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Abstract

Background: Low malaria parasite densities in pregnancy are a diagnostic challenge. PCR provides high sensitivity
and specificity in detecting low density of parasites, but cost and technical requirements limit its application in
resources-limited settings. Pooling samples for PCR detection was explored to estimate prevalence of submicroscopic
malaria infection in pregnant women at delivery. Previous work uses gold-standard based methods to calculate
sensitivity and specificity of tests, creating a challenge when newer methodologies are substantially more sensitive than
the gold standard. Thus prevalence was estimated using Bayesian latent class models (LCMs) in this study.

Methods: Nested PCR (nPCR) for the 18S rRNA gene subunit of Plasmodium falciparum was conducted to detect
malaria infection in microscopy-negative Malawian women on IPTp. Two-step sample pooling used dried blood spot
samples (DBSs) collected from placenta or periphery at delivery. Results from nPCR and histology as well as previously
published data were used to construct LCMs to estimate assay sensitivity and specificity. Theoretical confidence
intervals for prevalence of infection were calculated for two-step and one-step pooling strategies.

Results: Of 617 microscopy-negative Malawian women, 39 (6.3%) were identified as actively infected by histology while
52 (8.4%) were positive by nPCR. One hundred forty (22.7%) individuals had past infection assessed by histology. With
histology as a reference, 72% of women in the active infection group, 7.1% in the past infection group and 3.2% in
histology-negative group were nPCR positive. Using latent class models without a gold standard, histology had a
median sensitivity of 49.7% and specificity of 97.6% for active infection while PCR had a median sensitivity of 96.0% and
specificity of 99.1%. The true prevalence of active infection was estimated at 8.0% (CI: 5.8-10.5%) from PCR. PCR also had
similar sensitivity for detecting either peripheral or placental malaria for submicroscopic infections. One-step pooling
would give similar confidence intervals for pool sizes less than 20 while reducing the number of tests performed.

Conclusions: Pooled nPCR testing was a sensitive and resource-efficient strategy and LCMs provided precise prevalence
estimates of submicroscopic infections. Compared to two-step pooling, one-step pooling could provide similar
prevalence estimates at population levels with many fewer tests required.
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Background
Each year, approximately 50 million women living in
malaria-endemic countries throughout the world become
pregnant, of whom over half live in tropical areas of Africa
with intense transmission of Plasmodium falciparum [1].
Pregnant women are at a higher risk of malaria infection
than non-pregnant women. Public health consequences of
malaria infection during pregnancy include severe mater-
nal anaemia, prematurity and low birth weight of babies
which subsequently contribute to increased maternal and
neonatal deaths [1-6]. The use of insecticide-treated bed
nets, intermittent preventive treatment in pregnancy
(IPTp) and case management are recommended by WHO
to prevent the adverse consequences of malaria infection
among pregnant women living in areas of stable trans-
mission of P. falciparum [7,8]. IPTp reduces the preva-
lence of malaria and associated severe consequences
[9-11]. With a decrease in the prevalence of microscopy-
positive P. falciparum infection due to preventive inter-
ventions, submicroscopic P. falciparum infections become
relatively more common among pregnant women [12].
Although conflicting results have been obtained, some
studies suggest that submicroscopic infections are asso-
ciated with placental malaria, maternal anaemia [13,14]
and infant low birth weight [15]. Submicroscopic infec-
tions are also contributors to transmission in areas with
low transmission intensity [16].
A recent review of prevalence estimation using a series

of testing modalities clearly demonstrates limited ability
to calculate true prevalence of malaria infections in
pregnant women using gold-standard based approaches
[17]. Diagnosis of malaria in pregnancy is complicated
by absent or low parasite densities in peripheral blood
due to sequestration of P. falciparum in the placenta as
well as submicroscopic infections in placenta after IPTp
and other interventions [13]. Histological examination of
the placenta is considered the gold standard for diag-
nosis of placental malaria at delivery, but it is frequently
not available in the field [18,19]. Polymerase chain reac-
tion (PCR)-based molecular diagnostic methods for ma-
laria infection are more sensitive and specific compared
to microscopy and rapid diagnostic tests [17,20-22]. The
estimated prevalence of placental malaria varies across
study populations depending on the population charac-
teristics and the diagnostic methods used [23]. Because
PCR is always evaluated relative to another test, assess-
ments of prevalence based on PCR results are tempered
by apparent low specificity as an artifact of gold-
standard assumptions. However, studies in which mul-
tiple testing modalities with limited correlation are used
[13] allow estimation of test characteristics using latent
class models (LCMs). These models assume that true in-
fection status is unknown (latent) and that neither test is
a gold standard, which can perfectly classify positive and
negative individuals [24,25]. Test sensitivity and spe-
cificity characteristics estimated using a latent class
approach can then be applied to other datasets for
prevalence estimation in other populations.
Although the PCR-based diagnostic method for mala-

ria offers increased sensitivity and specificity relative to
other diagnostic methods, it requires longer time for
sample processing, specialized staff and equipment, and
higher reagent cost per sample compared to microscopy
and rapid diagnostic tests. Cost-efficient strategies of
pooled testing for estimation of population prevalence
are necessary, particularly in the areas where prevalence
of malaria infection is low and submicroscopic infections
are common. Pooled testing strategies are routinely used
in estimation of rare infections for public health pro-
grammes and estimation of infection prevalence for ani-
mal agriculture and for vector surveillance strategies
[26-30]. These strategies can be employed for identifying
specific infected individuals [31] or to track the preva-
lence of infection at a population level and detect intro-
duction of new pathogens into populations [29]. Pooled
sampling strategies can either involve one-step pools,
where prevalence and confidence intervals are calculated
based on pool results [26], or multiple-step pools, where
individual samples from a positive pool are retested to
identify the number of positive individuals per pool
[31,32]. Two-step pooling with re-testing of all indi-
viduals from a positive pool is the simplest strategy for
multiple-step pooling. Multiple-step pooling methods
require more tests than one-step pools while offering
only limited increases in estimate precision relative to
individual testing [32]. In addition to decreasing costs,
pooled testing can improve precision of estimates when
imperfect tests are used [30]. Currently, most malaria
diagnostic strategies have not used one-step pooled sam-
pling techniques.
The pooling of samples could be a practical and effec-

tive means to allow for a larger sample size while re-
ducing the reagent and processing costs, particularly for
surveys in areas where malaria prevalence is low and
submicroscopic infections are common. Before imple-
menting a systematic strategy of pooling samples, both
test characteristics (sensitivity and specificity) and ex-
pected prevalence must be well understood. The multiple-
step pooling of sera and dried blood spot (DBS) samples
has been reported to improve the cost-effectiveness of
malaria prevalence estimation [20,33,34]. However, the
impact of pooling samples on estimate precision is not
commonly assessed.
The present study had two main objectives: first, to

estimate the sensitivity and specificity of pooled PCR
and the prevalence of submicroscopic malaria infection
in pregnancy, and second, to evaluate the use of pooled
PCR as a potential surveillance option given estimated
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test characteristics by LCMs. For this work, malaria
prevalence estimates at delivery in microscopy-negative
Malawian women on IPTp were compared for pooled
and individual nested PCR samples against placental
histology when assuming neither PCR nor histology is a
true gold standard using LCMs. Following calculation of
prevalence from a two-step pooled sampling strategy, a
one-step pooled-sampling algorithm was applied to cal-
culate the prevalence of malaria infections based on the
results obtained from pooled DBS samples rather than
individual tests.

Methods
Study samples
As part of a study to monitor the effectiveness of IPTp-SP
in Malawi, the samples for current study were collected
from March 1 to August 30, 2010 at the delivery ward
of Machinga District Hospital in southern Malawi. All
study protocols were approved by the ethical review
boards of the University of Malawi, College of Medicine
(Blantyre, Malawi) and the Centers for Disease Control
and Prevention (Atlanta, USA). Written informed con-
sent was obtained from all participating women. The
details of the IPTp-SP effectiveness study have been de-
scribed elsewhere [35]. Briefly, peripheral and placental
blood at delivery were collected. Thick blood films were
prepared from both peripheral and placental blood.
Blood smears were stained with Field’s Stain A and B
(azure dye and eosin) or Giemsa only. DBS samples
were prepared by spotting 50 μl of whole blood onto
each of the five circles on a Whatman 903 filter paper
(Whatman Inc, Piscataway, NJ) and drying overnight at
ambient temperature. Each DBS card was packaged in a
Ziploc bag containing desiccant packs and a humidity
indicator card and sealed tightly. The packaged DBS
cards were stored at room temperature.

Placenta histology examination
Placental histology examination was conducted in the
College of Medicine, University of Malawi. Immediately
after delivery, placental biopsy specimens were prepared
from placental tissue and placed into 10% neutral buf-
fered formalin solution. After fixation they were embed-
ded in paraffin wax by standard techniques. The sections
were stained with haematoxylin-eosin stain. All slides
were read by skilled pathologists according to previously
established criteria [36,37]. Acute infection was defined
as the presence of parasites only; chronic infection was
defined as the presence of both parasites and malaria
pigment; past infection was defined as the presence of
malaria pigment only in fibrin or monocytes; no infec-
tion was defined as the absence of any malaria parasites
or pigment in placental tissue. For descriptive results
and latent class models, the histologic results were
transformed into active infection (acute and chronic in-
fection) or negative (past and no infection) [17].

DNA extraction with two-step pooling
The DBS cards were shipped to the Malaria Branch labora-
tory at the Centers for Disease Control and Prevention,
Atlanta at ambient temperature. As not all women had
both peripheral and placental samples available, a single
peripheral or placental sample was processed from each
woman. In total, 617 available samples from microscopy-
negative women were pooled and examined. Among the
617 samples, 267 (43%) were from peripheral blood and
350 (57%) were from placental blood.
Two-step pooling was used to estimate prevalence of

malaria in the smear-negative samples. Two-step pooled
testing relies on the assumption that the result of the
pooled test is perfectly correlated to results of the se-
cond set of individual tests. In this case, all individuals
from negative pools are considered test negative. This
was based on a pilot showing an agreement between the
pooled results and individual samples. Pools of 10 or 5
samples were constructed by histologic status (histology-
negative versus acute/chronic/past infection) (Figure 1).
Among the individuals without histologic evidence of in-
fection, pools of 10 were assigned based on low expected
prevalence. Among individuals with histologic evidence
of infection, pools of five were assigned based on higher
expected prevalence. Five samples were misclassified as
active infections during pooling without histologic evi-
dence of infection.
One paper disk (5 mm) was punched out from each

DBS card and pooled together for DNA extraction. Pooled
DBSs were extracted with QIAGEN Mini DNA kit as per
manufacturer protocol (QIAGEN, Valencia, CA) and
tested using nPCR. For any pool with positive PCR results,
individual DBSs were extracted and PCR assays were
performed.

nPCR detection of the 18S small subunit ribosome RNA
(rRNA) gene of P. falciparum
Purified DNA templates were used for amplification of
the 18S rRNA gene subunit of P. falciparum using a
modified method and P. falciparum specific primer set
as previously described [38,39]. Briefly, the 50 μl PCR
reaction contained 1× PCR Master Mix (Promega,
Madison, WI) and 400 nM of each PCR primer. For
each primary PCR reaction, 5 μl of DNA were used. The
reactions were performed under the conditions of initial
denaturation at 95°C for 5 min, 25 cycles at 94°C for
1 min, annealing at 58°C for 2 min, and final extension
at 72°C for 5 min. Secondary PCR was performed as pri-
mary PCR except for use of 35 cycles and 2 μl primary
PCR product per reaction. The amplified DNA products
were stained with GelRed (Biotium, Hayward, CA) in 1.5%



Figure 1 Pooling strategy for DNA extraction and PCR
screening of smear-negative samples from Malawi. A total of
617 smear-negative samples were used for pooling based on the
histology data from the Malawian IPTp effectiveness study. The
histology-positive group including acute (A), chronic (C), and past
infections (P) by histology was divided into 36 pools with 5 DBS samples
per pool. The histology-negative (no infection by histology) group was
divided into 44 pools with 10 samples in each pool. Several pools were
short one or extra one sample to accommodate all available samples
into pools. Five histology-negative samples (N) were processed in the
smaller pools due to misclassification. After first round PCR screening,
individual DBSs from positive pools were extracted, and second round
PCR assays were performed.
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agarose gel electrophoresis. The expected DNA band size
was 205 base pairs.

Latent class models (LCMs) for sensitivity and specificity
estimation
Data management was performed in SAS v9.3 (SAS
Corporation, Cary, NC) and Microsoft Excel 2010
(Microsoft, Redmond, WA). To estimate sensitivity and
specificity of the PCR-based technique for detection of
malaria infection at delivery, LCMs were implemented
in OpenBUGS, v3.2.3 (OpenBUGS Foundation, Helsinki,
Finland), R v3.0.2 (R Foundation, Vienna, Austria) and
R Studio v0.98.490 (RStudio, Boston, MA USA). The
BetaBuster programme (UC Davis, Davis CA) was used
to obtain values for specified priors. Estimates were cal-
culated using two-population models which combined
data from this study and the data from previous pub-
lished work from Mozambique [13] in order to increase
external validity as well as precision of estimates and
identifiability of models. In Mozambique, multiple diag-
nostic tests provided different prevalence estimates for
placental malaria [13]. For data from the current Malawi
study in which two-step pooling resulted in only samples
from positive pools receiving individual PCR tests,
samples from negative pools were assumed to have
negative individual tests (Figure 1). To differentiate test
characteristics between placental and peripheral samples,
two sub-analyses were run for placental and peripheral
samples, respectively.
For latent class model estimation, a prior assumption

of test characteristics and prevalence is supplied to the
programme as well as the available data, and posterior
estimates are calculated based on this combination. Be-
cause the sensitivity and specificity of PCR have not
been calculated by this method previously, a uniform
distribution between zero and one can be used as the
prior assumption. In this case, uniform prior probability
distributions (priors) were used for PCR characteristics
and prevalence. Priors used for histology were selected
to reflect previous assumptions of high specificity and
sensitivity for the method but with broad distributions
to allow evaluation of this assumption. To gauge the ef-
fect of prior specification on estimates, models were also
run with pessimistic priors for PCR, based on previous
assessments and realistic prevalence priors (median 20%,
97.5th percentile estimate of 45%) from published stu-
dies [17] (Additional file 1). Model output is presented
as median and 95% credible intervals. Models were run
in OpenBUGS for 130,000 iterations of which the first
30,000 iterations were discarded as burn in. Runs were
thinned by a factor of 10 to eliminate autocorrelation in
results. Five chains were run for each model to assess
convergence, with initial values randomly selected within
0.2 of expected outcome. Mixing within chains and
convergence were evaluated graphically and through
Gelman-Rubin scale reduction factors [40].

Prevalence estimation
Median sensitivity (Se) and specificity (Sp) estimates
from the LCMs were used to evaluate prevalence based
on individual tests and pooled sampling strategies. From
original apparent prevalence, true prevalence based on
individual sampling was calculated using Rogan-Gladen
correction for test characteristics and Clopper-Pearson
exact confidence intervals [41]. Expected confidence
intervals for overall prevalence based on a one-step poo-
ling strategy was calculated as in Method 5 of Cowling
et al. [26]. For one-step pooled estimates, confidence
limits for individual level prevalence (π) was calculated
from expected pooled prevalence given observed in-
dividual tests results (P = x/m), the number of positive
pools (x) over total number of pools (m). Size of pool
(k) influenced confidence intervals for individual-level
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prevalence. Bounds for number of positive pools were cal-
culated using the inverse of the beta cumulative distri-
bution function (beta.inv) formula in Excel from the α

2 or
1- α

2 percentiles of a beta distribution with shape parame-
ters as shown (Equations 2 and 3). To calculate confidence
limits, the lower and upper bound for number of positive
pools (PL and PU, respectively) were substituted into equa-
tion 1 which was then solved for P. If the test was as-
sumed to be perfect (Se = Sp = 1), the equation was
simplified accordingly.

π ¼ 1−
Se−P

Seþ Sp−1

� �1
k

ð1Þ

PL ¼ Beta x;m−xþ 1ð Þ ð2Þ
PU ¼ Beta xþ 1;m−xð Þ ð3Þ

Estimated number of PCR tests performed
Expected number of positive pools was calculated for
pool sizes from 2 to 30 by solving equation 1 for x using
test characteristics estimated by the LCMs. Expected
number of positive pools was rounded up to the next in-
teger value to calculate total tests performed in two-step
strategies (m pools + m*k individual tests). The ratio of
tests performed relative to individual testing strategies
was plotted for both one-step and two-step testing
strategies.

Results
Detection of malaria infection
A total of 7.7% of the 703 women enrolled in the IPTp
effectiveness study had a positive placental or peripheral
smear. Of the 617 microscopy-negative samples, 39 had
active infections (22 acute and 17 chronic infections),
140 had past infections, and 438 had no evidence of
infection by histology (Table 1). Overall, nPCR detected
52 (8.4%) malaria infections from these microscopy-
negative individuals: 16 of 22 (73%) with acute infections
by histology, 12 of 17 (71%) with chronic infections, 10
of 140 (7.1%) with past infections, and 14 of 438 (3.2%)
with no infection. Separated by blood source, nPCR de-
tected 13 of 17 active infections (76%) from peripheral
samples and 15 of 22 active infections (68%) from pla-
cental samples (Table 1).

Sensitivity and specificity estimation
When histology was assumed to be a perfect gold standard
for diagnosis of malaria in pregnancy, sensitivity of nPCR
for active infection (acute and chronic) in microscopy-
negative individuals was 71.8% (28/39) and specificity was
95.8% (554/578) (Table 2). If LCMs were used with uni-
form priors, overall, median sensitivity (96.0%, credible
interval: 86.2-99.8) and specificity (99.1%, credible interval:
96.9-100) of PCR for detection of malaria infection at de-
livery was higher than that calculated using the histologic
gold standard. Median specificity of PCR was 95% or
greater for all simulations (Table 3). However, estimated
sensitivity of histology for placental malaria is significantly
lower than expected given its treatment as a gold standard,
with a median of 50%. Specificity for histology remained
high across all models, with median estimates >95.9%
(Table 3).
If the samples drawn from peripheral and placental

blood were analysed separately, estimated medians and
credible intervals of test characteristics did not change
substantially (Table 3). PCR specificity had a lower median
value in peripheral blood (96%) compared to estimates
generated using all samples or placental blood (>99%), but
95% credible intervals for estimates from peripheral blood
(90.6%, 99.8%), placental blood (97.4%, 99.9%) or all sam-
ples regardless of source (96.9%, >99.9%) overlapped sub-
stantially (Figure 2 and Table 3) not detecting a significant
difference between the two populations.
For all LCMs, chains were well mixed, and there was

limited autocorrelation among samples. Separate chains
generated using randomly-selected initial conditions
converged to the same endpoint distributions. Gelman-
Rubin scale reduction factors were all less than 1.005 at
endpoints indicating convergence of chains. Results from
models run using pessimistic PCR priors are available in
Additional files 2 and 3.

Prevalence estimate between pooled and individual
samples in Malawi
Based on the two-step pooling used in this study, appa-
rent prevalence of malaria infection at delivery among
smear-negative samples by nPCR was 8.4% (52/617, CI:
6.4-10.9%). The LCM using all samples produced me-
dian prevalence of 8.1 and 95% credible interval from
5.6 to 11% for Malawi. If models were restricted to only
placental samples or peripheral samples, prevalence esti-
mates in Malawi overlapped (median: 6.3, CI: 3.7-9.4%
versus median 9.4, CI: 4.9-15%, respectively) (Table 3).
To compare individual and pooled confidence intervals,
prevalence was generated using the Rogan-Gladen esti-
mator and Clopper-Pearson confidence intervals. Point
prevalence was 8.0%, and Clopper-Pearson confidence
intervals increased marginally (CI: 5.8-10.5%) using this
method. If randomized one-step pools had been con-
structed with expected true prevalence of 8.0%, confi-
dence intervals using imperfect tests with sensitivity and
specificity calculated here would be 5.6%-10.7% for pools
of 5, 5.4%-11.2% for pools of 10, or 4.6%-13.4% for pools
of 20 (Figure 3A, blue line and shaded area). With a
prevalence of 8.0%, expected number of tests performed
to evaluate all 617 samples via randomized pools would
be 124 (one-step) or 329 (two-step) tests for pools of 5,



Table 1 PCR results compared to histology findings

Histological status Overall Peripheral Placental

PCR (+)/total (%) Positive/total (%) Positive/total (%)

Active 28/39 (71.8%) 13/17 (76.5%) 15/22 (68.2%)

Acute 16/22 (72.7%) 7/10 (70%) 9/12 (75%)

Chronic 12/17 (70.6%) 6/7 (85.7%) 6/10 (60%)

Negative 24/578 (4.2%) 17/250 (6.8%) 7/328 (2.1%)

Past infection 10/140 (7.1%) 7/74 (9.5%) 3/66 (4.5%)

No infection 14/438 (3.2%) 10/176 (5.7%) 4/262 (1.5%)

Proportion of PCR positives in each histologic classification is presented for each sample type analysed: overall and by blood sources (peripheral or placental).
Histologic results are separated into active infection (acute and chronic) and negative (past infection or no infection).
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62 (one-step) or 402 (two-step) tests for pools of 10, and
31 (one-step) or 511 (two-step) tests for pools of 20
(Figure 3B). Given the imperfect test characteristics,
one-step pools of greater than 25 samples would result
in too many positive samples to provide an adequate
upper bound on confidence intervals as there is a high
probability that all pools would test positive. If estimates
were calculated based on assumptions of a perfect
gold-standard test, the confidence intervals would be
narrower at all pool sizes (Figure 3A, green line and
shaded area).
Estimated number of PCR tests performed
The overall number of tests required for one-step pool-
ing decreases from 309 to 24 tests as pool size increases
from 2 to 25 (Figure 3B, open blue circle). The increase
in confidence interval width is 1.10×, 1.26× and 1.89×
for pools of 5, 10 and 20, respectively (Figure 3A). How-
ever, two-step pools, while providing a consistent precise
confidence interval, do not result in the same dramatic
decrease in number of tests performed, with more than
300 tests performed at any given pool size (Figures 3A,
green shaded area and 3B, closed green circle). For this
dataset, the maximum reduction in tests performed was
1.84-fold relative to individual testing using a two-step
strategy with pools of size 5 (Figure 3B). Reduction in
tests performed increased linearly with pool size with
one-step testing strategies, with the trade-off of simul-
taneous widening of confidence intervals (Figure 3A).
Table 2 Test characteristics as calculated with histology
as a gold standard

Histology Histology Total

(+) (−)

PCR (+) 28 24 52

PCR (−) 11 554 565

Total 39 578 617

Sensitivity 71.8%

Specificity 95.8%
Discussion
In the present study, blood smear-negative DBS samples
collected at delivery from Malawian women on IPTp
were screened using a two-step pooling strategy of DNA
extraction and nested PCR technique to determine sub-
microscopic infections. The sensitivity and specificity of
PCR and true prevalence of submicroscopic malaria in-
fection were estimated using LCMs. PCR had higher
sensitivity and specificity than histology in detecting ac-
tive submicroscopic infection. The sensitivity of PCR
was similar in detecting submicroscopic peripheral and
placental malaria infections. Pooled sampling strategies
using PCR are not only resource–efficient but also pro-
vide precise estimates of the population prevalence of
active malaria infection.
Prevalence of submicroscopic infection in this study was

estimated at 8.0% of smear-negative individuals, confirm-
ing that microscopic diagnosis underestimated placental
infection in pregnant women due to its limited sensitivity
[13,17,19]. Submicroscopic infections are common in
Malawi and have been associated with decreased maternal
hemoglobin [14]. Submicroscopic infections are also po-
tentially important in malaria transmission [16,21,42-44].
These infections may happen at any point during preg-
nancy and would not be detected until delivery without
the use of PCR. Thus, surveillance in pregnant women at-
tending first antenatal care by using pooled PCR testing
would not only assess population prevalence of malaria in-
fections in pregnancy, but might also serve as a sentinel,
before IPTp and other interventions are delivered to
pregnant women, for estimating malaria transmission.
Although histology can detect past placental infections
(an indicator of malaria infection during pregnancy), it
is not feasible as a routine diagnostic method in most
resource-limited settings. It is technically difficult to dif-
ferentiate true parasites and artifacts, and true malaria
pigment (haemozoin) and artificial formalin pigment in
the placental tissue sections [13], which may explain the
imperfect sensitivity of histology when using LCMs. In
contrast, PCR provides results that are easy to interpret at
one-third the cost of histology [45]. The present study



Table 3 Posterior probability table for latent class models (LCMs) using uniform priors for PCR characteristics and
prevalence

Value Uniforma Uniform Uniform

Placentalb Peripheralc

Sensitivity Histology (Median, CI) 0.497 (0.414, 0.588) 0.498 (0.410, 0.589) 0.504 (0.397, 0.646)

Sensitivity PCR (Median, CI) 0.960 (0.862, 0.998) 0.961 (0.859, 0.998) 0.953 (0.841, 0.998)

Specificity Histology (Median, CI) 0.976 (0.963, 0.987) 0.972 (0.955, 0.985) 0.971 (0.951, 0.986)

Specificity PCR (Median, CI) 0.991 (0.969, 0.9996) 0.994 (0.974, 0.9997) 0.964 (0.906, 0.998)

Prevalence Mozambique (Median, CI) 0.368 (0.305, 0.436) 0.370 (0.301, 0.437) 0.334 (0.252, 0.412)

Prevalence Malawi (Median, CI) 0.0813 (0.056, 0.110) 0.063 (0.039, 0.094) 0.094 (0.049, 0.150)
auses all data from the current Malawi study and placental data from published work in Mozambique [13], buses only placental data from both countries, and
cuses only peripheral data from both countries. Values presented are median values of posteriors and 95% credible intervals. The prevalence estimate based on
the test characteristics are presented in last two rows.

Sensitivity Histology

C
I D

en
si

ty

0

5

10

15

Sensitivity Histology

C
I D

en
si

ty

0

5

10

15

Sensitivity Histology

C
I D

en
si

ty

0

5

10

15

Sensitivity PCR

C
I D

en
si

ty

0

5

10

15

Sensitivity PCR

C
I D

en
si

ty

0

5

10

15

Sensitivity PCR

C
I D

en
si

ty

0

5

10

15

Specificity Histology

C
I D

en
si

ty

0

25

50

75

Specificity Histology

C
I D

en
si

ty

0

25

50

75

Specificity Histology

C
I D

en
si

ty

0

25

50

75

Specificity PCR

C
I D

en
si

ty

0

25

50

75

Specificity PCR

C
I D

en
si

ty

0

25

50

75

Specificity PCR

C
I D

en
si

ty

0

25

50

75

Prevalence Mozambique

C
I D

en
si

ty

0

10

20

30

0.0 0.1 0.2 0.3 0.4 0.5
Prevalence Mozambique

C
I D

en
si

ty

0

10

20

30

Prevalence Mozambique

C
I D

en
si

ty

0

10

20

30

Prevalence Malawi

C
I D

en
si

ty

0

10

20

30

0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9

0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0

0.0 0.1 0.2 0.3 0.4 0.5
Prevalence Malawi

C
I D

en
si

ty

0

10

20

30

Prevalence Malawi

C
I D

en
si

ty

0

10

20

30

0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9

0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0

0.0 0.1 0.2

0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9

0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.50.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Figure 2 Density plots for parameter estimates using uniform priors for PCR characteristics and prevalence. Horizontal axes represent
parameter evaluated, and vertical axes represent density of credible intervals. Dashed black lines represent priors. Overall results using all type
samples from Malawi and placental samples from Mozambique [13] (thick green lines) compared to result for placental samples only in both
countries (thin dashed blue lines) or peripheral samples only in both countries (thin dashed yellow lines).
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Figure 3 Predictive relationship between pool size, number of
tests and confidence intervals. Panel A: Expected point estimate
and confidence interval for pools of sizes 2 through 30. Blue line
and band represent point estimate and confidence interval for an
imperfect test based on the values calculated in the LCM (True
Prevalence: 8.0%, Sensitivity: 96.0%, Specificity: 99.1%). Confidence
interval is not shown for pool sizes where confidence interval
includes 100% prevalence (pool sizes >25). Green line and shaded
area represent point estimate and confidence interval for a perfect
test as would be assumed setting PCR as a gold standard (true
prevalence 8.4%, sensitivity: 100%, specificity: 100%). Point estimate
and confidence intervals for samples processed individually using
imperfect test characteristics represented in black. Panel B: Expected
number of tests required for one-step and two-step pooling strategies
by pool size. Closed blue circle represents individual testing. Open blue
circles represent expected number of tests from randomly-mixed
one-step pools with an imperfect test. Closed green circles represent
expected number of tests from two-step pools with an imperfect test.
Reduction in number of tests relative to individual testing (individual
tests/pooled tests) is represented for two-step pooling (green solid
line) and one-step pooling (blue solid line).
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indicated that pooled nPCR was a practical and sensitive
technique to detect submicroscopic infections at a popu-
lation level relative to placental histology. Results also
showed that PCR had similar sensitivity and prevalence
estimates from either peripheral or placental samples des-
pite the fact that one population analysed included only
low-density, submicroscopic infections, suggesting that
peripheral blood could provide a viable alternative to pla-
cental sampling in challenging environments for preva-
lence estimation of placental malaria.
Latent class models were used here to provide realistic

estimates for sensitivity and specificity of PCR tests for
which no true gold standard exists since newer metho-
dologies are substantially more sensitive than the gold
standard. PCR is considered to be a more sensitive and
specific diagnostic method for malaria in pregnancy than
all other available techniques [46]; however, published
reports of sensitivity and specificity at a population level
are all assessed by comparison to a gold standard [17].
Previous studies in severe clinical cases indicated that
sensitivity of PCR for detection of severe P. falciparum
or Plasmodium vivax malaria was 90% or higher, but
that specificity may be lower for P. falciparum [47] when
using a gold standard. Results which were not restricted
by assigning a gold standard consistently found PCR to
be a more sensitive method than histology across all sets
of assumptions evaluated. This analysis allowed ad-
ditional positive samples detected by PCR to contribute
to increased sensitivity of PCR rather than exclusively
contribute to specificity calculations. The LCMs pro-
duced similar estimates for test characteristics of his-
tology, lower sensitivity and high specificity, as the
original analysis of the Mozambican data which had set
PCR as the gold standard [13].
The narrow confidence intervals in one-step pools are

a direct result of current test characteristics. As the sen-
sitivity and specificity of PCR are quite good, individual
testing has a narrower confidence interval than pooled
tests (Figure 3A). For tests where characteristics are
known to be imperfect, this approach provides an ad-
ditional benefit in reducing the total number of false
positive tests, which narrows confidence intervals [48]. If
prevalence of malaria were substantially higher, one-step
pooling would require smaller pools and a larger num-
ber of tests [49]. However, in low prevalence popula-
tions, one-step pooled sampling increases precision of
prevalence estimates by increasing pool and sample size
given a fixed budget. Optimal pool size depends on
individual user objectives: it may be that one would
maximize number of pools processed to minimize confi-
dence interval width given fixed resources, or one would
minimize number of tests performed given a desired
confidence interval width. Findings from the present
study based on microscopy-negative samples from preg-
nant women at delivery were expected to be similar to
the general population at low parasite density. Future
work will focus on one-step PCR-based pooled sampling
in the general population for estimates of malaria preva-
lence at population level in low transmission areas.
The use of pooled sampling in DNA extraction and

PCR greatly reduces workload and cost if test prevalence
is low [20,33,34]. In the present study, the cost reduction
of DNA extraction without reduction of PCR sensitivity
was found by pooling five samples in histology-positive
individuals and ten samples in histology-negative indi-
viduals for the initial screening PCR as in previous work
with HIV prevalence estimation [30]. If one-step pools
were used in malaria pre-elimination areas, the number
of extractions and PCRs performed could be reduced
more than ten-fold and still maintain a reasonable
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precision of population estimates relative to individual
sample testing. At a low prevalence, larger pool sizes in-
crease efficiency while maintaining narrow confidence
intervals. This would maximize estimate precision with
limited surveillance resources. Determination of optimal
pool size for each area depends not only on expected
prevalence but also on resources available for testing,
number of samples available and objective of the testing
strategy.

Conclusions
Pooled nested PCR testing was a sensitive and resource-
efficient strategy which would provide sufficient preci-
sion for population level estimates of prevalence while
requiring limited processing of samples. Latent class
models identified test characteristics for PCR, which was
substantially more sensitive than histology. Peripheral
blood samples could provide an alternative to placental
sampling for monitoring prevalence of malaria in preg-
nancy. Compared to two-step pooling or individual testing,
one-step pooling would provide a similar prevalence esti-
mate at the population level. Latent class analysis of test
characteristics allows accurate estimation of prevalence
using highly sensitive new PCR techniques. PCR-based
pooling strategies could be useful for malaria surveys in
areas where malaria prevalence is low, submicroscopic in-
fections are common and resources are limited.

Additional files

Additional file 1: Table of priors used. Uniform and pessimistic priors
used for LCMs of sensitivity and specificity of PCR. Realistic priors for
histology used for both models were based on a previous meta-analysis [17].

Additional file 2: Density plots for LCMs using pessimistic PCR
priors. These models use inputs which bias away from high sensitivity
and specificity estimates for PCR. Horizontal axis labels represent
parameter evaluated, and vertical axis represent density of credible
intervals. Dashed black lines represent priors. Overall results using all
samples from Malawi and placental samples from Mozambique [13] (thick
green lines) compared to result for placental samples only (thin dashed
blue lines) or peripheral samples only (thin dashed yellow lines).

Additional file 3: Posterior probability table for LCMs using
pessimistic priors for PCR characteristics. For determining assay
characteristics, column 1 uses all data from the current Malawi study
and placental data from published work in Mozambique [13], column 2
uses only placental data from both countries, and column 3 uses only
peripheral data from both countries. Prevalence estimates based on test
characteristics are presented in the last two rows. Values presented are
median values of posteriors and 95% credible intervals.
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