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The Current Status and Potential Role of Laboratory Testing to
Prevent Transfusion-Transmitted Malaria

Clive R. Seed, Alan Kitchen, and Timothy M.E. Davis
Malaria remains a rare but serious complication of

transfusion because of the asymptomatic persistence

of parasites in some donors. In nonendemic countries,

the predominant strategy of deferral or cellular com-

ponent discard from bbbbbbrisk QQQQ donors is effective in

minimizing the incidence but is wasteful. In endemic

countries where recipients are commonly immune,

transfusion strategies focus on chemoprophylaxis for

the donor and recipient or ensure that blood collected

in highly endemic regions is not transfused to patients

from areas of low endemicity. Donors implicated in

transfusion-transmitted malaria are predominantly

bbbbbbsemi-immune QQQQ with very low parasite loads. Their

detection by even the most sensitive antigen or

polymerase chain reaction (PCR) assays cannot be

guaranteed and, in a number of cases, is unlikely

because the infectious dose is estimated to be 1 to

10 parasites in a unit of blood. Retrospective analysis

of implicated donors has confirmed the presence of

high titer antibodies in such individuals. In regions of

low immunity, serological assays offer an efficient

method to identify such infectious donors. The recent

development of enzyme immunoassays (EIAs) with

improved sensitivity to Plasmodium falciparum and

Plasmodium vivax , the predominant transfusion

threats, has heightened the appeal of serological
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testing. Although universal serological screening in

nonendemic regions is not cost-effective, targeted

screening of donors identified at risk by travel-based

questioning can significantly reduce wastage through

reinstatement. Importantly, transfusion safety does

not appear to be compromised by this approach as

evidenced by the lack of a documented transmission

in France between 1983 and September 2002, where

such a strategy has been used since 1976. The

development of automated protein microarray–based

technology has the potential to further enhance

antibody/antigen sensitivity; however, its application

to donor screening is likely to be some years off. There

is also the potential that pathogen inactivation tech-

niques currently under development to address the

bacterial contamination of blood components may

also be effective against malaria parasites to make

malarial testing redundant or at least reduce its cost/

benefit ratio. Nonetheless, there are still significant

problems to be solved in respect of validating and

licensing these systems. Assuming that they are

successfully marketed, their high cost may also

impact their cost-effectiveness in comparison with

targeted malaria testing strategies already in place in

some jurisdictions.
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MALARIA IS A protozoan infection that is

almost always transmitted by the bite of the

female Anopheles mosquito. In rare cases, the

infection is acquired by the direct inoculation of

infected blood such as during transfusion. The first

case of transfusion-transmitted malaria (TTM) was

reported in 1911.1 There are a number of reasons

why malaria represents a significant transfusion

threat. Plasmodium species can survive for at least

3 weeks in refrigerated blood. Depending on the

number of parasites in the inoculum, the symptoms

of malaria may develop days to weeks after

transfusion. The patient may not have a history of

potential exposure to malaria and will commonly

exhibit nonspecific symptoms without the charac-

teristic fever periodicity. A consequent delay in

diagnosis can lead to the death of the patient,

particularly if P falciparum is the species involved.

Accurate data on the incidence of TTM are

confounded by underreporting, particularly in en-

demic regions where recipients frequently have

preexisting infection. In nonendemic regions, the

reported incidence ranges from 0 to 2 cases per
million donations. In a recent comprehensive review

of TTM in the United States, the incidence for the

period 1993 to 1998 ranged from 0 to 0.18 cases

per million units transfused.2 A similar incidence

can be inferred for Australia with the last reported

case occurring in 1991.3 By contrast, the incidence

in endemic countries is likely to exceed 50 cases

per million donor units.4 Recent case reports of

TTM from the United States,5 Canada,6 Switzer-

land,7 and the United Kingdom (Dr A. Kitchen,

written communication, January 23, 2004) con-

firm a continuing transfusion threat in nonendemic

countries as a consequence of imported malaria.
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Despite significant advances in test development

for transfusion-transmitted viral infections in the

last 3 decades, a reliable, high-throughput blood

screening test for malaria has remained elusive.

Recent risk modeling studies from developed

countries have demonstrated that the residual risk

of transfusion-transmitted HIVand hepatitis C virus

are less than 1 in 1 million.8,9 This has refocused

efforts to address other nonviral infectious trans-

mission risks including bacterial and parasitic

infections, of which malaria is a universal priority.

A second important driver for malaria test devel-

opment stems from the fact that current strategies

to reduce the likelihood of transfusion transmission

used in nonendemic countries invariably involve

discarding blood from bpotentially exposedQ
donors leading to significant wastage. In the

current climate of increasingly stringent donor

deferral criteria, leading in turn to frequent

sufficiency concerns, the wastage associated with

such strategies is unacceptable. This review seeks

to summarize some current malaria testing strate-

gies used by blood services and explore the recent

advances in test development, including serologi-

cal and nucleic acid testing (NAT), which might be

applied to the problem of identification of malaria-

infected blood donations.

EPIDEMIOLOGY

Malaria is a protozoan parasitic infection of

human beings resulting from infection by 1 or

more of the 4 species of the genus Plasmodium

(Plasmodium falciparum, Plasmodium vivax, Plas-

modium ovale, and Plasmodium malariae). It is 1

of the most common diseases in the world, and

more than half of the world’s population lives in

malaria-endemic areas. These include parts of

Asia, Central and South America, Africa, Oceania,

and the Caribbean. Each year, reported cases

number between 300 and 500 million worldwide,

resulting in more than 1 million deaths annually,

the majority in young children. The impact of

malaria is greatest in sub-Saharan Africa where

approximately 85% of all fatal cases occur.10

Of the 4 Plasmodium species that cause human

disease, P falciparum is the most serious and is

potentially life-threatening if left untreated in

nonimmune individuals. It has a wide geographical

distribution but is the predominant species in

Africa, Papua New Guinea, and parts of Asia.

P vivax can cause severe symptoms but is rarely
fatal. It is the most widely distributed species,

being more common in Central America, the

Indian subcontinent, and China. It is not found

in West Africa. P falciparum and P vivax

infections occur in equivalent numbers in South

America, most of Asia, and Oceania. P malariae

is found much less frequently but has wide

distribution, with the greatest number of reported

cases in sub-Saharan Africa. P ovale is the rarest

of the 4 species with the majority of cases

occurring in sub-Saharan West Africa. The level

of endemicity is seasonal as well as varying

between countries and even between different

regions of the same country.11

PARASITE LIFE CYCLE

In natural human infection, the infected mos-

quito releases sporozoites into the bloodstream

during a blood meal. (Fig 1) Sporozoites invade

hepatocytes and develop into hepatic schizonts.

Each hepatic schizont can rupture and release

10000 to 30000 merozoites into the bloodstream.

This hepatic or exoerythrocytic phase of develop-

ment ranges from 5 to 7 days in the case of

P falciparum to 14 days in P malariae infections.

The merozoites invade erythrocytes and develop

into schizonts over 48 hours in P falciparum and

P vivax, 50 hours in P ovale, and 72 hours in

P malariae infections. The schizont then ruptures

to release between 8 (P malariae and P ovale) and

16 (P falciparum and P vivax) merozoites. After a

number of replicative erythrocytic cycles, a pyro-

genic density of parasites is reached, and symp-

toms develop. The incubation period can be as

short as 7 days for P falciparum malaria, is

typically around 14 days in P vivax and P ovale

malaria, and is usually at least 1 month in

P malariae infections. Some infected erythrocytes

produce male or female gametocytes rather than

schizonts. These sexual forms are ingested by the

mosquito during a blood meal. Sexual reproduction

within the mosquito leads to the formation of an

oocyst. The oocyst ruptures and liberates sporo-

zoites, which subsequently migrate to the salivary

glands of the mosquito.

The replication of P falciparum in the human

host differs from that of the other species. Its

merozoites are capable of invading erythrocytes of

all ages, not just younger red cells and reticulocytes

favored by P vivax and P ovale or the senescent

erythrocytes targeted by P malariae. In addition,



Fig 1. The life cycle of the malaria parasite in human beings. When an infected female Anopheles takes a blood meal, malaria

infection is introduced by injection of sporozoite-stage parasites into the circulation (A). These sporozoites target and invade liver

hepatocytes (B), where extensive intracellular multiplication occurs (C). Eventually, the infected hepatocytes rupture (D) and

release merozoite-stage parasites into the circulation. The merozoites invade erythrocytes (E) and develop into ring trophozoite

and mature schizonts containing new merozoites (F). Some merozoites differentiate into nondividing male or female gametocytes

(G), which can be transmitted to female Anopheles mosquitoes as they feed (H). Once inside the mosquito, gametocytes unite in

a sexual life cycle and form a zygote in the mosquito midgut (I). Zygote maturation forms thousands of sporozoites that migrate

to the mosquito salivary glands. A new life cycle begins when these sporozoites are injected into a human host. Adapted

from Hviid.12
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P falciparum–infected erythrocytes acquire the

ability to bsequester Q in the microvasculature by

sticking to the vascular endothelium. This process

of cytoadherence takes place about halfway

through the 48-hour life cycle, and so mature

forms of P falciparum are seldom seen in

peripheral blood. Cytoadherence has 2 major

effects. First, although the exact pathogenic mech-

anisms involved remain poorly understood, it can

lead to the development of complications such

as coma and renal failure. Second, sequestered

mature forms are protected from reticuloendothe-

lial clearance, and this can lead to very high

parasite densities that are not seen in the 3 other

bbenignQ human malarias and which can them-
selves contribute to complications. Unlike P vivax

and P ovale, P falciparum does not have a

hypnozoite form that can persist in the liver and

lead to relapses after successful treatment of the

primary infection.

Residents of endemic areas subjected to repeated

infections gradually develop immune defense

mechanisms against malaria. However, unlike viral

diseases such as smallpox in which a single

infection is sufficient to produce complete immu-

nity to subsequent reinfection, long-term or pro-

tective immunity against malaria is rare. Natural

immunity takes years to develop and is only

maintained by ongoing exposure. Hence, most

individuals from endemic regions are in a state of
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bsemi-immunity,Q characterized by their capacity to

carry low numbers of circulating parasites without

clinical manifestations of the disease. Elimination

of circulating parasites from bsemi-immuneQ
individuals without ongoing reinfection varies;

P falciparum is generally eliminated within 2 years,

P vivax and P ovale generally within 3 years,

but P malariae can persist for decades.13 This long

duration of asymptomatic parasitemia is a potential

source of TTM.

EPIDEMIOLOGY OF
TRANSFUSION-TRANSMITTED MALARIA

P malariae and P vivax are the species most

frequently associated with TTM. After the original

report in 1911, P vivax predominated until the

1950s when P malariae replaced it as the most

common causative species. In the 1970s, an

increasing proportion of P vivax and P falciparum

was observed, and the high mortality rate associated

with transfusion-transmitted P falciparum malaria

was reported.4 In the United Kingdom, for instance,

the proportion of malaria caused by P falciparum

increased from 37% in 1984 to 55% in 1993,

mirroring an increase in the proportion of notifica-

tions of imported P falciparum malaria that were

acquired in Africa rather than Asia. The 5 recorded

cases in the last 15 years in the United Kingdom

have all been attributed to P falciparum.14 (Dr A.

Kitchen, written communication, January 23, 2004)

Similarly, the US TTM data reveal P falciparum as

the predominant species during the 1990s, with 6 of

8 fatalities between 1963 and 1999 caused by this

species.2 The donors implicated in TTM are inva-

riably semi-immune with parasite densities below

the limit of detection of currently available assays.

As a result of the asymptomatic persistence of para-

sites, transmission of P malariae has been docu-

mented as long as 53 years13; P vivax, 27 years15;

and P falciparum, 13 years 15 after last exposure.

Any blood component containing erythrocytes

can harbor viable parasites. Although whole blood

and red blood cell (RBC) concentrates represent the

most common source of TTM, cases involving

platelets,16 leukocytes,17 fresh frozen plasma,18 and

frozen RBCs 19 have all been reported. Despite the

declining infectivity of parasites during storage at

48C, all species survive for at least a week, although
in 1 of the UK transmissions, the implicated

donation (whole blood) had been stored at 48C for

19 days before transfusion (Dr A. Kitchen, written
communication, January 23, 2004). The presence of

3% to 4% dextrose is associated with longer parasite

viability, with cases of transfusion transmission

after 10 and 21 days of storage at 48C recorded for

P vivax and P falciparum, respectively.20
CURRENT MALARIA PREVENTION STRATEGIES

At the time of writing, the authors are unaware

of any country having implemented universal

blood donor testing for malaria. Targeted testing

of bpotentially exposedQ donors identified by

questionnaire has been used by some countries

for many years and is now gaining in general

popularity in nonendemic countries. A summary of

the application of laboratory testing to donor

screening is presented in Table 1. Current strategies

applied by blood services to prevent transfusion-

transmitted infection can be divided into 2 catego-

ries according to the prevalence of malaria in the

donor population.

Low Prevalence (Nonendemic Donor Population)

In nonendemic areas, the most widely applied

approach relies on identifying donors with a risk

of malarial exposure through travel or medical

history–based questionnaires. This usually

involves deferral or cellular (RBC and platelet)

product restriction for periods of 12 to 60 months

after travel to, or residence in, malaria-endemic

countries. This has been highly effective in

reducing the incidence in nonendemic regions

(eg, North America, Europe, and Australia) but is

dependent on both the donor accurately disclosing

prior risk and the effective application of this

information to direct donor deferral or blood

product discard. This system is vulnerable to

human error with documented omissions resulting

in the release of infectious units and subsequent

transmission. For instance, in a review of US

transfusion-transmitted malaria, Mungai et al

established that 62% of donors implicated in a

subsequent transmission would have been deferred

from donation if the specified exclusion criteria

had been correctly applied.2 Even if a donor does

declare a risk requiring deferral or cellular

product discard, errors in applying this informa-

tion have been recorded. This situation occurred

in the last case of TTM in Australia in 1991,3 as

well as a recent case in a US blood donor.5 A

further limitation to travel-based restrictions is



Table 1. International Application of Malarial Donor Screening Tests

Country/Organization Testing Method Implementation Status Reference

ARCBS Malaria antibody EIA

(recombinant pf and pv)

Under consideration Seed et al21

France, National Institute of

Health and Medical Research

Malaria IFAT Implemented Silvie et al22

Malaria antibody IgG

EIA/antigen

Under consideration

United Kingdom, English

National Blood Service

Malaria antibody EIA

(recombinant pf and pv)

Implemented Kitchen et al23

New Zealand, Auckland

Regional Blood Centre

Malaria antibody IgG EIA Evaluated, not

implemented

Davidson et al24

Hong Kong Red Cross Blood

Transfusion Service

Malarial antibody EIA Implemented W.C. Tsoi, written

communication, 4/20/04

Vietnam, Blood Transfusion

and Haematology Centre

Malarial PCR assay Evaluated Vu et al25

Nigeria, University College

Hospital of Ibadan

Malaria IFAT Evaluated Achidi et al26

Malaria antibody–ELISA Evaluated

Venezuela, University Central

of Venezuela

Malaria IFAT Evaluated Contreras et al27

Malaria antibody

IgG–ELISA

Spain, National Institute

of Health

Malaria seminested

multiplex PCR

Evaluated Benito and Rubio28

India, Blood Transfusion,

Postgraduate Institute of

Medical Education and

Research

Malaria IFAT Evaluated Choudhury et al29

Malaria antibody–ELISA

Malaria antigen–

monoclonal antibody

Abbreviations: ARCBS, Australian Red Cross Blood Service; EIA, enzyme immunoassay; pf, Plasmodium falciparum; pv,

Plasmodium vivax; IFAT, immunofluorescent antibody test; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent

assay.
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that the long periods of asymptomatic carriage,

particularly with associated with P malariae,

mean that donors can harbor parasites even after

their exclusion period.

At the same time, the use of travel-based

restrictions leads to wastage of blood products.

For example, Chiodini et al14 estimated that

approximately 40000 U of red blood cells were

discarded annually as a result of the UK National

Blood Service strategy. Even in the United States,

which has a markedly lower rate of imported

malaria, the wastage has been estimated at 50000

blood donations annually.30 In an attempt to address

this problem, some countries have combined travel-

based risk exclusion with serological testing to

shorten the restriction period allowing earlier

reinstatement of donors.14,22

High Prevalence (Endemic Donor Population)

In areas of high endemicity, travel-based restric-

tions and serological testing are ineffective because

of the high level of existing immunity against a

background of a limited supply of blood products.

Strategies to reduce the incidence of TTM have
therefore focused on either provision of antimalar-

ial chemoprophylaxis for donor and recipient, or

transfusion policies restricting transfusion of

donated blood collected in areas of high endemicity

to patients from those high endemicity areas or to

those with preexisting immunity. Universal testing

of donated blood for malaria parasites has not been

feasible because of the lack of an appropriately

sensitive and cost-effective test (discussed later).

Microscopic examination for malaria parasites

using Giemsa-stained blood films and antigen

detection by monoclonal antibody have been

applied in India29 and many countries in Africa,

whereas in Vietnam, the use of PCR to screen

donated blood in place of microscopy has been

suggested.25 Another potential strategy involves

direct addition of antimalarial drugs such as

chloroquine or quinine directly into the donated

unit (cf, gentian violet and Trypanosoma cruzi),

although the efficacy of this approach has not been

assessed accurately.30 One potential problem with

this approach is that antimalarial drugs are stage-

specific and often need to be given for several

parasite life cycles to ensure cure. A brief exposure
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to an antimalarial drug at therapeutic concentrations

in a unit of infected whole blood before transfusion

and the subsequent dilution and metabolism of the

drug when it is administered may not reduce

transfusion risk significantly.

LABORATORY TEST METHODS FOR MALARIA

Test methods for malaria can be broadly classi-

fied into 2 categories: bdirect Q and bindirect.Q Direct
methods detect parasite or parasite subcomponents,

examples of which include microscopic exami-

nation of stained slides (Giemsa, Field, Wright,

or acridine orange [AO]–stained films), circulating

parasite antigens (histidine-rich protein 2, plas-

modial lactate dehydrogenase, or aldolase), or

plasmodial DNA (PCR). Indirect methods detect

host responses to infection; examples include

antimalarial antibodies (indirect immunofluorescent

antibody test [IFAT], enzyme immunoassay [EIA])

and iron pigment detection (hemozoin).

Because most tests have been developed for the

clinical diagnostic setting where the probability of

infection and therefore the index of suspicion are

high, application to low-prevalence blood donor

populations is problematic. The suitability of each

method for donor screening needs to consider

several key criteria including the prevalence of

and immunity to malaria in the donor population,

test sensitivity (in particular, that for P falcipa-

rum), cost, reliability, speed, and complexity. Of

primary consideration for direct tests is sensitivity

because it has been established that as few as

10 parasites per unit of red cells are sufficient to

transmit infection.31 In the context of a 250-mL

unit of RBCs, a test sensitivity of 0.00004 para-

sites per microliter of RBCs would be required to

identify a potentially infectious donation. In

respect of indirect tests, of which serology assays

are by far the most common, sensitivity for

low-titer antibodies apparent early in infection

and specificity in low prevalence populations, as

well as antibody recognition of all 4 species, are

key considerations.

Direct Methods

Microscopy. The most widely applied diagnos-

tic test for malaria is examination of Giemsa- or

Wright-stained thick and thin blood films.32 Blood

can be obtained by finger/earlobe prick or veni-

puncture. The worldwide application of this method

as a bgold standardQ diagnostic assay is primarily a
result of its ability to allow speciation, quantitation

of parasitemia, and assessment of the distribution of

parasite forms. These latter 2 functions can help in

the assessment of disease severity and sometimes

influence choice of therapy. The sensitivity of the

method varies between 5 and 500 parasites per

microliter of whole blood, depending on the

expertise of the microscopist.33 In experienced

hands, sensitivities of between 5 and 50 parasites

per microliter can be achieved, but most labora-

tories achieve a lower sensitivity of around 500 par-

asites per microliter.34

Fluorescence microscopy techniques based on

dyes with affinity for parasite nucleic acids have

also been applied as diagnostic assays.35-37 A

commonly used dye is AO, which when excited

by UV light of the correct wavelength fluoresces

strongly. Difficulty in discriminating between

fluorescence-stained parasites and other nucleic

acid–containing cellular debris has limited the

sensitivity of AO techniques to N100 parasites

per microliter. Although processing time is reduced

over routine microscopy, there is a requirement for

special equipment. Species differentiation is often

difficult and requires confirmation by alternative

methods. For these reasons, fluorescent methods

offer little, if any, improvement over standard

staining techniques.

Despite their continued application as key

diagnostic tests, microscopic techniques have

several key limitations which render them inap-

propriate for universal or targeted donor screening.

Specifically, they lack the required sensitivity to

detect all infectious units, are too time-consuming

(generally requiring an hour or more for prepara-

tion and thorough examination), and require

significant expertise and specialized equipment

when fluorescence methods are used.

Antigen detection. Malarial antigen assays

based on detection of histidine-rich protein 2,

plasmodial lactate dehydrogenase, or aldolase

have been developed. These assays were designed

as rapid diagnostic tests using various immuno-

chromatographic techniques to detect antigen in

whole blood in patients suspected of having

malaria. More recently, EIA-based antigen assays

suitable for whole blood or plasma have become

available. Assay sensitivities range from 100 to

1000 parasites per microliter dependent on species

and method, but they have generally comparable

sensitivity to microscopy performed in all but the
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most expert of hands.38 Most rapid diagnostic

tests are in a bdipstickQ format that can be used

with minimal training and provide a result within

10 to 20 minutes. Expense and relative insensi-

tivity have restricted their application as donor

screening tests.

The recent development of antigen-based EIAs

designed specifically for blood donor screening

should address cost and throughput limitations;

however, the lack of sensitivity and requirement for

more complex processing equipment remain dis-

incentives in endemic countries. In nonendemic

donor populations and when combined with

antibody detection, antigen assays do appear to

offer the potential to improve overall sensitivity.

For instance, in France, where serological immu-

nofluorescence (IFAT) assays have been widely

applied for targeted screening of exposed donors, a

dipstick antigen assay modified for plasma was

evaluated in a combination strategy with an

immunoglobulin (Ig) G–based antibody EIA.22 In

IFAT-positive sera, 71% were detected by the IgG

EIA alone, increasing to 88% if the antigen assay

result was also available. The authors concluded

that a dual strategy incorporating both antigen and

antibody assays may be suitable as a replacement

for their current labor-intensive but appropriately

sensitive IFAT-based screening strategy. Consistent

with this finding, a recent Australian Red Cross

Blood Service (ARCBS) study performed on acute

sera from blood smear–positive patients found a

small but measurable sensitivity advantage for the

combined strategy over the antibody EIA alone.21

A commercial antibody EIA, different from that

used in the French study, detected 106 (98%) in 108

acute P falciparum malaria cases. The 2 antibody-

negative sera had detectable antigen using a

commercial antigen EIA, making the sensitivity of

the combined strategy 100%.

Plasmodial DNA assays. Detection of plasmo-

dial DNA using NAT techniques has been devel-

oped both for diagnostic and donor screening

applications. PCR assays have, in particular, dem-

onstrated enhanced sensitivity and specificity over

other available diagnostic techniques.33,39 Because

of this, PCR assays have also been evaluated for

blood donor screening. In a study of Vietnamese

blood donors, PCR was shown to be markedly more

sensitive than microscopy, detecting 19 of 30 in

comparison to 4 of 30 low-level parasitemic donors,

respectively.25 In a similar Spanish study, a semi-
nested PCR assay specific for P falciparum applied

to potentially exposed donors demonstrated a

sensitivity of between 0.004 and 0.04 parasites per

microliter and was able to detect microscopy-

negative, presumptively infectious donors.28 The

authors advocated combining their PCR assay with

donor questioning in a targeted strategy to reduce

the deferral period for recent immigrants to Spain

from 3 years to 6 months. In a recent multisite

evaluation in which ARCBS was a participant, the

sensitivity of a commercial blood donor PCR

screening assay (RealArt Malaria PCR; Artus-

biotech, Germany) was determined to be approxi-

mately 1 parasite per microliter when assessed

using acute samples from Thailand (W. Bolton,

written communication, December 23, 2003).

Despite the marked improvement in the limit of

detection of these NAT-based assays over other

available techniques, even the most sensitive

example (0.004 parasites per microliter) is 100-fold

shy of the required sensitivity (0.00004 parasites

per microliter) to detect all potentially infectious

units. (See Fig 2) NAT is therefore unable to detect

individuals who may have been exposed to malaria,

are malarial antibody–positive, but who have

transient parasitemic episodes. This limitation,

along with the complex nature and high compara-

tive cost, makes the current NAT assays unsuitable

for universal or targeted blood donor screening

at present.

Indirect Methods

Serology. Antibodies to all 4 Plasmodium

species are produced by virtually all individuals 1

to 14 days after initial infection and are detectable

for months to years after parasite clearance.27,40 A

positive result on an antibody-based assay can

therefore be indicative of either current clinical or

subclinical malaria, or of immunity in parasitemic

individuals from endemic areas. Although the latter

situation is a limitation when screening for active

infection, antibody detection assays have found

application both to screen donors at risk for prior

exposure in nonendemic areas14,22,24 as well as to

confirm putative infection in asymptomatic non-

parasitemic donors implicated in transfusion-

transmitted malaria cases.2

The utility of any antibody-based screening

method is primarily dependent on the underlying

antibody prevalence in the donor population. In

endemic areas where the proportion of antibody-



Fig 2. Test sensitivity ranges (parasites per microliter) of bbbbbbbdirect QQQQ malarial tests.
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positive individuals is generally between 20% and

90%,41 the associated donor loss because of

positive results compromises the efficacy of the

test for screening purposes. In nonendemic pop-

ulations, where the rate of antibody-positive donors

among those identified as potentially exposed by

questioning is only 1% to 2%,14,24 antibody

screening has found favor. In France, for instance,

IFAT in combination with travel-based questioning

has been used as part of a targeted screening

strategy since 1983 and continues currently.42

Donors returning from malaria-endemic countries

are initially deferred for 4 months and then IFAT-

tested between 4 months and 3 years with a

negative test qualifying the donor for reinstatement.

The efficacy of this approach in preventing TTM is

supported by the lack of a reported transmission

between 1984, when mandatory reporting of

transfusion complications was instituted, and Sep-

tember 2002.22 Despite the excellent sensitivity of

IFAT, it has several important limitations. First, the

majority of assays are limited to P falciparum

antibody detection with only limited cross-

reactivity for other species, and second, the assay

is time-consuming and subjective, requiring signif-

icant expertise to ensure reproducibility.

In an attempt to address these limitations,

antibody-based EIAs have been developed specif-

ically for blood donor screening. Initially, these

assays were restricted to P falciparum antibody

detection because they were based on antigen from

cultured P falciparum. Chiodini et al14 investi-

gated the suitability of an EIA based on native

P falciparum antigen with specificity for IgG
antibody to screen previously exposed UK blood

donors. The assay demonstrated excellent antibody

sensitivity of 93% in IFAT-positive sera with 1.5%

of potentially exposed donors testing positive.

Sensitivity for infection in 150 samples from

patients with slide-positive malaria was 73% and

52% for P falciparum and P vivax, respectively.

The authors concluded that the assay was suffi-

ciently sensitive provided that the test was per-

formed at least 6 months after the donor’s last

potential exposure. Their rationale was that this

delay would allow sufficient time for a full

antibody response to develop. They concluded that

the combination of a 6-month restriction on EIA

screening combined with the existing travel-based

restrictions would provide added security com-

pared with history alone. In support of this

contention, they cited 3 cases of transfusion

transmission in the United Kingdom that would

likely have been interdicted if antibody testing had

been in place as an additional safeguard in

potentially exposed donors identified by question-

ing. The benefit of such a policy change was an

estimated saving of 40000 RBCs per annum.

Concerns were raised about reliance on a single

antigen assay restricted to IgG antibody detection,

as well as the low sensitivity for nonfalciparum

species, in particular, P vivax.43,44 Despite this, the

assay was subsequently implemented at the

English National Blood Service in 1997 for targeted

screening using a similar approach to that in France.

At-risk donors identified by questioning were

initially restricted to fractionated plasma–only

donations for 6 months. With the exception of
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those defined as residents or those who had a

history of malaria, donors testing EIA-negative

after 6 months were reinstated for full donation.

Testing was discontinued in 1998 after the perfor-

mance of the assay was found to be deteriorating, to

the point at which it was considered unwise to

continue using it.

The same assay was also evaluated for targeted

screening of potentially exposed New Zealand

blood donors. Davidson et al24 found a similar

incidence of 1.7% when screening 530 donors

identified as having traveled to a malarious area.

Sensitivity was evaluated in 11 slide-positive

patient sera with 2 (100%) of 2 P falciparum

patients but only 3 (50%) of 6 P vivax patients

being detected. Two unspecified cases were also

detected but a single mixed P malariae/P vivax

case went undetected. Although the authors

acknowledged the sensitivity limitation (50%) in

respect of P vivax, they concluded that this did not

compromise the efficacy of the assay because only

16% of their donors were exposed to this species.

Consistent with the UK policy, Davidson et al

advocated implementing a dual screening strategy

augmenting the existing travel-based identification

of potentially exposed donors with serological

screening performed at least 6 months after the

donor returned from the malarious area. A request

to introduce this protocol in Auckland blood

donors in 1998 was, however, subsequently

rejected by the New Zealand Government, primar-

ily because the EIAwas limited to a single antigen,

and the sensitivity for nonfalciparum species from

cross-reactivity alone was inadequate.

A recent advance in antibody screening for

donors has been the development of multiantigen

EIAs using recombinant rather than native anti-

gens. Sensitivity for P falciparum and P vivax has

improved markedly over previous single antigen

assays. ARCBS has recently assessed 2 such

commercially available recombinant assays with

one in particular showing high sensitivity. The

Newmarket Malarial Ab EIA (Newmarket Labo-

ratories, Newmarket, England) was developed by

Newmarket in conjunction with the Parasitology

Reference Laboratory, Hospital for Tropical Dis-

eases, London, and the National Transfusion

Microbiology Reference Laboratory, National

Blood Service, England, and is based on an EIA

sandwich format incorporating 4 recombinant

antigens to P falciparum and P vivax.
The performance of the assay was found to

superior to IFAT and was considered to be suitable

for use for blood screening within the UK

transfusion services.23 Overall, 114 (82.6%) of

138 samples from patients with P falciparum

and 11 (84.6%) of 13 samples from patients

with P vivax tested positive; 714 (5.47%) of

13053 samples from donors identified as bmalaria

risk,Q because of residency or travel, were reactive

in the EIA.

In the ARCBS study, the assay detected 106

(98%) of 108 and 12 (100%) of 12 of acute

samples from slide-positive cases of P falciparum

and P vivax, respectively.21 On the basis of these

and other data, in 2001, the English transfusion

service recommenced a screening strategy using

this assay in combination with the IFAT and

questioning to retrieve the donations from donors

with malaria risk.

Existing strategies combining antibody screening

and questioning in Europe mandate a 4- to 6-month

delay before testing is undertaken. Given this, the

sensitivity performance of the newer recombinant

assays in acute sera should be considered as bworst
caseQ because this time delay before testing should

allow a full antibody response to develop.

Hemozoin. The detection of the hemozoin, a

haem malarial breakdown product ingested by

monocytes, forms the basis of a novel indirect

malarial screening test. Using the property of

hemozoin to depolarize laser light, automated

hematology analyzers have the capacity to dis-

criminate normal monocytes from those having

ingested hemozoin, thereby providing an indica-

tion of potential infection. However, sensitivity

and specificity at present do not approach con-

ventional detection methods. For example, in

1 study by Wever et al, the sensitivity in a sample

of 58 malaria patients diagnosed by conventional

methods was limited to only 62%.45 Although

promising because of the possibility of automation

of the hemozoin, detection method is currently

unsuitable for donor screening based on the lack

of sensitivity alone.

Testing Options

Is universal testing feasible or cost-effective?

In assessing the merit of the case for universal

testing for malaria, the 2 key considerations are the

availability of a suitable assay and the incidence

of TTM in the recipient population. Regarding a
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suitable test, we conclude that, despite significant

advances, none currently meets the required criteria

for universal screening on the basis of sensitivity

alone. If one considers that the most promising

direct test (seminested PCR) is still 100-fold short

of the required sensitivity to detect all infectious

units, in addition to the difficulty of applying

such a technically demanding method in ende-

mic countries, the case for universal testing has

no justification.

Assuming that the technical limitations were

soluble, a recent Canadian study involving 4 differ-

ent malarial screening strategies indicates that

universal screening is not cost-effective. Although

universal screening by PCR was the most effective

strategy in terms of avoiding transmissions (0.4 per

million donors), the relative cost when compared

with targeted screening by PCR of donors identi-

fied at risk by questioning was estimated to be

US$3972624 per case averted.46

Targeted screening. In nonendemic countries

where the risk of TTM is associated with imported

malaria, targeted donor testing is a feasible and

cost-effective strategy. Serological screening is the

test of choice because retrospective analysis of

donors implicated in transmissions has identi-

fied that such donors are predominantly semi-

immune2,47 with parasitemia below the limit of

detection of even the most sensitive assays in the

absence of symptoms.48 Because semi-immune

individuals retain high antibody titers,49-51 they

would be excluded as donors by a sensitive

antibody assay.

The efficacy and safety of antibody-based tar-

geted screening have been well demonstrated in

France with IFAT. The development of recombinant

antigen-based malarial antibody EIAs provides the

opportunity to further optimize the strategy by

addressing some key limitations of IFAT. Specifi-

cally, EIAs offer the ability to automate processing

as well as removing the requirement for the

subjective interpretation that can compromise IFAT

result reproducibility. Preliminary studies indicate

that the sensitivity of the recombinant EIAs

matches or exceeds that of IFAT both for P

falciparum and P vivax, the 2 most significant

species in respect of TTM. It is evident from both

the United Kingdom and ARCBS data that im-

provement in sensitivity does not compromise

specificity. In fact, in the UK study, the IFAT was

more prone to false positives without enhancing
sensitivity, the rationale for discontinuing parallel

screening in favor of the EIA alone (Kitchen

et al, 2004).

The ARCBS study provides further evidence

that a combined strategy of identifying risk

exposure by questioning linked to subsequent

testing is safe as well as cost-effective. Using a

mathematical model, the additional risk exposure

associated with a reduction from 12 to 6 months

(with concurrent antibody testing) in the bfrac-
tionated plasma–onlyQ restriction period for

donors visiting endemic areas was estimated to

be 1 in 6 million (0.006 cases per annum) for

P falciparum. The authors concluded that when

balanced against the saving of an estimated

17000 RBC U per annum, the additional risk

was acceptable and supported implementation of

the combined strategy.

Future Considerations

As noted previously, current NAT assays fall

well short of the sensitivity requirements to detect

all infectious units. Further assay development may

address these sensitivity limitations, but this is

likely to come at a significant cost premium,

therefore negatively impacting the cost/benefit

ratio for NAT. Development of protein or DNA

microarray technology has the potential to enhance

sensitivity for malarial antigens. The ability to

multiplex multiple infectious agents on a single

microarray in addition to automated processing

makes this technology highly cost-effective.

Despite the rapid development in the field, its

application to blood donor screening is likely to be

some way off.52

Pathogen inactivation techniques being devel-

oped principally to address bacterial contamination

of blood components are a potential competitor to

malarial testing strategies. Several commercial

companies are developing systems capable of

inactivating microorganisms including malaria

parasites. Successful implementation of such tech-

nology has the potential to make testing strategies

redundant. Despite their unquestionable potential,

there are still several problems requiring resolution

including a loss of cellular yield (10%-20%),

potential for toxic of mutagenic side effects, and

their high cost.53 These and other limitations have

retarded their progress to market with the potential

that they may not supersede efficient testing

strategies for malaria.
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Erratum

Clive R. Seed
I N THE JULY 2005 issue of Transfusion

Medicine Reviews in the article bThe Current

Status and Potential Role of Laboratory Testing to

Prevent Transfusion—Transmitted MalariaQ by
Transfusion Medicine Reviews, Vol 19, No 4 (October), 2005: p 325

Fig 2. Test sensitivity ranges (parasites pe

Doi of original article:10.1016/j.tmrv.2005.02.004
Seed et al (19:229-240), the references cited in

Fig 2 on page 236 were misnumbered. The

corrected figure appears below.
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r microliter) of bbbbdirect QQQQ malarial tests.
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