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Microscopy is an imperfect reference standard used for malaria diagnosis in clinical trials.
The purpose of this study was to provide an assessment of the accuracy of basic microscopy,
to compare polymerase chain reaction (PCR)–based diagnosis with microscopy results, and
to assess the effect of microscopy error on apparent protective efficacy. The sensitivity and
specificity of basic, compared with expert, microscopy was determined to be 91% and 71%,
respectively. In a clinical trial, agreement between PCR and microscopy results improved with
expert confirmation of initial results. In a simulated 12-week trial with weekly routine malaria
smears, a very high specificity (199%) for each malaria smear was found to be necessary for
an estimate of protective efficacy to be within 10%–25% of the true value, but sensitivity had
little effect on this estimate. Microscopy error occurs and can affect clinical trial results.

Accurate malaria diagnosis is critical in field trials evaluating
antimalarial drugs or vaccines. Errors in diagnosis (false pos-
itives, false negatives, and species identification errors) may lead
to biased estimates of protective efficacy. Microscopic diagnosis
is considered to be the reference standard for determining the
protective efficacy of prophylactic drugs or vaccines. However,
microscopy is an imperfect reference standard with many in-
herent limitations [1], including the need for highly experienced
and motivated technicians, variability in smear quality, the in-
ability to determine malaria species at low parasitemia, and the
loss of slide quality with time. Artifacts resembling malaria are
common. In addition, parasitemias are often low in field trials,
which leads to discrepant repeat readings. In clinical trials with
periodic (i.e., weekly) screening for parasitemia, large numbers
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of malaria smears must be read; therefore, expert microscopists
usually do not perform initial readings.

Because microscopy is an imperfect reference standard, it is
difficult to estimate its true sensitivity and specificity or to eval-
uate new diagnostic methods [2]. Several studies have compared
microscopy with new diagnostic methodologies. Although not
intended to estimate the accuracy of microscopy and limited
by discrepant analysis [3, 4], some estimates of the accuracy of
basic and expert microscopy can be made on the basis of pre-
sented data. Reports from Thailand [5] and the Solomon Is-
lands [6] have compared malaria basic microscopy with expert
microscopy or acridine orange microscopy plus polymerase
chain reaction (PCR) techniques. Data included in those articles
suggest that the sensitivity of basic microscopy was low (71%–
76%) and that specificity was variable (72%–95%) [5, 6]. Studies
in Thailand and Kenya compared expert microscopy with re-
peat-smear examination and PCR [7, 8]. Sensitivity and spec-
ificity were much higher (97%–99% and 96%–99%, respec-
tively). Four studies based on PCR techniques have revealed
that mixed species infections are common (6%–19% of positive
results) and often missed by both field-based and expert mi-
croscopy (50%–100% of the time) [5, 6, 8, 9 ].

Considerable epidemiologic and statistical literature ad-
dresses the effects of misclassification involving dichotomous
variables ( tables) [10–12]. The direction and magnitude2 � 2
of bias depends on the circumstances and the type of sampling.
In randomized clinical trials, misclassification in response out-
come usually leads to an underestimate of the true treatment-
efficacy model [10, 11]. In the context of field trials of prophy-
lactic drugs or vaccines, errors in diagnosing malaria do occur
and can be expected to lead to biased estimates of measures of
protective efficacy. The impact that these diagnostic errors and
confirmation strategies may have on the outcome of malaria-
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Table 1. Test results for newly hired and trained field microscopists,
compared with results for an expert reference microscopist.

Microscopist
False

positive, %
False

negative, %
False

species, %

Seniora 36 5 13
New hire 1b 7 18 15
New hire 2b 43 5 14

Mean 29 9 14

NOTE. Ninety-three blood smears were read; 79 were positive and 14 were
negative.

a Not part of this project (for comparison only).
b Newly hired and trained but with previous microscopy experience.

prevention trials is largely unrecognized. In addition, limited
information is published regarding procedures to improve the
accuracy of microscopy in any setting. Most malaria-prevention
field trials do use some method to confirm results, although
the methods vary and are often not reported. The confirmation
strategy used will also affect the protective efficacy reported.

As a component of a malaria prophylaxis trial, the objectives
of this study were to compare the accuracy of initial microscopy
with expert microscopy; to compare PCR-based diagnoses of
samples collected during the trial with initial readings, expert
reference readings, and final malaria diagnoses; and to assess
the effects of diagnostic errors (false-positive or false-negative
results) on reported estimates of protective efficacy based on a
model for misclassification errors.

Materials and Methods

Data presented are based on malaria smears and blood samples
obtained during a double-blind, placebo-controlled malaria pro-
phylaxis trial in Papua (Irian Jaya), Indonesia, that was conducted
between May and August 1993 [13]. Two hundred four soldiers
were randomized to 3 prophylaxis arms (69 received placebo, 68
received weekly mefloquine, and 67 received daily doxycycline) for
∼15 weeks. A confirmed positive malaria smear (diagnostic algo-
rithm described below) was the primary end point for the prophy-
laxis trial.

Diagnosis of malaria. Giemsa-stained thick and thin malaria
smears were done weekly and when the soldiers had any of the
following symptoms: headache, fever, chills, nausea, or vomiting.
Smears were examined by oil-immersion microscopy (magnifica-
tion, �1000) and were considered to be negative if no asexual
parasites were found in 200 ocular fields of the thick film. The
following procedure was used to determine the final (“confirmed”
for efficacy estimates) diagnosis of malaria. Subjects with positive
initial smears had a repeat malaria smear as soon as possible. If
both smears were positive, then a field diagnosis of malaria was
made (initial microscopy results), and the soldier was removed from
the trial. Later, all positive smears and a representative sample of
negative smears were read by an expert microscopist blinded to the
initial result (“expert diagnosis”). Smears with discordant results
were reread by the principal investigator prior to breaking the study
code. A “majority rule” determined the final confirmed microscopic
result. The sample of negative smears consisted of ∼50 smears
collected at the time a symptom consistent with malaria was re-
ported and 250 routine weekly smears.

Microscopists. There were 4 on-site microscopists, usually 2 at
the study site at a given time. Two of the 4 had been employed by
the sponsoring organization as microscopists for the preceding 2 years
(identified as field microscopists). The other 2 had previous experience
with microscopy but were newly hired and trained (identified as new
hires; table 1). The 2 field microscopists employed by the sponsoring
organization read all study smears, and only their results constituted
the “initial microscopy result.” The reference expert microscopist
(Purnomo, an author of this report) has 140 years of professional
experience in the diagnosis of malaria and is internationally recog-
nized in the field (identified as expert reference microscopist).

PCR specimen collection. Malaria culture (cryopreserve) spec-
imens were used for PCR. Blood was obtained only from persons
who had positive results for malaria smears. Molecular diagnosis
and malaria species determination were done for all participants
from whom blood samples were obtained. Cryopreserves were col-
lected as whole blood in acid citrate dextrose. Packed red blood
cells (1 mL) were mixed with tyrode buffer (3.4 mL) and dimethyl
sulfoxide (0.6 mL) and immediately frozen in liquid nitrogen.

PCR detection and species identification. Plasmodial small-sub-
unit rRNA genes were amplified, and species-specific oligoprobe
hybridization (rDNA–oligoprobe hybridization) was done as de-
scribed elsewhere [14, 15]. All PCR analyses were interpreted
blinded to the microscopy results. All samples that were initially
negative were reextracted and reamplified using the same method.
Positive and negative blood sample controls were included with
each amplification assay. To prevent cross-contamination, desig-
nated pieces of equipment and separate rooms were used for the
preparation of samples and the handling of amplified products.

Statistical methods. Data were managed and tables were con-
structed using Microsoft Excel. The Wilcoxon rank sum test was
used to compare parasite densities by use of SPSS software (version
8.0; SPSS). The effects of false-positive and false-negative micros-
copy errors on apparent protective efficacy were assessed by use
of a modification of a model reported by Goldberg [10] and Cope-
land et al. [11]. Figures were constructed using Minitab 11 for
Windows (Minitab). Refer to the statistical appendix for illustra-
tion of the effect of malaria misdiagnosis on the resulting estimates
of protective efficacy.

Results

Accuracy of readings by newly hired microscopists. To qual-
ify for employment as microscopists for the field trial, several
individuals working as microscopists in the area undertook an
examination in which 93 malaria smears (79 positive and 14
negative) were read blindly. The diagnostic errors (false positive,
false negative, and species misidentification) of 2 new hires and
a senior technician (not part of this project) relative to the expert
reference microscopist are summarized in table 1. Individuals
not hired did not perform as well as those hired (data not
shown). These data illustrate that microscopy has limitations
in terms of sensitivity and specificity, which vary by micros-
copist. Diagnostic accuracy of the new hires improved after
continued intensive training (data not shown).
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Table 2. Results of the initial, expert, and final microscopy diagnoses in a malaria-prevention clinical trial and corresponding results based on
polymerase chain reaction (PCR).

PCR diagnosis

Microscopy results

Total

Initial diagnosis Expert reference diagnosis Final diagnosis

P. falciparum P. vivax Mixed P. falciparum P. vivax Mixed P. falciparum P. vivax Mixed Negative

P. falciparum 20 6 0 23a 1 1 24 1 1 0 26
P. vivax 2 18b 0 1 19b 0 1 19b 0 0 20b

Mixed 2 3 0 3 2 0 3 2 0 0 5
Negative 2 0 0 1 1 0 1 0 0 1 2
No PCR sample 1 1 0 1 1 0 1 1 0 0 2

Total 27 28 0 29 24 1 30 23 1 1 55
Agreement with PCR results, % 77 67 0 82 83 0 83 86 0 100

NOTE. P. falciparum, Plasmodium falciparum; P. vivax, Plasmodium vivax.
a One slide pair was lost and not read by the expert; the final diagnosis assumed that the original reading was correct.
b Includes 1 sample with a PCR product but no specific diagnosis.

Clinical trial sequential microscopy results. Table 2 sum-
marizes the results of the initial, expert, and final microscopy
diagnoses for the clinical trial and corresponding results based
on PCR. At the time of diagnosis, 98% of subjects were symp-
tomatic; 93% had �2 symptoms typical of malaria. Parasitem-
ias were low (median, 360 parasites/mL). Plasmodium falciparum
parasitemias were significantly higher than those of Plasmodium
vivax (median, 720 vs. 270 parasites/mL; ). Ten percentP p .02
of patients with P. falciparum and 42% of patients with P. vivax
had �120 parasites/mL.

Significant discordance in results was identified on the serial
microscopy readings. On the basis of the initial reading, 55
subjects were parasitemic, 27 with P. falciparum and 28 with
P. vivax. Twelve (22%) of the initial findings for the 55 subjects
were discordant with the subsequent findings of the expert ref-
erence microscopist. The expert determined that 7 of the cases
initially diagnosed as P. vivax were instead P. falciparum and
that 4 initially diagnosed as P. falciparum were instead P. vivax,
and 1 case initially read as P. falciparum was reread as a mixed
infection. Findings for the 12 discordant smears were read again
by the principal investigator before breaking the study code: 4
differed from the expert reading (2 cases diagnosed as P. vivax
by the expert reference microscopist were reread as P. falciparum
and 1 case read as P. falciparum by the expert was reread as
P. vivax). No parasites were found in another smear that was
read as very low-density P. vivax by the expert and as P. fal-
ciparum in the initial reading. Its final result was deemed to be
negative. On the basis of the majority of the 3 readings, the
final results were as follows: 30 P. falciparum, 23 P. vivax, 1
mixed, and 1 negative. After results were finalized and the study
code was broken, 3 additional expert microscopists were asked
to examine the smear deemed negative by the principal inves-
tigator (a smear from a doxycycline recipient) and the smear
from the single doxycycline prophylaxis failure. No malaria
parasites were found in either case.

Microscopy compared with PCR. Blood samples for PCR
were obtained only at the time of the initial diagnosis of ma-
laria. Samples were available for 53 of the 55 subjects. All 53
were blindly assessed for a species-specific diagnosis by PCR.

PCR results compared with the sequential microscopy read-
ings are presented in table 2. On the basis of the initial mi-
croscopy results, 27 cases of P. falciparum and 28 cases of P.
vivax were identified. Of the 27 P. falciparum cases, 26 were
available for PCR analysis. Of these, complete concordance (P.
falciparum only) was shown in 20 (77%), partial concordance
(mixed P. falciparum and P. vivax) was shown in 2 (8%), and
discordance was shown in 4 (15%) cases. Of the discordant
isolates, 2 were P. vivax and 2 were negative by PCR. As a
comparison, of the 26 cases determined to be P. falciparum by
PCR, 20 (77%) were diagnosed as P. falciparum by microscopy.
Of the 28 cases of P. vivax, 27 were available for PCR analysis.
Of these, 18 (67%) were completely concordant, 3 (11%) were
partially concordant, and 6 (22%) were discordant. All the dis-
cordant results were P. falciparum. Of the 20 cases of P. vivax
determined by PCR, 18 (90%) were diagnosed as P. vivax by
microscopy. Of 5 mixed infections determined by PCR, none
was identified by microscopy.

On the basis of expert reference microscopy, 28 cases of P.
falciparum were identified (table 2). Of these 28, there was com-
plete concordance (P. falciparum only) in 23 (82%), partial con-
cordance (mixed P. falciparum and P. vivax) in 3 (11%), and
discordance in 2 (7%). Of the discordant isolates, 1 was P. vivax
and 1 was negative by PCR. Of the 23 P. vivax diagnoses by
the expert reference microscopist, 19 (83%) were completely
concordant, 2 (9%) were partially concordant, and 2 (9%) were
discordant. One discordant result was P. falciparum, and the
other was negative. On the other hand, of the 25 cases of P.
falciparum determined by PCR, 23 (92%) were diagnosed as P.
falciparum by expert reference microscopy. Of the 20 cases of
P. vivax determined by PCR, 19 (95%) were diagnosed as P.
vivax by microscopy. Of the 5 mixed infections by PCR, none
was identified by microscopy.

The 12 discordant readings between the initial microscopic
reading and the expert reference reading results were reread a
third time by the principal investigator. Four results (33%) by
the principal investigator differed from those of the expert. PCR
results were the same as the expert’s reading in 2 of the 4 cases.
In the third case, the initial microscopic reading was P. falciparum,
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Figure 1. A, The underestimate of the true protective efficacy (PE)
caused by false-positive (FP) malaria smears in a 12-week malaria-pre-
vention trial with routine weekly collection. Note that 0.5% FP smears
(99.5% specificity) cause the PE to be underestimated by 7%–15%. As
shown, the underestimate varies with the malaria attack rate. B, The
underestimate of the true PE caused by false-negative malaria smears in
a 12-week malaria-prevention trial with routine weekly collection. Note
that false-negative smears have no effect on PE estimates when no false-
positive results occur. A slight effect is seen with false-negative results at
the varying malaria attack rates when false-positive results are present.

the expert reference reading was P. vivax, and the principal in-
vestigator’s reading and PCR were both negative. In the last
case, the expert reference reading was P. vivax, whereas the other
2 readings were P. falciparum. PCR revealed P. falciparum.

Effect of diagnostic strategy on apparent protective efficacy.
When routine smears are collected from asymptomatic patients,
false-positive results can have a profound effect on protective
efficacy (figure 1A). Methods to improve specificity may be at
the cost of sensitivity. However, decreased sensitivity (false-neg-
ative results) does not significantly impact the estimate of pro-
tective efficacy (figure 1B). The statistical appendix details the
model used to assess the impact of false-positive and false-
negative results illustrated in figure 1.

Discussion

To our knowledge, this is the first study critically assessing
microscopy in the context of a malaria-prevention trial. Our re-
sults (table 1), experience, and review of the literature strongly
suggest that false-positive results occur with microscopy [5–8]
and that diagnostic errors persist in the clinical trial setting. In
addition, this is the first assessment of how the sensitivity and
specificity of microscopy-based diagnosis may impact the re-
ported efficacy results of such trials (figure 1). We have identified
that the lower-than-expected protective efficacy found in some
clinical trials was indeed due to the predictable underestimation
of efficacy resulting from false-positive malaria smears.

Newly hired microscopists had substantial error on a mi-
croscopy examination (table 1). Many artifacts closely resemble
malaria parasites, which may have led to the false-positive read-
ings. However, because the “negative” test smears were ob-
tained in an area endemic for malaria, it is not definitely known
that these are truly negative. In the clinical trial presented in
this manuscript [13], one false-positive smear finding occurred
in the initial, compared with the final, microcopy diagnosis,
and 2 occurred by PCR analysis. About 2284 smears were neg-
ative by initial microscopy. If one assumes that these were neg-
ative by PCR, specificity in the trial was ∼99.9%. Overall sen-
sitivity for this trial was also likely very high. Unlike some
clinical trial settings, false-negative results were likely to be
detected when subjects had additional malaria smears for symp-
toms of malaria.

Compared with both the expert reference microscopy and
PCR, the most common error in initial readings was species
identification errors. Most commonly, P. falciparum was mis-
identified as P. vivax. We believe that many of these errors were
due to less-experienced field readers, specific diagnosis often
based on the thick smear, and variability in smear preparation
and stain quality. Rereading of all positive field diagnoses by
an expert reference microscopist led to a substantial improve-
ment in the final diagnosis. However, missed mixed infections
and species errors still occurred, compared with analyses by
PCR. These errors are likely inherent limitations of light mi-

croscopy for malaria diagnosis. However, with the desired end
point of both P. falciparum and P. vivax prevention in the meflo-
quine versus doxycycline trial, the use of PCR confirmation
would not have significantly impacted results.

In this field trial, at least one field microscopist was always
at the study location. However, a quality assurance program
was not in place at the time of this study and likely contributed
to the errors in the initial reading. Good clinical practice [16]
is essential for malaria diagnosis in clinical trials. This should
include routine, on-going training and recertification of tech-
nicians through testing with slides collected in the field (negative
smears should be collected in a malaria-free area). Standard
operating procedures should be written for every aspect of slide
preparation, quality assessment, reading, recording of results,
and the storage of slides. Slides of unacceptable quality should
be rejected and repeated. Expert confirmation of results is nec-
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Table A1. Summary of expected results by true malaria status, diag-
nosis, and drug arm in a 12-week field trial comparing an antimalarial
drug with placebo.

Diagnosis

True malaria status

Drug (n p 100) Placebo (n p 100)

Malaria No malaria Total Malaria No malaria Total

Malaria 10 9a 19 50 5a 55
No malaria 0 81 81 0 45 45

Total 10 90 100 50 50 100

NOTE. Results assume that the cumulative risk or attack rate (AR) of malaria
in the placebo arm is 50%, that the “true” prophylactic efficacy of the drug is 80%,
a 10% cumulative false-positive rate for both drug and placebo, and no false-negative
results.

a False positive.

essary and must be completely blinded to avoid the introduction
of bias. In addition, because of deterioration of slide quality
with time, photographic or digital recording of results may be
the preferred method of permanent documentation and pos-
sibly an end point. The use of PCR and rapid diagnostic tests,
such as dipsticks, in defining clinical trial end points or in con-
firming microscopy results should be studied. Dipsticks have
the advantage of simple, immediate diagnosis or confirmation
of results. However, the sensitivity and specificity of the cur-
rently available devices appear to be lower than that of mi-
croscopy- and PCR-based methods [15, 17].

In this double-blind, placebo-controlled trial, all microscopy
diagnoses were finalized before the study code was broken. All
PCR samples were also interpreted blindly. One limitation of
this study was that PCR samples were collected as malaria
cryopreserves. A second limitation is that no negative controls
were collected from field isolates. Future trials should collect
whole blood for PCR from a sample of subjects without ma-
laria, perhaps subjects presenting with other febrile illnesses.

As illustrated in this study, diagnostic errors occur with mi-
croscopy, and errors can have a considerable impact in under-
estimating the protective efficacy of prophylactic drugs or vac-
cines. The sensitivity, specificity, and species identification error
rate for each study technician should be assessed by certification
examination and should be monitored throughout the trial. On
the basis of these sensitivity and specificity estimates, the pos-
sible underestimation in the resulting protective efficacy or
other effect measures due to these diagnostic errors can be
assessed. Strategies that maximize final specificity are essential
for malaria-prevention studies (e.g., rereading paradigm). Spe-
cific strategies will depend on the study end points. Finally, the
diagnostic procedures for determining and confirming final
study end points should always be reported.
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Appendix

Statistical Appendix

Several investigators have considered the effect of misclas-
sification errors (in tables) on effect measures (e.g., odds2 � 2
ratios, relative risk, and risk difference) in epidemiologic in-
vestigations [10–12]. However, the impact of these errors on
estimates of measures of prophylactic efficacy (PE) has not

received attention in the design of field trials of antimalarial
drugs or in the analysis and reporting of trial results. In this
appendix, we numerically illustrate the effect of malaria mis-
diagnosis on the resulting estimate of PE based on the per-
centage reduction in cumulative risk and provide the equations
used to estimate the percentage underestimation of the true PE
(as illustrated in figure 1) that can occur in the presence of
errors in the final diagnosis of malaria. These include the cu-
mulative effect of periodic (e.g., weekly) screening on the total
false-positive rate.

Example 1. Consider a 12-week field trial comparing an
antimalarial drug ( ) to placebo ( ). Assume (1)n p 100 n p 100
that the cumulative risk or attack rate (AR) of malaria in the
placebo arm is 50%, (2) that the “true” PE of the drug is 80%
(drug AR, 10%), (3) a 10% cumulative false-positive rate (0.9%
per week) for both drug and placebo, and (4) no false-negative
results. Under these assumptions, table A1 summarizes the (ex-
pected) results by true malaria status, diagnosis, and drug arm.

Had there been no false-positive results (9 in the drug arm
and 5 in the placebo arm), the “expected” ARs in the drug and
placebo arms (last row totals in table A1) would be (correctly)
10% (10/100) and 50% (50/100), leading to the correct estimate
of the true PE (80%). However, because of diagnostic errors,
the observed ARs (based on the malaria diagnosis) in the drug
and placebo groups would be expected to be 19% (19/100) and
55% (55/100), respectively (totals for drug and placebo arms
in table A1). These observed results (with 14 false-positive
results) would lead to an estimate of the drug’s PE of 65.5%
(1–0.19/0.55), which underestimates the true PE by 18.1%.

Example 2. If, in addition to the assumptions of example
1, we also assume a false-negative rate of 10% (sensitivity, 90%)
the expected outcomes would be as in table A2. In the presence
of both false-positive and false-negative errors (both 10%), the
estimate of the PE based on the malaria diagnosis data (malaria
and no malaria totals in table A2) would be 64% (1–0.18/0.50),
which underestimates the true PE by 20%. Note that the equal
false-positive and false-negative errors are not offsetting, and
the effect of false-negative errors had little impact over the effect
caused by the presence of false positives.
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Table A2. Summary of expected results by true malaria status, diag-
nosis, and drug arm in a 12-week field trial comparing an antimalarial
drug with placebo.

Diagnosis

True malaria status

Drug (n p 100) Placebo (n p 100)

Malaria No malaria Total Malaria No malaria Total

Malaria 9 9a 18 45 5a 50
No malaria 1b 81 82 5b 45 50

Total 10 90 100 50 50 100

NOTE. Results assume that the cumulative risk or attack rate (AR) of malaria
in the placebo arm is 50%, that the “true” prophylactic efficacy of the drug is 80%,
a 10% cumulative false-positive and false-negative rate for both drug and placebo.

a False positive.
b False negative.

Table A3. Symbolic representation of the
outcomes from a randomized placebo-con-
trolled trial of an antimalarial drug.

Diagnosis Drug Placebo

Malaria c1 c0

No malaria n1 � c1 n0 � c0

Total n1 n0

NOTE. c0 and c1, no. of diagnosed (apparent)
malaria cases in the placebo and drug arms, respec-
tively; n0 and n1, no. of persons in the placebo and
drug arms, respectively.

The above examples illustrate that the presence of diagnostic
errors (especially false-positive errors) can lead to seriously bi-
ased estimates of a drug’s PE (in this case, the percentage re-
duction in cumulative risk over the period of the trial). In gen-
eral, the magnitude (and direction) of the bias (absolute or
relative) depends on the sensitivity and specificity of the di-
agnostic procedure, the baseline (placebo) cumulative AR, and
whether the diagnostic errors are the same or different (non-
differential or differential) in the drug and placebo arms. In
the case of nondifferential diagnostic errors (same for drug and
placebo), the result will be to underestimate the true PE.

Statistical model for effects of diagnostic errors on estimated
PE. Table A3 symbolically represents the outcomes from a
randomized placebo-controlled trial of an antimalarial drug.
On the basis of the observed numbers of diagnosed (apparent)
malaria cases in the placebo and drug arms (c0 and c1, respec-
tively) and corresponding sample sizes (n0 and n1, respectively),
the estimated cumulative risks (ARs) in the drug and placebo
arms are ( ) and ( ), respectively. The usual “estimate”c /n c /n1 1 0 0

of the PE, based on the percentage reduction in estimated cu-
mulative risk, is . Note that this% PE p [1 � (c /n )/(c /n )]1001 1 0 0

estimate assumes no loss to follow-up.
To find the expected bias in the above estimate of PE under

the assumption of nondifferential (assumed same in placebo
and drug) diagnostic errors, let

P p true placebo cumulative malaria risk ,0

P p true drug cumulative malaria risk ,1

PE p true PE p 1 � P /P ,true 1 0

PE p expected (apparent) value of PE p E(PE) ,app

a p probability of false positive ,

b p probability of false negative .

When the notation above is used, PE p E(PE) p E [1 �app

.(c /n )/(c /n )]1 1 0 0

To a first order of approximation (propagation of error), the

expected value of PE (pPEapp) is obtained by replacing the
proportions of diagnosed cases ( or ) with their cor-c /n c /n0 0 1 1

responding expected values:

E(c /n ) p P (1 � b) � (1 � P )a0 0 0 0

and

[ ]E(c /n ) p P (1 � PE )(1 � b) � 1 � P (1 � PE ) a .1 1 0 true 0 true

After some algebra, we obtain the following relationship be-
tween the apparent (expected) PE (in presence of diagnostic
errors) and the true PE (in absence of diagnostic errors):

P (1 � a � b)0PE p E(PE) p PE . (1)app true [ ]a � P (1 � a � b)0

Equation (1) is based on a similar model for bias used by
Copeland [11] to estimate the underlying (true) relative risk of
disease occurrence in cohort studies using estimated sensitivity
and specificity of the classification procedure.

Two immediate consequences can be seen from equation (1)
above. First, if as is likely to be the case, the false-positive or
false-negative rates are such that , then the expressiona � b ! 1
in square brackets is always !1, and, hence, the usual estimate
of PE underestimates the true efficacy ( ). Second,PE ! PEapp true

in the absence of false-positive errors, (100% specificity),a p 0
the usual estimate is unbiased ( ). This clearlyPE p PEapp true

indicates the importance of minimizing the probability of a false
positive (maximizing diagnostic specificity). In the case of non-
differential diagnostic errors the percent bias (under estimation
of PEtrue) is given by equation (2):

PE � PE P (1 � a � b)true app 0% Bias p p 1 � 100[ ]{ }PE a � P (1 � a � b)true 0

a
p 100 .[ ]( )a � P 1 � a � b0

(2)

Effects of periodic screening on the overall false-positive
rate. In equations (1) and (2), the false-positive (a) and false-
negative (b) rates correspond with the overall (cumulative)
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probability of misdiagnosis during the follow-up period of the
trial. In most drug trials, follow-up consists of periodic (e.g.,
weekly) routine screens for parasitemia. Even if the false-pos-
itive rate at each screen is assumed to be acceptably low, the
effects of multiple testing of persons who do not get infected
during the period of the trial (true negatives) can be unac-
ceptably high. If “as” is the false-positive rate at each screen
and there are k periodic screens, then (assuming independence)
the total false-positive rate (a) will be .ka p 1 � (1 � a )s

For example, in a 12-week trial with weekly screens (k p
) and a per screen false-positive rate of 1% ( ), the12 a p 0.01s

overall false-positive rate (a) is or121 � (1 � .01) p 0.114
11.4%. There is no simple way to quantify the effects of multiple
testing on the total false-negative rate (b).
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