Available online at http://scik.org

Commun. Math. Biol. Neurosci. 2023, 2023:67
https://doi.org/10.28919/cmbn/7983

ISSN: 2052-2541

IMPACT OF SCREENING, TREATMENT, AND MISDIAGNOSE ON LYMPHATIC
FILARIASIS TRANSMISSION: A MATHEMATICAL MODEL

IFFATRICIA HAURA FEBIRIANA, VANIA ADISAPUTRI, PUTRI ZAHRA KAMALIA, DIPO ALDILA*

Department of Mathematics, Faculty of Mathematics and Natural Sciences, Universitas Indonesia, Depok 16424,

Indonesia

Copyright © 2023 the author(s). This is an open access article distributed under the Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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1. INTRODUCTION

Lymphatic filariasis is one of the world’s oldest and most debilitating infectious diseases.
This disease is the second largest cause of permanent and long-term disability in the world af-
ter mental disability [1]. In 1997, WHO designated lymphatic filariasis as a disease that had
become a public health problem in the world. Lymphatic filariasis is indicated to have existed
since 1500 BC [2]. The replica illustration indicates this in the funeral temple of Queen Hat-
shepsut, depicting the daughter of Punt suffering from elephantiasis in her legs. Later, photos
of women with swelling in their lower legs and men with swelling in their scrotum around
1100-1200 AD were found in Japan [3].

After much research, microfilariae have been found in fluids in the scrotum, urine, blood,
arms, lymph nodes, and the abdomen of mosquitoes. Furthermore, adult male filarial worms
were discovered by Sibthrope. Furthermore, Shichiro Hida found adult male filarial worms in
the left side of the seminiferous gland (the ducts in the male genital organs) in 1903 [3]. The
case of lymphatic filariasis in Indonesia was first discovered in 1889 by Haga and Van Eecke
in Jakarta, namely by finding sufferers of scrotal lymphatic filariasis. In 1937, Brug reported
that filarial worms of the species that cause lymphatic filariasis in Indonesia are Wuchereria
bancrofti and Brugia malayi [4].

In 2018, 51 million people worldwide were infected with lymphatic filariasis [S]. Meanwhile,
in Indonesia, in 2018, there were 10,681 cases of lymphatic filariasis. Then, in 2019, lymphatic
filariasis cases in Indonesia increased to 10,758 cases and spread across 34 provinces [6].

Lymphatic filariasis is included in vector-borne diseases. Vector-borne disease is a human
disease caused by parasites and transmitted by vectors. Vectors are living organisms that can
act as intermediaries between infectious pathogens and humans or animals [7]. Filariasis is a
disease that attacks the ducts and lymph nodes, is caused by filarial worms, and is transmitted
by mosquitoes [5]. Three species of worms cause lymphatic filariasis, namely Wuchereria
bancrofti, Brugia malayi, and Brugia timori [S]. There are 23 species of mosquitoes from
five genera, namely Mansonia, Anopheles, Culex, Aedes, and Armigeres, which are vectors of

lymphatic filariasis [4].
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The spread of lymphatic filariasis involves mosquitoes and humans. When a mosquito con-
taining infective larvae (microfilaria stage 3) bites a human, the human will be infected with
the microfilaria. Next, the infective larvae grow into adult worms, which can reproduce to pro-
duce new microfilariae. The collection of adult filarial worms can cause the flow of lymph
gland secretions to become obstructed. Humans can transmit lymphatic filariasis to other hu-
mans through mosquitoes when the microfilariae are in the peripheral blood, and the human is
already at the stage of acute infection [4].

There are three stages of lymphatic filariasis development: the incubation stage, the acute
stage, and the chronic stage. During the incubation stage, the patient will not show any symp-
toms. Then, in the acute stage, clinical symptoms experienced by sufferers can include recurrent
fever, headache, and feeling weak. As for the chronic stage, sufferers can experience swelling in
several body parts, such as the legs, arms, and scrotum. If not handled properly, this disease can
cause disability and psychosocial stigma, impacting the productivity of sufferers and decreasing
their quality of life [4].

In lymphatic filariasis endemic areas, the majority of lymphatic filariasis sufferers do not
show symptoms but are positive for microfilariae [4]. From this, the process of screening to
determine whether there are microfilariae in a person’s body is one of the efforts in controlling
lymphatic filariasis. Screening is a process to identify someone who looks healthy but is at risk
of contracting a disease so that early treatment can be carried out [8].

Each screening test kit has a different sensitivity and is not 100% accurate. The test kit will
be stable if used before expiration and stored at the specified temperature [9]. So, its stability
can be disturbed if the test kit is not stored at a fixed temperature or duration.

Based on studies from various countries, most of the test accuracy and consistency did not
work as well as expected because the tests were carried out in various conditions by local
technicians [10]. In Indonesia, inaccurate test results are caused by low-quality diagnostic test
kits [11]. Furthermore, the antigen level is low enough that it cannot be detected, and the test
results can produce false negatives in individuals [10]. It can be seen that in the screening
process, there is a possibility of misdiagnosis. This can cause the undetected stage of human

infection to become more severe, and the spread of lymphatic filariasis continues to occur.
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Mathematical models have been used by many researchers to understand how diseases may
spread among populations; please see [12, 13, 14, 15, 16, 17, 18, 19, 20] for some examples.
In the lymphatic filariasis transmission model, there are several research models for the spread
of lymphatic filariasis. The authors in [21] introduced a mathematical model for lymphatic fi-
lariasis transmission. In this model, they consider a delay in the infection period and conclude
that focusing on early treatment is more important than late treatment. The authors in [22]
consider a lymphatic filariasis transmission model with mass treatment after pre-testing inter-
vention. A quarantine and treatment model for lymphatic filariasis was introduced by authors in
[23]. Using sensitivity analysis, the authors conclude that mosquito mortality rates are the most
sensitive parameter. In [24], the authors introduced mathematical models for lymphatic filari-
asis in Caraga Region, the Philippines. Using the Latin Hypercube Sampling (LHS) or Partial
Rank Correlation Coefficient (PRCC) method, it was shown that the infected human population
1S most sensitive to treatment coverage (i.e., how much of the population receives treatment)
and treatment rates (i.e., how effective the antifilarial drugs are in reducing the parasite density
in infected humans). In [25], the authors consider the long-term effect of the medical treatment
in lymphatic filariasis, and it is shown that the current medical treatment strategy will be able
to reduce the long-term level of incidences. The authors in [26] consider the logistic growth in
periodic environments of mosquitoes and model the transmission of lymphatic filariasis. The
authors in [27] show that the effectiveness of the strategy to achieve filariasis control will be
determined by successfully addressing two key factors: the need to maintain high community
treatment coverages and the need to include vector control measures, especially in areas of high
endemicity. Recently, the authors in [28] developed a filariasis model by considering two im-
portant factors, namely the treatment and bed-net use. Please see [29, 30, 31, 32] for more
references on the mathematical model for filariasis transmission.

Based on the above description, we understand that early detection by screening is an impor-
tant intervention to handle the rapid transmission of filariasis. However, not many mathematical

models consider these factors. Furthermore, it is also possible that this screening failed to detect
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filariasis in humans. Therefore, we introduce a novel mathematical model for filariasis trans-
mission by considering some important factors, such as early screening, misdiagnosis, and the
first and second doses of treatment.

The organization of the paper is as follows: We introduce our mathematical model in Sec-
tion 2. Model analysis about the equilibrium points, control reproduction number, and local
stability of equilibrium points are given in Section 3. Some numerical experiments are also pro-
vided in Section 3 to identify the impact of some crucial parameters on the control reproduction

number. Lastly, we provide some discussion and conclusions in Section 4.

2. MODEL CONSTRUCTION

We construct our model in this section by considering some important factors, such as
detected-undetected cases, symptomatic-asymptomatic cases, and active case findings. Let hu-
man and mosquito populations be divided based on their health conditions, as shown in Table 1.

Hence, the total human population is given by
Np(t)=S(t)+E(t)+E(t)+1,(t) + L(t) +1.(t) + R(¢t),

and for mosquito population given by N, (1) = U (t) +V(1).

TABLE 1. Description of variables used in System (1).

Variable Description

S(t) The number of susceptible humans for lymphatic filariasis at time ¢
E(r) The number of undetected exposed individuals at time 7

E (1) The number of detected exposed individuals at time ¢

I,(1) The number of asymptomatic infected individuals at time ¢

L(1) The number of symptomatic, detected, and treated infected individuals at time ¢
I.(1) The number of chronically infected individuals at time ¢

R(1) The number of recovered individuals at time ¢

Ul(t) The number of susceptible mosquitoes at time ¢

V(1) The number of infected mosquitoes at time ¢

Nj(1) The total human population at time ¢

N, (1) The total mosquito population at time ¢
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The model construction process is based on Figure 1 and is described. We assume that the
recruitment rate in the human and mosquito populations (A, and A,, respectively) is always
born as a susceptible individuals. Infections in humans occur due to a successful bite from
infected mosquitoes, with the average number of bites per day being 0; and the probability of
a successful infection being ;. We assume that infection with lymphatic filariasis in humans
has an incubation period of 6, !, Hence, we have the § present transition rate from E to I,
due to the incubation of the filaria worm in the human body. We assume that an exposed
individual cannot be detected without any testing. Hence, we assume that there is an effort by
the government, with a rate of u, to conduct the lymphatic filariasis test, with a probability of
humans being successfully detected is a. In our model, we assume that all exposed individuals
will get an early treatment, which gives them a chance to be recovered with a probability of p
after a treatment period of 0, ! Exposed individuals who failed in treatment ((1—p)Ey) will go
to the infected compartment and will get an advanced treatment. There is a transition from I, to
I; due to the active finding with the lymphatic filariasis test. Without any treatment or detection,
an infected individual in I, will increase the infection status in /. at a rate of 1,. Similar to
treatment for E;, we assume that treatment for /; does not always eliminate lymphatic filariasis
from /;. Hence, after treatment duration n,_l, q proportion of I, will be recovered, while 1 — g
will go to the chronic compartment /.. We assume that the immunity from lymphatic filariasis

is not permanent. Hence, there is a transition from R to S due to waning immunity.

Table 2: Description of parameters used in System 1.

Par Description Units Value Ref
Ap Natural recruitment rate of the human population }“ITIZ‘}';‘“‘ 6!503;)85 Estimated
A, Natural recruitment rate of mosquitoes %;mo % Estimated
Up Natural human death rate % m [22]
Ly, Natural mosquito death rate dfiy % Estimated
B1 The number of bites received by one human from mll‘i“;‘jj‘;y 1 [22]

one mosquito in one day

Continued on next page
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Table 2: Description of parameters used in System 1. (Continued)

Par Description Units Value Ref

B Biting rate of the mosquito to humans d%dy 1 [22]

0, Probability of transmission success rate from - 0.1 [31]
mosquito to human

6, Probability of transmission success rate from human - 0.1 Estimated
to mosquito

[0} Rate of loss of immunity in the recovered class dqu/ % [31]

o Progression rate from exposed to acute class d%ay % [31]

& Treatment rate of the exposed totreatment class % 0'437% [24]

Na Progression rate from acute to chronic class dfiy % Estimated

il Treatment rate of the acute-treatment class d%dy 0.1 Estimated

e Treatment rate of the chronic class dqu/ 0.1 Estimated

u Screening rate dTlly 0.9 Estimated

a Probability of humans being successfully detected - 0.8 Estimated

& Reducing factor for the number of microfilariae in - 0.8 Estimated
the body of infected-acute humans due to treatment

g Reducing factor for the number of microfilariae in - 0.0555 [23]
the body of chronically infected chronic humans due
to treatment

P Successful probability of the first dose treatment - 0.8 Estimated

q Successful probability of the second dose treatment - 0.9 [21]
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FIGURE 1. Transmission diagram of the lymphatic filariasis model in System (1).

Based on the transmission diagram in Figure 1 and the description of model derivations be-

fore, the mathematical model for malaria considering the changes in individual awareness is

given by the following system of ordinary differential equations:

ds
dr
dE
dr
dE,
dr
dl,
dr
dl;
dt
dl,
dr
dR
dt
dU
dr
dv
dtr

o))

Vs
A+ OR — B — S,
Vs
ﬁi]th —(a+ 8, + ) E,

aE — (8 + ) Er,

S1E — (Na+ 0+ pn)la,

(1 =p)&E; + oy — (N + M)t
Nala + (1 = @)l — (Ne + i) e,

POE +gndy +Mele — (0 + up)R,

A, — BoU (I + &1 + &) — U,
Ny
BU (I, + &1+ E.1,) v,

Ny
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with o = au, and the description of parameters can be seen in Table 2. This system is completed

with non-negative initial conditions:

S(0) > 0,E(0) > 0,E(0) > 0,1,(0) > 0,1,(0) >0,

1.(0) > 0,R(0) > 0,U(0) > 0,V(0) > 0.

Using the same approach as the authors in [17, 33], we can show that our model always gives

non-negative solutions for all # > 0.

3. MODEL ANALYSIS

In this section, we analyze the existence criteria of all equilibrium points of System 1 and
their relationship with the respective control reproduction number. A numerical experiment

using our model was conducted using MATLAB.
3.1. Analytical results.

3.1.1. The disease-free equilibrium. The disease-free equilibrium point (DFE) is a condition
where a disease is no longer present in a population. Based on this definition, the disease-free
equilibrium point for the lymphatic filariasis spread model in System 1 is obtained when the
solution to System 1 does not change over time, and the number of infected subpopulations is
0, both for the human and mosquito populations.

From this, we can find the values of S, R, and U by substituting £ =0,E, =0,1, =0,1; =0,1. =
0,V =0 into % =0, % =0, and ‘2—‘[/ = (0. The disease-free equilibrium point of System 1 is

given by

A A
DFE: (S07E07E0 IO IO IO R07U07V0> - (“_h7070707070705u_v70>
h

t o *fartt »*c»
v

3.1.2. The control reproduction number. The control reproduction number is determined from
the spectral radius of the next-generation matrix of the respective model. Using the next-

generation matrix approach [34], the %, of System 1 is given by,

%0 — AhAVBhﬁVk
PRMZNZ (Mg + o0+ ) (0 + 81 + i) (M + M) (82 + ) (Me + )

2)
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with k

k=(1-p)(1-g)M&+& (W +1ne)) B + (1 —q) e + & (W + 1))
((82+ ) 81+ (1 = p) &2 (U +Ma)) @ + 61 (&2 + Mp) (M + M) (NaSe +Ne + ) -

To further interpret %, the equation 2 can be rewritten as follows:

N, 1
{Vh} {na+a+muh}{nt+muh}{nc+muh}
—— /' _

In-out ratio Mos Ratio human-mos life tlme of I, life tlme of I; life time of 1,

tao ) ()
Llo+6+u, ) (&+muy |

life time of E life time of E;

It is clearly observed that % is a result of the multiplication of the number of newly infected
humans, newly infected mosquitoes, a lifetime of infected and detected exposed human com-
partments, and k. Furthermore, it is easy to show that System 1 satisfies the five conditions in
van den Driessche’s theorem [35]. Hence, using the result in [35], the local stability criteria of

DFE are stated in the following theorem.

Theorem 3.1. The disease-free equilibrium of System 1 (DFE) is always locally asymptotically
stable if Zy < 1 and unstable if Zy > 1.

In a special case where there is no intervention (case detection and treatment), we have that
o = 6, =1, = p =g = 0. Hence, the basic reproduction number of model 1 is given by % as

follows:

x BrAnByAyS1 (EcNa + Me + L)
(3) Ry = > .
PNy~ (81 + W) (Na + i) (M + M)

To further interpret %, the equation 3 can be rewritten as follows:

- o) i) ) e U}
0 My O1 + Uy, Nj, na+muh +muh
\\/—/ \ﬁ/—/ \\,_/ 7\ J

In-out ratio Mos In-out ratio Human Ratio human-mos  life tlme of E life tlme of I.

It can be seen if there is no intervention (case detection and treatment), we have that Zy < %;.
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3.1.3. Endemic equilibrium. The endemic equilibrium point (EE) is interpreted as a condition
when a disease is always present in a population. Based on this definition, the endemic equilib-
rium point for System 1 is obtained when the solution of System 1 does not change with time
and when the number of infected individuals is not equal to zero (E # 0,E; # 0,1, # 0,1, #
0,I. #0,V #0).
From this, we can find the values of S, E E;,1,,1;,1.,R,U and V that satisfy

dS _dE _dE _dl, _dl, _dl. _dR _dU _dV
dr O dt O dt =0, dt _O’dt_o’ dt _O’dt_o’ dt =0, dt =0

The endemic equilibrium point of System 1 is given by

EE = (S*,E* \E",.I',.I" I \R*,U*,V*),

tr*ta

where
G E/N; (U + &) (U, +a+61)
V*apy, ’
E* — El*<52+nu'h) EX — MO I — Ez*51(62+,uh)
- t T g0 a — )
o M, o (Na+ O+ Hp)
o _ Ef(@d(1—p)+&Ma(1—p) + (1 — p) + 618 + Si
’ (N + ) (@ + N+ ) ’
* Et*MZ
I = ,
a(Ne 4 wn) (M =+ 1) (04 Mo + 1)
* M3 * AV *
Ri=——"_ U*==—"_V*
ﬁhOCV*(D Ly
with

Mo = V*aNuity (N + tp) (M + Mn) (0 + Na =+ )
My = U"By(81 (tn+82) (1 — @) MeSe + & (M + Me)) + G20 (ot + py + Ma)
(1=p) (1 =g) &+ (1= p) & (n+1c)),
My = (p+8) (tn+ 1) Na+ ane (1—q)) 81+ adyn, (1—q) (1= p) (e +Ma+Ma)

Ms = VIE[((Mm2+ up) o+ (ty + 82) (tn + 61)) (B + Nuttn) — V= AP

A
To have a biological meaning, R* and U* must be positive, so M3 > 0 and —V* + ‘u—v > 0 orin
Vv
other words,
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Ay
VE; (N2 + up) o+ (U + 82) (1 + 61)) (Br + Napt) > VAP, and V* < —.

Iy

We know that V* is a positive solution of the following linear equation:

“) alV*+ap=0,

with

ao = (@ + ) (M + ) (Me + ) (82 + ) (N + 0+ ) (06 + 81 + )N i (14 o) (1 — %),

where a; has a long expression to be shown in this article. However, we can confirm that a;
is always positive. From the expression of ag and since a; is always positive, we have the

following theorem:

Theorem 3.2. System I has a unique endemic equilibrium if and only if Zy > 1 and has no

endemic equilibrium otherwise.

3.1.4. Bifurcation analysis. In this section, we continue our analysis of the stability of the
lymphatic filariasis endemic equilibrium from the previous section. From Theorem 3.2, we
know that the endemic equilibrium is unique and only appears when %, > 1. To analyze the
local stability of the endemic equilibrium, we will use the bifurcation theorem introduced by

Castillo and Song in [36]. Let us assume

S=y, E=y, E;=y3, Is=y4, I; =y5, I. = y6, R=y7, U =yg, V = y9.

Hence, System 1 can be written as

dyi Bh)’9yl
=——=A -
g1 7 n+ @y7 N, HnY1,
dy,  Buyoyi
D2 _ PO s
g2:=— N, (at+ 81+ tp)y2,
d
(5) o3 = % = oy, — (824 1p)y3,
d
84 = % = 01y2 — (Mg + O+ Wy)ya4,
_dys

= (1—p)Gay3 +ays— (N + y)ys,

85 = dr
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dys
86:= " =Taya+ (1—=g)nys — (Ne + Un)yes
_dyr _
g1i=—r = PO2Y3+qniys +Neye — (0 + wy)y7,
dyg Buys(ya+&Eys+ Ecve)
= =A,— —
88 dr v N, Hyys,
_dyy  Byg(ya+&ys+Ecve)
- d - - ALLVyg‘
t Ny,

We assumed B, = g—‘l) (please see Appendix 1 for definitions of By and Bj) as the bifurcation

parameter such that the critical value of 8, makes %y = 1. The linearized System 5 at 3, yields,

[ w0 0 0 0 0 ® 0 ap |
0 a»n O 0 0 0 0 0 ag
0 o  ass 0 0 0 0 0 0
0 o1 0 as4 0 0 0 0 0
j—| 0 0 a3 o« ass 0 o 0 o0 |
0 0 0 Na des des 0 0 0
0 0 p& 0 qn: Ne a7 0 0
o 0 0 om0 e 0
o0 0 BN SN Gar 0 0

with
P1 q1
a =", an=—0—06 — Uy, a9 =-—, a3 =—0 — Wy, a4 = —Tg— 0 — iy,
D2 9
as3=(1—p)6, ass=—1— U, des=(1—q)Ns, a66=—Nc— U, a77=—0O— Uy,
and please see Appendix 2 for py, p2,q1,q>2. The characteristic polynomial of .o/ is given by,
AA+w) A+ o+ u) (A +.uh)(C0),5 +Cll4 —|—6‘27L3 —|—C3)Lz +c4Ah +c¢5)=0.

Where ¢; fori = 1,2,...,5, are positive (which has a long-expression to show in this article).

Hence, we have a simple zero eigenvalue, and the other eigenvalues are negative. Next, we
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calculated the right eigenvectors of .27, denoted by w = (wy,wa, ...,w9)T, which satisfies .&/w =
0. Please see Appendix 3 for the expression of w. Now, we have the left eigenvectors of o7,
denoted by v = (v, v, ..., v9), which satisfies v.oZ = 0. Please see Appendix 4 for the expression
of v.
Since we have:

(1) Zero is a simple eigenvalue of the linearization matrix of the system around the disease-

free equilibrium with % evaluated at disease-free equilibrium, and
(2) This linearization matrix has a non-negative right and left eigenvector, where each cor-

responds to the zero eigenvalue, and other eigenvalues have negative real parts.

Then, our system can be analyzed using Castillo and Song [36].

To use the Castillo-Chavez and Song theorem, we calculated the values of J as follows:

2

2 0°g
o = VEWiW j (0 0)
k,i,]ZZI T 9yidy; 8

B dg> g2
= VoW Wy 31970 (0,0) + vowgw, Ty

g9
+ VoWwsws 53 (0,0) + vowews

dg
+V9W8W5ﬁ(0,0> + vowgwe (0,0)

89
dysdye

2 2 2 v 2 vGe
:V2W1W9( i >+V9W4W8( Py )+V9wsws( gf) —|—V9W6W8< ?Vf )

Ny, Ny,

From Appendices 3 and 4, we have wy < 0,w4 > 0,ws > 0,wg > 0,wg < 0,wg > 0,v, > 0, and
vg > 0. We know that N;, > 0, B, > 0, and other parameters are positive. Hence, &/ < 0.
Next, we calculate % as follows:
9% 92 A
dy 8[3

9
B = Z ViWj=———
k=1

From Appendices 3 and 4, we have wg > 0 and v, > 0. We know that N, > 0,A;, > 0, and
w, > 0. Hence, % > 0.

According to these results, the following theorem is obtained:

Theorem 3.3. The lymphatic filariasis endemic equilibrium of System 1 (EE) is always locally

asymptotically stable if %o > 1, but close to one.
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3.2. Results of the numerical experiment.

3.2.1. Visualization of stability theorem. For the first simulation, we show the impact of case
detection on the size of % and the endemic equilibrium of infected mosquitoes. To conduct this
simulation, we substitute all parameter values as shown in Table 2 except o, which is set to be
the independent parameter in the expression of % in equation (2) and the endemic equilibrium
of V, which is the solution of equation (4) with respect to V. The result is given in Figure 2.
We can see how the increases in case detection success reduce % and the endemic equilibrium
of V. The endemic equilibrium size of V is significantly decreasing until it reaches point Py,
where Zy = 1. Py is the point where o makes %, = 1. According to Theorem 3.3, the endemic
equilibrium disappears when « increases more than Pj, which makes % become smaller than

one.

60000

~50000

~40000

V*

~30000

~20000

~10000

FIGURE 2. Impact of case detection (@) on the size of % (blue curve) and
infected mosquitoes at endemic equilibrium (red curve). All parameter values

are in Table 2, except ¢, which is set as an independent parameter.

Next, we visualize Theorems 3.1 and 3.3 using numerical simulations. For the case of %y =

1.12 > 1, the rate value of screening was used, which was successful in detecting microfilariae
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(o = 0.3), and other parameter values refer to Table 2. In the case of %y = 0.99 < 1, the value
of o = 0.45 1s used, and the other parameter values refer to Table 2. Each of these conditions is

simulated with different initial values. The following is a graph of these conditions.

1000 —

500 500 700 800

FIGURE 3. The trajectories of S(¢),1.(¢), and V (¢) for several initial conditions

tend to a stable disease-free (blue) and endemic (red) equilibrium point.

In Figure 3, the red graph depicts when condition % > 1, and the blue graph depicts when
condition Zy < 1. When %) > 1, it can be seen that all solutions tend to the same endemic equi-
librium point. The endemic equilibrium point given by EE = (S* = 8,587, E* = 120.17,E} =
585.34,I =99.22, I = 369.57,1F = 39.66,R* = 198.12,U* = 9,230,V* = 769.69). On the
other hand, when %, < 1, it can be seen that all solutions tend to the same disease-free equi-
librium point. The disease-free equilibrium point given by DFE = (5% = 10,000,E" = 0,E? =
0,19=0,1°=0,12=0,R° = 0,U° = 10,000,V = 0). From this, it can be seen that with dif-
ferent initial values, the system will go to the same equilibrium point. This figure confirms

Theorem 3.1 and Theorem 3.3.

3.2.2. Normalize sensitivity analysis. To know the impact on %, we conducted the elasticity
analysis of every parameter to %, using the formula (6), where P is a parameter. The formula
for calculating the elasticity of % is defined as follows [37]:

© =3P T whP

To find out the value of this elasticity, look at two cases, namely %y < 1 and %y > 1. For

cases Zy < 1, we used the parameter values listed in Table 2. In this case, the resulting %
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value is 0.87 < 1. Meanwhile, for the case of Z > 1, the value of the screening rate parameter,

which successfully detected microfilariae & = 0.18, was used, and the other parameter values

are shown in Table 2. In this case, the resulting %, value was 1.33 > 1. Figures 4 and 5 show

the tornado diagram for the cases of %y < 1 and % > 1, respectively.
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FIGURE 4. Normalize the sensitivity of % with respect to all parameter values

for a condition of % < 1.
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FIGURE 5. Normalize the sensitivity of % with respect to all parameter values

for a condition of %y > 1.
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For %y < 1, we can see that the most significant parameter in %, is W,, followed by
Dy Wiy Ay Ay, Br, By, & e o, 81,9, &, Mey M, &2 and @. Meanwhile, for %y > 1, we can see that
the most significant parameter in % is U, followed by w,, A, Ay, By, By, 0, &, N, 01, P, g, Na,
&, Ne, &, and . Therefore, it can be seen that %, increases when Ay, A, By, By, 01,8, &;, or &,
increases. In contrast, increasing the value of W, W, Ng, Ns, Ne, &, p, or g will reduce Z. It can

be seen that sf 9 = 0, which means that the rate loss immunity does not influence the magnitude

of 5?0.

3.2.3. Autonomous simulation. We conducted autonomous simulations to understand the ef-
fect of the intervention on several parameters related to the spread of lymphatic filariasis. We
use the parameter values, as shown in Table 2, and the initial condition S(0) = 9,500,E(0) =
100, E,(0) =0,1,(0) = 100,4,(0) = 0,1.(0) = 100,R(0) = 200,U (0) = 9,500,V (0) = 500. This
simulation was carried out using the Runge-Kutta method of order four-five [36] with the help

of MATLAB. The time observed in this simulation is 1500 days.

(1) Effects of case detection (&) and second treatment duration (7;) on % and the dynamics
of the infected population.
We analyzed the impacts of case detection () and second treatment duration (1),) on %

by defining % as a function of 1, and o. Hence, we have % := Zy(n;, ) as follows:

hZ(aa nt)

1 66 ’
("”r 23.73) (@+0 5) (23.73 +°‘)

hy (e, M) = 0.0000680°7; +0.00099 2 + 0.000086 00,

Ry =5,84

with

+0.001240 +0.00157, +6.50 x 1078.
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FIGURE 6. Sensitivity of & and 1 to the level set of %.

As shown in Figure 6, it can be seen that the greater the value of the parameter o, the
value of %, gets smaller. Then, it is also seen that the greater the value of the parameter
7¢, the smaller the value of %y. This confirms the elasticity value that was previously
obtained.

a. Variation of o The next simulation was carried out with a variation of the case
detection parameter (o¢). We used four values of «. First value using & from parameter
estimation (@ = 0.30). The second, third, and fourth values were the values when we

increased the case detection (o = 0.35, o0 = 0.40, & = 0.45). The results are shown in

Figure 7.
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FIGURE 7. The dynamic of total infected humans for various values of .
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As you can see in Figure 7, when we increased the case detection, the number of
infected humans decreased. So increasing the case detection rate is effective in reducing
the number of infected humans in the population.

b. Variation of 71, The next simulation was carried out with a variation of the second
treatment duration parameter (1);). We used four values of 7. First value using 1, from
parameter estimation (1); = 0.073). The second, third, and fourth values were the values
when we increased the second treatment duration (1, = 0.078,1, = 0.083, 1, = 0.088).

The results are shown in Figure 8.

600 T

Ry(1,=0.088)-0.923
——— Ry(=0.083)=0.948
Ry(1=0.078)=0.975
———Ry(=0.073)=1.006

400

t

t

E+E +I_+ +1
a c

o 100 200 300 400 500 600 700
t (day)

FIGURE 8. The dynamic of total infected humans for various values of 7;.

As you can see in Figure 8, when we increased the second treatment duration, the
number of infected humans decreased. So increasing the second treatment duration is
effective in reducing the number of infected humans in the population.

(2) Effects of the proportion of acutely infected humans that consume the drug regularly
(p) and the proportion of chronically infected humans that consume the drug regularly
(g) on Zy and the dynamics of the infected population.
We analyzed the impacts of the proportion of acutely infected humans that consume
the drug regularly (p) and the proportion of chronically infected humans that consume
the drug regularly (¢) on % by defining % as a function of p and ¢. Hence, we have
RHo = Xo(p,q) as follows:

Ry = \/0.86 —0.61p -+ 282.28(0.004pg — 0.004p — 0.005g + 0.005)2
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FIGURE 9. Sensitivity of p and ¢ to the level set by %.

As shown in Figure 9, it can be seen that as the parameter p is increased, the value

of %y decreases. Then, it is also seen that the greater the value of the parameter ¢, the

smaller the

value of #Z. This confirms the elasticity value that was previously obtained.

a. Variation of p The next simulation was carried out with a variation in the pro-

portion of infected-acute humans that consume the drug regularly (p). We used four

values of p. The first value using p = 0.97. The second, third, and fourth values were

the values when we decreased the proportion (p = 0.9,p = 0.5,p = 0.1). The results

are shown in Figure 10.
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FIGURE 10. The dynamic of total infected humans for various values of p.
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As you can see in Figure 10, when we decreased the proportion of infected-acute
humans who consumed the drug regularly, the number of infected humans increased.
So increasing the proportion of infected-acute humans that consume the drug regularly
is effective in reducing the number of infected humans in the population.

b. Variation of g The next simulation was carried out with a variation in the pro-
portion of infected-chronic humans that consume the drug regularly (¢). We used four
values of g. The first value using g = 0.01. The second, third, and fourth values were
the values when we increased the proportion (g = 0.1, = 0.5, = 0.9). The results are

shown in Figure 11.

I
——R,(@=001)-1.026
Ry (q=0.1)=1.024

600 - ——— R, (@=05)-0833 | |
R, (q=09)-088

a't ¢

t
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0 100 200 300 400 500 600 700
t (day)

FIGURE 11. The dynamic of total infected humans for various values of q.

As you can see in Figure 11, when we increased the proportion of chronically infected
humans who consumed the drug regularly, the number of infected humans decreased.
So increasing the proportion infected-chronic human that consume the drug regularly is

effective in reducing the number of infected humans in the population.

4. CONCLUSIONS

Vector-borne diseases have been found in many tropical and sub-tropical countries, such as
malaria, dengue, lymphatic filariasis, chikungunya, etc. Filariasis is a vector-borne disease in
which infected individuals have the opportunity to experience lifelong disabilities, such as per-

manent swelling in several parts of the body [5]. Various interventions have been implemented
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in many countries, such as case detection and intensive interventions [38], [39], and [40]. There-
fore, we proposed a mathematical model for lymphatic filariasis transmission in this article. We
consider the impact of case detection (screening), treatment, and possible misdiagnosis phe-
nomena on our model.

We discussed the existence and local stability equilibrium of our model. The first equilibrium
is the filariasis-free equilibrium, which is locally asymptotically stable if the control reproduc-
tion number is less than one. The filariasis-endemic equilibrium point only exists (and is unique)
if the control reproduction number is greater than one. Using the Castillo-Song bifurcation the-
orem [36], we have shown that our model always undergoes a transcritical bifurcation when the
control reproduction number is equal to one.

To analyze the impact of case detection and treatment on our model, we perform a sensitivity
analysis on the control reproduction number of our model. We have shown that the mortality
rate always has a significant impact on the control reproduction number, and increasing this
parameter will reduce the control reproduction number. We also find that increasing case detec-
tion and its efficiency can reduce the control reproduction number significantly. Furthermore,
we notice that the efficiency (successful probability) of the first dose treatment is more signifi-
cant in reducing the control reproduction number compared to the second dose treatment. These
results indicate the importance of case detection and increasing the efficiency of early treatment
in an effort to prevent and treat lymphatic filariasis cases.

In this paper, we have shown the promising potential result of the implementation of case
detection and intensive treatment to control lymphatic filariasis. A proper combination of these
two interventions can be used to optimize the controlling effort for lymphatic filariasis eradica-
tion. We expect that these results can be a good aid in controlling lymphatic filariasis transmis-

sion.
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APPENDIX

Appendix 1. Expression of By and B;.

Bo = /Ny ttn (Hp+ &) (1 + 1) (1 + 0+ 81) (0 + g+ 1) (1 +1)
Bi = ApAvBy(81 (pn + 82) (1= q) MiSe + & (i +1c))
+ 600 (0t +1a) (1= p) (1 =) &+ (1= p) & (M +1c)) -
Appendix 2. Expression of p1, p2,¢1, and ¢».
p1= a1 = =R Np((My+ 1) (82 + o) (M ) (0 + (M + 208+ 81) 0+ (81 + ) (T + 1))
p2=q = ABo((1 = p) (1= )N+ & (i + 1)) 8207 + (1= @) + & (1 + 1)) (82 + ) 6y

+ (1= p) (U +Na) 820t + 81 (82 + i) (W + e ) (NaSe + Ne + ) -

Appendix 3. Right eigenvector of Model 1.

Wi Oty _ (&t up)o

Wi = —, Wy = w3, w3 = w3, W4 = )

w12 o a(na+a+.uh)
s = (Up+62) 61+ 02 (1 —p) (05+I~Lh+71a)w3

(tp+10) (0 + Wy +1Ma) ’

Wel wr1 wgi wo1
We = ——W3, W7=——W3, Wg§=——W3, Wg=——W3,

We2 w72 wg) wop

with

wit = (82 + ) (1 = @) + Netn) 0 + (i + 1) (1 + Ma + M) @ + (U + 1) (Me + musg)
(0 +Ma+ 1r) 81 + (0 + Mo+ 1) (1= p) (1 = )N + Ne + 1) @+ (Ne + 1n) (5 + 1)
+ (M + @) (ty + 1) (Ne + Mn) (0 + 1y + 82),

wiz = w2 = 0(y + @)y + 1) (Ha + Ne) (0 + My + Na),

we1 = 01 (i + &) (Ma(tp + 1) + (1 — g)any) + any62(1 — g)(1 — p) (e + py + Ma),

wez = 0t(tp + M) (n + Me) (@t + Ta),

wr1 = 61(0; (Uaq + M) & + NaMe ( + M) (Un + 62) + 82 (1 — q) M + L+ Ne) Plin

+ (Ung + M) (0 + Wy +Na) 1),
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ws1 = wor = —AuBy (1= p) (1 = @) + & (1 + 1)) S0

+ ((1 = q)ne8e + & (M + Me) ) (82 + 1a) By

+ (1= p) (h +Ma) B200+ 81 (82 + ) (n + M) (Mae + Ne + M),

wgy = woy = QLN (W4 10) (y + M) (0 + g+ 1))

Appendix 4. Left eigenvector of Model 1.

o et Bl D D ),
7 v’ Ec(Me + 1) (02 + pp) ’
_ ((1=q) oy +na (i +10)) Ee + (1) (00 & + 1y + 1n)
4= V6,
Ee (Up+mr) (00 + Uy +Na)
Vs = (1 —=g)n:&c + & + & ’
e (M + Up) ’
ct N,
ve=Ve, vi=0, v=0, vg= %V&

with
var = (1= p) (1 = q) e + & (p+ne)) B0 + (1 — g) e + & (1 + 1))
((&2+pn) 61+ (1 = p) &2 (M +Ma)) & + 61 (82 + M) (Ua + 10) (MaCe + Ne + M)

v22 = (82 + tp) (n + M) (0 + pp + 1) (0 +TMa + i) -
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