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Abstract Impulsive differential equations are a useful tool for assessing timeliness
of regular interventions, but the question of stochasticity in the timing and nature
of the impulses has not been investigated. We use a previously published model
of malaria as a baseline to investigate varying three key parameters: the time of
the impulse, the duration between impulses and the degree of effectiveness of the
impulse. Surprisingly, the model remains impervious to most biologically reasonable
variations. However, we also showed that some extreme theoretical possibilities—
such as very small durations or impulses that go backwards in time—can lead to
unexpected outcomes. The malaria model can withstand large stochastic variations
in the impulse parameters, suggesting that impulsive differential equations are fairly
robust, at least when the virulence of the disease is high.
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1 Introduction

Impulsive differential equations are a useful tool for including semi-discrete effects
that describe short interruptions to a continuous process [1, 2]. The duration of such
interruptions is assumed to be negligible, which is a reasonable assumption when
the cycle time is large compared to the duration of the impulsive approximation [3].
Impulsive differential equations are characterised by two key factors: the time of the
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impulse and the strength of the impulsive effect. Either of these could be subject to
variations, perhaps significantly.

Stochastic models, though more complex than their deterministic counterparts, are
more realistic and asymptotically tend to their deterministic cousins [4]. Stochastic
models lead to varying, non-equilibrium outcomes, can hasten disease extinction and
result in resonance oscillations [5]. Stochastic effects have been widely investigated
in continuous differential equations, but investigation of the impact of stochasticity
on the thresholds of semi-discrete modelling is limited, and very little work has
been done on the comparison between continuous and semi-continuous systems in
a stochastic context. We use an impulsive malaria model as an example in order to
investigate this problem.

Malaria is an infectious disease transmitted to humans primarily by the bite of
female mosquitos of the genus Anopheles infected by a parasite of the genus Plas-
modium [6, 7]. The mild symptoms present as fever, chills, headaches and respira-
tory difficulties, whereas the more severe symptoms include jaundice, kidney failure,
impaired consciousness and abnormal bleeding [6, 7, 9]. The resulting infection in
humans can be entirely curable and preventable when addressed early and effec-
tively [6]. Nonetheless, the burden of the disease in African countries causes numer-
ous fatalities, particularly in pregnant women and children under five [7, 9]. As of
2021, 50% of the world population was at risk of malaria, but 95% of the 247 million
cases and 96% of the 619 000 deaths were in the African region. The predominant
microorganism in Africa, P. falciparum, causes more severe cases of malaria and
thrives in the local climate year-round. Poor access to resources and unstable socio-
economic conditions render preventative strategies hard to implement consistently
and effectively. The COVID-19 pandemic significantly increased the malaria burden
in 2020 and 2021 in Africa, due to interruptions in control measures [8]. Countries
with higher gross domestic product (GDP) benefit from high-quality intervention
and infrastructure, which reduces their malaria incidence compared to countries
with lower GDPs [10, 11].

Malaria prevention and control strategies that are cost-effective and easily imple-
mented are urgently needed to combat the severe consequences in public health and
the economy that have been present for decades already in Africa [12]. Vector-control
strategies, such as long-lasting insecticide-treated nets (LLINs) and indoor residual
spraying (IRS), are effective against malaria transmission and a manageable and sus-
tainable option for many African communities [13]. IRS has had a significant impact
worldwide in the Global Malaria Eradication Campaign [7]. IRS is effective in unsta-
ble malaria conditions [14]: a meta-analysis concluded that when IRS is reapplied
consistently and includes DDT (dichloro-diphenyl-trichloroethane), it could reduce
risk of malaria by 65%, [10]. These strategies show a lowered incidence of malaria
despite a minor effect on prevalence, resulting in the need for increased research in
vector-control strategies [13].

Mathematical modelling of malaria is a crucial tool to help optimise management
strategies by making predictions. The first model for malaria was developed by Ross
in 1911, where humans can move from the susceptible to the infected state and back
to the susceptible state (SIS), and where mosquitos only move from susceptible to
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infected (SI) [15]. In 1957, the Ross model was modified by Macdonald to include
the incubation period for the parasite to make a mosquito infectious, thereby fol-
lowing an SEI framework for mosquitos, where an individual must go through the
exposed state before reaching the infected state [16]. Anderson and May improved
the model by adding an exposed category to the humans, following an SEIS model,
in addition to the mosquitos following an SEI model [17]. The increased complexity
from Ross’s initial model led to a decrease in the reproductive ratio (Ry), which leads
to lower prevalence in the long term [18]. Ry represents the number of cases that
result from one infected individual and is an important indicator used to compare
interventions [19]. In search of effective eradication techniques, more complex mod-
els have been developed based on the Ross—Macdonald and Anderson—-May models
to include various socio-economic, demographic, geographic and environmental fac-
tors, although no model can be exhaustive due to the enormous complexity of the
malaria dynamics [18, 20]. The idea that lowering mosquito numbers below a cer-
tain threshold can control malaria was first brought up by Ross and is the basis of
disease modelling today [15, 18, 20]. The early Ross—Macdonald model focused on
adult female mosquitos as the most effective target, which led to the implementation
of IRS as a large-scale effort [18, 20]. In order to effectively apply these concepts
to dynamic and unpredictable populations where known techniques are insufficient,
more recent models have included stochasticity, which was not included in the earlier
models and can provide more realistic predictions [20, 21].

Previously, we used a system of impulsive differential equations to determine the
ideal intervals to apply IRS, providing valuable insight to better benefit from IRS [22].
However, this model excludes stochastic noise in the impulses, which may alter the
results over a long-term period. This variation may come from irregular application
of insecticides, the delay in reapplication of IRS and the quality of the sprayed
insecticide. Even with optimistic outcomes from modelling, results will be worse
than expected when there is a lack of resources and awareness [23]. Furthermore,
vector-control strategies are strongly influenced by the local population size and
ecology, so an IRS framework may not be compatible from one region to another [24].
Studying the modelling of IRS, including various degrees of randomness within
key parameters, will lead to further comprehension that better represents the reality
of communities with insufficient infrastructure in order to explore the accuracy of
malaria predictions.

2 The Model

We use the model from Smith? and Hove-Musekwa as our baseline [22]. This
baseline model is built on the biological interactions between the different classes
of humans and mosquitos. The system of differential equations includes susceptible
(S), infected (I) and recovered (R) humans, as well as susceptible (M) and infected
(N) mosquitos. Humans recover without immunity at rate & or become immune
temporarily at rate « before returning to the susceptible state at rate §. A susceptible
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Fig. 1 A schematic R
representation of the malaria
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individual is infected at rate By, and susceptible mosquitos are infected at rate 8.
7 is the human birth rate, ;g is the human background death rate, y is the human
death rate from malaria, A is the mosquito birth rate, and u is the mosquito death
rate. The model is illustrated in Fig. 1 and given by the following set of differential
equations:
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Finally, we add impulses that represent the addition of insecticide via the IRS
strategy. We can do this by adding conditions where the addition of insecticide
removes both susceptible and infected mosquitos at a rate » (where 0 <r < 1) fora
given time of application 7, (k = 0, 1, 2, 3, ...). Therefore, immediately following a
spraying event, the system undergoes the impulsive conditions [22]:

AM =—-rM—,

AN =—rN". @

When t =, AM =M"—M~, where M~ = M(t;) and M+ = M(t{"). The
period between impulses is defined as T = #;4; — # (assumed constant at baseline).
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3 Numerical Simulations

For theoretical analysis of the baseline model (1), see Smith? and Hove-
Musekwa [22]. Here, we ran numerical simulations with different degrees of ran-
domness in three relevant parameters in order to analyze the resulting behavioural
patterns.

The system of differential equations with the impulses representing regular IRS
is represented graphically in Fig. 2. Here, regular spraying is applied four times a
year for five years where the recovered humans (in red) stabilise as the majority.
Under perfect conditions, this model predicts that with the IRS strategy, malaria is
still occurring but is kept at a moderate level. The mosquito populations have consid-
erable overlap during the impulses, but the overall trend is that the infected mosquito
population size is larger than the susceptible mosquito population. The human popu-
lations have much more distinction, where the recovered human population stabilises
as the largest size, followed by the infected humans and then susceptible humans as
the smallest group. None of the human populations overlap during the impulses,
except in the first instance where the initial susceptible and infected populations
trend downwards and the recovered population trends upwards. The range of the
impulses in the three human populations is smaller than that observed in the two
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Fig. 2 Regular IRS spraying. Green represents susceptible individuals, blue represents
infected individuals, and red represents recovered individuals. The values used are A = 1000
mosquitos xyears~'; u = 1/7.3 days~!; By = 0.05 mosquitos ! xdays™'; @ = 1/8 days~!; h =
1/9 days~!; By= 0.5 humans~! xdays~!; 7= 100 humansxdays~'; y= 1/20 days~'; 6= 1/30
days™!; = 1/30 years™!
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mosquito populations. We want to describe the effect of randomness on the model
to see whether or not the outcome changes. We will modify three parameters: the
impulse period 7, which translates to irregular spraying; ty, representing the time
delay between the application of the spray and when it begins to have an effect; and
r, which represents the variability in the effectiveness of the insecticide.

3.1 Individual Randomness

First, we examine each parameter’s role in the model. In Fig.3, the parameters t,
tp and r were assigned a random value between zero and one. In Fig. 3a, the effect
of irregular spraying is observed. The overall trends of each population remain the
same as in Fig. 2, but the impulses occur at irregular intervals. The possible activation
delay of the insecticide is shown in Fig. 3b. Once again, each population stabilises
similarly to the regular model (Fig. 2), but the time to produce 20 impulses increases
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Isolated stochastic behaviour in 7, 7y and r between 0 and 1



How Much Variability Can an Impulsive Threshold Sustain? 41

due to the delay in reaching the maximum at each impulse. In Fig. 3c, the minimum
value of each impulse varies, representing the variation in the effectiveness of the
insecticide, where impulses with higher minimum values leave a larger proportion
of mosquitos alive. Nonetheless, each population stabilises at the same values as
predicted by the regular model (Fig. 2).

3.2 Combined Randomness

Next, we want to combine the randomness of the three parameters. Initially, we pre-
dict that randomness translates to irregular spraying and that unreliable insecticides
will have a long-term negative impact on population survival. However, as we see
in Fig.4, where t, fy and r were assigned a random value between zero and one
simultaneously, the outcome repeats the patterns of Fig.2. Despite some impulses
being substantially different from the regular impulses, the population size returns to
the same equilibrium value in every case. We see that in some instances, for example
in Figs.4d—e, the mosquito population is close to zero, which we had hypothesised
would substantially affect the population dynamics, but, due to the nonzero birth
rate, the model regains stability.

3.3 Large Randomness

Randomness between 0 and 1 did not appear to have a significant effect on the overall
trends of the impulsive model, so we next tried simulations with a larger range for
T and ty, where the value can be greater than one. Figures 5 and 6 show that there is
some difference in the time scale and some larger deviations from the regular model,
but the result remains very similar to Fig. 4. The outstanding trends and stabilities of
each group follow the regular model, and we see that the model is very resistant to
the randomness.

3.4 Restricted Randomness

We return to the range of biologically relevant values by adding randomness in a
more localised manner. The biological ranges of the three variables are not equal,
so we want to better reflect how stochasticity is incorporated into communities by
adding randomness around a set value. Instead of a random value between 0 and 1, r
and 7o now have a value of 0.5 plus a random value between 0 and 0.5, whereas t has
a value of 0.25 plus a random value between 0 and 0.5. These numbers are chosen
based on the model represented in Fig.2, where r = 0.85, 7o = t; and = = 0.25. This
simulation will more closely depict a situation that might happen biologically, so we
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Fig.5 Combined and isolated stochastic effect for T and 7y between 0 and 5 and r between 0 and 1

can make some more relevant conclusions. In Fig. 7, we see similarly to the previous
simulations that there is little overall effect from the addition of randomness.

3.5 Small Randomness

In order to understand the full scope of the model, we next assigned 7, r and #y random
values between 0 and 0.2. These values have no biological meaning, but we can learn
more about the model by looking at the full range of possible values. In Fig. 8, we see
for the first time a large deviation from the regular model. There is a clear distinction
between the infected and susceptible mosquito populations instead of an overlap, and
the recovered humans take longer to reach equilibrium. Nonetheless, the stability of
recovered humans and infected mosquitos mirrors all the previous cases.
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Fig. 6 Combined stochastic behaviour for t and 79 with large intervals and r between 0 and 1

3.6 Extreme Values

Finally, we consider what happens when we set the parameters to zero and infinity.
So far we have only seen one possible outcome, so we will look at the range of
all possibilities to see if there is a change at any point. First, we set the parameters
to infinity (Fig.9), and we see, as expected, that the model has one impulse and
approaches the equilibrium values quickly. In Fig. 10a, we see that r set to zero and
T set to 0.25 provide the same outcome as in Fig.9. In Fig. 10b, we have a more
interesting result with t. This parameter cannot be set to zero, because that would
represent all impulses happening simultaneously, so we arbitrarily choose a value of
10°. (Note that the impulsive assumptions break down for r small, so this is merely
a theoretical exercise.)
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Fig.7 Combined stochastic behaviour for t between 0.25 and 0.75 and ¢y and r between 0.5 and 1

The outcome is very different from any of the previous models: the mosquito
population quickly dies out, and the susceptible humans are the majority at equilib-
rium. When we combine the two, in Fig. 10c, we see both the infected mosquitos
and humans are the overarching majority, but the model does not seem to reach an
equilibrium within 20 impulses.

InFig. 11, we setr to zero and #o =1 to look at the effect of T over 5000 repetitions.
We can see that a switch occurs between 7 = 10~° (Fig.11c)and T = 1073 (Fig. 11d),
where the equilibrium changes from a majority of infected individuals remaining to a
majority of recovered individuals remaining. If we increase the value of 7 further, the
model increasingly resembles Fig. 9. We can also see that decreasing the value of , as
inFig. 11a, leads to recovered and infected humans at zero and susceptible individuals
remaining; the opposite occurs for mosquitos, with susceptible individuals at zero
and only infected individuals remaining.

So far, we have set fy = f7, but we can continue our analysis of the parameters
by including randomness in #;;. In this case, time can go backwards because the
impulse at ;| can occur before the impulse at time #. In Fig. 12, we can see that
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Fig. 8 Combined stochastic behaviour for 7, fy and r between 0 and 0.2

at zero (1071 for 1), infected and recovered humans are at zero and susceptible
humans are at the initial values. In Fig. 12b—f, we see the model converge towards
the regular model as we increase the value of the parameters. In this scenario, time
can move backwards (due to the nature of the impulses), so this is only performed
as a theoretical exercise.

4 Discussion

Models using impulsive differential equations often exclude stochasticity for con-
ciseness or simplicity. However, these small disruptions have the potential to change
the outcome entirely when considering whether a disease will die out or become
endemic. The results of the various degrees of randomness in the malaria model
presented in Figs.3, 4, 5, 6 and 7, regardless of the amount of randomness added,
maintain the same overall trends, and the different populations consistently stabilise



How Much Variability Can an Impulsive Threshold Sustain? 47

Mosquitos Humans

60 T 60 T

50 E 50 E

401 . 40+ .
(V] (0]
N N
(%) (%]
c c
2 30t {1 £30t 1
= o
> >
Q. Q.
o o
o a

20t . 20 F .

10+ E 10F E

\r
0 . 0 :
0 5 10 0 5 10
Time (Years) Time (Years)

Fig. 9 Parameters set to infinity

around the same equilibrium values. The main difference observed in Figs. 5c and
6 is the increase in time required to produce 20 impulses. This change is due to
higher values in #; ;. This correlates to the insecticides requiring multiple years to
take effect, which is not a realistic scenario, but we can still conclude that the model
can withstand large variations and make the same predictions as the regular model
(Fig.2). Also, it can be concluded that the mosquito populations are more affected
by the variation in the parameters. Figure 8 shows a significant disturbance in the
outcomes; however, this is due to the values of the parameters #,.4;, T and r being
small, not due to the randomness. In Fig. 8, the parameters are constrained to values
between 0 and 0.2, which changes the meaning of the model. We can conclude that
the small values have local effects on the model that can be counteracted by higher
values when the range of randomness is larger, but when constrained to a small inter-
val, the model loses its stability. Figures 3, 4, 5, 6 and 7 demonstrate the resilience
in the model.

The various numerical simulations exploring the effects of variability in the
malaria model retained the same general trends as the original model. When we
added increasing degrees of randomness to the parameters 7, #;4; and r, the equi-
librium of the different proportions within the mosquito and human populations
remained similar. Infected mosquitos stabilise higher than susceptible mosquitos,
with large overlapping impulses. Recovered humans stabilise at the highest value,
followed by infected and susceptible humans; all three categories are distinct and do
not overlap.
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It should be noted that despite large variation in randomness for the impulsive
effect, the mosquitos largely persist, even in extreme cases, with the exception of
Fig. 10b. This exception is due to the fact that T ~ 0, so that mosquitos are eradicated
instantaneously. In all other cases, the mosquito population persists. This is due to the
virulence of malaria-infected mosquitos in this model, with an R, value of 12 x 106.
(Note that these data match those in the previously published paper [22].) This is an
extreme case for an exceptionally virulent disease, whereas diseases with smaller R
values may be more susceptible to stochastic effects from varying the impulses.

These findings can be useful in further studies on vector-control strategies for
malaria, where the model excluding the variations can be used and still be applicable
in communities where perfect conditions may not occur. This justifies the lack of
stochasticity, because the model output is not easily disturbed by variability in the
T, ty+1 and r parameters.

Although our results imply stability, it is difficult to say how the local disturbances
in models translate biologically. For example, the iteration in Fig.4b has a local
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plateau in the infected mosquito population, where none of the mosquitos have been
eliminated by the insecticide after multiple years. Although the associated human
population graph is not affected, the outcome may not reflect biological reality. There
may be additional cultural or economic factors that influence malaria dynamics that
are not included in the model. We also explored strategies that disturb the impulsive
assumptions and involve backward time, which are not realistic but nevertheless
provide further insights into the issue of randomness in the key parameters. Further
studies on the effect of randomness on other malaria control and prevention schemes
would be useful to understand how our results could apply to different strategies and
where randomness might play a critical role in disease outcomes.
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Fig. 12 Increasing the value of the parameters from zero

Acknowledgements The authors are grateful to two anonymous reviewers, whose comments
helped to improve the manuscript. SS? is supported by an NSERC Discovery Grant. For citation
purposes, please note that the question mark in “Smith?” is part of the author’s name.



How Much Variability Can an Impulsive Threshold Sustain? 51

References

10.

11.

12.

14.

15.
16.

17.

19.

20.

21.

22.

23.

24.

. Bainov, D.D., Simeonov, P.S.: Systems with Impulsive Effect. Ellis Horwood Ltd., Chichester

(1989)

Bainov, D.D., Simeonov, P.S.: Impulsive Differential Equations: Periodic Solutions and
Applications. Longman Scientific and Technical, Burnt Mill (1993)

Smith?, R.J., Schwartz, E.J.: Predicting the potential impact of a cytotoxic T-lymphocyte HIV
vaccine: how often should you vaccinate and how strong should the vaccine be? Math. Biosci.
212, 180-187 (2008)

Manjoo-Docrat, R.: A spatio-stochastic model for the spread of infectious diseases. J. Theor.
Biol. 533, 110943 (2022)

Keeling, M.J., Ross, J.V.: On methods for studying stochastic disease dynamics. J. R. Soc.
Interface 5(9), 171-181 (2007)

Tuteja, R.: Malaria an overview. FEBS J. 274, 46704679 (2007)

WHO.: Global technical strategy for malaria 2016-2030. World Health Organization, Geneva
(2015)

Kessel, B., Heinsohn, T., Ott, J.J., Wolff, J., Hassenstein, M.J., Lange, B.: Impact of COVID-19
pandemic and anti-pandemic measures on tuberculosis, viral hepatitis, HIV/AIDS and malaria-
a systematic review. PLOS Global Public Health 3(5), 0001018 (2023)

Global Health, Division of Parasitic Diseases and Malaria (2021) Malaria’s Impact Worldwide.
https://www.cdc.gov/malaria/malaria_worldwide/impact.html

Zhou, Y., Zhang, W.X., Tembo, E., et al.: Effectiveness of indoor residual spraying on malaria
control: a systematic review and meta-analysis. Infect. Dis. Poverty 11, 83 (2022)

Zhao, X., Thanapongtharm, W., Lawawirojwong, S., Wei, C., Tang, Y., Zhou, Y., et al.: Spa-
tiotemporal trends of malaria in relation to economic development and cross-border movement
along the China-Myanmar Border in Yunnan Province. Korean J. Parasitol. 58(3), 267-278
(2020)

Samba, E.: The Malaria Burden and Africa. In: Breman, J.G., Egan, A., Keusch, G.T. (eds.)
The Intolerable Burden of Malaria: A New Look at the Numbers: Supplement to Volume 64(1)
of the American Journal of Tropical Medicine and Hygiene. American Society of Tropical
Medicine and Hygiene, Northbrook (IL) (2001)

. Benelli, G., Beier, J.C.: Current vector control challenges in the fight against malaria. Acta

Trop. 174, 91-96 (2017)

Pluess, B., Tanser, F.C., Lengeler, C., Sharp, B.L.: Indoor residual spraying for preventing
malaria. Cochrane Database Syst. Rev. 2010(4), CD006657 (2010)

Ross, R.: The Prevention of Malaria. John Murray, London (1911)

Macdonald, G.: The Epidemiology and Control of Malaria. Oxford University Press, London
(1957)

Anderson, R.M., May, R.M.: Infectious Diseases of Humans: Dynamics and Control. Oxford
University Press, London (1991)

. Mandal, S., Sarkar, R.R., Sinha, S.: Mathematical models of malaria—a review. Malar J. 10,

202 (2011)

Heffernan, J.M., Smith, R.J., Wahl, L.M.: Perspectives on the basic reproductive ratio. J. R.
Soc. Interface 2(4), 281-293 (2005)

Smith, T.A., Chitnis, N., Penny, M., Tanner, M.: Malaria modeling in the era of eradication.
Cold Spring Harb. Perspect. Med. 7(4), a025460 (2017)

Wang, L., Teng, Z., Ji, C., Feng, X., Wang, K.: Dynamical behaviors of a stochastic malaria
model: A case study for Yunnan. China Physica A Stat. Mech. 521, 435-454 (2019)

Smith?, R.J., Hove-Musekwa, S.D.: determining effective spraying periods to control malaria
via indoor residual spraying in Sub-Saharan Africa. J. Appl. Math. Dec. Sci. 2008, 745463
(2008)

Sicuri, E., Ramponi, F., Lopes-Rafegas, I., et al.: A broader perspective on the economics of
malaria prevention and the potential impact of SARS-CoV-2. Nat. Commun. 13, 2676 (2022)
Tizifa, T.A., Kabaghe, A.N., McCann, R.S., et al.: Prevention efforts for malaria. Curr. Trop.
Med. Rep. 5(1), 41-50 (2018)



