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ABSTRACT - Since the first description, in 1990, of the diagnosis of Plasmodiumfalciparum infection by polymerase-chain-reac-
tion (PCR), the role of this kind of molecular method in laboratory diagnosis of imported malaria is still a topical question. Various
molecular assays have been used, the first of whichwas hybridization using labeled probes in 1984. When compared to thick blood
smear, this test displayed a sensitivity ranging from 65 % to 81% and specificity was close to 100 %. The next technical improvement
was the introduction of the so-called polymerase chain reaction (PCR), the principle of which was described in 1985. In 1993, a PCR-
based assay detecting all four Plasmodium species was published, followed by different variants of this method. By the turn of the
century, novel real-time PCR slashed workaround time, whichdropped from 2 1/2 hours to less than 1 hour. Moreover, automatic
reading with no human action on PCR products reduced the risks of contamination. The first application of real-time PCR to the
diagnosis of malaria was published in 2001. PCR-based assays were found to be more sensitive than all conventional methods. Variations
in sensitivity were probably due to different medical practices as well as to the proportion of various types of subjects (travelersunder
chemoprophylaxis, immigrants from malaria-endemic areas) in the population undergoing malaria diagnosis. The target of the pri-
mers was also of crucial importance: for the detection of P. falciparu m, the most efficient assays amplified either the gene SSUrRNA,
or Pf155/RESA, or Cox 1. Specificity of PCR results is guaranteed by the nature of the target for primers or probes, as determined
by the studies of the Plasmodium genome whose results are available in GenBank. PCR use often corrected the results of Plasmodium
species identific ation by microscopy and PCR-based methods were found to be the most efficient for the detection of mixed infec-
tions. Concerning the diagnosis of imported malaria, it appears clearly that PCR should be considered as second-line method which
can be especially interesting, as a negative result rules out malaria in febrile patients. However, the use of PCR assays appears to be
restricted to health centers, such as University Hospitals, for whom malaria identification is an important and routine problem. In
the future, the detection of mutations related to drug resistance could be used to orient anti-malarial therapy.

KEY WORDS Imported malaria - Molecular diagnosis - PCR.

Seegegeeseeegevsee

LA A AR * * e LR
INTERET DES METHODES UTILISANT LA PCR R LE DIAGN
D’IMPORTATION

RESUME ¢ Depuis la premiere description en 1990 du diagnostic biologique du paludisme a Plasmodiumfalciparum par polyme-
rase-chain-reaction (PCR), la place exacte de ce type de méthode moléculaire dans le diagnostic de laboratoire du paludisme d’im-
portation est toujours d’actualité. Cette mise au point, qui tente d’évaluer I’intérét de ’usage en routine de la PCR dans ce cadre,
est donc une contribution au débat en cours. Différentes méthodes moléculaires de diagnostic ont été employées, dont la premiere
a été en 1984 I’hybrid ation avec sondes moléculaires marquées. Comparé a la goutte épaisse, ce test a montré une sensibilité variant
de 65 a 81%, et une spécificité proche de 100%. I’usage de sondes ARN a amélioré ces résultats, mais la technique d’hybridation
n’a pas dépassé le stade expérimental, principalement en raison de la fragilité de la molécule d’ARN, et des difficultés d’extraction
et de conservation. Un pas technique a été franchi avec I’apparition de la PCR, dont le principe avait été décrit en 1985. En 1993,
un test était publié qui détectait les 4 especes plasmodiales, et qui fut suivi par différentes déclinaisons de cette méthode. A la fin du
siecle dernier, la mise a disposition d’appareils de PCR en temps réel modifia substantiellement les conditions du diagnostic molé-
culaire. Cette nouvelle version de la PCR présentait un temps de travail drastiquement réduit, de moins d’une heure contre deux
heures et demie auparavant. En sus, la lecture automatique sans aucune intervention humaine sur les produits de PCR réduisait les
risques de contamination. La PCR en temps réel a été appliquée en 2001 au diagnostic du paludisme. Les techniques a base de PCR,
quel que soit le type de PCR utilisé ou la nature des amorces, ont été constamment trouvées plus sensibles que les méthodes conven-
tionnelles : apres analyse de 15 publications, la sensibilité de la PCR a été trouvée comprise entre 0.001 et 30 parasites / pL. Les rai-
sons de cette sensibilité variable peuvent étre rattachées a des différences de pratique médicale, et aussi a la proportion vari able de
certains groupes de sujets (voyageurs sous chimioprophylaxie, migrants venant de pays d’endémie malarique dans la population objet
du diagnostic biologique de paludisme). Un autre point expliquant ces variations de sensibilité est la cible des amorces : pour la détec-
tion de P. falciparum, les tests les plus efficaces ont amplifié soit le gene SSUrRNA, ou le gene Pf155/RESA, ou le gene Cox 1. Le type
de PCR, classique ou nichée, simplex ou multiplex, influe également sur la sensibilité. La spécificité d’un résultat de PCR est garanti
par la nature de la cible des amorces, déterminée par les études sur le génome des plasmodies, dont les résultats sont accessibles via
GenBank. I’examen de la littérature montre que ’emploi de la PCR corrige souvent les résultats du diagnostic de I’espece plasmodiale
fourni par la microscopie, et que les méthodes a base de PCR sont de loin les plus efficaces pour le diagnostic des polyinfections.
Concernant le diagnostic du paludisme d’importation, il est clair que la PCR doit étre considérée comme une méthode de deuxieme
intention, particulierement intéressante du fait d’une valeur prédictive négative de quasiment 100 %, ce qui permet de certifier rapi-
dement en moins de deux heures que la fievre d’un malade suspect de malaria n’est pas d’ori gine palustre.Cependant, I’utilisation
de la PCR semble confinée aux centres de soins tels que les CHU ou les grands hdpitaux, ou le diagnostic du paludisme est un pro-
bleme important et fréquent. Dans le futur, la détection par PCR en temps réel des mutations liées aux résistances médicamenteuses,
dans un délai compatible avec les exigences des cliniciens, pourrait étre employée pour orienter la straté gie thérapeutique.

MOTS-CLES ¢ Paludisme d’importation - Diagnostic moléculaire - PCR.
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The contribution of PCR-based methods to the diagnosis and management of imported malaria

ince the first description, in 1990, of the diagnosis of

Plasmodium falciparum in fection by polymerase-chain-
reaction (PCR) (1), the role of this kind of molecular method
in laboratory diagnosis of imported malaria is still a topical
question. Albeit considered as the gold standard in regards
of sensitivity and specificity, the use of PCR-based assays for
routine detection of malaria infection is debatable for many
people, who consider the practical requirements (expensive
equipment, need for skilled technicians, running costs), t oge-
ther with the risk of contamination and the problems of emer-
gency diagnosis, to be out of proportion for the benefits.
However, permanent technological improvement has made
PCR faster and more and more user-friendly. Since the intro-
duction of the so-called classical PCR, using a Reltier-effect
thermocycler, the technology has evol vedto the present real-
time PCR. This method represents a real break from the past
and provides new perspectives [on the «advantages versus
drawbacks» comparison] to discuss the pros and cons of PCR
for detection of imported Plasmodium infections.

The aim of this article is therefo re to contribute to this
open deb ate and attempt to assess the interest of routine PCR
use for the diagnosis of imported malari a, whichis a incre a-
sing health problem in westernized countries (2).

A RECENT HISTORY

During the last 15 years, the laboratory diagnosis of
infectious diseases has substantially benefited from advances
in molecular biology, which have been intensively used by
virologists and also, to a lesser degree, by bacteriologists.
Mainly due to the lack of major public health pro blems rela-
ted to parasites in westernized countries, parasitology has
stayed in the back ground. A routine molecular diagnosis pro-
cedure has only been applied to toxoplasmosis, given the dif-
ficult problem of the detection of in utero transmission and
neonatal infection. However, an analysis of the scientific lite-
rature suggests that the diagnosis of malaria would also be
affected by the use of such molecular techniques.

Hybridization using labeled molecular probes

This method does not require the amplification step,
which is specific to PCR. Basically, a labeled probe of
desoxyribonucleic acid (DNA) or ribonucleic acid (RNA)
hybridizes specifically to parasite DNA or RNA.

In 1984, such an assay using a radio-labeled DNA
probe was applied to the detection of P. falciparum infections
(3). When compared to thick blood smear, sensitivity ranged
from 65% to 81% and specificity was close to 100% (4-5).
Later improvements led to the launch (1993) of a kit for dia-
gnosis of falciparum malaria, with 95 % sensitivity, detec-
tion threshold of 30 parasites / pL. and 99% specificity. Thick
smear was the reference method.

The use of RNA probes improved the hybridization
method. Ribosomal RNA is more abundant than DNA in
eukaryotic cells and has numerous stable and repetitive
sequences. An assay detecting the RNA of all four

Plasmodium species was published in 1989 (6). Sensitivity
and specificity were similar to those of blood smear.

However, the hybridization probe method did not go
beyond an experimental step, mainly due to the lability of the
RNA molecule and to the technical difficulties of RNA har-
vesting and presenating steps. It became out-dated due to the
development of PCR, based upon the principle of gene ampli-
fication.

PCR-based assay

So-called PCR was first described in 1985 (7) and, for
medicine, quickly improved both research and lab o rat ory dia-
gnosis. As early as 1990, PCR was proven useful to detect P.
falcipamum DNA in both fundamental and applied studies (1,
8).In 1993, a PCR-based assay detecting all four Plasmodium
species was published (9). Following this first publication,
several papers described simplex PCR assays including one
amplification step (10-11) as well as two-amplification step,
or «nested » PCR (12-13). Whatever the type of amplification,
the PCR products we re at that time sep arated by electropho-
resis. The detection step relied upon either DNA staining with
ethidium bromide or the use of labeled nucleic probes.
Meanwhile, multiplex PCR-based assays, whichoffe red the
advantage of a simultaneous detection of the four Plasmodium
species, we re also set up (14-15).

By the turn of the century, the launch of a real-time
PCR device dramatically improved PCR-based diagnosis.
This novel version of PCR technology slashed workaround
time, which dropped down from 2 1/2 hours to less than 1
hour. More over, automatic reading with no human action on
PCR products reduced the risk of contamination. The first
application of real-time PCR to the diagnosis of malaria was
published in 2001 (16), followed by 6 other papers (17-22).

A SENSITIVE ASSAY

For laboratory diagnosis of malaria, PCR-based
assays have been proven more sensitive than other conven-
tional methods, whatever the type of PCR-based test (see
above) or the nature of primers. At its best, the power of
detection thick blood smear ranged from 10 to 50 parasites
/ uL (23-25). Quantitative Buffy Coat (QBC) tests had the
same detection threshold (26) and dipstick assays displaye d
a poor sensitivity when parasitemia was lower than 100 para-
sites / uL. (23). Conversely, in 15 studies (Table I), PCR sen-
sitivity for the detection of P. falciparum ranged from 0.01
to 30 parasites / uL. However, some of these results should
be carefully considered, since they were experimental and
dilution ran ges we re perfo rmed in ve ry diffe rent way s, using
either blood from infected subjects, or from P, falciparum cul-
ture(often with no indication concerning synchronization, so
the presence of multinucleated schizonts might be suspected),
or from harvested DNA (with different methods of extrac-
tion). For species other than P. falciparum, comparing sen-
sitivity results was impossible due to the lack of parasite cul-
ture and also to the variation of the proportion of schizonts
between different patients.
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Table I - PCR assays for diagnosis of malaria infection.

Authors Year Amplification PCR Detection of Detected Targeted Sensitivity
device type amplified species gene for Pf'
products (parasite/ul)
Arai et Coll (12) 1994 Classical® Nested Ethidium bromide (gel) Pf DHFR 1.3
Ciceron et Coll (27) 1999 Classical Simplex Probe (southern blot) Genus SSUrRNA 3.0
Tham et Coll (28) 1999 Classical Simplex Probe (gel) Pf, Pv / Genus Mitochondrial 0.01
(Cox 1)/ Plastid
Fabre et Coll (18) 2002  Real-time Multiplex Syber green® Pf, Po, Pv/ Mitochondrial 0.035
& simplex? Genus, Pm (Cox 1)/ SSURNA
Filisetti et Coll (29 2002 Classical Simplex Ethidium bromide (gel) Pf STEVOR 0.01
Myjak et Coll (30) 2002  Classical Nested Ethidium bromide (gel) 4 SSUrRNA 0.38
Rubio et Coll (31) 2002 Classical Nested Ethidium bromide (gel) 4 SSUrRNA 0.01
& multiplex
De Monbrison et Coll (19) 2003  Real-time Simplex Syber green® Genus & 4 SSUrRNA 30
Kho et Coll (32) 2003 Classical Multiplex Ethidium bromide (gel) Pf, Pv SSUrRNA 0.1
Pastoula et Coll (33) 2003 Classical Multiplex Ethidium bromide (gel) Pf, Pv SSUrRNA 1.0
Calderaro et Coll (34) 2004 Classical Nested Probe (enzyme-linked) 4 SSUrRNA 0.07
Mc Namara et Coll (35) 2004 Classical Simplex Probe (gel) 4 SSUrRNA 0.1
Montenegro et Coll (36) 2004 Classical Nested Ethidium bromide (gel) Genus SSUrRNA 0.07
Perandin et Coll (21) 2004  Real-time Simplex Probe Pf, Po, Pv SSUrRNA 1.0
Whiley et Coll (37) 2004  Classical Simplex Probe (enzyme-linked) 4 SSUrRNA 1.4

' Pf, Pm, Po, Pv : Plasmodium falciparum, P. malariae, P. ovale, P. vivax
* Peltier's effect-based
3 for Pm, Po, Pv.

Conceming the diagnosis of imported malaria, only
papers that compared PCR and conventional microscopy
methods during a limited period of time and in all patients sus-
pected to be infected were analy ze d. In 13 studies including
2304 subjects, 1011 patients we re found to be malaria posi-
tive by conventional microscopy, and 1112 (+ 11 %) by PCR
(range: from O up to + 13 %). All the patients positive by
microscopy were also positive by PCR, whatever the
Plasmodium species. When compared to the set of the
requests, the gain of sensitivity was 4.4 % (range: from 0 up
to + 11 %) (15, 18-19, 21-22, 31-32, 34-35, 38-41). This
improvement in sensitivity affected mainly falcipamm mala-
ria. P. falciparum is the most frequently detected agent of
imported malaria, especiallyin the European Union where the
closest endemic zone is sub-Saharan A frica (2). Moreover,
even loosely implemented chemoprophylaxis remains (rather)
active on species other them P. falciparum, apart from the
chloroquine-resistant P. vivax strains, which are still rarely
encountered in Europe.

ORIGINS OF THE VARIABLE SENSITIVITY OF PCR-BASED
ASSAYS

Epidemiological causes

* Medical practices

The «number of requests for malaria diagnosis / posi-
tive results» ratio for patients varied significantly between the
studies, from 1.2 (35) to 3.9 (40) (thus indicating different
ways of handling febrile travelersor immigrants). This varia-
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tion appearal to be country-independent, since the range was
1.4 - 3.9 in France (19, 40) and 1.6 - 2.7 in Italy (21, 38).
When a malaria diagnosis was requested for a febrile paient
returning from a malaria-endemic area within 2 months
before the onset of the fever, the ratio observed in Toulouse
University Hospital ranged from 3.05 to 3.9 (18, 40).

Moreover, it should be underlined that a delayed
request for a diagnosis test may lead to the rise of parasite-
mia, thus increasing the sensitivity of conventional micro-
scopy and decreasing the interest of the intrinsically more
sensitive PCR-based methods.

e Immigrants, travelers and chemoprophylaxis

A recent study analy zed the status of 32 subjects who
had displayed a «negative microscopy / positive PCR» dis-
crepancy (40). A first group included 14 patients who had
received a curative anti-malarial therapy a few days before,
but this information was not available in our Department of
Parasitology at the time of diagnosis. A second group incl u-
ded 5 patients who we re European travelersdisplaying a cli-
nical picture consistent with malaria. Th ree of them were dia-
gnosed with a P. falciparum infection despite the fact that
they we re taking chemoprophylaxis, 2 with chloroquine plus
proguanil, one with mefloquine. For the last 2 patients, the
onset of clinical problems occurred 48 and 90 days after they
returned from a malaria-endemic area. PCR detected a P.
malanae and a P. ovale infection, respective ly. A third group
consisted of 10 paients, all immigrants from various African
countries. Seven of than had anti-Plasmodium antibodies.
Eight of them dispalyed a positive PCR assay result for P. fal -
ciparum, 1 for P. malariae and 1 for P. ovale.
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Ndao et Coll investigated 210 asymptomatic immigrants
to Canada who were refu gees from the Gre at Lakes region in
East A frica. Twenty-four were found to be malaria-positive by
both microscopy and PCR, vs. 48 by PCR only (42).

These results demonstrated that the rate of diagnosis
discrepancies between microscopy and PCR technique might
vary according to the proportion of the above-mentioned
groups of subjects in a population undergoing malaria dia-
gnosis. Moreover, these data suggested that the exact pre-
valence of malaria in endemic areas is probably underesti-
mated when assessed by microscopy only.

Technical procedures

* DNA extraction

This is the only point of agreement between the pro-
tocols discribed in the 13 major pap e rsabout for malaria dia-
gnosis by PCR (15, 18-19, 21-22, 31-32, 34-35, 38-41). The
ex traction step was perfo rmed from 200 pL (9/13) of total
blood collected in EDTA vials (13/13), sometimes using fast
ex traction in columns from commercial kits (9/13). The pro-
tocol of DNA extraction does not therefore appear to be a cause
of sensitivity variation and this point must be underlined.

e Targets of the primers

In the Plasmodium genus, DNA is found in the
nucleus, the mitochondrnaand also the plastids. A given gene
inside one of these structures should first have its sequence
established then a specific primer can be designed. Apart
from the quality of primer design, PCR sensitivity also
depends on the number of copies of the target gene as well
as on the amount of cytoplasmic organelles, namely mito-
chondria and plastids.

The small subunit ribosomal RNA (SSUrRNA) gene,
4 to 8 copies per parasite (43), has had its sequences inten-
sive ly studied. This gene contains conserved regions, so pri-
mers common to the 4 Plasmodium species could be targe-
ted, as well as variable sequences, whichwere used to design
primers specific to each specie. Consequently, a survey of the
studies concerning the molecular diagnosis of malaria sho-
wed that this gene was targeted 8 times out of 10.

Other nuclear genes were used, which encoded for
DHPS (12), K1-14 (44), MSP (45), CSP (11, 46),
Pf155/RESA (47), P126 antigen (48), and STEVOR (31).
The latter has 35 copies per parasite, which ensures a good
sensitivity for a PCR assay.

Depending on the development stage, malarna
parasites have between 1 and 5 mitochondrna (49), the genes
of whichdisplay between 15 and 20 copies per cell (50).
The mitochondral gene encoding for cycloxygenase (Cox
1) was targeted to cre ate a PCR assay detecting both P. fal-
ciparm and P. vivax infections (28).

Plastid genes based-PCR to detect Plasmodium
genus was reported twice (40, 52). Plastid and mitochon-
drial genes have similarcharacteristics but there is only one
plastid per parasite.

A comparative study, using original technical
conditions, was carried out to assess the per-formance of
various PCR tests, previously published (53). The authors

quickely screened 17 assays then selected the 5 most efficient
tested on 126 samples positive by microscopy. For the detec-
tion of P. falciparum, the 3 most efficient assays amplified
either SSUrRNA gene (54), or Pf155/RESA (47), or Cox 1
(28).

* PCR characteristics and types

The choice of the type of amplification greatly
influences sensitivity. In «classical» PCR, amplification
relies upon a single pair of primers. On the other hand, «nes-
ted» PCR includes two successive amplification steps using
two different couples of primers. The second couple is desi-
gned to allow_the amplification of a fragment of the ampli-
con of the first PCR. Nested PCR is apparently more sensi-
tive: in the above-mentioned sensitivity comparative study
(53), this type of PCR was quoted 2 times in the 3 best results.
However, nested PCR is hardly convenient for routine dia-
gnostic use. The test is time-consuming (two successive PCRs)
and possible contamination by the amplicons from the first
PCR rep resents a majorrisk.

Classical PCR assays are also dassified as «simplex »
or «multiplex». Simplex PCR uses a single couple of pri-
mers. Multiplex PCR simultaneously utilizes two or more
couples; several targets can thus be amplified in the same
step. Multiple detections of malaria agents have been des-
cribed, namely of P. falciparum along with Plasmodium
genus (18, 40), of P. falciparum along with P. vivax (28, 32,
33), or of the 4 species (15). Multiplex PCR is an attractive
option for routine diagnosis, since mixed infections can be
detected in a single round. However, a major technical
constraint concerns the fact that the various couples of pri-
mers should have similar characterstics, especiallyfor mel-
ting temperature (Tm). Calibration of such a PCR assay is
therefore awkward and the final compromise often yields a
decreased sensitivity of the test. Another difficulty lies in the
competition effect when two or more targets are present
(mixed infection), with one in a low proportion. This mino-
rity populaion, albeit perfectly detected when there is a single
infection, will in this case risk remaining undiagnosed.
Assessing the detection of both P. falciparum and P. vivax,
Kho et Coll showed PCR sensitivity for the diagnosis of
either of these two species was slashed by a 10-fold ratio
when this species was in a very low proportion (33).
Conversely, competition effect may be used for an easier ana-
lysis of the result. Fabre et Coll (18) have described a mul-
tiplex competitive PCR assay for the detection of both P, fal -
ciparum and Plasmodium genus. For a single falciparum
infection, only the P. falciparum peak is seen.

PCR methods may also be divided into «conventio-
nal» or «real-time», according to the type of thermocycler
used. Conventional PCR uses a Peltier’s effect thermocy-
cler and PCR products are revealed after electrophoresis.
In a real-time PCR device, the whole diagnosis process is
performed in a single run and in a single tube, so this
method is by far faster and less exposed to contamination
hazards. For malaria diagnosis, both conventional and real-
time PCR were compared and were found to have identi-
cal sensitivity (18).
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A SPECIFIC METHOD

The nature of the target for primers or probes, as
determined by the studies of the Plasmodium genome whose
results are available in GenBank, guarantees the specificity
of PCR results. As a further precaution, PCR products may
also be sequanced

Concerning Plasmodium species identification, litera-
tureanalysis reports frequent and sometimes substantial dis-
crepancies between microscopy and PCR test. From the last
10 published studies that have compared the perfo rmance of
thin blood smear examination and PCR, 17.2 % (range: 1.5 -
39) of 823 species identifications by microscopy we re cor-
rected after PCR checking (19, 21, 22, 34-35, 38, 40-42, 55).
The rate of misdiagnosis varied from 20 % to 50 % for P. mala -
riae, P. ovale or P. vivax (19, 21-22, 34, 38, 40, 42, 55).
Concerning mixed infections, nearly 100% of the microscopy
results were false, either by excess (diagnostic of a mixed infec-
tion when there was a single species) or by omission (reverse
situation). P. falciparum identification appearal to be more
reliade, with no misdiagnosis found in 6 studies (19, 21, 34,
35, 40, 42), a 1.7 to 2.8 % misdiagnosis rate in three studies
(22) (38, 41) and 8.4 % of misdiagnoses in one study (55).

However, the high specificity of PCR methods
demonstrated the other side of the coin, namely the intrin-
sic risk of these tests being unable to detect new molecular
variants. This phenomenon was rep orted concerning P. mala -
riae in China (56, 57), about P. ovale in the Thai - Myanmar
border region (13, 58) and also P. vivax in Papua-New
Guinea, where the so-called P. vivax-like species was des-
cribed (59). More over, emergent infections by zoonotic pri-
mate Plasmodium can go undiagnosed by species-PCR,
which occurred with the Borneo focus of P. knowlesi (60).

When primers or probes are chosen then designed,
these two points should be kept in mind and correlated with
future uses of the PCR test, e.g. routine diagnosis in a wes-
ternized country or, epidemiology surveys from specimens
collected on the field.

The concomitant use of an assay detecting the
Plasmodium genus, whatever the origin - Man, subhuman
Primate or even Rodent - of the species involved, appearsto
be an excellent safeguardagainst rare but possible false nega-
tive results.

PCR AND THE DIAGNOSIS OF IMPORTED MALARIA

E vennow, PCR assay may be considered as the gold
standard for the diagnosis of malaria, therefore replacing
thick smear examination. This situation is due to both high
sensitivity and specificity, as detailed above. While PCR is
used more and more in laboratories of parasitology, its exact
place in the full range of malaria diagnosis tests has yet to
be explicitly established.

Obviously, emergency diagnosis of malaria will for
a long time remain the prerogative of microscopy (thin smear
or fast thick smear (61) examination, QBC) associated with
immunochromatographic methods. Such a test combination
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can detect all infections displaying a moderate to high para-
sitemia, whichensures within less than half an hour the dia-
gnosis of severe malaria. PCR should therefore be conside-
red as second-line method.

The first question about the routine use of PCR for
diagnosis of imported malaria is about the schedule of use,
daily, weekly or bimonthly, and also the type of specimen,
all or only those posing a problem. Based on a 4 1/2-year
experience, we subsequently believe PCR should be done on
a daily basis. In this case, low parasitemia infections due to,
e. g. incorrect chemoprophylaxis or an immune status, would
be promptly identified, despite having escaped the first-line
methods. Anyone who deals with tropical medicine has had
a personal example of a patient displaying chronic fever along
with a recent history of travel in a malaria-endemic area and
who is finally diagnosed as malari a-in feted after many day s
of hospitalization and multiple conventional investigations.
A request for PCR would quickly resolve this diagnosis quan-
dary(62-64). More over, it should be underlined that, accor-
ding to our experience, the predictive negative value of a
PCR-based result is 100%. A negative result would rule out
malaria infection, thus quickly orienting the investigations
toward other hypotheses. With the expected reduction of hos-
pitalization time, substantial cost saving could be achieved,
as - in France - daily costs are approximately 700 € in a
Department of Internal Medicine or Infectious/Tropical
Diseases.

Parasitemia level can be quantified by real-time PCR.
However, this can be achieved more easily by combined use
of blood count result and thin smear examination.

Since real-time PCR can detect and quantify very low
parasite level, it has been hy pothesizadthat this assay could
be a valuable tool to monitor falciparm malaria therapy. Two
studies indicated that the persistence of positive PCR results
after a 5-day treatment was consistent with tre atment failure
(27, 65). However, such a result can also be due to the pre-
sence of gametocytes (66), whichremoves any purpose from
this kind of molecular follow-up.

From a financial point of view, PCR is said to be a
costlymethod. Indeed, technical re quiranents such as room
layout in a laboratory, purchase of a thermocycler and the
requirad ancillaries, are not inexpensive. However, one should
consider that this price is on a constantly decreasing slope and
these investments are also useful for other diagnosis in para-
sitology, such as congenital toxoplasmosis. Many hospitals
have also chosen the solution of a technical plat form share d
by different laboratories.

Expenses related to reagents and disposable devices
arehighly vanabl e, d epending on the type of PCR, the num-
ber of control samples and the number of specimens per mun.
In our own experience (18), the cost of a single assay is
10.75€ (all taxes included), including 3 control samples,
namely a negative, a P. falcipamum positie, and a
Plasmodium-genus positive (species other than P. falciparum)
specimen. For a 6-sample run, the cost per assay goes down
to 5.54€. If the salary of an experienced technician and a 3-
year depreciation on the investments are taken into account,
the unitary cost of a PCR assay, on an annual basis of 1000
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tests and routine daily use, is 26.75 € for a single assay,
decreasing to 17.75 € for a 6-sample run. In comparison, on
the same annual basis, the cost of a microscopy diagnosis
(thin smear or fast thick smear examination) is 7€, 11 € for
a QBC test and between 6.50 € and 8.50 € for the immuno-
chromatographic methods. These analytic cost-accounting
results emphasize the salary and the number of specimens per
run. If a conventional PCR method is used, the time spent on
the electrophomsis detection step increases the salary burden.
Conversely, the introduction of affordable automatic DNA
extractors should cut the time of human intervention in half
and therefore should decrease PCR cost.

In fine, it appears obvious that PCR improves the dia-
gnosis of imported malaria, but also that this method is res-
tricted to health centers, such as University Hospitals, for
whom malaria identification is an important and routine pro-
blem. For other structures, the combination of conventional
microscopy with immunochromatographic methods is cer-
tainly the best choice.

FUTURE DIRECTIONS

Prevention of malaria risk in blood supply

Po s t- transfusion malaria, whichis rarely observed in
westernized countries, often becomes a serious or lethal
disease, since the diagnosis is often delayed. Strict regula-
tions have been implemented in order to decrease this risk
but, e.g. in France, many potential donors who have a history
of malaria atacks or who have been found positive at a mala-
ria serology screening are permanently ex cluded from blood
donation. However, most of these subjects do not have any
circulating trophozoite, so a PCR-based screening might be
relevant. In Spain, Benito et Coll investigated 125 «dange-
rous» blood donors, 5 of whom tested malaria-positive by
PCR (67). These authors suggested PCR could be a useful
tool to investigate potentially dangerous blood donors with
a history of malaria or exposure to the infection. However,
Hanscheid et Coll pointed out that, whatever the sensitivity
of a PCR assay, a negative PCR result from a 1000-pL maxi-
mum blood sample does not rule out the presence of a single
parasite in a 450 mL unit of donated blood (68). Further
large-scale prospective surveys are therefore needed to ans-
wer this pending question.

Molecular detection of drug resistance

Resistance of P. falcipanum to chloraquine (CQ) has
been correlated with a mutation on codon 76 of the Pfcrt gene
(69). Wild-type strains are CQ sensitive, but some nutated
specimens are CQ resistant. K76 Tmu tation is a mandatory but
not sufficient condition for CQresistance. Molecular detec-
tion of K76T nutation is quick and easy (70-73) and has been
used for epidemiologcal surveys. Moreover, some assay s
were able to detect a 2-5 % mutant minority population amidst
wild type strains (70). The detection of K76T nutation, the
turnaround time of wh i chmeets clinicians re quirements for
p ractical use, could there fo re be used in the future to orient
drug strategy (74, 75), as in virology for HIV infection.

GONCLUSION

Currently, PCR assay may be considered as the «gold
standard» for malaria diagnosis, given both its high sensiti-
vity and specificity, along with the robust predictive value of
anegative result. While the lack of standardization makes any
assessment or comparison awkward, real-time PCR has
improved the assay and made it safer for routine use. PCR-
based methods should therefore be included in the panel of
diagnosis tools for malaria infection for any center of refe-
rence. This is based on scientific reasons, and also relevant
from a «service» point of view, whose importance is
constantly increasing, to help meet the duty of best efforts.
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