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Abstract 29 

Rapid diagnostic tests (RDTs) have transformed malaria diagnosis. The most prevalent P. 30 

falciparum RDTs detect histidine-rich protein 2 (PfHRP2). However, pfhrp2 gene deletions 31 

yielding false-negative RDTs, first reported in South America in 2010, have been confirmed in 32 

Africa and Asia. We developed a mathematical model to explore the potential for RDT-led 33 

diagnosis to drive selection of pfhrp2-deleted parasites. Low malaria prevalence and high 34 

frequencies of people seeking treatment resulted in the greatest selection pressure. 35 

Calibrating our model against confirmed pfhrp2-deletions in the Democratic Republic of 36 

Congo, we estimate a starting frequency of 6% pfhrp2-deletion prior to RDT introduction. 37 

Furthermore, the patterns observed necessitate a degree of selection driven by the 38 

introduction of PfHRP2-based RDT-guided treatment. Combining this with parasite prevalence 39 

and treatment coverage estimates, we map the model-predicted spread of pfhrp2-deletion, 40 

and identify the geographic regions in which surveillance for pfhrp2-deletion should be 41 

prioritised.  42 

  43 
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Introduction 44 

Efforts to control malaria globally have made substantial progress in the last 15 years.1 This 45 

progress reflects the impact made by reinvigorated political commitment that has yielded a 46 

twenty-fold increase in international funding for the control and elimination of malaria.1 The 47 

World Health Organisation (WHO) Global Technical Strategy for Malaria 2016–2030 sets 48 

ambitious goals to further reduce incidence and mortality rates by 90% by 2030.2 Central to 49 

achieving these goals is the need to test, treat and track all malaria.3  50 

In sub-Saharan Africa (SSA), diagnostic testing of suspected malaria cases has risen from 51 

36% to 60% between 2005 and 2014.1 Microscopy was historically the most common method 52 

for diagnosis; however rapid diagnostic tests (RDTs) accounted for 71% of all diagnostic 53 

testing of suspected cases in 2014.1 The most widely used RDTs target histidine-rich protein 54 

2 (HRP2), which is expressed by the Plasmodium falciparum (Pf) specific gene pfhrp2, with 55 

over 85% of RDTs tested in the WHO Foundation for Innovative New Diagnostics (FIND) 56 

Malaria RDT Evaluation Programme targeting PfHRP2.4 57 

False-negative RDT results due to a partial or complete deletion of the pfhrp2 gene have been 58 

reported in areas of South America since 2010, resulting in the recommendation against the 59 

use of PfHRP2-based RDTs in these areas.5–7 These pfhrp2-deleted mutants may still possess 60 

a functioning pfhrp3 gene; however, the cross reactivity between PfHRP2-based RDT 61 

antibodies and PfHRP3 epitopes is such that a positive result may only occur at very high 62 

parasitaemia.8 Confirmed pfhrp2-deleted mutants are rarer in Africa, with the first cases 63 

reported in Mali in 2012.9 However, recently confirmed occurrences in Ghana,10 Zambia,11 the 64 

Democratic Republic of Congo (DRC),12 Rwanda13 and Eritrea14 (Table 1) have prompted the 65 

WHO to host Technical Consultations on pfhrp2/3-deletions and to issue interim guidance for 66 

malaria control programs.15–17 This raises the concern that pfhrp2-deleted mutants may be 67 

selected for by RDT-guided treatment decisions – which if confirmed would be one of the first 68 

example of selection of a pathogen through diagnostic testing.  69 

Here we use mathematical modelling to characterise the impact of introducing PfHRP2-based 70 

RDTs on the emergence and spread of pfhrp2-deleted parasites. We adapt a previously 71 

published transmission model,18 incorporating the transmission of pfhrp2-deleted mutants and 72 

the contribution of PfHRP3 cross-reactivity to identify settings in which the selective pressure 73 

favouring pfhrp2-deleted strains is greatest. In addition, we conduct sensitivity analyses to 74 

characterise the influence of assumptions within our model concerning adherence to RDT-75 

guided treatment decisions, the use of microscopy-based diagnostic testing, fitness costs 76 

associated with the mutant parasite and the impact of non-malarial fevers upon the selective 77 

advantage of pfhrp2 gene deletions. We continue by using a nationally representative cross-78 
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sectional study of pfrhp2-deletion in the DRC12 to estimate the prevalence of pfhrp2-deleted 79 

mutants prior to RDT introduction. This, in turn, allows us to map predicted geographical 80 

regions across SSA where pfhrp2-deletion surveillance should be focused. These mapped 81 

predictions are explored across a range of estimates of the prevalence of pfhrp2-deleted 82 

mutants prior to RDT introduction.  83 

Results 84 

Using our newly adapted model incorporating the transmission of pfhrp2-deleted mutants, we 85 

first explored the potential for RDT-guided treatment decisions to exert an evolutionary 86 

pressure on the prevalence of the mutant. Figure 1 shows the predicted proportion of strains 87 

that are pfhrp2-deleted within the population after 10 years. 88 

Within all settings that explored different transmission intensities and starting frequencies of 89 

pfhrp2-deletion, RDT introduction is predicted to increase the proportion of pfhrp2-deleted 90 

mutants. The strength of selection is predicted to be greatest at low PfPR (Figure 1a); 91 

however, a selective pressure is still predicted at both high PfPR and at low starting pfhrp2-92 

deletion frequencies (Figure 1b). The variance in the selection pressure exerted by RDTs is 93 

also predicted to be greatest at low PfPR (Figure 1c). A more gradual but analogous trend is 94 

predicted in the proportion of the population that were only infected with pfhrp2-deleted 95 

mutants (Figure 1d). The prevalence of malaria within Figure 1a was also observed to increase 96 

after RDT introduction (Figure 1 – figure supplement 1), with the greatest increase in lower 97 

transmission settings resulting from untreated infections due to false-negative RDT results.  98 

Within the sensitivity analyses, a selective pressure is observed to exist at comparative fitness 99 

costs of greater than 90% (see Figure 1 – figure supplement 2), however below this the pfhrp2-100 

deletion allele is quickly lost. Both the introduction of additional diagnosis with microscopy-101 

based methods and non-adherence to RDT results decreased the selective pressure, slowing 102 

the rate of pfhrp2-deletion emergence (see Figure 1 – figure supplement 3). The introduction 103 

of non-malarial fevers, however, increased the rate of pfhrp2-deletion emergence (see Figure 104 

1 – figure supplement 4), even at 25% below the mean estimated rate of non-malarial fever. 105 

When these opposing factors were combined, RDT introduction is still predicted to increase 106 

the proportion of pfhrp2-deleted mutants (Figure 1 – supplement 5). 107 

The proportion of clinical cases seeking treatment (assumed here to be treated on the basis 108 

of an RDT result) is also predicted to exert a strong selection pressure for pfhrp2-deletion 109 

(Figure 2). A consistent relationship was seen across comparable PfPR ranges, with the 110 

lowest treatment seeking rates (fT = 0.2) yielding the slowest increase in the proportion of 111 

infections due to only pfhrp2-deleted mutants. Again, the lower PfPR categories show the 112 

greatest selection pressures for pfhrp2-deletion, with treatment seeking rates >30% and PfPR 113 
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<25% leading to 20% of infections due to only pfhrp2-deleted mutants in fewer than 5 years 114 

(Figure 2a).  115 

The selection pressure favouring pfhrp2-deletions is predicted to be weaker when PfHRP3 116 

epitopes are assumed to cause positive RDT results (Figure 2b). In settings where PfHRP3 117 

epitopes are assumed to cause a positive RDT result in 25% of cases (0.25 = ߝ), there are 4 118 

fewer prevalence categories that reach 20% of infections due to only pfhrp2-deleted mutants 119 

in fewer than 5 years. A similar effect is observed in the mean final frequency of pfhrp2-120 

deletion, with 64% frequency recorded after 20 years when no PfHRP3 epitope effect is 121 

assumed in comparison to 56% when ε is equal to 0.25 (Figure 2 - figure supplement 1).  122 

To estimate the starting frequency of pfhrp2-deleted mutants, we used estimates of the 123 

proportion of pfhrp2-deleted mutants from a national study in DRC12 to calibrate the model. 124 

The calibration incorporated both the PfPR levels and estimates of the treatment rates in the 125 

26 Divisions Provinciales de la Santé (DPS) that would drive selection of the mutant. We 126 

estimate a starting frequency of pfhrp2-deleted P. falciparum of 6% in the DRC prior to any 127 

introduction of RDTs. The observed relationship between the proportion of infections due to 128 

pfhrp2-deleted mutants and PCR PfPR among children 6-59 months of age (Figure 3a) 129 

displays a similar trend to the simulations, however with a notably steeper increase at lower 130 

prevalence. Of note, the same relationship was not predicted in the absence of selection 131 

pressure due to RDT-based treatments (i.e. purely on the basis of the variation in monoclonal 132 

infections) (Figure 3b).  133 

Finally, using the baseline frequency estimate of 6% prior to RDT introduction, we explored 134 

1000 different prevalence and treatment seeking rates spanning the range of estimates of the 135 

PfPR19 and treatment levels across sub-Saharan Africa (SSA) in 201020 (Figure 4 – figure 136 

supplement 2). The model output was aligned with these estimates by first administrative units 137 

(Figure 4 – supplement 1), which enabled us to project the potential increase of the mutant 138 

strain and its impact on RDT-guided treatment (Video 1). Our results suggest that 160 of 850 139 

first-administrative regions may have over 20% of all infections due to only pfhrp2-deleted 140 

mutants by 2016 (Figure 4c). These areas, which we term of “high HRP2 concern”, are largely 141 

located in areas where PfPR2-10 in 2010 was less than 25% (Figure 4a). A number of other 142 

regions, classified as “moderate HRP2 concern” have high treatment rates, and hence 143 

potential selective pressure, despite having comparatively higher transmission (Figure 4b). 144 

Our results also illustrate that regions with low transmission may have low HRP2 concern if 145 

the frequency of people seeking treatment is very low.   146 
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Discussion 147 

Our results demonstrate that the key drivers of pfhrp2-deletion selection are low malaria 148 

transmission and a high frequency of people seeking treatment and being correctly treated on 149 

the basis of diagnosis with a PfHRP2-based RDT. Based on Africa-wide estimates of parasite 150 

prevalence and treatment-seeking behaviour at the time of RDT-introduction, we identified 151 

160 first-administrative units which we classify as “high HRP2 concern”. These are areas 152 

where the pfhrp2-deleted strain is expected to increase in frequency over a relatively short 153 

timescale, and hence where further surveillance efforts should be concentrated. 154 

Our results are based on calibration to a large representative survey of malaria across DRC. 155 

Due to its size and location in the centre of SSA, the DRC is arguably one of the most 156 

representative countries for endemic malaria in Africa. That the model was able to predict the 157 

observed relationship in the DRC, despite variability at a province level, provides support for 158 

the hypothesis that the variability in pfhrp2-deletion frequency with transmission is driven by 159 

selection. However, in contrast to other reported surveys, the samples in this survey were 160 

primarily drawn from asymptomatic infections, and hence may not be representative of other 161 

reports of pfhrp2-deletion in symptomatic cases with higher parasite density. However, it is 162 

interesting to note that our results show broad agreement with published data sets from 163 

Zambia11 and Ghana10 (Table 1).  In particular, our predictions confirm that the HRP2 concern 164 

would be greater in Ghana than in Southern Zambia. However, one study in Senegal found a 165 

lower prevalence of pfhrp2-deletion than we predict.21  166 

A key uncertainty in predicting the potential spread of pfhrp2-deletion due to RDT-induced 167 

selective pressure is the extent of use of, and adherence to, RDT results and the availability 168 

of appropriate treatment. On the one hand, if adherence to RDT results is poor (for example, 169 

with patients who show continued clinical symptoms of malaria in the absence of a positive 170 

test) or additional microscopy-based detection is used (Figure 1 – figure supplement 3), if 171 

appropriate treatment is not available (for example, due to stock-outs), or if treatment is not 172 

fully curative (for example, due to patient non-adherence, drug resistance or fake drugs) then 173 

the spread of these deletions will be slower than predicted. On the other hand, in areas in 174 

which active case detection occurs, or in which treatment is sought for non-malaria fevers 175 

(Figure 1 – figure supplement 4), RDT-based treatment may also selectively clear non-deleted 176 

asymptomatic infections and hence increase the rate of spread of the deletion. However, when 177 

these factors, along with potential fitness costs associated with pfhrp2-deletion, were 178 

investigated together we still observed an increase in pfhrp2-deletion (Figure 1 – figure 179 

supplement 5), which showed a similar rate of increase to that predicted by our model. Further 180 

data on RDT usage and adherence, as well as on non-malarial fevers and the precise fitness 181 

cost of pfhrp2-deletion, however, could help to refine mapping of areas of HRP2 concern.   182 
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A second uncertainty relates to the underlying prevalence of the mutation prior to RDT 183 

introduction. There is considerable variability in the estimates that have been measured both 184 

before and after RDT introduction, and it is entirely plausible that the presence of mutations 185 

could vary geographically at a range of spatial scales. However, estimating this variation is 186 

difficult given the lack of a sampling framework in reports mainly based on clinical cases and 187 

given the relatively small sample sizes. Thus our results should be interpreted not as 188 

predictions of the absolute levels of the gene deletion, but rather indicative of geographical 189 

areas in which surveillance should be focused. Similarly, these results should not be 190 

interpreted as predictions of the precise negative impact on malaria prevalence as a result of 191 

increased gene deletions (Figure 1 – figure supplement 1), but illustrative of the potential 192 

impact of false-negative test results upon malaria prevalence and the importance of alternative 193 

diagnostic methods (Figure 1 – figure supplement 3). At the same time, further data collated 194 

in the coming months and years can be incorporated to iteratively update and refine our 195 

projections.  196 

As with any modelling exercise, there are a number of important limitations. Firstly, we did not 197 

capture seasonality or any fitness cost associated with pfhrp2-deletion. At a given 198 

transmission level, highly seasonal locations are likely to have a lower frequency of pfhrp2-199 

deletion in comparison to regions with perennial transmission. Seasonality could however 200 

cause substantial bottlenecks which may result in repetitive founder effects that could affect 201 

selection, resulting in either a decreased chance of pfhrp2-fixation or an accelerated fixation 202 

if it occurred.22 In simulations incorporating a fitness cost the selection pressure was found to 203 

be considerably weaker (Figure 1 – figure supplement 2). The exact fitness cost, despite being 204 

unknown, is likely subtle as our modelled fitness penalty would cause the strain to be 205 

eliminated at less than 90% comparative fitness. In addition, current theories concerning the 206 

role of PfHRP2 indicate a more minor role in heme detoxification than previously thought. 207 

Strains lacking PfHRP2 have been shown to be viable,23 with heme detoxification more 208 

dependent on the recently characterised haem detoxification protein (HDP).24 Furthermore, in 209 

South America the first cases of pfhrp2-deleted P. falciparum were confirmed prior to the 210 

introduction of RDTs.25 This suggests that these mutants may possess sufficiently high fitness 211 

such that the frequency of pfhrp2-deletion is maintained in the absence of a selective 212 

advantage exerted through the use of HRP2-based RDTs. 213 

Secondly, our results depend on assumptions made regarding the contribution of PfHRP3 214 

epitope cross-reactivity and the potential for false-positive RDT results. We found that 215 

increased cross-reactivity with PfHRP3 epitopes decreases selection for pfhrp2-deletion and 216 

was investigated due to confirmed observations of PfHRP2-based RDTs detecting PfHRP3 217 

epitopes at high parasitaemia.26 In simulations with no epitope effect, the model predicts the 218 
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pattern in DRC well (Figure 3 – figure supplement 1) and predicts a higher overall estimate of 219 

HRP2 concern (Figure 4 – figure supplement 1), although the same regional patterns are 220 

identified (Figure 4 – figure supplement 2). Furthermore, false-positive RDT results would 221 

decrease the strength of the selection pressure, with pfhrp2-monoclonal infections being 222 

treated. However, false-positivity rates observed within round 6 of WHO RDT product testing 223 

were found to be low, with the median false-positive rate on both clean negative samples and 224 

samples containing other infectious agents equal to 0%, and the overall false-positive rate on 225 

samples containing immunological factors equal to 0.9%.27 226 

Thirdly, in the absence of systematic country introduction data, we assumed introduction of 227 

RDTs in all countries from 2010 in accordance with the WHO recommendation of testing in 228 

2010.3 The precise date from region to region is undoubtedly more complex, however 2010 is 229 

a sensible estimate given the reported years at which RDTs were available at the community 230 

level in SSA by the WHO (Figure 4 – figure supplement 5).28  However, the ratio of testing via 231 

microscopy versus RDT is likely to have decreased over this period, and hence our estimate 232 

of RDT use (which our model assumes is 100% from introduction) is likely too high. The 233 

sensitivity of the output to this parameter is demonstrated in the data from the DRC, in which 234 

higher levels of pfhrp2-deletion are observed in Kivu, an area in which RDT introduction likely 235 

occurred earlier than elsewhere in the country29. Fourthly, extrapolating the starting frequency 236 

of pfhrp2-deletion strains from the DRC across the rest of SSA is a clear oversimplification; 237 

however, in the absence of similar datasets, we feel it provides a reasonable first estimate. To 238 

assess the implications of this estimate, we also considered how the pattern of geographical 239 

areas that we have recommended for priority surveillance changes under different assumed 240 

starting frequencies of pfhrp2-deletion (Figure 4 – figure supplement 4). Despite the expected 241 

changes in the final frequency of pfhrp2-deletion in these settings, the overall pattern of areas 242 

with the highest selection-driven increase in pfhrp2-deletion remains the same. A final 243 

limitation is that we assumed that treatment rates and transmission of malaria remain constant 244 

from 2010. This is clearly not the case, with 30 countries in SSA reporting a decline in 245 

prevalence from 2010 to 2015.19 These combined effects, however, would presumably cause 246 

an increase in monoclonal infections and subsequent false-negative RDTs due to pfhrp2-247 

deleted parasites. 248 

In summary, our modelling predicts that an increased emergence of pfhrp2-deleted mutants 249 

may be explained by the introduction of testing by PfHRP2-based RDTs. If this is indeed the 250 

case, this would be, to our knowledge, one of the first examples of the emergence of resistance 251 

of a pathogen to a diagnostic test. The use of these RDTs will result in the greatest selection 252 

pressure in regions that have low malaria transmission and a high frequency of RDT-based 253 

treatment of clinical cases. Rapid and accurate diagnosis of P. falciparum infection, however, 254 
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is essential for continued reduction in malaria transmission. In light of this, it may be sensible 255 

for public health bodies who are responding to reports of pfhrp2 gene deletions to focus 256 

surveillance in the regions we have identified as having a high HRP2 concern. This work 257 

should proceed alongside further improvement of non-HRP2-based RDTs, such as those that 258 

detect lactate dehydrogenase, and the development of new alternative diagnostics. 259 

Materials and methods 260 

P. falciparum transmission model 261 

An individual-level stochastic model was developed to simulate the transmission dynamics of 262 

Plasmodium falciparum. The model is based upon previous modelling efforts18,30,31, and is 263 

described in full here before describing the extensions made with regards to PfHRP2 264 

dynamics, and defining the parameters used and their sources. The model is implemented as 265 

stochastic individual-based model with a fixed daily time step, incorporating the necessary 266 

delay terms where mentioned, which is described in greater detail later. In overview, the 267 

transmission model considers people to exist in one of six infection states (Figure 5): 268 

susceptible (S), clinical disease (D), clinically diseased and receiving treatment (T), 269 

asymptomatic infection (A), protective state of prophylaxis (P), and subpatent infection (U). 270 

Individuals begin life susceptible to infection (state S). At birth, individuals possess a level of 271 

maternal immunity that decays exponentially over the first 6 months. Each day individual i is 272 

probabilistically exposed to infectious bites governed by their individual force of infection (߉௜). 273 ߉௜ is dependent on their pre-erythrocytic immunity, biting rate (dependent on both their age 274 

and their individual relative biting rate due to heterogeneous biting patterns in mosquitoes) 275 

and the mosquito population’s size and infectivity. Infected individuals, after a latent period of 276 

12 days (݀ா), develop either clinical disease (state D) or asymptomatic infection (state A). This 277 

outcome is determined by their probability of acquiring clinical disease (߶), which is dependent 278 

on their clinical immunity. Individuals that develop disease have a fixed probability (fT) of 279 

seeking treatment (state T), and a variable probability (ߝ௜) that the clinical case yields a positive 280 

diagnostic result and subsequently receives treatment. ߝ௜ is dependent on the assumed role 281 

of PfHRP3 epitopes, and the strain profile of infected individual i with respect to pfhrp2-deleted 282 

mutants. Treated individuals are assumed to always recover, i.e. fully-curative treatment, and 283 

then enter a protective state of prophylaxis (state P) at rate rT, before returning to susceptible 284 

at rate rS. Individuals that did not receive treatment recover to a state of asymptomatic infection 285 

at rate rD. Asymptomatic individuals progress to a subpatent infection (stage U) at rate rA, 286 

before clearing infection and returning to susceptible at rate rU. Additionally, superinfection is 287 

possible for all individuals in states D, A and U. Superinfected individuals who receive 288 
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treatment will move to state T. Individuals who are superinfected but do not receive treatment 289 

in response to the superinfection will either develop clinical disease, thus moving to state D, 290 

or develop an asymptomatic infection and move to state A (except for individuals who were 291 

previously in state D, who will remain in state D). 292 

The introduction of a fixed time step translates the waiting times at which individuals move 293 

from one infection state to another into a daily probability that this event occurs, with the 294 

probability drawn from the related exponential distribution. Thus the probability of a transition 295 

from state A to state B with hazard rate λ is given by: 296 

→ ܣ)ܾ݋ݎܲ 1 :(ܤ −  297 (ఒି)݌ݔ݁

The set of state transitions for individuals and their associated hazard rates are given below.  298 

 299 

Process Transition Hazard 

Infection S → I ߉௜(ݐ − ݀ா) 

Progression of untreated disease to 

asymptomatic infection 
D → A ݎ஽ = 1݀஽ 

Progression of asymptomatic infection 

to subpatent infection 
A → U ݎ஺ = 1݀஺ 

Progression of subpatent infection to 

susceptible 
U → S ݎ௎ = 1݀௎ 

Progression of treated disease to 

uninfected prophylactic period 
T → P ்ݎ = 1்݀

 

Progression from uninfected 

prophylactic period to susceptible 
P → S ݎ௉ = 1݀௉ 

Super-infection from untreated clinical 

disease, asymptomatic infection or 

subpatent infection 

D → I 

A → I 

U → I 

ݐ)௜߉ − ݀ா) 

 300 

Here state I denotes an infection state which is not tracked but which leads to either clinical 301 

disease (D), treated clinical disease (T) or asymptomatic infection (A). In the original model 302 
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the probability of entering these states is determined by drawing a sequence of Bernoulli trials 303 

for each infected individual as: 304 

 305 (௜߶)݈݈݅ݑ݋݊ݎ݁ܤ :(݁ݏܽ݁ݏ݅ܦ ݈݈ܽܿ݅݊݅ܥ)ܾ݋ݎܲ

்݂)݈݈݅ݑ݋݊ݎ݁ܤ :(݁ݏܽ݁ݏ݅ܦ ݈݈ܽܿ݅݊݅ܥ | ݁ݏܽ݁ݏ݅ܦ ݈݈ܽܿ݅݊݅ܥ ݀݁ݐܽ݁ݎܶ)ܾ݋ݎܲ ) 306 

For our model here, in which treatment is guided by RDT-based diagnostics, we introduce… 307 ݈݈ܲ݅ݑ݋݊ݎ݁ܤ :(݁ݏܽ݁ݏ݅ܦ ݈݈ܽܿ݅݊݅ܥ | ݁ݏܽ݁ݏ݅ܦ ݈݈ܽܿ݅݊݅ܥ ݀݁ݐܽ݁ݎܶ)ܾ݋ݎ(்݂  ௜) 308ߝ

We assume that each person has a unique biting rate, which is the product of their relative 309 

age dependent biting rate, ߰௜, given by  310 

߰௜(ܽ) = ∑ ߰௜(ܽ)௡௜ୀଵ݊ ൬1 − expି௔௔బߩ ൰ 311 

and an assumed heterogeneity in biting patterns of mosquitoes, ζi, which we assume persists 312 

throughout their lifetime and is drawn from a log-normal distribution with a mean of 1,  313 

(௜ߞ)݃݋݈ ~ ܰ ቆ−ߪଶ2 ,  ଶቇ 314ߪ

where 1 −  is the relative biting rate at birth when compared to adults and ܽ଴ represents the 315 ߩ

time-scale at which the biting rate increases with age. The product of these biting rates is 316 

subsequently used to calculate an individual’s entomological inoculation rate, ℎ௜, and 317 

subsequently their force of infection, which are given by 318 ℎ௜ = ௜߰௜ 319 Λ௜ߞெܫ௞ߙ  =  ℎ௜ܾ௜ 320 

where ߙ௞  is the daily rate at which a mosquito takes a blood meal, ܫெ is the size of the infected 321 

mosquito population, and ௜ܾ is the probability of infection given an infectious mosquito bite.  322 

The human population was assumed to have a maximum possible age of 100 years, with an 323 

average age of 21 years within the population yielding an approximately exponential age 324 

distribution typical of sub-Saharan countries. When an individual dies, they are replaced with 325 

a new-born individual whose individual biting rate due to heterogeneity in biting patterns is 326 

drawn again from a log-normal distribution with a mean of 1. 327 

Immunity and detection functions 328 

We consider three stages at which immunity may impact transmission: 329 
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1. Pre-erythrocytic immunity, ܫ஻; reduction in the probability of infection given an 330 

infectious mosquito bite. 331 

2. Acquired and Maternal Clinical Immunity, ܫ஼஺ and ܫ஼ெ respectively; reduction in the 332 

probability of clinical disease given an infection due to the effects of blood stage 333 

immunity. 334 

3. Detection immunity, ܫ஽; reduction in the probability of detection and a reduction in the 335 

onward infectivity towards mosquitoes due to the effects of blood stage immunity. 336 

Maternal clinical immunity is assumed to be at birth a proportion, ெܲ, of the acquired immunity 337 

of a 20 year-old and to decay at rate ଵௗಾ . 338 

The probabilities of infection, detection and clinical disease are subsequently created by 339 

transforming each immunity function by Hill functions. An individual’s probability of infection, 340 ܾ௜, is given by 341 

௜ܾ = ܾ଴ ൮ܾଵ + 1 − ܾଵ1 + ቀ  ஻଴ቁ఑ಳ൲  342ܫ஻ܫ

where ܾ଴ is the maximum probability due to no immunity, ܾ଴ܾଵ is the minimum probability and 343 ܫ஻଴ and ߢ஻ are scale and shape parameters respectively. 344 

An individual’s probability of clinical disease, ߶௜, is given by 345 

߶௜ = ߶଴ ൮߶ଵ + 1 − ߶ଵ1 + ቀܫ஼஺ + ஼଴ܫ஼ெܫ ቁ఑಴൲  346 

where ߶଴ is the maximum probability due to no immunity, ߶ଵ߶଴ is the minimum probability and 347 ܫ஼଴ and ߢ஼  are scale and shape parameters respectively. 348 

An individual’s probability of being detected by microscopy when asymptomatic, ݍ௜, is given 349 

by 350 

௜ݍ = ݀ଵ + ൮ 1 − ݀ଵ1 + ቀ ஽଴ቁ఑ವܫ஽ܫ ஽݂൲  351 

where ݀ଵ is the minimum probability due to maximum immunity, and ܫ஽଴ and ߢ஽ are scale and 352 

shape parameters respectively. ஽݂  is dependent only on an individual’s age is given by 353 

 354 
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 ݀ ஽݂݀ܽ = 1 − 1 − ஽݂଴1 + ቀ ܽܽ஽ቁఊವ 355 

where ஽݂଴ represents the time-scale at which immunity changes with age, and ܽ஽  and ߛ஽ are 356 

scale and shape parameters respectively. Lastly, ߙ஺ and ߙ௎ are parameters that determine 357 

the probability that an individual in states A and U are detectable by PCR, which are given by 358 ݍఈಲ and ݍఈೆ respectively.  359 

The contribution made by each infected individual towards the overall infectiousness of the 360 

human population towards mosquitoes is proportional to both their infectious state and their 361 

probability of detection, with a lower probability of detection assumed to correlate with a lower 362 

parasite density. Individuals who are in state D (clinically diseased), state U (sub-patent 363 

infection) and state T (receiving treatment) contribute ܿ஽, ܿ௎  and ்ܿ. In state A, infectious 364 

contribution, ஺ܿ, is given by ܿ௎ + (ܿ஽ −  is the probability of being detected by 365 ݍ ఊ಺ whereݍ(௎ܥ

microscopy when asymptomatic, and ߛூ is a parameter that controls how quickly 366 

infectiousness falls within the asymptomatic state. 367 

Stochastic Model Equations 368 

Given the definitions above, the full stochastic individual-based human component of the 369 

model can be formally described by its Kolmogorov forward equations. As before, let ݅ index 370 

individuals in the population. Then the state of individual ݅ at time ݐ is given 371 

by ሼ݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ,ܵ) ሽ, where ܽ is age, ݆ represents infection statusݐ ,ܦ ,ܣ ܷ, ܶ or ܲ), 372 ݇ is the level of infection-blocking immunity and ݐ௞ is the time at which infection blocking 373 

immunity was last boosted. Similarly, ݈ and ݐ௟ denote the level and time of last boosting of 374 

clinical immunity, respectively, while ݉ and ݐ௠ do likewise for parasite detection immunity, 375 

and ܿ݉ represents maternal immunity. Let ߜ௣,௤ denote the Kronecker delta (ߜ௣,௤ = 1 if ݌ =  376 ݍ

and 0 otherwise) and (ݔ)ߜ denote the Dirac delta function. Defining 377 ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ,as the probability density function for individual ݅ being in state 378 ሼ݆ (ݐ ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  the time evolution of the system is governed by the 379 ,ݐ ሽ at timeݐ

following forward equation: 380 

߲ ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ݐ߲(ݐ + ߲ ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ߲ܽ(ݐ = [1] 

௉ݎ௝,ௌሾߜ ௜ܲ(ܲ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, (ݐ + ௎ݎ ௜ܲ(ܷ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ሿ(ݐ [2] 

஽ݎ௝,஺ሾߜ+ ௜ܲ(ܦ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ሿ(ݐ [3] 
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஺ݎ௝,௎ሾߜ+ ௜ܲ(ܣ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ሿ(ݐ [4] 

ݎ௝,௉ሾ்ߜ+ ௜ܲ(ܶ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ሿ(ݐ [5] 

+(1 − ܾ௜)ℎ௜(ݐ − ݀ா)ൣߜ௝,ௌ + ௝,஽ߜ + ௝,஺ߜ + ௝,௎൧ࣩ௕ߜ ⋄ ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  [6] (ݐ

+ܾ௜ℎ௜(ݐ − ݀ா)ൣߜ௝,஺(1 − ߶௜) + ௝,஽߶௜(1ߜ − ௜்݂ߝ ) + ௜்݂ߝ௝,்߶௜ߜ ൧ 
 ࣩ௕ ⋄ ࣩ௖ ⋄ ࣩ௕ ⋄ ෍ ௜ܲ(݆ᇱ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ௝ᇲ∈ሼௌ,஺,௎ሽ(ݐ  

[7] 

+ܾ௜ℎ௜(ݐ − ݀ா)ൣ+ߜ௝,஽߶௜(1 − ௜்݂ߝ ) + ௜்݂ߝ௝,்߶௜ߜ ൧ ࣩ௕ ⋄ ࣩ௖ ⋄ ࣩௗ ⋄ ௜ܲ(ܦ, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  [8] (ݐ

+ ൤ݎ஻݇ ߲߲݇ + ஼஺݈ݎ ߲߲݈ + ூ஽݉ݎ ߲߲݉ + ஼ெܿ݉ݎ ߲߲ܿ݉൨ ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  [9] (ݐ

௞ݐ൫ߜ(ܽ)ߜ ߤ+ + ௕ܶ௜௚൯ߜ൫ݐ௟ + ௕ܶ௜௚൯ߜ൫ݐ௠ + ௕ܶ௜௚൯ߜ௝,ௌߜ௞,଴ߜ௟,଴ߜ௠,଴ ෍ ௜ܲ(݆′, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ௝ᇲ(ݐ  [10] 

− ቂߤ + ௝,௉ߜ௉ݎ + ௝,௎ߜ௎ݎ + ௝,஽ߜ஽ݎ + ௝,஺ߜ஺ݎ + ݎ் +௝,௉ߜ ℎ௜(ݐ − ݀ா)ൣߜ௝,ௌ + ௝,஽ߜ + ௝,஺ߜ + ௝,௎൧ቃߜ ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  (ݐ
[11] 

 381 

Here ࣩ௕,  ࣩ௖ and  ࣩௗ are commutative integral operators with the following action on an 382 

arbitrary density ݂(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  383 : (ݐ

 ࣩ௕ ⋄ ݂ = ݐ)ߜ  − ௞) නݐ ݂(݆, ݇ − 1, ݐ − ஻ݑ − ߬, ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ, ஶ߬݀(ݐ
଴ + ߠ  ൬ݐ − ஻ݑ௞ݐ ൰ ݂(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  384 (ݐ

 ࣩ௖ ⋄ ݂ = ݐ)ߜ  − ௟) නݐ ݂(݆, ݇, ,௞ݐ ݈ − 1, ݐ − ஼ݑ − ߬, ݉, ,௠ݐ ܿ݉, ܽ, ஶ߬݀(ݐ
଴ + ߠ  ൬ݐ − ஼ݑ௟ݐ ൰ ݂(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  385 (ݐ

 ࣩௗ ⋄ ݂ = ݐ)ߜ  − ௠) නݐ ݂(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉ − 1, ݐ − ஽ݑ − ߬, ܿ݉, ܽ, ஶ߬݀(ݐ
଴ + ߠ  ൬ݐ − ஽ݑ௠ݐ ൰ ݂(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  386 .(ݐ

Finally, (ݔ)ߠ is an indicator function such that (ݔ)ߠ = 1 if ݔ < 1 and 0 otherwise. These 387 

functions allow the fixed periods of time in which immunities are not boosted after a previous 388 

boost to be included within the stochastic equations, while also allowing superinfection events 389 

to be incorporated.  390 

For simulation, a discrete time approximation of this stochastic model was used, with a time-391 

step of 1 day. For each individual ݇, ݈ and ݉ are set to zero at birth, while ݐ௞, ݐ௟ and ݐ௠ are set 392 
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to a large negative value − ௕ܶ௜௚ (to represent never having been exposed or infected). Each 393 

immunity term increases by 1 for an individual whenever that individual receives an infectious 394 

bite (݇), or is infected (݈ and ݉), if the previous boost to ݇, ݈ and ݉ occurred more than ݑ஻, ݑ஼ 395 

and ݑ஽ days earlier, respectively. Immunity levels decay exponentially at rate ݎ஻, ݎ஼஺ and ݎூ஽, 396 

where ݎ஻, ݎ஼஺ and ݎூ஽ are equal to ଵௗಳ , ଵௗ಴ಲ and ଵௗ಺ವ respectively. 397 

The stochastic model equations detailed above can be explained as follows. The first line is 398 

the total time derivative of ௜ܲ(݆, ݇, ,௞ݐ ݈, ,௟ݐ ݉, ,௠ݐ ܿ݉, ܽ,  The next four lines describe the flows 399 .(ݐ

into states S, A, U and P due to progression through infection states.  400 

The sixth line describes exposure to malaria that boosts pre-erythrocytic immunity but does 401 

not lead to an infection. The first term within the commutative integral operator  ࣩ௕ here 402 

considers the density of individuals who are in immunity class k-1 and whose last boost to 403 

their pre-erythrocytic immunity was more than ݑ஻ days earlier, and thus will be flowing into the 404 

considered density, k, from a lower pre-erythrocytic immunity. The second term in the integral 405 

will equate to 1 when considering individuals who are in immunity class k and whose last boost 406 

to their pre-erythrocytic immunity was less than ݑ஻ days earlier and thus do not see their 407 

immunity boosted and hence remain in class k. This is needed to represent the current density 408 

of individuals in the considered density. There is no term for individuals in immunity class k 409 

whose last boost to their pre-erythrocytic immunity occurred more than ݑ஻ days earlier as they 410 

would move out of the considered density (into class k+1) and hence the indicator function 411 

will equate to 0 for these individuals. 412 

The seventh line describes exposure events occurring to individuals in states S, A and U which 413 

do result in patent (blood-stage) infection, resulting in transition into states A, D or T. The force 414 

of infection acting on the density in state D is not included here but rather in the eighth line 415 

since these individuals may only move to states T or D and not A. In both the seventh and 416 

eighth lines, the commutative operators here function as described earlier. This tracks the 417 

density of individuals in immunity states one lower whose last boost to any of the three 418 

immunity types occurred a sufficient number of days earlier to flow into the considered density, 419 

while also considering the individuals already at the same immunity as the considered density 420 

to remain in their current combined infection/immunity state (when the indicator function 421 

equates to 1) or to move to a new infection/immunity state (when the indicator function equates 422 

to 0).     423 

The ninth line (effectively a first order wave equation) represents deterministic exponential 424 

decay of the four different types of immunity. The tenth line represents the birth process. We 425 

assume a constant population size, so upon death, individuals flow into the state with no 426 
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immunity and last immunity boosting times are set to − ௕ܶ௜௚, chosen to be sufficiently early to 427 

allow immediate boosting upon exposure to infection (i.e. zero immunity other than maternal 428 

at birth). The last line shows the removal of individuals from the population through death, 429 

balancing the inflow from the previous line.  430 

Mosquito population dynamics  431 

The adult stage of mosquito development was modelled in a compartmental formulation. 432 

Susceptible adult mosquitoes (SM) become infected at a rate which is proportional to the 433 

infectiousness of the human population lagged by ݀௚ days, which represents the delay from 434 

emergence of asexual blood-stage parasites to sexual gametocytes that contribute towards 435 

onward infectivity. The force of infection towards mosquitoes on a given day, ߉ெ, is 436 

represented by the sum of the contributions from each infected human, delayed by ݀௚, towards 437 

the overall infectiousness of the human population, which is given by 438 

 439 

Λெ = ௞ܰߙ ቌ෍ ௜߰௜ܿ஽ஊವߞ
௜ୀଵ + ෍ ௜߰௜்ܿஊ೅ߞ

௜ୀଵ + ෍ ௜߰௜ߞ ஺ܿஊಲ
௜ୀଵ + ෍ ௜߰௜ܿ௎ஊೆߞ

௜ୀଵ ቍ ൫ݐ − ݀௚൯ 440 

 441 

Infected mosquitoes then pass through a latent stage (EM) of duration ݀ாெ, before becoming 442 

infectious to humans (IM). Infectious mosquitoes remain infectious until they die. The 443 

differential equations governing the adult stage of mosquitoes are given by 444 ݀ܵெ݀ݐ = ௩ܯெߤ − ெܵெߤ − Λெܵெ 445 ݀ܧெ݀ݐ = Λெܵெ − ெܧெߤ − Λெ(ݐ − ݀ாெ)ܵெ(ݐ − ݀ாெ)݁ି݌ݔఓಾௗಶಾ 446 ݀ܫெ݀ݐ = Λெ(ݐ − ݀ாெ)ܵெ(ݐ − ݀ாெ)݁ି݌ݔఓಾௗಶಾ −  ெ 447ܫெߤ

where ߤெ is the daily death rate of adult mosquitoes, and Mv is the total mosquito population, 448 

i.e. SM + EM + IM. 449 

PfHRP2 dynamics  450 

Individuals that are newly infected receive either a pfhrp2-deleted mutant or a wild type, 451 

determined probabilistically by the ratio of pfhrp2-deleted mutants in the contribution to 452 

onwards infectiousness governed by the human infectious population delayed by ݀ாெ. An 453 

individual with clinical disease (state D), who possesses an equal number of wild type and 454 

pfhrp2-deleted mutants will for example contribute ଵଶ ܿ஽ to both the wild type and the mutant 455 
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profile of the onwards infectiousness to mosquitos. In simulations incorporating a fitness cost 456 

associated with pfhrp2-deletion the contribution terms (ܿ஽, ்ܿ, ஺ܿ and ܿ௎) required to calculate 457 

the contribution to the human infectious reservoir made by the deletion strains are 458 

comparatively decreased relevant to the wild type strains in order to represent an assumed 459 

decrease in parasitaemia and onward transmission. This effect would also capture if the 460 

pfhrp2-deleted strain is comparatively less fit within the mosquito. This would be of importance 461 

when considering blood meals taken by mosquitoes feeding on polyclonally infected 462 

individuals, in which we would expect the fitter wild-type parasite to be probabilistically more 463 

likely to be onwardly transmitted.     464 

If a newly infected individual is only infected with pfhrp2-deleted mutants the probability that 465 

they enter the treated class is ்݂ߝ , where ߝ is equal to the cross reactivity contribution of 466 

PfHRP3 epitopes.  If, however, they contain any wild type strains, ߝ is assumed to always 467 

equal 1. Additionally, if a subpatent individual is superinfected resulting in clinical disease, 468 ߝ 

is assumed to equal the cross reactivity contribution of PfHRP3 epitopes if the acquired strain 469 

from superinfection is pfhrp2-deleted. Analogously, ߝ is assumed to always equal 1 if the 470 

acquired strain was wild type. This is to reflect the inability of RDTs to detect any of the strains 471 

that were previously present within the subpatent individual. 472 

Individuals that clear infection lose all strains, and infected individuals clear a random strain 473 

at rate ݊ݎ஼, where ݊ is the total number of strains and ݎ஼ is the rate at which one strain is 474 

cleared in a monoinfected individual, i.e. ଵௗಲ ା ௗೆ. This introduces a carrying capacity on the 475 

number of strains an individual can be infected with, which scales with the transmission 476 

intensity. The multiplicity of infection and strain profile of an infected individual have no effect 477 

on the disease outcome except when the use of RDTs is introduced. 478 

Model code availability and parameter values  479 

The model code was developed using the R language (RRID:SCR_001905),32 and is 480 

available with shape files and plotting scripts through an open source MIT license at 481 

https://github.com/OJWatson/hrp2malaRia.33 The model is also written out in full as a 482 

pseudocode model using mathematical syntax (Supplementary File 1). Parameter estimates 483 

used within the model were taken from Griffin et al. 2014,30 201531 and 2016,18 however 484 

have been included in Table 2 for clarity. 485 

Characterising the epidemiological and clinical drivers of selection for pfhrp2-deletion 486 

The rate of pfhrp2-deleted mutant emergence after the introduction of RDTs was examined 487 

across a range of malaria transmission intensities (10%, 25% and 60% parasite prevalence 488 
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across all ages [PfPR]) and starting proportions of pfhrp2-deleted mutants (2%, 8% and 12% 489 

mutants). For all simulations conducted, the proportion of clinically diseased cases seeking 490 

treatment was equal to 40% (்݂ = 0.4). In all simulations ten stochastic realisations of 100,000 491 

individuals were simulated for 60 years to reach equilibrium first, before exploring different 492 

parameter settings. RDTs were then introduced and the proportion of strains that are pfhrp2-493 

deleted recorded over the following 10 years. The effect of transmission intensities (0% - 90% 494 

PfPR) was explored further by recording both the proportion of strains that are pfhrp2-deleted 495 

and the proportion of individuals only infected with pfhrp2-deleted mutants at 5 years after 496 

RDT introduction. In these simulations PfHRP3 epitopes were assumed to never yield a 497 

positive RDT result (0.0 = ߝ).  498 

The rate of emergence was further examined under different assumptions about the proportion 499 

of people seeking treatment (fT = 0.2 - 0.6), recording the time taken for the proportion of 500 

individuals only infected with pfhrp2-deleted mutants to reach 20%. For each simulation we 501 

assumed 8% of strains carried pfhrp2-deleted mutants prior to RDT introduction. We also 502 

considered the role that PfHRP3 antigens may have in the performance of PfHRP2-based 503 

RDTs, assuming that 25% of individuals only infected with pfhrp2-deleted mutants receive 504 

treatment due to the presence of PfHRP3 epitopes (ε = 0.25), based on an estimate of 505 

PfHRP2-based RDT cross-reactivity.8 506 

A series of analyses were additionally conducted to characterise the impact of a number of 507 

assumptions within the model. These sensitivity analyses were conducted at 20% PCR PfPR 508 

across all ages, with the proportion of clinically diseased cases seeking treatment equal to 509 

40% (்݂ = 0.4), and an assumed starting frequency of pfhrp2-deletion equal to 10%. As 510 

before, in all simulations ten stochastic realisations of 100,000 individuals were simulated for 511 

60 years to reach equilibrium first, before exploring different parameter settings.  512 

We initially assessed the impact upon the strength of selection of a range of assumed 513 

comparative fitness costs associated with pfhrp2-deletion (5% - 100%). Secondly, we explored 514 

the impact on selection of introducing additional microscopy-based diagnosis, occurring in 515 

30% of cases in alignment with the 71% use of RDTs in 20141, with and without an assumed 516 

non-adherence to RDT results in 10% of cases in alignment with estimated improving levels 517 

of adherence to RDT results.34 Lastly, we investigated the impact of non-malarial fevers 518 

(NMF), introducing an estimate for the annual NMF rate. This estimate was sourced by first 519 

finding household Demographic Health Surveys in SSA that surveyed whether individuals had 520 

been previously sick with a fever in the last 2 or 4 weeks and if and where they sought 521 

treatment for that fever. The resultant six surveys (Burundi 2012,35 Liberia (200936 and 201137), 522 

Mali (2010) and Nigeria (201038 and 201539)) were then subset by those that had sufficiently 523 
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representative fever data across all ages, which yielded five surveys with Mali failing to be 524 

sufficiently representative at higher age ranges. The survey from Burundi was chosen for 525 

further analysis as both surveys from Liberia and Nigeria reported substantial treatment sought 526 

from drug peddlers and drug hawkers respectively, complicating inference on the clinical 527 

outcome of any treatment sought for the fever. From this survey an age-bracketed annual rate 528 

of fever that led to treatment being sought was calculated, with smaller age brackets used at 529 

younger ages to capture the rapid change in fever rates at younger ages. This annual estimate 530 

was then scaled by 57% to represent the likely NMF rate, as estimated from a large scale 531 

estimate across Africa.40 We subsequently incorporated this rate to explore the impact of NMF 532 

upon selection. Within these simulations, we assume that individuals currently treated or in 533 

prophylaxis will not receive further antimalarial treatment when presenting with a NMF. 534 

Susceptible and subpatent individuals who seek treatment due to a NMF will only receive 535 

treatment due to non-adherence to test results. Lastly, asymptomatic and diseased individuals 536 

who seek treatment due to a NMF will always receive treatment, unless they are monoinfected 537 

with pfhrp2-deleted parasites in which case they will only be treated due to potential PfHRP3 538 

epitope contributions, non-adherence to RDT results or if they were diagnosed with 539 

microscopy-based diagnosis.  540 

Estimating the starting frequency and geographic spread of pfhrp2-deletion  541 

To estimate the current and future proportion of pfhrp2-deleted mutants across SSA, we 542 

require a starting frequency of pfhrp2-deletion.  We used estimates of the proportion of pfhrp2-543 

deleted mutants12 from the 2013-2014 DRC Demographic and Health Survey (DHS)41 to infer 544 

the starting frequency before RDTs were introduced in 2010-2011,42 using the weighted PCR 545 

prevalence of malaria in children aged 6-59 months (PCR PfPR 6-59 months) and the reported 546 

frequency of people seeking treatment in the 26 Divisions Provinciales de la Santé (DPS). The 547 

DHS survey was a nationally representative cross-sectional study of 7,137 children aged 6-548 

59 months and 783 subjects with RDT-/PCR+ results were tested using PCR assays to detect 549 

and confirm pfhrp2-deletion. 550 

We explored 50 starting frequencies between 0.1% - 10%, with an assumed probability of a 551 

clinical case seeking treatment, who is only infected with pfhrp2-deleted mutants, producing a 552 

positive RDT result (ߝ) equal to 0.25. RDTs were assumed to be introduced in 2010 except for 553 

North- and South-Kivu where the use of RDTs occurred from 2007 in the refugee camps.29,43 554 

For each starting frequency, ten stochastic realisations of 100,000 individuals were simulated 555 

for each DPS at malaria prevalence levels aligned to the observed weighted PCR prevalence 556 

of malaria in children aged 6-59 months for these provinces. These simulations were run for 557 

60 years prior to the introduction of RDTs to ensure equilibrium was reached. The output from 558 
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each set of simulations at a given starting frequency was smoothed using a local regression 559 

(LOESS) model, and the starting frequency identified as the set of simulations with the 560 

smallest residual sum of squares when compared to the recorded relationship from the DHS 561 

survey. It is important to highlight that due to the non-spatial nature of the model, each 562 

geographical region simulated occurs independently to neighbouring regions, i.e. there is no 563 

spatial spread of parasites between regions. Additionally, novel mutation emergence was not 564 

modelled explicitly and thus stochastic loss of the pfhrp2-deletion genotype would always yield 565 

a final pfhrp2-deletion frequency of 0%.  566 

The estimated starting frequency was then used to simulate trends in the prevalence of pfhrp2-567 

deleted mutants across SSA, exploring a range of treatment coverages and transmission 568 

intensities, with ε = 0.25. These simulations considered populations of 100,000 individuals that 569 

were simulated for 20 years from 2010 to 2030, with the introduction of RDTs assumed across 570 

all regions in 2010. These outputs were matched to the mean microscopy-based PfPR in 2-571 

10 year olds (PfPR2-10) in 2010 by first administrative unit and estimates of the proportion of 572 

cases seeking treatment from previously modelled estimates using the DHS and the Malaria 573 

Indicator Cluster Surveys.20 The time taken for the proportion of infections due to only pfhrp2-574 

deleted mutants to reach 20% was recorded and classified to map areas of HRP2 concern 575 

under four qualitative classifications shown in Table 3. 576 
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722 

Table 1: Published studies reporting P. falciparum in Africa with deletions or no deletions of the pfhrp2 gene7

Origin Source of 
samples* Initial evidence Gene deletion analysis by 

PCR 
Antigen 
analysis Ref 

Prevalence 
(no. of 

samples, 
year of 

collection)

Country Area   Microscopy Quality RDT Species 
PCR 

pfhrp2 
(exon 1 

& 2) 

No. single 
copy 

genes 
Flanking 

genes 
HRP 

ELISA 
2nd 

quality 
RDT 

    

Mali Bamako A/S D ND D D 1 ND ND ND Koita 
20129 

2% (480, 
1996) 

DRC,  
Gambia, Kenya, 

Mozambique, 
Rwanda, 
Tanzania, 
Uganda 

  S D ND D Exon 2 
only ND ND D ND Ramutto

n 201244

0% (77, 2–19 
per country, 
2005–2010) 

Senegal Dakar S D ND D D 1 ND ND ND Wurtz 
201321 

2.4% (136, 
2009–2012) 

Ghana Accra & Cape 
Coast A D D D Exon 2 

only 2 ND ND ND Amoah 
201610 

29.5% (315, 
2015) 

Zambia Choma, South 
Zambia A/S D D D D 1 ND ND ND Laban 

201511 
20% (61, 

2009-2012)i 

DRC Country-wide A D D D D 3 D ND ND Parr 
201612 

6.4% (783, 
2013-2014) 

Rwanda Busogo, Musanze, 
Kayonza S D D D Exon 2 

only 1 ND ND D Kozycki 
201713 

23% (140, 
2014 – 2015) 

Eritrea 
Anseba, Debub, 

Gash-Barka, 
Northern Red-Sea  

S D D D ND 1 ND ND D Berhane 
201714 

80% (51, 
2015) 

*Source of samples: S = Symptomatic case, A = Asymptomatic case, U = not specified, D = done; ND = not done. 
 

i Authors suggested that failure to detect pfhrp gene in some samples was more likely to be the result of low parasite density rather than deletion
Note: Quality RDT indicates RDTs that meet the WHO RDT recommended procurement criteria based on WHO Malaria RDT Product Testing. 
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Table 2: Parameters used within the human transmission and mosquito population 723 

models 724 

Parameter Symbol Estimate 

Human infection duration (days) 

Latent period ݀ா 12 

Patent infection ݀஺ 200 

Clinical disease (treated) ்݀ 5 

Clinical disease (untreated) ݀஽ 5 

Sub-patent infection ݀௎ 110 

Prophylaxis following treatment ݀௉ 25 

Treatment Parameters 

Probability of seeking treatment if clinically diseased ்݂  Variable 

Probability of a clinical case seeking treatment, who is 

only infected with pfhrp2-deleted mutants, producing a 

positive RDT result.  

  or 0.25 0 ߝ

Infectiousness to mosquitoes 

Lag from parasites to infectious gametocytes ݀௚  12 days 

Untreated disease ܿ஽  0.0680 day-1 

Treated disease ்ܿ 0.0219 day-1 

Sub-patent infection ܿ௎ 0.000620 day-1 

Parameter for infectiousness of state A ߛଵ 1.824 

Age and heterogeneity 
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Age-dependent biting parameter 0.85 ߩ 

Age-dependent biting parameter ܽ଴ 8 years  

Daily mortality rate of humans 0.000130 ߤ 

Variance of the log heterogeneity in biting rates ߪଶ 1.67 

Immunity reducing probability of infection 

Maximum probability due to no immunity ܾ଴ 0.590 

Maximum relative reduction due to immunity ܾଵ 0.5 

Inverse of decay rate ݀஻  10 years 

Scale parameter ܫ஻଴ 43.879 

Shape parameter ߢ஻ 2.155 

Duration in which immunity is not boosted ݑ஻  7.199 

Immunity reducing probability of clinical disease 

Maximum probability due to no immunity ߶଴ 0.791 

Maximum relative reduction due to immunity ߶ଵ 0.000737 

Inverse of decay rate ݀஼஺ 30 years 

Scale parameter ܫ஼଴ 18.0237 

Shape parameter ߢ஼  2.370 

Duration in which immunity is not boosted ݑ஼  6.0635 

New-born immunity relative to mother’s ெܲ  0.774 

Inverse of decay rate of maternal immunity ݀ெ  67.695 

Immunity reducing probability of detection 
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Minimum probability due to maximum immunity ݀ଵ 0.161 

Inverse of decay rate ݀ூ஽  10 years 

Scale parameter ܫ஽଴ 1.578 

Shape parameter ߢ஽ 0.477 

Duration in which immunity is not boosted ݑ஽  9.445 

Scale parameter relating age to immunity ܽ஽  21.9 years 

Time-scale at which immunity changes with age ஽݂଴ 0.00706 

Shape parameter relating age to immunity ߛ஽ 4.818 

PCR detection probability parameters state A ߙ஺ 0.757 

PCR detection probability parameters state U ߙ௎ 0.186 

Mosquito Population Model 

Daily mortality of adults ߤெ 0.132 

Daily biting rate ߙ௞  0.307 

Extrinsic incubation period ݀ாெ  10 days 

 725 

Table 3: HRP2 classifiers used in sub-Saharan Africa mapping assuming RDT 726 
introduction in 2010  727 

Proportion of population only infected 
with pfhrp2-deleted mutants 

Concern 
Classifier 

>20% by 2016 High 

>20% by 2022 Moderate 

>20% by 2030 Slight 

<20% by 2030 Marginal 

 728 
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Figure, Video and Supplementary File Legends 729 

Figure 1: Predicted increase in pfhrp2-deletion upon RDT introduction after 10 years. Graphs 730 
show the time course of pfhrp2-deletion emergence under (a) different transmission intensities (10%, 731 
25% and 60% PfPR) and 8% starting frequency of pfhrp2-deletion prior to RDT introduction and under 732 
(b) different assumed starting frequencies of pfhrp2-deletion prior to RDT introduction (2%, 8% and 733 
12% starting frequency) and 25% PfPR. 5 years after RDT introduction, the proportion of strains that 734 
are pfhrp2-deleted (c), and the proportion of the population that are infected with only pfhrp2-deleted 735 
mutants (d) is recorded. The dark grey dots denote individual simulation runs with a LOESS regression 736 
fit shown in blue. Source data for Figure 1 is provided within Figure 1 – source data 1. 737 

Figure 2: The predicted rate at which the population is only infected with pfhrp2-deleted 738 
mutants. The graphs show the time in years after RDT introduction at which 20% of the population are 739 
only infected with pfhrp2-deleted mutants up to a maximum follow-up time of 20 years post RDT 740 
introduction. PfHRP3 epitopes were assumed to cause a positive RDT result in (a) 0% or (b) 25% of 741 
individuals only infected with pfhrp2-deleted mutants. The plotted years represent the mean time 742 
grouped in each prevalence and treatment setting, with black dots representing where 20% was 743 
reached in less than 5 years. Each simulation had a starting pfhrp2-deletion frequency of 8% before 744 
RDT introduction. Source data for Figure 2 is provided within Figure 2 – source data 1. 745 

Figure 3: Simulated province level burden of pfhrp2-deleted mutants within the DRC, with an 746 
assumed probability of a clinical case seeking treatment, who is only infected with pfhrp2-747 
deleted mutants, producing a positive RDT result (ࢿ) equal to 0.25. In (a) the mean simulated 748 
proportion of children aged 6-59 months who are infected with only pfhrp2-deleted mutants is shown in 749 
red. Each region had an assumed starting frequency of 6% pfhrp2-deletion prior to RDT introduction in 750 
2010 (2007 in North- and South-Kivu). The results in grey represent the recorded burden from the DHS 751 
survey (Figure 3 – source data 1), with both datasets fitted with a LOESS regression. Error bars show 752 
the 95% confidence interval. In (b) the same simulation conditions were used as in (a) however it is 753 
assumed that no selection pressure is exerted by the introduction RDTs, i.e. ε = 1. Source data for 754 
Figure 3 is provided within Figure 3 – source data 1. 755 

Figure 4: Predicted areas of HRP2 concern in comparison to recorded prevalence and treatment 756 
seeking rate, with an assumed probability of a clinical case seeking treatment, who is only 757 
infected with pfhrp2-deleted mutants, producing a positive RDT result (ࢿ) equal to 0.25. The 758 
graphs show (a) the recorded malaria prevalence in children aged 2-10 by microscopy in 2010, (b) the 759 
frequency of people seeking treatment in 2010 and (c) the predicted concern for the impact of pfhrp2-760 
deleted mutants. In (c), high, moderate and slight risk represent >20% infection due to only pfhrp2-761 
deleted mutants by 2016, 2022 and 2030 respectively, and marginal risk represents <20% by 2030. In 762 
2010, each region was assumed to have a starting frequency of 6% pfhrp2-deletion. Source data for 763 
Figure 4 is provided within Figure 4 – source data 1. 764 

Figure 5: Transmission Model. Flow diagram for the human component of the transmission model, 765 
with dashed arrows indicating superinfection. S, susceptible; T, treated clinical disease; D, untreated 766 
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clinical disease; P, prophylaxis; A, asymptomatic patent infection; U, asymptomatic sub-patent infection. 767 
All parameters are described within Table 2. 768 

Figure 1 – figure supplement 1: Impact of increase pfhrp2-deletion upon malaria prevalence.  769 
Graphs show the increase in malaria prevalence over time as a result of increasing pfhrp2-deletion 770 
upon using only HRP2-based RDTs to guide treatment decisions, with the greatest increase in 771 
prevalence observed at the lowest starting prevalence. 772 

Figure 1 – figure supplement 2: Impact of pfhrp2-deletion fitness cost. Graphs show the mean 773 
time course of pfhrp2-deletion emergence under different assumptions concerning the negative impact 774 
of pfhrp2-deletion. The fitness cost is incorporated by comparatively reducing the contribution to the 775 
human infectious reservoir made by the deletion strains in order to represent an assumed decrease in 776 
parasitaemia. The fitness cost is only implemented at the time of RDT introduction to illustrate the sum 777 
effect of the opposing selection pressures. 778 

Figure 1 – figure supplement 3: Impact of microscopy use and non-adherence to RDT results. 779 
Graphs show the mean time course of pfhrp2-deletion emergence under different assumptions 780 
concerning the use of microscopy as an additional diagnostic and the impact of non-adherence to RDT 781 
test results, i.e. an individual receiving treatment despite yielding a negative RDT result. Microscopy 782 
use and nonadherence to RDT results are only implemented at the time of RDT introduction to illustrate 783 
the sum effect of the opposing selection pressures. 784 

Figure 1 – figure supplement 4: Impact of non-malarial fever. Graphs show the mean time course 785 
of pfhrp2-deletion emergence under different assumptions concerning the rate of non-malarial fever 786 
(NMF). The introduction of non-malarial fevers increases the selection pressure in favour of pfhrp2-787 
deletion, with 125% the observed rate of non-malarial fever yielding the quickest emergence of pfhrp2-788 
deletion. Non-malarial fever is only implemented at the time of RDT introduction to illustrate the sum 789 
effect of the opposing selection pressures. 790 

Figure 1 – figure supplement 5: Combined impact of model assumptions. Graphs show the mean 791 
time course of pfhrp2-deletion emergence under different assumptions concerning any negative fitness 792 
cost associated with pfhrp2-deletion, use of microscopy-based diagnosis, non-adherence to RDT 793 
results and non-malarial fever (NMF). These factors were explored at three different relative rates and 794 
compared to the method used within the main investigation (red line). An increase in pfhrp2-deletion is 795 
observed in all cases, with the method used within the main investigation exhibiting an increase in 796 
pfhrp2-deletion slightly slower than exhibited by the intermediate level of model assumptions (blue line). 797 

Figure 2 – figure supplement 1: Frequency of pfhrp2-deletion after 20 years. The graphs show the 798 
frequency of pfhrp2-deletion within the population 20 years after RDT introduction. PfHRP3 epitopes 799 
were assumed to cause a positive RDT result in (a) 0% or (b) 25% of individuals only infected with 800 
pfhrp2-deleted mutants. Each simulation had a starting pfhrp2 deletion frequency of 8% before RDT 801 
introduction. 802 
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Figure 3 – figure supplement 1: Simulated province level burden of pfhrp2-deleted mutants 803 
within DRC, with an assumed probability of a clinical case seeking treatment, who is only 804 
infected with pfhrp2-deleted mutants, producing a positive RDT result (ࢿ) equal to 0. In (a) the 805 
mean simulated proportion of children aged 6-59 months who are infected with only pfhrp2-deleted 806 
mutants is shown in red. Each region had an assumed starting frequency of 4.5% pfhrp2-deletion prior 807 
to RDT introduction in 2010 (2007 in North- and South-Kivu). The results in grey represent the recorded 808 
burden from the DHS survey, with both datasets fitted with a LOESS regression. Error bars show the 809 
95% confidence interval. In (b) the graph shows the plot of the residuals when comparing the simulation 810 
predicted proportion of children aged 6-59 months only infected with pfhrp2-deleted mutants to the 811 
recorded DHS data. 812 

Figure 4 – figure supplement 1: Model malaria prevalence output against Malaria Atlas Project 813 
prevalence 2010.19 The maps show the reported microscopy prevalence in children aged 2-10 from (a) 814 
the Malaria Atlas Project and (b) the presented model outputs at the first-administrative unit. 815 

Figure 4 – figure supplement 2: HRP2 Concern heat maps. The graphs show the time after RDT 816 
introduction at which 20% of the population are only infected with pfhrp2-deleted mutants with an 817 
assumed probability of a clinical case seeking treatment, who is only infected with pfhrp2-deleted 818 
mutants, producing a positive RDT result (ߝ) equal to (a) 0.25 and (b) 0. Areas in grey represent 819 
simulation space in which, after 20 years, the proportion of 2-10 year olds only infected with pfhrp2-820 
deleted mutants was less than 20%. 821 

Figure 4 – figure supplement 3: Predicted areas of HRP2 concern in comparison to recorded 822 
prevalence and treatment coverage with an assumed probability of a clinical case seeking 823 
treatment, who is only infected with pfhrp2-deleted mutants, producing a positive RDT result (ࢿ) 824 
equal to 0. The graphs show (a) the recorded malaria prevalence in children aged 2-10 in 2010, (b) the 825 
frequency of people seeking treatment in 2010 and (c) the predicted concern for the impact of pfhrp2-826 
deleted mutants. In (c), high, moderate and slight risk represent >20% infection due to only pfhrp2-827 
deleted mutants by 2016, 2022 and 2030 respectively, and marginal risk represents <20% by 2030. In 828 
2010 each region was assumed to have a starting frequency of 4.5% pfhrp2-deletion. 829 

Figure 4 – figure supplement 4: Impact of different assumptions about starting frequency of 830 
pfhrp2-deletion upon the geographical pattern of selection-driven increase in pfhp2-deletion. 831 
Three different starting frequencies of pfhrp2-deletion were explored, with an assumed probability of a 832 
clinical case seeking treatment, who is only infected with pfhrp2-deleted mutants, producing a positive 833 
RDT result (ߝ) equal to 0.25. The frequency of pfhrp2-deletion after 20 years was recorded and admin 834 
regions ranked accordingly, with the first rank representing the highest frequency of pfhrp2-deletion, 835 
and tied ranks being represented with the same colour. 836 

Figure 4 – figure supplement 5: Years in which RDTs were used at community level in Sub-837 
Saharan Africa. The map shows the year that RDTs were reported to be available at the community 838 
level within WHO malaria country profiles in 2012.28 Countries in grey were not reported to use RDTs 839 
at the community level, or there was insufficient data.  840 
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Video 1: The projected increase in individuals who are only infected with pfhrp2-deleted parasites, from 841 
2010 to 2030, with an assumed starting frequency of 6% pfhrp2-deletion, and an assumed PfHRP3 842 
epitope effect equal to 0.25%. The video relates directly to Figure 4. 843 

Supplementary File 1: Simulation model pseudocode. Mathematical style pseudocode description of 844 
the simulation model. 845 

Source Data Files and Titles  846 

Figure 1 – source data 1: Effect of transmission intensity and pfhrp2-deletion starting upon pfhrp2-847 
deletion emergence. 848 

Figure 2 – source data 1: Years after RDT introduction at which 20% of the population are only infected 849 
with pfhrp2-deleted parasites, with an assumed PfHRP3 epitope effect equal to 0% and 0.25%. 850 

Figure 3 – source data 1: Estimates of the proportion of pfhrp2-deleted mutants from a national study 851 
in DRC. Sourced from Parr JB, Verity R, Doctor SM, Janko M, Carey-Ewend K, Turman BJ, Keeler C, 852 
Slater HC, Whitesell AN, Mwandagalirwa K, Ghani AC, Likwela JL, Tshefu AK, Emch M, Juliano JJ, 853 
Meshnick SR. 2016. Pfhrp2-deleted Plasmodium falciparum parasites in the Democratic Republic of 854 
Congo: A national cross-sectional survey. J Infect Dis: 1–34. doi: 10.1093/infdis/jiw538. Data is provided 855 
additionally in an importable format for plotting (fig3.csv). 856 

Figure 3 – source data 1: Simulated proportion of children aged 6-59 months who are only infected 857 
with pfhrp2-deleted parasites within the Democratic Republic of Congo, with an assumed PfHRP3 858 
epitope effect equal to 0.25% and 1%, i.e. under no selection pressure. 859 

Figure 4 – source data 1: Recorded malaria prevalence in children aged 2-10 by microscopy in 2010 860 
(sourced from the Malaria Atlas mapping project (see Metadata - Datasets)), the frequency of people 861 
seeking treatment in 2010 (sourced from Cohen et al. 2012 (see Metadata – Datasets)) and the 862 
simulated predicted concern for the impact of pfhrp2-deleted mutants, with an assumed PfHRP3 epitope 863 
effect equal to 0.25%. High, moderate and slight risk represent >20% infection due to only pfhrp2-864 
deleted mutants by 2016, 2022 and 2030 respectively, and marginal risk represents <20% by 2030. 865 
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prevalence. Of note, the same relationship was not predicted in the absence of selection 

pressure due to RDT-based treatments (i.e. purely on the basis of the variation in monoclonal 

infections) (Figure 3b).  

Finally, using the baseline frequency estimate of 6% prior to RDT introduction, we explored 

1000 different prevalence and treatment seeking rates spanning the range of estimates of the 

PfPR19 and treatment levels across sub-Saharan Africa (SSA) in 201020 (Figure 4 – figure 

supplement 2). The model output was aligned with these estimates by first administrative units 

Figure 3: Simulated province level burden of pfhrp2-deleted mutants within the DRC, with an 
assumed probability of a clinical case seeking treatment, who is only infected with pfhrp2-

deleted mutants, producing a positive RDT result (𝝐𝝐) equal to 0.25. In (a) the mean simulated 

proportion of children aged 6-59 months who are infected with only pfhrp2-deleted mutants is shown 

in red. Each region had an assumed starting frequency of 6% pfhrp2-deletion prior to RDT 

introduction in 2010 (2007 in North- and South-Kivu). The results in grey represent the recorded 

burden from the DHS survey (Figure 3 – source data 1), with both datasets fitted with a LOESS 

regression. Error bars show the 95% confidence interval. In (b) the same simulation conditions were 

used as in (a) however it is assumed that no selection pressure is exerted by the introduction RDTs, 

i.e. ε = 1. Source data for Figure 3 is provided within Figure 3 – source data 1a, 1b. 
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 Figure 3 – figure supplement 1: Simulated province level burden of pfhrp2-deleted mutants 
within DRC, with an assumed probability of a clinical case seeking treatment, who is only 

infected with pfhrp2-deleted mutants, producing a positive RDT result (𝝐𝝐) equal to 0. In (a) 

the mean simulated proportion of children aged 6-59 months who are infected with only pfhrp2-

deleted mutants is shown in red. Each region had an assumed starting frequency of 4.5% pfhrp2-

deletion prior to RDT introduction in 2010 (2007 in North- and South-Kivu). The results in grey 

represent the recorded burden from the DHS survey, with both datasets fitted with a LOESS 

regression. Error bars show the 95% confidence interval. In (b) the graph shows the plot of the 

residuals when comparing the simulation predicted proportion of children aged 6-59 months only 

infected with pfhrp2-deleted mutants to the recorded DHS data. Source data for Figure 3 – figure 

supplement 1 is provided within Figure 3 – figure supplement 1 – source data 1. 





41 

Figure 4 – figure supplement 2: HRP2 Concern heat maps. The graphs show the time after RDT 

introduction at which 20% of the population are only infected with pfhrp2-deleted mutants with an 

assumed probability of a clinical case seeking treatment, who is only infected with pfhrp2-deleted 

mutants, producing a positive RDT result (ϵ) equal to (a) 0.25 and (b) 0.  Areas in grey represent 

simulation space in which, after 20 years, the proportion of 2-10 year olds only infected with pfhrp2-

deleted mutants was less than 20%. Source data for Figure 4 – figure supplement 1 is provided 

within Figure 4 – figure supplement 2 – source data 1a and 1b. 
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