. Nevertheless, once again we emphasize the
importance of sample preservation during transport,
which could have altered the results of real-time PCR.

Single-step real-time multiplex PCR has advantages
over end-time PCR, such as greater sensitivity, speed, and
lower risk of cross-contamination, in addition to allow-
ing for the identification of Plasmodium species in fewer
reactions [44]. In our study, the most prevalent Plasmo-
dium species was P. falciparum, followed by P. malariae
and P, ovale. The same results were previously described
by Fangony et al. in Northern Angola in 2012 [3].

It is important to highlight that coinfections with dif-
ferent Plasmodium species are frequently overlooked
by microscopic examination [12]. In this study, a higher
number of mixed infections (15.6%) was found com-
pared with those reported by other studies conducted in
Angola (7.6%) or Zambia (10.3%) [3, 45]. Regarding caus-
ative species, the most prevalent coinfection was caused
by P falciparum and P. malariae, in concordance with
published data from Angola and Zambia [3, 45].

Since P falciparum is the most prevalent species in
Cubal, and it was expected to be present in all cases of
coinfection. On the basis of our results, we found that the
prevalence of coinfections was higher than expected if
each species was randomly distributed in the host pop-
ulation. Therefore, we believe that there must be one or
more factors that could explain this fact, such as differ-
ent host susceptibility to infection and/or heterogeneity
of individual exposure to mosquito bites [21]. It should
be noted that most coinfected patients were children, and
only one corresponded to an adult (17 years old).

From the real-time PCR Ct values, we were able to
estimate the effect of coinfections on the parasite den-
sity of each Plasmodium species. Interestingly, when
P. malariae coinfected with P falciparum, the Ct values
of P malariae were lower than in individual infection,
which implies that its parasite density is higher when
coinfected with P, falciparum. Our results are in perfect
agreement with those of another study in Papua New
Guinea, in which they observed this benefit of P malar-
iae when coinfected with other species [21]. An increase
in the parasite density of P. falciparum and P. ovale was
also observed in coinfections; however, the low number
of samples could explain why a statistical relationship in
these cases was not observed.

A striking fact of this study is that three patients
infected only with non-P falciparum species (two
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P. malariae and one P. ovale) were positive for the detec-
tion of P/HRP2 by RDT. As this protein is specific to
P. falciparum, these results would support the idea that
the DNA could be degraded during sample transport,
with the consequent non-detection of P. falciparum.

Limitations of this study

Several limitations were identified in this study that could
affect the interpretation of the results. Microscopy was
performed by a single microscopist rather than by two
independent technicians, which limits the robustness
of the results. It is also important to note that the blood
sample used for microscopy and RDT diagnosis (capillary
blood) was not the same as that used for real-time PCR
(whole blood), which could introduce variability in the
results. During the transport of the eluted DNA to the
HUVH in Barcelona, the cold chain could not be main-
tained at all times, which could have affected the quality
of the DNA analyzed. Finally, the positive controls used
in the PCRs did not correspond to strains commonly
used in this type of study, such as 3D7 or NF54, but were
based on DNA from the blood of patients previously
diagnosed with malaria by microscopy and real-time
PCR, which could limit the comparability of the results.

Conclusions

Despite logistical constraints regarding the preservation
of DNA eluates during transport, our study demonstrated
that real-time PCR is more effective than microscopy for
detecting malaria in febrile patients in Cubal (Angola). It
is imperative that the method of sampling and preserva-
tion during transport be rigorously adhered to so that an
accurate result of molecular techniques can be ensured.
Furthermore, real-time PCR can provide an estimate of
the intensity of infection and allows for the identification
of Plasmodium species for surveillance purposes.
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