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Transfusion-transmitted malaria is a severe disease with high fatality rate. Most Brazilian
blood banks in the Amazon region perform malaria screening using microscopic examina-
tion (thick smears). Since low parasite concentrations are expected in asymptomatic blood
donors a high sensitivity test should be used for donor screening. This study determined
the sensitivity of a nested-PCR for plasmodium detection in pooled samples. We performed
a one-stage criterion validation study with 21 positive samples pooled with samples from
ten negative volunteer until three different concentrations were reached (0.33; 0.25;
0.20 parasites/lL – p/lL). Nested PCR was performed as described by Snounou et al.
(1993). Sensitivities (and confidence intervals) were determined by stratum of final para-
site concentration on the pooled samples. All samples with parasitemia values of 0.33 and
0.25 p/lL had 100% sensitivity (95%CI = 86.3–100). One negative result was obtained from
a sample with 0.20 p/lL sensitivity = 95.2% (95%CI = 76.2–99.9). Compared to parasitemia
detectable under ideal conditions of thick smear, this nested-PCR in pooled sample was
able to detect 40 times more parasites per microliter. Nested-PCR in pooled samples should
be considered as a high sensitive alternative to thick smear for donor screening in blood
banks at endemic regions. Local authorities need to assess cost:benefit advantages of this
method compared to alternatives.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Malaria causes nearly 230 million clinical episodes
every year across the world [1]. In the Brazilian Amazon re-
gion there are nearly 300 thousand episodes per year.
Although rare compared to natural infection, transfusion-
transmitted malaria (TTM) is a severe disease with a high
fatality rate [2,3]. In Brazil, according to National Blood
transfusion Surveillance System, there were four notified
cases of TTM (Plasmodium vivax) since 2005, all fatal
(personal communication).

Three important factors affect TTM: (1) malaria preva-
lence in blood donors, (2) donor selection by question-
naires (clinical sign/symptoms and epidemiological
exposures) and (3) laboratory screening. In the Brazilian
Amazon region endemic for malaria, the algorithm to se-
lect blood donors similarly uses questions about signs,
symptoms and exposure history. After questionnaire
screening parasitological laboratory test are mandatory
for malaria screening. Although laboratory screening
procedures with high sensitivity are desirable in blood
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banks, malaria detection remains a challenging task.
Almost all blood banks in the Brazilian Amazon region rely
on the microscopic examination of thick smears for malar-
ia screening.

It is well known that examination of thick smears has
several limitations when applied to screening donors for
blood banking: (a) the expected low parasite counts in
asymptomatic donors (incubating, asymptomatic plasmo-
dium carriers, plasmodium species variations) can result
in much lower sensitivity of thick smear examinations
compared to nucleic acid test (NAT) [4]; (b) thick smear
tests are very dependent on a technicians manual prepara-
tion and reading of slides, often subject to wide variations;
(c) there is no consensus of how many fields of a malaria
slide should be examined to call it ‘‘negative’’. The Brazilian
Guidelines for Malaria Diagnostic Procedures recommend
at least 500 fields be examined for a negative determina-
tion. Other studies recommend the examination of
100–500 fields [5–7].

Asymptomatic plasmodium carrier (APC) have low
parasitemias [8,9] and are the source of most cases of
TTM [10,11]. Worldwide, the use of the NAT to detect
low and sub-microscopic parasite density cases of APC is
widespread for research purposes. The use of the NAT as
a malaria screening test in blood bank settings of endemic
areas, should be evaluated as an alternative. Compared to
thick smears, NAT is known to have higher sensitivity
[4,12,13] and less dependency on human error. On the
other hand, costs are higher than those of conventional
screening tests. The use of pooled samples may overcome
this limitation [14]. The screening of blood donors for ma-
laria has a few key issues which must be addressed from
both a practical and a scientific standpoint. This paper be-
gins to looks at the practicality of pooling blood samples to
defray costs.

It has been previously described that the nested poly-
merase chain reaction (nested-PCR), as described by
Snounou et al. [15], is able to detect from 20.0 to 1.0
parasites/lL (p/lL), depending on protocols of DNA puri-
fication and sample type [16–19]; We present here a sen-
sitivity analysis of the nested-PCR previously described
[15], using pooled whole blood samples, and we discuss
the usefulness and limitations of this procedure in blood
banks to reduce costs and to improve safety of blood
transfusions.
2. Materials and methods

2.1. Type of study

This is a one-stage criterion validation study for the
assessment of sensitivity. The study was carried out in
the context of a validation study for a pooled-sample PCR
test, a potentially useful tool to screen for malaria-positive
donors in blood bank settings. This study used slide
confirmed malaria samples for P. vivax and Plasmodium
falciparum from 20 patients and one in vitro culture of
P. falciparum. Slide confirmed negative samples were
obtained from 10 subjects who were not from a malaria
endemic area.
2.2. Preparation of pooled samples

The parasite concentrations were determined on all
malaria patients by thick smear. We then diluted these po-
sitive samples using whole blood from the negative sam-
ples until concentration of 1.0 p/lL (in different volumes)
was reached. This lower limit was based on the assumption
that 1.0 p/lL would be easily missed diagnosed as negative
by routine thick smear screening of blood bank donors and
occurs often enough to be dangerous among APC in popu-
lations of endemic areas. This first step represents the low
parasitemias of patients presenting for blood donation
who have passed clinical and epidemiologic screening pro-
cedures. In the next step, representing further dilutions by
‘‘pooling’’ of blood samples, we added different volumes of
negative whole blood samples to reach a volume of 3.0 mL
– attaining different final parasite concentrations, as fol-
lows: 0.33, 0.25 and 0.20 p/lL. The negative samples were
not pooled before added in the positive samples. Once
sensitivity dropped below 100% no further dilutions were
done.

2.3. Microscopy

Thick smears were fixed in methanol and stained with
3% Giemsa for 30 min at room temperature. Parasite
concentrations were determined by one experienced
microscopists from the Julio Müller Hospital (a teaching
hospital affiliated to the Mato Grosso Federal University)
examining 200 fields.

2.4. Nested-PCR

i. DNA extraction. About 3.0 mL of whole blood was used
for DNA extraction for PCR. The extraction was performed
using the extraction kit Wizard� Genomic (DNA Purifica-
tion Kit) from Promega�, as instructed by the manufacturer.
After rehydration step, DNA was used for amplification
immediately or storage at 2–8 �C.

ii. Amplification and detection. The nested-PCR method
was previously described by Snounou et al. [15], with small
changes. This strategy targets sequences for amplification
of the 18S ribosomal subunit genes of three prevalent ma-
laria parasites in Amazon region, P. vivax, P. falciparum and
Plasmodium malariae. The genus amplification used the
rPLU5 and rPLU6 primers. The specie-specific amplification
used the rVIV1 and rVIV2 for P. vivax, rFAL1 and rFAL2 for
P. falciparum and rMAL1 and rMAL2 for P. malariae. To re-
duce the risk of contamination and pipetting error during
preparation of the reagent mixture (Mix), the PCR Master
Mix, of Promega� was used. The final volume reaction
was 25.0 lL including: 20.0 lL of PCR Master Mix (0.6
units of Taq DNA Polymerase, 400 lM of each DNTP,
3 mM of MgCl2 and Tris buffer pH 8.5), 1.0 lL of each pri-
mer at 6.25 lM, and 3.0 lL of DNA sample. All primers
were purchased from IDT� (Integrated DNA Technologies,
Inc., Coralville, Iowa, USA). The samples were amplified
using a thermocycler (Mastercycler� Pro Eppendorf
Scientific Inc., Westbury, NY, USA). 25 and 30 cycles for
amplification were used in the genus and specie-specific
amplification reaction, respectively. To visualize the



Table 1
Sensitivity results for nested-PCR in the pooled samples using three
dilution ratios (n = 63) from 21 positive samples for Plasmodium sp.

Pool p/lL +/total Pool sensitivity (%) 95%CIa

1:2 0.33 21/21 100.0 86.3–100
1:3 0.25 21/21 100.0 86.3–100
1:4 0.20 20/21 95.2 76.2–99.9

a Binomial 95% confidence intervals.
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products of the nested PCR, an agarose gel electrophoresis
containing 1.5% ethidium bromide was performed. Electro-
phoresis visualization was carried out using a photo
documentation system. In all samples, a 1 kb marker
(Invitrogen, Inc., USA) for further measurement of the
molecular weight was used.

One negative control and one positive control for each
P. falciparum and P. vivax were included alongside each
run of DNA extraction, amplification and detection.

2.5. Data analysis

The gold standard for this study was the use of spiked,
known positive samples (albeit to lower dilutions). The
sensitivity was determined for each stratum of parasite
concentration among the pooled samples. Sensitivity was
stratified by dilution (parasite concentration) for pools.
Pools with a positive result in the nested-PCR were consid-
ered true-positive cases. A binomial 95% confidence inter-
val (95%CI) was calculated for each stratum.

2.6. Ethical approval

This study was approved by the Ethical Committee of
Hospital Universitário Júlio Müller at Universidade Federal
do Mato Grosso (Register #640/09) and by the Ethical
Committee of Medicine School at Universidade de Brasília
(Register #028/2009).

3. Results

There were 21 different positive samples with initial
parasitemias ranging from 25 p/lL to 20,537 p/lL. These
isolates were from patients contracting their infections
from 12 different regions across the Brazilian Amazon.
Eighteen samples were identified as P. vivax and three as
P. falciparum, including one from in vitro culture. Negative
samples were obtained from 10 different subjects from the
city of Cuiaba, Mato Grosso state, Brazil. Each of the posi-
tive samples were diluted to 1.0 p/lL, then further diluted
to 2:1, 3:1 and 4:1 (representing pools of 3, 4 and 5 sam-
ples) resulting in final parasite concentration of 0.33 p/
lL, 0.25 p/lL and 0.20 p/lL, respectively. A total of 63
pooled samples (3 of each positive sample and of each par-
asite concentration) were tested. All pools with parasite-
mia values of 0.33 p/lL and 0.25 p/lL had a positive
result in the nested-PCR. One negative result was obtained
from pooled samples with 0.20 p/lL (P. vivax).

The sensitivities for the pooled samples are shown in
Table 1. The sensitivity was 100% (95%CI = 86.3–100) for
each of the 1:2 and 1:3 dilution pools. A slightly lower
sensitivity result was obtained in the 1:4 dilution pool
(sensitivity = 95.2%; 95%CI = 76.2–99.9).

4. Discussion

The use of NAT technology to screen blood bank donors
for infectious agents is becoming more feasible through
technological advances. There has been little done to study
its practical application for malaria screening in real life
settings, with the high cost of NAT a major deterring factor.
The theoretical high sensitivity of NAT suggests that pool-
ing of samples might be a way to reduce costs while main-
taining test validity. Nested-PCR, as described by Snounou
et al. [15], has shown high sensitivity during epidemiologic
research when spot samples are obtained on filter paper
[20].

However, PCR screening of pooled whole blood samples
for blood bank should consider four issues which might
affect sensitivity. 1. Degradation of target DNA during col-
lection, storage or processing of samples. 2. Known ubiqui-
tous inhibitors of PCR presenting in all donors (hemoglobin
(Hb), immunoglobulin G (IgG), and lactoferrin [21]. 3. Un-
known inhibitors (present in some of donors but not in
others). 4. Dilution of target DNA (and inhibitors). This
study looks at all but the third issue.

Mimicking a 1:3 or 1:4 pooling scenario for blood bank
screening, we showed that dilution of positive blood sam-
ple with negative blood samples of three different negative
donors do not affect the expected sensitivity of a standard
nested-PCR [22]. The level of detection achieved in our
experiment was compatible with other studies [20,22,23].
However, since the initiation of this study, Mahajan et al.
[24] describes a newer method of plasmodium DNA purifi-
cation from whole blood, which includes saponin incuba-
tion, that achieved a sensitivity of 0.002 p/lL, about a
thousand fold increase above our observed sensitivity. This
impressive sensitivity was reached in the context of a cul-
tivated P. falciparum added in whole blood and with a dif-
ferent set of primers. In our protocol, adding saponin was
not performed since Promega extraction kit Instructions
do not included this step. But even with the potential for
Mahajan’s new methods to greatly increase the sensitivity
(implying reduced cost by adding more donors to the pools
and/or detecting even lower levels of parasitemias which
still could cause TTM) this methods must be studied under
conditions mimicking blood bank conditions because of
the potential for inhibitor issues (item 3, above).

The inhibitory effect of hemoglobin (Hb) and other
inhibitory factors on PCR limits the volume of blood that
can be used in the PCR-based detection of intraerythrocytic
plasmodium parasites [25] and, consequently, the pool
size. For the known inhibitors it was assumed that all do-
nors in our study have more or less the same quantity
and quality of these types of inhibitors, so pooling samples
would represent all donors in this respect. There may be
other, unidentified PCR inhibitors in whole blood (in both
malaria positive as well as malaria negative samples) only
detectable by screening large numbers of donors. Our
source of only 10 negative donors was too small to guaran-
tee a low prevalence of these types of rarer, individual
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inhibiting factors [21]. This issue should be resolved in a
future study incorporating a much larger number of nega-
tive samples. In theory, as the PCR test is modified to in-
crease its sensitivity to dilution, any attempts to increase
the pool size to reduce costs could increase the chance of
these types of inhibitors, resulting in false negative tests.
Until this research is done, perhaps a positive control could
be used to detect false negatives, but this would double the
material cost of testing.

It is also necessary to consider the costs and benefits for
using lower volume of blood in each pool to reduce inhib-
itor effects. This is because a PCR result could be seen as a
‘‘competition’’ between target DNA (usually very low) and
inhibitors. On one hand, the probability to included plas-
modium infected red cells tends to increase as a higher
blood volume is tested. On the other hand, based on Maha-
jan et al. [24] results, it is possible that the limiting effect of
inhibitors will tend to decrease if lower blood volume is
tested. Therefore, we may question if lower blood volume
in each pool could enhance the PCR sensitivity and over-
come the low parasitemia limitation.

Under ideal conditions, thick smear examinations are
able to detect between 10 and 50 p/lL [26,27]. In practice
one can only detect parasites at 10 times these concentra-
tions (100–500 p/lL) [28,29]. Furthermore, in areas where
slides are not routinely read (imported malaria), the lack of
expertise among microscopists has been a major problem
[7,12,23]. This same argument can be applied to those
who screen blood donors by slide examinations in blood
banks. They may see very few cases because the clinical/
epidemiological screening excludes all cases except for
those with nearly undetectable, though infectious, para-
sitemias. In our study nested-PCR in pools of four samples
using whole blood was able to detect 0.25 p/lL with 100%
sensitivity (1:3 dilution). This parasite concentration is 40
times less than ideal conditions for thick smear test or 400
less than practical conditions. Furthermore, this increased
sensitivity is under the conditions of pooled samples which
not only reflects dilutional factors but also the relative in-
creased concentration of the known inhibitors present in
all whole blood samples (i.e. had we diluted to final vol-
ume with only serum the inhibitors would not be present).
Since the continued use of thick smear for blood bank
screening has a high risk of false-negative results, some
authors have discussed the importance of the NAT to better
understand the epidemiology of malaria as it relates to
TTM [17,30,31]. Fujikaha et al. [32] using nested-PCR,
found up to 3% prevalence in blood donors from Amazon
region. Another study using Real-Time PCR found a preva-
lence of 1.3% P. vivax infections in blood bank donors of an
endemic region (State of Para) [33]. These authors con-
cluded that a more sensitive method of diagnosing malaria
is necessary in blood banks in endemic regions. However,
the high cost of NAT compared to thick smear is considered
an obstacle to its implementation. Even though it is eco-
nomically attractive to consider only a genus screen as
the first step, the poor sensitivity reported by others, when
a single genus-specific PCR amplifications is performed
(set of primers rPLU 1–rPLU 5; rPLU 3–rPLU 4; rPLU 5–rPLU
6), has shown this to be too inaccurate to use as a screening
test [15,18].
Under the limitation of our study (small number of
negative subjects used for pooling) nested-PCR proved to
be a good alternative laboratory technique for blood bank
screening compared to standard examination of thick
smears. As sensitivity to detect even more dilute DNA
improves [24] enabling larger numbers in pools, larger
number of blood donors need to be studied to assess
whether or not individuals carry unidentified PCR inhibi-
tors, and if so, in concentrations high enough to result in
false negatives of pooled samples. It would also be neces-
sary to conduct cost-effectiveness analysis comparing to
standard malaria screening algorithms.

In Brazil, the directives of the National Health Surveil-
lance Agency (ANVISA) and Ministry of Health have made
malarial screening of blood bank donors mandatory in en-
demic regions. The directives require that tests need to
have high sensitivity and that the NAT can be used for sin-
gle or pooled samples. However, in practice Brazilian blood
banks usually base malaria screening on questionnaire
data and thick smear tests. Our study shows the promise
of a better laboratory test, which someday may be cheaper
through pooling protocols. This study has some subtle lim-
itations. The tested samples are not fully independent.
Although each pool (of a stratum) has a different positive
source – the negatives come from a smaller pool and are
replicated across all the positive samples. This may have
artificially decreased the variance of the data and the
95%CI may have been underestimated. Furthermore, test
results were not read blindly. However, unlike reading of
slides, this is a minor problem since the technique’s out-
comes are very objective/automated with little influenced
of the outcome by observers. We did not include P. mala-
riae in our samples since these are very rare parasites caus-
ing malaria infection in Brazil.

In conclusion, nested-PCR in pooled samples is a prom-
ising alternative to thick smear for screening for malaria in
blood banks in endemic regions. Blood bank managers and
regulatory authorities should consider the level of sensitiv-
ity, number of samples to be tested in each pool and
expected parasite concentrations to ensure the minimum
risk for TTM. Finally, cost:benefit considerations, specific
to each endemic area, should determine the relative
advantages among different laboratory procedures screen-
ing blood bank donors for malaria.
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