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Abstract 

Background Rapid diagnostic tests (RDTs) used to diagnose Plasmodium falciparum predominantly target the anti‑
gen Histidine Rich Protein 2 (HRP2) exclusively. With the emergence of hrp2/hrp3 gene deletions, RDTs targeting 
other antigens such as the essential enzyme Lactate Dehydrogenase (LDH) are needed. The dynamics of LDH relative 
to HRP2 are currently not well described but are needed to inform the use of next‑generation (NG‑) LDH and HRP2 
RDTs that are designed to address hrp2/hrp3 gene deletions.

Methods A longitudinal cohort study conducted in a low transmission setting in Namibia was leveraged to compare 
HRP2 and LDH decay rates. Passive and active case detection were used to recruit individuals with positive HRP2‑RDT 
results. Study participants were treated and subsequently followed weekly until they received two consecutive HRP2‑
RDT negative results. Blood specimens were characterized for antigen concentration and parasite density. Antigen 
decay rates were calculated and used to estimate time to negativity (TTN) of NG‑RDTs: two HRP2 and LDH‑based RDTs 
(Rapigen Pf and a WHO prequalified Pf/Pv RDT) and an LDH‑only RDT (Rapigen Pf/Pv).

Results In 135 participants, the starting geometric mean concentrations for HRP2 and LDH were 899 ng/mL 
and 344 ng/mL respectively. Both antigens followed a biphasic decay rate, with a faster decay rate in the first phase. 
For current RDTs with an analytical sensitivity of 1 ng/mL for HRP2 and 5 ng/mL for LDH, TTN was 44 and 4 days, 
respectively. With a NG‑RDT with LDH analytical sensitivity of 0.37 ng/mL, average TTN was 9 days. Multiple levels 
of analytical sensitivity were also modeled.

Conclusions In the detection of P. falciparum malaria, LDH versus HRP2‑based RDTs had a faster TTN due to a combi‑
nation of lower accumulated antigen concentrations and faster decay rates, even for more sensitive LDH‑based RDTs. 
Detection of LDH versus HRP2 by RDT is more likely to reflect a new or very recent infection. For NG‑RDTs that tar‑
get both antigens, HRP2 is likely to contribute more to the test signal than LDH in recently treated infections unless 
the infection has hrp2/hrp3 gene deletions. Antigen decay data combined with analytical sensitivity contributes 
to understanding RDT performance and interpretation.
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Background
Key to the control of malaria is accurate diagnosis of 
infection before initiating antimalarial treatment, as rec-
ommended by the World Health Organization (WHO) 
[1]. In the Republic of Namibia (hereafter Namibia), 
national policy aligns with the WHO in recommend-
ing that suspected cases presenting at health facilities be 
confirmed by rapid diagnostic test (RDT) or microscopy 
before treatment [2]. In 2021, 99.9 percent of all malaria 
diagnostics conducted in Namibia were RDTs [3], and 
Access Bio’s CareStart™ Malaria Pf/PAN (HRP2/pLDH) 
Antigen Combo RDT was the standard RDT used at the 
time of this study (hereafter Standard RDT) [4].

Malaria RDTs detect antigens produced by malarial 
parasites, either the histidine-rich protein 2 (HRP2), 
which is expressed by Plasmodium falciparum, or 
Plasmodium lactate dehydrogenase (pLDH), which 
is expressed by all Plasmodium spp. parasites. HRP2-
based RDTs are most commonly used for the diagnosis 
of P. falciparum [5], in part due to their more consistent 
performance in analytical sensitivity when compared to 
pLDH-based RDTs [6]. HRP2-based RDTs have demon-
strated excellent diagnostic sensitivity for P. falciparum 
infection at parasite densities of greater than 200 para-
sites per microlitre [7, 8] but may not perform as well in 
low-transmission settings where parasitaemia is often 
below the limit of detection (LOD) of commercially avail-
able RDTs [9].

RDTs with improved analytical sensitivity (lower LOD) 
for malaria antigens are becoming available, includ-
ing Abbott’s  NxTek™ Eliminate Malaria Pf ultrasensitive 
rapid diagnostic test (hereafter uRDT) [10], which has a 
tenfold lower LOD [11] for HRP2 and is shown to con-
sistently perform better in detecting asymptomatically 
infected individuals compared to standard RDTs [12–14]. 
Rapigen also has improved-sensitivity RDTs on the mar-
ket [15], which have enhanced analytical sensitivity for 
HRP2 as well as pLDH in comparison to most currently 
available RDTs [16]. RDTs with an improved sensitivity 
for P. falciparum LDH are particularly relevant in con-
text of the growing prevalence of P. falciparum infections 
evading detection by HRP2-based RDTs through deletion 
of the genes expressing HRP2 and HRP3 (a highly homol-
ogous protein that may cross react with HRP2 antibod-
ies) [17, 18].

The WHO considers hrp2/hrp3 gene deletions one of 
four biological threats to malaria control and elimination 
[19]. In response to this threat, the WHO has published a 
response plan to hrp2/hrp3 deletions [20] as well as rec-
ommendations for procurement of LDH-based tests with 
higher sensitivity in settings where the prevalence of false 
negatives arising from hrp2/hrp3 deletions is greater than 
5%. A recent study in Djibouti, where > 50% of infections 

may be missed by HRP2-based RDTs, showed the Rapi-
gen tests with improved LOD for LDH to be more sen-
sitive in febrile malaria case diagnosis than HRP2-based 
tests, but still not ideal [21].

Modelling of the performance of RDTs on data from 
clinical specimens with associated HRP2 and LDH con-
centrations suggests that next generation RDTs which 
detect both HRP2 and LDH on separate lines or on a 
single line will perform better across more settings and 
importantly will do so regardless of underlying hrp2/hrp3 
deletion rates, than high sensitivity RDTs based solely on 
either HRP2 or LDH [16].

The posttreatment time to negativity (TTN) of an 
RDT is based on the decay rate of the target antigen, the 
LOD of the test, and the initial antigen concentrations in 
individuals receiving treatment. Typically, HRP2 decays 
more slowly than pLDH, meaning HRP2-based RDTs 
will remain positive longer after treatment [22]. Using 
data from studies where individuals have been treated 
and then tested with an RDT at regular intervals post-
treatment, it is possible to estimate the TTN for different 
RDTs. In many cases, this type of study has not yet been 
conducted for new RDTs outside of the context of highly 
controlled clinical trials [11, 23, 24]. However, by hav-
ing both analytical estimates of the LODs of new RDTs 
and data on antigen dynamics in treated populations, it is 
possible to estimate the TTN of these new RDTs compu-
tationally in clinical populations.

Quantifying antigen decay and TTN is particularly 
important to understand the likelihood of false-positive 
tests among recently treated febrile patients in a clini-
cal setting. Additionally, estimating the TTN of new and 
existing RDTs in recently treated populations provides 
potential insights into the appropriate use of RDTs in 
test-and-treat campaigns.

In this study, data from a longitudinal posttreatment 
study in Namibia are used to estimate the posttreatment 
dynamics of pLDH for the detection of P. falciparum 
malaria, complementing the HRP2 results first reported 
by Ntuku et al. [4]. Additionally, using laboratory-gener-
ated benchmarking data on the LOD of next-generation 
RDTs [16] with lower limits of detection for LDH and 
HRP2, and the antigen dynamic data from Namibia, this 
paper presents a novel methodology for estimating the 
TTN of new RDTs. The relative contribution of HRP2 
and pLDH to TTN in RDTs with combined HRP2 and 
LDH lines was also examined.

Methods
Study design and data collection
This analysis uses data from a longitudinal cohort study of 
164 malaria-infected participants in the Zambezi Region 
of Namibia conducted in 2018, denoted herein as the 
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primary data. In 2016, the Zambezi Region had one of the 
highest malaria burdens in Namibia, with an annual inci-
dence of 30 cases per 1000 population. The primary data 
are described and analysed extensively in a paper focus-
ing on HRP2 dynamics from Ntuku et al. [4]. In brief, the 
study participants consisted of a mix of symptomatic and 
asymptomatic individuals over 6 months of age who pre-
sented to a regional hospital, or were detected using the 
Standard RDT via mass screening and treatment (MSAT) 
campaigns, and were diagnosed with uncomplicated P. 
falciparum malaria. Individuals were excluded from the 
study if they displayed signs of severe malaria, had febrile 
conditions due to a disease other than malaria, or were 
otherwise ineligible to receive the standard-of-care malaria 
treatment artemether-lumefantrine. Enrolled individuals 
were treated and followed up for a maximum of 132 days. 
Day 0 in the study represents the date of recruitment for 
the study participant and the first day of sampling. For 
study participants this may have occurred just before treat-
ment or within 7 days of treatment. Approximately once a 
week, concentrations of HRP2 and pLDH were measured, 
and the Standard RDT and the NxTek ultrasensitive RDT 
(uRDT) were conducted until an individual tested negative 
on either RDT for two consecutive weeks.

Blood sampling
Approximately 0.25  mL of capillary blood was col-
lected from each malaria-infected participant into 
an ethylenediaminetetraacetic acid collection tube. 
Directly after collection, blood samples were examined 
using the Standard RDT and uRDT (Table 1). In addi-
tion, blood samples were aliquoted in cryogenic vials 
and stored at − 80 °C for quantification of malaria anti-
gens. Parasite density was also established via P. falci-
parum -specific quantitative PCR using the var gene 
acidic terminal sequence (varATS) method [25] on 
DNA extracted from 100 μL of whole blood.

Sample evaluation
Aliquots of these blood samples (n = 1582) were shipped 
to the PATH laboratory (Seattle, WA) for further 

evaluation and stored frozen at − 80  °C until use. Meas-
urement of malaria antigen concentration in 1579 blood 
samples with sufficient sample volume was performed 
using the Quansys Biosciences  QPlex™ Human Malaria 
(4-Plex; Quansys Bioscience, Logan, UT) which enables 
the user to simultaneously quantify HRP2, all-malaria 
lactate dehydrogenase (Pan-LDH), Plasmodium falcipa-
rum lactate dehydrogenase (PfLDH), Plasmodium vivax 
lactate dehydrogenase (PvLDH), and C-reactive protein. 
Initially, the standard testing procedure—which tests 
samples at neat and 1:50 dilutions—was used [26]. Sam-
ples with high concentrations of analytes were quantified 
through further dilutions, if necessary.

RDTs considered in this analysis
A summary of the RDTs included in the analysis in this 
article is provided in Table  1. The full proprietary test 
name is used to introduce each RDT on its first use in 
the paper, whereas the shorthand name is used in all 
instances thereafter.

Benchmarking data (secondary data)
To investigate the potential TTN of next-generation RDTs, 
in which this type of longitudinal study has not yet been 
conducted, a second dataset of laboratory-based RDT 
benchmarking test data was used. Two RDTs were exam-
ined in the benchmarking: the Rapigen BIOCREDIT 
Malaria Ag Pf/Pv (pLDH/pLDH) test, containing test 
lines to detect PfLDH and PvLDH, and the Rapigen BIO-
CREDIT Malaria Ag Pf (pLDH/HRP II) test, with distinct 
PfLDH and HRP2 detection lines, herein referred to as 
the Rapigen tests (Table  1). Panels used for testing were 
prepared by dilution of recombinant proteins, cultured 
malaria parasites, international standards, or clinical sam-
ples into malaria-negative donor blood, which were then 
aliquoted and frozen. All panel members were tested using 
the Q-Plex array to quantify malaria antigen concentra-
tions [16]. Tests were run according to instructions for use 
with venous whole blood. Each panel member was tested 
with three to five replicate RDTs for all panel proteins used 
until a clear pattern of negativity was reached with lower 
concentrations of two or more adjacent dilutions testing 

Table 1 Table displaying official brand name and shortened names used throughout this paper for each RDT examined, as well as an 
indicator of whether the RDT results were obtained directly from primary study data or through benchmarking as described previously

Full test name Name used throughout paper Source of test data

Abbott  NxTek™ Eliminate Malaria Pf ultrasensitive rapid diagnostic test uRDT Primary study data

Access Bio CareStart™ Malaria Pf/PAN (HRP2/pLDH) Antigen Combo RDT Standard RDT Primary study data

(Omitted–due to data sharing requirements) WHOPQ‑RDT Benchmarking data

Rapigen BIOCREDIT Malaria Ag Pf (pLDH/HRPII) Rapigen Pf (HRP2/PfLDH) Benchmarking data

Rapigen BIOCREDIT Malaria Ag Pf/Pv (pLDH/pLDH) Rapigen Pf/Pv (PfLDH/PvLDH) Benchmarking data
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negative for 100 percent of replicates. Concentrations near 
the LOD were chosen for specific panel members and run 
with a total of 40 replicate tests that were above, at, and 
below the concentration identified as near the LOD—
except for panel members containing human recombinant 
lactate dehydrogenase (LDH), clinical pool dilutions, clini-
cal individual samples, or culture-derived panel members 
with limited quantities. Test-line intensity was assigned 
based on a comparison to an intensity scale card provided 
by the manufacturer. Any visible test line was considered 
positive. All test results were interpreted according to man-
ufacturer instructions.

Logistic regression models were then fitted with RDT 
positivity as the dependent variable and (log10-trans-
formed) antigen concentration as the independent vari-
able. From these model fits, the antigen concentration at 
which there is a 90 percent probability of positivity was 
determined, and this was deemed the threshold detectable 
concentration. For RDTs that only used a single antigen 
for a given Plasmodium species, a regression model was 
used. For RDTs that had two analytes for P. falciparum (i.e., 
HRP2/PfLDH tests), two separate logistic regression mod-
els were run, and the outputs were combined on a surface 
to give an estimated probability that either (or both) test 
lines would be positive based on both HRP2 and PfLDH 
antigen concentrations. Statistical analyses were conducted 
using R version 4.2.1 software [27]. Further model details 
are presented in Golden et al. [16].

Antigen decay models
Linear mixed-effect models were fitted to the Namibia 
data to estimate both the monophasic and biphasic decay 
rates of pLDH posttreatment using criteria that minimized 
both Akaike information criterion (AIC) and Bayesian 
information criterion (BIC). The monophasic decay model 
assumed a constant rate of decay over time, whereas the 
biphasic model allowed for two separate rates of decay 
before and after a designated switch point, with the initial 
decay presenting as short and rapid, followed by a longer 
period of slower decay.

The functional forms of the monophasic and biphasic 
exponential decay models are as follows:

Monophasic decay:

Biphasic decay:

log10
(

antigen concentration
)

= k1t + C0

log10
(

antigen concentration
)

=

{

k1tift < tswitch
k1t + k2(t − tswitch)ift ≥ tswitch

}

+ C0

where t = time posttreatment (days),  k1 and  k2 are the dis-
tinct decay parameters before and after  tswitch (the switch 
point), and  C0 is the initial log10-transformed antigen 
concentration [24]. Individual-level random effects were 
included in the models to account for differing levels of 
initial antigen concentration for each participant in the 
study. The switch point was determined by iterating the 
biphasic models over a range of possible times and select-
ing the one that minimized the AIC and BIC.

Time to negativity models for next‑generation RDTs
Kaplan–Meier (KM) survival curves were used to esti-
mate the TTN of next-generation RDTs in three different 
ways. Firstly, an attempt was made to determine the TTN 
of next-generation RDTs with different hypothetical LOD 
thresholds of 50, 100, and 1000 (and 5000 and 10,000 for 
pLDH only) pg/mL. For each individual, the longitudinal 
antigen concentration data from the Namibia dataset was 
used to calculate the timepoint at which that participant 
became RDT negative based on their antigen levels and 
the LOD thresholds described above. These data were then 
converted into a KM survival curve to estimate TTN for 
different RDT LODs.

Secondly, the TTN of the new Rapigen RDTs were esti-
mated and compared to the TTN for the uRDT and the 
Standard RDT used in the Namibia study. For the Stand-
ard RDT and uRDT, KM curves were simply derived from 
the data directly. For the Rapigen RDTs, LOD estimates 
generated in the RDT benchmarking were used [16], and 
similar to the hypothetical LOD approach, the proportion 
of the participants from the Namibia data that had antigen 
concentration levels below these LODs was calculated. In 
the case of the Rapigen Pf (HRP2/PfLDH) RDT with both 
HRP2 and PfLDH lines, an individual was considered nega-
tive only when both HRP2 and PfLDH concentrations fell 
below their respective LODs. These data were then con-
verted into KM survival curves and compared to the RDTs 
used in the study.

Finally, this analysis sought to determine the relative con-
tribution of HRP2 and PfLDH in the TTN for a widely used 
WHO prequalified RDT (WHOPQ-RDT, HRP2/PfLDH) 
and the Rapigen Pf (HRP2/PfLDH) RDT. To do this, for 
each RDT, the proportion of participants in the Namibia 
study that had antigen concentrations below the LOD for 
each antigen separately and then below the LOD for both 
antigens was calculated. These data were then used to 
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generate KM curves for the two RDTs based on each anti-
gen alone and both antigens in concert.

Results
Study population
The study population consisted of 164 Standard RDT–
confirmed P. falciparum-positive patients from the 
Zambezi Region in the northeast of Namibia. Of these 
individuals, 29 were excluded from the TTN and antigen 
decay models described above: 15 were excluded from 
this analysis due to posttreatment resurgence in pLDH 
that may have indicated possible reinfection or treatment 
failure, and 14 were excluded because they had no poly-
merase chain reaction data collected to confirm parasite 
presence. Additionally, 2 individuals were excluded from 
the original study population of 164 because they left the 
study while still positive for malaria by Standard RDT. 
The full flowchart of participant exclusions is shown in 
Supplementary Fig. 1.

Of the 135 individuals included in the analysis, 
the mean age was 20.7  years (standard deviation of 
14.5  years), with ages ranging from less than 1  year to 
80  years. A total of 11 individuals (8.1 percent) were 
under the age of 5  years, 62 individuals (45.9 percent) 
were female, and 19 individuals (14.1 percent) were 
recruited to the study via MSAT campaign.

Profiles of the parasite density, HRP2 and pLDH con-
centration for all study participants are provided in Sup-
plementary Fig. 2 along with the age and gender listed for 
each participant. In 10 of the 15 cases where the pLDH 
concentration rose again after the initial drop posttreat-
ment, a persistence or increase in parasite density was 
observed by quantitative PCR in the samples.

For the 62 individuals for which sample was collected 
prior to treatment the geometric mean antigen concen-
trations for HRP2 and pLDH were 899  ng/mL (95% CI 
544–1254) and 344 ng/mL (95% CI 342–347).

Antigen decay model results
Monophasic and biphasic exponential decay models were 
fitted to the HRP2 and pLDH antigen data for all participants 
in the final analysis subset. A biphasic exponential decay 
model provided the best estimate of antigen dynamics over 
time for both HRP2 and pLDH, outperforming monophasic 
models as evidenced by lower AIC and BIC values that are 
displayed in Supplementary Table 1. The final fits for both 
antigens are shown in Fig. 1.

The decay parameters were k1 = − 0.105 (95% CI 
–0.116– − 0.095) and k2 = 0.053 (95% CI 0.042–0.065) 
with an intercept of 5.733 (95% CI 5.439–6.027), and the 
switch point (tswitch) was day 13 for the HRP2 model. For 

the pLDH model, the final parameters were k1 = − 0.399 
(95% CI − 0.416– − 0.382) and 0.382 (95% CI 0.365–
0.400) with an intercept of 5.242 (95% CI 5.105–5.379) 
and a tswitch of 8  days. These model fits show there is a 
substantially more rapid decay in pLDH than in HRP2, 
as shown previously [24]. Model predictions showed 
that HRP2 decayed to half its initial concentration after 
3.9 days, whereas pLDH only took 1.8 days to reach half 
its initial concentration. Furthermore, the model indi-
cates that the median time to reach levels of < 80 pg/mL 
was 64  days (interquartile range (IQR): 46.5–81). This 
is compared to a median value of 14  days (IQR: 8–30) 
for pLDH to reach < 80  pg/mL in this study population. 
These data are shown in the histograms of the time post-
treatment required to reach 80 pg/mL in Supplementary 
Fig. 3. The median times to reach undetectable levels for 
current RDTs, assuming estimated LODs of < 1000  pg/
mL for HRP2 and < 5000 pg/mL for pLDH, were 43 days 
(IQR: 25.5–60) and 4 days (IQR: 3–5), respectively.

RDT time to negativity
The first TTN analysis shows the KM survival curves 
assuming different hypothetical LODs of 50, 100, or 
1000  pg/mL of both antigens, as well as 5000 and 
10,000 pg/mL for pLDH (Fig. 2). For HRP2, with a LOD 
of 1000 pg/mL, the estimated median TTN was 49 days 
(95% CI 42–56). If improved-sensitivity RDTs with LODs 
of 100  pg/mL were available, it is estimated that the 
median TTN would increase to 70 days (95% CI 63–77). 
For pLDH, at high LODs, the median TTN is 7 days (95% 
CI 5–7). A new RDT with a LOD for LDH of 1000 pg/mL 
(similar to the estimated LOD of the new Rapigen RDTs) 
would increase the median TTN to 9 days (95% CI 8–10). 
Further pLDH LOD improvements to 100 or 50  pg/mL 
are estimated to increase the median TTN to 18 (95% CI 
15–21) and 22 days (95% CI 20–28), respectively.

Figure  3 shows the observed KM survival curves for 
the uRDT and the Standard RDT used in the Namibia 
study, as adapted from results first reported in Ntuku 
et al. [4]. The median TTN for the uRDT was estimated 
at 68  days posttreatment (95% CI 63–70) compared to 
42  days for the Standard RDT (95% CI 36–49). These 
are compared against KM survival curves for a differ-
ent, but widely used WHO prequalified RDT, referred to 
here as WHOPQ-RDT—and the Rapigen RDTs. To gen-
erate the comparison, the LODs as quantified elsewhere 
and listed in Supplementary Table  2 are used to calcu-
late the proportion of individuals in the Namibia dataset 
with antigen concentrations below these LODs, and thus 
presumably RDT negative, each day posttreatment. The 
resulting estimated median TTNs were 49 days (95% CI 
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42–56) for the WHOPQ-RDT, 56  days (95% CI 49–63) 
for the Rapigen Pf (HRP2/PfLDH) RDT, and 10 days (95% 
CI 10–13) for the pLDH-based Rapigen Pf/Pv (PfLDH/
PvLDH) RDT (Fig. 3).

Finally, the TTN was estimated based on only the HRP2 
test line or only the pLDH test line of the WHOPQ-RDT 
and Rapigen Malaria Ag RDTs. The results show that the 
HRP2 components are predicted to remain positive for 
49 (95% CI 42–56) and 57 (95% CI 51–66) days, respec-
tively, whereas the pLDH components are predicted to 
remain positive for 7 (95% CI 5–7) and 9 (95% CI 8–10) 
days, respectively (Fig. 4).

Discussion
The TTN for RDTs informs an understanding of how 
RDTs ensure appropriate clinical case management, 
especially for individuals presenting with symptoms a 
short time after being treated for a prior infection. The 
TTN is also important in understanding the results 
from RDT-positivity rates in cross-sectional surveys and 
interventions, such as MSAT. This analysis presents a 
novel quantitative framework for assessing the TTN of 
new RDTs using previously collected longitudinal data. 
Underpinning this framework is: (i) an accurate meas-
ure of the analytical sensitivity of a given RDT for the 
antigen(s) it is measuring in terms of antigen concentra-
tion as determined by standardized methods [16], and (ii) 

Fig. 1 HRP2 and pLDH antigen dynamics posttreatment. HRP2 data reported first in Ntuku et al. [4]. Red points indicate the data from each 
individual over time, the pink lines show the fitted biphasic decay for each participant, and the solid black lines show the overall fit to all the data. 
Dashed black lines indicate the uRDT LOD value of 80 pg/mL. Panels A and C present the decay on a log10 scale, and panels B and D show 
the untransformed data. The y‑axis for panels B and D is restricted to amplify the biphasic inflection
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characterization of longitudinal specimens characterized 
for antigen concentration.

Firstly, biphasic decay models were fitted to capture the 
dynamics of HRP2 and pLDH antigens over time. This 
confirmed previous findings that pLDH has a shorter 
half-life than HRP2 [22, 28, 29]. The median TTN was 

then estimated for different hypothetical LODs for both 
HRP2 and pLDH. This showed that HRP2-based RDTs 
have a longer TTN than LDH-based RDTs, and new 
RDTs with lower LODs, such as the uRDT from this 
study, can significantly increase this duration. However, 
for pLDH-based RDTs, current models have a very short 
median TTN, estimated at 7  days, and new tests with 
LODs of around 1000  pg/mL are estimated to increase 
the TTN to 9 days. Applying LODs quantified in a pre-
vious benchmarking study for two new Rapigen Malaria 
Ag RDTs [16] estimated that the test with both HRP2 
and pLDH lines would have a median TTN of 56  days, 
whereas the Rapigen Pf/Pv (PfLDH/PvLDH) RDT would 
have a median TTN of 10 days for P. falciparum.

This analysis also provided a means to validate this 
approach for estimating TTN. Figure  3 compares the 
Standard RDT conducted on posttreatment patients in 
Namibia against estimates derived by combining the 
Namibia antigen data with laboratory-generated LOD 
estimates for a different prequalified test the WHOPQ-
RDT. The TTN estimates are shown here to be compara-
ble by the two approaches (42 versus 49 days). Similarly, 
the TTN of the uRDT used in the Namibia study can be 
compared to the TTN estimates generated for the Rapi-
gen Pf (HRP2/PfLDH) RDT. These values are 68 and 
56  days, respectively, and consistent with known HRP2 
LODs of 80 pg/mL for the uRDT compared to ~ 525 pg/
mL for the Rapigen Pf test [30].

Conducting longitudinal studies for all new RDTs being 
developed is time consuming and expensive. Quantifying 
the TTN is not a requirement for WHO prequalification 
of a new RDT, so manufacturers typically do not conduct 
them, leaving the work to researchers [31] and national 
malaria programmes [32]. Therefore, leveraging longitu-
dinal cohort data with this method can inform how the 
LOD of a new test corresponds to its TTN.

With the emergence of hrp2/hrp3 deletions [33], there 
has been a renewed interest in RDTs that target the 
pLDH antigen. Until recently, there was an almost exclu-
sive preference for HRP2-based RDTs for P. falciparum 
due to their better performance in terms of sensitivity in 
populations where there is no hrp2/hrp3 deletion, as well 
as often consistently improved shelf-life stability pro-
files. However, in regions where these deletions are pre-
sent, national malaria control programmes have started 
to shift procurement to pLDH-based RDTs [17, 34], and 
with this comes a need for higher-sensitivity pLDH-
based RDTs to provide similar diagnostic performance to 
the HRP2-based RDTs. Two products with significantly 
improved analytical sensitivity for pLDH are the Rapi-
gen Pf (HRP2/PfLDH) and the Rapigen Pf/Pv (PfLDH/
PvLDH) [16]. The Rapigen Pf/Pv (PfLDH/PvLDH) has 
been shown to perform better in populations with hrp2/

Fig. 2 Combined survival curve for different hypothetical limits 
of detection (pg/mL) for each antigen. pLDH measurement lines are 
in shades of red, and HRP2 measurement lines are in shades of blue. 
Dashed lines represent the median TTN for each test line, and 95% 
Confidence intervals are represented by matching‑coloured ribbons

Fig. 3 Survival curves for NxTek, CareStart, WHOPQ‑RDT, and Rapigen 
Malaria Ag RDTs among participants who cleared infection. Dotted 
lines represent the median TTN for each RDT. The solid blue NxTek 
and CareStart lines were calculated using primary data from this study 
reported first in Ntuku et al. [4]. The dashed red, orange, and yellow 
lines were estimated using RDT benchmarking data published 
in Golden et al. [16]. 95% confidence intervals are represented 
by matching‑coloured ribbons
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hrp3 deletions compared to RDTs that have HRP2 and 
pLDH (with lower sensitivity) [21]. The Rapigen Pf/Pv 
(PfLDH/PvLDH) is already being used programmatically 
or considered for such, in Ethiopia, Eritrea and Djibouti 
to minimize false negative RDTs arising from hrp2/hrp3 
deletions.

The study also analyzed the performance of tests which 
detect both HRP2 and PfLDH. While currently there 
are only RDTs with separate lines for both antigens, 
RDTs with both HRP2 and LDH detection on the same 
line are anticipated in the near future. These combined 
line tests have the operational benefit over separate line 
tests in that they look like and are interpreted by the 
end user in exactly the same way as the currently widely 
used HRP2 line only RDTs for diagnosing P. falciparum 
infection regardless of an underlying hrp2/hrp3 deletion. 
The results presented here show that for tests with dual 
lines for HRP2 and PfLDH, the overall TTN of the test is 
strongly driven by the HRP2 line. This is driven by both 
the higher starting concentration of HRP2 and the slower 
decay rate of the HRP2 antigen post-treatment compared 
to those of PfLDH. In P. falciparum RDTs where the 
PfLDH line and the HRP2 lines are separate, it is likely 
that the PfLDH line will be more indicative of an active 
or very recent infection (within the past ten days) ver-
sus the HRP2 line which persists for much longer. In an 
RDT with combined HRP2/PfLDH lines, positivity will 
most likely reflect that of the persistent HRP2 antigen. 

In a study in Burundi, the PfLDH line in the Rapigen Pf 
(HRP2/PfLDH) did also contribute to the overall incre-
mental sensitivity of the test compared to an HRP2-only 
test, as did the HRP2 line on the Rapigen test which was 
also more sensitive (but less specific) than the HRP2 line 
for the comparator [15]. The Burundi samples were active 
infections where higher relative concentrations of PfLDH 
are expected [19].

It should be noted that the TTN values presented here 
are median values containing a wide spread, and that 
TTN for any given individual for both HRP2 and LDH 
will depend on multiple factors including initial antigen 
concentrations at the time of treatment, parasite clear-
ance rates, and host immunity factors among others. 
While tests with combined HRP2/LDH lines align most 
with widely used HRP2-based RDTs from a test result 
interpretation perspective, it is interesting to consider 
tests with separate lines as an opportunity to exploit the 
mismatch in half-lives for the two antigens to distinguish 
active (those with a relatively strong LDH line) versus 
clearing (those where a signal is only observed on the 
HRP2 line) infections. However, with the higher abun-
dance of HRP2 in active infections and lower LODs for 
HRP2, a positive HRP2 line/negative LDH line can also 
be observed in active infections, such that the ability to 
differentiate between active and clearing infections may 
only be true in a longitudinal series of RDT test results. 
Clinical studies are required to investigate this further.

Fig. 4 Survival curves for WHOPQ‑RDT and Rapigen Malaria Ag Pf RDT among participants who cleared infection. The WHOPQ‑RDT is shown 
in panel A, while the Rapigen Malaria Ag Pf RDT is shown in panel B. Blue lines indicate the combined HRP2/PfLDH trend, while yellow and red lines 
represent the HRP2 and PfLDH‑only lines, respectively. Dashed lines represent the median TTN for each RDT/test line, and 95% Confidence intervals 
are represented by matching‑coloured ribbons
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This analysis assumes the antigen decay dynamics of 
the Namibian study participants are representative of 
symptomatic malaria patients more broadly, but there are 
several reasons why this might not be the case. Namibia 
is a country with very low malaria transmission, meaning 
that malaria-infected individuals are likely to have lower 
pre-existing immunity, and therefore may mount differ-
ent immune responses upon infection compared to an 
individual that resides in a high-transmission area. How-
ever, the overall relative decay rates for HRP2 and LDH 
presented here are similar to those found previously in 
a setting with significantly higher transmission rates in 
Mali [24]. This study also assumes that the LODs for new 
RDTs generated in the benchmarking process are reflec-
tive of LODs that would be observed in a field setting. 
This hypothesis can only be tested by generating LODs 
for RDT using both methods; however, the similarity in 
the TTN of two standard RDTs tested by two different 
methods (Fig. 3) provides reassurance that this quantita-
tive approach is providing valid estimates.

Several studies have shown persistence of positivity 
in HRP2-based RDTs more than 28  days posttreatment 
[24, 29, 35–37]. However, a 2018 literature review con-
ducted by Dalrymple et al. [22] showed that 50 percent of 
patients present a negative test by day 19 (95% CI 10–31) 
when an artemisinin-based combination therapy is given 
on day 0, making the TTNs for HRP2-based tests in this 
study more durable than have generally been observed. 
The TTNs for pLDH-based tests calculated in this study 
are generally greater than those seen in the literature 
which are often closer to 2 days than the 7 observed here 
[22, 29].

Overall, this work provides the first estimates of the 
TTN of two new malaria RDTs and a methodology for 
estimating the TTN for future malaria RDTs. By explor-
ing the relationship between antigen dynamics, RDT 
LODs, and the TTN, this study has provided evidence 
to inform the target product profile of new malaria 
RDTs, highlighting that even considerably more sensi-
tive pLDH-based RDTs are unlikely to have the same 
long TTNs of current HRP2-based RDTs based on the 
decay rates of the two antigens. As evidence is gener-
ated indicating the spread of hrp2/hrp3-deleted parasites 
across malaria-endemic regions, understanding the per-
formance characteristics of pLDH-based RDTs, includ-
ing those that combine HRP2 and pLDH on the same 
test either through a common line or on separate lines, 
will become more important in order to support national 
malaria control program decision-making around RDT 
use.
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