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METHODOLOGY

Application of dried blood spot 
sample pooling strategies for Plasmodium 
18S rRNA biomarker testing to facilitate 
identification of infected persons in large-scale 
epidemiological studies
Ming Chang1, Selena Johnston 1, Annette M. Seilie1, Dianna Hergott2 and Sean C. Murphy1,3,4*  

Abstract 

Background: Plasmodium 18S rRNA is a sensitive biomarker for detecting Plasmodium infection in human blood. 
Dried blood spots (DBS) are a practical sample type for malaria field studies to collect, store, and transport large quan-
tities of blood samples for diagnostic testing. Pooled testing is a common way to reduce reagent costs and labour. 
This study examined performance of the Plasmodium 18S rRNA biomarker assay for DBS, improved assay sensitivity for 
pooled samples, and created graphical user interface (GUI) programmes for facilitating optimal pooling.

Methods: DBS samples of varied parasite densities from clinical specimens, Plasmodium falciparum in vitro culture, 
and P. falciparum Armored RNA® were tested using the Plasmodium 18S rRNA quantitative triplex reverse transcrip-
tion polymerase chain reaction (qRT-PCR) assay and a simplified duplex assay. DBS sample precision, linearity, limit of 
detection (LoD) and stability at varied storage temperatures were evaluated. Novel GUIs were created to model two-
stage hierarchy, square matrix, and three-stage hierarchy pooling strategies with samples of varying positivity rates 
and estimated test counts. Seventy-eight DBS samples from persons residing in endemic regions with sub-patent 
infections were tested in pools and deconvoluted to identify positive cases.

Results: Assay performance showed linearity for DBS from 4 ×  107 to 5 ×  102 parasites/mL with strong correlation to 
liquid blood samples  (r2 > 0.96). There was a minor quantitative reduction in DBS rRNA copies/mL compared to liquid 
blood samples. Analytical sensitivity for DBS was estimated 5.3 log copies 18S rRNA/mL blood (28 estimated parasites/
mL). Properly preserved DBS demonstrated minimal degradation of 18S rRNA when stored at ambient temperatures 
for one month. A simplified duplex qRT-PCR assay omitting the human mRNA target showed improved analytical sen-
sitivity, 1 parasite/mL blood, and was optimized for pooling. Optimal pooling sizes varied depending on prevalence. 
A pilot DBS study of the two-stage hierarchy pooling scheme corroborated results previously determined by testing 
individual DBS.
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Background
Despite increased investment and efforts in malaria con-
trol, malaria continues to be a major cause of morbid-
ity and mortality in endemic countries [1]. Plasmodium 
infections are commonly diagnosed by microscopy or 
rapid diagnostic tests (RDTs). The limit of detection 
(LoD) for blood smear microscopy varies from 5 to 50 
parasites/µL blood depending on experience and train-
ing of the technologists [2–5]. RDTs that detect histidine 
rich protein 2 (HRP2) from Plasmodium falciparum and/
or lactate dehydrogenase (LDH) expressed by all human-
infecting Plasmodium species have estimated LoDs of 
200–2000 parasites/µL [6], although a more sensitive 
RDT is also available with a LoD of ~ 1 parasite/µL [7]. 
Recent analyses using much more sensitive molecular 
assays, some of which detect as few as 10–20 parasites/
mL (0.01–0.02 parasites/µL) of blood [8, 9], showed 
that RDTs and microscopy detected less than half of all 
P. falciparum infections [10]. Epidemiology studies have 
determined that Plasmodium transmission from an 
infected person to a mosquito can occur even at these 
low densities [11–13]. The use of molecular assays has 
greatly informed the understanding of malaria epide-
miology, especially for asymptomatic, sub-microscopic 
infections [14–16], which may improve effectiveness of 
interventions like vector control, mass drug administra-
tion, and vaccination, but the distribution and dynam-
ics of such infections in endemic countries is largely 
unknown, and additional studies using highly sensitive 
molecular assays are needed. However, molecular assays 
(i.e., polymerase chain reaction (PCR) and reverse tran-
scription PCR (RT-PCR) for the Plasmodium 18S rDNA 
or rRNA, respectively) are considered high complexity 
tests, and expanding their use to inform larger field stud-
ies can be constrained by limited availability of molecu-
lar assay platforms, the need for venous blood collection 
procedures, sample storage and stability, and testing 
costs.

Dried blood spots (DBS) are a practical sample type 
for large population studies and do not require venous 
blood collection, making them well suited for resource-
limited regions. Nucleic acids spotted onto DBS are 
stable at ambient temperature when desiccated [17], 
making DBS favorable for collection, transportation, and 
storage. Numerous PCR [18–22] and RT-PCR [23, 24] 
assays have thus relied on DBS for malaria studies. The 

Plasmodium 18S rRNA qRT-PCR developed by the Uni-
versity of Washington (UW) is particularly well-suited to 
DBS since the abundance of the 18S rRNA itself means 
that even a single ring-stage P. falciparum parasite can 
be detected from one 50 µL DBS [8]. Moreover, a laser 
cutting device was established and utilized to excise spots 
from DBS cards to eliminate the potential for contact-
based cross contamination [25].

Malaria epidemiological studies often generate a very 
large number of samples [2, 26, 27], and as the prevalence 
of infection decreases, more samples need to be tested 
to identify infected persons. As such, laboratory test-
ing for pooled samples is appealing since pooling could 
potentially lower reagent costs, reduce labour, and accel-
erate results by reducing laboratory test counts [28, 29]. 
Optimal pooling strategies depend on the prevalence, 
expected range of parasite densities [30], and analytical 
sensitivity of the molecular assays in use.

To address issues described earlier, this study evaluated 
key steps of laboratory testing to carry out epidemiologi-
cal studies. Plasmodium 18S rRNA qRT-PCR used in this 
study (UW qRT-PCR), a laboratory-developed test run 
on the Abbott m2000 platform to detect the Plasmo-
dium 18S rRNA /rDNA biomarker in controlled human 
malaria infection (CHMI) studies in non-endemic sites, 
was rigorously reviewed by the FDA [31]. Here, this 
study evaluted performance of the UW qRT-PCR assay 
for a different use case—DBS, investigated various pool-
ing strategies to reduce labour and reagent costs in var-
ied malaria prevalence settings, developed an optimal 
method for pooled DBS samples, and validated one such 
pooling strategy against individually tested samples.

Methods
Standards and controls
Quantitative standards used Armored RNA® containing 
P. falciparum 18S rRNA (P. falciparum Armored RNA®, 
Asuragen) at 7.7, 6.7, 5.7 and 4.7  log10 copies per mL 
in whole blood lysate. Whole blood lysates were made 
at a ratio of 25 µL EDTA whole blood to 1  mL NucliS-
ENS® lysis buffer (bioMérieux, Marcy-l’Etoile, France). 
The standards were equivalent to 2.9 ×  105, 2.9 ×  104, 
2.9 ×  103, and 2.9 ×  102 estimated P. falciparum ring-
stage parasites/mL blood, respectively, based on a previ-
ously determined conversion factor [8, 25].

Conclusions: The Plasmodium 18S rRNA biomarker assay can be applied to DBS collected in field studies. The simpli-
fied Plasmodium qRT-PCR assay and GUIs have been established to provide efficient means to test large quantities of 
DBS samples.

Keywords: Plasmodium, 18S rRNA, Biomarker, qRT-PCR, Dried blood spot, Pooled testing, Graphical user interface
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To evaluate assay performance, P. falciparum 3D7 para-
sites cultured in  vitro, synchronized as ring stages, and 
counted for parasitaemia were used to prepare controls. 
They were diluted in Plasmodium-negative EDTA whole 
blood to nominal densities of 4 ×  107, 5 ×  105, 5 ×  104, 
5 ×  103, and 5 ×  102 parasites/mL for both liquid samples 
and DBS. Both liquid and DBS samples were tested to 
compare linearity and estimate quantitative bias between 
sample types. Additional DBS samples were prepared at 
nominal densities of 7 ×  104 and 7 ×  102 parasites/mL, 
and 20 replicates of each as well as Plasmodium-negative 
DBS were tested over ten days to evaluate within- and 
between-run precision following the same way as the 
previous publication [8].

To evaluate sensitivity of the standard triplex and sim-
plified duplex assays in terms of 18S rRNA copy num-
ber, P. falciparum Armored RNA® were diluted in EDTA 
blood to nominal 9.2, 8.3, 7.3, 6.3, 5.3, 5.1 and 4.7  log10 
copies/mL blood, and spotted to DBS or added to lysis 
buffer. In addition, leftover, de-identified EDTA whole 
blood samples from participants in P. falciparum CHMI 
trials were spotted to DBS cards and added to lysis buffer 
to evaluate differences in sample types.

Preparation of DBS and liquid samples
Liquid samples described in this study were 50 µL EDTA 
whole blood added to 2 mL NucliSENS® lysis buffer. DBS 
samples were 50 µL of EDTA whole blood spotted onto 
Whatman Protein Saver 903 Snap-apart card papers 
(GE/Whatman, Kent, UK). DBS samples were air-dried 
in biosafety hoods for at least four hours and preserved 
individually in gas-impermeable plastic bags containing 
a 3-Spot—30%, 40%, and 50%—humidity indicator card 
(Desco Industries Inc, Chino, CA) and desiccant packets 
(Fisher Scientific, Pittsburgh, PA). DBS and liquid sam-
ples were moved to -80 °C within 24 h of preparation. At 
the time of testing, DBS were excised from cards using 
a laser cutter [25] into a receiver tube of at least 13 mm 
in diameter. Excised spots were immersed in 2 mL lysis 
buffer (named DBS lysate herein) and incubated at 55 °C 
for 30 min, with brief shaking every 10 min. Dilution of 
DBS samples or standards was carried out by mixing DBS 
lysates with negative DBS lysate depending on dilution 
factors. Tubes were centrifuged for 10 min at 2000 × g at 
25 °C to deposit spots at the bottom of tubes and reduce 
bubbles and foaming [32]. At the time of testing, liquid 
samples were thawed at room temperature, vortexed, and 
centrifuged at 2000 × g for 5 min at 25 °C.

To examine biomarker stability in DBS, DBS samples 
containing dilutions of P. falciparum culture at 3.5 ×  106, 
1.2 ×  104, 1.4 ×  103 or 5 ×  102 parasites/mL were pre-
served in standard conditions described earlier and 
placed in a − 80 °C freezer, a − 20 °C freezer, a laboratory 

bench (i.e., 22 ± 2 °C with 55% humidity) or an incubator 
(i.e., 37  °C with 30% humidity) for one month. The 30% 
spot on the humidity indicator card packed with DBS 
remained blue (i.e., desiccated) for all samples. Three 
DBS spots for each condition were subsequently tested in 
duplicate on different days by the standard triplex Plas-
modium 18S qRT-PCR assay.

Plasmodium 18S rRNA real‑time quantitative RT‑PCR assay
A detailed procedure of this assay was previously 
described [8]. In brief, one mL lysate of DBS lysates and 
liquid samples was extracted for RNA using the Abbott 
m2000sp instrument (Abbott Molecular, Niles, IL). 
Quantitative RT-PCR (qRT-PCR) was performed on 
an Abbott m2000rt. The triplex qRT-PCR assay used a 
Bioline SensiFAST™ Probe LO-ROX One-Step Kit (Bio-
line, London, UK) and three sets of primers and probes 
to amplify P. falciparum 18S rRNA (P. falciparum qRT-
PCR), pan-Plasmodium 18S rRNA (Pan qRT-PCR), and a 
mRNA encoding human TATA binding protein (TBP RT-
PCR). Cycling conditions were 48 °C for 10 min and 95 °C 
for 2 min, followed by 45 cycles at 95 °C for 5 s and 50 °C 
for 35 min. Individual DBS samples were tested using the 
triplex qRT-PCR, called the ‘standard’ triplex assay. Dur-
ing pooled testing, human TBP-specific reagents were 
omitted, and this was named the ‘simplified’ duplex assay. 
Primer and probe concentrations used for qRT-PCR and 
sequences are described in Additional file 2: Text S2.

Estimating total test counts for two‑stage hierarchical, 
square matrix, and three‑stage hierarchical pooling 
schemes
To evaluate three pooling schemes commonly mentioned 
in epidemiological studies on infectious diseases regard-
ing the numbers of laboratory tests, GUIs were designed 
to generate best estimation of total test counts for each 
scheme. In brief, pooling organizes multiple samples 
together into pools of varied sizes, and tests for the pres-
ence of the biomarker in the pool. If a pool is negative for 
the biomarker, this indicates that all samples in the pool 
are negative. If a pool is positive, all samples in the posi-
tive pool were subsequently tested individually (decon-
volution). GUI calculated total test counts for two parts 
of the testing procedure: the number of tests required to 
screen pools and the number of tests for deconvolution.

The commonly called two-stage hierarchical pooling 
scheme originated from Dorfman’s minipool algorithm 
[33]. For epidemiological studies of estimated prevalence 
rate (x), the optimal pooling size was approximated to be 
x−0.5 [29]. A GUI (Additional file 3: File S1) was designed 
to estimate the total test number for y samples collected 
from studies of an estimated prevalence rate. In addi-
tion, a graph displayed total test counts for pooling size 
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of x−0.5 ± 1, x−0.5 ± 2, and x−0.5 ± 3. As the number of 
samples and the prevalence rate are entered, the opti-
mal pooling size is calculated, and test counts for pools 
and deconvolution are subsequently summed to yield the 
lowest total test count required to identify positive sam-
ples in the cohort. Estimates represent maximum test 
counts because the program assumes that positive sam-
ples are evenly distributed among pools.

A square matrix pooling scheme consisted of an identi-
cal number of rows and columns and was first described 
for rapid identification of positive cases in the array [34–
36]. The pool size was  N2 for a matrix of N rows and N 
columns. A GUI (Additional file 3: File S2) was designed 
to allow users to manipulate the matrix of N to yield total 
test counts after entering the number of samples and the 
predicted prevalence. The accompanying graph shows 
additional total test counts for matrices of N ± 1, N ± 2, 
and N ± 3 and guides users to search for the optimal 
pooling size yielding the smallest total test count. Calcu-
lating total test counts is described in Additional file  1: 
Text S1. The total test count is the sum of the screening 
tests (2  N) plus the number of tests to deconvolute all 
positive pools.

The three-stage hierarchical pooling strategy [29] con-
sisted of a two-step pooling process. A GUI designed 
here (Additional file 3: File S3) allowed users to manipu-
late sizes of the first and the second pooling steps after 
the number of samples and predicted prevalence were 
entered. The accompanied first graph guides users to 
choose an optimal pooling size for the second step pool-
ing and the second graph displays the total test counts 
given for the first and second pooling sizes. The total 
test counts calculated by Additional file  3: File S3 are 
potential maximum test counts for given cohorts assum-
ing that all positive samples are evenly distributed in the 
first pools. The presented trend line in the bottom graph 
indicating maximum total test counts helps users choose 
different pooling sizes to identify the lowest total test 
number for each prevalence rate.

Pilot demonstration of a two‑stage hierarchy pooling 
strategy using archival DBS samples
DBS collected from asymptomatic participants in an 
IRB-approved field study conducted in Zanzibar, Tan-
zania were shipped to the UW Malaria Molecular Diag-
nostic Laboratory at ambient temperature and stored at 
-80 °C. One hundred and seven individual DBS from this 
cohort were previously tested with an earlier version of 
the Plasmodium 18S rRNA RT-PCR assay [8] and showed 
an 8% positivity rate. The initial testing was performed 
within 14 months of sample collection. At this 8% posi-
tivity rate, total test counts were determined to be similar 
among the three aforementioned pooling methods. The 

two-stage hierarchy pooling strategy was chosen because 
the upfront sample pooling maneuver required the few-
est laboratory-based steps. Seventy-eight DBS archived 
over a three-year period were retrieved from −  80  °C 
storage and were blindly tested using mini pools of n = 3 
distinct samples/pool. Individual DBS lysate was pre-
pared as described earlier and then 0.5 mL of each three 
DBS lysates were transferred to a ‘pool’ tube; each pool 
tube consisted of three distinct samples. Pool tubes were 
extracted and amplified as described above. The remain-
der of each DBS lysate was stored at 4  °C to facilitate 
deconvolution as needed. All 26 pools were tested on the 
first day, and positive pools were deconvoluted by testing 
each residual DBS lysates of pooled constituent samples 
the following day.

Statistics
GraphPad Prism version 8.4.1 was used to calculate a 
best-fit non-linear regression equation, plot the Bland–
Altman biased test and graphs. Welch’s t test was used to 
analyse differences between groups.

Results
Biomarker testing on DBS samples
Linearity of the qRT-PCR for DBS samples in the range 
from 5 ×  102 to 4 ×  107 parasites/mL was compared to 
liquid samples. Correlation between liquid and DBS sam-
ples was strong  (r2 > 0.96) (Fig.  1A), indicating linearity 
of the assay for DBS samples. Bland–Altman (difference) 
plots indicated that DBS results yielded quantitative 
results slightly lower than liquid samples (Fig.  1B) with 
bias of −  0.37 and −  0.39  log10 estimated parasites/
mL blood by the P. falciparum qRT-PCR and Pan qRT-
PCR, respectively (Table  1). For infected patient sam-
ples, Bland–Altman plots showed a similar trend for 
DBS versus liquid samples with bias of − 0.21 and − 0.18 
 log10 estimated parasites/mL blood by the P. falciparum 
qRT-PCR and Pan qRT-PCR, respectively (Fig.  1C and 
Table  1). Overall, the 95% confidence interval (CI) for 
such differences was < 1.0  log10 parasites/mL blood.

The means for 20 DBS replicas of the high positive con-
trol measured by P. falciparum qRT-PCR and Pan qRT-
PCR were 8.7  log10 copies/mL blood and 8.6  log10 copies/
mL blood, respectively (Table  2), and within-lab CVs 
were 3.32 and 3.99%, respectively. The means of 20 DBS 
replicas for the low positive control quantified by P. fal-
ciparum qRT-PCR and Pan qRT-PCR were 6.7  log10 cop-
ies/mL blood and 6.3  log10 copies/mL blood, respectively, 
and within-lab CVs for the low positive control were 
4.07% and 5.61%, respectively. All negative DBS were 
undetectable by qRT-PCR.
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Fig. 1 Plasmodium 18S rRNA biomarker correlation between DBS samples and liquid samples. Serial dilutions of P. falciparum cultures containing 
4 ×  107, 5 ×  105, 5 ×  104, 5 ×  103 and 5 ×  102 parasites/mL and 1, 5, 10, 10, and 10 replicates were used to prepare DBS and liquid samples and tested 
by the standard assay (A, B). The correlation between liquid and DBS samples were > 0.96 (A). Bland–Altman plots displayed biases (DBS-liquid 
samples) < 0.4  log10 parasites/mL blood (B). Leftover clinical samples were collected from seven infected individuals throughout the course of their 
treatment to prepare DBS and liquid samples (C). Bland–Altman plots displayed biases close to 0.2  log10 parasites/mL blood. Pf P. falciparum, Pan 
pan-Plasmodium 
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Stability of biomarker in DBS samples
Several desiccants included in each sealed package 
were sufficient to maintain humidity < 30% to preserve 
one DBS card for one month either stored at −  80  °C, 
− 20 °C, 22 °C or 37 °C. Quantities of P. falciparum 18S 
rRNA in DBS analysed by Welch’s t-test showed statis-
tically significant differences in quantitative results for 
DBS stored at 37  °C versus −  80  °C (Table  3). Means 
(± SEM) of such differences were -0.4 (± 0.2) and − 0.2 
(± 0.1)  log10 copies/mL blood for the high and moder-
ate controls, respectively, measured by pan-Plasmodium 
qRT-PCR (Additional file  4: Fig. S1). The difference in 
DBS stored at 22 °C vs. − 80 °C was also statistically sig-
nificant for the moderate level DBS but not for the high-
level DBS. Differences were not significantly different for 
the low and very low levels DBS (p > 0.2). Analyses by 
Welch’s t test demonstrated that 18S rRNA levels in all 

DBS stored at − 20 °C were no different than those stored 
at − 80 °C (p > 0.1).

Quantifying serial dilutions of P. falciparum Armored RNA® 
in DBS
During the pooling procedure, Plasmodium 18S rRNA 
molecules are released from the DBS matrix and pooled 
for testing. To mimic the dilution of parasite-derived 
18S rRNA in pooled samples, the P. falciparum Armored 
RNA® was diluted in whole blood, and then spotted onto 
DBS or added to lysis buffer to generate paired liquid 
samples. Quantitative measurements and overall detec-
tion were compared across seven concentration levels of 
P. falciparum Armored RNA® in liquid and DBS (Addi-
tional file  4: Table  S1). Liquid samples were deemed to 
represent 100% recovery, and DBS results were compared 

Table 1 Quantitative bias for DBS samples compared to liquid samples

Pf P. falciparum, Pan pan-Plasmodium

Sample type Pf qRT‑PCR Pan qRT‑PCR

Bias  (log10 parasites/mL 
blood)

95% limits of 
agreement

Bias  (log10 parasites/mL 
blood)

95% 
limits of 
agreement

Serial dilutions of Pf cultures − 0.37 − 0.86–0.12 − 0.39 − 0.91–0.14

Venous blood of infected individuals − 0.21 − 0.73–0.31 − 0.19 − 0.93–0.55

Table 2 Assay precision for DBS samples. Each result generated as copies/mL DBS lysate, converted log copies/mL blood to calculate 
within-run and within-lab percent coefficient of variation (% CV) and 95% confidence interval (95% CI)

Pf P. falciparum, Pan pan-Plasmodium

qRT‑PCR Control N (days) Mean  log10 copies/
mL blood

Within‑run % CV (95% CI) Within‑lab %CV (95% CI)

Pf High positive 20 (10) 8.66 0.97% (0.68–1.71%) 3.32% (2.52–4.85%)

Low positive 20 (10) 6.69 2.73% (1.91–4.79%) 4.07% (3.10–5.95%)

Pan High positive 20 (10) 8.62 1.10% (0.77–1.93%) 3.99% (3.03–5.83%)

Low positive 20 (10) 6.32 3.29% (2.30–5.77%) 5.61% (4.26–8.19%)

Table 3 Stability of P. falciparum culture 18S rRNA in DBS stored at four different temperatures

Pf P. falciparum, Pan pan-Plasmodium

Bold values denote p values < 0.05

DBS control level Estimated 
parasites/
mL

Log10 
copies/mL 
blood

Pf qRT‑PCR Pan qRT‑PCR

P value by Welch’s t‑test for  log10 copies/mL blood

− 20 °C 
vs.− 80 °C

22 °C vs. − 80 °C 37 °C vs. − 80 °C − 20 °C 
vs. 
− 80 °C

22 °C vs. − 80 °C 37 °C vs. − 80 °C

High 3.5 ×  106 10.41 0.719 0.340 0.034 0.647 0.441 0.037
Moderate 1.2 ×  104 7.95 0.376 0.012 0.077 0.362 0.013 0.044
Low 1.4 ×  103 7.02 0.207 0.637 0.935 0.292 0.874 0.330

Very Low 5 ×  102 6.57 0.812 0.716 0.457 0.694 0.804 0.558
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to such paired liquid sample results. The standard bio-
marker assay was positive for all liquid samples at con-
centrations down to 5.1  log10 copies/mL, consistent with 
previous observation [8], and down to 5.3  log10 copies/
mL blood for DBS samples (Additional file 4: Table S1).

The standard triplex qRT-PCR includes a human TBP 
mRNA target to monitor integrity of each sample. How-
ever, in pooled samples, TBP results do not reflect the 
condition of each individual DBS sample in the pool. 
Since the analytical sensitivity of the DBS assay was 
reduced compared to the sensitivity of liquid samples and 
since the TBP mRNA control was less informative for 
pooled testing, a simplified duplex qRT-PCR omitting the 
TBP reagents was also evaluated for serial dilutions of P. 
falciparum Armored RNA® (Table 4). Analytical sensitiv-
ity was improved and all liquid samples and 90% of DBS 
were detected at a nominal density of 4.7  log10 copies/mL 
(~ 7 estimated parasites/mL).

Diluting DBS samples to mimic the pooling process
To address performance of the standard assay and the 
simplified assay for low density samples following pool-
ing with negative samples, DBS of P. falciparum Armored 
RNA® Dilutions containing equivalent 7.3, 6.3, 5.3and 
5.1  log10 copies/mL blood, respectively, were tested after 
3- and tenfold dilutions (Additional file  4: Table  S2). 
Undiluted samples, 1:3 dilutions, and 1:10 dilutions were 
tested by the standard and simplified assays. Measure-
ments were similar for Level C and Level D (nominal 7.32 
and 6.32  log10 copies/mL blood, respectively) of P. falci-
parum Armored RNA® DBS by the standard triplex and 
simplified duplex assays. However, the simplified assay 

achieved better sensitivity for P. falciparum Armored 
RNA® DBS containing lower copy numbers (the third 
column of Additional file 4: Table S2).

To mimic a low-density sample pooled amongst many 
negative samples, a DBS sample prepared from EDTA 
blood containing 250 parasites/mL from an infected 
human individual was serially diluted and tested by the 
duplex assay. After the spot was excised and incubated 
with 2  mL lysis buffer, the lysate was further diluted in 
serial fourfold dilutions. Testing was carried out by the 
simplified duplex assay (Table 5) and detected as few as 
800 copies of 18S rRNA per 50 µL spot and exhibited a 
linear range from undiluted through the 1:256 dilution.

Modelling of three potential malaria DBS pooling 
strategies
Based on the need to identify adequate batch testing for 
large numbers of samples, GUI programs were designed 
for three common pooling schemes – two-stage hierar-
chy, square matrix pooling, and three-stage hierarchy. 
These GUIs allowed the laboratory staff to search and 
identify optimal pooling strategies for provided samples 
by entering the number of samples and the estimated 
prevalence of the studied cohort. The following demon-
strate outputs of each GUI program.

For the two-stage hierarchy pooling scheme, the opti-
mal pooling size  (x−1/2) was dependent on the prevalence 
rate (x) (Additional file 3: File  S1). Theoretical cohorts of 
1000 samples with prevalence rates of 0.1, 0.5, 2, 5 and 
10% were evaluated by the two-stage hierarchy pool-
ing strategy. For 0.1, 0.5, 2, 5, and 10% prevalence rates, 
a pool size of 28, 14, 7, 4–5, and 3 samples/pool yielded 
the lowest count of 36, 142, 283, 450, and 643 tests, 

Table 4 Measurements and percentages of detection rates for varied concentrations of P. falciparum Armored RNA® in liquid and DBS 
samples by the simplified assay

Pf P. falciparum, Pan pan-Plasmodium

n/a not applicable (SD not calculated for replicates of < 100% detection rate)

SD reflects variation in two batches of samples measured by multiple operators; n = 4–11 samples per concentration level

*Average calculated for quantifiable samples only (numbers in parentheses are detected results/number of replicates tested)

Pf Armored RNA® Dilution Liquid samples  (log10 copies/mL blood) DBS samples  (log10 copies/mL blood)

Parasites/mL blood Log10 copies/mL 
blood

Pf qRT‑PCR Pan qRT‑PCR Pf qRT‑PCR Pan qRT‑PCR

Mean SD Mean SD Mean SD Mean SD

2.4 ×  105 9.2 9.0 0.2 8.9 0.3 8.6 0.3 8.6 0.3

2.8 ×  104 8.3 8.5 0.2 8.0 0.2 7.7 0.4 7.7 0.3

2,8 ×  103 7.3 6.9 0.1 7.0 0.2 6.7 0.3 6.6 0.2

2.8 ×  102 6.3 5.9 0.1 5.9 0.2 5.6 0.4 5.7 0.3

2.8 ×  101 5.3 4.8 (3/4*) n/a 4.9 0.2 4.8 (6/8*) n/a 4.8 0.3

1.7 ×  101 5.1 4.8 (3/4*) n/a 4.8 0.2 4.7 (6/10*) n/a 4.6 0.4

7 4.7 0.0 (0/4*) n/a 4.1 0.3 3.4 (5/11*) n/a 3.2 (9/11*) n/a
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respectively. Additional file  4: Fig. S2A shows a visual 
comparison for varied pooling sizes yielding different 
total test counts.

The square matrix pooling scheme is an alternative 
pooling approach with the potential advantage of bypass-
ing deconvolution if the average number of positive cases 
is ≤ 1/pool. At a low positivity rate, a positive sample can 
theoretically be determined by its position in the matrix 
(Additional file 4: Fig. S3A). If the average positivity is > 1 
positive event/pool, scenarios with two or three positive 
cases per matrix could be evenly distributed or clustered 
in specific rows or columns. In the case of even distribu-
tion, a larger number of tests are required to deconvolute 
compared to situations in which clustered positives are 
present (Additional file 4: Fig. S3B vs. S3C). If the average 
positive is > 3/pool, the number of tests for deconvolu-
tion is significantly higher, thus smaller pooling sizes may 
be more efficient testing choices. This GUI (Additional 
file 3: File S2) allows users to identify the smallest num-
ber of total test counts by choosing the optimal pooling 
size while calculating the maximum total test counts. 
For 1000 theoretical samples at prevalence of 0.1, 0.5, 2, 
5, and 10%, a pool size of 361 (19 × 19), 225 (15 × 15), 49 
(7 × 7), 16 (4 × 4) and 9 (3 × 3) yielded the lowest count of 
114, 157, 286, 500, and 667 tests, respectively (Additional 
file 4:Fig. S2B). For the square matrix pooling scheme, a 
pool of nine samples, for example, caused specimens to 
be diluted threefold whereas for the two-stage hierar-
chy pooling scheme, samples would be diluted ninefold. 
Specimen dilution factors in pools are impacted by assay 
sensitivity and pathogen density in the studied cohort.

The three-stage hierarchy pooling schemes has advan-
tages for cohorts containing a large number of samples 
with low positivity rates. Because in these situations, 
many first-step pools and some second-step pools are 
expected to yield negative results, and the number of 

tests for deconvolution is lower compared to those 
required by two-stage hierarchy pooling methods. For 
example, this GUI (Additional file 3: File S3) determined 
the prevalence ranging from 0.1% to 10% for 1000 sam-
ples resulted in varied first step pool sizes from 25/
pool to 4/pool (Additional file 4: Table S3). Variation of 
pooling sizes for 1000 samples ranging from 0.1 to 10% 
prevalence in the second step was narrower, between 2–5 
samples/pool. The estimated lowest total test counts for 
1000 samples of prevalence at 0.1, 0.5, 2, 5, 7 and 10%, 
were 50, 90, 230, 417, 515 and 650, respectively. When 
these three pooling strategies were compared (Fig.  2), 
there was < 10% difference in total test counts for preva-
lence of 7–10%. However, as prevalence dropped (i.e., 0.1, 
0.5, 2, and 5%), the three-stage hierarchy pooling led to 
lowest total test counts.

The aforementioned calculation of maximum total 
test counts assumed that positive samples are evenly 
distributed among all samples. However, in epide-
miological studies, positive samples are likely to be 
clustered when the samples are collected. For the three-
stage hierarchy pooling schemes, a model calculated 
the total test counts required under the assumption 
that positive samples are clustered in half of the first 
pools and that half of the first pools also test negative. 
These results led to fewer number of potential samples 
required for second step pooling and a smaller quantity 
of second pools for testing. Therefore, test counts were 
reduced ranging from 15 to 49% for prevalence from 0.1 
to 10% (Additional file  4: Table  S4). Similarly, for the 
two-stage hierarchy pooling schemes, assuming positive 
samples were distributed in half of the pools, only half 
of potential positive pools were consequently required 
for deconvolution. The overall reduction of test counts 
ranged from 22 to 26% for prevalence from 0.1 to 10% 
(Additional file 4: Table S4).

Table 5 Dilutions of clinical DBS containing P. falciparum measured by the simplified duplex assay

Pf P. falciparum. Pan pan-Plasmodium

ND not detected

Dilution Nominal concentration Pf qRT‑PCR Pan qRT‑PCR

Parasites/mL blood Log10 copies/
mL blood

Log10 
copies/spot

Parasites/mL blood Log10 
copies/spot

Parasites/mL blood Log10 
copies/
spot

Neat 2.5 ×  102 6.3 5.0 1.9 ×  102 4.9 5.9 ×  102 5.3

1:4 6.3 ×  101 5.7 4.4 4.0 ×  101 4.2 9.6 ×  101 4.6

1:16 1.6 ×  101 5.1 3.8 1.0 ×  101 3.6 2.5 ×  101 4.0

1:64 4 4.5 3.2 1.8 ×  101 3.8 8 3.5

1:256 1 3.9 2.6 ND ND 2 2.9
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Application of a two‑stage hierarchy pooling scheme 
for DBS samples collected from a malaria‑endemic field 
site
Seventy-eight DBS with known results from previous 
individual DBS testing yielded a positivity rate of ~ 8%. 
The two-stage hierarchy scheme with a pool size of 3/
pool was chosen after consideration of simple up-front 

preparation for pooled samples and a < 10% differ-
ence in total test counts among three different pool-
ing strategies. Five of 26 pools tested positive, and 21 
pools tested negative by the simplified assay (Table 6). 
Deconvolution of five positive pools yielded three P. 
falciparum-positive samples and two positive non-P. 
falciparum results, all of which were consistent with 
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Fig. 2 Comparisons of maximum total test counts among two-stage hierarchy, square matrix, and three-stage hierarchy pooling schemes. The 
smallest total test counts were estimated for each pooling strategy and graphed for a cohort of 1000 samples with predicted prevalence rates at 0.1, 
0.5, 2, 5, 7% and 10%

Table 6 Identification of positive DBS samples by a two-stage hierarchy pooling scheme (pool size = 3)

Pf P. falciparum, Pan pan-Plasmodium

ND not detected, n/a not applicable

Pool ID Result of each pool  (log10 copies/
mL blood)

Sample ID Result of each member  (log10 
copies/mL blood)

Previously reported result

Pf qRT‑PCR Pan qRT‑PCR Pf qRT‑PCR Pan qRT‑PCR

1–15, 17, 19, 20, 
22, 23, 26

ND ND n/a n/a n/a ND

Pool 16 5.35 5.43 Z076 ND ND ND

Z077 ND ND ND

Z078 5.97 6.16 Pf

Pool 18 3.87 3.57 Z082 ND ND ND

Z083 ND ND ND

Z084 3.87 4.17 Pf

Pool 21 ND 5.65 Z093 ND ND ND

Z094 ND 6.27 Non-Pf Plasmodium sp.

Z095 ND ND ND

Pool 24 ND 5.43 Z102 ND 6.03 Non-Pf Plasmodium sp.

Z103 ND ND ND

Z104 ND ND ND

Pool 25 5.02 5.23 Z105 ND ND ND

Z106 ND ND ND

Z107 5.41 5.86 Pf
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previous individual testing results. In addition, this 
pooling scheme used 41 total tests to identify five posi-
tive cases among 78 samples, reducing reagent use by 
approximately half compared to individual testing.

Discussion
This study considered the application of a malaria bio-
marker for pooled DBS collected from epidemiological 
studies of natural infection or malaria prevention. Given 
differences in sample collection between DBS and liquid 
blood, DBS was regarded as a different specimen matrix 
requiring unique validation to test for Plasmodium 18S 
rRNA. The UW qRT-PCR assay showed strong linearity 
between DBS and liquid samples from 2 to 7  log10 para-
sites/mL blood. There was a small reduction in the DBS-
based quantifications independent of nominal parasite 
densities. The reduced measurement was likely due to a 
small portion of nucleic acid remaining bound to DBS 
filter paper, as previously described [7, 37, 38]. Conse-
quently, DBS sample quantification was also slightly less 
precise than seen in previous evaluations of liquid sam-
ples [8]. However, an observed within-lab standard devia-
tion for this malaria biomarker assay was < 0.35  log10 
copies 18S rRNA/mL blood, which is comparable to the 
precision reported for other DBS molecular assays that 
have undergone regulatory review like the CE-marked 
Abbott RealTime HIV-1 assay for DBS samples [32]. The 
streamlined procedure of the biomarker assay includ-
ing laser cutting DBS, incubation of DBS in lysis buffer 
at 55 °C for 30 min, automated nucleic acid extraction by 
the Abbott m2000 platform and qRT-PCR amplification 
has shown acceptable analytical sensitivity (≥ 28 para-
sites/mL blood).

The described procedure utilizes two automatic instru-
ments: one to first excise multiple spots from DBS cards 
and a second to then extract nucleic acids from many 
sample tubes simultaneously. Other investigators have 
shown that these steps may also be carried out manually 
without use of automated instruments [19].

Stability of Plasmodium 18S rRNA in DBS was evalu-
ated here to consider the conditions encountered by field 
samples transported to central laboratories for storage 
and later testing. This study demonstrated that a small 
degree of degradation was observed in DBS 18S rRNA 
after one-month storage at 22 and 37  °C. Compared to 
DBS stored at − 80 °C freezer, DBS 18S rRNA stored in a 
− 20 °C freezer were equally stable for one month. Thus, 
DBS preserved at < 30% humidity can be transported at 
ambient temperatures within one month of collection 
with minimal degradation of 18S rRNA.

Pooled testing is a common means of handling large 
quantities of samples, however, issues related to assay 
sensitivity for diluted samples and pool sizes are often 

unique to the system [19, 28, 39]. This study first inves-
tigated options to improve sensitivity of a Plasmodium 
qRT-PCR assay specifically applied to pooled DBS 
samples. When screening pooled samples, monitoring 
pooled blood TBP mRNA levels does not reflect the 
condition of individual constituent DBS samples. qRT-
PCR without targeting human TBP mRNA improved 
detection for P. falciparum Armored RNA® to 4.7  log10 
copies/mL blood (Table 4), equivalent to ~ 0.34 parasite 
per 50-µL blood spot. This version of the assay was also 
able to detect dilutions of clinically collected DBS from 
250 parasites/mL to 1 parasite/mL blood (Table  5). 
The sensitivity reported here is significantly improved 
compared to previously published methods for pooling 
malaria field samples [40]. The simplified duplex assay 
is well-suited to testing pooled DBS samples and main-
tains excellent sensitivity in such pools.

Studies examining the pooling strategies for human 
pathogens other than Plasmodium spp. have often used 
stringent and standardized FDA-approved nucleic acid 
amplification tests (NAAT) with fixed LoDs [29, 41]. 
One critical concern is the loss of NAAT sensitivity for 
diluted positive specimens in pools. Westreich et  al. 
[29] first completed theoretical calculations for pooling 
algorithm sensitivities, optimal pool sizes and positive 
predicted values for two-stage hierarchy, three-stage 
hierarchy and square matrix pooling methods. Two 
reports [36, 42] went into greater depth by establishing 
a web-based application to identify optimal testing con-
figurations based on parameters of prevalence of stud-
ied cohorts, sensitivity, and specificity of the NAAT 
used. Since no FDA-approved molecular assays are 
available to test Plasmodium spp., malaria molecular 
testing relies on laboratory-developed tests of advanta-
geous flexibility.

This study addressed the issue of reduced sensitiv-
ity for pooled samples by modifying qRT-PCR of the 
assay. Thus, statistical calculation of reduced sensitiv-
ity for pooled samples described earlier [36, 42] does 
not apply to the malaria molecular assays used herein. 
GUI programmes designed here focused on simplicity 
and ease for laboratory staff to identify various pooling 
sizes for each pooling scheme based on given prevalence 
rates of studies and correspond test numbers to consider 
adequate pooling strategies for large malaria field study 
samples.

Additional file  4: Fig. S2A, and  B provide visual dem-
onstrations of anticipated test numbers when employing 
varied pooling sizes for the two-stage hierarchy and the 
square matrix pooling schemes, respectively. Additional 
file 4: Table S3 exemplifies results of the three-stage hier-
archy pooling scheme for a cohort of 1000 samples with 
varied prevalence rates (i.e., 0.1%, 0.5%, 2%, 5% 7%, and 
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10%). Generally, the optimal pooling size depends on the 
prevalence of the studied cohort. However, it also showed 
that for studies with a prevalence rate > 10%, utilizing 
pooling strategies does not significantly reduce the num-
ber of required test counts.

Additional factors to consider when selecting a pool-
ing strategy include: assay sensitivity, the number of 
replicates per specimen, labour hours required to pre-
pare pooled samples upfront, and turnaround time 
[29]. For example, the three-stage hierarchy strategy 
generally yields lowest test counts but requires more 
aliquots or greater volumes of each specimen to con-
tribute two rounds of pooling and takes three runs of 
testing to complete the first pooling, the second pool-
ing and deconvolution, which results in a longer turna-
round time to complete processing. One advantage of 
square matrix pooling is less dilution of potential posi-
tive sample, but due to the complexity of the matrix 
pooling, robotic liquid handling devices are preferred 
to aliquot samples to create row pools and column 
pools [29]. For the UW qRT-PCR assay, the two-stage 
hierarchy pooling strategy was chosen for easiest pool-
ing of large quantities of DBS samples that overrides 
the disadvantage of slightly more test counts compared 
to the three-stage hierarchy and square matrix pooling 
schemes. This approach described in the pilot study 
yielded results that matched a previous individual 
sample study but with shorter turnaround times and 
fewer required tests.

GUIs can be used to model test counts if positive 
cases are evenly distributed in pooled samples, or are 
more clustered, as anticipated in samples from field 
studies. For example, Hsiang et  al. [40] carried out a 
multiple-step pooling scheme for a cohort of 891 DBS 
samples collected from child participants residing in 
Kampala, Uganda and identified 50 positive DBS sam-
ples present in 28 of 99 pools (i.e., 9 DBS/pool). It is 
likely that bias ranging from 0% (i.e., even distribution 
of positive cases) to 50% (i.e., positive cases clustered 
in half of tested pools) naturally occurs in collected 
samples from epidemiological and surveillance studies. 
The GUIs developed in this study allow researchers to 
explore possible pooling strategies for different pat-
terns of distribution.

The World Health Organization reported that in 
2018 an estimated 228 million people were infected 
by Plasmodium parasites resulting in 405,000 deaths, 
with children under 5 years of age accounting for 67% 
of these deaths [36]. Implementation of mass testing, 
tracking, and treatment of such infections is neces-
sary to reduce transmission and deaths [37]. Control 
strategies and surveillance systems may be enhanced 
by use of more sensitive molecular assays. Pooled DBS 

sampling utilizing this qRT-PCR 18S rRNA assay pro-
vides one tool to efficiently test larger quantities of 
samples in support of such malaria control and elimi-
nation efforts.

Conclusions
The Plasmodium 18S rRNA qRT-PCR assay was vali-
dated for DBS samples of varying parasite densities and 
adapted to reliably detect low-density samples from DBS 
pools. Malaria-specific GUI programmes were created to 
identify optimal two-stage hierarchy, three-stage hierar-
chy, and square matrix pooling schemes and to estimate 
maximum test counts for a given cohort with specified 
prevalence and clustering characteristics. This qRT-PCR 
assay and these pooling strategies may reduce costs and 
increase efficiency when testing large quantities of DBS 
samples in malaria field studies.

Abbreviations
CHMI: Controlled human malaria infection; CI: Confidence interval; DBS: 
Dried blood spot; GUI: Graphic user interface; rRNA: Ribosomal RNA; qRT-PCR: 
Quantitative reverse transcription polymerase chain reaction; SD: Standard 
deviation.
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Additional file 1: Text S1. Calculation of total test counts in the GUI for 
the square matrix pooling scheme. Total test count was the sum of tests 
for screening pools and individual deconvolution samples. Screening 
tests for pools was calculated as 2 × N × (number of samples/ N2). If an 
average of positive sample in each pool was calculated ≤ 1, deconvolu-
tion was determined not necessary (shown in Additional file 4: Fig. S3A); 
if the average of positive samples in each pool was calculated > 1, the 
Microsoft Excel GUI program assumed that the positive samples were 
distributed evenly in the matrix, shown in Additional file 4: Fig. S3B. The 
program counted the total number of pools as QUOTIENT plus one. If the 
number of positive cases were greater than the total number of pools, the 
program used function MOD to determine the number of pools having 
additional one positive case, while the difference would be the pools 
having one less positive case. The number of positive cases in the former 
pools were determined using the ROUNDUP function for the predicted 
positive cases divided by the total number of pools; the number of 
positive cases in latter pools were determined using the ROUNDDOWN 
function. The number of tests to deconvolute each positive pool was all 
members in positive Row pools or Column pools. 

Additional file 2: Text S2. Primers/probes concentrations used for the 
UW qRT-PCR assay and DNA sequences. Plasmodium falciparum qRT-PCR 
employed 0.4 µM of PfDDT1451F21 (5’-GCG AGT ACA CTA TAT TCT TAT-3’), 
0.4 µM of PfDDT1562R21 (5’-ATT ATT AGT AGA ACA GGG AAA-3’) and 0.1 µM 
of Pf probe (5’-[6-FAM]-ATT TAT TCA GTA ATC AAA TTA GGA T-3’); for Pan 
Plasmodium qRT-PCR, they were 0.2 µM of PanDDT1043F19 (5’-AAA GTT 
AAG GGA GTG AAG A-3’), 0.2 µM of PanDDT1197R22 (5’-AAG ACT TTG ATT TCT 
CAT AAGG -3’) and 0.1 µM of Pan probe (5’-[CAL Fluor Orange 560]-ACC 
GTC GTA ATC TTA ACC ATA AAC TAT GCC GAC TAG -3’); for TBP RT-PCR, they were 
0.1 µM of TBP forward primer (5’-GAT AAG AGA GCC ACG AAC CAC-3’), 0.1 µM 
of TBP reverse primer (5’- CAA GAA CTT AGC TGG AAA ACCC-3’) and 0.1 µM of 
TBP probe (5’-[Quasar 670]- CAC AGG AGC CAA GAG TGA AGA ACA GT-3’). 

Additional file 3: File S1. Estimation tool for maximum test counts for 
the two-stage hierarchy pooling scheme. File S2. Estimation tool for 
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maximum test counts for square matrix pooling scheme. File S3. Estima-
tion tool for maximum test counts for the three-stage hierarchy pooling 
scheme. 

Additional file 4: Table S1. Measurements and percentages of detec-
tion date for varied concentrations of P. falciparum Armored RNA® in 
liquid and DBS samples by the standard assay. Table S2. Sensitivity of 
pan-Plasmodium qRT-PCR of simplified and standard assays for DBS 
samples. Table S3. Nearly optimized pooling sizes to yield lowest total 
test counts for a cohort of 1000 samples using three-stage hierarchy 
pooling schemes. Table S4. Total test counts for even and clustered (50%) 
distributions. Figure S1. Four different levels of P. falciparum 18S rRNA in 
DBS stored at four different tempeatures for one month. DBS labelled with 
the High, Moderate, Low, and Very Low controls contained 50 µL per spot 
of nominal 3.5 ×  106, 1.2 ×  104, 1.4 ×  102, and 5 ×  102 parasites/mL blood, 
respectively. Storage temperatures are as shown in the legend. Three 
spots were excised for each sample and each spot was tested twice. Mean 
and ± SD were plotted for results. Pf, P. falciparum; Pan, pan-Plasmodium. 
Figure S2. Estimated total test counts using the two-stage hierarchy 
and the square matrix pooling schemes. Test counts for a cohort of 1000 
samples were calculated for varied pooling sizes and each five prevalence 
rates (i.e., 0.1, 0.5, 2, 5 and 10%) using the two-stage hierarchy pooling 
schemes (A) and the square matrix pooling scheme (B). Both figures 
do not show the extended trend for 0.1% prevalence rate that total test 
counts continue lower for larger pool sizes. Figure S3. Square matrix 
pooling scheme. The only positive case is identified by positive results of 
the first row pool and the first column pool (A). Even distribution (B) or 
clustered placement (C) of two positive cases occur in the materix.
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