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Leptospirosis is a zoonotic disease common in tropical and subtropical regions. This infec-
tious disease is endemic in Sarawak, Malaysia. In recent years, the threat of leptospirosis
is on an increasing trend in Sarawak since 2010. The traditional compartmental models
assume that the population is homogeneous and shares the same characteristics and be-
haviours. However, each individual in the population has different and unique behaviour
in the real world. Thus, this paper aims to model the leptospirosis spread by adopting the
individual-based modeling approach to address the heterogeneity that affects the trans-
mission of the disease. Rodents’ behaviours such as active period duration and movement
range are incorporated into the model. From the sensitivity analyses, the results show
that the movement range of the rodents has a significant impact on the spread of the dis-
ease compared to the active period duration. The comparison between simulation results
and the actual prevalence data in Sarawak is performed to validate the model. Through
regression analysis, the correlations of determination for three outbreaks in Sarawak for
the year 2017 are more than 90%. In addition, the normal probability plots for three out-
breaks indicate the points follow the line well and are normally distributed. This shows
that the proposed individual-based model can predict leptospirosis transmission.

Keywords: leptospirosis, individual-based, rodents’ behaviour, active period duration,
movement range.
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1. Introduction

Leptospirosis is endemic in various places globally, particularly in tropical and subtropical regions.
In recent times, the disease has approximately caused more than one million notified cases, nearly
59000 deaths and roughly 10000 hospitalizations of severe cases worldwide annually [1,2]|. Leptospiro-
sis is a zoonosis in which the disease is transmitted directly or indirectly from infected animals to
humans. However, rare circumstances might happen with the occurrence of human-to-human trans-
mission through sexual intercourse, pregnancy or breast milk of the infected mother, urine of infected
patients, and blood transfusion [3]. The symptoms of leptospirosis are varying based on the degree
of illness. The people who are asymptomatic or in mild condition have flu-like symptoms including
jaundice whereas the severe condition accompanies aseptic meningitis, renal and liver failure along
with other pulmonary and cardiac diseases [4].

The disease is underreported due to its similarities with other diseases such as influenza and dengue
fever and causes difficulties in the clinical diagnosis of the infection [5]. Besides leptospirosis being
underdiagnosed, it is also an occupational hazardous disease. Some people are highly at risk of infection,
particularly the jobs that are mostly associated with animals, construction workers, agriculture, and
others [6].

This project is funded by the Ministry of Higher Education, Malaysia under the Fundamental Research Grant Scheme,
Grant Number FRGS/1/2020/STG06/UNIMAS/02/1.
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Sarawak, one of the regions in East Malaysia is a place rich in natural resources and biodiversity.
Sarawak is located near the equators and experiences a tropical climate throughout the year. Due
to the weather and climatic conditions, the situation of leptospirosis in Sarawak starts to endanger
the people in the region. The number of reported cases in Sarawak has risen dramatically from more
than 30 cases in 2004 to nearly 300 in 2012 [7,8]. In December 2010, the Ministry of Health Malaysia
highlighted leptospirosis to be a notifiable disease [9]. After the year 2010, the number of confirmed
cases increases gradually and reaches nearly 700 cases from 1 January to 27 October 2018 [10]. Figure 1
shows the number of reported cases from the year 2004 to 27 October 2018.
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Year
Fig. 1. Number of leptospirosis cases reported in Sarawak from 2004 to 27 October 2018.

The studies of infectious disease dynamics through mathematical models have been widely con-
ducted. The compartmental models are the most studied ones, such as Susceptible-Infected—Recovered
(SIR) [11] in the transmission of infected diseases, e.g. dengue [12], malaria [13], leptospirosis [14,15].
However, the compartmental models are not adequate for the system that considers the individuals
who possess essential differences [16]. In compartmental models, the populations are assumed to be
homogeneous and share the same characteristics and behaviours in model formulation. However, each
individual possesses distinct and unique behaviours in real-world circumstances, which means hetero-
geneity exists within the population. For zoonotic disease or vector-borne disease, the heterogeneity of
the vectors or hosts can bring significant impacts on the disease transmission [17]. Hence, individual-
based models (IBM), also known as agent-based models (ABM) are more suitable models to capture
the heterogeneity of the population.

IBM simulates the dynamic systems that are depending on stochasticity including heterogeneity,
and numerous works have been conducted to model infectious disease by using IBM [18]. Jindal and
Rao [19] modeled the transmission of mosquito-borne diseases by using ABM. The study deduced that
ABM overcame the limitations in determining the factors of interactions between hosts and vectors
that drive the disease transmission such as mobility, and distributions of the host and the vector
populations, geographical and weather conditions. Mahmood et al. [20] formulated an ABM to study
the dengue fever transmission among the people in Pakistan. The model considered the behaviour
of mosquitoes such as biting rate and environmental factors including temperature for the spread of
dengue fever. Their study deduced that the temperature rise increased the biting rate of mosquitoes
and caused the dengue cases to multiply. Alvarez Castro and Ford [21] studied the spread of coronavirus
among university students by implementing the ABM. The model focused on the relationships between
locations including the activities of the students and their influences on the transmission of the disease.
Their results deduced the implementation of preventive measures such as wearing face masks, early
lockdown and self-isolation approach could reduce the infection and keep students safe.
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To the best of our knowledge, there is very little research on the modeling of the leptospirosis
transmission by using IBM. Therefore, the purpose of this paper is to propose an IBM for the spread
of leptospirosis. In Section 2, the assumptions for both populations and the model will be presented.
The results of IBM simulations, model validation, and sensitivity analyses are covered in Section 3.
The last section is the conclusion of the paper.

2. Model formulation

In the formulation of a model, the assumptions or rules are essential as the rules act as the behaviours
of the agents in the model simulation. In our work, there will be two agents, humans and vectors
(rodents). The assumptions for both populations are as follows:

1. Assumptions for the human population
— The humans are stationary in their housing area.
— There are principally three states of human health conditions: Susceptible, Infected and Recov-
ered.
— The incubation period of the leptospirosis is assumed negligible.
— The death of infected humans due to disease is not considered.
— The spreading of leptospirosis typically involves humans and vectors only.
— The indirect transmission of leptospirosis from the bacteria-contaminated environment is not in
the consideration.
2. Assumptions for the vector population
— The vectors are referring to the rodents.
— The vectors are active at certain periods. Other than the active period, the rodents will stay at
their nests.
— The vectors are wandering around outside their nests and approach the humans’ housing areas
during the active period.
— The transmission of leptospirosis occurs when the vectors are active and moving around.
— There are two states of vector health conditions: Susceptible and Infected.
— The death of vectors due to leptospirosis infection is not considered.
— The lifespan of a vector is between 26-40 months.

Figure 2 shows the interactions and leptospirosis transmission between human and vector agents.
Based on the figure, the interactions of two parties are formed according to the established rules earlier.
The natural birth rates, u; and uso, allow the agents to enter both human and vector populations. As
for the natural death rates, Ay and Ao, both parameters ensure that individuals must leave when they
experience death. Otherwise, they would remain in the populations. Both humans and vectors possess
several epidemiological states. Initially, humans are in a susceptible state. Once the individuals contact
the infected vectors, they become infected by interacting with the bacteria at a transmission rate of ;.
If the humans are not in contact with the infected vectors or the bacteria, then the humans remain as
susceptible status. When the infected humans undergo proper treatment and receive medicine, they
would recover from the disease at a recovery rate of v. However, if the humans do not show any signs
of recovery, then they remain in the infected stage. Meanwhile, the recovered human may become a
susceptible again with an immunity loss rate of . As for the vectors or the rodents, they are active
within an active period (a5 to ae) with active periods duration ay. The rats are wandering around
from their nests with a movement range of n when they are active. Other than the active period,
they remain in their nests. When the rodents are active, they interact with the bacteria or pathogenic
Leptospira and become infectious at a transmission rate, #. However, the rodents remain susceptible
if they do not interact with the bacteria.
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Fig. 2. Flowchart of IBM for leptospirosis transmission.

3. Results and discussion

For the IBM simulation, the NetLogo [22] is chosen as the working mechanism as the software is simple
for academicians or researchers to understand and easy to implement [23]. IBM is a stochastic model,
which means the results are varying for each simulation. The coefficient of variation, C),, can be used
to determine the number of runs required [24]. In our work, it is determined that 20 runs are sufficient
and the average is taken as the results.

3.1. Initial conditions and parameter listing

For the simulation of leptospirosis transmission in Sarawak, the initial value for the susceptible human
is set as 100 as the leptospirosis cases reported during 2017 did not exceed 50 cases throughout the 52
epidemiological weeks [8]. In addition, NetLogo cannot afford to conduct the model simulation with
a significantly massive scale of numbers of agents. For the infected and recovered humans, the initial
values are set as one and zero respectively. In terms of vector population, the initial value for the
susceptible vector is set as 800 with one person living associatively with eight rats [25] whereas the
infected vector is set as one. Table1 shows the parameter values and references for the simulation of
leptospirosis transmission.
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Table 1. Parameter values and descriptions.

Parameter | Value Description References

1 0.03726 | the birth rate of the Sarawak human population in days [26]
corresponds to 13.6 per capita birth

A1 0.03581 | the natural mortality rate of the Sarawak human popula- [27]
tion in days corresponds to 76.5 years of life expectancy
for Sarawakian

01 0.10 transmission rate from susceptible human to infected hu- [28]
man with the presence of infected vector

0% 0.01587 | recovery rate in days corresponds to 6—12 weeks for re- [29]
covering from leptospirosis infection

0 0.00030 | the rate of immunity loss against leptospirosis in days for [30]
9 years (immunity lasts not more than 10 years)

12 1.10 per capita birth rate of vector population in days assumed

A2 0.99626 | the natural death rate of the vector population in days [31]
corresponds to 26-40 months of the lifespan of the vectors

0 0.20 transmission rate from susceptible vector to infected vec- assumed
tor

Qg 18:00 | active period start time of vector population assumed

Qe 06:00 | active period end time of vector population assumed

Qg 12 active period duration of the vector population difference

between
g and o,
N 20 the movement range of the vector population assumed

Among the parameters, the vector birth rate, pe and the transmission rate from susceptible to
infected vectors, 65 are assumed as there is not enough available information to determine the values.
As for the active periods of the vector and the vector movement range, 7, the assumed values are based
on the consideration of the rats being nocturnal animals and the movement range of 10 to 20m for
Norway rats [32]. However, this study does not consider the species of the rats.

3.2. Result simulations

Figures 3 and 4 represent the averaged population behaviours of the human population whereas Figs. 5
and 6 are for the averaged population behaviours for the vectors. It can be observed that the number
of susceptible humans decreases over time as more humans become infected, and in the end, reaches
a stable trend. As for the infected humans, the number escalates initially and reduces after reaching
a peak between Day 21 to Day 24. Inversely, the recovered individuals increase at the beginning and
stabilised throughout the simulation. For the vectors, the behaviours of both susceptible and infected
groups are very similar to the human population. However, the number of both groups reaches nearly
zero as most of the vectors die naturally.

3.3. Model validation

To validate the proposed IBM, a comparison between simulation results and the actual prevalence data
is performed. As the obtained data from the Malaysia Ministry of Health contains only the number of
leptospirosis confirmed cases, the raw data requires processing with the consideration of the average
recovery period of 9 weeks. Figure 7 shows the processed data.

Based on Fig. 7, there are three waves of leptospirosis outbreaks in 2017. The first wave of outbreaks
starts from epidemiological week 1 to 16 (red line). As for the second and third waves, the outbreaks
begin from week 17 to 39 (blue line) and from week 40 to 52 (green line) respectively. For model
validation, the regression analysis is performed to compare the data for the three outbreaks. Figures 8-
10 illustrate the outcomes of the comparisons whereby Figs. 11-13 are the normal probability plots of
the comparisons.
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Fig. 7. The prevalence data of leptospirosis confirmed cases in 2017.

From Figs.8-10, the r-squares (r2) or the correlations of determination for three outbreaks are
96.08%, 91.01% and 94.68% respectively. As for the normality plots (see Figs.11-13), three plots
indicate the residuals follow the line well. By performing regression analysis, high 72 and the patterns
of residuals reflect that IBM is an adequate model. Fundamentally, high 2 indicates a better response
to the variability of the actual and predicted data around the mean of the data. The residuals follow
the line well showing the simulated results are normally distributed and the model is a good fit for the
actual prevalence data.

Meanwhile, the occurrences of a few leptospirosis outbreaks might be related to various factors. For
instance, the climate within the region might affect the spreading of infectious diseases. The region
has frequent flooding frequently results in a higher number of individuals suffering from the zoonotic
disease [14]. In addition, the rise of temperature in the middle of the year may encourage more
humans and animals to involve in water-based activities and simultaneous exposure to the Leptospira-
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contaminated environment [33]. Apart from climate, misdiagnosis of leptospirosis might influence the
exact situation of the disease as well. In Malaysia, leptospirosis is frequently diagnosed as tropical
fever as the clinical symptoms of leptospirosis are very alike to other diseases [34].
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In this section, the results of the sensitivity analyses are presented to investigate the effects of the
parameters on leptospirosis transmission. Univariate sensitivity analysis is one of the techniques that
can analyse the outcomes of simulation concerning a parameter at one time [19]. Through univariate
sensitivity analysis, the outcomes indicate 7.1 is the best value for vector birth rate, us. The best
outcome for the transmission rate from susceptible to infected vectors, 6o is 0.35 and the movement
ranges of the vectors, n are 22m, 19m and 16 m for the three outbreaks respectively. However, the
univariate sensitivity analysis does not apply to the vector active period durations, ay as the parameter
can show the influence sufficiently by +1 hour or £2 hours.

Figures 14-21 show the effects of four parameters, us, 62, ag and 1 on infected humans and infected
vectors. The results show that a higher vector birth rate, ps and higher transmission rate from
susceptible to infected vectors, 65 would result in more humans and vectors being infected. As for the
vector active period durations, g, there are no clear influences on both subgroups (see Figs. 18 and
19). In terms of vector movement range, 7, the bigger range could cause more numbers of infected
humans and infected vectors (see Figs. 20 and 21).
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4. Conclusions

In this paper, we have proposed an IBM for leptospirosis spread. The results of regression analysis and
normal probability plots reflect that the proposed IBM is an adequate model when compared with the
actual prevalence data. Based on the analysis, a higher vector birth rate and higher transmission rate
from susceptible to infected vectors can influence the disease transmission among human and vector
populations. From the perspective of behaviours of vectors (rodents), the active period durations do
not show any influence on leptospirosis transmission. This means the disease can spread anywhere
where the rodents are actively wandering around the places regardless of the duration of the active
period. However, the bigger movement range of vectors can cause more people and vectors to be
infected. Based on the comparison made between the model simulation and the actual prevalence
data suggest that the vector (rodents) movement range in Sarawak is between 16 m to 22m. This
information is significant for the public health authorities and institutions to control the spread of
leptospirosis.
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Bnaus noseginkn rp|/|3yH|B Ha NOWMPEHHN N1enTocniposy:
IHOMBIAYaNbHUW NiAXig, 40 MOAElOBaHHSA

Your Hx. B., Tionr B. K., Jlabazgin /Ix., IIxanr II.

Darysvmem Komn 10meprur Haykx ma iHPhopmayidnur mexnoiozil,
Yuisepcumem Manatizii Capasark,
94300 Koma Camapazxan, Capasar, Manaiizis

Jlemrrocmipo3 — 300HO3HE 3aXBOPIOBAHHS, [IOMIMPEHE B TPOMIYHUX 1 CyOTPOINIYHAX PErioHaX.
Ile indekmuiiine 3axBoproBanns € ednemiuanm y Capapaky, Masaiizis. OcraHHIME pOKaMK
3arposa Jenroctipody B Capapaky 3pocrae 3 2010 poky. Tpajuiiiiini KoMIIapTMeHTaJIbH1
MOJIeJIi IPUITYCKAIOTh, IO MOMYJIAIS € OJHOPITHOIO Ta Ma€ OJHAKOBI XapaKTEPUCTUKU Ta
noBeiHKy. [IpoTe KozKHA 0COOMHA B MOMYJISI] Ma€ Pi3HY Ta yHIKAJbHY HOBEIIHKY B PDEAJIb-
HoMy cBiTi. ToMmy 19 cTATTS Ma€ Ha MeTi 3MOJETIOBATH MTOITUPEHHS JIEMTTOCIIPO3Y MIJITXOM
3aCTOCYBaHHS 1HUBIIYyaJbHOTO IiIXO/Y JI0 MOJEIOBAHHS JIJIsi YCyHEHHS T'€TepPOTreHHOCT1,
{Ka BIJIMBA€ Ha Ieperady 3axBopioBaHHs. [loBeminka rpusyHiB, Taka K TPHUBAJICTb aK-
THUBHOT'O IIEPioJly Ta Jiala30H PyXy, BKJIIOYEHA B MOJesb. Pe3yiapraTy aHaJ i3y 4yTJInBO-
CTi MOKa3yI0Th, IO Jialla30H PyXy IPU3yHIB Ma€ 3HAYHUI BILUIUB Ha, IONIUPEHHS XBOPOOHU
MIOPIBHSHO 3 TPUBAJIICTIO aKTUBHOTO Tiepiony. IlopiBHSHES MiK pe3yabTaTaMi MOJIETIOBAH-
Hel Ta GaKTUIHIMHA JaHUME Homupenocti B CapaBaky BUKOHYETHCS JJIsI TEPEBIPKH MOJIE.
3aBlsKKM perpeciiiHoMy aHaJIi3y KOpeJsllisi BUSHAYEHHs JjIs TPhoX crajaxiB y CapaBaky
3a 2017 pik cramoBurh nonax 90%. Kpim Toro, rpadikn HOpMaabHO! HMOBIpHOCTI st
TPHOX CIIAJIAXIB BKA3YIOTh HA Te, IO TOYKHU JI00pE JI[ATaloTh HA JIHIIO Ta PO3MOALIAIOTHCS
mopMmauibHO. [le mokasye, 10 3aIpOOHOBaHA IHIWBIAyaIbHA MOJIEIb MOXKE IePeI0adnTI
repeady JIEnTOCIiPO3Yy.

Kntwouosi cnosa: aenmocnipos, indusidyasvrut nidxrid, noeedinka 2pudymic, mpu-
BANICTND AKMUBHO20 NEPIody, aPeas PYTy.
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