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The ParaSight F test was developed as a pioneer industry effort in the large-scale, process-controlled
production of a device for the rapid diagnosis of malaria. This device performed well in field settings but was
limited to the detection of a single malaria species, Plasmodium falciparum. The ParaSight F�V assay advanced
upon the ParaSight F test format by incorporating a monoclonal antibody directed against a proprietary
Plasmodium vivax-specific antigen, in addition to the antibody directed against P. falciparum histidine-rich
protein 2, which was used in the ParaSight F assay. The modified assay was developed to add the capability to
detect P. falciparum and P. vivax in a single-test-strip format. The present study evaluated three distinct
ParaSight F�V prototypes with samples from symptomatic patients in regions of Thailand and Peru where
malaria is endemic. Over a 2-year enrollment period (1998 and 1999), a total of 4,894 patients consented to
participation in the study. Compared with the results for duplicate microscopic examinations of Giemsa-
stained blood smears as the reference diagnostic standard, each successive prototype showed substantial
improvement in performance. The final ParaSight F�V prototype, evaluated in 1999, had an overall sensitivity
for detection of asexual P. falciparum parasites of 98%. The sensitivity of the device was 100% for P. falciparum
densities of >500 parasites/�l, with a sensitivity of 83% for parasite densities of <500/�l. The specificity for
the exclusion of P. falciparum was 93%. For P. vivax, the overall sensitivity was 87% for the final 1999 prototype.
The sensitivities calculated for different levels of P. vivax parasitemia were 99% for parasite densities of
>5,000/�l, 92% for parasite densities of 1,001 to 5,000/�l, 94% for parasite densities of 501 to 1,000/�l, and 55%
for parasite densities of 1 to 500/�l. The specificity for the exclusion of P. vivax was 87%. The areas under the
receiver operating characteristic curves for the diagnostic performance of the assay for the detection of P.
falciparum and P. vivax were 0.8907 and 0.8522, respectively. These findings indicate that assays for rapid
diagnosis have the potential to enhance diagnostic capabilities in those instances in which skilled microscopy
is not readily available.

The limitations associated with diagnostic microscopy are
well documented. These limitations have fostered the devel-
opment of nonmicroscopic alternatives for the diagnosis of
malaria (1, 3, 6, 11, 20, 21, 23, 26, 36). Devices for the rapid
diagnosis of malaria (MRDDs [malaria rapid diagnostic devic-
es]) emerged in the past decade to meet the need for a reliable
diagnostic adjunct to microscopy in the clinical setting (40).
Timely, accurate diagnosis has the potential to greatly facilitate
the provision of appropriate therapeutic interventions, and as

the MRDD technology matures, these devices will have a piv-
otal role in malaria control initiatives.

The leading MRDD technology is the immunochromato-
graphic strip (ICS) format, into which antigen-capture immu-
noassay methodologies are integrated. One of the earliest suc-
cessful MRDDs, the ParaSight F test (Becton Dickinson
Diagnostic Systems, Cockeysville, Md.) (32), used monoclonal-
polyclonal antibodies directed against Plasmodium falciparum
histidine-rich protein 2 (HRP-2) immobilized on a nitrocellu-
lose strip. The ParaSight F test strip has been evaluated in a
number of field studies and typically demonstrated clinically
useful sensitivities and specificities (2, 4, 5, 7, 8, 10, 12, 15, 25;
I. Traore, O. Koita, and O. Doumbo, Am. J. Trop. Med. Hyg.,
abstr. 502, p. 272, 1997). The initial capabilities of MRDDs
were limited to the detection of P. falciparum, i.e., a single-
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species format. Second-generation MRDD prototypes have
retained the ability to distinguish this most clinically significant
cause of malaria, while they have added the capability to iden-
tify other Plasmodium species (16, 17, 28, 33, 34, 37). Such
refinement offers an enhanced potential for clinical utility and
commercial success.

The growing number of published field studies of MRDDs
for the detection of multiple species display wide degrees of
diversity in their designs and methodologies. These differences
significantly hinder interstudy comparisons. Protocols are de-
signed and executed with different objectives. The character-
istics of the enrolled populations vary, often substantially.
Many field studies fail to document rigorous standards for
reference microscopy, a particularly disconcerting lapse, given
the critical role of microscopy in determining true diagnostic
outcomes. Study populations are generally limited in size, and
studies with small populations lack the statistical power to
discriminate significant differences in device performance. The
latter consideration limits studies in their ability to correlate
performance characteristics with defined levels of parasitemia.
Furthermore, it is frequently unclear which prototype of a
device has been evaluated in a study and under what controls
the manufacturing process was regulated. The continual evo-
lution of nonmicroscopic assays for the diagnosis of malaria
has led to the availability of multiple test prototypes, often
indistinguishable on the basis of packaging, labeling, or pro-
duction date. Inconsistencies in the reported performances of
devices bearing common trade names may be attributable, at
least in part, to variances in manufacturing and modifications
inherent in iterative product development. These issues of
protocol design and control, variance in production quality,
and prototype identity have major implications for interpreta-
tions of device performance.

This report presents data for three distinct ParaSight F�V
prototype assays that detect both P. falciparum HRP-2 and a
Plasmodium vivax-specific antigen in a single ICS assay. These
prototypes were products of the manufacturer’s internal re-
search and development initiatives. The assays differed in sys-
tematic modifications to assay materials, reagent formulations,
and device assembly. All three prototypes were manufactured
under process-validated controls in a manner consistent with
U.S. Food and Drug Administration (FDA) guidelines for the
production of in vitro diagnostic devices. The study protocol
was specifically designed to evaluate device performance with
samples from large populations of symptomatic patients en-
rolled from geographically distinct sites and to use a rigorously
defined and controlled standard for the performance of diag-
nostic microscopy.

MATERIALS AND METHODS

Participants. Study participants were symptomatic patients who presented on
their own initiative to existing outpatient malaria clinics. These malaria clinics, in
Iquitos, Peru, and Maesot, Thailand, were operated by local public health au-
thorities. During the study, the staff of these clinics retained full responsibility for
patient care; all diagnostic and treatment decisions were independent of the
study protocol. Patient enrollment was conducted in two separate increments, 28
May through 28 August 1998 and 17 May through 9 July 1999, during the peak
malaria transmission seasons. The inclusion criteria were similar to those used in
a previous study (10), as follows: (i) fever (oral temperature, �38°C), (ii) history
of fever over the past 72 h, or (ii) headaches. In 1998, patients providing a history
of antimalarial drug therapy within the previous 2 weeks were excluded from the

study. This exclusion was eliminated from the inclusion criteria for enrollment in
1999. Consenting participants donated 2 to 4 ml of venous blood (anticoagulated
with EDTA) at the time of enrollment. Three slides per participant, in which
each slide contained a thick smear and a thin smear, were prepared from the
initial blood specimen. One slide was provided to the clinic personnel for their
clinical diagnostic use. Clinic personnel, not study personnel, were responsible
for staining and interpreting the results for the slide. The study’s investigators
retained the other two slides for staining as described previously (10).

Device prototypes. Three different ParaSight F�V prototype devices (Becton
Dickinson Diagnostic Systems) were evaluated over the course of the 2-year
study. In the first year, a single prototype, referred to as FV98 in this report, was
available for evaluation with 2,986 patient specimens (Peru, n � 836; Thailand,
n � 2,150). Two additional prototypes were evaluated in the second year and are
referred to as FV99-1 and FV99-2 in this report. The FV99-1 prototype was
available at the outset of patient enrollment and data collection efforts in 1999
and was evaluated with 1,017 patient specimens (Peru, n � 351; Thailand, n �
666). The FV99-2 prototype became available later in the 1999 enrollment phase
and was tested with a subsequent group of 870 patient specimens (Peru, n � 393;
Thailand, n � 477). Assay procedures and interpretation of the results were
performed in strict compliance with the instructions provided by the manufac-
turer. The ICS methodology used for the ParaSight F�V assay involved wicking
of a whole-blood lysate onto a nitrocellulose strip and the resulting capture of
malarial antigens by antibodies immobilized in the nitrocellulose matrix. Immo-
bilized antibodies were directed against recombinant P. falciparum HRP-2- and
P. vivax-specific antigens. The captured antigens were subsequently visualized by
the addition of liposome-encapsulated dye-conjugated secondary ligands. The
dye detection system produced a pink test line for bound P. falciparum antigen
and a blue test line for bound P. vivax antigen. The test lines were located
approximately 5 mm apart on the assay strip to help with visual recognition and
to aid in the interpretation of positive results. Each test strip also contained two
internal process-control dotted lines that appeared as positive confirmation of
procedure and reagent viabilities. The ParaSight F�V test had five possible
outcomes on the basis of the presence or absence of test and control lines:
negative for Plasmodium, positive for P. falciparum, positive for P. vivax, positive
for P. falciparum and P. vivax, or uninterpretable (i.e., the assay failed to produce
a valid positive or negative outcome). Any detectable test line, no matter how
faint, was read as a positive result. In addition to being read as a positive result,
visible test lines were also compared to a series of photographic standards
provided by the manufacturer to determine the relative intensity of the positive
test line. Line intensity was scored as 0 (no visible line, a negative test result),
0.25 (the faintest visible line), 0.5, 1, 2, 3, or 4 (the darkest, most intense line
color).

Reference microscopy. Technicians serving as study microscopists were pro-
spectively certified as skilled through documentation of training, experience, and
past performance (instituted in 1998) and were further required to successfully
pass a prestudy microscopy competency examination. For the microscopists to
pass this prestudy test, they were required to correctly identify the presence or
absence of parasitemia and species for a minimum of 14 of 15 well-characterized
Giemsa-stained blood smears (instituted in 1999). One of the two slides of
Giemsa-stained blood smears prepared at the time of patient enrollment was
independently examined by two study microscopists, as described previously (10).
The final diagnostic end point for all positive smears was a calculated level of
species-specific parasitemia, expressed as the number of asexual parasites per
microliter of whole blood. Each microscopist reviewed 200 oil-immersion high-
power fields of a smear before interpreting it as parasite negative. Microscope
optics were standardized at both field sites by using microscopes of identical
models (model CH-2; Olympus America, Inc., Melville, N.Y.), with identical
objectives (�100 DPlan 100 1.25 oil 160/0.17), and with equivalent eyepieces
(�10 WHK 10�/20L or WHK 10�/20L-H).

Quality assurance and data integrity. (i) Blinding of results. Results from
each phase of the study were blinded throughout the data collection and analysis
period. Separate teams were organized to conduct patient enrollment, laboratory
(MRDD and leukocyte [WBC]) testing, diagnostic microscopy, data entry, and
data analysis. In all cases, the results of the ParaSight F�V tests were determined
prior to the completion of diagnostic microscopy, and the technicians examining
the stained smears were strictly blinded to the rapid test results.

(ii) Microscopy. In order to ensure a rigorous reference standard, our study
team instituted minor changes in the control and validation of microscopy, based
on observations from the first year of the study. In 1998, to yield a final micro-
scopic interpretation, the two study microscopists needed to independently agree
on three criteria: (i) on the presence or absence of asexual stages of Plasmodium;
(ii) on the species of Plasmodium, when one was present; and (iii) on the
calculated level of parasitemia within a factor of 2. The last criterion was refined
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by two modifications in 1999. The first change was that results were considered
concordant if both study microscopists determined asexual parasitemia levels
�100/�l, even if the differences between their counts were more than twofold.
The second change required that even if counts differed by less than twofold, and
so were otherwise concordant, they must also differ by �50,000/�l in absolute
terms. The mean for the levels of parasitemia counted by the two microscopists
was accepted as the true diagnostic outcome for all slides with concordant
results. Results discordant by one or more of these criteria were discarded. Both
study slides prepared from that sample were then examined by a third, senior
microscopist in a blinded fashion. The cumulative results from both slides, as
interpreted by the referee microscopist, were accepted as the true diagnostic
outcome. In addition to discordant slide results, the referee microscopists also
reviewed 5% of all concordantly interpreted slides for quality assurance purposes
(instituted in 1999).

(iii) WBC determinations. The Thai study team determined WBC counts
using a semiautomated cell counter (Coulter Ac-T 10; Beckman-Coulter, Inc.,
Fullerton, Calif.). A three-level commercial hematology control material (4C
Plus; Beckman-Coulter, Inc.) was analyzed daily, and replicate testing was con-
ducted to monitor the reproducibility between two identical analyzers. At the
Iquitos, Peru, test station, a centrifugal hematology system (QBC II; Becton
Dickinson Diagnostic Systems) was used to provide WBC counts. The Peruvian
study team performed daily instrument calibration checks prior to specimen
analysis to ascertain analyzer function within the parameters defined by the
manufacturer. Manual WBC counts (UNOPETTE; Becton Dickinson Clinical
Laboratory Solutions, Franklin Lakes, N.J.) were performed weekly at both study
sites to maintain a backup method for WBC counts as well as to apply an external
measure of analyzer function.

(iv) Assays with prototype MRDDs. Known positive and negative control
materials were supplied by the device manufacturer and were used to verify assay
performance on a daily basis. Positive control material consisted of a proprietary
formulation known to react at both the P. falciparum and P. vivax test lines in a
manner analogous to that for the targeted malarial antigens. The results for
patient specimens were reported as negative, positive for P. falciparum, positive
for P. vivax, positive for P. falciparum and P. vivax, or uninterpretable, according
to the specific instructions provided in the test kits. The assay procedures and
interpretation of the results were essentially identical for each of the prototypes.
Tests with results reported as uninterpretable, i.e., failure to observe a control
line or the presence of a darkly stained background that obscured the test lines,
were repeated in an attempt to resolve the discrepant event. Repeatedly unin-
terpretable results were excluded from calculations of device performance. In-
vestigators and technicians were trained and certified by the study’s principal
investigator prior to the initiation of testing of patient specimens and operated
within a system of daily review and oversight. The ParaSight F�V prototype
assays evaluated in this study were manufactured in a process compliant with
present good manufacturing practices standards established by the FDA to
govern the production of in vitro diagnostic devices.

(v) Protocol review and approval. The study protocol was reviewed by the
Institutional Review Board, Walter Reed Army Institute of Research, and the
Human Subjects Safety Review Board, U.S. Army Medical Research and Ma-
teriel Command, and were approved as Walter Reed Army Institute of Research
Protocol 687 (version 2.21, 1998; version 2.3, 1999). The study protocol was
approved annually by the Ministry of Health (MINSA) in Iquitos, Peru, and was
performed under the direction of the Direccion de Salud de Loreto. Similarly,
the study protocol was approved by the Thai Ministry of Public Health for each
year of implementation and operated with oversight from Vector-Borne Disease
Control Office No. 1, Phrabuddhabat, Thailand.

Data analysis. The “true” diagnostic outcome was defined as the final micro-
scopic interpretation of peripheral blood smears, with microscopy performed as
described above. These results were the basis for calculating device sensitivity
and specificity. Standard definitions of sensitivity, which was equal to the number
of true-positive results/(number of true-positive results � number of false-neg-
ative results), and specificity, which was equal to number of true-negative results/
(number of true-negative results � number of false-positive results), were used.
With regard to MRDD assays interpreted as positive for both P. falciparum and
P. vivax for specimens subsequently found to contain a single species by micros-
copy, the results were treated as true positive for the species identified by
microscopy and false positive for the species not identified by microscopy. Device
sensitivity was also determined for each of several prospectively defined ranges
of parasitemia: �0 to 500, 501 to 1,000, 1,001 to 5,000, and �5,000 parasites/�l.
Receiver operating characteristic (ROC) curves were constructed and analyzed
to determine the relative accuracy of each prototype at diagnostic thresholds
corresponding to test line intensity for positive MRDD assay results (13, 43, 44).
ROC curves plot the fraction of false-positive results of each prototype (1 minus

the specificity; the ability to distinguish true-negative results from false-positive
results) against the fraction of true-positive results (sensitivity; the ability to
distinguish true-positive results from false-negative results) for each of the six
possible positive line intensity values (0.25 through 4). This analysis displayed
trade-offs between sensitivity and specificity that occurred as the result of incre-
mental changes in positive test line intensity. The overall accuracy of each device
was quantified with an area under the curve (AUC) value with the standard error
and an estimate of its 95% confidence interval (CI95) (9, 38). Each prototype
assay’s performance for the detection of single species was further evaluated by
comparison of the optimal diagnostic cutoff values. The optimal cutoff point was
represented as the test line intensity with the maximum sum of sensitivity and
specificity for each prototype. Diagnostic accuracy was interpreted by consider-
ing a combination of greater AUC values and lower diagnostic thresholds, i.e.,
the optimized relationship between test line intensity and a correct diagnostic
result. Documentation was maintained to ensure that all study data, interpreta-
tions, and calculated values were traceable to original source material. Statistical
significance was set at a P value �0.05, and AccuROC (version 2.5) software
(Accumetric Corporation, Montreal, Quebec, Canada) was used to analyze ROC
curve data.

RESULTS

Study demographics. A total of 4,894 patients were enrolled
during the 2-year study period: 1,588 (32.4%) and 3,306
(67.6%) from Peru and Thailand, respectively. Among these
patients, 14 (0.3%) patients (13 patients in 1998 and 1 patient
in 1999) were eventually excluded from the study group.
Among the remaining 4,880 evaluable patients who provided
blood specimens for assay, assay results for a total of 7 (0.1%)
patients were found to be invalid for the cumulative enroll-
ment population, primarily as a result of incomplete documen-
tation. Despite the eligibility of younger patients, demographic
data collected for the volunteers showed that no subjects
younger than 18 years of age had enrolled at either the Thai or
the Peruvian site during the 1999 season. The data generated
for the remaining 4,873 specimens were included in the study
data set.

Diagnostic microscopy. Microscopic examination of 4,873
peripheral blood smears showed that a total of 2,051(42.1%)
were positive for malaria, with the remaining 2,822 (57.9%)
determined to be negative for asexual parasite stages (Table 1).
Species representation varied slightly between enrollment
years, with the largest variation noted in the number of P.
falciparum-positive blood smears detected in the Peruvian co-
hort: 115 (13.8%) in 1998 and 63 (8.5%) in 1999. The only P.
malariae-positive blood smears were found in the Thai cohort,
and both of these were detected in participants enrolled in
1998. A total of 50 (1.0%) mixed infections with both P. falci-
parum and P. vivax were detected and were found in 31 (1.0%)
specimens obtained in 1998 and 19 (1.0%) specimens obtained
in 1999. Study microscopists examining blood smears reported
interpretations concordant for all three microscopic criteria
(presence of parasitemia, species, and parasite density within
twofold) for 93.8% of smears in 1998 and for 95.7% of smears
in 1999.

MRDD assay performance for P. falciparum. A cross-tabu-
lation of the ParaSight F�V test results for P. falciparum
against the reference microscopy results is shown in Table 2.
The greatest proportion of false-negative results for P. falcipa-
rum was observed at the lowest parasite concentrations with all
three of the prototypes. With regard to the false-positive re-
sults for P. falciparum, a relatively large number of FV98 assays
produced very faint test lines (line intensity, 0.25) for both P.
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falciparum and P. vivax. The appearance of faint test lines
affected the performance of FV98, with 2,113 (71.0%) of all
specimens interpreted, according to the manufacturer’s in-
structions, as having mixed P. falciparum and P. vivax infec-
tions, given the presence of test lines for both P. falciparum and
P. vivax. Among 1,829 false-positive results for P. falciparum
with the FV98 prototype, 940 (51.4%) of the positive test lines
were interpreted to have a line intensity of 0.25. The number of
false-positive lines for P. falciparum at the 0.25 intensity level
was significantly reduced with the 1999 prototypes, particularly
FV99-2.

Given the lack of an available method for the precise deter-
mination of the levels of parasitemia for individual species in
true mixed infections and the overall small number of mixed
infections in the total study population (1.0%), device sensi-
tivity and specificity were calculated by exclusion of the results
for mixed infections defined microscopically. As noted, unin-
terpretable results, i.e., the results of repeat tests that failed to

produce an interpretable diagnostic outcome, were also ex-
cluded from the final data set used to determine device per-
formance. The largest number of uninterpretable results was
observed with the FV98 prototype, with 64 of 2,986 specimens
(2.1%) failing to produce a clear diagnostic result after repeat
testing.

The sensitivity of the FV98 prototype for detection of P.
falciparum relative to the reference microscopy results was
98% (CI95, 97 to 100%) (Table 3). The FV99-1 and FV99-2
assays demonstrated overall sensitivities of 94% (CI95, 89 to
97%) and 98% (CI95, 94 to 100%), respectively. Both the
FV99-1 and FV99-2 assays were 100% sensitive in detecting P.
falciparum when the level of parasitemia exceeded 500/�l.
There were no significant differences in device sensitivities
between the Peruvian and Thai cohorts for any of the para-
sitemia ranges examined or among any of the three prototypes.
Each of the three assays showed progressively decreasing sen-
sitivities as the parasite concentrations decreased. The speci-

TABLE 1. Summary of microscopic findings

Resulta

No. (%) of specimens positive

1998 1999
Total

Peru Thailand Peru Thailand

P. falciparum 115 (13.8) 431 (20.0) 63 (8.5) 250 (21.9) 859 (17.6)
P. vivax 207 (24.8) 450 (20.9) 222 (29.8) 261 (22.8) 1,140 (23.4)
Mixed P. falciparum and P. vivax 12 (1.4) 19 (0.9) 10 (1.3) 9 (0.8) 50 (1.0)
P. malariae 0 (0) 2 (0.09) 0 (0) 0 (0) 2 (0.04)
Negativeb 502 (60.0) 1,248 (58.0) 449 (60.3) 623 (54.5) 2,822 (57.9)

Study total 836 (100) 2,150 (100) 744 (100) 1,143 (100) 4,873 (100)

a Positive microscopy results required the presence of asexual Plasmodium stages.
b Blood smears containing Plasmodium sp. gametocytes in the absence of asexual stages of the same species were interpreted as negative.

TABLE 2. Cross-tabulation of ParaSight F�V results for P. falciparum against microscopy resultsa

Microscopy result

No. of specimens with the indicated result with the following prototype:

FV98 FV99-1 FV99-2

Negativeb Positivec Mixed Negativeb Positivec Mixed Negativeb Positivec Mixed

Positive for P. falciparum
(no. of parasites/�l)

�0–500 2 (2/0) 25 52 8 (6/2) 13 12 4 (4/0) 19 1
501–1,000 2 (2/0) 9 20 0 (0/0) 9 1 0 (0/0) 7 1
1,001–5,000 1 (1/0) 47 54 0 (0/0) 19 3 0 (0/0) 31 1
�5,000 4 (4/0) 110 216 1 (1/0) 58 25 0 (0/0) 77 23

Total 9 (9/0) 191 342 9 (7/0) 99 41 4 (4/0) 134 26

Negative for P. falciparum
Negative for Plasmodium 317 (304/13) 68 1,313 491 (358/133) 11 110 436 (394/42) 10 13
Positive for P. vivax 202 (36/166) 12 435 225 (21/204) 3 21 211 (29/182) 2 21
Positive for P. malariae 1 (1/0) 1 0 0 (0/0) 0 0 0 (0/0) 0 (0/0) 0 (0/0)

Total 520 (341/179) 81 1,748 716 (379/337) 14 131 647 (423/224) 12 34

Mixed infection
P. falciparum � P. vivax 2 (1/1) 6 23 4 (0/4) 1 2 3 (2/1) 5 4

Total 2 (1/1) 6 23 4 (0/4) 1 2 3 (2/1) 5 4

Study total 531 (351/180) 278 2,113 729 (386/343) 114 174 654 (429/225) 151 64

a Excludes uninterpretable MRDD assay results (FV98, n � 64; FV99-1, n � 0; FV99-2, n � 1).
b The values in parentheses are the number of specimens with negative MRDD assay results/number of specimens positive only for P. vivax, i.e., negative results for

P. falciparum.
c MRDD assay results positive only for P. falciparum.
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ficity of FV98 for exclusion of the presence of P. falciparum
was 22% (CI95, 20 to 24%), with values of 83% (CI95, 80 to
86%) and 93% (CI95, 91 to 95%) for FV99-1 and FV99-2,
respectively. The specificities of the FV98 prototype differed
significantly at the Peru and Thai study sites.

MRDD assay performance for P. vivax. A cross-tabulation of
ParaSight F�V test results for P. vivax against the reference
microscopy results is shown in Table 4. For all three proto-
types, most of the false-negative results (75 of 103 [72.8%])
were demonstrated with levels of parasitemia in the range of
�0 to 500 parasites/�l, consistent with the observations re-
ported for assay performance for P. falciparum. Two P. vivax-
positive samples that had levels of parasitemia �5,000 para-
sites/�l tested negative with the FV98 prototype. With the
FV99-2 prototype, one sample with a level of P. vivax para-
sitemia �5,000/�l tested negative for P. vivax but had a positive
result for P. falciparum. As noted for the performance of the
assays for P. falciparum, the appearance of faint positive lines
(line intensity, 0.25) detracted from the performance of the
FV98 prototype, with 435 of 649 (67%) specimens positive for
P. vivax by reference microscopy interpreted as containing a
mixture of P. falciparum and P. vivax and 1,655 of 2,242 (74%)
of P. vivax-negative samples interpreted as containing a mix-
ture of P. falciparum and P. vivax. Among a total of 1,668
false-positive results for P. vivax obtained with the FV98 pro-
totype, 915 (54.9%) had test lines positive for P. vivax with an
intensity of 0.25. Among specimens found to be negative for
any Plasmodium sp. microscopically, the proportions of false-
positive assay results for P. vivax were 78.1, 39.7, and 12.0% for
prototypes FV98, FV99-1, and FV99-2, respectively.

The sensitivity of the FV98 prototype for the detection of P.
vivax relative to the reference microscopy results was 93%
(CI95, 90 to 94%) (Table 5). The FV99-1 and FV99-2 assays
demonstrated overall sensitivities for the detection of P. vivax
of 90% (CI95, 86 to 94%) and 87% (CI95, 82 to 91%), respec-
tively. There were no significant differences in device sensitiv-
ities between the Peruvian and Thai study sites for any of the
parasitemia ranges. All three prototypes showed decreased
sensitivities for the detection of P. vivax with lower levels of
parasitemia, most notably, levels �500 parasites/�l. The over-
all specificities for exclusion of the presence of P. vivax in
specimens with true-negative results were 26% (CI95, 24 to
27%) for FV98, 62% (CI95, 59 to 66%) for FV99-1, and 87%
(CI95, 84 to 89%) for FV99-2. The differences in specificities
for P. vivax between study sites were statistically significant for
all three prototypes. FV98 and FV99-2 showed greater speci-
ficities in Peru, and FV99-1 showed a greater specificity in
Thailand.

Diagnostic accuracy. Figure 1 shows ROC curves for each of
the ParaSight F�V prototypes when test line intensity was
used as the decision cutoff point for diagnostic outcome; curves
were constructed for the performance of the assays for the
detection of both P. falciparum (Fig. 1A) and P. vivax (Fig. 1B).
The AUC for the diagnostic performance of FV98 for the
detection of P. falciparum was significantly different from the
AUCs for the performances of both the FV99-1 and the
FV99-2 prototypes for the detection of P. falciparum (Table 6).
The AUC for the diagnostic performance of FV99-2 for the
detection of P. falciparum was significantly different from the
AUC for the performance of the FV99-1 prototype for the
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detection of P. falciparum. There were no statistically signifi-
cant differences in AUCs for the performances of the three
prototypes for the detection of P. vivax. The optimal diagnostic
cutoff for each MRDD assay was determined by maximizing
the sum of the sensitivity and the specificity determined for
each discrete threshold of positive line intensity. For diagnostic
accuracy for the detection of P. falciparum, optimal cutoffs
were determined to be at line intensities of 1 for FV98, 1 for
FV99-1, and 0.5 for FV99-2. For diagnostic accuracy for the
detection of P. vivax, optimal cutoffs were determined to be at
line intensities of 1 for FV98, 1 for FV99-1, and 0.25 for
FV99-2.

DISCUSSION

The present study determined the performance characteris-
tics of three prototype ParaSight F�V assays, all of which were
engineered to detect two malaria species in a single test strip.
The study protocol was specifically designed to evaluate the
performances of the prototypes with specimens from a self-
presenting symptomatic patient population in areas where ma-
laria is endemic. The findings reported here are for 2 years of
a multiyear program being conducted to evaluate MRDD as-
says of various formats and from multiple manufacturing
sources. The program evolved from the investigation of an
assay device for the detection of a single species, the ParaSight
F assay, to the present study with the specific intent of identi-
fying one or more devices capable of satisfying prospectively
defined performance criteria. The clinical capability envisioned
for usage in the field with an immunologically naïve population
necessitates reliability at high levels of parasitemia, a lower
threshold of detection of at least 500 parasites/�l, elimination
of the need for cold-chain conditions for assay transport and

storage, and the detection of multiple species, with an empha-
sis, in order of priority, on P. falciparum and P. vivax. It was
further required that field assays be uncomplicated in their
operation and interpretation and, ultimately, suitable for reg-
ulatory review and approval by the FDA.

The findings generated over the course of 2 years show the
progressive refinement of the ParaSight F�V assay to a point,
exemplified by prototype FV99-2, that it provided an accurate
means of detection of both P. falciparum and P. vivax in two
distinct study cohorts, one in Asia and the other in South
America. Compared to the reference microscopy results, the
FV99-2 prototype device correctly identified asexual parasites
in 98% of all P. falciparum-positive peripheral blood specimens
and 87% of all P. vivax-positive peripheral blood specimens.
These sensitivity values were accompanied by specificities of 93
and 87% for P. falciparum and P. vivax, respectively. Of further
note, the FV99-2 device achieved 100% sensitivity with periph-
eral blood samples (n � 140) containing P. falciparum para-
sites at �500/�l. Such highly reliable sensitivities at a relatively
low level of parasitemia suggest that, in patients suspected of
having malaria, if the result of the initial test is negative,
perhaps due to a very low level of parasitemia, testing of
serially collected blood samples, perhaps at 12- to 24-h inter-
vals, would yield very accurate sensitivities. Such a testing strat-
egy would mirror that already used by competent microscopists
for serial examination of blood smears (14). This level of di-
agnostic performance exceeds that of clinical microscopy re-
ported in a variety of settings and has the potential to signifi-
cantly enhance diagnostic capabilities in those instances in
which skilled microscopy is not readily available (1, 6, 21, 23,
26).

It is not entirely clear why performance differences were
observed in some instances between the two study sites. Con-

TABLE 4. Cross-tabulation of ParaSight F�V results for P. vivax against microscopy resultsa

Microscopy result

No. of specimens with the indicated result with the following prototype:

FV98 FV99-1 FV99-2

Negativeb Positivec Mixed Negativeb Positivec Mixed Negativeb Positivec Mixed

Positive for P. vivax
(no. for parasites/�l)

�0–500 31 (24/7) 2 119 20 (18/2) 30 9 24 (24/0) 24 5
501–1,000 7 (6/1) 6 31 1 (1/0) 17 1 1 (1/0) 14 1
1,001–5,000 8 (5/3) 46 127 3 (2/1) 59 5 5 (4/1) 56 3
�5,000 2 (1/1) 112 158 0 (0/0) 98 6 1 (0/1) 88 12

Total 48 (36/12) 166 435 24 (21/3) 204 21 31 (29/2) 182 21

Negative for P. vivax
Negative for Plasmodium 372 (304/68) 13 1,313 369 (358/11) 133 110 404 (394/10) 42 13
Positive for P. falciparum 200 (9/191) 0 342 100 (7/99) 2 41 138 (4/134) 0 26
Positive for P. malariae 2 (1/1) 0 0 0 (0/0) 0 0 0 (0/0) 0 0

Total 574 (314/260) 13 1,655 475 (365/110) 135 151 542 (398/144) 42 39

Mixed infection
P. falciparum � P. vivax 7 (1/6) 1 23 1 (0/1) 4 2 7 (2/5) 1 4

Total 7 (1/6) 1 23 1 (0/1) 4 2 7 (2/5) 1 4

Study total 629 (351/278) 180 2,113 500 (386/114) 343 174 580 (429/151) 225 64

a Excludes uninterpretable MRDD assay results (FV98, n � 64; FV99-1, n � 0; FV99-2, n � 1).
b The values in parentheses are the number of specimens with negative MRDD assay results/number of specimens positive only for P. falciparum, i.e., negative results

for P. vivax.
c MRDD assay results positive only for P. vivax.
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siderable rigor was exerted in standardizing the execution of
the protocol between the two study sites and in validating the
performance parameters. Confounding variables, such as
tester-dependent bias or subtle differences in sample handling,
may have played a role in the variation in the results obtained
between the Thai and Peruvian study sites.

The P. falciparum portion of the ParaSight F�V prototypes
was based on a predicate device, the ParaSight F test, which
was manufactured and distributed for several years prior to the
development of the ParaSight F�V format. As reported pre-
viously, the ParaSight F device demonstrated a high level of
performance under study conditions similar to those used in
the present study (10). The development of a multispecies
prototype assay based on the predicate assay for a single spe-
cies likely required refinements in materials, device construc-
tion, and manufacturing processes and optimization of reagent
formulations. While these refinements are the proprietary
property of the developer, it is clear that the incorporation of
additional test lines into the assay matrix affected assay per-
formance during the progressive development of the device.
The presence of additional antibody-impregnated test and con-
trol lines on the nitrocellulose dipstick and the resulting im-
pacts on sample flow and secondary ligand binding were fac-
tors in the observed performances of early prototypes. The
precise modifications to the FV99-2 prototype that alleviated
the deleterious effects of false-positive results because of low
line intensities are not known to investigators in the field, but
the findings of the present study demonstrate a marked im-
provement in the performance of this final prototype device.

It was difficult to reliably assess the ability of the ParaSight
F�V prototypes to accurately discriminate true mixed infec-
tions. The lack of a precise method to determine the contri-
bution of each species to the total parasitemia in a mixed
infection and the small number of microscopically detected
mixed infections in each cohort prompted the exclusion of
mixed infections from calculations of device performance. A
better reference method for identifying mixed infections and
discriminating the proportional contribution of each individual
species to the total parasitemia is necessary to fully assess
MRDD assay performance in the detection of mixed infec-
tions. This is an area of investigation that may benefit from the
use of a molecular diagnostic technology to augment skilled
microscopy as a reference standard (24, 29–31, 35, 41, 42).

The data presented in Tables 2 and 4 demonstrate an in-
crease in device sensitivities, i.e., the ability to detect Plasmo-
dium when it was present, with increased parasite concentra-
tions. It is not clear why a small number of specimens with
parasitemias �5,000 parasites/�l tested falsely negative, al-
though this observation is not without precedent in either
HRP-2-based assays (4, 10, 15, 19, 22, 28, 39) or MRDD assays
that exploit other malarial antigens (18, 19, 27). While the
number of specimens with false-negative results and high levels
of parasitemia was small (�1.0% for each prototype), it is an
area of continuing concern and suggests the interaction of
other factors that may influence test outcome for a small sub-
population of symptomatic patients.

ROC analysis provides insight into the performances of the
prototypes by illustrating the relationship between line inten-
sity and diagnostic accuracy. The AUCs calculated from the
ROC curves in Fig. 1 are indicative of the accuracies of the
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devices across the full range of potential test line intensities.
Initial assessment of AUCs suggested that the FV98 MRDD
was the most accurate device for the detection of P. falciparum
in the enrolled patient population. Closer scrutiny of maxi-
mized diagnostic cutoffs revealed that the FV98 assay was
optimized at a line intensity of 1 and, consequently, experi-
enced significant performance degradation at the 0.25 and 0.5
line intensities. The FV99-1 prototype experienced a similar
pattern of performance optimized at an intensity cutoff of 1.
Although the AUC for the FV99-2 prototype was lower than
that for the FV98 prototype, the FV99-2 prototype achieved an
optimal cutoff at a line intensity of 0.5, indicating an improve-
ment in diagnostic performance in association with lower-in-
tensity test lines. A similar observation was made with respect
to test accuracy for the detection of P. vivax, with the FV99-2
assay exhibiting optimized performance at a line intensity cut-
off of 0.25, the faintest line visible to test readers. An MRDD
test system that can be accurately and reliably interpreted as
positive with the presence of any visible test line, regardless of
intensity, enjoys a decided advantage in a point-of-care diag-
nostic setting. Conversely, an assay that offers an equivocal
outcome at low line intensities will erode end-user confidence.
The analysis of optimized line intensity is not intended to

suggest that rapid diagnostic assays be interpreted on the basis
of line intensity. Rather, these data illustrate the trade-offs
between sensitivity and specificity and demonstrate the manu-
facturer’s success in optimizing performance across the full
spectrum of assay reactivities.

The present study documents the performance of three dis-
tinct prototypes resulting from the iterative development and
refinement of the ParaSight F�V assay. We have demon-
strated the benefits of using large-scale, multisite field trials to
assess product refinement and for product evaluation. This
investigation facilitated a critical assessment of the diagnostic
performances of multiple generations of prototypes with spec-
imens from a large population of symptomatic patients. The
findings presented herein identify the ParaSight F�V test, in
the FV99-2 format, as a mature MRDD assay capable of clin-
ically acceptable diagnostic performance in a field setting. Not-
withstanding the performances of the prototypes evaluated in
this study, the manufacturer has no plans at present to com-
plete the development and commercialization of the ParaSight
F�V MRDD test.
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