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Liste des abréviations

AbnLy: abnormal lymphocytes

CBC(s): Cell Blood Count(s)

DIFF: differential

FSC: forward-scatter

HAC(s): hematology analyser(s)

HFR: high fluorescence reticulocytes
HGB: hemoglobin

HRP II: histidin rich protein II

IG: immature granulocytes

IPF%: immature PLT fraction

IRF: immature reticulocyte fraction
LFR: low fluorescence reticulocytes
MAPSS: multiple-angle polarisation scatter separation
MFR: medium fluorescence reticulocytes
MGG: May-Griinwald et Giemsa
NCCLS: National Committee for Clinical Laboratory Standards
NFS: numération formule sanguine
OMS: Organisation Mondiale de la Santé
P-species: Plasmodium species

PCR: polymerase chain reaction

PCT: plateletocrit

Pf: P. falciparum

pLDH: Plasmodium lactate dehydrogenase
PLT-O: optical PLT count

PLT(s): platelet(s)

Pm: P. malariae

Po: P. ovale

PP: predicted probability

Pv: P. vivax

RBC(s): Red Blood Cell(s)

RDW-SD: RBC distribution width-standard deviation

ROC: receiver operating characteristic



SSC:
TDR:
VCS:
WBC(s):

side-scatter
test de diagnostic rapide
volume, condictivity and scatter

White Blood Cell(s)
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Préambule

1. Le paludisme
1.1. Définition et épidémiologie

Le paludisme est une parasitose due a des hématozoaires du genre Plasmodium, transmise
par la piqlre d’un moustique, I’anophele femelle. C’est une maladie fréquente et mortelle dans les
régions tropicales et subtropicales, qui touche les populations vivant en zone d’endémie comme les
voyageurs. Ainsi, environ 219 millions d’acceés palustres sont survenus dans le monde en 2010,
entrainant la mort de 660 000 personnes [1]. Chaque année, plus de 125 millions de voyageurs
visitent les zones d’endémie et 10 000 a 30 000 d’entre eux déclarent la maladie apres leur

retour [2].

1.2. Agent pathogéne et cycle parasitaire

Les cinq especes de Plasmodium susceptibles d’infester I’Homme sont P. falciparum (Pf),
P. vivax (Pv), P.ovale (Po), P.malariae (Pm) et P.knowlesi. Les infections les plus séveres
(potentiellement mortelles) sont dues a Pf, qui était I’espéce responsable en 2011 de plus de 80%
des 3560 cas de paludisme d’importation en France [3]. P. knowlesi était initialement connu pour
étre un parasite du Singe. Sa pathogénicité chez I’ Homme est de découverte plus récente [4] et il est
donc rarement mentionné dans les études publiées.

Lors de sa piqlire, I’anophele inocule des sporozoites dans un capillaire sanguin (Fig. 1). Les
parasites qui parviennent a gagner le foie se transforment en schizontes pré-érythrocytaires et
proliferent dans les hépatocytes. Apres quelques jours, les schizontes éclatent et liberent des milliers
de mérozoites qui vont rapidement infecter les hématies. Le parasite se différencie en trophozoite
puis en schizonte. L’hématie est ensuite lysée et libére entre 8 et 32 nouveaux mérozoites, qui vont
infecter d’autres hématies et débuter un nouveau cycle érythrocytaire. Apres plusieurs cycles de
développement asexué, certains mérozoites se transforment en gamétocytes (forme sexuée). Apres
ingestion par l’anophele femelle lors d’un repas sanguin, les gamétocytes male et femelle
fusionnent pour former un zygote (ookinete) dans le tube digestif du moustique. L’ookinete se
transforme en oocyste dans lequel des sporozoites se multiplient puis gagnent les glandes salivaires
de I’anophéle pour étre injectés avec la salive lors d’une piqire.

Ainsi, I’analyse du cycle parasitaire permet de comprendre quels sont les différents stades de
développement qui pourront étre observés dans le sang périphérique (trophozoites, schizontes ou
gamétocytes). Pf'se distingue l1a encore de Pv, Po et Pm. En effet, par opposition a ces trois especes,

dans I’infection a Pf on ne trouve habituellement dans le sang périphérique que des trophozoites de
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forme annulaire (le développement se poursuivant ensuite dans les capillaires profonds) et des

gamétocytes.

Figure 1: Cycle parasitaire de Pf

Sporozoites

4 Fertilization \

/
4

e .
+ et SN ~
_Ookinete oo
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3 '_ ) .. Gametacytes

Growth stages
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:

L’acces palustre de primo-invasion est marqué par ’apparition brutale d’une fievre avec

Gametocytes

D’apres [5]

1.3. Diagnostic

1.3.1. Signes d’orientation clinico-biologiques

frissons, sueurs, asthénie, myalgies, céphalées et troubles digestifs. L’acces palustre a Pf peut
évoluer vers un acceés grave et se manifester par des signes neurologiques (troubles de conscience,
convulsions, prostration) ou d’autres manifestations viscérales (détresse respiratoire, cedéme
pulmonaire, insuffisance rénale, collapsus circulatoire, anémie grave, hypoglycémie, acidose
métabolique). A ce stade de la maladie et en I’absence de traitement, un paludisme grave est le plus
souvent mortel. Le diagnostic du paludisme est donc une urgence et doit étre évoqué devant toute
fievre au retour d’une zone d’endémie, afin de réduire les complications et la mortalité liées a la
maladie. Les principaux signes d’orientation biologiques sont la thrombopénie, 1’anémie, la
lymphopénie, 1’absence de polynucléose neutrophile ainsi que les stigmates d’une hémolyse et

I’élévation modérée des transaminases.
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1.3.2. Diagnostic de certitude

En I’absence de symptome spécifique de la maladie, le diagnostic de certitude repose sur la
mise en évidence des hématozoaires dans le sang circulant par I’examen microscopique. Le frottis
sanguin (coloré au May-Griinwald et Giemsa (MGQ)) et la goutte épaisse (colorée au Giemsa) sont
les techniques diagnostiques de référence. Le frottis sanguin permet de déterminer 1’espéce
plasmodiale, le stade de maturation du parasite et la parasitémie. Le seuil de détection du frottis est
de 100 a 200 parasites/uL. La goutte épaisse est une technique complémentaire du frottis: sa
sensibilité est meilleure (5a 50 parasites/ul) mais sa lecture nécessite un microscopiste
expérimenté car les parasites sont plus difficiles a identifier [6]. L’analyse microscopique peut
¢galement mettre en évidence des leucocytes mélaniferes. Ce sont des polynucléaires neutrophiles
ou des monocytes, qui ont phagocyté des mottes de pigment malarique (hémozoine) relarguées lors
de la lyse des hématies.

En zone d’endémie et en 1’absence de matériel de microscopie, les tests de diagnostic
immunochromatographique permettent d’obtenir une orientation diagnostique rapide avec une
grande simplicité d’utilisation. Leur principe consiste a déposer un volume de sang sur une
bandelette de nitrocellulose, laquelle est sensibilisée par des anticorps monoclonaux spécifiques
détectant des antigenes plasmodiaux. Cependant, dans le diagnostic du paludisme d’importation, le
test de diagnostic rapide (TDR) ne peut étre qu’un complément a I’examen microscopique en raison
des différents faux négatifs ou faux positifs de cette technique et de son incapacité a évaluer une

parasitémie ou a faire le diagnostic précis de toutes les especes [7].

2. Limites du diagnostic biologique conventionnel

Devant un syndrome fébrile survenant en zone d’endémie, ’acceés palustre est rapidement
suspecté par les cliniciens. Les examens biologiques permettant d’affirmer ou d’infirmer le
diagnostic sont donc le plus souvent prescrits lorsqu’ils sont disponibles.

En zone non endémique, le paludisme d’importation est lui plus difficile a évoquer, surtout
si la notion de voyage manque a l’interrogatoire. Ainsi, dans une étude analysant 185 déces liés au
paludisme aux Etats-Unis, 67.8% des patients n’ont pas été diagnostiqués lors de la premiére
consultation et 66.7% des déces Evitables ont €té attribués a une erreur médicale [8]. De plus, les
laboratoires rarement confrontés aux suspicions de paludisme manquent d’expertise microscopique,

ce qui peut conduire a un diagnostic biologique erroné [9].
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3. Place des automates d’hématologie dans I’aide au diagnostic de

paludisme

La numération formule sanguine (NFS) automatisée étant devenue systématique dans
I’évaluation d’un syndrome fébrile, une méthode de détection du paludisme incorporée a I’automate
d’hématologie pourrait aider a détecter les cas de paludisme plus rapidement. Elle serait d’autant
plus intéressante pour détecter les cas ayant échappé a la suspicion clinique et ainsi réduire la
mortalité liée a I’infection par le paludisme.

Le premier automate d’hématologie contemporain dont les performances dans le diagnostic
du paludisme ont été publices est le Cell-Dyn (Abbott Diagnostics, Santa Clara, CA, USA) [10]. Le
potentiel des Cell-Dyn a été ensuite confirmé a plusieurs reprises alors que ce n’est que plus
récemment qu’ont été étudiées les performances des Coulter Gen.S, LH 750 et DxH 800 (Beckman
Coulter, Miami, FL, USA) et du Sysmex XE-2100 (Sysmex Corporation, Kobe, Kansai, Japan).

Tous ces automates fonctionnent sur un principe de mesure commun, la cytométrie en flux.

3.1. Automates Abbott Cell-Dyn

3.1.1. Principes analytiques et anomalies observées au cours du paludisme

La numération leucocytaire et la formule sont réalisées simultanément par une méthode
optique: la diffraction laser multi-angulaire (technologie MAPSS: multiple-angle polarisation
scatter separation). La diffraction de la lumicre renseigne: a 0° sur la taille de la cellule, a 7° sur la
complexité cellulaire, a 90° sur la lobularit¢ du noyau et a 90° en lumicre dépolarisée sur la
granularité. Apres dégranulation artificielle des polynucléaires basophiles, les éléments sont séparés
en deux groupes en fonction de la diffraction a 7° et 90°: le premier groupe est constitué des
polynucléaires neutrophiles et €osinophiles et le second est représenté par les lymphocytes,
monocytes et polynucléaires basophiles. La séparation entre lymphocytes, monocytes et
polynucléaires basophiles se fait sur la taille (0°) et la complexité (7°) cellulaire. Les polynucléaires
¢osinophiles sont différenciés des polynucléaires neutrophiles par la capacité de leurs granulations a
dépolariser le faisceau lumineux.

La fenétre lobularité/granularité qui étudie la lumicre polarisée a90° vs la lumiere
dépolarisée a 90° identifie donc les polynucléaires €osinophiles et, en cas de paludisme, elle détecte
les leucocytes mélaniféres sous la forme de points violets ou verts de localisation anormale (fleches
violette et verte, Fig.2.2). La nature de ces points (monocytes ou polynucléaires neutrophiles
contenant de I’hémozoine) a été confirmée par des mesures de cytométrie en flux combinées a une

analyse d’éveénements rares [11, 12] ainsi que par I’analyse de nuages de points générés sur un
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Cell-Dyn 3200 par des €chantillons contenant des monocytes ayant phagocyté de 1’hémozoine in

vitro [13].

Figure 2: Fenétres lobularité/granularité de Cell-Dyn 3500
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D’apres [14]; points verts: polynucléaires éosinophiles; points violets: monocytes; points oranges: polynucléaires

|

neutrophiles; points bleus: lymphocytes; points rouges: hématies résistantes a la lyse; la ligne diagonale correspond a
la séparation optimale entre polynucléaires ¢osinophiles et neutrophiles; 1) tracé normal; 2) infection a Pf, avec
monocytes dépolarisants ayant phagocyté de 1’hémozoine (fleche violette) et polynucléaires neutrophiles avec
pigments classés a tort en polynucléaires éosinophiles (fleche verte). Les points bleus dépolarisés pourraient
correspondre a des petits monocytes contenant de I’hémozoine, classés a tort en lymphocytes; 3) infection a Pv avec

des hématies résistantes a la lyse (fleche rouge) contenant probablement de I’hémozoine

Dans les infections a Pv, les points rouges (hématies résistantes a la lyse) pourraient
correspondre a des hématies parasitées et contenant de 1’hémozoine (fleche rouge, Fig. 2.3) [14].
Les nuages de points noirs (¢léments inclassables) observés avec le Cell-Dyn 4000 (Fig. 3),
pourraient correspondre a des hématies contenant de 1’hémozoine et résistantes a la lyse ou aux
formes matures du parasite, riches en hémozoine. Cette derniére hypothése pourrait expliquer
I’absence de nuages de points noirs dans les infections a Pf, pour lesquelles les formes matures ne

sont pas observées [15].

Figure 3: Fenétre lobularité/granularité de Cell-Dyn 4000 dans une infection a Py
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D’aprés [16]; monocytes contenant de 1’hémozoine (points violets) dans la zone des polynucléaires
éosinophiles (fleche violette) avec un nuage de points noirs (fléche noire) pouvant correspondre aux formes matures

de Py
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D’autres anomalies ont été¢ décrites au cours du paludisme dans d’autres fenétres du
Cell-Dyn. Dans la fenétre taille/granularité, qui étudie la lumicre transmise a 0° vs la lumiere
dépolarisée a 90°, des éveénements de petite taille et de granularité élevée sont décrits, notamment
dans les infections a Pv. Ils pourraient correspondre a des formes matures du parasite, riches en
hémozoine ou a des fantomes d’hématies riches en hémozoine [15]. Dans la fenétre des
réticulocytes, qui étudie la fluorescence vs la lumiére transmise a 7°, les anomalies rapportées
concernent le plus souvent les infections a Pf. Les histogrammes des réticulocytes peuvent montrer
une pseudo-réticulocytose avec un pic de fluorescence supplémentaire et une fraction immature des
réticulocytes anormalement élevée [17], conséquence de la présence intra-érythrocytaire de matériel
nucléaire parasitaire. Enfin, dans les infections a Po [18] ou a Pm [19], il semblerait que les

anomalies observées sur le Cell-Dyn se rapprocheraient de celles observées pour les infections a Pv.

3.1.2. Performances diagnostiques

De nombreuses études ont évalué les performances diagnostiques du Cell-Dyn. Le principal
critere diagnostique étudié était la présence de points dépolarisés de localisation anormale dans la
fenétre lobularité/granularité [10, 12, 13, 16, 18-26]. La sensibilité dans ces 13 études variait
de 48.6% a 100%, les valeurs les plus basses étant rapportées aux cas de paludisme d’importation
alors que la sensibilité dépassait le plus souvent 90% en zone d’endémie. Cette différence serait
expliquée par la présence d’un faible taux de leucocytes mélaniferes lors des acces palustres des
patients non-immuns, alors que les patients immuns, fréquemment ré-infectés et tolérant des
parasitémies plus importantes, présentent des taux de leucocytes mélaniferes supérieurs lorsqu’ils
deviennent symptomatiques. La spécificité était bonne (de 78.5% a 100%), sauf dans une étude ou
la spécificité était de 25.3% [26]. Ces résultats discordants soulignent ’importance de définir
précisément les zones dans lesquelles la présence d’un point dépolarisé doit étre considérée comme
significative. Ceci pourrait en effet réduire le taux de faux positifs et surtout, permettrait de générer

des messages d’alarme par I’automate afin d’identifier les échantillons suspects.

3.2. Automates Coulter Gen.S et LH 750

3.2.1. Principes analytiques et anomalies observées au cours du paludisme

La numération leucocytaire est réalisée en méthode impédance. L’histogramme
généré (volume vs nombre de cellules) différencie les leucocytes des €rythroblastes, plaquettes et
débris a partir d’un seuil de volume de 35 fL.

La formule sanguine est générée sur la base de trois mesures physiques (technologie VCS:
volume, condictivity and scatter): la variation d’impédance en courant continu qui permet d’évaluer
le volume de chaque cellule analysée, la radiofréquence en courant alternatif de haute fréquence qui

permet d’évaluer une valeur moyenne de conductivité et qui renseigne sur les caractéristiques
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nucléaires, et enfin la mesure de la diffraction d’un faisceau laser qui renseigne sur la granularité
des cellules. Ces données permettent d’obtenir la proportion de chaque type
cellulaire (lymphocytes, monocytes, polynucléaires neutrophiles, éosinophiles et basophiles).
Parallelement, une fenétre biparamétrique en nuages de points (diffraction vs volume) est
disponible, ainsi que les données positionnelles des lymphocytes, monocytes, polynucléaires
neutrophiles et éosinophiles (moyenne de chacune des trois mesures acquises et leur écart-type).
Des reégles de décision, définies par 1’utilisateur, peuvent associer ces données positionnelles a
d’autres critéres, quantitatifs par exemple.

Les deux principaux parametres modifiés dans les échantillons infectés sont les écarts-types
des volumes lymphocytaires et monocytaires (Fig. 4.2). Ces anomalies refleteraient un certain degré
d’anisocytose, conséquence de I’activation cellulaire en réponse a I’infection [27, 28].

Lors de la numération leucocytaire des échantillons infectés, 1’histogramme volumétrique
peut également présenter un pic précédent le seuil de 35 fL. Ce pic pourrait survenir du fait

d’anomalies des hématies ou des plaquettes, mais serait peu spécifique du paludisme [27].

Figure 4: Fenétres diffraction/volume de LH 750 avec données positionnelles des sous-populations

leucocytaires et formule du “Malaria factor”

— 1 Monocytes —_
Monocytes —

-4——— Lymphocytes | <¢—————— Lymphocytes

NE LY MO EO NE LY MO EO
Mean SD Mean sD Mean SD Mean sD Mean SD Mean sSD Mean SD Mean SD

\' 139 17.78 82 12.12 156 19.99 151 17.27 V 176 31.93 95 26.05 197 28.63 142 22.25
c 154 5.54 1.23 9.45 128 6.15 156 383 C 141 10.61 114 18.58 123 6.70 167 30.64
S 151 10.92 74 14.59 84 11.60 207 775 S 145  10.67 70 21.44 95 11.13 202 5.31

V,, (lymphocytes)x V, (monocytes)
100
D’apres [28]; NE: polynucléaires neutrophiles; LY: lymphocytes; MO: monocytes; EO: polynucléaires ¢osinophiles;

Malaria factor :

1) tracé normal; 2) infection a Pf avec importante hétérogénéité des volumes lymphocytaires et monocytaires.
D’apres [27]; Vsp (lymphocytes): écart-type des volumes lymphocytaires; Vsp (monocytes): écart-type des volumes

monocytaires

3.2.2. Performances diagnostiques
En considérant les écarts-types des volumes lymphocytaires et monocytaires, la sensibilité
¢tait supérieure a 90% et la spécificité supérieure a 60%, pour chacun des deux parameétres. Pour

améliorer la spécificité, les deux parametres ont été combinés pour établir un “Malaria
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factor” (Fig. 4), lequel permettait d’obtenir une sensibilité de 96.9% et une spécificité de 82.5%, a
la valeur seuil optimale de 5.06 en courbe ROC (receiver operating characteristic) [27]. Les études
ultérieures retrouvaient une sensibilité de 98% avec une spécificité de 94% (a la valeur seuil
optimale de 3.7) d’une part [28] et une sensibilité de 81.8% avec une spécificité de 72.3% (a la
valeur seuil optimale de 4.57) d’autre part [29]. De plus, la valeur seuil du “Malaria factor” ne
semblait pas modifiée par I’espece plasmodiale [28]. Ainsi, et au méme titre que pour les automates
Cell-Dyn, l’intégration du “Malaria factor” au systetme d’analyse de l’automate, permettrait

d’informer I’utilisateur de la présence possible de paludisme.

3.3. Automate Coulter DxH 800

3.3.1. Principes analytiques et anomalies observées au cours du paludisme

Le DxH 800 est le plus récent des analyseurs d’hématologie cellulaire de Beckman Coulter.
Parallelement aux mesures de volume et de conductivité communes aux générations précédentes,
I’automate mesure trois diffractions distinctes: la diffraction de la lumiére a angle moyen, le niveau
bas de la diffraction de la lumicre a angle moyen (9 - 19°) et le niveau haut de la diffraction de la
lumicre a angle moyen (20 - 43°), lesquels renseignent sur la surface membranaire et la granularité
des cellules. Le DxH 800 mesure également la diminution du signal a 0 - 0.5°, qui informe sur la
transparence cellulaire, et la diffraction de la lumicre a angle réduit (5.1°) qui permet d’évaluer la
complexité cellulaire.

Les érythroblastes sont analysés dans un canal spécifique, en utilisant cependant la méme
cellule de mesure que pour la formule leucocytaire. Pour 1’analyse, I’échantillon de sang total est
dilué et traité avec un agent de lyse qui détruit électivement les hématies anucléées (1’intégrité des
leucocytes, des érythroblastes, des plaquettes et des débris cellulaires étant préservée). Pour
I’analyse, 1’automate utilise la diminution du signal a 0 - 0.5° (mesure de la lumiére absorbée par la
cellule), un séparateur entre érythroblastes et interférences potentielles et un indicateur de taille
cellulaire prenant en compte la transparence cellulaire. Un algorithme permet alors de séparer les
cellules et renseigne sur la présence éventuelle de plaquettes géantes, d’amas plaquettaires ou
d’autres débris [30].

Une étude a été publiée sur les conséquences des infections a Pv au cours de I’hémogramme
automatisé généré avec le DxH 800 [31]. On retrouve dans les échantillons infectés par Pv, des
nuages de points denses, arrondis ou fusiformes a grand axe vertical, dans les fenétres
¢rythroblastes de 1’automate (Fig. 5). Les €léments de ces nuages présentent une faible diffraction
de la lumiére a angle réduit, une faible diminution du signal a 0 - 0.5° et une faible diffraction de la

lumiére a angle moyen (niveau haut). Ils pourraient correspondre a des gamétocytes.
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Figure 5: Fenétres érythroblastes de DxH 800 dans trois infections distinctes a Py

D’apres [31]; points verts: hématies impaludées (fleche); points rouges: érythroblastes; points bleus: leucocytes;
(a) parasitémie de 68 x 10°/L; (b) parasitémie de 5.7 x 10°/L; (c) parasitémie de 0.4 x 10°/L. La taille des nuages de

points d’hématies impaludées est approximativement corrélée avec la parasitémie

3.3.2. Performances diagnostiques

La sensibilit¢ et la spécificité étaient de 100% et la taille des nuages semblait
approximativement corrélée avec la parasitémie (Fig. 5). Cependant, d’autres études sont
nécessaires pour confirmer ces résultats et pour évaluer les performances diagnostiques du DxH 800
avec les autres especes plasmodiales (et notamment Pf). Il pourrait néanmoins étre intéressant que
le fabricant intégre un message d’alarme en cas de nuage anormal, avec une évaluation de la

parasitémie en tenant compte du nombre de signaux présents.

3.4. Automates Sysmex XE-2100 et XE-5000

Le Sysmex XE-2100 a déja fait I’objet d’études portant sur ses capacités a détecter le
paludisme. Cependant, ces publications concernent surtout les infections a Pv [32].

Dans [D’article présenté ci-apres, les performances du XE-2100 et du XE-5000 (version
optimisée du XE-2100) ont été évaluées pour le diagnostic du paludisme en zone non endémique.
Ce sont principalement les infections a Pf qui ont été¢ étudiées (49 échantillons), les 18 autres
¢chantillons étant impaludés a Pv, Po ou Pm. Seront présentés successivement: les principes
analytiques de I’automate XE, les hémogrammes des patients impaludés, les anomalies retrouvées
spécifiquement au cours du paludisme et enfin les performances diagnostiques du XE en fonction

des especes en cause.
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1. Summary

Introduction: Automated hematology analysers are of widespread use and several of them
have shown peculiar changes helpful for the diagnosis of malaria. However most studies are
conducted in endemic regions and it is not always clear whether all malarial parasites or only some
species are in concern.

Methods: We retrospectively studied Cell Blood Counts (CBCs) performed with Sysmex
XE-2100 and XE-5000 hematology analysers in our centre (Angers, France) regarding 67 patients
returning from endemic areas and infected with various Plasmodium
species [P. falciparum (n = 49), P. vivax (n = 15), P. ovale (n = 1), P. malariae (n = 2)].

Results: In 83% of infected samples with P. vivax, P. ovale, or P. malariae, peculiar or
extra clouds of dots were present in neutrophil and/or eosinophil area(s) of routine
differential (DIFF) scattergram. Comparison between White Blood Cell (WBC) counts performed
in WBC[BASO] and WBC[DIFF] channels showed that abnormal areas in DIFF scattergrams were
linked to unlysed Red Blood Cells (RBCs) containing mature forms. In contrast, regarding
P. falciparum infection, routine DIFF scattergrams failed to demonstrate any peculiar or specific
change (0/49 patients). P. falciparum-infected RBCs were fully lysed by reagents, explaining the
absence of abnormal areas on scattergrams. If it was impossible to hypothesise P. falciparum
infection using routine CBC analysis, diagnostic models recently developed for the diagnosis of
P. falciparum malaria in endemic countries were useful and demonstrated a sensitivity level
of 77.1%. Reticulocyte analysis showed that immature reticulocyte fraction (IRF) was significantly
lower in P. falciparum-infected samples than in other Plasmodium species (6.5 +5.6% vs
15.1 £5.4%, P<0.05) and the ratio reticulocyte/IRF showed a significant correlation with
parasitemia (r = 0.56, ¢50,CI1[0.26 - 0.77], P < 0.05).

Conclusion: Diagnostic models for P. falciparum should become more accurate including
reticulocyte/IRF ratio as a supplementary variable, whereas in other Plasmodium species, abnormal

DIFF pictures are peculiar enough to hypothesise malaria after routine CBC analysis.

2. Introduction

Malaria is one of the most deadly diseases in the world and in 2010 there were an estimated
219 million patients infected worldwide, with a global number of malaria deaths estimated to
660 000 [1].

In endemic regions such as Africa, which carries 90% of the burden [33], malaria is a prime
diagnostic concern in febrile patients. In contrast, travellers who develop malaria upon return to a

non-endemic country may be misdiagnosed, due to physicians unfamiliar with malaria, and the
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diagnosis may be delayed. Use of anti-malarial medicines may not be registered, resulting in
patients presenting with severe and complicated malaria.

If the gold standard for malaria diagnosis is microscopic analysis of Giemsa-stained blood
films, nowadays completed with rapid tests using immunochromatography, only suspected malaria
cases are tested. As Cell Blood Counts (CBCs) are frequently performed in patients with febrile
diseases, a careful study of the results provided by several automated hematology analysers (HAs)
in malaria patients has shown that several changes, mainly related to abnormal White Blood
Cell (WBC) scattergrams, were peculiar enough to hypothesise malaria infection in the relevant
patients [32]. Therefore, the use of HAs was stressed as a help for early detection of malaria,
although in some reports it was unclear whether all or only some Plasmodium species (P-species)
were concerned [34]. According to the HAs used, several diagnostic indexes were developed,
demonstrating a high predictive value for the diagnosis of malaria [28, 35].

Sysmex XE-2100 and XE-5000 HAs perform CBC quickly and accurately. Their ability to
detect malaria in endemic countries has already been reported [36-39]. The aim of this study was to
determine whether CBC performed using these HAs could help for the diagnosis of malaria in
patients returning from endemic countries and admitted in a medical care unit from our
institution (Angers, France). For that purpose, we retrospectively studied CBCs from 67 patients in
which malaria was diagnosed using conventional methods. Routine parameters and routine WBC
scattergrams were analysed first, followed by the analysis of the so-called “research parameters”
provided by the HAs to look for sensitivity of recently published diagnostic models [35]. Samples
from patients infected with Pf were especially examined and compared with those from patients
infected with other P-species, as Pf malaria cases may evolve rapidly toward a severe disease and

correspond up to 80% of malaria cases diagnosed in France [3].

3. Materials and Methods

3.1. Samples and reference diagnostic procedures

EDTA anti-coagulated blood samples from 67 patients with detectable malarial parasites
were collected at the University Hospital of Angers (France) between March 2008 and
November 2011. The diagnosis of malaria was performed using the following methods. The
single-step immunological membrane rapid test NADAL® Malaria 4 Species Test, Nal Von
Minden, Germany) was used to demonstrate the histidin rich protein II (HRP II) specific for Pf, and
Plasmodium lactate dehydrogenase (pLDH) expressed by Pf, Pv, Pm and Po. MGG-stained thin
blood films and Giemsa-stained thick smears were examined to determine P-species and to
ascertain the absolute number of parasites, first as the number of parasites per 200 WBCs and then

as the number of parasites per liter of blood (x 10°/L), using WBC count. A polymerase chain
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reaction (PCR) specific for each P-species was performed in all samples demonstrating less
than 0.1 x 10°/L parasites, and in all samples in which P-species other than Pf were identified
microscopically.

CBC was determined using either the Sysmex XE-2100 or the XE-5000 HAs (Sysmex
Corporation, Kobe, Kansai, Japan). The methods used for the determination of the CBC parameters
are reported elsewhere in full details [40-42]. Briefly, hemoglobin (HGB) is determined after lysis
of red blood cells (RBCs) and numbers of RBCs and of platelets (PLTs) are determined using the
sheath flow direct current detection principle. PLT individual volumes and PLT count allow the
determination of the plateletocrit (PCT). If impedance PLT count demonstrates
abnormalities (manufacturer defined or operator defined, see [40]), PLT count is determined using
fluorescence technology, allowing optical PLT count (PLT-O). In this channel, PLTs are classified
according to the intensity of forward-scattered light and fluorescence signals into three
categories (low, medium, and high fluorescence intensity), immature PLT fraction (IPF%)
corresponding to the percentage of PLTs expressing high + medium PLT fluorescence intensity.
WBC count (WBC[BASO] count) is performed in a dedicated channel (WBC/BASO) after the use
of a reagent which disrupts membranes of RBCs and WBCs, with the exception of basophilic
polymorphs, allowing the enumeration of WBC nuclei and (unaltered) basophils. WBC differential
is performed on another channel (DIFF) after addition of a mild lysis agent destroying only RBCs
and of a fluorescent dye. According to light scattering and fluorescence characteristics, a 4-part
WBC differential is generated (lymphocytes, monocytes, eosinophils and neutrophils + basophils).
A WBC count (WBC[DIFF] count) is also performed in the DIFF channel, corresponding to the
number of unlysed cells, and comparison with WBC[BASO] count is automatically performed.
Several scattergrams, including WBC/BASO and DIFF scattergrams, are generated in each instance
and, if relevant, suspect flags (manufacturer defined) are generated, related to qualitative
changes (abnormal scattergrams). In the DIFF scattergram, central part of neutrophil and of
lymphocyte areas is determined according to X and Y axes (NEUT-X, NEUT-Y, LYMPH-X and
LYMPH-Y, respectively) and reported as technical variables or research parameters (in arbitrary
units from the manufacturer) [43]. Reticulocyte number is performed on a dedicated channel, using
a specific fluorescent dye (containing polymethine and oxazine) that binds to nucleic acids, and a
dedicated scattergram allows the location of mature RBCs (no conspicuous fluorescence), low,
medium, and high fluorescence reticulocytes (LFR, MFR, and HFR, respectively). MFR + HFR
fractions are reported as the immature reticulocyte fraction (IRF).

Microscopic WBC differential was performed in all instances in this study after examination

of MGG-stained smears prepared by the Sysmex SP-10001 slide maker.
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Diagnostic models (designed to compute a predicted probability (PP) of malaria obtained
from logistic regression analyses) using numerical algorithms were previously developed and
published [35]. Non-observer dependent models for Pf and Pv infections were determined in this
study. Pv model (N-OD1p,) included the continuous decrease of PCT in %, the continuous
increment in the ratio WBC[DIFF]/WBC[BASO] and the continuous increase in the scattergram
mean Y axis value for lymphocytes (LYMPH-Y). Pfmodel (N-OD1p,) included the continuous
increase in RBC distribution width-standard deviation (RDW-SD) in fL, the continuous decrease in
the PLT-O count and the continuous increase in LYMPH-Y. The accuracy of these models was

tested in our study using Pf'and Pv samples.

3.2. Data analysis

Data entry was performed on a basis using Microsoft Office Excel”. Statistical analysis was
performed using both Microsoft Excel and BiostaTGV (http://marne.u707.jussieu.fr/biostatgv/ and
http://www.r-project.org/). Specific differences were shown using Wilcoxon-Mann Whitney test
and Fisher’s exact test. Comparisons were performed with Pearson’s correlation. A P-value < 0.05

was considered statistically significant.

4. Results

4.1. Clinical and biological features

Forty eight of the 67 patients studied (71.6%) were male; median age
was 29.9 (range = 1 - 68) and 12 patients were under 15. 49/67 of patients (73.1%) were infected
with Pf, 15 (22.4%) with Pv, two with Pm and one with Po. Patients infected with Py returned from
French Guyana whereas all other patients returned from tropical Africa.

In  Pf-infected patients, parasitemia ranged from0.2 to 520 x 10°/L  in
48/49 cases (mean = 68.7 X 109/L), and was of2386 x 10°/L in one case. In Pv-, Pm- and
Po-infected patients, parasitemia ranged from 0.1 to 21.3 x 10°/L (mean = 6.9 x 10°/L), from 3.6
to 4.8 x 10°/L (mean = 4.2 x 10°/L) and was of 1.1 x 10”/L, respectively.

4.2. Red blood cells, hemoglobin, red cell indices, and platelets (Table I)

According to National Committee for Clinical Laboratory Standards (NCCLS) criteria [44],
the use of reference intervals defined according to gender and age showed that 44.8% of malaria
patients were anemic, and their median HGB was 11.3 g/dL. Suspect flags related to RBC or to
HGB determination were rare, only observed in 2 Pf-infected patients, and possibly related to lipid

interference (Turbidity/HGB Interference?).
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Thrombocytopenia was common in our study (53/67 patients; 79.1%), including
20/67 patients (29.9%) with severe thrombocytopenia, the latter corresponding in 17/20 instances to
Pf-infection. The median PLT count was significantly lower (34 + 23 x 10°/L vs 114 =76 x 10°/L,
P <0.05) and the median IPF% was significantly higher (18.6 £ 10.9% vs 6.8 = 4.5%, P <0.05) in
samples displaying parasitemia > 50 x 10°/L, which was observed in 13 patients, all infected
with Pf. PLT flagging (PLT abnormal distribution) was observed in 30.6% Pf-infected patients and

in the two Pm-infected patients.

4.3. White Blood Cell parameters and their relationship with Plasmodium
species

Automated WBC counts, microscopic differentials, and suspect flags from HAs are reported
in Table II. In our study, a blood film was examined in each instance, to look for malarial parasites
and to perform microscopic WBC differential. Careful examination of polymorphs and of
monocytes failed to show abnormal inclusions within the relevant cells, with the exception of one
patient, who demonstrated 1/25 monocytes containing microscopically visible hemozoin
pigments (Pv infection). Whatever the P-species responsible for malaria, if consensus guidelines for
slide review of automated analyser results, as published by the International Society for Laboratory
Hematology (http://www.islh.org/), had been applied, microscopic review should not have been

required in 12/49 and in 2/15 Pf- and Pv-infected patients, respectively.

4.3.1. White Blood Cell scattergrams and comparison between automated and microscopic

differentials (Table II)

Leukopenia, lymphopenia and lymphocyte suspect flagging (Atypical lymphocytes?,
Abnormal lymphocytes/Lymphoblasts?) were common, whatever the P-species concerned.
Lymphopenia was observed in 29/49 Pf-infected patients (59.2%) and in 10/18 patients infected
with other species (55.6%). Lymphocyte suspect flagging, corresponding to the presence of some
atypical lymphocytes and/or plasma cells after microscopic analysis, was present in 13/49 (Pf) and
in 5/18 instances (other species). Automated percentage of atypical lymphocytes was slightly higher
in Pf-infected samples (1.2 = 1.2% vs 0.5 £ 0.4%, P < 0.05), but there was no significant correlation
between automated percentage of atypical lymphocytes and parasitemia, whatever the P-species
concerned. Despite the fact that a relationship between LYMPH-Y technical variable (arbitrary
unit) and parasitemia was recently reported [35], no significant association, irrespective of the
P-species, was found (R’ = 0.05 and R’ =0.002, in P/~ and non Pfinfected samples, respectively,
P>0.05).

a) Infection with Plasmodium falciparum (Table 1I)
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WBC/BASO scattergrams did not show any anomaly in the 49 patients studied. In
23/49 patients, abnormal DIFF scattergram and/or WBC suspect flagging was(were) observed,
corresponding in ten cases to flagging for immature granulocytes (Blasts?, Immature granulocytes?,
Left shift?), in six cases to flagging for Ilymphocytic changes (Atypical lymphocytes?,
Abnormal lymphocytes/Lymphoblasts?), and in seven cases to both flaggings. Parasitemia was
significantly higher (263.9 £ 564.3 x 10°/L vs 35.3+75.6 x 10°/L, P<0.05) when flagging for
immature granulocytes was present. Eosinophilia (> 0.5 x 10°/L) was observed once and was
confirmed after microscopic study.

Comparison between automated and microscopic differentials did not show any statistical
difference between absolute numbers of neutrophils, lymphocytes, monocytes, eosinophils and
basophils, respectively (data not shown). Also, there was no significant difference in automated
neutrophil count between Pf-and non Pf-infected patients, although percentage of immature
granulocytes was slightly higher (0.6 =0.8% vs 0.3 £ 0.4%, P <0.05) and flagging for immature
granulocytes was more frequent (34.7% vs 11.1%, P <0.05) in Pf-infected patients than in other
cases.

A CBC was performed within the three days after initiating specific therapy in 14 of
49 cases: DIFF scattergrams remained normal if normal at diagnosis, or continued to display
abnormalities related to immature granulocytes or to atypical lymphocytes if already observed at

diagnosis.

b) Infection with other Plasmodium species (Table II)

WBC/BASO scattergrams showed an excess of small dots located under the low
forward-scatter (FSC) threshold in 9/15 (60%) Pv-infected samples: such abnormality did not affect
WBC count performed in the WBC/BASO channel (Fig. 6.1). This excess of dots, corresponding to
debris, was consistently observed if parasitemia was >4 x 10%/L (9/15 patients). In Pm- and
Po-infected samples, WBC/BASO scattergram was normal (parasitemia < 4 x 10°/L in 2/3 cases).

In one instance DIFF scattergram was fully normal, in two instances (Pv-infected patients)
DIFF changes corresponded to the presence of a few atypical lymphocytes, whereas in
15/18 instances (83% = 12/15, 2/2 and 1/1 Pv-, Pm- and Po-infected patients, respectively) peculiar
DIFF scattergram abnormalities were observed, dedicated to mature neutrophil and/or to mature
eosinophil area(s). Abnormalities corresponded in one instance to unseparated neutrophil and
eosinophil areas (Pv-infected patient; Fig. 6.2), in five instances to neutrophil and eosinophil areas
linked together (Pv-infected patients; Fig. 6.3), in one instance to the presence of two eosinophil
and two neutrophil areas (Pv-infected patient; Fig. 6.4), in six instances to the presence of two

neutrophil areas (five Pv-infected patients and one Po-infected patient; Fig. 6.5) and in two
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instances to abnormally left-shifted eosinophil area (Pm-infected patients; Fig. 6.6). In three among
these 15 instances, dual blue areas of neutrophils or grey instead of coloured areas were
observed (Fig. 6.5 and 6.2), corresponding to the inability of the HA to identify accurately the
corresponding areas and as a consequence to generate numerical differential count.

Occurrences of peculiar neutrophil and/or eosinophil area(s) were consistent findings in the
13 cases displaying parasitemia >2 x 10°/L, and were observed in two of five cases displaying
parasitemia < 2 x 10”/L.

The comparison between automated and microscopic differentials did not show statistical
differences between absolute numbers of neutrophils, lymphocytes, monocytes and basophils,
respectively. Automated eosinophil count displayed eosinophilia (> 0.5 x 10°/L) in four cases
whereas microscopic count was within normal ranges. Pseudoeosinophilia, corresponding to a gap
of more than 5% in the eosinophil count between automated and microscopic analysis, was
observed in two cases: DIFF scattergrams revealed abnormal eosinophil areas in both instances
(one Pv- and one Pm-infected patient) (Fig. 6.3 and 6.6).

In four patients (Pv-infected patients) another CBC was performed after three days of
therapy: in all cases the above-described changes disappeared and DIFF scattergrams returned to

normal.

4.3.2. Relationship between White Blood Cell counts and parasitemia
The comparison between WBC counts performed on DIFF and on WBC/BASO channels,

corresponding to AWBC (WBC[DIFF] - WBC[BASO]), showed the followings: in Pfinfection,
AWBC ranged from -0.8 to 0.2 x 10°/L (-0.2 + 0.2) whatever the parasitemia (Tab. II and Fig. 7.1),
whereas in patients infected with other P-species AWBC ranged from -0.3 to 7 (+1.7 £2.4). The
difference was significant (P <0.05). There was a clear-cut relationship between AWBC and
parasitemia (r = 0.91, 950,CI[0.73 - 0.97], P <0.05) as shown in Figure 7.2. Enumerating separately
rings and mature schizonts failed to improve statistical difference (data not shown).

These results show first, that in Pv, Pm, or Po infection, a variable amount of particles is
present within the blood stream, destroyed by drastic lysis agents from the WBC/BASO channel but
not by mild lysis agents from the DIFF channel, then that the amount of such particles raises in

parallel with parasitemia, and eventually that such particles are not found in Pf'blood samples.

4.4. Reticulocyte analysis

Determination of reticulocyte count and reticulocyte parameters was performed in 35/49,
4/15, 2/2 and 0/1 Pf~, Pv-, Pm- and Po-infected samples, respectively (Tab. III). Both automated

reticulocyte counts and RET scattergrams were normal in Pv-, Pm- and Po-infected patients tested.

28



The “abnormal RET scattergram” flagging was observed in three of 35 (8.6%) Pf-infected
patients tested. Automated reticulocyte count was high (187, 221 and 467 x 10°/L) in that three
instances as compared to normal values after microscopic control. These three samples
demonstrated the highest parasitemias (520, 250 and 2386 x 10°/L, respectively). In another patient
displaying Pf infection and parasitemia = 322 x 10°/L, RET scattergram was normal.

In 32 of 35 patients displaying normal RET scattergrams, IRF was lower in Pf-infected
samples than in other patients (6.5 +5.6% vs 15.1 £5.4%, P <0.05), corresponding to a higher
number of cells displaying low fluorescence level (LFR). That latter abnormality led to an abnormal
“reticulocyte (x 10°/L)/IRF (%) ratio” (research parameter), the highest values occurring in
Pf-infected samples displaying the highest parasitemias (Tab. III). Linear regression showed
significant association between parasitemia and reticulocyte/IRF ratio (r = 0.56, ¢s50,CI1[0.26 - 0.77],

P <0.05).

4.5. Accuracy of diagnostic non-observer dependent models previously

developed (N-OD1p, and N-OD1py)

In this study, we determined continuous variables provided by the HA for each sample,
using the continuous variables which showed association with parasitemia, as selected after
multivariate regression tests by Campuzano-Zuluaga et al. [35]. N-OD1 equations, their optimal
cut-offs PP and models sensitivities obtained are reported in Table IV. In our study, due to the
variables selected, all Pv samples and 35/49 Pfsamples could be analysed, as PLT-O count was not
performed in all instances but is needed to determine N-OD1p. PP was above the cut-off (0.42)
in 13/15 Pvsamples (sensitivity of 86.7%) and was above the cut-off (0.29) in27/35
Pfsamples (sensitivity of 77.1%).

5. Discussion

HAs are now of widespread use and allow accurate and sensitive determination of CBC.
Regarding changes observed in malaria, those corresponding to anemia, thrombocytopenia, and
lymphopenia are reported in 15-70%, 67-95%, and 63% patients, respectively [45-50]. Although
they are important for the management of the disease, such CBC changes are not specific enough to
suspect malaria [51]. Other data, outing from WBC scattergrams and from “research parameters”
are provided now by several HAs, and some are peculiar enough to help for the diagnosis of malaria
in endemic areas [27, 28, 35, 52]. The retrospective review of CBCs provided by Sysmex XE-2100
and XE-5000 HAs in a series of 67 malaria cases imported from endemic areas to metropolitan
France (non-endemic country) showed that, as far as Pv, Pm or Po malarias were concerned, routine

WBC scattergrams showed peculiar abnormalities similar to those reported for relevant patients
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diagnosed in endemic countries, with a superimposable sensitivity (83%) for accurate
diagnosis [32]. In sharp contrast, although we studied 49 Pf-infected patients, we were unable to
demonstrate any peculiar change outing from routine CBC analysis and from routine DIFF
scattergrams which could lead to hypothesise malaria (sensitivity = 0%). The recently published
diagnostic model for Pv infection (N-ODI1p,) [35] allowed positive diagnosis with a sensitivity
of 86.7% in our study, and, more interestingly, the diagnostic model dedicated to
Pfinfection (N-OD1 py) allowed detection of malaria in 77.1% cases.

The diagnosis of malaria using Sysmex XE-2100 HA in endemic regions has been reported
by several authors, showing that DIFF scattergrams demonstrated abnormal areas for mature
neutrophils and/or for eosinophils, peculiar enough to hypothesise the diagnosis of malaria in
Pv-infected patients [35-39, 53]. In our study, DIFF scattergram changes related to imported
Pv infection and diagnosed in France (non-endemic country) showed similar findings. Even if the
number of patients tested is low, we observed superimposable changes in Pm- and Po-infected
patients, showing that the peculiar DIFF scattergram changes described so far for Pv-infected
patients are related to Pv, Pm, or Po infection rather than specific to Pv malaria [35, 38]. To the best
of our knowledge, no report analysed Pm- and Po-infected samples (only one study reported a
patient with a mixed Pv and Pm infection [53]). In South Korean studies [38, 39], sensitivity for
Pv infection ranged form 46.2% to 69.4% and specificity ranged from 99.7% to 100%. In our study,
sensitivity was of 80% considering Pv infection and was of 83% considering together Pv-, Pm- and
Po-infected patients. As observed by others [35] and by us, the few patients who failed to show any
DIFF abnormality displayed among the lowest parasite burden. Spuriously high automated
eosinophil count as compared to microscopic one was stressed as frequent in the presence of
Pv infection, observed in up to 39% Pv-infected patients [36, 38]. In our study pseudoeosinophilia
was observed in only two patients (11%): the low number of patients tested in our series might
explain this difference, but a lower parasite burden as compared to that found in patients from
endemic countries [38] cannot be fully ruled out.

As far as Pfmalaria is concerned, although we tested 49 infected patients, no case (0%)
showed any among the peculiar routine WBC scattergram changes related to Pv, Pm or
Po infection, or any else. Only a few patients showed changes related to the presence of some
atypical lymphocytes and/or immature granulocytes. Our findings are in agreement with one report
in which routine CBC analysis was performed using Sysmex XE-2100 HA in 30 Colombian

patients infected with P/, leading to similar negative results [35].

Using the so-called multiple-angle polarisation scatter separation (MAPSS) technology to
generate a WBC differential, HAs from the Cell-Dyn series (Abbott Diagnostics, Santa Clara, CA,
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USA) were the first to exhibit peculiar abnormalities related to malaria after CBC
determination (reviewed in [32]). Whatever the P-species concerned, abnormalities observed were
related to the presence of abnormal monocyte-coded depolarising events due to malarial pigment
hemozoin ingested by monocytes and granulocytes [14]. In one instance using the same HA, one
author mentioned that it was not possible to exclude the presence of unlysed RBC containing
hemozoin as responsible for part of abnormal findings [15].

In Pv-infected patients, abnormalities of DIFF scattergrams provided by XE-2100 HA were
related first with the presence of WBCs containing hemozoin [36-39, 53, 54], but
Campuzano-Zuluaga ef al. found that most of the signal abnormalities in the DIFF scattergram
correlated significantly with the concentration of Pv mature trophozoites and schizonts, and that
events in the granulocyte area were compatible with signals generated by mature forms containing
hemozoin [35]. In Pv-, Pm- and Po-infected patients from our series, beside peculiar DIFF
scattergram changes, we observed that WBC count was higher in the DIFF channel (mild hemolytic
agent) as compared to that from the WBC/BASO channel (heavy membrane destruction), and that
the AWBC was parallel to parasitemia. Stained blood films from relevant patients demonstrated
mixture of mature trophozoites, schizonts and gametocytes. In contrast, Pf cases did not show DIFF
scattergram changes and did not demonstrate differences in WBC counts between both channels,
whatever parasite burden. Stained blood films from Pfcases showed only parasite rings. These
results agree with the hypothesis of Campuzano-Zuluaga et al. [35]: abnormal areas observed on
DIFF scattergrams from Pv-, Pm- and Po-infected patients are related to the presence of mature
parasites, undestroyed by mild lysis agents and generating dots located close to or superimposable
to neutrophil and/or to eosinophil area(s). As no mature trophozoites (nor gametocytes) were
observed in our Pf-infected patients, DIFF scattergrams failed to demonstrate superimposable
abnormalities.

If the relationship between AWBC and parasite burden was obvious in our Pv-infected
patients (Fig. 7), it was not possible however to ascertain the amount of parasites as definitely as
after a microscopic study: the analysis of abnormal DIFF scattergrams showed that abnormal area
corresponding to trophozoites frequently spread on the threshold that discriminates between
particles included within the WBC/DIFF count (above) and those that are neglected (under the
threshold) (see Fig. 6.6).

Intra-erythrocytic malarial parasites contain a small amount of RNA that is stained with that
from reticulocytes and, in some instances, fluorescence generated by infected mature RBCs may be
sufficient enough to mimic that from “low fluorescence reticulocytes”, leading to a spuriously high

number [17, 22, 52, 55-57]. In our series changes were inconspicuous in Pv-, Po- and Pm-infected
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patients. In contrast, in Pf-infected patients, the number of low fluorescent reticulocytes raised in
parallel with parasitemia, the highest Pfparasitemias being frequently associated with both
abnormal RET scattergrams and spurious automated reticulocyte counts. The research parameter
“reticulocyte/IRF ratio” sensitised at best that change. Campuzano-Zuluaga ef al. did not find
abnormal reticulocyte/IRF ratio in their series of 30 Pfmalaria cases [35], but CBCs were
performed up to 36 hours after blood drawing as compared to less than 3 hours in ours. In vitro
stability of the fluorescent reticulocyte fractions is of 6 hours and could explain discordant
results [58]. The use of “reticulocyte/IRF ratio” might certainly improve sensitivity of reticulocyte
analysis as compared to RET scattergram, and might be included together with the other continuous

variables selected for diagnostic models developed in Pfinfection [35].

The alteration of lymphocyte and monocyte populations has been reported in malaria using
Beckman-Coulter HAs (Miami, FL, USA), and lymphocyte and monocyte standard deviations of
volumes, corresponding to two “research parameters”, were used to build a malaria discriminant
factor to perform accurate malaria detection [27, 28]. In three published studies sensitivity ranged
from 81.8% to 98% and specificity from 72.3% to 96.9% [27-29]. Sensitivity and specificity were
affected neither by the nature of the P-species nor by parasite burden, as it was abnormal for
parasitemias ranging from 0.001% to 38.9% infected RBCs [28]. Campuzano-Zuluaga et al.
developed several non-observer dependent models for the diagnosis of Pv and Pfinfections [35]. In
their experience, the non-observer dependent model (N-OD1py) using only continuous variables
showed high sensitivity (93%) and specificity (81%). Using the same N-OD1prmodel and data from
our series, sensitivity was of 77.1%. One limitation in using this N-OD1p, model is that it needs
PLT-O as a variable, but in routine conditions the optical count is not always

determined (determined only if impedance PLT count is altered).

In non-endemic countries Sysmex XE HAs are useful to detect imported malaria in patients
infected with either Pv, Po or Pm: peculiar abnormalities from DIFF scattergrams are similar with
those described for patients diagnosed in endemic countries, are specific enough to hypothesise for
this diagnosis, and sensitivity is high. In contrast, dealing with Pfinfection, the most dangerous
disease, routine CBC changes are unspecific, and DIFF scattergrams fail to demonstrate any
peculiar abnormalities which could alert for malaria infection. Recently developed diagnostic
models show high sensitivity and specificity, and their use, as included into computers either from

Sysmex HAs or from Laboratory Information Systems, is stressed.
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6. Figures and tables

Table I: Sysmex XE-2100 and XE-5000 results: RBC, HGB and
and (percentage)]

PLT parameters [mean (range)

Pf:n=49 Py:n=15 Pm:n=2 Po:n=1
RBC count (x 10'%/L) 46(2.5-57) 45(3.1-5.6) 3.8 (3.7-4) 4.5
HGB (g/dL) 13(74-16.5) 13.1(9.4-159) 10.7(99-11.4) 13.7
Anemia* 21 (42.3%) 7 (46.7%) 2 (100%) 0
PLT count (x 10°/L) 98 (9-369) 112 (40 - 406) 48 (44 - 51) 57
IPF% 10.7(1.2-41.7) 7.7(4.7-10.1) 13.5(11-15.9) 9.5
Thrombocytopenia* 37 (75.5%) 13 (86.7%) 2 (100%) 1 (100%)
Severe thrombocytopenia (< 50 x 10%/L) 17 (34.7%) 2 (13.3%) 1 (50%) 0
PLT abnormal distribution (suspect flag) 15 (30.6%) 0 2 (100%) 0
PLT clumps? (suspect flag) 3 (6.1%) 1 (6.7%) 0 0

* according to gender and age, as determined according to NCCLS criteria [44]
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Table II: Sysmex XE-2100 and XE-5000 results: automated WBC counts [mean (range)], suspect flags and

abnormalities in the DIFF scattergram (percentage)

Pf:n=49  Other species: n =18 Py:n=15 Pm:n=2 Po:n=1
WBC[BASO] count (x 10%/L) 53(22-113) 57@3-11) 6(3.2-11) 43-5) 49
WBC[DIFF] count (x 10°/L) 56(22-11.2) 743-13.1) 79(3.7-13.1) 45(3-6) ND
Difference WBC[DIFF] - WBC[BASO] (x 10°/L) -0.2(-0.8-0.2) +1.7(-03-7) +19(-03-7) +0.5(0-0.9) ND
Leukocytosis* 3(6.1%) 1 (5.6%) 1 (6.7%) 0 0
Leukopenia* 16 (32.7%) 4 (22.2%) 3 (20%) 1 (50%) 0
Neutropenia* 5(10.2%) 1 (5.6%) 1 (6.7%) 0 0
Lymphopenia* 29 (59.2%) 10 (55.6%) 9 (60%) 1 (50%) 0
Monocytosis* 6 (12.2%) 1 (5.6%) 1 (6.7%) 0 0
Eosinophilia* 1 (2%) 4 (22.2%) 3 (20%) 1 (50%) 0
Immature granulocytes present (IG > 1%) 6 (12.2%) 0 0 0 0
Suspect flags¥:
Blasts? 6 (12.2%) 0 0 0 0
Immature granulocytes? 2 (4.1%) 2 (11.1%) 2 (13.3%) 0 0
Left shift? 15 (30.6%) 0 0 0 0
Atypical lymphocytes? 12 (24.5%) 4 (22.2%) 3 (20%) 1 (50%) 0
Abnormal lymphocytes/Lymphoblasts? 1 (2%) 2 (11.1%) 1 (6.7%) 1 (50%) 0
DIFF scattergram:
Normal DIFF scattergram 26 (53.1%) 1 (5.6%) 1 (6.7%) 0 0
Anomalies related to abnormal lymphocytes (AbnLy) 6 (12.2%) 2 (11.1%) 2 (13.3%) 0 0
Anomalies related to immature granulocytes (1G) 10 (20.4%) 0 0 0 0
Anomalies related to both AbnLy and IG 7 (14.3%) 0 0 0 0
Unseparated neutrophil and eosinophil areas 0 1 (5.6%) 1 (6.7%) 0 0
Neutrophil and eosinophil areas linked 0 5(27.8%) 5(33.3%) 0 0
Two eosinophil and two neutrophil areas 0 1 (5.6%) 1 (6.7%) 0 0
Two neutrophil areas 0 6 (33.3%) 5(33.3%) 0 1(100%)
Eosinophil area abnormally left-shifted 0 2 (11.1%) 0 2 (100%) 0

ND: not determined

* according to age, as determined according to NCCLS criteria [44]

1 in some patients, several suspect flags were present (see text)
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Figure 6: Sysmex XE abnormal scattergrams observed in our study in the WBC/BASO channel and in the

DIFF channel, in Pv, Pm and Po infections

1) Pv: abnormal supplementary blue area* under WBCs, in the high side-scatter (SSC) and low FSC range; 2) Pv:
non-separated neutrophil and eosinophil areas in grey; 3) Pv: neutrophil (blue) and eosinophil (red) areas linked (or
narrowed space between the two areas); 4) Pv: two eosinophil areas and two neutrophil areas; 5) Pv and Po: two
neutrophil areas; 6) Pm: eosinophil area abnormally left-shifted. The lower area is cut in two parts by a threshold: the

upper one in red is enumerated by the HA as corresponding to eosinophils and the lower one in blue is under the

threshold and neglected by the HA
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Figure 7: Sysmex XE-2100 and XE-5000 results: WBC counts performed on WBC/BASO and on DIFF

channels, and relationship with nature and amount of parasites within blood samples analysed
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1) Samples infected with P/, Whatever the parasitemia, difference between both WBC counts was
low (-0.2 £ 0.2) (the patient with parasitemia 2386 x 10°/L is not reported: AWBC was 0.07 with this patient);
2) Samples infected with other P-species. WBC count performed on DIFF channel was found higher than that from

WBC/BASO channel, and difference increased with parasitemia
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Table I1I: Reticulocyte parameters and relationship with parasitemia [mean (range)]

Reticulocyte count (x 10°/L)

Pf(n=32/35)* 53 (12 - 151)
Other species (n = 6) 55.9(43-79)
IRF (%)

Pf(n=32/35)* 6.5 (1 -23)
Other species (n = 6) 15.1 (6 -22)

Reticulocyte/IRF ratio

Pf: parasitemia 0.2 to 50 x 10°/L (n = 22)

Pf: parasitemia 51 to 200 x 10°/L (n = 6)

Pf: parasitemia 201 to 2386 x 10°/L (n = 4/7)*

Other P-species: parasitemia 0.1 to 21.3 x 10°/L (n = 6)

10.6 (2.7 - 43.3)
22.6 (5.2-57.2)
34.6 (4 - 90.5)
42(2-7.6)

* excluding the 3 patients displaying abnormal RET scattergrams
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Table IV: Continuous variables of N-OD1,, and N-OD1,, models from the present study, and median and

accuracy of these models

Pyv:n=15 Pf:n=35
PCT (%) 0.1
WBC[DIFF]/WBC[BASO] ratio 1.1
LYMPH-Y (arbitrary units) 737 705
RDW-SD (fL) 41.8
PLT-O count (x 10°/L) (if analysis performed) 82
N-OD1 sensitivity (%) 86.7 77.1

1
N-ODln: 1 + - (-7413-205PCT+46 WBC[DIFF) WBC[BASO}+0.045LYMPH-Y) 20.42
1

N-ODlz: o~ (731:024-0.018PLT-0+0.502RDW-SD+0.019LYMPH-Y) 20.29

1+
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Conclusion

Les analyseurs d’hématologie cellulaire contemporains ne sont pas congus pour détecter le
paludisme. Pourtant, la plupart sont ou seront sans doute en mesure de répondre aux exigences
diagnostiques fixées par 1’Organisation Mondiale de la Santé (OMS) (soit une sensibilité de 95%
pour un seuil de parasitémie a 0.1 x 10°/L) [59]. Pour cela, il est crucial que, & terme, ces automates
génerent un message qui alerte I’opérateur, lequel sera alors amené a contrdler 1’échantillon par les
méthodes conventionnelles.

Selon les analyseurs, le diagnostic du paludisme repose, soit sur la détection du parasite
intra-érythrocytaire (“diagnostic direct”), soit sur la détection de leucocytes anormaux en rapport
avec I’infection (“diagnostic indirect”). Il a ét€ montré qu’au cours d’une infection palustre traitée
avec succes, les leucocytes mélaniferes peuvent persister dans le sang sur une période prolongée au
cours de la convalescence [21]. Ainsi, des automates comme le XE-2100 et le XE-5000 qui
détectent directement le parasite présentent deux avantages potentiels: un risque théorique de faux
positifs réduit et la possibilité d’estimer la parasitémie et de suivre sa décroissance en cours de
traitement. Les analyseurs d’hématologie cellulaire étant désormais utilisés a grande échelle dans
les pays non endémiques, le XE a certainement un intérét pour le diagnostic du paludisme, surtout
en 1’absence de demande spécifique de la part du prescripteur. Néanmoins, 1’analyse en mode
optique sur le XE (qui permet d’obtenir les parametres réticulocytaires et le parametre PLT-O) reste
indispensable pour le dépistage de Pf. Dans la mesure ou cette analyse n’est pas réalisée
systématiquement pour chaque hémogramme, le XE ne peut pas s’intégrer a I’heure actuelle dans

une stratégie de dépistage fiable.
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DUBREUIL Philippe

INTERET DES ANALYSEURS D'HEMATOLOGIE SYSMEX XE-2100 ET XE-5000
POUR LE DIAGNOSTIC DU PALUDISME DANS UN PAYS NON
ENDEMIQUE (FRANCE)

RESUME

Introduction: Plusieurs analyseurs d'hématologie ont montré des anomalies utiles pour le
diagnostic du paludisme. Cependant, la plupart des études publiées ont été menées en zone
d'endémie, parfois sans indication des especes impliquées.

Méthodes: Nous avons étudié rétrospectivement 67 hémogrammes réalisés sur des
analyseurs Sysmex XE-2100 et XE-5000 dans notre hopital (Angers, France). Tous les patients
revenaient de zones d'endémie et étaient infectés par diverses especes de Plasmodium.

Résultats: Dans 83% des échantillons infectés par P. vivax, P. ovale ou P. malariae, des
nuages de points anormaux étaient présents dans le canal "differential" (DIFF), au niveau de la
zone des polynucléaires neutrophiles et/ou éosinophiles. En revanche, pour P. falciparum, le
canal DIFF ne présentait aucun changement particulier (0/49 patients). Si l'infection a
P. falciparum ne pouvait étre suspectée lors de I'analyse de routine, les modéles diagnostiques
récemment mis au point pour le diagnostic du paludisme a P. falciparum dans les pays
endémiques se sont révélés performants (sensibilité de 77.1%). L'analyse réticulocytaire a
montré que la fraction immature des réticulocytes (IRF) était significativement plus faible dans
les échantillons infectés par P. falciparum que pour les autres especes (6.5 £ 5.6% vs
15.1 £5.4%, P <0.05) et le ratio réticulocytes/IRF était significativement corrélé avec la
parasitémie (r = 0.56, 1C95%[0.26-0.77], P < 0.05).

Conclusion: Les mod¢les diagnostiques pour P. falciparum pourraient étre plus
performants en intégrant le ratio réticulocytes/IRF, alors que pour les autres especes, les
anomalies du canal DIFF sont suffisantes pour évoquer le diagnostic.
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