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Abstract

Background: Malaria rapid diagnostic tests (RDTs) are largely responsible for the gains made in the proportion of
malaria cases confirmed with a parasitological test. However, quality assurance programs to support their use remain
a challenge. A dried tube specimen (DTS) method was developed that showed potential for use as a stable source of
quality control (QC) sample for RDTs and for use in external quality assessments or proficiency testing (PT). DTS was
further assessed with focus on sample stability under field settings in Benin and Liberia.

Methods: DTS were prepared using Plasmodium falciparum 3D7 or W2 strains at concentrations of 1000, 500 or O
parasites/pL and tested for baseline reactivity at the Centers for Disease Control and Prevention, Atlanta before ship-
ping. In Benin and Liberia, DTS were stored under refrigeration in a reference laboratory (RL) or in health centres under
ambient temperatures. Seven rounds of testing were performed at 4-week intervals during which DTS were tested

on RDTs stored at the RL or at health centres. Observed DTS reactivity at the RL and health centres were compared to
expected reactivity to determine DTS stability. DTS were also assembled into a PT panel and tested by health facility
staff at the mid and end time-points of the study. Daily maximum and minimum storage temperatures for RDTs and
DTS were recorded.

Results: In Benin, DTS, irrespective of storage conditions, produced the expected reactivity at all time points. How-
ever, evidence of degradation was observed at weeks 20 and 24 for DTS stored at ambient temperatures at the health
centres and not those stored under refrigeration at the RL. In Liberia, sample degradation was observed starting at
week 8 especially among DTS stored at the health facilities. The degradation was associated with prolonged storage
of DTS under ambient temperature prior to study commencement and less than optimal storage temperatures at the
RL. Use of DTS in a PT enabled identification of health worker errors in performing the tests.

Conclusion: DTS is a feasible tool for use as QC material and for PT under field conditions. Long-term (>5 months)
storage of DTS requires refrigeration.
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a quality-assured test and anti-malarial treatment pro-
vided only to test positive cases [1]. Diagnostic testing of
suspected malaria cases in sub-Saharan Africa has since
increased from 36% in 2010 to 82% in 2017, an increase
primarily due to the uptake of RDTs which accounted for
40% and 75% of all testing in 2010 and 2018, respectively
[2]. RDTs are increasingly being used outside the labora-
tory setting by community health workers and volunteers
operating in small communities [3—6]. This increase in
RDT use outside the laboratory and by non-laboratory
trained health workers requires the establishment of a
robust quality assurance (QA) system, a key requirement
of the WHO case management guidelines, to guaran-
tee the delivery of accurate test results for appropriate
patient management.

Despite the increased use of RDTs outside the labora-
tory, QA systems to support such use are inadequate.
The WHO conducts an annual RDT product-testing
programme that monitors the performance of RDTs as
provided by manufacturers [7]. In addition, the WHO
provides a pre-procurement lot testing service for large
global institutions such as the Global Fund and the US
President’s Malaria Initiative. However, these efforts
are inadequate to address the quality of tests and at the
point-of-care in the field. Malaria RDT products are
not supplied with control samples and quality checks at
the point-of-care are lacking. Recent efforts to develop
quality control (QC) material has focused on recombi-
nant antigens [8] that has been shown to improve health
worker adherence to treatment guidelines as a result
of trust in RDTs. However, a product universally reac-
tive similar to native antigen on all or most RDTs is still
lacking.

A dried tube sample (DTS) method that preserves tar-
get parasite antigens in their native forms in blood can be
used to generate QC samples for RDT QA [9]. In order
to further assess the feasibility of using DTS to support
QA in the field, especially its use as QC and proficiency
testing samples, three field studies were conducted in
Ethiopia, Benin and Liberia under country-specific con-
ditions. The primary objective of the field assessments
was to determine the stability of DTS under ambient
temperature conditions in sub-Saharan Africa compared
to refrigeration. In addition, the suitability of DTS for
use as samples in a proficiency-testing programme was
assessed. The preferred DTS product would be stable at
ambient temperatures to enable storage at testing sites
and used as needed. In the Oromia region of Ethiopia
where average maximum temperatures range from 19
to 24 °C, DTS was found to be stable for the 6-month
evaluation period when stored at ambient temperatures
at health centres [10]. In order to further assess DTS sta-
bility under temperature conditions typically found in
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tropical sub-Saharan Africa, field assessments similar to
that conducted in Ethiopia were conducted in Liberia and
Benin both with average maximum temperature range
from about 28 °C to 32 °C (https://www.worldweatheronl
ine.com).

Methods

DTS preparation

DTS were prepared as previously described [9]. Briefly,
culture-adapted Plasmodium falciparum parasites were
grown in culture, harvested and diluted to desired para-
site densities in washed (in incomplete medium; RPMI
1640, Gibco™ Thermo Fisher, Grand Island, NY, USA)
parasite negative blood at similar haematocrit. Parasite
dilutions of 1000, 500 or O parasites/uL of blood were
produced for this study. The diluted parasite preparations
were then tested at the Center for Disease Control (CDC)
Malaria Branch Laboratory on malaria RDT brands from
three different manufacturers to determine baseline reac-
tivity. After confirmation of reactivity, the diluted para-
sites were distributed in 50-pL aliquots in Sarstedt® Type
I micro tubes (Sarstedt Inc., Newton, NC, USA) and with
the caps open air-dried overnight in a biosafety cabinet.
To check that baseline reactivity was not affected by dry-
ing, 1 vial each of DTS at 1000, 500 and O parasites/pL
were rehydrated using a solution of PBS-Tween20 (Sigma
Aldrich, St. Louis, MO, USA) and tested on the same
RDTs brands as prior to drying.

DTS containing 1000, 500 and O parasites/pL were
prepared from culture-derived P. falciparum in enough
quantity for training of staff and the main study and were
stored under refrigeration until shipped to country. DTS
were tested on three RDT brands at the Malaria Labora-
tory, CDC, Atlanta, before shipping at ambient temper-
ature to both countries. In country, replicate DTS were
stored under refrigeration (~4 °C) at a reference labora-
tory and at ambient temperature at the health centres.

DTS for Liberia were prepared using culture-derived
P falciparum strain W2 in December 2011 with an
expected start date of first quarter of 2012, however,
study start date was postponed until the third quarter
of 2013. DTS were stored in Liberia at ambient tem-
perature during this delay. DTS for Benin were prepared
using culture-derived P falciparum strain 3D7 in May
2014 with an expected study commencement date in July
2014. Unlike in Liberia, no delays in study start date were
experienced.

The lower parasite density threshold of 500 parasites/
puL was used although currently, the WHO estimates
RDT performance using a lower parasite density thresh-
old of 200 parasites/pL. The 200 parasites/pL threshold
has been shown in seven rounds of RDT product testing
to be sufficient in distinguishing high-performing from
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low-performing tests [7]. In this study, the DTS lower
limit was set at a slightly higher level of 500 parasites/uL
in order to remove or minimize test-specific non-reactiv-
ity as opposed to non-reactivity due to deterioration of
the DTS.

Rapid diagnostic tests

RDT brands commonly used in public sector facilities
in the respective countries were procured directly from
the manufacturers for the study. P falciparum (HRP2)-
specific SD Bioline RDTs (SD Bioline Malaria Ag Pf,
catalogue # O5FK50, Standard Diagnostics, Seoul, South
Korea), were procured and shipped directly to Benin by
the manufacturer. First Response Malaria Antigen Pf
(HRP2) RDTs (First Response Malaria Antigen Pf, cata-
logue # I13FRC, Premier Medical Corporation, Nani
Daman, India), obtained directly from the manufacturer
and shipped to Liberia from CDC, Atlanta. All RDTs
were performed according to manufacturer instructions.
Reference laboratory RDTs were stored under refrigera-
tion in Benin but in an air-conditioned room in Liberia.
Health centre RDTs were stored at ambient temperature
in both countries.

Facilities

In both countries, one reference laboratory for optimal
storage of tests and DTS and two public health centres
were chosen as sites for the study. The health centres in
both countries provided care to mainly urban popula-
tions and provided a similar level of care. In Benin, the
Centre for Entomological Research (CREC) functioned
as a reference laboratory, while St. Michel Health Cen-
tre, Cotonou 5, and Ayelawadje Health Centre, Cotonou
2-3 were the clinical sites. In Liberia, the facilities cho-
sen for the study were the National Drug Quality Con-
trol Laboratory, Monrovia, as the reference laboratory
(RL), and Slipway Community Clinic (SLP) and Star of
the Sea Health Centre (SoS), both in Monrovia as the
testing sites. In both countries, facilities were chosen so
that all facilities could be visited and testing conducted
within 8 h of sample rehydration. Approximately 1 week
prior to study commencement, study staff visited all sites
to introduce the study to the facility administrators and
laboratory staff and to supply RDTs, DTS, temperature
monitors and timers.

Training

Study coordinators in the each of the two countries were
trained on standard procedures for rehydration and test-
ing DTS and on procedures to follow on each testing
day. Facility staff received training on testing DTS since
they were expected to test a proficiency panel at study
weeks 12 and 24. Bench aids for DTS rehydration and
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RDT testing were provided to all laboratory staft in all
facilities.

Testing scheme

DTS testing

The study commenced with week O testing. Each DTS
was tested on duplicate RDTs and results were consid-
ered satisfactory if both RDTs produced the correct
result. Testing was done every 4 weeks for a period of
6 months. At weeks 12 and 24, health centre staff who
routinely perform RDTs and who received prior training
on the use of the DTS were asked to take part in testing
of a 4-sample proficiency panel in Liberia and a 3-sample
proficiency panel in Benin.

On the day of testing, DTS stored at the RL under
refrigeration were rehydrated and tested on duplicate
RDTs stored under refrigeration in Benin and at ambi-
ent temperature in Liberia. DTS and RDTs that were
refrigerated were brought to ambient temperature before
testing. This testing of RL RDT and DTS was consid-
ered control testing for health centre RDT and DTS.
The same set of rehydrated DTS and RDTs from the RL
were then transported to the two health centres where
the RL DTS were tested in duplicate on RDTs stored at
ambient temperatures at the health centre. In addition,
DTS stored at ambient temperature at the health centres
were rehydrated and tested in duplicate on the RL-stored
RDTs and RDTs stored at the health centre. This process
(Additional file 1) was followed on each testing day every
4 weeks for 6 months from the first time point (week 0)
for a total of seven time points.

Proficiency testing (PT)

At weeks 12 and 24, health centre staff were challenged
with a proficiency panel of reconstituted specimens
labelled with random sample identification numbers. In
Benin, the PT panel consisted of one sample each of 1000,
500 and O parasites/uL while in Liberia, the panel con-
sisted of four DTS samples: one sample at 1000 parasites/
pL, two samples at 500 parasites/uL and one negative (0
parasites/pL). In both countries, the DTS samples in the
proficiency panel were stored under refrigeration in the
RL and reactivity known only to the study coordinator.
Prior to arriving at the health centre, the study coordina-
tor rehydrated the samples in the PT panel, tested them
on RL-stored RDTs to confirm their expected reactivity
and labelled them with a random sample identity num-
ber. At the health centres, the facility staff were provided
with rehydrated proficiency panel and RL-stored RDTs
for testing. During testing of the PT panel by health cen-
tre staff, the study coordinator observed the technician
and recorded correct and incorrect testing procedures
using a checklist of nine critical steps in the RDT testing
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procedure (Additional file 2). In addition, a pass/fail form
(Additional file 3) was completed by the study coordina-
tor to indicate whether the technician read and recorded
the correct sample reactivity. Errors were noted irre-
spective of the number of times it was made for each of
the samples in the PT panel. Feedback regarding health
worker performance was provided to health centre staff
and corrections provided when needed.

Temperature monitoring

In order to determine the temperatures that RDTs and
DTS were exposed to at each facility during the study
period, maximum and minimum storage temperatures
were recorded every 24 h by use of a Big Digit Indoor/
Outdoor maximum and minimum thermometer (Extech
Instruments, New Hampshire, USA). Over weekends and
public holidays when staff were unavailable to record
temperatures, maximum and minimum temperatures
for the duration of time from the last measured tem-
peratures were recorded. The maximum and minimum
thermometer operates by measuring temperatures con-
tinuously and when prompted by an integrated button
will display the lowest and highest temperature recorded
since the last reset. After temperatures are recorded, the
thermometer is reset to begin a new cycle of maximum
and minimum temperature measurements. For this activ-
ity, the thermometer was reset daily after maximum and
minimum temperatures were recorded. The maximum
and minimum thermometer does not estimate the period
over which a particular temperature measurement has
been sustained.

Results

Benin

Reference laboratory DTS testing on reference laboratory
and health centre RDTs

Considering replicate test (2 each of 1000, 500 or 0 para-
sites/uL) of each DTS as a single test, all combinations of
RL-stored DTS and RDTs for all facilities were concord-
ant (100%) with the expected results for all time points
from week O to 24. (Table 1A, top two panels) reflecting
stability of DTS stored at 4 °C over the 7-month study
period.

Health centre DTS testing on reference laboratory and health
centre RDTs

Similar to RL DTS testing on RL and health centre
RDTs, reactivity of health centre DTS (from both health
centres) on RL and health centre RDTs were 100% con-
cordant for all time points. However, despite 100% con-
cordance of health centre-stored DTS with expected
sample reactivity, at weeks 20 and 24, lower band inten-
sities were observed for 500 parasites/pL DTS stored at

Page 4 of 9

both St Michel and Ayelawadje health centres. In addi-
tion, at week 24, health centre-stored DTS at 1000 para-
sites/pL from both health centres also registered as low
intensity bands on all RDTs. These low band intensities
(1+ compared to 4+ on time point equivalent RL DTS
as measured by band intensity template) were observed
when either RL or health centre-stored RDTs were used
although the same RDTs showed expected band intensi-
ties when RL DTS were tested. This result suggested the
low band intensities were due to the DTS and not the
RDT. Indeed, at weeks 20 (for 500 parasites/pL DTYS)
and 24 (for both 500 and 1000 parasites/uL DTS) at both
health centres, rehydration of health centre-stored DTS
was observed to be incomplete with a gel-like mass at the
base of the tube that, when applied to the RDT, did not
flow efficiently on the test strip.

Proficiency testing of health centre staff

At week 12, three technicians at Ayelawadje health cen-
tre were challenged with a 3-sample PT panel consist-
ing of one each of DTS at 1000, 500 and 0 parasites/uL,
randomly labelled with a generic sample number. One
technician performed all the 9 observed critical steps
correctly. The second technician made 3 errors in the 9
steps including collecting and applying an incorrect vol-
ume of blood and adding 3 instead of 4 drops of buffer
to the test. The third technician made errors in 5 of the 9
steps including collecting and applying more sample vol-
ume, applying 2 instead of 4 drops of buffer, not setting a
timer and reading the result at 7 instead of 15 min. The
number of times an error was made for each of the sam-
ples in the panel was not recorded. Despite these errors,
the sample reactivity was unaffected and the technicians
interpreted test results correctly.

At St Michel, four technicians were challenged with
the PT panel. All four technicians made at least one
error. One technician made only one mistake applying
an incorrect (less than required by test) volume of blood.
The second technician added 3 instead of 4 drops of
buffer, set the wrong time and read the test in that time (5
instead of 15 min). The third technician applied an incor-
rect volume of blood and set an incorrect time to read
the test. Despite these errors, the test reactivity was as
expected and all three technicians scored the PT samples
correctly. The fourth technician re-used a sample collec-
tion pipette for another sample in the PT panel, did not
set a timer, read the test in 7 min and scored the nega-
tive sample incorrectly as positive. Although the sample
was negative, the test appeared as positive due to cross-
contamination caused by re-use of the blood-collecting
pipette from a sample that was positive.

At week 24, PT was done by two health workers in
each health centre none of whom took part in the week
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Table 1 Reference laboratory and health centre-stored DTS reactivity on reference laboratory and health centre-stored
RDTs for Benin and Liberia

A. Benin

Week 0
RLDTS RLRDT St. M RDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/uL + + + +
1000 p/uL  + + + +
Week 0
RLDTS RLRDT Ay RDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/uL + + + +
1000p/uL  + + + +
Week 0
St M DTS RLRDT St. MRDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/uL + + + +
1000 p/uL  + + + +
Week 0
Ay DTS RLRDT Ay RDT
Test1l Test2 Test1l Test2
0p/uL - - - -
500 p/uL + + + +
1000 p/uL  + + + +

B. Liberia

Week 0
RLDTS RLRDT SoS RDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/puL + + + @
1000 p/uL  + + + o
Week 0
RLDTS RLRDT SLP RDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/puL + + + I
1000 p/uL  + + + o
Week 0
SoS DTS RLRDT SoS RDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/puL + + + I
1000 p/uL  + + + +
Week 0
SLP DTS RLRDT SLPRDT
Testl Test2 Testl Test2
0p/uL - - - -
500 p/puL + + + I
1000 p/uL  + + + S

Week 4 Week 8 Week 12 Week 16 Week 20
RLRDT St. M RDT RLRDT St. MRDT RLRDT St. MRDT RLRDT St. MRDT RLRDT St. MRDT RLRDT St. MRDT
Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2

Week 24

+ + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + +
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT

Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2

+ + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + + + + + + + + + + + + +
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT St. MRDT RLRDT St. MRDT RLRDT St. M RDT RLRDT St. MRDT RLRDT St. M RDT RLRDT St. M RDT

Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2

+ + + + + + + + + + + + + + + + > +* +* +* +* +* +* +*
+ + + + + + + + + + + + + + + + + + + + +* +* +* +*
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT RLRDT Ay RDT

Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2

+ + + + + + + + + + + + + + + + +* +* +* +* +* +* +* +*
+ + + + + + + + + + + + + + + + + + + + +* +* +* +*
|
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT
Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2
- - - - - - - - - - - - - - -+ - - - - - - # - -
+ + + + + + + + +* +H +H + H* + + 4 + +H + + + +H +* +*
+ + + + + + inv + +* +* + +E + + + +*4 +* + + + + + +* %

Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT
Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2
- - - - - - - - - - - - - - - —H#E - - - - —# —# - -
+ + + + + + + + +* +H +H + H* + +* + + + + + + + +* +*
i i i + 5 i o + +* & + + + + + +* + + + + + +HH* i
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT RLRDT SoS RDT
Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2
- - - - - - - inv - - - - - - - - - - = - - - - -
+ i i + - i +H + + i i +* +* +*
+ + + + + + + + +
Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
RLRDT SLPRDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT RLRDT SLP RDT
Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2 Testl Test2
- - - - - inv -~ - - - - —# - - - - - - - - - - = -
+ + + +
+ + + +

Results of RL DTS on RL RDTs are repeated in the top 2 panels of each table for ease of comparison with RL DTS on health centre RDTs

* Invalid tests repeated; inv invalid test not repeated (yellow highlight); * faint test line; * Faint control line; grey highlight below each panel denotes time points
during which incomplete rehydration was observed; red highlight denotes false negative DTS results. Ay Ayelawadje health centre; St. M St. Michel health centre; SoS
Star of the Sea health centre; SLP Slipway Community Clinic

12 testing. At St Michel, the health workers performed

all procedural steps

adje health centre, the two health workers made 4 and 5
procedural errors. The technician who made 4 errors col-
lected and applied incorrect blood volume, did not set a

time and read the test in less time than required by the
test (time not recorded in result sheet). The technician
who made 5 errors did not set a time (and therefore no
correct time set), read the test in less time than required
by the test (time not recorded in result sheet) and

correctly. However, at the Ayelaw-
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interpreted the result incorrectly. For the latter a positive
sample was scored as negative and a negative sample was
scored as invalid.

Storage temperature monitoring

Maximum and minimum RDT and DTS storage tem-
perature measurements for the RL and the health cen-
tres are shown in Fig. 1 (left panel). At Ayelawadje
health centre, minimum daily temperatures rose steadily
over the 6 months from an average of about 26.8 °C to
30.4 °C. Minimum temperatures at St Michel health cen-
tre were on average 27.4 °C in the first 3 months rising
to 28.8 °C in the last 3 months while average maximum
temperatures rose from 28.8 °C to 31.7 °C during the
same period. RDTs and DTS at the RL were stored in a
laboratory refrigerator with measured temperatures of
between 2.1 and 2.4 °C (within reading error range of the
thermometer).

Liberia

Reference laboratory DTS testing on reference laboratory
and health centre RDTs

In Liberia RL DTS reactivity on RL RDTs were concord-
ant with the expected results (100%) for all time points.
However, starting from week 12 up to week 24, several
tests of the RL DTS gave invalid results (no control band)
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that needed to be repeated or showed low band intensi-
ties (Table 1B, top two panels). Observations of these
invalid and low band intensity results coincided with
observations by study staft of incomplete DTS sample
rehydration as described above for Benin.

RL DTS produced expected results on all health centre
RDTs except for two time points. At week 8, a RL DTS
at 1000 p/pL produced an invalid test on one of the rep-
licates of the SoS RDTs. That test was not repeated as
required by study protocol. In addition, at week 16, a RL
DTS at 1000 p/uL produced an invalid test on one repli-
cate of SLP RDTs. This test was repeated as required by
the study protocol and returned a false negative result
(Table 1B, top two panels).

Health centre DTS on reference laboratory and health centre
RDTs

Health centre DTS from both facilities were concordant
with expected results (100%) up to week 4 when tested on
RL or health centre RDTs (Table 1B, lower two panels).
However, similar to observation of the RL DTS but in this
case, starting from week 8, study staff begun to notice
and record incomplete sample rehydration. Results of
tests performed with incompletely rehydrated DTS sam-
ples ranged from expected test results with faint bands
(for positive samples), false negative or invalid test results

RDT and DTS Storage Temperatures-Ayelawadje Health Center, Cotonou
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Fig. 1 Temperature monitoring charts

RDT and DTS Storage Temperatures-Star of the Sea Health Center,
Monrovia

¥ 3% X dagum a, KT =S VD B IFRLLFHSNT

20

10

Temperature (°C)

RDT and DTS Storage Temperatures-Slipway Community Clinic, Monrovia

TeNAGRY whCans AR Al NNy v

Temperature(°C)

Temperature (°C)

Date




Ramani et al. Malar J (2020) 19:288

(Table 1B, lower two panels). Invalid tests repeated once
as required by the study protocol produced expected
results in weeks 8 and 12 albeit with faint bands. How-
ever, from week 16 to week 24, replicates of positive DTS
samples that did not fully rehydrate and initially pro-
duced invalid results were false negative on the second
test (red shaded blocks, Table 1B, lower two panels).

Proficiency testing of health centre staff

At week 12, one technician at SLP and one of the two
technicians at SoS were challenged with a PT panel con-
sisting of four randomly labelled DTS: 1000 (1), 500 (2)
and 0 (1) parasites/pL, all of which were scored correctly.
However, at SLP, the technician made 6 errors in the
9-step checklist for at least one of the 4 tests. The tech-
nician collected and applied incorrect sample volume
to the test, dispensed incorrect number of buffer drops
(number of drops not indicated) for some tests and did
not set a timer or make note of time to read test. In addi-
tion, all test results were read at a time earlier than speci-
fied by the manufacturer. The technician from SoS made
2 errors in the 9-step checklist; collecting and applying
more blood sample volumes than required by test for
at least 3 of the tests in the panel. Despite these errors,
results appeared as expected and were correctly read by
the technician.

The same laboratory technicians from week 12 per-
formed PT at week 24. At SLD, all procedural steps were
performed correctly except for incorrect volume (more
than required by test) of blood collected and applied to
two of the four tests in the panel. However, at SoS, errors
in collection of appropriate volume into pipette and
application on test as well as incubations times not being
recorded remained a problem. In all cases, test reactivity
was as expected and result interpretations were correct.

Storage temperature monitoring

Storage temperatures for DTS and RDTs at the health
facilities showed that these supplies were not exposed
to high temperatures for prolonged periods (Fig. 1,
right panel). At the RL, only ambient temperatures were
recorded and therefore were relevant only for RDTs that
were stored on laboratory shelves. In addition, the maxi-
mum-minimum thermometer provided for the study was
not used. Instead, the laboratory relied on its own estab-
lished temperature monitoring system which required
recording ambient temperatures at 09:00, 12.00 and
16:00 h each work day. On average recorded temperature
within the laboratory measured only during the workday
was about 25.5°C and ranged from 23.4 °C to 28.2 °C.
However, it became known after the study that electri-
cal power to the laboratory, including the refrigerator,
was completely switched off at the end of each workday.
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These storage temperatures and temperature monitor-
ing deviated from the study protocol. At SoS and SLP,
recorded maximum daily temperatures were below 30 °C
up to week 20 after which temperatures rose slightly but
above 30 °C for a few days but never above 31 °C (Fig. 1,
right panel).

Discussion

During the 6-month assessment period, the utility of
DTS as a viable field deployable tool for malaria RDT QC
was assessed. The assessment was designed to determine
the stability of DTS at ambient temperatures typical of
sub-Saharan Africa where most RDTs are used in order
to inform how the DTS will be used within a programme
setting. The two conditions considered were DTS kept at
health centres and used as needed by health centre staff
or DTS stored under refrigeration in a RL and sent to
health centres at pre-determined intervals thus limiting
storage at the health centre and exposure to high ambient
temperatures.

In Benin, DTS stored at 4 °C at the RL remained stable
over the study period without effects on rehydration or
the resulting band intensity on tests similar to observa-
tions in a similar study in Ethiopia [10]. That result also
reflects previous reports and observations that DTS
when stored at 4 °C are stable for over 2 years [9] and up
to 4 years, (unpublished). However, when stored at ambi-
ent temperature in health facilities, DTS was stable for
up to the week-16 time point after which sample degra-
dation was observed manifest as incomplete rehydration
and formation of a gel-like mass.

In Liberia, DTS from both the health centres and the
RL were unstable. DTS for Liberia differed from those in
Benin in two ways. First, they were stored for an extended
period due to the delay of over 12 months associated
with implementation noted above. During this interval,
the DTS were stored at ambient temperature of approxi-
mately 25 °C. Despite this delay, testing of DTS in May
2013 immediately before study commencement showed
normal rehydration, reactivity and test band intensities
comparable to that immediately after DTS preparation
in 2011. Second, it became known after study completion
that electricity to the reference laboratory in Liberia was
in fact not continuous and that the on-site power genera-
tion units were turned off at the end of each workday and
on weekends. As this was not discovered until much later,
the study relied on the laboratory’s system of recording
ambient temperatures manually instead of the continu-
ous temperature monitoring. As a result of the power
interruptions, the DTS were likely exposed to tempera-
tures >4 °C for an unknown period during the study. This
was a deviation from the study protocol. However, the
results from Liberia are not discarded but rather included
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in the study report as they provide additional information
on DTS storage temperatures that have adverse effects on
stability. It appears that, together, prolonged storage and
exposure of DTS to elevated temperatures likely affected
DTS integrity in Liberia resulting in incomplete rehydra-
tion that in turn affected reactivity. Despite the less than
optimal storage conditions at the RL and the age of DTS,
the results of RL-stored DTS compared to the health
centre-stored DTS (Table 1B) suggest degradation was
slower at the RL where temperatures were lower overall
than ambient temperatures at the health centres (Fig. 1,
right panel).

Based on the incomplete rehydration of DTS and the
resulting low band intensities observed at weeks 20
and 24 in Benin and the observed DTS deterioration in
Liberia it appears that long-term storage of DTS should
be under refrigeration (~4 °C). It is unclear what length
of time at a given ambient temperature in sub-Saharan
Africa DTS stability is adversely affected. However, even
at the measured temperatures (maximum daily tempera-
tures of between 27°C and 32°C) DTS was stable up to
at least 4 months in Benin. In Ethiopia where tempera-
tures were likely slightly lower than in Benin and Liberia,
DTS were stable throughout the 6-month study period
[10]. These observations help to provide guidance on
how a DTS-based QC system and PT programme could
be implemented with regard to timing for sample prep-
aration and shipment as well as recommendations to
facilities on expected shelf life of the QC samples. With
stability up to about 4 months at ambient temperatures
of approximately 30°C, this method is suitable for use
in sub-Saharan Africa without the need for cold chain.
However, it is important that prolonged storage beyond
4 months at such temperatures be minimized. As a com-
parison, HIV programmes using the DTS methodology
for PT ship DTS out to health facilities requiring testing
and reporting of results within one month [11]. A similar
approach for a DTS-based malaria RDT PT is envisaged.

In Benin, the observed low band intensities at weeks
20 and 24 were likely caused by incomplete rehydration
of health centre-stored DTS which led to sub-optimal
sample lysis and antigen release. With storage tempera-
tures being the only obvious difference in the handling of
RL and health centre-stored DTS, the likely explanation
is that exposure of DTS to heat for prolonged periods
compromised sample integrity. Invalid RDT results may
also be due to degradation of RDTs. However, post-study
investigation of high invalid RDT result rates in Liberia
using freshly prepared DTS on study RDTs showed the
study RDTs were performing as expected (Additional
file 4). Humidity could also play a role in sample degra-
dation; however, humidity conditions were not measured
during the study. These results suggest that incomplete
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DTS rehydration is an indication of compromised sample
integrity and such DTS should not be used for QC or PT.

In addition to use as QC samples, DTS was useful in
checking the competency of health workers in perform-
ing critical procedural steps in RDT testing. With the
knowledge of sample reactivity, the study coordinators
were able to identify and correct errors that could lead
to misclassification of patient test results. All technicians
in the health centres reported receiving prior RDT train-
ing and RDT was the primary means of malaria diag-
nosis in these facilities. However, some errors made by
technicians appeared to be random and not consistent,
suggesting inadequate training and lack of understand-
ing of the tests. In one case, re-use of a sample collec-
tion device previously used on a positive DTS sample on
a subsequent negative DTS sample led to contamination
of the negative sample resulting in a false positive sam-
ple reactivity. Without knowledge of sample reactivity as
in this PT panel or routine periodic observation of tech-
nique during on-site supervision, this type of error would
have been difficult to detect in practice and remedy
through training. Therefore, a PT programme based on
DTS can be used to monitor and improve health worker
use of malaria RDTs and could provide an added level of
monitoring of health worker performance of RDTs. Prec-
edence for this has been reported for HIV RDT PT [11,
12]. Although the study did not aim to specifically assess
consequences of operational errors on test reactivity,
the data suggest certain deviations from manufacturer
instructions for blood and buffer volumes as well as incu-
bation time as observed in this study do not affect sam-
ple reactivity. A systematic study of procedural errors is
needed to better understand how they affect test results.

While a manufactured quality control reagent, pref-
erably one that comes with the kit will be ideal, such
materials are not yet available. In the meantime, a manu-
factured product, such as the recombinant antigen [8] or
the DTS as described here, could be viable alternatives.
The recombinant antigen has the advantage of being
manufactured and, therefore, more consistent over time.
However, it needs to match the product to be tested. The
DTS on the other hand, while not manufactured contains
native antigen and provides the flexibility of varying con-
tent to suit specific situations.

Conclusion

The DTS method as developed [9, 10] and described
here is a simple and stable source of sample for training,
quality control and proficiency testing in support of the
increasingly important role of malaria RDTs in malaria
case management. DTS can be easily developed using
either malaria-positive patient blood or in vitro culture-
derived parasites. The method provides the convenience
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of using actual parasite material, the flexibility of varying
parasite density and content to suite multiple needs in
the field and stability under refrigeration for over 2 years
or approximately 4 months at ambient temperature in
tropical sub-Saharan Africa.

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/512936-020-03364-9.

Additional file 1. Testing scheme for reference laboratory and health
centre DTS and RDTs.

Additional file 2. Checklist for observing health worker performance of
DTS proficiency tests.

Additional file 3. Proficiency testing reporting form.

Additional file 4. Liberia DTS study -DTS and RDT control Testing using
new DTS.

Abbreviations
DTS: Dried tube specimen; RL: Reference laboratory; SoS: Star of the Sea Health
Centre, Liberia; SLP: Slipway Community Clinic, Liberia; PT: Proficiency testing.

Acknowledgements

The authors thank Levi Hinneh and others at the Liberia National Malaria
Control Program for supporting this study. We also thank the Liberia National
Drug Quality Control Laboratory for accepting to house reference laboratory
functions and to provide support for the study. In addition, we will like to
thank staff at the ARM3 Project, and Medical Care Diagnostics International,
Benin, for providing human and material resources in support of the study

in Benin. We also thank the Centre for Entomological Research in Benin for
agreeing to be the reference laboratory for the study. Lastly, special thanks go
to facility managers at the health centres in both Liberia and Benin for agree-
ing to participate in the study and to staff for being available to participate in
training and proficiency testing. MA, CMR, SP, PT were US Government officials
working for the CDC. The opinions in this article are their personal views and
opinions that do not reflect the official views of the CDC, the Department of
Health and Human Services or the US Government.

Authors’ contributions

SR and THK conducted the studies in Benin and Liberia respectively. OP and
YED provided technical advice and operational support in Liberia and Benin
respectively; CMR, was involved in protocol development, project set-up and
in-country support as well as project coordination and initial data analyses in
Liberia; PT and SP were involved in protocol development, project set-up and
in-country support as well as project coordination in Benin. MA developed the
concept, prepared material analyzed results. All authors contributed to writing
the manuscript. All authors read and approved the final manuscript.

Funding
The study was conducted with funding from the Malaria Branch, CDC and
from the U.S. President’s Malaria Initiative.

Data availability
All data from this study are available on reasonable request.

Ethics approval and consent to participate

The protocol for this study was reviewed by the Center for Global Health, CDC,
Atlanta, and determined to be non-human research and therefore exempt
from full institutional review board review. The protocol was also reviewed and
approved by the Benin National Malaria Control Program and the Institutional
Review Board of the Liberia Ministry of Health. A French-translated version of
the protocol was reviewed in Benin.

Consent for publication
All individuals listed in the author list approved the manuscript for publication
and agreed to be authors.

Page 9 of 9

Competing interests
All authors have no financial or other conflicts of interests.

Author details

! ARM3 Project, Cotonou, Benin.  National Malaria Control Programme,
Monrovia, Liberia. > National Malaria Control Programme, Cotonou, Benin. * US
President’s Malaria Initiative, Division of Parasitic Diseases and Malaria, Center
for Global Health, Centers for Disease Control and Prevention, Monrovia, Libe-
ria. > US President’s Malaria Initiative, Division of Parasitic Diseases and Malaria,
Center for Global Health, Centers for Disease Control and Prevention,
Cotonou, Benin. © US President’s Malaria Initiative, Division of Parasitic Diseases
and Malaria, Center for Global Health, Centers for Disease Control and Preven-
tion, 1600 Clifton Road, Atlanta, GA 30333, USA.

Received: 25 June 2020 Accepted: 5 August 2020
Published online: 12 August 2020

References

1. WHO. Guidelines for the Treatment of Malaria. 2nd ed. Geneva: World
Health Organization; 2010.

2. WHO. World Malaria Report 2019. Geneva: World Health Organization;
2019.

3. MubiM, Janson A, Warsame M, Martensson A, Kéllander K, Petzold MG,
et al. Malaria rapid testing by community health workers is effective
and safe for targeting malaria treatment: randomised cross-over trial in
Tanzania. PLoS One. 2011;6:219753.

4. Counihan H, Harvey SA, Sekeseke-Chinyama M, Hamainza B, Banda R,
Malambo T, et al. Community health workers use malaria rapid diagnostic
tests (RDTs) safely and accurately: results of a longitudinal study in Zam-
bia. Am J Trop Med Hyg. 2012,87:57.

5. Danquah DA, Buabeng KO, Asante KP, Mahama E, Bart-Plange C, Owusu-
Dabo E. Malaria case detection using rapid diagnostic test at the commu-
nity level in Ghana: consumer perception and practitioners'experiences.
Malar J. 2016;15:34.

6. Mukanga D, Tibenderana JK, Peterson S, Pariyo GW, Kiguli J, Waiswa P,
et al. Access, acceptability and utilization of community health workers
using diagnostics for case management of fever in Ugandan children: a
cross-sectional study. Malar J. 2012;11:121.

7. Malaria rapid diagnostic test performance: summary results of WHO
product testing of malaria RDTs: round 1-7 (2008-2016). Geneva: World
Health Organization; 2017.

8. Bell D, Bwanika JB, Cunningham J, Gatton M, Gonzalez lJ, Hopkins H,
et al. Prototype positive control wells for malaria rapid diagnostic tests:
prospective evaluation of implementation among health workers in
Lao People’'s Democratic Republic and Uganda. Am J Trop Med Hyg.
2017;96:319-23.

9. Aidoo M, Patel JC, Barnwell JW. Dried Plasmodium falciparum-infected
samples as positive controls for malaria rapid diagnostic tests. Malar J.
2012;11:239.

10. Tamiru A, Boulanger L, Chang MA, Malone JL, Aidoo M. Field assessment
of dried Plasmodium falciparum samples for malaria rapid diagnostic test
quality control and proficiency testing in Ethiopia. Malar J. 2015;14:11.

11. Mwangala S, Musonda KG, Monze M, Musukwa KK, Fylkesnes K. Accuracy
in HIV rapid testing among laboratory and non-laboratory personnel in
Zambia: observations from the national HIV proficiency testing system.
PLoS ONE. 2016;11:e0146700.

12. Alemnji G, Guevara G, Parris K, Kalou M, Behel S, Parekh B, et al. Improving
the quality of and access to HIV rapid testing in the Caribbean Region:
program implementation, outcomes, and recommendations. AIDS Res
Hum Retroviruses. 2016;32:879.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1186/s12936-020-03364-9
https://doi.org/10.1186/s12936-020-03364-9

	Stability testing of dried Plasmodium falciparum positive quality control samples for malaria rapid diagnostic tests in Liberia and Benin
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	DTS preparation
	Rapid diagnostic tests
	Facilities
	Training
	Testing scheme
	DTS testing
	Proficiency testing (PT)
	Temperature monitoring


	Results
	Benin
	Reference laboratory DTS testing on reference laboratory and health centre RDTs
	Health centre DTS testing on reference laboratory and health centre RDTs
	Proficiency testing of health centre staff
	Storage temperature monitoring

	Liberia
	Reference laboratory DTS testing on reference laboratory and health centre RDTs
	Health centre DTS on reference laboratory and health centre RDTs
	Proficiency testing of health centre staff
	Storage temperature monitoring


	Discussion
	Conclusion
	Acknowledgements
	References




