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Abstract

Background: The use of intermittent preventive treatment in pregnant women (IPTp), children (IPTc) and infant
(IPTi) is an increasingly popular preventive strategy aimed at reducing malaria risk in these vulnerable groups.
Studies to understand how this preventive intervention can affect the spread of anti-malarial drug resistance are
important especially when there is human movement between neighbouring low and high transmission areas.
Because the same drug is sometimes utilized for IPTi and for symptomatic malaria treatment, distinguishing their
individual roles on accelerating the spread of drug resistant malaria, with or without human movement, may be
difficult to isolate experimentally or by analysing data. A theoretical framework, as presented here, is thus relevant
as the role of IPTi on accelerating the spread of drug resistance can be isolated in individual populations and when
the populations are interconnected and interact.

Methods: A previously published model is expanded to include human movement between neighbouring high
and low transmission areas, with focus placed on the malaria parasites. Parasite fitness functions, determined by
how many humans the parasites can infect, are used to investigate how fast resistance can spread within the
neighbouring communities linked by movement, when the populations are at endemic equilibrium.

Results: Model simulations indicate that population movement results in resistance spreading fastest in high
transmission areas, and the more complete the anti-malarial resistance the faster the resistant parasite will tend to
spread through a population. Moreover, the demography of infection in low transmission areas tends to change to
reflect the demography of high transmission areas. Additionally, when regions are strongly connected the rate of
spread of partially resistant parasites (R1) relative to drug sensitive parasites (RS), and fully resistant parasites (R2)
relative to partially resistant parasites (R1) tend to behave the same in both populations, as should be expected.

Conclusions: In fighting anti-malarial drug resistance, different drug resistance monitoring and management
policies are needed when the area in question is an isolated high or low transmission area, or when it is close and
interacting with a neighbouring high or low transmission area, with human movement between them.
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Background

Malaria is a vector-borne disease caused by members of
the genus Plasmodium that continue to afflict many
countries. An estimated 3.4 billion people are at risk of
the disease, of whom about 35.3% are at higher risk [1].
In 2012, an estimated 207 million malaria cases occurred
resulting in an estimated 627,000 deaths, with about
77% of the deaths being of children under five years of
age [1]. Efforts to control the disease are ongoing and
continue to evolve as the challenges evolve. New control
strategies and approaches have been proposed to tackle
new challenges with the short term goal of disrupting
disease transmission and reducing disease burden, and a
long term goal of reducing disease impact on popula-
tions and potentially achieving disease eradication. Inter-
mittent Preventive Treatment (IPT) is a malaria control
strategy aimed at reducing disease burden and parasite
load in the most vulnerable segments of the population.

In malariology, intermittent preventive treatment (IPT)
denotes the administration of a full curative course of an
anti-malarial drug at particular time points to the most
malaria-vulnerable sub-population, regardless of their mal-
aria infection status. The sub-populations to which IPT is
typically applied are defined by specific at-risk groups, in-
cluding infants, in which case it is referred to as IPTi, chil-
dren (IPTc) and pregnant women (IPTp). This increasingly
popular preventive strategy aims at diminishing the inci-
dence of clinical malaria in these vulnerable groups. Thus,
IPT helps minimize deaths and adverse pregnancy out-
comes such as maternal anaemia, intrauterine growth re-
tardation, abortion, or low birth weights, while allowing for
the normal development of natural immunity in children
[2]. The downside of IPT is that once drug concentrations
fall below therapeutic levels there is a risk of reinfection
and selection for drug resistance [3,4].

Historical evidence suggests that anti-malarial drug re-
sistance tends to develop from areas of low malaria trans-
mission [5-7]. In particular, available data suggest that
resistance to both chloroquine (CQ) and sulphadoxine-
pyrimethamine (SP) emerged from areas of low or un-
stable transmission. Low transmission areas (within highly
endemic regions) are typically located in upland sites
where temperatures tend to be cooler because of the high
altitude, and rainfall accumulation tend to be smaller
[8-10]. These conditions make it less conducive for mos-
quitoes to reproduce, hence lowering malaria transmis-
sion. On the other hand, high transmission areas are
typically found at lower elevations [10] where the temper-
atures are relatively warmer, there is less run-off, and
hence more standing water. These conditions are more
conducive for mosquito breeding and hence reproduction,
and malaria transmission.

Hypotheses proposed to explain why CQ-resistance orig-
inated from the presumed low or unstable transmission
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areas outside of sub-Saharan Africa, include: (i) a lower fre-
quency of resistant alleles in higher transmission areas
because of within-host competition [5,11]; (ii) less drug
treatment (per parasite) in higher transmission areas
[5,6,11]; and (iii) mutant parasites are less likely to survive
a host immune response in high transmission areas, where
immunity is better developed [5,12]. Quantitative popula-
tion genetic and epidemiological models have also offered
an explanation for why resistance is less likely to emerge
in high transmission areas [5,13]. Higher transmission
intensity is associated with a higher level of clinical im-
munity to malaria, due to frequent exposure of residents
to the parasites [5]. The term “clinical immunity” refers to
the gradually acquired, parasite-exposure-primed immune
response that enables individuals to be symptom-free even
when they have the parasites in their blood [14]. Conse-
quently, the rates of anti-malarial drug use are lower
among clinically immune individuals, since they rarely feel
sick from the infection [5]. The relatively lower usage of
anti-malarial drugs by clinically immune individuals un-
dercuts the selective advantage of resistant parasites and
creates a natural refuge for the drug-sensitive parasites,
making it more conducive for sensitive parasites to thrive.
The model in [5] demonstrates that the existence of a ref-
uge for drug sensitive parasites in high-transmission areas
can slow or prevent the evolution of anti-malarial drug
resistance.

Once anti-malarial drug resistance has emerged in a
particular area, the factors that influence its rate of
spread remain unclear [10]. Moreover, the issue of
whether drug resistance spreads faster in low or high
malaria transmission areas remains controversial [10]. In
particular, some predictions suggest that resistance may
spread faster in areas of low transmission [10,15,16],
while others have predicted faster spread in areas of high
transmission [10,17]. Other hypotheses predict that only
partially resistant parasites spread faster in areas of low
transmission while only fully resistant ones spread faster
in areas of high transmission [5,18]. These inconsisten-
cies may be due to the multiplicity of factors involved in
the evolution of drug resistance and spread of malaria par-
asites, including climatic factors, geographical factors, hu-
man host factors and parasite and vector factors, as well
as the assumptions made in modelling malaria transmis-
sion and drug resistance.

Available models of malaria drug resistance that include
IPT predict rapid spread of partially drug resistant malaria
strains in areas of low transmission, and rapid spread of
fully resistant strains in areas of high malaria transmission
[18]. However, none of the currently available models ex-
plicitly consider the effects of spatial structure of the popu-
lation. Spatial structure is important, particularly in places
like Africa where there exists many situations where low
and high malaria transmission areas are in close proximity
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to each other, with continuous human movement between
the two epidemiological settings [19]. It has been shown
that human movement from the low transmission highland
regions to the high transmission lowland regions increases
the risk of malaria infections in the low transmission high-
land regions [20,21]. Hence, there is reason to believe that
human movement between transmission settings plays
a role in shaping parasite population structure [20,21],
and thus affects the rate of spread of anti-malarial drug
resistance.

In view of the above findings, it is critical to understand
how implementation of IPT in differing but connected
transmission areas may affect the spread of drug-resistant
parasites. The present model adds spatial structure to a
previously published non-spatial/non-movement model
developed in [18] to investigate the impact of human
movement between high and low transmission areas on
the spread of drug-resistant malaria when infants undergo
IPT (i.e. IPTi). The spatial model predicts that for move-
ment rates in which humans stay for hours or days up to
about 14 vyears, resistance (both partial and full) always
spreads faster in high transmission areas and that the
more complete the resistance the faster the resistant para-
sites spread through a population. These results are not a
function of the dosage regimen used in IPTi. Thus, the
prediction by the spatial model differs from the prediction
by the non-spatial model [18], which suggested that the
rate of spread of resistant parasites in low or high trans-
mission settings depends on the degree of resistance.
Taken together, the predictions based on the spatial/move-
ment versus the non-spatial/non-movement model sug-
gest different public health policies for monitoring the rate
of spread of anti-malarial drug resistance in different mal-
aria transmission settings under IPT1i.

Methods

A system of ordinary differential equations (ODEs) is used
to model the spread of drug-resistant malaria parasites
within interacting human populations. Focus is placed on
the malaria causing agent, the Plasmodium parasites, and
how they spread in a human population. The ecology of
Anopheles mosquitoes, the agents responsible for trans-
mitting the parasites from one human to the other, is im-
plicitly handled in the transmission rate between human
hosts. Derivation of the model equations follows the ap-
proach used in [18], with spatial structure added in the
form of two linked interacting populations with move-
ment from one to the other. The populations may differ in
size, and differ in the rate at which their respective mem-
bers experience transmission (either high or low). The ef-
fect of differences in the relative sizes of the linked
populations on the spread of resistance are examined, as
well as the potential for asymmetric movement between
the populations. The model tracks humans receiving anti-
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malarial drugs as prophylactic treatment via IPTi or for
the treatment of symptomatic infections. The model also
identifies potential human hosts available for infection by
a sensitive or resistant parasite. Three levels of parasite re-
sistances are included: (i) parasites that possess no resist-
ance to anti-malarial drugs (RS), (ii) parasites that possess
an intermediate degree of resistance (R1), and (iii) refrac-
tory parasites (R2).

In the model, human hosts are divided into categories
based on their infection status and whether or not they are
receiving treatment for symptomatic infections, or via IPTi.
Categories are proportions of susceptible humans, infected
humans, symptomatic-treated humans, humans receiving
IPT, or temporarily immune humans. The chemoprophy-
laxis and IPTi drugs considered are sulphadoxine-pyrime
thamine (SP), a drug with a long half-life (148-256 hours),
and chlorproguanil (CPG)-dapsone (DDS) (CPG-DDS), a
drug with a short half-life (27-35 hours) [22,23]. Drugs
with long half-lives are slowly eliminated from the body
compared to those with shorter half-lives, and are therefore
expected to impose greater selective pressure for drug
resistance than those with shorter half-lives [24]. The
expectation is that drugs that persist longer in the body at
sub-therapeutic levels will provide more opportunities for
non-resistant (susceptible) parasites to acquire resistant
traits, and for partially resistant parasites to become fully
resistant. Infection by fully resistant parasites is assumed to
be untreatable.

The fitness of each of the three classes of parasites (sus-
ceptible, partially resistant and fully resistant) is assessed
as the fraction of the human population that can be in-
fected by each parasite class at the endemic equilibrium,
taking into consideration the average duration of infection.
For example, fully drug-susceptible and partially drug-
resistant parasites can infect hosts receiving no treatment.
However, partially resistant parasites have higher relative
fitness than the fully susceptible ones because they can
also infect hosts that are being treated, when the concen-
tration of the drug drops to sub-therapeutic levels. The
rate at which resistance spreads increases as the relative
fitness of the parasites increases.

The human dosing model with movement

The processes that govern the spread of infection are il-
lustrated in Figure 1 and are governed by equations (1H)
and (1L) [see Additional file 1]. All individuals are born
as susceptible non-immune S; at a constant birth rate 4,
where i indexes the population as either in a high (i = H)
or low (i = L) transmission setting. The model assumes
that each population has reached a birth/death equilib-
rium and that the birth rate, 4, equals the mortality rate
from all causes. Susceptible individuals (SgSz,,) become
infected at a rate A; (the entomological inoculation rate
(EIR) and subsequently experience a cycle of clearance



Teboh-Ewungkem et al. Malaria Journal 2014, 13:428
http://www.malariajournal.com/content/13/1/428

Page 4 of 21

pzlsl_ w
P
U D : Pafy
P Ty pIZTfZ \ l Y PRy P Pl Pl
W Nl /
Z : L C A a 7 ' ;
) Ty, 2, Dy > T, — Ty, >
s T
= S, Az T(v+dAH)p g Pl Putar  p
o e LT e 4
=z - (1-2p) c - b ”
9 Ty i 2y o A T T
, T PAL LA, polis il P> Tis DisTs \ ,
,S p
Pi2dy a—byr, 1250
} VA g
[0}
PaSia ) PP,
BN pZIDLa plzDHﬂ leTLa PngLa
v A4
w Vi 7 ' r
% p » DHa d > THa : > THa 2
= Sha |A , : P
E Ha 472 TV'D plzTHa pIZTHa Ha
s y
= 1-s)] g
E d AHa
7 v
PAL DA, N
Pi2Sha PisPu,
Figure 1 Model schematic. Schematic diagram of the movement model for the high transmission area showing disease progression in non-immune
and semi-immune individuals. The schematic of the movement in the low transmission area is similar to that of the high transmission area
ith the following changes: all variables indexed H become variables indexed L and vice versa, while all movements parameters p; become p;;
parameters in the low transmission case.

which may be due to an immune response [25-27] or due
to treatment. Treatment requires a dose of anti-malarial
drug, which at therapeutic levels in an individual can clear
any drug-sensitive parasites and prevent re-infection by
partially resistant parasites. At sub-therapeutic levels, the
drug concentration is at a level that is active against sensi-
tive parasites but partially resistant and fully resistant
parasites can still infect the individual. When drug
concentrations fall to zero, individuals may develop
temporal (short-lived) immunity [18,27]. Repeated in-
fection results in the development of longer-lived im-
munity [18,28] in humans. Humans who have had
repeated infection, mostly the adults in the population,
are classified as semi-immune individuals S;,. Semi-
immune individuals have a higher probability of carrying
an asymptomatic infection due to longer continuous
exposure to the malaria parasites [29].

Individuals receiving drug treatment are classified using
the variable T, where x identifies whether the treatment is
administered to a non-immune or a semi-immune individ-
ual, and whether the treatment is administered because of
symptomatic malaria infection or because of IPTi admin-
istration. If treatment is received because of a symptom-
atic malaria infection in semi-immune individuals, x = a,

and in non-immune individuals, x = 1. If treatment is re-
ceived because of IPTi administration, then x =2 when
those receiving the IPTi are susceptible non-immune
humans, and x = 3 when they are infected non-immune
humans who have not yet sought treatment.

Upon infection with malaria parasites a fraction, A, of
individuals from the class of susceptible untreated non-
immune individuals (S;), will exhibit symptoms, of which
a fraction p will receive treatment and join the class of
symptomatic infected and treated non-immune individ-
uals (D;). The remaining fraction of infected individuals
(1 -pA) do not receive immediate treatment either be-
cause their infections are not recognized or because of
health care and financial limitations. These individuals
move to the class of infected untreated non-immune in-
dividuals (A)).

Individuals in class A; either clear their parasites slowly
via immune mechanisms, achieve short-lived temporary
immunity from reinfection at a rate g and join the class of
uninfected non-immune individuals with temporary im-
munity, denoted by P;. Others clear their infection spon-
taneously without obtaining temporary immunity and
return to the susceptible class S; at rate 0. The remaining
individuals in class A; receive treatment and move into the
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treated class D; either because they exhibit symptoms of
their existing infection at a rate v, or because they exhibit
symptoms following a subsequent infectious bite, at a rate
dA,;. Collectively, these latter individuals move from A;
into D; at a combined rate of (v + dA;)p.

Treated non-immune individuals (D;) progress through
three subsequent stages representing the stages during
which drug concentrations are sufficient to clear para-
site infection (7};;), drug levels are at sub-therapeutic
levels (7";;), and when drugs have been cleared from
their system leading to the acquisition of temporary im-
munity to join class P;. The transition from D; to Tj
occurs at rate a where 14 days is the mean time under
treatment required for a drug to reach therapeutic
levels. Drug concentrations decline in the body over an
average period of 1/r; days, after which the T}; individ-
uals move to class 7";. Individuals move from class 7";
to class P; at rate r, where 1/r, days is the mean resi-
dence time for a drug to persist at sub-therapeutic
levels. The time spent in the sub-therapeutic class, T,
is important because it is this period that provides a fit-
ness advantage for partially and fully resistant parasites
over the fully susceptible parasites [30].

Some individuals in the P; class lose their temporary
immune status at rate w so that 1/w days later they join
class S;. Here, 1/w is the expected duration of immunity.
Others, who have undergone repeated exposure, will
transition to the class of semi-immune individuals with
temporary immunity, denoted by P;,. This later transi-
tion occurs at the rate at which individuals become in-
fected and exhibit symptoms (yA;).

Individuals in class S;,, the class of uninfected and un-
treated semi-immune humans, can also be re-infected
with the malaria parasites but their immune system is
able to limit parasitaemia and they manifest symptoms
with less severity. These individuals become infected at
the same rate of A; as non-immune individuals, but a
smaller fraction of them A’, exhibit symptoms and re-
ceive treatment with probability p to join the symptom-
atic infected and treated semi-immunes class D;,. The
semi-immune individuals who do not immediately ex-
hibit symptoms join the infected untreated semi-
immunes class A;,. However, they may subsequently ex-
hibit symptoms at rate v, receive treatment with prob-
ability p and join class D,,. Progression from class D,, to
class P;, can occur without drug treatment as a result of
an immune response that clears malaria parasites. This
occurs at rate g, the same rate as in non-immune indi-
viduals. Individuals from class D;, can also progress to
class P;, through different stages characterized by the
concentration of drugs in their system: individuals with
drug concentrations sufficient to clear infection (7},);
those with drug levels at sub-therapeutic levels (77,),
and those who cleared the drugs from their system and
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have acquired temporary immunity (P,). The transitions
D,,— T,,— T, — P,, at the respective rates a, r; and r,
are similar to that of the non-immune classes D; —
Ty — T’y — P, at the same respective rates. Humans in
class P, lose their temporary immunity at a much
slower rate of w’ than the rate of w for non-immune
individuals.

IPTi may be administered as chemoprophylaxis to
non-immune individuals who are either susceptible (S,),
infected and untreated (A4;), or temporarily immune (P,).
These individuals undergo IPTi drug dosing at a rate c.
Here, IPTi treated susceptible non-immune humans (S;)
will proceed through a similar stepwise process of drug
concentrations with the transitions S; — Tj, occurring at
rate ¢ as drugs reach therapeutic levels, T;, — T";, at rate
r; as drug concentration goes from therapeutic to sub-
therapeutic levels, and finally 7%, — P, at rate r,, as
drugs are purged. Similarly, infected but untreated non-
immune humans A; who receive a curative dose of IPTi
for malaria follow the transition from class A; — Tj5 at
rate ¢ and T3 — T';3 at the same rate r; as that for sus-
ceptible non-immune humans. However, only a fraction
b of the individuals in class 7" develop temporary im-
munity to join the P; class. The remainder, (1 - b), move
directly to the susceptible class, with no acquired tem-
poral protection. It is assumed that for the individuals in
class P; who receive IPTi, the loss or development of
their immunity is not affected by the IPTi administra-
tion. In addition, if a non-immune individual arrives to
receive an IPTi dose and is found to be clinically sick,
the individual is treated and hence enter the treatment
cycle through class D;.

In the present model formulation, the assumption is
that the high and low transmission areas are close
enough with continuous movement between them and
that there is no change of disease status during the
movement period. In the non-spatial model [18], the
total populations in each transmission area (and hence
both) were assumed to be a constant. Here, with the
modification to include human movement between low
and high transmission regions, that assumption remains
unchanged. To illustrate this, and to understand the der-
ivation of the additional movement terms in this model,
the model variables are first considered in terms of total
numbers and then appropriately scaled to proportions.
An illustration for the S;; and S; classes is provided; the
rest will follow in a similar manner. Let 1/p;, be the
time (in days) a human resident in the high transmission
area spends visiting the low transmission area, and 1/p»;
be the time (in days) a low transmission resident spends
visiting the high transmission area. In addition, let
m = Np/N; be the ratio of the total humans in the high
transmission area (Ny) to that of the low transmission
area (N), Ay be the EIR or infectious bites per person
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per day in the high transmission area and A; be that in
the low transmission area. Then the equations governing
the susceptible untreated non-immune individuals for the
high (Sg) and low (S;) transmission areas are, respectively,

as
d—;{ = ﬂNH—AHSH + COPH —+ O'AH—CSH

+ (1=b)ra T3 + ra Trs—S + Py SL=p12Sh,
dSL !
E = //lNL—ALSL + (OPL + O'AL—CSL + (I—b)rgTLs

+ 1T o—puSr + p1oSu—pxn St

Without prior assumption that the total populations in
the high and low transmission regions are constant, the
equations governing the total human populations in the
high (Ng) and low (N;) transmission regions are

dNy dN|

ar = puNi1-p;Nu and 7:P12NH_P21NL-

Upon rescaling to proportions,

d(ﬁ) dSy <. dNy
Nu :NH ai —SH “af

dt N},

1dSy Sy 1 dSu

so that the scaled Sy equation (in proportion) becomes

(%)

dt

1 /
= ]\T [/JNH—AHSH + COPH -+ O'AH—CSH + (I—b)VQTHB
H
Sn

1
+raTHo—pSH +P215L‘P125H}‘N_HN_H [PauNL-p1oNH].

Simplifying yields the equation

dSH !
W = ﬂ—AHSH + wPH + O'AH—CSH + (l—b)}"zTH3
P
+ 2T Ho—pSH + " (S1=Sh),

where m = ]1\\%[ = constant. Note that the above analyses
remain true under a constant population assumption in
the high transmission region since, in that case, the term
PoyNL-p1oNp = ”%H = 0. A similar argument and calcu-
lation in the low-transmission region will yield

dS /
i /l—ALSL + COPL + O'AL—CSL + (J—b)l"zTL3

dt
+ry TLz—ﬂSL +p12m(SH—SL).

The analyses can be applied to the remaining equations
to obtain the system of equations that govern the spread
of infection for the human dosing model with movement
in both the high and low transmission regions as equa-
tions (1H) and (1L), respectively [see Additional file 1].
The schematic representation is illustrated in Figure 1.
Note that all equation variables are now in terms of pro-
portions, and that for p;, =0 = p,;, the model in [18] is
retrieved.
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To understand the meaning of a constant total popu-
lation in the model with movement, consider the term
m= ?\[1—7, and differentiate to obtain

d_””‘ _ leNi - PN + (Po1- P12)NINH
dt N? '

So m = constant if and only if il—’f =0, if and only if

PN = PN + (Pa1— P12)NINy = (P N1-p1oNh)

(N, +Ny) =0 . Therefore, for p,,, p;,=0, ‘Z—’f =0
precisely when p,;N; = p;»Ny. Alternatively, when p,,
N =p;»Ny, dstH =0= %, i.e. the total populations
in each of the transmission areas (high and low) is
constant. The equality p,;N; =p;»Npy, can be inter-
preted as follows: for a fixed average time, t, the total
number of individuals moving from the low transmis-
sion area into the high transmission area at rate po;
is the same as that from the high transmission area
to the low transmission area at rate p;,. This can be
thought of as a scenario in which the populations are
at a dispersal equilibrium such that neither popula-
tion is changing with the interaction. Since for p,,,

— — Ny _ Py
P12#0 pyNp =p;sNuy, m= N~ p?

tive interpretation is that the ratio of the movement
rates is always proportional to the relative population
sizes.

and an alterna-

The parasite fitness model and the spread of resistance
The spread of resistant parasites in the human dosing
model described above is impacted by infection, treat-
ment [3,30-32] and population movement [32]. In [18],
this impact was measured by determining the competi-
tion effectiveness of the different parasite strains [drug
sensitive (RS), partially resistant (R1) and fully resistant
(R2)] when exposed to different drug situations. How-
ever, the model in [18] did not consider movement be-
tween populations with different transmission rates.

To compute parasite fitness, the key assumption is
that fitness is directly proportional to: (i) the duration of
infection from symptoms until clearance by drugs which
takes 1/a days, or by the host’s immune system, which
takes 1/gdays; (ii) the number of human hosts available
for infection; (iii) the transmission efficiency of each
population. The latter is assumed to be the same for the
three parasite strains (RS, R1, R2). This method of asses-
sing parasite fitness will yield an equivalent formulation
to that in [3], where fitness of a genotype over a malaria
generation was defined as a product of (i) its expected
lifespan before it is cleared by drugs, or the host’s im-
mune system, (ii) the number of potentially successful
secondary transmissions, and (iii) the proportion of
these secondary inoculations that are introduced into
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individuals who can be infected by the parasite of the
given genotype (strain).

In a human population, the duration of a malaria para-
site infection is the mean lifetime of the infection in non-
immune humans (denoted 7;\,1 ) and in semi-immune

humans (denoted Z;I ), each appropriately weighted by the
proportion of infections that occur in each group. Recall
that the index i refers to whether the population is a high
(i = H) or low (i = L) transmission area. If f§; is the propor-
tion of infections that occur in semi-immune individuals,
then l—ffg] is the proportion in non-immune individuals.
Hence, the mean life-time of an infection in a human
population in the high (7 H), and low (7 L) transmission re-
gions are

. -H -H
Iy :f?] * Lo + (I—fg) * Inps (2H)
- =L =L

I = f + b+ (1-f5;) * Ly, (2L)

respectively. In equations (2H) and (2L), Z;W and 721 are
the mean lifetime of a malaria parasite infection in non-
and semi-immune individuals, defined as

s _Ap B g+cto p(v+dA;)
b = a +(1=4) (g+c+o+plo+dh))? alg+cto+plv+dA))
(3)
g pY

(4)

S Ap ,
=P (12
=gt ( p) (¢ +pv)° * a(g+pv)

The term ’%O represents the proportion (Ap) of non-
immune infected treated individuals whose parasites are
immediately cleared via treatment after 1z days, while

)% represents the proportion (Ap) in semi-immune indi-
viduals. The remaining fractions of untreated infections,
(I - Ap) for non-immune humans, and ( -1 'p) for semi-
immune humans, have their infection either cleared by the
immune system or via treatment. For non-immune

gtcto . .
TrctepoTdA) of untreated infections

are cleared by the immune system at the average clearance
1 . os .
rate of @rcrorpordhy) * while the remaining fraction

%, are cleared via treatment after entering
1

the treated class some 14 days later. In semi-immune indi-
viduals, the fraction of untreated infections that are
cleared by the immune system at the average clearance

humans, the fraction

rate of —— is —£ while the fraction that are cleared
gtpv gtpv
via treatment some 14 days later after entering the treated
class is 2%,
g+pv

To compute the fitness of each parasite strain [drug-
sensitive (RS), partially resistant (R1) and fully resistant
(R2)], the populations that each can infect need to be
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known. All three strains (RS, R1, R2) can infect susceptible
humans with no residual drug levels in their blood stream
(ie. S, S,), as well as a proportion ¢ of infected but un-
treated humans (gA, gA,) with no drugs in their blood
stream. Partially resistant (R1) and fully resistant (R2)
parasites can additionally infect those treated humans
with residual drugs in their blood stream but with no
stimulated immune responses i.e. the individuals in
classes T, and (1 - b)Ts, but not the T, or T individuals
because of their development of temporary immunity.
Fully resistant parasites (R2) can additionally infect
any treated humans regardless of their drug titer.
Therefore, they can additionally infect the 7, and T3 in-
dividuals. Thus, the combined proportion of humans
infected by RS, R1 and R2 parasites are respectively,
(Si + qAi + Sia + qAw), (Si+qAi+ Tpy + (I-b)Tj5+
Sl’ﬂ + qu), and (Sl + qu + Ti2 + T,12+ TiB + (l—b) T/IB
+8Siz + gAis). Since a fully resistant treatment can only
be cleared by the immune system, its lifetime is 1g.
Therefore, the fitness of each parasite strain, respect-
ively, becomes

Frs = ki[sl + qAL + Sia + ina]v
Fri = kI[S; + qA; + T, + (I-b) T3 + Sia + qAia]
(5)

Fro = k[1/g] [si A+ Ty + Thy+ Tis + (1-b) T + Sia + qu] .

The term k is the number of potentially successful sec-
ondary transmissions assumed to be the same for each
parasite strain (since transmission efficiency is assumed
to be identical). Assuming that partially resistant para-
sites replace susceptible types and fully resistant types
replace partially resistant types, the relative fitness (F),
will be the ratio of the more resistant parasite type over
the more sensitive type and can be computed as

F,
Frop = F%z
1
_ [l/g] [Sl’ + in + T,‘z + T/12 + T,’g + (]—b)T,B + Sia + qA,'u}
1S+ qA;i + Ty + (I-b)Tp5 + Sia + qAid) ’
(6)
Fri _ Si+qAi+ T+ (1-b) T3 + Sia + qAia
Frijrs = TR _ 2t T3 ) (7)

Fps Si+qAi + Sia + qAia

where [ is as defined in equation (2H) when in the
high transmission area, and as in equation (2L) when in
the low transmission area. The percent of spread per
parasite generation is then

Spread = (F-1) x 100 (8)

In computing the fitnesses of each parasite popula-
tion, equations (IH) and (1L) are solved to obtain the
equilibrium values of the state variables, as described in
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Table 1. These equilibrium values, representing dis-
ease status for the human dosing model, are then used
in equation (5) to determine the fitnesses of each para-
site strain. The model equations are solved numeric-
ally in R (version 3.0.1) [33] using the lsoda numerical
solver from the odesolve package. The Isoda function
calls the Fortran function of the same name from the
ODEPACK and uses Adams method and Backward
Differentiation Formula for solving nonstiff and stiff
equations [34,35].

Results

Movement versus no movement: effect of IPT on the rate
of spread of resistance

When movement rates are set to zero (p;s = ps; = 0), the
results produced in [18] are recovered (see Figure 2a
and b). The rate of spread of R1 (partially resistant) par-
asites relative to RS (susceptible) parasites increases as
IPT dose frequency increase, and this increase is more
significant in the low transmission region (Figure 2a).
This is in alignment with evolutionary expectations. R1
parasites are expected to spread faster than RS parasites
because R1 parasites can infect a broader class of hosts.
This equates with higher relative fitness fitness [eqn. (7)]
and a faster rate of spread [eqn. (8)]. Faster rate of
spread of the R1 parasites in the low-transmission popu-
lation results from there being fewer treated individuals
and more individuals in the susceptible and untreated
classes, S and A, when transmission is low (see Table 2).
As a consequence, more individuals in these S and A classes
receive IPTi which can protect them against the malaria
parasites. Eventually the level of anti-malarial drug in
these individuals declines to sub-therapeutic levels

Table 1 State variables and their description

State Description of state variables

variables
Susceptible Untreated Non-immunes

Sa Susceptible Untreated Semi-immunes

D Symptomatic Infected and Treated Non-immunes

D, Symptomatic Infected and Treated Semi-immunes

A Infected Untreated Non-immunes

Aa Infected Untreated Semi-immunes

P Uninfected Non-immunes with Temporary Immunity

Py Uninfected Semi-immunes with Temporary Immunity

T, T Symptomatic Infected and Treated Non-immunes with
Drug in bloodstream

T, T, Symptomatic Infected and Treated Semi-immunes with
Drug in bloodstream

T Susceptible IPT treated Non-immunes with Drug in
bloodstream

Ty Ts Infected and IPT Treated Non-immunes with Drug in

bloodstream
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such that it is no longer effective against the R1-type
parasites, but still suppresses the growth of RS para-
sites. This is included in the model as the transmission
from the IPTi treated classes T, and T3, to the respect-
ive classes T/2 and T;, that represent those with re-
duced levels (sub-therapeutic levels) of anti-malarial
drugs in their systems (See Figure 1). Since the individ-
uals in T, and T, classes can be infected by R1 para-
sites, the R1 parasites experience higher fitness when
compared to RS parasites which cannot infect individ-

uals from 7', and T’ classes. As IPT dose frequency in-
creases, selection against RS parasites also increases,
resulting in a net relative advantage for partially resistant
parasites.

Under the no-movement assumption, the results also
indicate that R1 parasites spread faster in low trans-
mission areas than in high transmission areas at all
IPT dosage frequency (Figure 2a). In addition, once re-
sistance has emerged, the rate of spread of fully resist-
ant (R2) parasites relative to R1 parasites was not
significantly affected in high transmission areas with
increase in the frequency of IPT dose (Figure 2b).
However, the rate in the low transmission area in-
creased with increasing IPT dosage frequency, but is
initially lower than the rate in the high transmission
area, switching at ¢ = 0.03 days™" as IPT dose frequency
increased. In the high transmission region, the majority
of the individuals at equilibrium are immune protected
(see Table 2) and do not receive IPT, captured by the
smaller change effect in the rate of spread of R1 rela-
tive to RS and R2 relative to R1 parasites as IPT dosing
rate increase (Figure 2a and b). In the low transmission
area, as the rate of IPT dosing increase, the proportion
of treated individuals (7', T, Ti and T;S) increase,
increasing the fitness of the R2 parasites and the fitness
landscape shift in favor of high parasite fitness in low
transmission areas. The proportion of treated individ-
uals also increase with increasing IPT dosage in high
transmission areas. However, the classes of treated hosts
are a relatively smaller fraction of the population and there
isn’t as much room for expansion of R2-susceptible hosts
in these classes. As a result, the portion of R2 fitness in-
crease attributable to these classes does not increase as
quickly and is eventually surpassed by the more rapid gains
accrued from the increase in the (7', T, Ti and T;S)
classes in the low transmission area.

The effects of movement between low and high trans-
mission areas is to switch which malaria resistant-strain
spreads fastest relative to the no-movement scenario.
With symmetric movement between equal sized popu-
lations (m = p;,/p,; = 1, py; = 0.01 per day), the rate
of spread of R1 relative to RS parasites is faster in the
high transmission area (Figure 3a). This is a reversal
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Figure 2 No movement - effect of IPT coverage. Model results without movement, p;, = p»; = 0, showing the effect of increasing IPT
coverage with SP on the percent increase of R1 relative to RS and R2 relative to R1 resistance. Graph (a) represents the rate of spread (in percent)
of R1 relative to RS parasites, while graph (b) represents that of R2 relative to R1. The parameter p;, is the rate of movement from the high
malaria transmission area to the low transmission area, and p.; is the rate from the low transmission area to the high transmission area.

of the results produced without movement
Figure 2a). Without movement, the IPT treated classes
(Ti2, Ty Tz and Tj;) represent a larger portion of the
low-transmission population relative to the high trans-
mission population (Table 2). Since these classes can be
infected by R1 but not RS, R1 is expected to spread fas-
ter in the low transmission area. However, when move-
ment is added the portion of treatment classes is larger

(see

in the high transmission areas relative to low transmis-
sion areas (Table 2). This makes the high transmission
areas more suitable for the spread of R1 parasites rela-
tive to RS parasites.

Furthermore, with movement, the switch from faster
spread of R2 relative to R1 in high transmission areas to
faster spread in low transmission areas (Figure 2b) disap-
pears, and the relative rate of spread of R2 to R1 is always

Table 2 Equilibrium proportions of individuals in each state with and without movement between areas of low and

high transmission

Description State Without movement With movement
Low High Low High
Uninfected and untreated S 34.269% 0.027% 1.265% 0.079%
Sa 2.725% 0.234% 7414% 0.363%
Infected but untreated A 3.156% 0.111% 0.161% 0.307%
Aa 0.310% 2.658% 1439% 3.533%
Immune-protected but uninfected P 7.949% 0.539% 0.973% 1.042%
Pq 10.137% 86.450% 79.764% 82.184%
Infected and treated D 0.824% 0.103% 0.054% 0.270%
Dqg 0.089% 0.765% 0.420% 1.011%
Infected prior to treatment T 8.550% 1.063% 1.279% 2.087%
with drug in bloodstream T3 1.310% 0.092% 0.172% 0.216%
Uninfected prior to treatment T, 0.925% 7.936% 6.324% 8.528%
with drug in bloodstream T, 28.450% 0.022% 0.735% 0.380%

All results are based on model parameters as summarized in Additional file 2: Table S3, with p,1/p,; =1=m, p12 =0.02. Note that the values for T;, T,, T3 and T,
represent the sum of T; and T', T, and T, T3 and T3, and T, and T, respectively.
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higher in the high transmission area (See Figure 3b). The
qualitative results are the same across a range of movement
rate ratios for equal sized populations (m = py; = p15 = 1)
in the low and high transmission areas [See Figure 4a and
b for p,; = I per day, and Figure 1a and b (See Additional
file 2) for po; = 0.1 per day]. This suggests that the switch
in the order of where R2 spreads faster (high vs low trans-
mission) is robust to changes in the assumptions about
the rates of movement. The other point to note in these
figures is that, without movement the switch from faster
R2 spread in the high transmission area to faster R2
spread in the low transmission area is almost completely
the result of a rapid increase in the rate of R2 spread in
low transmission areas as the rate of IPT dosing is in-
creased. However, when the effects of movement are
added the variation in the rate of R2 spread with dosing
rate is largely muted, resulting in the simpler relationship
between low and high transmission areas and the rate of
R2 spread.

The differences seen can be explained using Table 2,
which shows the quantitative values of the proportion of
individuals in each compartment at equilibrium. A pre-
sumptive dosing frequency of about one dose every
60 days (c = 0.016 per day) was assumed as in [18] while
other parameters remained the same and are shown in
Additional file 2: Table S3. The values for T4, T, T3
and 7T, (Table 2) represent the sum of 77 and T, T,
and T, T3 and T3 and T, and 7", respectively. From

the values and equation (8), with symmetric movement
between equal sized populations (where m =p,;/p;r=1,
P21=0.02 per day), R1 parasites have the potential to
increase by 46.3% each generation relative to RS parasites
in the high transmission area, but only by 6.2% in the low
transmission area. Without human movement, the in-
crease is only 9.05% in the high transmission area, but
59.08% in low transmission area. The switch is influenced
by the large decrease in the proportion of the population
residing in the non-immune categories in low transmis-
sion area when movement is included.

Movement versus no movement: effect of drug
elimination time on the rate of spread of resistance
SP and CPG-DDS are two treatment lines used for un-
complicated Plasmodium falciparum malaria [3,18,36].
As earlier noted, SP contains pyrimethamine and sulpha-
doxine which both have longer half-lives [22,37] than
dapsone and chlorproguanil in CPG-DDS [23,36]. Here,
the effect of drug elimination time on the spread of re-
sistance when movement is considered is investigated.
When the use of the drugs SP and CPG-DDS for IPT
and for clinical treatment are compared, it is observed
that the inclusion of symmetric movement between low
and high transmission areas did not qualitatively change
the potential spread of drug resistance by drugs with
longer half-lives, in both the low and high transmission
areas (see Figures 5 and 6). Regardless of movement,
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drugs with longer half-lives have a greater potential of
promoting the evolution of drug resistance (R1 relative to
RS, and R2 relative to R1) than those with shorter half-
lives. This makes sense biologically since the persistence of
drugs at sub-therapeutic concentrations will provide a
wider opportunity for parasites to “learn to live with the
drug” ie. a wider window for selection of drug-resistant
mutations. Thus the proportion of treated individuals
(T, and T};) will be higher in the populations, giving a
higher fitness advantage to R1 parasites relative to RS para-
sites. Since R2 parasites can additionally infect T}, and T}3
individuals, they have a slight fitness advantage over R1 par-
asites. However, because in high transmission regions very
few treatments occur, this effect is not large. Moreover, note
that regardless of movement, CPG-DDS, the drug with
shorter half-life had a lower potential for the spread of par-
tial resistance in both the low and high transmission areas.
Furthermore, movement decreases the rate of spread
of resistance of R1 relative to RS parasites significantly
for both drugs in the low-transmission area (compare
Figures 5a and 6a) while it slightly increases the rate of
spread for the drug with longer half-life in the high-
transmission area (compare Figures 5b and 6b). With
symmetric movement, between the two populations such
that p;o/pa;=1, pio=0.01 per day, the disease demog-
raphy of the low transmission region reflect that of the
high transmission region, with more immune-protected
individuals in both transmission regions, and thus not
receiving IPT. Hence the pool of treated individuals (7},
"n, T3 and T7) is generally smaller, but is slightly

higher in the high transmission region than in the low
transmission region, giving a higher fitness advantage to
R2 parasites over the R1 parasites. Notably, the slower
rate of spread in the low transmission region is signifi-
cant from a control perspective because both drugs can
be useful for a much longer period of time.

When the results are compared for different sizes of
the total population, m = 1, the rate of spread in the high
transmission area is affected by the size of the low trans-
mission population. For example, if the low transmission
area has a population size that is twice that of the high
transmission area (m =0.5), the rate of spread in the
high transmission area is much higher, leading to a
slightly higher rate of spread of R1 relative to RS para-
sites in the low transmission area (compare Figures 6
and 7). This is true for any m < I. However, this result
will depend on the movement rates used. For, m > I, the
high transmission population size is larger and the inter-
play between the high and low transmission areas results
in a lower potential rate of spread of R1 parasites in the
low transmission area (see Figure 8), even more so than
in the high transmission area, depending on the move-
ment rates.

Movement versus no movement: effect of treatment on
the rate of spread of resistance

Drug treatment of infected and uninfected non-immune
humans plays a crucial role in the spread of partially re-
sistant (R1) parasites [3,18,38] (see Figure 2 for the case
when there is no movement). On the other hand, the
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long duration of infections that are resistant to drug
treatment and the availability of larger proportions of
humans to fully resistant (R2) parasites are the driving
forces behind the spread of fully resistant (R2) parasites
[18]. Treating more infectious humans (larger p) reduces

the average duration of drug-sensitive and partially resist-
ant infections. However, this has no effect on fully
resistant infections because they are refractory to treat-
ment. Therefore, as p increases, the average lifetime of R1
parasites reduce while that of R2 is not affected, leading to
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transmission area to the low transmission area, and p,; is the rate from the low transmission area to the high transmission area, m = % = z%’ is the
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an increase in the relative fitness of R2 to R1 parasites,
meanwhile the relative fitness of R1 to RS parasites re-
mains unchanged [this follows from equations (6) and (7)
and Figure 9]. Note that without movement, for small pro-
portions of p, the potential spread of R2 parasites in low
transmission areas is initially larger than in high transmission
area, but switches as p increases. However, the spread of R1
relative to RS is faster in low transmission area than the rela-
tive spread in high transmission areas for all values of p.

When symmetric movement is included with m =1
and py, = po1 = 0.01, the spread of R2 relative to R1 para-
sites increases as p increases both in the high and low
transmission areas, but the spread is faster in high trans-
mission area for all values of p (Figure 10). This result is
corroborated by Figure 3 which shows that with sym-
metric movement between the high and low transmis-
sion areas, the rates of spread of R1 relative to RS
parasites and R2 relative to R1 parasites are both higher
in the high transmission areas.

The effect of having a larger low transmission popula-
tion than the linked high transmission population (m <1)
is exhibited through increasingly higher relative rates of
spread of partial and full resistances in the high transmis-
sion area. For example, for two values of m <1 (m = poy/
p12=0.5 with p1,=0.01 per day, and m =py/p1>=0.1
with p;, = 0.01 per day), the rate of spread of R2 relative to
R1 and R1 relative to RS are each larger in the high trans-
mission area than the corresponding relative rate of spread
in the low transmission area (see Figure 11a for m = 0.5
and Figure 11b for m =0.1).
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Implications of slow and fast movement rates on the rate
of spread of resistance
In the model results presented so far, movement rates of p;; =
0.01 and p;; = 0.02 per day (i.e. 100 days and 50 days visitation
respectively) were utilized. A discussion is now presented on
how shorter length of visitation may impact the results out-
come, and regions were short and long movement rates might
be applicable. Recall that the present results are based on the
assumption that the populations are in dispersal equilibrium.
The East African Highlands are an example of a region
that depicts longer and shorter term movement patterns
[39]. Highlands in malaria endemic regions tend to have
low and unstable malaria transmission intensities [8-10],
compared to the high transmission, endemic lowlands.
The highlands are fertile with lots of agricultural activity,
and are usually the most densely populated areas in the
region, with significant movement between the high-
lands and the lowlands. People move between these
areas to sell their agricultural products/trade, visit rela-
tives, go to school, etc. Besides the highlands, urban
areas typically have lower malaria transmission inten-
sities than rural areas. This is mostly because compared
to rural areas, urban areas usually have better housing
and drainage systems, fewer swamps, and better access
to health care interventions. Frequent population move-
ment between rural and urban areas also provides con-
nectivity between the two different malaria transmission
settings. For example, Nairobi, the capital city of Kenya,
is a low malaria transmission area with significant daily
movement between the city and the high transmission
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Lake Victoria region [40]. Commuters, tourists, short-
term workers, and other individuals moving from rural
to neighboring urban areas may carry parasites and mos-
quitoes which may breed in pools. The time period
spent in these regions may vary from days to months at

a time [39]. Thus a movement period with visitors
spending an average of up to 100 days is not unusual.
When the period is in the order of days, the two regions
have stronger interaction—this is common in regions
where the movement is more for agricultural purposes.
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Periods that are in the order of months will reflect re-
gions were movement is more for short-term work and
schooling purposes (for example boarding schools).
When the low and high transmission regions are
strongly connected with fast movement rates between
the two, there is little distinction between the two

regions in relation to the relative rate of spread of R1 to
RS parasites and R2 to R1 parasites. For example, for a
one day visitation with symmetric movement between
the low and high transmission regions (p;»2/po; = 1 with
p12 = 1 per day), the effect of increasing IPT coverage
with SP on the percent increase of R1 relative to RS
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parasites and R2 relative to R1 parasites is similar in the
high and low transmission area (Figure 4), and reflected
the behaviour of the high transmission area. This can be
expected since the turn over between the populations is
high. The distinction becomes increasingly evident as
the turnover in each population is reduced due to a
slower movement rate, as indicated on Figure 3. Simi-
larly, for a shorter visitation period, the effect of IPT
treatments with drugs with different half-lives and also
the effect of treatment on the spread of resistance were
similar in low and high transmission regions (see for ex-
ample Figures 12 and 13, respectively).

Overall, the fast movement rates lead to fast turnover
within each population. The net effect is that the inter-
action between the populations is strong and hence the
rate of spread of R1 relative to RS and R2 relative to R1
parasites behave the same in both populations. It is
worth noting that the qualitative results with human
movement are different from the results without move-
ment. Moreover, the results are applicable to interacting
high and low transmission regions with fast or slow
movement rates. Additionally, from the results, there is
little qualitative distinction in the movement results be-
tween a 10 days and a 50 days or 100 days visitation. For
graphs based on a 10 days visitation, see Additional file
2: Figures Sla, b, S2a, b and S3.

Discussion

Given the increasing popularity of IPT, it is important to
understand the role this malaria preventive strategy has
on the spread of anti-malarial drug resistance, and pro-
vide pertinent information that may help guide national
public health policies. Because public health policies im-
pact the health status of individuals within communities,
they may not necessarily always be a one-size-fit-all,
hence need to be updated or changed with respect to
local dynamics. Thus, policies can only remain in place
as long they are acceptable, sustainable and positively
impacting the health status of the community. For ex-
ample, a number of countries in Africa and elsewhere
have over the years had to change their malaria treat-
ment policies when the drugs became largely useless due
to drug resistance [41].

There are many factors that influence public health
formulation and change, including but not limited to:
disease burden and mortality rates, treatment and treat-
ment efficacy factors, economic factors, political factors,
community beliefs factors, factors relating to changes in
community landscape and dynamics, and legislative is-
sues. Research data and mathematical models are im-
portant because they provide a compelling framework
for most policy models, which may include changes to
drug policies and treatment regimens, as well as disease
and drug-resistance control measures [41-44].
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In the present mathematical model, the inclusion of
movement between neighbouring low and high trans-
mission areas in malaria endemic regions suggests differ-
ent control policies when monitoring the rate of spread
of drug resistance. The measure of how much faster re-
sistance spreads, and whether spread is expected to be
faster in high or low transmission areas are thus import-
ant features to investigate.

The model results consistently indicate a faster rate of
spread for malaria parasites with higher degrees of re-
sistance. This is because in the present model, resistance
to treatment is associated with higher fitness and fitness
is associated with the ability to infect humans in a larger
number of classes. Drug-susceptible parasites can only
infect hosts that are not receiving treatment and who do
not have any level of acquired immune response. Par-
tially resistant parasites can infect all hosts subject to in-
fection by the non-resistant parasites as well as hosts
that have sub-therapeutic anti-malarial drug concentra-
tions following treatment. The range of hosts that fully
resistant parasites can infect is even wider and includes
those with full therapeutic doses as well as those with
some partial immunity.

The fitness measure used in the present model to as-
sess the rate of parasite and hence disease spread, is as-
sociated with between host transmission. There is also a
fitness component associated with potential competition
between parasite strains within a single host. Often drug
resistant genes are associated with a reduction in para-
site fitness in the absence of the corresponding anti-
malarial drug. However, these fitness costs are often
offset by compensatory mutations. As a result, fitness
costs associated with resistant genes is often short lived
(this assumption may not be true when there is compliance
to the anti-malarial drug in the population, and in situa-
tions where there is prolonged and frequent use of anti-
malarial drugs). Since the present model is focused on the
long-term equilibrium dynamics of disease spread, the
effects of temporary fitness costs were not incorporated.

Model results indicate that movement between low and
high transmission areas may invert the expected role of
low and high transmission areas in the spread of anti-
malarial drug resistance. When movement occurs between
high and low transmission areas, resistance spreads more
quickly in high transmission areas and does so at all rates
of IPTi dosing and in both the RS vs R1 and R1 vs R2
competition (Figure 3a and b). The results are robust to
changes in both the strength of connectivity between the
two transmission areas, as well as to changes in the rela-
tive size of the two areas.

However, there is a minimal movement rate required
to qualitative change the rates of spread in the non-
spatial result in [18]. In the case of symmetric movement, a
movement rate with p;, = po; = 0.00015 per day (about an
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18-year period) was necessary to see a qualitative change

in the non-

spatial/no movement result of [18], in both the

low and high transmission regions. More specifically, with
symmetric movement, p;> (=p»;) has to be at least 0.0001
per day (ie. in the order of about 27 years) in order to lose

the switch observed in the percent rate of spread of R2
relative to R1 produced by the non-spatial model (Figure 2a
and b). For p15 = po; = 0.0001 per day, the switch produced
in the non-spatial model (of Figure 2b), which occurred at
roughly ¢ =0.03 per day, is lost with movement at c slightly
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above 0.05 per day (See Additional file 2: Figure S4). Thus,
with symmetric movement and p;, = po; = 0.0001 per day,
the rate of spread of R2 relative to R1 parasites is always
higher in the high transmission region for IPT dosing fre-
quency lower than ¢ =0.05 per day (i.e. once every 20 days).
However, the rate of spread of R1 relative to RS is still
higher in the low transmission region, than in the high
transmission region, as in the non-spatial model, but the
difference is not very significant. Increasing the movement
rate to a rate slightly higher than 0.00015 per day (ie.
about an 18-year period) but lower than 0.0002 per day
(i.e. about a 14-year period) initiated the change in the
low and high transmission region, leading to a higher per-
cent rate of spread of R1 relative to RS in the high trans-
mission region. Hence, the movement rate that is required
to produce a qualitative change in the non-spatial results
in both the low and high transmission regions is slightly
greater 0.0015 (see Additional file 2: Figures S5 and S6),
when symmetric movement is considered.

In the presence of IPTi, the rapid spread of highly re-
sistant parasites in high transmission areas could be due
to at least two factors: (i) chemotherapy eliminates the
competing sensitive parasites, giving a great selective ad-
vantage to the resistant parasites, with resultant high
levels of gametocytes; the infective stage for mosquitoes;
(ii) the large number of mosquitoes in high transmission
areas compared to the low transmission areas; ensuring
faster spread of the parasites (see [2]).

These results have potentially important public health
applications for the monitoring policies looking for the
emergence and spread of resistant parasites. If regions
are connected with each other, the present results sug-
gest that monitoring in high transmission areas is likely
to detect the fastest spread of drug resistance regardless
of the rate of IPTi dose applied and independent of
which level of resistance is being detected. On the other
hand, if regions are assumed to be, or in fact are, uncon-
nected, then the best place to monitor in order to detect
the rapid spread of resistance depends on both the rate
of IPT dose (Figure 2b) and the level of resistance that is
to be detected (Figure 2a and b). It remains to be seen
how these results corroborate with field studies.

Model results also indicate that the demography of in-
fection in low transmission areas tends to change to re-
flect the demography of high transmission areas, when
regions are connected by movement (Table 2). This dif-
fers from the result in [18]. When regions are isolated,
most individuals in low transmission areas (>80%) are
uninfected, with larger but closely similar percentages ei-
ther under prophylactic treatment (75, 28.45%) or under
the untreated susceptible group (S, 34.27%), and smaller
percentages under classes P (7.95%) and P, (10.14%). In
high transmission areas, the large majority of the popula-
tion is in class P, (86.45%). When regions are connected,
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low transmission areas experience a large demographic
shift and come to reflect the composition of the high
transmission areas with the majority of the population in
class P, (79.76%), while the demography of the high trans-
mission area changes very little.

In this model, analysis on treatment involved the drugs
SP and CPG-DDS. Malaria parasites in various areas are
exhibiting resistance to SP [12], and thus it is no longer
a front-line drug. Furthermore, recent articles [45] cited
issues relating to CPG-DDS. However, the present model
can be applied to other anti-malarial drugs with long,
intermediate or short half-lives. Additional file 2: Figure
S7 shows the qualitative results for SP when compared
with a drug whose half-life is four times that of CPG-
DDS (but lower than that of SP). The curve for this drug
produced graphical results with a curve between that of
the CPG-DDS and SP curves. In general, if a drug has a
half-life close to that of SP, with all other factors held
constant, the expectation is that the curves for this drug
would be close to that of the SP curves, and if the half-
life is closer to that of the CPG-DDS drug, the results
would be closer to the CPG-DDS graphs.

Overall, results from this model suggest that when
monitoring the spread of drug resistance, it is important
to consider both the geographical landscape and social
aspects linking two transmission areas. The results can
be extended to consider pulse timing methods in the ad-
ministration of IPTi, where IPTi is administered at specific
regularly pulsed intervals of either three months, six
months or some appropriate time period. This may re-
quire formulating a model that explicitly accounts for the
different human disease classes, and is currently under
investigation.

The modelling paradigm used here is different from
most modelling paradigms of malaria. In studying mal-
aria, focus can be placed on aspects involving one, two
or all three of the following interacting components re-
lated to malaria transmission and success: the human,
that hosts the parasite; the mosquito vector which hosts
part of the parasite’s life-cycle and responsible for trans-
mitting the parasite from one human to another; and
the parasite, the agent that causes the disease [46].
Models for malaria have mostly focused on the transmis-
sion dynamics of the disease, where the relationship be-
tween the humans and the mosquitoes, in which the
parasite determines the status of each human or vector
classes, has been carried out (e.g. [47-49]). Such models
usually require stability methods and analyses. Other
models have emphasized the life-cycle of the mosquito
(for example [50-54]), while others have placed focus
on the parasite component (e.g. [55,56]). The present
model focuses on the parasites and uses fitness func-
tions, determined by how many humans the parasites can
infect, to investigate how fast resistance may spread within
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neighbouring communities when the populations are at
endemic equilibrium. Thus, parasites were tracked in a
scenario where the human populations are already at
equilibrium.

Conclusions and recommendations

In conclusion, when human movement frequently oc-
curs between areas with different malaria transmission
intensities:

e the expected role of low and high transmission areas
in the spread of anti-malarial parasite resistance may
be inverted, with resistance consistently spreading
more quickly in high transmission areas for all rates
of IPTi dosing and in both the RS vs R1 and R1 vs
R2 competition;

e the demography of infection in low transmission
areas tends to change to reflect the demography of
high transmission areas when regions are connected
by movement;

e fast movement rates lead to strong interaction
between the interacting populations and the rate of
spread of R1 relative to RS and R2 relative to R1
parasites tend to behave the same in both
populations, as should be expected.

Results from this model have important public health
applications for the monitoring/surveillance policies look-
ing for the speed of spread of resistant parasites. If regions
are connected with each other by human movement,
monitoring in high malaria transmission areas is likely to
detect the fastest spread of drug resistance, regardless of
the rate of IPTi dose applied and independent of which
level of resistance is being detected. On the other hand, if
regions are assumed to be, or in fact are, unconnected,
then the best place to monitor in order to detect the rapid
spread of resistance depends on both the rate/frequency
of IPT dose and the level of resistance that is to be de-
tected. Overall, these results indicate that different public
health policies are needed when the area in question is an
isolated high or low malaria transmission area, or whether
it is close and interacting with a neighbouring low or high
transmission area via human movement.

Furthermore, the same drug is sometimes utilized for
IPTi and for symptomatic drug treatment of malaria.
Thus it may be difficult to use experiments to distin-
guish the individual roles of either IPTi or symptomatic
drug treatment on the acceleration of the spread of drug
resistant malaria, with or without human movement. A
theoretical framework, as presented here, is thus rele-
vant as the effect of IPTi in accelerating the spread of
drug resistance can be isolated as demonstrated in this
study.
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Additional files

Additional file 1: This supplemental document contains the main
model equations.

Additional file 2: This supplemental document contains supplemental
figures showing results from the present spatial model for an
average of a 10 days visitation when symmetric movement is
considered. The results show that, overall, the qualitative results of

the rate of spread of resistance with increases in IPT dosage is the

same across a range of movement rate ratios in the low and high
transmission areas. There is little distinction between an average of a

10 days visitation, a 50 days visitation, and a 100 days visitation
(compare [Additional file 2: Figures S1, S2 and S3] to Figures 3, 6 and
10). The same is true whether considering the effects of IPT treatment
with drugs with different half-lives or the effect of treatment on the rate
of spread of resistance. Additional file 2 also contains graphical results
that indicate the movement rates required to effect change in the
non-spatial model in [18] (see Figures 5, 6 and 7) as well results indicating
the profile of the SP drug compared to a drug with half-life that is four
times that of the CPG-DDS drug (Figure 8). Moreover, Additional file 2:
Table S3, which gives the parameters, their description, and values used
in the model analysis.
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