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ABSTRACT

Plasmodium falciparum is considered to be the species responsible for the most human deaths due
to malaria, as well as the most prevalent Plasmodium species globally. Antimalarial drugs and
diagnostic tests are important components of malaria control and elimination strategies, but P.
falciparum strains have evolved genotypes that are resistant to antimalarial drugs, and undetectable
by Histidine Rich Protein 2 (Hrp2) based rapid diagnostic tests (RDTs). Hrp2 based RDTs are
capable of diagnosing the presence of P. falciparum with high sensitivity using anti-Hrp2
antibodies. Pfhrp2 gene deletions in P. falciparum strains prevent the production and secretion of
Hrp2, preventing detection by RDTs. In this study the epidemiological patterns of pfhrp2 gene
deletions were investigated, as well as how pfhrp2 gene deletions evolve in conjunction with
known drug resistance loci. A deterministic series of 131 ordinary differential equations were
constructed in order to represent the disease progression of malaria caused by P. falciparum. The
model accounted for host immunity, antimalarial resistance mutations, pfhrp2 gene deletions,
fitness differences between genotypes, drug coverage, diagnostic coverage, and varying
transmission levels. It was found that when regarding diagnostic evasive strains of P. falciparum,
physical coverage does not effectively explain the disease dynamics, and the effective coverage
must be accounted for. The introduction of RDTs can increase the long-term prevalence of P.
falciparum without a secondary diagnostic test. Negative linkage disequilibrium was found
between diagnostic evasive genotypes and drug resistant genotypes, indicating that diagnostic
evasive and drug resistant genotypes do not assort the way two drug resistant genotypes do. Thus,
if RDTs are implemented into a population, measures should be taken to monitor the spread of
pfhrp2 gene deletions, and understand how pfhrp2 gene deletions affect drug resistance spread.
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1

Introduction

In the 1960s, The WHO malaria eradication campaign reduced the prevalence of malaria in many
countries, however the campaign failed in achieving its end goal: the total eradication of malaria.
The eradication program of the 1960s failed to completely eradicate malaria worldwide in part due
to heavy reliance on a single drug, chloroquine1. The eradications were ill equipped to respond
when chloroquine resistant strains of Plasmodium falciparum began to emerge. Many countries
have continued to support malaria control programs, aimed at reducing the malaria prevalence
country-wide. While the global prevalence of malaria has decreased due to successful control
campaigns in some countries, malaria still remains a burden in developing countries that have not
had sufficient resources to begin reducing malaria prevalence. Also, malaria persists in countries
whose eradication campaigns were halted by the emergence of antimalarial resistant strains of P.
falciparum. Largely, malaria poses a health risk in equatorial countries, where malaria proves to
be a significant health burden. While malaria mortality has been declining throughout the past 15
years2, in 2017 alone, WHO reported an estimated 219 million cases and 492,000 deaths from
malaria worldwide3. While there are multiple species of Plasmodium, P. falciparum remains the
leading cause of malaria globally, as well as being the species responsible for most human deaths
2

. The majority of cases also occur in developing countries such as those in sub-Saharan Africa2.

Therefore, the countries most affected by malaria may not have the resources to combat it.

Since the 1960s, more antimalarial compounds have been investigated, and the current
recommended artemisinin combination therapies (ACTs) are seen as effective, despite their high
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cost

4.

Although reliance on antimalarial compounds became one of the factors leading to the

failure of the WHO malaria eradication campaign in the 1960s, antimalarials may still be effective
in reducing a country’s malaria prevalence, with responsible use of the drugs.

One key component of malaria treatment and control is the ability to identify malaria cases with
high sensitivity and high specificity. Over the last 11 years, the Histidine-rich Protein 2 (Hrp2)
based rapid diagnostic tests (RDTs) have become more commonly used and seen as an alternative
to blood slide microscopy, due to the RDTs increased sensitivity5. Additionally, some rural areas
may not have access to microscopes or technicians able to interpret blood samples, or may not
have the resources to maintain salaried technician positions, providing an incentive to maintain
supply of cheaper, disposable RDTs6.

The RDTs target Hrp2 as a biomarker for the presence of P. falciparum in the bloodstream via
anti-Hrp2 antibodies. Mobile phase anti-Hrp2 mouse antibodies are washed with the patient’s
blood sample over a lysing agent, releasing Hrp2 from infected erythrocytes. Upon lysis of an
infected red blood cell, parasite-secreted Hrp2 can bind to the mobile phase anti-Hrp2 antibodies,
and travel down the length of the RDT. When the Hrp2 bound mobile phase anti-Hrp2 antibodies
encounter immobilized anti-mouse antibodies, the mobile phase anti-Hrp2 antibodies bind and
present as a visible line on the diagnostic test. Additionally, immobilized anti-Hrp2 antibodies are
bound to the solid phase of the RDT. When the Hrp2 is washed down the length of the RDT, Hrp2
is bound by the immobilized anti-Hrp2 antibodies. The binding of mobile phase anti-Hrp2
antibodies to immobilized anti-mouse antibodies displays as a single red line on the test, and the
binding of Hrp2 to the immobilized anti-Hrp2 antibodies displays as a second red line on the test.
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In a successful use of the RDT, the anti-mouse antibodies should always bind mobile phase antiHrp2 antibodies already present in the diagnostic test. Therefore, if no lines appear, the test is
inconclusive. If a single line appears, the anti-mouse antibodies have bound mobile phase antiHrp2 antibodies, but Hrp2 has not bound the immobilized anti-Hrp2 antibodies, and the test is
negative. If two lines appear, the anti-mouse antibodies have bound mobile phase anti-Hrp2
antibodies, and Hrp2 has bound the immobilized anti-Hrp2 antibodies, and the test is considered
positive for the presence of P. falciparum6.

The recent use of RDTs has imposed a selection pressure for P. falciparum strains able to avoid
detection by RDTs7. A deletion of the encoding pfhrp2 gene in P. falciparum results in a lack of
Hrp2 production, increasing the apparent false negative rate of Hrp2-based RDTs. As strains of P.
falciparum that lack the pfhrp2 gene spread, diagnostic failures occur, providing a selective
advantage for the pfhrp2-deleted strains, leading to the long-term spread of diagnostic-evasive
malaria cases. A patient infected with a pfhrp2 deleted strain of P. falciparum that is falsely
diagnosed as malaria negative may go untreated, increasing the parasite’s time within the host, and
increasing the parasite’s opportunities to infect another host. Because the presence or absence of
pfhrp2 affects the probability of treatment, the spread of pfhrp2 deleted strains of P. falciparum
will have additional consequences on malaria prevalence, linkage disequilibrium with known
antimalarial resistance alleles, and the overall efficacy of RDTs. These pfhrp2 deleted strains of
P. falciparum can be considered evolving resistance to the RDT itself: evolving diagnostic evasion.

The factors leading to long-term diagnostic evasion evolution were investigated through a
deterministic series of ordinary differential equations simulating malarial disease progression in
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an individual, and an overall population. Of particular interest were the dynamics surrounding
evolution of diagnostic evasion and antimalarial resistance. Genotypes encoding for both
diagnostic evasion and two genes relevant in anti-malarial resistance were considered in the
infecting clonal population, as well as the immunity status of the host. Antimalarial resistance loci
considered were the Chloroquine Resistance Transporter gene pfcrt, K76T and the Kelch-encoding
gene, pfkelch13 C580Y. The model was initially used to explore the environmental factors leading
to the spread of pfhrp2 deletions, and the linkage disequilibrium found between diagnostic evasion
and antimalarial resistance alleles.
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2

Methods

2.1

Model Structure – Epidemiology

In order to characterize the disease dynamics surrounding pfhrp2 deletions, a deterministic model
consisting of 131 linear ordinary differential equations was built and implemented in C++. The
model simulates the natural disease progression of malaria through six disease states: susceptible,
exposed, febrile, treated, and two different asymptomatic states with high (1010 total parasitemia)
and low (108 total parasitemia) parasitemia. Patients are born into the susceptible state, and upon
successful infection transition to exposed. Exposed patients represent the beginning stages of a
malaria infection, characterized by parasite invasion of the liver, and early circulation in the blood
prior to fever8. As the parasitic biomass increases, the patient transitions into the febrile state.
Patients who are febrile can be given access to antimalarial drugs after being diagnosed through
one of four different diagnostic strategies. If antimalarials are not available or if the patient is
diagnosed as negative, febrile patients transition to an asymptomatic infection. Asymptomatic
infections decrease in parasitemia before clearance of the infection back into susceptible class.
Treated patients can clear the infection and return to susceptible, or upon treatment failure,
transition into an asymptomatic infection.

The model assumed the proportion of infected mosquitos to be equivalent to the infected humans,
and simplified the infection process to interactions between infected and susceptible individuals
in a well-mixed population. While infections do occur through an intermediate stage in the
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mosquito, the assumption is made that the proportion of infected mosquitos resembles the
proportion of infected humans, and that the frequencies of genotypes of the parasites within the
infected mosquitos resembles the frequencies of the genotypes of the infected humans. The level
of malaria prevalence and infectivity can then be adjusted via the  parameter. However, in a
population that contains structure in regards to individual interactions with other individuals, or
individual interactions with mosquitos, this assumption may be adjusted for better understanding
of the mosquitos’ influence on disease dynamics.

Figure 1. Disease Progression Diagram

Figure 1. Class diagram of mathematical model of P. falciparum infection. Note that exposed
individuals can progress to asymptomatic infection (with no fever) if a patient has semi-immunity
to malaria. See appendix for full list of dynamical equations.

Asymptomatic infections are represented as two stages, asymptomatic with a parasitic load of 1010
(A10) and asymptomatic with a parasitic load of 108 (A8). A10 patients transition into A8 patients
as their parasitic load decreases. A8 patients naturally clear the infection and transition into
susceptible.
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The high parasitemia asymptomatic class represents the initial high parasitemia experienced in
asymptomatic infections before host immunoregulation lowers parasitemia9. The low parasitemia
represents the residual parasite presence during host immunoregulation of parasite levels 9. It is
important to make this distinction, as asymptomatic patients with higher parasitemia are more
infective than asymptomatic patients with lower parasitemia. As asymptomatic patients’ immune
responses reduce and regulate the parasite population, infectivity to other hosts decreases. The
overall process has been simplified into a high and low parasitemia distinction, as opposed to the
smooth decline in parasitemia seen in hosts 10.

Removal from the susceptible class occurs through infections and death (Equation 1). The
infection rate is dependent on a constant infectivity rate (ß), the pool of susceptible individuals to
infect, and the pool of infected people. Infectivity is reduced by a fitness cost for each genotype
according to the genotype’s mutational load. Infection with maximum infectivity comes from
indirect interactions of susceptible people and A10 and febrile patients, as these patients have the
highest parasitemia and are therefore most likely to transmit parasites during a mosquito blood
meal. The adjusted ß is lower for A8 patients, and further decreased in patients undergoing
treatment. Susceptible individuals die at a baseline mortality rate.

Transition to the susceptible class occurs through patient recovery through treatment or through
clearance of an asymptomatic infection. As patients recover from successful treatment, they return
to the susceptible pool. Treatment failure rates are determined by the parasite genotype and the
treatment given to the host. Treatment failure results in transition to an asymptomatic infection
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with high parasitemia. Non-immune patients return to non-immune susceptible pool, and semiimmune patients return to the semi-immune susceptible pool. Patients can also return to the
susceptible pool from A8, as the infection is naturally cleared, however this process takes longer
than recovery via antimalarials.

Individuals’ immunity status can be semi-immune or nonimmune. A semi-immune individual may
bypass the febrile stage and transition directly to an asymptomatic (A10) infection at higher rates
than nonimmune individuals. Semi-immunity is acquired in patients asymptomatically infected at
either 1010 or 108 parasitemia. Semi-immunity is lost from patients who are not infected, i.e.
susceptible.

Differences between the susceptible non-immune class and the susceptible semi-immune class can
be seen from immunity gain or loss, and the susceptible and infected pools during infection
interactions. As semi-immune individuals remain uninfected, i.e. susceptible, semi-immunity is
lost over time. During infectious interactions, patients can be infected by any malaria genotype,
however semi-immunity of the infecting individual is not conferred on the infected individual.
Therefore, the susceptible pool for an infection interaction in non-immune individuals comes from
interactions between susceptible non-immune individuals and infected individuals of any
immunity status. The susceptible pool for an infection interaction in semi-immune individuals
comes from interactions between susceptible semi-immune individuals and infected individuals of
any immunity status.
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Transition into the exposed class occurs through infection. Infected individuals are represented as
one of sixteen possible host immunity and infecting parasite genotype combinations: semi-immune
or nonimmune, pfhrp2 deleted or present, pfcrt K76T, and pfkelch13 C580Y. The individual
retains their immunity status of either semi-immune or non-immune, and the parasite genotype is
inherited from the infecting individual’s parasite genotype.

Transition out of the exposed class occurs through natural disease progression and death. Disease
progression can lead to a patient becoming febrile, or at a lower probability, not expressing a fever
and directly transitioning into an asymptomatic infection. Exposed patients die at the baseline
mortality rate.

Transition into the febrile class occurs through natural disease progression from being exposed, as
long as they manifest a fever and do not transition into an asymptomatic infection.

Transition from the febrile class occurs through disease progression into an asymptomatic
infection, being treated, or death. Disease progression can lead to a patient becoming treated,
waiting for a diagnosis through microscopy, or a transition into an asymptomatic infection. Due to
the complications of malaria, febrile patients have an increased mortality rate.

Transition from treated classes occurs due to the length of treatment and subsequent transition into
either susceptible class if treatment is successful, and A10 if treatment failed. Treated patients may
also die at a slightly increased mortality rate.
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Transition into asymptomatic infections with

1010

total parasitemia occurs through natural disease

progression from febrile patients, afebrile exposed patients, environmental factors that lead to a
febrile patient going untreated, and treatment failure. Exposed patients can transition directly into
an asymptomatic infection with a baseline rate that is increased in semi-immune patients,
representing an afebrile infection. A febrile patient that does not have access to drugs will transition
into an asymptomatic infection, with no probability of being treated. Alternatively, if RDTs and
drugs are available, a febrile patient that has tested negative on an RDT will transition into an
asymptomatic infection, assuming the physician complies with the diagnosis and doesn’t
administer a blood slide microscopy as a second diagnosis. Treatment failure rates are determined
by the treatment a patient is receiving and the genotype of the parasite infecting the host. For each
genotype, mutations that lead to resistance to the antimalarial will increase the probability of
treatment failure (Table 5).

Transition from asymptomatic infections occurs due to natural disease progression into a low
parasitemia asymptomatic infection and death. An asymptomatic infection will decrease in
parasitic load over time due to host immunoregulation, and transition into an asymptomatic
infection with a lower parasitic load, A8. Due to the high parasitic load, A10 individuals have an
increased mortality rate.

Transition into asymptomatic infections with 108 total parasitemia occurs as A10 patients’
immunity decrease their parasitic load. A8 infections are lost through disease clearance and death.
An A8 patient will clear the infection at a low rate, returning to susceptible classes. A8 individuals
die at baseline mortality rates.
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The model includes 4 strategies for diagnosing malaria: clinical diagnosis, blood slide microscopy,
RDTs, or a combination of RDT and secondary use of microscopy for negative RDT results. Using
microscopy as a secondary diagnostic was implemented via a mandatory microscopy test for each
negative RDT result (Figure 2). Microscopy was not used following a positive RDT result. The
RDT result was considered first due its fast turnaround time and low cost. If the diagnostic test
returned positive, the patient was given 1 of 4 treatment regiments: chloroquine, amodiaquine,
artesunate-amodiaquine, or artemether-lumefantrine (Table 2). If the patient was infected with a
diagnostic evasive genotype of P. falciparum i.e. the parasite has a deleted pfhrp2 gene, the false
negative rate was assumed to be 1.

Figure 2. Microscopy as A Secondary Diagnostic Test

Figure 2. Diagnosis and treatment algorithm for suspected malarial fevers. Febrile (F) patients
testing positive with an RDT are given treatment (T). Febrile patients testing negative are given a

12

microscopy diagnosis. A positive microscopy diagnosis results in treatment, while a negative one
results in no treatment, and the patient progressing to an asymptomatic infected state (A10).

The model includes treatment through 4 different common treatments for malaria: chloroquine,
amodiaquine, artesunate-amodiaquine, and artemether-lumefantrine. The model incorporates the
different recovery rates of each treatment (Table 7), the probability of receiving each treatment
(Table 2), and the failure rates of each treatment (Table 5). The probability of receiving each
treatment may vary based on the country or context being modeled, as some areas have a preferred
first line defense, combination therapies may not be as accessible in less wealthy countries given
their higher cost, and some drugs could be prohibited from use in the country.

2.2

Parameters and Calibration

The model was calibrated to a prevalence of 50% in order to model a high transmission area, 5%
prevalence to model an intermediate transmission area, and 0.5% prevalence to model a low
transmission area. The infectivity is at maximum when a patient is febrile or in A 10. A decrease
in infectivity occurs in A8 patients, and when a patient is currently undergoing treatment, due to
the decreased parasitic load. Semi-immunity causes the host to be less infective than nonimmune
hosts, due to decreased parasitemia common in semi-immune hosts. Antimalarial and diagnostic
resistant genotypes have a decreased infectivity, due to the fitness cost of the mutations.
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The birth and death rates, neglecting additional deaths from malaria infections, reaches equilibrium
at about 1 million individuals, however as malaria deaths are considered, the population reaches
equilibrium at around 900,000 individuals.

Treatment failure rate may occur at a small baseline level, and can be increased if the genotype of
the infecting parasite is resistant to the treatment (Table 5). Chloroquine and amodiaquine
resistances are conferred through the pfcrt 76T allele. The pfcrt 76K allele confers resistance to
lumefantrine therapy. The pfkelch13 580Y allele confers resistance to artesunate and artemether.
The pfkelch13 C580 allele confers no added immunity. The pfcrt 76T allele and pfkelch13 580Y
allele incur small fitness costs. The fitness cost of the pfhrp2 gene deletion was assumed to be
larger, due to the complete loss of a protein (Table 4). The true fitness cost of the pfhrp2 gene
deletion has not been estimated, and this assumption may be incorrect.

Antimalarial resistance can evolve when an antimalarial-sensitive genotype is treated with
antimalarials. Treatment with chloroquine or amodiaquine can lead to mutation at pfcrt K76T from
allele K76 to 76T. Artemisinin-amodiaquine can lead to mutation at pfcrt K76T from allele K76
to 76T or mutation at pfkelch13 580 from allele C580 to 580Y. Treatment with artemetherlumefantrine can lead to mutation at pfcrt 76 from 76T to K76 or mutation at pfkelch13 580 from
C580 to 580Y. Diagnostic evasion can occur with a small probability of a gene deletion for pfhrp2
for each patient infected.

An important parameter, effective coverage, is defined as the true value of diagnostic coverage in
a population by adjusting for the true positive rate of each diagnostic test (Equation 24). Physical
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coverage of 50% of the population does not reflect the effectiveness of the diagnostic test.
Coverage of 50% of the population with an RDT with an 80% true positive rate is reflected as a
40% (50% coverage * 80% true positive rate) effective coverage. This value also sums the
coverage weighted by each diagnostic’s true positive rate amongst all diagnostics used in a
population. The effective coverage value allows evolution to affect the coverage rates, and a time
or evolution-dependent change in coverage. Coverage of 50% of the population with a diagnostic
test with a decreasing true positive rate (perhaps due to evolution of diagnostic resistance), with a
maximum of 80% will see the effective coverage begin as 40% (50% coverage * 80% true positive
rate), and decrease slowly over time as diagnostic resistance evolution emerges, and the 80% true
positive rate decreases proportionally to the frequency of pfhrp2 gene deletions in the population.
The effective coverage parameter provides a more accurate reflection of the true amount of people
that are properly diagnosed and treated in the simulation.
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3

Results

3.1

Deployment of Rapid Diagnostic Tests and “Effective Coverage”
Figure 3. Pfhrp2 Deletion Fixation

Figure 3. The frequency of the pfhrp2 gene (i.e. a non-deleted copy) plotted against time, when
varying the RDT coverage (f2). RDTs were deployed after 13 years (vertical line) and
completely replaced microscopy usage. Prevalence level in this scenario is moderate (5%). 10%
of individuals were diagnosed clinically, and 30% had no access to drugs.

The percentage of the population covered by RDTs, f2, was varied from 0% to 60%, completely
replacing microscopy use. The population was allowed to reach equilibrium for 13 years, when
the RDTs were introduced into the population, replacing microscopy. The frequency of pfhrp2
gene presence was measured over time. An increase in RDT coverage showed a faster decrease in
pfhrp2 gene frequency in the population, leading to long term fixation of pfhrp2 gene deletions.
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Figure 4. Effective Coverage, Prevalence, No pfhrp2 Deletion

Figure 4. Introduction of an RDT in a malaria-endemic region with 18% equilibrium prevalence.
The vertical line shows the time (at year 18) when the RDT is introduced. Top panel shows bloodslide prevalence plotted against time. Bottom panel shows “effective coverage” versus time, where
effective coverage (Equation 24) is the proportion of all symptomatic malaria cases that are
correctly diagnosed and treated with antimalarials. No pfhrp2 gene deletions are allowed in the
simulations in these two panels. 60% of individuals were diagnosed with RDTs. 10% of
individuals were diagnosed clinically, and 30% had no access to drugs.
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A population was allowed to reach equilibrium for 18 years, in which case an RDT was introduced
into the population at a rate of 60%, completely replacing the use of microscopy. In this scenario,
pfhrp2 gene deletion evolution was not allowed, in order to determine the effect on prevalence and
effective coverage. Prevalence showed a decrease after introduction of the RDT, accompanied by
an increase in the effective coverage (Equation 24). Introduction of a more sensitive diagnostic
test initially allows for more people to be diagnosed and treated. This increase in treatment is
shown as an increase in effective coverage, leading to a decrease in prevalence.

Figure 5. Prevalence, Effective Coverage
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Figure 5. Introduction of an RDT in a malaria-endemic region with 18% prevalence. The vertical
line shows time (at year 18) when the RDT is introduced. RDT introduction completely replaced
microscopy usage. Top panel shows blood-slide prevalence plotted against time. Bottom panel
shows effective coverage (Equation 24) versus time. Pfhrp2 gene deletions were allowed in the
simulations in these two panels. 60% of individuals were diagnosed by RDTs. 10% of individuals
were diagnosed clinically, and 30% had no access to drugs.

A population was allowed to reach equilibrium for 18 years, in which case an RDT was introduced
into the population at a rate of 60%, completely replacing the use of microscopy. In this scenario,
pfhrp2 gene deletion evolution was allowed, in order to determine the effect that pfhrp2 gene
deletions have on the prevalence and effective coverage benefits associated with introducing the
RDT into a population as a replacement for microscopy. The effective coverage initially increases
given the sensitivity of the new diagnostic tests, accompanied by an initial decrease in prevalence
due to increased treatment rates. When pfhrp2 gene deletion evolution is included, the RDTs lose
effectiveness over time as pfhrp2 gene deletions spread, leading to a long-term increase in
prevalence, and a long-term decrease in effective coverage. Following the spread of pfhrp2 gene
deletions, the false negative rate of the RDT increases, leading to a decrease in effective coverage.
As the population-level false negative rate exceeds the false negative rate of microscopy (replaced
by the RDTs), the effective coverage decreases below pre-RDT introduction levels. As the
effective coverage decreases below pre-RDT introduction levels, prevalence increases to greater
than pre-RDT introduction levels.
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Figure 6. Prevalence, Effective Coverage, Microscopy Backup

Figure 6. Introduction of an RDT in a malaria-endemic region with 18% prevalence. The vertical
line shows time (at year 18) when the RDT is introduced. Microscopy was used as a mandatory
secondary diagnostic for all negative RDT tests. Top panel shows blood-slide prevalence plotted
against time. Bottom panel shows effective coverage (Equation 24) versus time. Pfhrp2 gene
deletions were allowed in the simulations in these two panels. 60% of individuals were diagnosed
by RDTs and microscopy. 10% of individuals were diagnosed clinically. 30% had no access to
drugs.
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A population was allowed to reach equilibrium for 18 years, in which case an RDT was introduced
into the population at a rate of 60%, and for each negative RDT diagnosis, microscopy was used
as a secondary diagnostic test. When microscopy is used as a mandatory secondary diagnostic, the
long-term increase in prevalence and long-term decrease in effective coverage associated with
RDT use only (Figure 5) is avoided. Even after pfhrp2 gene deletion fixation, the effective
coverage does not fall below pre-RDT levels as microscopy is used before and after RDT
introduction. When the RDT false negative rate approaches 100% due to pfhrp2 gene deletion
fixation, the effective coverage is buffered by the usage of microscopy. Prevalence follows a
similar patter, with an initial decrease in prevalence upon introduction of the RDT and an increase
in prevalence following pfhrp2 gene deletion evolution. By using microscopy as a secondary
diagnostic, the prevalence and effective coverage remain at optimal or neutral levels throughout
the evolution of pfhrp2 gene deletions, thereby avoiding one of the most pressing concerns
associated with pfhrp2 gene deletion evolution: a long-term increase in prevalence.

Upon introduction of an RDT into a population, the effective coverage increases, given the
increased sensitivity of the diagnostic tests. Due to the increased effective coverage, more febrile
patients test positive and are treated, causing a decrease in prevalence of the disease. As pfhrp2
gene deletions spreads, patients infected with pfhrp2 gene deleted strains are incorrectly diagnosed
as negative for malaria, as the RDTs can no longer detect the presence of the histidine-rich-protein,
encoded by pfhrp2. The propagation of pfhrp2 gene deletions in the population causes the effective
coverage to decrease, and with a decrease in coverage, malaria prevalence rises. The extent at
which the effective coverage decreases is dependent on whether a secondary diagnostic is used to
overrule false negative RDT results. If microscopy is used as a secondary diagnostic, the effective
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coverage returns to pre-RDT introduction levels, as the pfhrp2 gene deletion fixes in the
population. When the pfhrp2 gene deletions fix, all RDT diagnoses of malaria positive patients
provide false negative results. If microscopy is used as a secondary diagnostic, following the
pfhrp2 gene deletion fixation, the effective coverage resembles only microscopy upon fixation of
pfhrp2 gene deletions. This is due to microscopy being unaffected by the presence of pfhrp2 or
lack of. Therefore, the prevalence returns to pre-RDT introduction levels. If microscopy is not
used as a secondary diagnostic, the effective coverage falls below the effective coverage levels of
pre-RDT introduction.

Figure 7. Prevalence, High Transmission A

Figure 7. Introduction of an RDT in a malaria-endemic region with 52% prevalence. The vertical
line shows time (at year 3) when the RDT is introduced. Microscopy was replaced by RDTs.
Prevalence was plotted over time. Pfhrp2 gene deletions were allowed in the simulations. 60% of
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individuals were diagnosed by RDTs or microscopy. For example, when f2 = 0%, 0% of the
population was diagnosed with RDTs, and 60% of the population was diagnosed with microscopy.
When f2 = 40%, 40% of the population was diagnosed with RDTs, and 20% were diagnosed with
microscopy. 10% of individuals were diagnosed clinically. 30% had no access to drugs.

A population with a high prevalence of malaria was allowed to reach equilibrium for 1000 days,
in which case an RDT was introduced into the population at varying rates (f2), replacing
microscopy as the primary diagnostic test. Prevalence initially showed a decrease that increased
in magnitude with higher rates of RDT coverage. Prevalence was unchanged when RDTs were not
introduced into the population (f2 = 0%). The prevalence increased following pfhrp2 gene deletion
evolution, increasing in magnitude with higher rates of RDT coverage. The decrease in the
prevalence over time in all instances was attributed to the model being calibrated to a population
of 1 million individuals in the absence of additional deaths due to malaria. The high burden of
malaria caused a strong decrease in population over the 40-year time horizon, with infected
individuals dying at higher rates due to malaria induced mortality.
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Figure 8. Prevalence, High Transmission B

Figure 8. Identical to Figure 7, with the x-axis scaled to years 0 to 10. Introduction of an RDT
introduction in a malaria-endemic region with 52% prevalence. The vertical line shows time (at
year 3) when the RDT is introduced. Microscopy was replaced by RDTs. Prevalence was plotted
over time. Pfhrp2 gene deletions were allowed in the simulations. 60% of individuals were
diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically. 30% had no
access to drugs.

Figure 8 is identical to the previous simulation, with the removal of the 30% RDT coverage
simulation, and a shorter time horizon (Year 0 to Year 10) in order to highlight the initial decrease
in prevalence due to RDT introduction. Increasing rates of RDT usage caused a steeper decrease
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in prevalence initially, however the prevalence rebounded faster due to the increased selection
pressure for pfhrp2 gene deletions.

Figure 9. Prevalence, Medium Transmission

Figure 9. Introduction of an RDT in a malaria-endemic region with 5% prevalence. The vertical
line shows time (at year 3) when the RDT is introduced. Microscopy was replaced by RDTs.
Prevalence was plotted over time. Pfhrp2 gene deletions were allowed in the simulations. 60% of
individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically.
30% had no access to drugs.

A population with a medium prevalence of malaria was allowed to reach equilibrium for 3 years,
in which case an RDT was introduced into the population at varying rates (f2), replacing
microscopy as the primary diagnostic test. The population initially experienced a decrease in
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prevalence of malaria when compared to the baseline population, however over time the pfhrp2
gene deletions led to an increase in overall prevalence, relative to the rates of RDT coverage in the
population.

Figure 10. Prevalence, Low Transmission

Figure 10. Introduction of an RDT in a malaria-endemic region with 0.5% prevalence. The vertical
line shows time (at year 3) when the RDT is introduced. Microscopy was replaced by RDTs.
Prevalence was plotted over time. Pfhrp2 gene deletions were allowed in the simulations. 60% of
individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically.
30% had no access to drugs.

A population with a low prevalence of malaria was allowed to reach equilibrium for 3 years, in
which case an RDT was introduced into the population at varying rates (f2), replacing microscopy
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as the primary diagnostic test. The population initially experienced no significant decrease in
prevalence of malaria when compared to the baseline population, and over time the pfhrp2 gene
deletions led to an increase in overall prevalence, relative to the rates of RDT coverage in the
population. Note: because this model considered densities as opposed to whole numbers for
individuals, eradication may have been possible at low prevalence but was unaccounted for.
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4

Effective Coverage and Drug Resistance Evolution
Figure 11. Drug Resistance vs ACT Coverage, no pfhrp2 Evolution

Figure 11. The rate of pfcrt 76T and pfkelch13 580Y evolution when increasing the rate of ACT
coverage, replacing chloroquine and amodiaquine coverage. Pfhrp2 gene deletions were not
allowed in the simulations in these panels. 60% of individuals were diagnosed by microscopy.
10% of individuals were diagnosed clinically. 30% had no access to drugs.

Upon increasing the coverage of Artemisinin combination therapies artesunate-amodiaquine and
artemether-lumefantrine, the rates of 580Y resistance increased as well. Additionally, because less
patients are being treated with chloroquine or amodiaquine regiments, the pfcrt 76T resistance
allele spread at a slower rate as ACT coverage increased. While artesunate-amodiaquine use does
contribute to pfcrt 76T drug resistance evolution, the use of combination therapy is expected slow
the rate of pfcrt 76T evolution and propagation in comparison to using chloroquine or amodiaquine
single therapy regiments. This is due to the higher failure rate of chloroquine or amodiaquine when
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treating patients infected with pfcrt 76T strains, compared to the failure rate of artesunateamodiaquine when treating patients infected with pfcrt 76T strains. Artemether-Lumefantrine use
does not select for pfcrt 76T, and provides a selection pressure in favor of pfcrt K76 as the K76
allele provides resistance to lumefantrine. The selection pressure for 76T may also contribute to
the slowed evolution of pfcrt 76T with increasing ACT coverage. Both artesunate-amodiaquine
and artemether-lumefantrine contribute to the spread of pfkelch13 580Y, leading to faster 580Y
evolution with increased ACT coverage.

Figure 12. Effective Coverage, No pfhrp2 Deletion

Figure 12. Compare to Figure 16. Effects on effective coverage upon introduction of an RDT in
a malaria-endemic region with 5% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced at different coverages (f2). Microscopy was replaced by RDTs. Effective
coverage (Equation 24) was plotted over time. Pfhrp2 gene deletions were not allowed in the
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simulations in this panel. 60% of individuals were diagnosed by RDTs or microscopy. 10% of
individuals were diagnosed clinically. 30% had no access to drugs.

The effective coverage was measured over time and after 13 years an RDT was introduced into
the population at rates of 0%, 30%, or 60%, replacing microscopy. Additionally, the prevalence of
the pfhrp2 gene deletions associated with the 60% RDT coverage simulation was measured to
indicate the spread of pfhrp2 gene deletions. In this case, pfhrp2 gene deletions were not allowed
to evolve, in order to isolate the effect on effective coverage that increasing the RDT parameter
had. Effective coverage increased following introduction of the RDT, with a higher increase in
effective coverage associated with a higher increase in RDT coverage.

Figure 13. Drug Resistance Evolution, Low Transmission, No pfhrp2 Deletion

Figure 13. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 0.5% prevalence. The vertical line shows time (at year 13) when the
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RDT was introduced, fully replacing microscopy. The pfkelch13 580Y allele frequency was
graphed over time. Pfhrp2 gene deletions were not allowed in the simulations in this panel. 60%
of individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed
clinically. 30% had no access to drugs.

Figure 14. Drug Resistance Evolution, Medium Transmission, No pfhrp2 Deletion

Figure 14. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 5% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced, fully replacing microscopy. The pfkelch13 580Y allele frequency was
graphed over time. Pfhrp2 gene deletions were not allowed in the simulations in this panel. 60%
of individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed
clinically. 30% had no access to drugs.
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Figure 15. Drug Resistance Evolution, High Transmission, No pfhrp2 Deletion

Figure 15. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 50% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced, fully replacing microscopy. The pfkelch13 580Y allele frequency was
graphed over time. Pfhrp2 gene deletions were not allowed in the simulations in this panel. 60%
of individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed
clinically. 30% had no access to drugs.

In low, medium, and high transmission populations (0.5%, 5%, and 50%), and without allowing
pfhrp2 gene deletions, an increase in RDT coverage raised the rate of 580Y fixation by a small
amount. The increase in sensitivity of the RDT over the microscopy leads to an increase in
effective coverage. The increase in effective coverage was not reduced by the evolution of pfhrp2
gene deletions, leading to a higher selection pressure for antimalarial resistance. The higher
selection pressure for antimalarial resistance genes led to a small increase in the fixation rate of
pfkelch13 580Y, at all transmission levels.
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Figure 16. Effective Coverage

Figure 16. Compare to Figure 12. Introduction of an RDT in a malaria-endemic region with 5%
prevalence. The vertical line shows time (at year 13) when the RDT was introduced at different
coverages (f2). Microscopy was replaced by RDTs. Effective coverage (Equation 24) was plotted
over time. Pfhrp2 gene deletions were allowed in the simulations in this panel. 60% of individuals
were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically. 30% had
no access to drugs.

In this case, pfhrp2 gene deletions were allowed to evolve, in order to investigate the effect that
the evolution of pfhrp2 gene deletions had on the effective coverage and rates of pfkelch13 580Y
fixation. The effective coverage was measured over time, introducing an RDT at rates of 0%, 30%,
or 60% after 13 years. Additionally, the prevalence of the pfhrp2 gene deletions associated with
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the 60% RDT coverage simulation was measured to indicate the spread of pfhrp2 gene deletions.
Effective coverage increased following introduction of the RDT, with a higher increase in effective
coverage associated with a higher increase in RDT coverage. However, as pfhrp2 gene deletions
increased, the effective coverage decreased. The short-term increase in effective coverage
following RDT introduction increased in magnitude with higher RDT coverage rates. The long
term decreases in effective coverage increased in magnitude with higher RDT coverage.

Figure 17. Drug Resistance Evolution, Low Transmission

Figure 17. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 0.5% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced, replacing microscopy. The pfkelch13 580Y allele frequency was graphed
over time. Pfhrp2 gene deletions were allowed in the simulations in this panel in order to determine
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the effect that pfhrp2 deletion evolution has on the pfkelch13 580Y rate of fixation. 60% of
individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically.
30% had no access to drugs.

Figure 18. Drug Resistance Evolution, Medium Transmission

Figure 18. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 5% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced, replacing microscopy. The pfkelch13 580Y allele frequency was graphed
over time. Pfhrp2 gene deletions were allowed in the simulations in this panel in order to determine
the effect that pfhrp2 deletion evolution has on the pfkelch13 580Y rate of fixation. 60% of
individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically.
30% had no access to drugs.
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Figure 19. Drug Resistance Evolution, High Transmission

Figure 19. Effects on pfkelch13 allele frequency evolution upon introduction of an RDT in a
malaria-endemic region with 50% prevalence. The vertical line shows time (at year 13) when the
RDT was introduced, replacing microscopy. The pfkelch13 580Y allele frequency was graphed
over time. Pfhrp2 gene deletions were allowed in the simulations in this panel in order to determine
the effect that pfhrp2 deletion evolution has on the pfkelch13 580Y rate of fixation. 60% of
individuals were diagnosed by RDTs or microscopy. 10% of individuals were diagnosed clinically.
30% had no access to drugs.

In all transmission levels, an increase in RDT coverage decreased the rate of fixation of the
pfkelch13 580Y antimalarial resistance allele. The increase in effective coverage caused by the

36

introduction of the RDT over microscopy is expected to be eliminated by the spread of pfhrp2
gene deletions. However, the rate of pfkelch13 580Y fixation was not only slowed, but the spread
of pfkelch13 580Y began to decrease when RDT coverage reached 60% in a high transmission
setting. When pfhrp2 gene deletions were not allowed (Figures 13, 14, 15), the increase in effective
coverage led to an increase in pfkelch13 580Y fixation rate. When pfhrp2 gene deletions were
allowed (Figures 17, 18, 19), increasing rates of RDT coverage was capable of reversing the spread
of

pfkelch13

580Y

antimalarial

resistance

alleles.

This

raises

the

questions:

1. Why would the propagation of diagnostic evasive gene deletions decrease antimalarial
resistance, as opposed to merely slowing the spread of antimalarial resistance?
2. Are diagnostic evasive gene deletions and antimalarial resistance alleles independently assorted
in the genotypes infecting the population, or are the gene deletions interacting with drug resistance
alleles?
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5

Linkage pfhrp2 and pfkelch13 C580Y

Linkage disequilibrium describes the tendency for alleles at different loci to be associated at higher
rates than what would be expected from random assortment of alleles. Linkage disequilibrium can
lead to interpretations of behaviors of a certain locus that may be confounded without regarding
the linked gene. For example, consider two genes on the same chromosome encoding alleles ‘A’
or ‘a’ and alleles ‘B’ or ‘b’. If karyotype ‘AB’ is found on one chromosome, and allele ‘A’ is
undergoing a selection pressure, karyotype ‘AB’ will increase in frequency over karyotype ‘ab’,
as allele ‘A’ is linked to allele ‘B’. Because allele ‘A’ and ‘B’ are linked, ‘B’ will increase in
frequency as well. Regarding the allele ‘B’ alone will show an increase in frequency of allele ‘B’,
and a decrease in frequency of allele ‘b’, and one could incorrectly assume allele ‘B’ is undergoing
selection. Linkage disequilibrium can occur for a variety of reasons outside of physical proximity
on a chromosome, such as mutation or genetic drift. Also, as discussed later, linkage can occur
due to selection pressures, as seen in pfhrp2 gene deletion and pfkelch13 C580Y linkage
disequilibrium. It is important to note that a selection pressure on one allele on one locus can drive
the frequency of an allele in another locus.

The pfhrp2 gene deletions and the pfkelch13 580Y allele were found not to be assorting
independently in the model. Pfhrp2 gene deletions were found to be positively associated with the
pfkelch13 C580 allele, responsible for chloroquine and amodiaquine susceptibility. Similarly,
pfhrp2 gene presence was found to be positively associated with pfkelch13 580Y, the antimalarial
resistant allele. In order to determine the magnitude of linkage disequilibrium occurring between
pfhrp2 gene deletions and pfkelch13 C580Y, the correlation coefficient r was calculated (Equation
25) over the course of the simulation.
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Figure 20. Linkage Patterns

Figure 20. The linkage disequilibrium correlation coefficient r (Equation 25) between pfhrp2 gene
deletions, pfkelch13 C580Y, and pfcrt K76T over time. The vertical line shows the time after 2
years when RDTs were deployed. Data was only kept while all gene frequencies were between 5%
and 95% for each locus, in order to prevent small denominators when calculating the correlation
coefficient. RDTs were deployed at 60% coverage with 30% ACT coverage, 40% single drug
therapy coverage, and 30% with no access to drugs.

Negative linkage was seen between pfhrp2 gene deletions and the pfkelch13 580Y allele; linkage
initially increased during initial emergence and spread of pfhrp2 gene deletions and later decreased
as pfhrp2 gene deletions fixed. Therefore, the diagnostic evasive pfhrp2 gene deletions were seen
more frequently associated with drug-susceptible alleles, and conversely, drug-resistant strains
were more likely to be detectable by RDTs than would be expected under independent assortment.
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A small amount of linkage was found between pfkelch13 580Y and pfcrt 76T, indicating that
antimalarial double resistant mutants were more frequent than would be expected under
independent assortment.

Negative linkage disequilibrium was found between pfhrp2 gene deletions and pfcrt 76T; however,
pfcrt K76T undergoes a more complex evolution process, as mutation from K76 to 76T and 76T
to K76 was included in the model. Because the pfcrt K76 allele is responsible for lumefantrine
resistance, and the pfcrt 76T allele is responsible for chloroquine and amodiaquine resistance, there
are competing selection pressures that depend on the rates of lumefantrine treatment compared to
chloroquine and amodiaquine treatment. Therefore, pfcrt K76 is both drug susceptible and drug
resistant depending on whether the treatment contains chloroquine, amodiaquine, or lumefantrine.
Similarly, pfcrt 76T is antimalarial susceptible to lumefantrine, and resistant to regimens
containing chloroquine or amodiaquine. Because the competing selection pressure leads to more
complicated dynamics dependent on the rate of artemether-lumefantrine use compared to the rest
of the possible antimalarial drug regimens, pfcrt K76T and pfhrp2 gene deletion linkage was
explored less thoroughly in favor of the more straightforward pfkelch13-pfhrp2 gene linkage
disequilibrium.
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Figure 21. Proposed Mechanism Driving Linkage Disequilibrium

Figure 21. Mutations that allow for the avoidance of successful treatment. Red lines indicate
possible mutations that can prevent successful treatment. In the top flowchart, P. falciparum
infecting a patient diagnosed with microscopy must accumulate antimalarial resistance mutations
to avoid successful treatment. In the bottom flowchart, P. falciparum infecting a patient diagnosed
with RDTs can avoid successful treatment via pfhrp2 gene deletions, circumventing the need for
accumulating antimalarial resistance mutations.

The linkage disequilibrium between pfhrp2 gene deletions and the antimalarial resistance allele
pfkelch13 580Y differs from the linkage disequilibrium normally seen in traditional antimicrobial
resistance models using combination therapies, given the number of mutations needed in order to
avoid successful treatment. In the case of RDT diagnosis and treatment, either pfhrp2 gene
deletions or drug resistance alleles can cause treatment to be unsuccessful. However, the deletion
of the pfhrp2 gene leads to full resistance against diagnosis by RDT. In a combination therapy
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model using an RDT as a diagnostic test, a pfhrp2 gene deletion is enough to successfully avoid
treatment. Given the fully resistant phenotype when diagnosed via RDT only, acquisition of a
second mutation as a drug resistance mutation causes the addition of a fitness cost with no
additional increase in fitness, as the parasite is already guaranteed to have avoided treatment. As
the RDT coverage increases, the probability of avoiding treatment increases, increasing the
selection pressure for pfhrp2 gene deletions. Due to the positive linkage between pfhrp2 gene
deletions and pfkelch13 C580, a selection for pfhrp2 gene deletions will drive the frequency of the
pfkelch13 C580 allele higher, and the 580Y allele lower.

Figure 22. Frequency-Frequency Model of Linkage

Figure 22. The left panel shows the experimentally determined equilibrium states associated with
diagnostic evasion and antimalarial resistance linkage disequilibrium. In the left panel regarding
diagnostic evasion and antimalarial resistance, the frequency of pfhrp2 gene deletions was plotted
against the frequency of allele pfkelch13 580Y. The right panel shows the expected linkage
disequilibrium patterns associated with multi-drug resistance antimicrobial resistance models.
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White indicates unstable equilibrium, grey indicates semi-stable equilibrium, black indicates stable
equilibrium.

The fully resistant pfhrp2 gene deletion and partially resistant pfkelch13 580Y leads to the only
stable equilibrium occurring in the case of pfhrp2 gene deletion fixation and extinction of the
pfkelch13 580Y allele. When considering diagnostic evasion, single mutants for pfhrp2 gene
deletions are favored over pfkelch13 580Y single mutants. Compare this to the stable equilibrium
in multi-drug antimicrobial resistance models, where drug resistant double mutant evolution acts
as a stable equilibrium.

Linkage patterns were observed between diagnostic evasive alleles and antimicrobial sensitive
alleles, as well as between antimicrobial resistance alleles. Negative linkage was observed between
pfhrp2-deletions and 76T, as well as between pfhrp2-deletions and 580Y, consistently showing
that diagnostic evasion and antimicrobial susceptibility are linked, and that diagnostic
susceptibility and antimicrobial resistance are linked. As diagnostic evasion allows for the evasion
of treatment, and drug resistance leads to increased rates of unsuccessful treatment, both forms of
resistance avoid successful treatment.
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Figure 23. Linkage vs RDT Coverage

Figure 23. The linkage disequilibrium correlation coefficient r (Equation 25) was plotted over
time while varying RDT coverage (f2). The vertical line indicates the time in which RDTs were
deployed after 13 years, fully replacing microscopy. Only data while gene frequencies between
5% and 95% were kept for each locus. 70% of the population was treated with artemisinin
combination therapies, and 30% had no access to drugs. Infected patients were diagnosed with
10% clinical diagnostic coverage. The population was simulated at medium (5%) transmission
level.

The linkage disequilibrium between pfhrp2 gene deletions and drug resistance alleles leads to
evolution towards pfhrp2 gene deletion fixation, and the elimination of the 580Y drug resistance
allele. This effect is seen in increasing rates as RDT coverage increases.
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Figure 24. X(580Y) vs. X(pfhrp2 Deletions)

Figure 24. The top left, top right, and bottom left panels shows the frequency of pfhrp2 gene
deletions plotted versus pfkelch13 580Y, varying the initial frequency of pfkelch13 580Y, and
varying the RDT coverage rates. Six different initial frequencies of pfkelch13 580Y were
simulated. In all cases the frequency of pfhrp2 gene deletions was initialized at 0.1%. Each
simulation was plotted over a 50-year time horizon, showing movement towards the top left corner
in all cases. However, in the bottom right panel, RDT coverage was set to 0%, and the initial
frequency of pfhrp2 gene deletions was varied. Progression over time moved to the bottom right
corner.
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The frequency of pfhrp2 gene deletions was plotted against the frequency of 580Y allele frequency
for 50 years in order to investigate the effects of linkage between pfhrp2 gene deletions and the
drug resistance allele pfkelch13. The RDT coverage rate was varied in order to determine the effect
that increasing coverage had on the linkage patterns. The initial frequency of the 580Y allele was
varied from 0.1% to 99% frequency, against an initial frequency of 0.1% pfhrp2 gene deletions.
Over time, the population trended towards pfhrp2 gene deletion fixation, and extinction of the
pfkelch13 580Y drug resistant allele. An increase in RDT coverage rate increased the rate at which
the pfhrp2 gene deletion spread, and increased the rate that pfkelch13 580Y decreased. In the
absence of any use of RDTs (RDT coverage = 0%), the population trended towards extinction of
pfhrp2 gene deletion, and the propagation of pfkelch13 580Y. In the lack of RDT usage (RDT
coverage = 0%), the initial frequency of pfhrp2 gene deletions was varied in order to investigate
whether the initial frequency of pfhrp2 gene deletions affected the equilibrium. At all initial pfhrp2
gene deletion frequencies, the frequency of pfhrp2 gene deletion decreased, and the frequency of
pfkelch13 580Y increased.
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6

Discussion

6.1

Use Cases of Diagnostic Tests and “Appropriate Treatment”

Diagnostic tests are believed to be beneficial in reducing rates of inappropriate treatment, and thus,
reducing drug resistance rates. Consider a patient presenting with a fever due to influenza, and
harboring an asymptomatic malaria infection. If the patient is clinically diagnosed with malaria
due to similar clinical symptoms, and treated with antimalarials, 2 outcomes occur:
1)

The patient’s symptoms are not treated, as the flu continues to manifest as the

primary infection,
2)

The usage of antimalarials contributes to increased rates of antimalarial resistance

in the host.

Thus, the antimalarials used were wasted, given the drugs were used without resolving the
symptoms of the patient, while also contributing to the evolution of anti-malarial resistance. This
scenario can be described as inappropriate treatment. By using an influenza-targeting diagnostic
test, the patient’s chief concern, influenza, can be identified and treated accordingly, without
wasting the antimalarials, and without contributing to the evolution of anti-malarial resistance.

However, the use of a malaria diagnostic test may not improve this scenario. Using a diagnostic
test for malaria may confirm the presence of the asymptomatic malaria infection, leading to the
delivery of antimalarials and treatment of the asymptomatic infection. Still, this can be considered
inappropriate treatment, as the causative agent of symptoms, influenza, remains untreated.
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Additionally, inappropriate treatment is of more importance in the case of bacterial infections than
in parasitic infections. Opportunistic bacterial pathogens are constantly present in or on the body,
and use of antibiotics to treat a bacterial infection increases the rates of resistance in any other
bacteria present. P. falciparum is not normally harbored in the body, and the mistaken use of
antimalarials is not expected to increase the rates of antimalarial resistance.

6.2

Effects of Transmission Intensity on RDT Use

The risks associated with inappropriate treatment vary by malaria transmission level. Areas with
high transmission are often characterized by high rates of asymptomatic infections. Malaria
infections in low transmission areas are more likely to be symptomatic, but overall, patients are
less likely to present with malaria. Therefore, the risk of a patient harboring an asymptomatic
malaria infection is highest in high transmission areas. However, a patient presenting with
symptoms is more likely to be afflicted with malaria, given the high prevalence in the population.
A presumptive diagnosis based on symptoms, without the use of a diagnostic test, may be effective
at removing P. falciparum from a patient, whether via inappropriate treatment in the case of an
asymptomatic infection, or appropriate treatment, in the case of a symptomatic infection. Even
inappropriate treatment has the possibility to clear an asymptomatic malaria infection. Even
inappropriate treatment via antimalarials may lead to decreased prevalence, and decreased
opportunities for transmission. Therefore, in higher transmission areas, clinical diagnosis of
malaria, without the use of a diagnostic test, is more likely to be effective, and less likely to waste
drugs. In low transmission areas, patients are less likely to harbor asymptomatic malaria infections,
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and are less likely to present with malaria overall. Clinical diagnosis of malaria, without the use
of a diagnostic test, will be incorrect more often, and will lead to more wasted drugs.

This is not to say that clinical diagnosis is more effective at reducing antimalarial resistance
evolution. Diagnostic tests have a necessary role, especially in low transmission areas, with limited
amounts of resources, where without a diagnostic test, antimalarials will be heavily wasted.
However, especially in high transmission areas, diagnostic tests are not critically necessary, and
may be a waste of resources if malaria is especially prevalent. Additionally, use of a diagnostic
test may not lead to decreased drug resistance.

Diagnostic tests may not lead to decreased drug resistance for a very basic reason, treatment leads
to resistance; more treatment leads to more resistance. The more widespread the use of
antimalarials are, the higher the selection pressure, and the faster evolution occurs. A diagnostic
test may reduce the rates of inappropriate treatment, however the increased sensitivity of the
diagnostic test, higher rates of those with malaria will test positive, and be administered antimalarial drugs: more treatment, leading to more resistance. The reduced risk of resistance
occurring in inappropriate treatments is directly countered by the higher rates of resistance due to
the sheer quantity of people being treated, after implementation of a more sensitive diagnostic test.
Therefore, diagnostic tests do not necessarily reduce the rates of anti-malarial resistance, as the
reduced rates of inappropriate treatment may not counteract the overall increased rates of
treatments.
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In high transmission settings, the use of diagnostic tests may neither decrease inappropriate
treatment, nor eliminate the wasting of resources. While a diagnostic test will verify the presence
or lack of malaria in the body, it will not determine whether malaria is the primary source of
symptoms. In high transmission settings, many patients with infections, asymptomatic or
symptomatic, will present to be treated for malaria or a separate disease. Using the tests in areas
with high endemic malaria rates will lead to many people confirming the presence of their
asymptomatic malaria infection. In these cases, both the treatment and the diagnostic test are used
without the resolution of primary symptoms. Evolution is not slowed, nor are resources used
responsibly, through the usage of a diagnostic test in high transmission areas. However, the patient
has addressed the asymptomatic malaria and will most likely clear the malaria infection.

The implementation of rapid diagnostic tests must be done with an awareness of the long-term
evolution of pfhrp2 gene deletions, and as the pfhrp2 gene deletion spreads, the effective coverage
will decrease. Therefore, measures must be taken in order to prevent effective coverage falling
below pre-implementation levels, coincided by an increase in prevalence.

One main concern is false reporting of malaria prevalence due to false negative rates of the RDTs
for pfhrp2 gene deleted strains. As pfhrp2 deleted strains spread, false negative diagnoses will
become more common, however knowledge of the true or false negative status will not be known.
If the prevalence of malaria is determined through RDTs, pfhrp2 gene deletions may cause the
prevalence to be underreported. Therefore, when determining prevalence levels, a malaria control
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program should use a separate diagnostic test to determine prevalence, or the pfhrp2 gene deletion
frequency must be considered and the prevalence adjusted accordingly.

If the true malaria prevalence increases, while reported malaria prevalence decreases, RDT usage
will be assumed to be successful in decreasing endemic malaria levels, incentivizing continued
RDT use. The lower, reported malaria prevalence will encourage continued use of RDTs, leading
to continued selection pressure for pfhrp2 deleted genotypes. Verification of true malaria
prevalence using non-RDT diagnostic tests should be encouraged in order to avoid diagnostic
evasion affecting the reported cases of malaria. Consider the scenario where a malaria control
program uses RDTs to determine the prevalence of malaria in a population. If pfhrp2 gene
deletions emerge and spread in the population, a plausible series of events may occur:
1. The true prevalence of malaria in the population is underreported.
2. The perceived success of the control program is attributed to the implementation of the
highly sensitive RDTs.
3. The malaria control program funds continued or additional RDT use, leading to a
continued or increased selection pressure for pfhrp2 gene deleted strains.
4. Pfhrp2 gene deleted strains spread, avoiding detection by RDTs.
5. The RDT reported prevalence decreases further. True prevalence increases further as
pfhrp2 gene deleted strains are untreated.

In this case a malaria control program may unwittingly increase the prevalence of malaria in the
population, as the RDT reported prevalence provides false, yet encouraging statistics that the
prevalence is decreasing in the population. In the worst-case scenario, pfhrp2 gene deletions fix in
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the population, and the malaria control program relies solely on RDT reported prevalence. The
program may report 0% RDT determined prevalence: complete eradication of malaria in the
country, defunding the malaria control program. In reality, the country is burdened with a higher
prevalence than before RDT implementation, and the sensitive RDT is rendered useless. Therefore,
patterns associated with diagnostic evasion must be analyzed in order to provide a reliable
indicator that diagnostic evasion is spreading in an area, and thus, RDT use should be reinforced
with a secondary diagnostic or disbanded altogether. Prevalence values should not be determined
with RDTs if pfhrp2 gene deletions are spreading in the population, or the prevalence values should
be adjusted according to pfhrp2 gene deletion frequency.
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6.3

Combined Use of Microscopy and RDTs

If diagnostic evasion is spreading in an area, microscopy should be used as a mandatory secondary
diagnostic. While this may lead to redundant negative diagnoses of patients who do not have
malaria, patients who are infected with pfhrp2 gene deleted strains will be diagnosed positive more
effectively. In areas with low pfhrp2 gene deletion frequency, the majority of patients will be
correctly diagnosed positive by the RDT, given the sensitivity of the diagnostic test. As the
frequency of pfhrp2 gene deleted strains increases, increasing numbers of patients afflicted with
diagnostic evasive malaria will be diagnosed via microscopy secondary diagnosis. This serves two
purposes:
1) Patients infected with a pfhrp2 deleted strain will be diagnosed positive and treated
2) Diagnostic evasion can be identified as spreading in the population, as the false
negative rate of the RDTs can be determined from the microscopy diagnosis rates.
For example, a clinician may report “In 2019, 1% of negative RDT diagnoses were confirmed to
have malaria by subsequent microscopy. In 2020, 10% of RDT negative diagnoses were confirmed
to have malaria by subsequent microscopy.” Therefore, if pfhrp2 gene deletion frequency is
unknown, or if diagnostic evasion is not suspected in the population, the frequency of negative
RDT diagnoses that were subsequently confirmed to be malaria positive via microscopy will be
an indicator of the diagnostic evasion spreading in a population. This indicator can inform the
movement away from RDT use as diagnostic evasion spreads.
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6.4

Linkage and Evolution Towards Double Resistance

The propagation of single mutants over double mutants when regarding diagnostic evasion and
antimalarial resistance is different than regarding traditional antimicrobial resistance models in
that negative disequilibrium is expected between pfhrp2 gene deletions and antimicrobial
resistance alleles. The deletion of pfhrp2 acts as a fully resistant phenotype, and therefore the
acquisition of any further drug resistance allele and its associated fitness cost is not only redundant
from the perspective of avoiding successful treatment, but detrimental due to the fitness cost
associated, for every patient diagnosed using RDTs. As coverage of RDTs increased, the negative
linkage disequilibrium increased.

In traditional antimicrobial resistance models regarding two antimicrobial resistance loci, in the
prescription of two antimicrobial compounds, typical trends show that long-term evolution leads
to fixation of double mutants. This trend is characterized by the necessity in acquisition of
antimicrobial resistance alleles towards both antimicrobial compounds present, a low probability
event. However, after acquisition of antimicrobial resistance alleles towards both compounds, the
double mutants are capable of surviving the combination treatment. Acquisition of a single
antimicrobial resistance allele leaves the single-mutant susceptible to the second antimicrobial
drug, leading to a suppression in the propagation of single-mutants. The dynamics regarding the
emergence and spread of single-mutants is fundamentally different when regarding diagnostic
evasion and antimicrobial resistance loci than when regarding two antimicrobial resistance loci.

The emergence of single-mutant genotypes regarding diagnostic evasion and antimicrobial
resistance occurs differently, likely due to probability that either single mutant, whether
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antimalarial resistant or diagnostic evasive, will avoid successful treatment. Compare this to a
combination therapy setting, where a single mutant will likely not avoid successful treatment. A
diagnostic evasive single mutant will avoid detection by a diagnostic test, and avoid treatment. An
antimicrobial resistant single mutant will be detected via the RDT, but may survive treatment with
the antimicrobial drug. In the case of a pfhrp2 gene deleted single mutant, the acquisition of an
antimalarial resistance allele does not confer a significant enough advantage in avoiding successful
treatment to counteract the cost of resistance. Therefore, the trend towards double mutants seen in
traditional antimicrobial combination therapy is not seen in this diagnostic evasion and
antimicrobial resistance model.

The pfhrp2-deletion acting as a fully resistant phenotype to the diagnosis via Hrp2-based RDTs
leads to a favoring of the Hrp2-deleted single mutant over antimicrobial resistant, diagnostic
susceptible single mutants. In contrast to the emergence of antimicrobial resistant double mutants
propagating when considering combination therapy, the trend alternatively favors the pfhrp2deleted single mutant. Even by varying the initial frequency of the pfkelch13 580Y allele, the 580Y
allele decreases in frequency until the C580 allele fixes in the population. This may be explained
by the 580Y allele being a partially resistant mutation, and as compared to the fully resistant
pfhrp2-deletion, may confer less of an evolutionary advantage. Therefore, over time, the fully
resistant pfhrp2-deletion may outcompete pfkelch13 580Y single mutants. Pfhrp2-deleted, 580Y
double mutants carry a second cost of resistance associated with the pfkelch13 580Y allele, leading
to slower propagation and being eventually outcompeted by the pfhrp2-deleted single mutants.
The advantage conferred via the pfkelch13 580Y allele is dependent on being properly diagnosed
and exposed to Artesunate or Artemether. If the parasite is never exposed to treatment, by avoiding
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diagnosis, the 580Y allele confers no advantage, and the C580 allele is favorable given the cost of
resistance associated with the 580Y allele.

6.5

Model Limitations

It is important to note that the pfhrp2 gene deletions were modeled as a fully resistant phenotype,
and were predicted to entirely avoid detection by RDTs. Herein may lie the reason why linkage
disequilibrium favors the single mutants that are entirely diagnostic evasive and lack antimalarial
resistance genes. Both incur a fitness cost, and therefore double mutants incur two fitness costs
compared to single mutants. A gene deletion for pfhrp2 avoids successful treatment via preventing
the successful diagnosis of disease, leading to the lack of drug administration. Drug resistance
alleles were considered to be partially resistant, and successful treatment is only via an increased
failure rate of the treatment. Therefore, drug resistance mutations were less likely to avoid
successful treatment than a diagnostic evasive strain. This may explain favoring pfhrp2-deleted
single mutants over the propagation of 580Y drug resistant single mutants. If RDTs were expanded
to test for multiple biomarkers in the same test, or if cross-reactivity with other proteins could lead
to a pfhrp2 gene deleted strain being detected by Hrp2 based RDTs, this fully resistant phenotype
assumption would have to be modified.

Similarly, doctor noncompliance may provide an alternate mechanism for the pfhrp2 gene deleted
strain to have less than a fully resistant phenotype. Consider a patient presenting with malaria and
infected with a pfhrp2 deleted strain. According to our model, upon administration of an RDT as
the sole diagnostic test, the patient would be diagnosed as negative and would be untreated. In
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actuality, this scenario may play out differently, in which the supervising physician may not choose
to comply with the negative diagnosis, and administer antimalarials to the patient. Depending on
the rate of physician noncompliance, pfhrp2 gene deleted strains may not always avoid treatment,
shifting the selection pressure in favor of drug resistance allele acquisition. Doctor noncompliance
may also vary according to transmission levels, as a patient presenting with fever, chills, in an area
with very little endemic malaria, is less likely to be afflicted with malaria, conditional on malaria
prevalence. Therefore, a physician in an area with very little endemic malaria may be less likely
to disregard the negative diagnosis and clinically diagnose the patient with malaria. In contrast, a
patient presenting with fever and chills in an area with high levels of endemic malaria is
conditionally more likely to be afflicted with malaria, conditional on malaria prevalence.
Therefore, a doctor may be more likely to clinically diagnose the patient, despite the negative
diagnostic test.

Our model did not include the circulation of a second disease that presents malaria-like symptoms,
that may co-infect with malaria. Of particular importance is the case where a patient presents with
symptoms due to a secondary disease, but is asymptomatically infected with malaria. The
diagnosis of the patient’s asymptomatic malaria and treatment with antimalarials may lead to
treatment of the asymptomatic malaria infection, however the cause of symptoms may go
untreated. The effects on drug resistance and prevalence levels that a second disease with malarialike symptoms should be investigated as it may change the strategies needed in order to combat
drug resistance in malaria.
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The model also does not consider the cross-reactivity of Histidine-rich Protein 3 (Hrp3) and Hrp2based RDTs. Additionally, the model does not consider pfhrp3 deletions as possible genotypes,
which may change the RDT sensitivity via cross-reactivity.

Polyclonal infections may change the selection pressure on drug resistance or diagnostic evasion
genotypes. Consider a patient infected with two strains of malaria, one pfhrp2 deleted, one pfhrp2
present. The successful diagnosis of the patient using an RDT may depend on the relative
circulation levels of each genotype, but if the patient is successfully diagnosed, both the pfhrp2
present and pfhrp2 strains would be subject to treatment with antimalarials. The effects on drug
resistance and prevalence that polyclonal infections have may change the evolution of diagnostic
evasion and drug resistance.
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Appendix A. Equation Parameters
Table 1. State Variables

The disease progression of malaria was divided into the above disease states.
Table 2. Treatment Regiments

Table 3. Alleles and Resistances

Table 4. Fitness Costs

Fitness costs were considered to be multiplicative. e.g. a strain with both pfhrp2 Gene Deletion
and 76T will have .96 ((1 - 0.03) x (1 - 0.01)) of the fitness of the wild type.
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The dynamics surrounding pfhrp2 gene deletions is likely heavily influenced by the associated
fitness cost. In the model, the gene deletion was assumed to have a high fitness cost compared to
the point mutations found in pfcrt and pfkelch13, based on the absence of protein. The fitness cost
of the pfhrp2 gene deletion is not well understood. Hrp2 is understood to be involved in heme
detoxification, however that role is found to be shared with other proteins including Hrp3.
Therefore, the fitness cost associated with pfhrp2 gene deletions may be lower than our model
assumes. Infections occurring in Semi-immune patients was factored into the fitness cost, and
assumes infectivity at 60% less than infections occurring in non-immune patients based on the host
immunity suppression of parasitemia.
Table 5. Failure Rates of Treatment

Each treatment was considered to have a baseline failure rate corresponding to treatment of a wild
type strain, and a failure rate according rate corresponding to treatment of each mutant genotype.
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Table 6. Patient Groups

Example: A105 denotes the population of non-immune, asymptomatic patients with a high 1010
total parasitemia, colonized by a monoclonal population of pfhrp2 deleted with alleles K76 and
580Y at pfcrt and pfkelch13, respectively.
Table 7. Model Parameters
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Table 8. Semi-immunity

Table 9. Coverage Parameters

Table 10. Diagnostic Sensitivities

Table 11. Mutation Parameters
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Table 12. State Variables for Basic Linkage Model
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Appendix B. Equations
Equation 1. Susceptible
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Equation 2. Susceptible, Semi-immune
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Equation 3. Exposed

Equation 4. Exposed, pfhrp2 Deleted

67

Equation 5. Febrile

Equation 6. Febrile, Semi-immune
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Equation 7. Asymptomatic High Parasitemia

Equation 8. Asymptomatic High Parasitemia, Semi-immune

Equation 9. Asymptomatic High Parasitemia, K76
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Equation 10. Asymptomatic High Parasitemia, 76T

Equation 11. Asymptomatic High Parasitemia, 580Y

Equation 12. Asymptomatic High Parasitemia, 76T, 580Y

Equation 13. Asymptomatic High Parasitemia, K76, 580Y
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Equation 14. Asymptomatic Low Parasitemia

Equation 15. Treated
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Equation 16. Treated, pfhrp2 Deleted

Equation 17. Dead

Equation 18. Linkage, Susceptible
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Equation 19. Linkage, Infected

Equation 20. Linkage, Infected, pfhrp2 Deleted

Equation 21. Linkage, Infected, 580Y
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Equation 22. Linkage, Infected, pfhrp2 Deleted, 580Y

Equation 23. Linkage, Resistant
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Equation 24. Effective Coverage

Equation 25. Linkage Disequilibrium Calculation
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