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The alarming prevalence of vector-borne diseases, such as malaria, has long been a global
concern due to their ability to infect individuals across all social classes, thus leading to
high morbidity and mortality rates. This study investigates the role of mosquito bites
frequency in dynamics of transmission of malaria. Mainly, featuring the mathematical
classification of susceptible individuals into high and low risk. The present study em-
ploys a time-dependent, social hierarchy-structured deterministic model to analyse the
vulnerability of multi-layered classes to the transmission dynamics of malaria disease.
This analysis takes into account the interaction between the human population and the
mosquito vector population. Human infection statuses are divided into four categories:
susceptible, infected, and recovered individuals, with further stratification of susceptible
individuals based on their risk level. Concurrently, the total vector population is divided
into susceptible and infected mosquitoes. The disease free equilibrium, basic reproduction
number and endemic equilibrium were computed. The findings show that the higher the
number susceptible humans subjected to high risk the higher number of infected human
individuals.

Keywords: Malaria; transmission; low-risk susceptible; high-risk susceptible; multi-
layered classes.
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1. Introduction

Malaria is a disease that is transmitted to human population by the bites of female anopheles
mosquitoes. Moreover, it is one of the communicable disease regarded as a global threat [1|. Most of
regions that are highly affected with malaria are Sub-Saharan Africa, Asia and America [2,3]. The
Sub-Saharan Africa is known with high morbidity and mortality rate, a region where Plasmodium
falciparum is the main cause of a serious morbidity and high mortality rate [4,5|. Therefore, it is
inevitable to talk of malaria without mentioning Sub-Saharan Africa.

To eradicate malaria in Sub-saharan Africa, provision of insecticide mosquito treated nets (ITNs)
which regarded as an effective way of preventing malaria has been a key [7|. However, providing of I'TNs
to more than 65% of Sub-Saharan African families has not shown to reduce morbidity and mortality,
contrarily has increased [8]. Since the use of I'TNs mainly focus on reducing the frequency of mosquito
bites, mosquito contact rate, and increase mosquito death rate. The morbidity and mortality have
shown to be high regardless of many families using I'TNs. This implies that the study on the how
frequently people are bitten by mosquito is less studied.

Consequently, this study focuses to investigate how the frequency of mosquito bites affects the
dynamics of transmission of malaria incorporating behavioural responses, occupation and location of
human individuals. In categorizing the susceptible human population into high-and low-risk individ-
uals. Low risk individuals be susceptible people exposed to moderate mosquito frequency bites while
high risk be those exposed to high frequency of mosquito bites due to their behaviour, location and
occupation. Monthly data from Tanzania for September 2022 to December 2023 has been used for
parameter estimation and fitting the model.
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2. Model formulation

In capturing the dynamics of transmission of malaria where the susceptible population categorises into
multi-layered groups. The total human population (Ng(t)) is divided into four categories: suscepti-
ble (Hg(t)), infected (Hy(t)), and recovered (Hg(t)) with further stratification of Susceptible human
individuals into high risk susceptible (Hgy(t)) and low risk susceptibles (Hg;(t)). More precisely,
Hg(t) = Hgp(t) + Hgi(t). Moreover, the total mosquito population(Ny(t)) is divided into Susceptible
mosquitoes (Mg(t)) and Infected mosquitoes (My(t)).

The high-risk vulnerable population grows at a rate of A, which is a fraction of the total recruitment
in the susceptible population Ay, due to either births or immigrants. However, the remaining fraction
(1 — A) of Ay goes into low risk vulnerable. The high risk vulnerable humans also grow by the rate
p of human immunity losing rate ®, while (1 — p) of ® becomes the low risk vulnerable humans. At
the same time the low and high risk vulnerable population decrease by forces of infection I'y and I's
respectively. So that,

Iy ZPMHbZJ:g—((tt))v
'y =puEbC ]Z:g_((tt))’

where pprpr is the rate of mosquito transmission to humans. While, b and ( indicate the mosquito-
human contact rate and the modification parameter for increasing mosquito bite frequency, respec-
tively. Furthermore, both low and high risk vulnerable human populations are reduced by the natural
mortality rate pp.

Moreover, infected human population increases by I'y and I's, reduced by pg and by the disease
mortality rate represented by ¢. Additionally, the number of recovered human beings increase by A
and decrease by ® and by natural death pp.

The number of vulnerable mosquitoes increases proportionally with the birth of adult mosquitoes
Ajps. At the same time the susceptible mosquito declines by mosquito natural death rate pys, and by
force of infection I's. So that,

H(t)

Nu(t)’

where pgs is the rate of transmission from human to mosquito. Figure 1 explains pictorially the
dynamic transmission of malaria regarding compartments and corresponding with the assumptions
applied.

I's =pumbd

Human

population
Mosquito | | Am L3 }
population i i

Fig.1. Schematic depiction of dynamic transmission.
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AU — (1 )+ (1 PIOHR() ~ pared N Hi ) — i),
stig(t) = ANy + pOHR(t) — prrubC ]]\\Z((?) Hgn(t) — pa Hsn(t),
dH; (1) My (t) Mi(t)
ar Py IO ety gy Han®) = (@t g+ D) )
dfiz(t) = MH{(t) — (up + @) Hr(t),
dl\{lst(t) = Aps — par Mg (t) — prarb ]Ié;((?) Ms(t),
dMp(t) b H(t) Mg(t) — puns M (t).

a PEMUNL )
The model (1) of this study is the extension of different models in [3,11]. Where every single
parameter in the model is assumed to be positive. The model is developed in the consideration of the
following assumptions:
(i) It is assumed that high-risk susceptible human are people subjected to high frequency of
mosquito bites, contrarily the low risk susceptible human are subjected to low frequency

mosquito bites.
(ii) The modification parameter for increased mosquito bites in high risk susceptible human ¢, is

greater than one.

(iii) The model considers the short period of time that very a few number of people can change
their behaviour, occupation or change their place of dwelling. Thus assuming that no person
can move from low to high risk and vice-verse.

3. Model analysis

3.1. Disease free equilibrium
The disease free equilibrium (DFE) of the model (1), that computed with consideration of the absence
of infection, taking that Hy = Hr = M1 = 0 into model (1) denoted by

& = (AH“ —4) Aud A—M,t)) . 2)
KH KH 127

3.2. Basic reproduction number

In order to determine the basic reproduction number %y, we use the procedure outlined in [12]. It is
composed of the non-negative matrix .# (of the new infection term) and the matrix ¥ (of the transition
term) associated with the model (1), and then determining the spectral radius of .# % ~!. In order to
achieve this, we classify the infection statuses of the model and deconstruct the right-hand side into

F—V. Let, F and V;
o <pMHb Ml Hu(t) + pMch%;—gst)) v (<q o+ )\)Hz(t)>

pHMbﬁé((?) Ms(t) parMr(t)

Thus,
7 0 Py A — 4(AHA_AAHH)pMHb y_ (9N 0
- AvpayvpEb 0 ’ - 0 wpunv )
Agpn
Therefore,
. 0 Abpya{—(A-1)bpyu
TV = Anbpppam M(Iy
Apgipn
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Thus, by the next generation operator technique, the basic reproduction number is given by

R = b [AAy pg pav pueC + (1= A)Ay i prvpyvn )
1Y) Apgi

Theorem 1 (Ref. [13]). If Zy < 1, then the disease free equilibrium is locally asymptotically stable

and unstable otherwise.
Using model (1) malaria can be eradicated from the population with both low- and high-risk

susceptible human individuals when the basic reproduction number % is reduced to less than one.
This is depicted in Theorem 1.

3.3. Endemic equilibrium

Endemic equilibrium (EE) denoted by & = (Hg;, HS,, Hi*, Hi', ME*, M) is the equilibrium point
of the model (1) which considers the presence of infection in the population. Following the approach
adopted in [6,13,14] we consider the human mortality rate due to disease equal to zero g = 0, so that
Ny = A and the forces of infection be

HH

e DEbOM[ 1y

V=T A,
therefore we have model (1) turn into
(1= A)An + (1 = p)®HE —I7"Hg — pnHg =0,
Ay + p®H}; — T3 HE, — g HE, =0,
Dy H 4 TG, - H - g Hf =0,
AH" — goHE =0,
Aas — o M5 — T3 M3 = 0,
M — oM} = 0,

_ pmuabOC M pg e _ PHM bH upy
— o DHM T PH

F**
2 AH ) AH

thus solving the system (4) we get,
5 AgPAMA — p)+ 192 A npra a5 g192Am (1 — A)

ngk K Y
HE = AT A (9192 — PA) + AAggigopm + T AgPAp
K b

e = 705 Angs + (AT5 g2 + go(1 — A)TT ) A pn

K )
HR == 5

K
M = AM
e

Tyt +p3,
Since
K =T7Ta(g1g2 — ®A) + 919203y + D1 APump + T 91920 (1 = €) + T35 purr (9192 — A®),
Gr=q+pag+A  go=npun+o,
e = I5* Avibprpyn I = 3" Apbuppun( .
(T pnr + 13, Am’ (T par + p3,)Am
Inserting the forces of infection I'1* and I'5* into the force of infection I';*, we obtain the quadratic

equation
X1(T5)% + XoI'3" + X3 = 0. (5)

The values of X7, X9 and X3 can be expressed as follows:
X1 = (A3 0°pumC(g192 — ®A) + AgAarburpunC(gige — p®N) + AxAnbpnpym (9rg2 — (1 — p) @A)
+A g Anbgrgopnpir + A g19205,) > 0,
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Xo = (AAgAMY gopmpnpavpmn (C — 1) + A3 0% goprp D¢ + A Anr®bAy i pass o
+Ag A gopm prpaipya — M Aarbgrgapd oy (¢ + 1) + A Apr®bA1 i pasm (1 — p)
—2A}g19000%1)
X3 = Njrg19200, (1 — %3).
It is clear, that X is positive since the expressions gigs — P, g1g2 — p®A, and g192 — (1 — @)PA are
always positive. However, the value of X3 is positive if % is less than 1 and negative if %, exceeds 1.

The occurrence of backward bifurcation is determined by the value of X3 [17]. Hence, the following
results can be obtained.

Theorem 2. The model (1) gives:
(i) Existence of EE when %y > 1, implying that X3 < 0;
(ii) Existence of EE when X3 < 0, and X3 =0 or X5 — 4XX3 = 0;
(iii) Existence of backward bifurcation when X3 > 0 for Zy < 1, X5 < 0 and X3 —4X; X3 > 0;
(iv) No existence of EE otherwise.

In (i) and (ii), the existence of EE is shown when Ry > 1 and R = 1, respectively. In addition,

(iii) shows the probability of existence of backward bifurcation. In demonstrating whether the backward
bifurcation exists in the model we calculate the critical value denoted by %5 by X3 —4X;X3 = 0, such

that
Xs
N P E— 6
0 \/ 4X1A% 9192000, ©)

Thus, it is depicted that the backward bifurcation can occur when Z§ < %, < 1.

Theorem 3 (Refs. [6,13]). If %y > 1, then endemic equilibrium is globally asymptotically stable
and unstable otherwise.

Theorem 3 demonstrates also the model (1) that malaria exists to the population when basic re-
production number % is greater than one.

4. Model fitting

In order to validate the model to the real collected

data, model fitting was performed to help obtain the Table 1. Parameter values of the model (1).

parameter values that fit to the data. In this sce- Parameter Value (day~') Reference
nario we used least square method to fit the model, b 0.065 [15]
which implemented using python programming lan- ¢ 14 Assumed
guage by scipy.optimize.curve_ fit tool. This fitting PHM 0.002 Fitted
process is depicted in Figure 2 and Table 1 shows the DPMH 0.01104 Fitted
parameter values obtained from fitting the model to q 0.000078904  Estimated
real malaria confirmed cases from Tanzania ministry p 0.8 Assumed
of health for September 2022 to December 2023. Us- P 0.3099 Fitted
ing the data in Table 1 obtained by fitting the model 1573 0.001 Fitted
to the real data, we computer the basic reproduction HH 0.000004 Estimated
number % of the model (1). Thus, the malaria basic A 0.08 Fitted
reproduction number %, for Tanzania from Septem- A 0.8 Assumed
ber 2022 to December 2023 is 3.32516. Referring Ay 200 Assumed
Theorem 3, value of Z; = 3.32516 indicates that en- Ay 400 Assumed

demic of malaria existed in Tanzania from September
2022 to December 2023.
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Fig. 2. The Model fitting to Tanzania’s monthly malaria cases Sep 2022 — Dec 2023.

5. Numerical simulations
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Fig. 3. Infected humans.

In this section we use Python 3.0 in both solv-
ing the model and numerical simulations, setting
human population initial conditions as: Ng(0) =
6549, Hg;(0) = 2000, Hr(0) = 10, Hr(0) = 0
and Hgp(0) = 4539. We also set mosquito pop-
ulation initial conditions as Njs(0) = 400000,
M;(0) = 20000 and Mg(0) = 38000. Further-
more, the values of parameters as in Table 1 used
for simulation with varying of the parameter (
from 1 to 1.4. Figure 3 depicts that increase of
modification parameter for increase in mosquito
frequency bites in high-risk susceptible humans (,
causes the increase in infected human individuals.

Therefore, these findings depicts that in order to successfully control malaria from the population,
the high-risk susceptible human individuals should be given a great attention compares to low-risk
individuals. For instance, in addition to providing mosquito insecticide-treated nets, a control strategy
should include repellent lotion for high-risk individuals, especially during outdoor activities. This will
probably help to reduce the morbidity and mortality from the entire population. However, focusing

20 4

Recovered human population
B

1l—¢=13,4
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Fig. 4. Recovered humans.
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Fig.5. Susceptible humans.

only to high risk-human individuals will not eradicate the disease from the entire population. Figures 4
and 5 also depict the recovered and susceptible human individuals as the parameter { varies.
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6. Conclusion

Malaria is a disease that has a great detrimental effect to the human development. Consequently, the
non-linear differential equation time-dependent model has developed to capture the human population
with both high and low-risk susceptible humans due to human behaviours, occupation and location.
We successfully computed the basic reproduction number %, disease free equilibrium and endemic
equilibrium. The disease free equilibrium is locally asymptotically stable when %y < 1. Endemic exists
to the population when %y > 1. Moreover, it has depicted graphically that when %, > 1, the greater
the exposure of susceptible individuals to infection, the higher the spread of infection throughout the
population precisely at long run. This suggests that to successfully control malaria in the population
a great attention should be give to highly susceptible, probably avoid great morbidity and mortality
in the entire human population.
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OuHamika nepena4i manspii B ocid
3 baraTopiBHEBOIO CNPUNHATANBICTIO

Yaua I. B. 12, Cigaix C. B. M.?, ®armasari’

! Kagpedpa mamemamury ma ingopmaritino-KoMyniKauitnus mexHoro2d,
Bidkpumuii ynisepcumem Tansanii, Pezionarvnut wenmp Tabopa, n.c. 1204, Tabopa, Tanzaris
2 Inemumym. inorceneproi mamemamuru, Maratisiticoxuti Yrisepcumem Ilepaic,

02600 IHayz, Iepaic, Manatiszia
3 Kagedpa mamemamuruy, daxysvmem npupodruvur nayk, Ynieepcumem Aipaanea,
60115 Cypabas, Indonesis

TpuBokHa MOMUPEHICTH TPAHCMICMBHUX 3aXBOPIOBAHb, TAKUX SK MAJISAPis, B¥Ke JABHO
BUKJINKAE II06AIbHE 3aHEMIOKOEHHS Uepe3 1X 3aTHICTD 3apaskKaTh JIIoJIel y BCiX COTiaIb-
HUX KJacax, IO MPU3BOJIUTDL JI0 BUCOKUX PiBHIB 3axBOpioBaHOCTi Ta cmeptHOCTi. Ile mo-
CJIIPKEHHSI BUBYAE POJIb JACTOTH yKYCiB KOMAapiB y JAWHAMIIN Iepegati MaJjsapil, 3arajaoM,
3 MaTEMaTUIHOIO KJIACHDIKAII0 BPA3/JIMBUX OCI0 HA TPYIIX BUCOKOTO T HU3BKOTO PU3UKY.
YV 1poMy JTOCITiI2KEHHI BUKOPUCTOBYETHCH 3aJI€2KHA, Bill 9acy, CTPYKTYPOBAHA COIIAIbHOIO
iepapxi€ro JlerepMiHOBaHA MOJIEJb JJIsi aHAJII3y BpPa3/IMBOCTI 6araTOpiBHEBUX KJIACIB JIO
JuHaMiky miepepadi masiapii. Ileit anasiz BpaxoBy€ B3a€MO/II0O MiXK JIIOJACHKOIO TOITYJIsi-
II€I0 Ta IOIYJISAIIE KOMapiB—IIepeHOCHUKIB. [H(eKIiitHl cTaTycu JIFo/Ieil MoIIsIIOThCS Ha
9OTHUPU KATEeropil: cupuitHaT/InBi, indikoBaHi Ta OmMy?KaBII 0COOHM 3 IMOMAJIBIIO CTPATHU-
dikarmieo cupuiiHATINBUX 0ci6 Ha OCHOBI piBHs pu3nKy. OIHOYACHO 3araJibHA OIS
IIEPEHOCHUKIB TTOIJISIETHCS HA CIPUIHATINBUX Ta iHdikoBaHUX KOMapiB. Byso po3paxoBa-
HO piBHOBary 6e3 3aXBOPIOBaHH:, 06a30BE PEIPOLYKTUBHE YUCIO Ta €HJIEMIYHY piBHOBArYy.
Orpumasi JaHi MOKA3yIOTh, IO YUM O1JIbINA KUIBKICTD CIPUAHSATIIMBAX JIFOEH i1 1a€ThCsT
BHCOKOMY PHU3WKY, TUM OijIbIna KigbKicTh iH(MIKOBAHUX JIIOJEN.

Knw4osi cnoBa: maaapis; nepedasants; CnpuliHAMAUGT 0Co0U 3 HUSLKUM DUSUKOM;
CNPUTHAMAUGTE 0COOU 3 BUCOKUM PUSUKOM; 6A2AMOPIBHEST KAGCU.
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