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Abstract: Crimean-Congo haemorrhagic fever (CCHF) is a zoonotic disease caused by the Crimean-
Congo hemorrhagic fever virus (CCHFV). Ticks of the genus Hyalomma are the main vectors and rep-
resent a reservoir for the virus. CCHF is maintained in nature in an endemic vertebrate-tick-vertebrate
cycle. The disease is prevalent in wide geographical areas including Asia, Africa, South-Eastern
Europe and the Middle East. It is of great importance for the public health given its occasionally
high case/fatality ratio of CCHFV in humans. Climate change and the detection of possible CCHFV
vectors in Central Europe suggest that the establishment of the transmission in Central Europe may
be possible in future. We have developed a compartment-based nonlinear Ordinary Differential Equa-
tion (ODE) system to model the disease transmission cycle including blood sucking ticks, livestock
and human. Sensitivity analysis of the basic reproduction number Ry shows that decreasing the tick
survival time is an efficient method to control the disease. The model supports us in understand-
ing the influence of different model parameters on the spread of CCHFV. Tick-to-tick transmission
through co-feeding and the CCHFV circulation through transstadial and transovarial transmission are
important factors to sustain the disease cycle. The proposed model dynamics are calibrated through
an empirical multi-country analysis and multidimensional plot reveals that the disease-parameter
sets of different countries burdened with CCHF are different. This information may help decision
makers to select efficient control strategies.

Keywords: CCHFV; ODE,; tick borne disease; targeted control; Hyalomma; sensitivity analysis

1. Introduction

Crimean-Congo haemorrhagic fever (CCHF) is a tick-borne viral zoonotic disease
widely distributed in Asia, Africa, Southeast Europe and the Middle East [1,2]. CCHF
was first identified in an outbreak during World War II on the Crimean Peninsula in
1944-1945 [3]. The virus is antigenically identical to a virus that was isolated from the
blood of a patient in Democratic Republic of the Congo in 1956. The association of these
two places resulted in the name of the disease and the virus [4,5].

The etiological agent responsible for the disease, i.e., Crimean-Congo hemorrhagic
fever virus (CCHFV), belongs to the genus Orthonairovirus in the family Nairoviridae [6].
CCHEFV is transmitted between vertebrates and ticks but can also be transmitted hori-
zontally and vertically within the tick population [7,8]. CCHFV persists in the tick for
its whole lifespan [2]. Transmission between vertebrates and ticks occurs during blood
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meals [8]. Depending on the developmental stage of the ticks, i.e., larvae, nymphs and
adults, the vertebrate hosts range from small (birds, hares, rabbits) to large vertebrates
(cattle, sheep, humans). Animals act as viral amplifying hosts with transient viremia, but do
not develop clinical signs [2]. Within the tick population, CCHFYV is transstadially trans-
mitted, venereal transmission among ticks and transmission through co-feeding may also
occur [9,10]. Infected adult female ticks may lay infected eggs resulting in CCHFV-infected
offspring [8]. The route of transmission through which an infected tick transfer tick-borne
pathogens to a susceptible host and vice versa, is described as systemic transmission, while
transmission through co-feeding, is termed non-systemic transmission.

Hard ticks of the genus Hyalomma are considered the main reservoir and vector for
CCHFV [7,9,10]. CCHFV has also been detected in other tick genera, including Rhipicephalus,
Amblyomma, Ixodes and Dermacentor, but their role in CCHFV maintenance and their vector
capacity is not yet clear [2].

CCHEFV is transmitted to people either by tick bites, contact with blood of infected
animals or humans, body fluids or tissues. Because of severe illness and a high case fatality
rate in humans, CCHF is considered as an important vector-borne disease in humans [11].
CCHEF causes sporadic cases or outbreaks of severe scale across a huge geographical area
extending from China to the Middle East, South-eastern Europe and Africa [1,12]. Itis a
highly infectious disease in humans with a case/fatality ratio of 5-80% [13]. Human cases
are seasonal and associated with increased population of H. marginatum depending on
weather conditions, habitat fragmentation and during the time of Eid-ul-Azha [14,15].

According to [16], the antibody positivity to CCHFV in livestock correlates with the
manifestation of human cases and the occurrence of CCHF can happen due to contact
with the blood of infected animals, e.g., in persons handling or slaughtering livestock. The
review in [17] depicts the role of livestock in the maintenance and transmission of CCHFV.
According to [18], high prevalence estimates in ruminants in Turkey point out the role of
these animals in identifying high-risk areas for CCHF in humans. According to a sensitivity
analysis of Ry (basic reproduction number) performed in [19], the input of total host density
acquires 28% of the total variability and the contribution of hare density is 16% and for the
same for the cattle population is 12%.

CCHFV can spread over long distances through transportation of vectors attached
to migratory birds that travel across endemic areas such as Turkey or Greece [20,21],
or through imported livestock [22]. It has been estimated that every year hundreds of
thousands of immature Hyalomma ticks are transported via migratory birds into or over
Central Europe during the spring migration of birds from southern Europe and Africa [23].
The authors in [24] have developed a model to estimate the potential spread of Hyalomma
marginatum by migratory birds into Europe. The virus has a wide range of hosts and vectors
and therefore the potential to establish in a new region, if enough susceptible hosts and
vectors are available. There are several factors like climate change, social and anthropogenic
factors that may contribute both to the spread of CCHFV into new regions and an increase
of reported cases [25]. Since several years ago, adult stages Hyalomma marginatum ticks
have occasionally been found in Germany [23,26]. They may have been introduced by birds
as nymphs and continued to develop to the adult stage [23]. In September 2018, successful
moulting of a Hyalomma nymph removed from a horse in Dorset, England, was reported.
This horse had no history of overseas travel [27]. The environmental suitability of CCHFV
across Southern and Central Europe has been postulated [28]. Therefore, a rigorous yet sim-
ple and modular analysis is required to understand the potential spread and establishment
of CCHFV.

Mathematical modelling can provide a tool to test different scenarios and to analyse
the factors influencing the spread of CCHF. While the number of mathematical models
for vector-borne diseases has generally increased, the number of mathematical models for
CCHFV in particular is still limited [19,29-31]. We should also note that humans are an
integral part of the transmission cycle and they play a major role in detecting the disease
due to the frequently severe clinical course of CCHF and the high case fatality ratio in
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humans. So, we incorporate human in our transmission models to explore the dynamics of
CCHEF dissemination while accounting on sundry epidemiology. Our current modelling
effort aims to provide the answers to the following questions:

1.  What are the driving factors in CCHF transmission?
2. What critical density of ticks is necessary for a potential outbreak?
3. How to characterise the nature of CCHFV dissemination in the endemic areas?

We construct a deterministic Ordinary Differential Equation (ODE)-based mathemati-
cal model to investigate the fundamental mechanism of CCHFV transmission amongst the
ticks, livestock, and human. In order to answer the above-mentioned questions, we have
included different transmission routes of CCHFV.

2. Model Formulations in Different Geographic Distributions

CCHEF is endemic in many regions that include Africa, Asia, Eastern and Southern
Europe, Middle East but the course of transmission is not homogenous around these
places [32]. Given the heterogeneity of socio-economic conditions and cultural divergences
amongst these zones, potential reasons of sporadic cases of CCHF can not be explained by
a single mechanism [33]. Therefore, we strive to construct reasonably simple mathematical
models to determine current knowledge gaps blocking the effective control measures while
taking account of different transmission routes.

In this section, we first describe the modelling assumptions and introduce the impor-
tant model parameters with their meanings. We design and analyse our compartment-based
ODE model consisting of three interacting populations, i.e., ticks, livestock and humans
(Figure 1) while taking account of different routes of infection. We integrate the causes
of infection as tick-to-tick, tick-to-livestock, livestock-to-tick, tick-to-human, livestock-to-
human and human-to-human according to the epidemiology of CCHF in different regions.
The simplification of our model may help to provide the necessary general results and con-
currently avoids hyper-parameterisation, while taking account of transstadial (transstadial
transmission can be described as a persistent passage of a pathogen acquired during one
life stage, through the moult to the next phase(s) of the vector life cycle) and transovarial
transmissions (transovarial transmission can be described as the transmission of a pathogen
from parent to offspring through infection of the developing egg which finally produces in
infectious larva). The coupled infection-population model presented in Figure 1, concisely
depicts the following mechanisms: horizontal transmission (from tick population to host)
and acquisition (from livestock to tick population) of CCHFYV, transstadial persistence of
CCHFV throughout all phases of the tick life, transovarial transmission from infected tick
females to the eggs they lay, they produce, and CCHFV transmission from infected livestock
to humans along with the net growth of the interacting populations. In the diagram we
also have included human-to-human transmission that we explore in Section 2.1. We opt
for keeping the model as simple as possible to provide general epidemiological metrics
and analytical results and, at the same including different routes of infections into the
model. Then, following [34], we add together all tick stages to obtain equations for the
total tick dynamics and hereby assume an effective tick population for the potential spread
of CCHFV infection. This way, we avoid to model details of the infection dynamics for
which there are no parameters available, such as questing rate, feeding rate, drop-off rate,
and maturing parameters.

We assume that there is constant ticks’ transition rate from one developmental stage to
another and that the developmental stages of the vectors function as a delay in the potential
infection spread following [35]. Our main goal is to construct a mathematical model that is
simple, yet including the different tick activity phases like questing or, feeding on different
hosts etc., and different transmission mechanisms active. This motivates us to add together
different tick phases to obtain the equations for total tick dynamics and to deduce general
analytical results. We would like to make sure that our model is flexible enough to include
further improvements. Thus, the resulting model includes biological mechanisms, like
transovarial and transstadial transmission. Furthermore, we accommodate the feeding
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preferences of larvae and nymphs to include the transmittal of CCHFV burden occurring
during the transstadial transmission of the respective stages. We also assume that systemic
infection occurs at the beginning of the blood meal following [34]. To include the systemic
and non-systemic infection, we follow [19,31,34].

mr + (1 —¢)mp T

Figure 1. Infection process among the effective tick population (T), livestock (L), and humans (H).
The infection process involves non-systemic transmission through co-feeding (red arrow), acquisition
(green arrow), systemic transmission (orange arrow), influx of infected tick through transovarial
transmission (blue arrow), demographic flux of individuals with different health status (black arrows)
and CCHFV transmission to humans from the ticks and livestock (grey arrow) with the inclusion of
human-to-human transmission (maroon arrow).

We also assume that (i) Livestock has more contact with adult ticks than with other
life-stages, (ii) Infection of Hyalomma ticks with CCHFV does not affect the birth or death
rates of these ticks, (iii) Livestock will not die of CCHFV infection [2], while CCHF-induced
deaths in humans are taken into account [13].

So, we construct an ODE based model including the above-mentioned assumptions of
CCHEFYV transmission to analyse the burden of primary transmission routes and attribute
the predominant role of CCHFV dissemination to the effective tick population to simplify
the modelling effort. For the effective tick population, we use an SEI dynamics, as the tick
remains infected for life [2], while for the livestock and human populations we assume
SEIR type of dynamics. We include the exposed state in the models as the ticks become
infected after a blood meal while maturing to the next phases of developmental stages [36].

Considering the aforementioned assumptions, we establish the following model sys-
tem: For the tick population we have

dTS UlTSLI 0'2T5T1

= = - - —urTs+ (1 — T 1
o T T v prTs + (1 —e)mrTy @
dTE UlTSLI (TszT[

ZE = — urTg —erT

it I T urTe —erlE

aT

7; = ETTE — “l/lTT[ + ST[TT[.

Following [35], we assume that the tick demography is density-dependent. In order to
take the density dependence into account and simplifying further, we consider a negative
exponential model for the tick demography;, i.e., higher abundance of ticks reduces their

_ Ts+Te+T;
vr ow1+Lwy

following [19,35], where T, Tg, T} are susceptible, exposed and infected ticks respectively,
vt is the strength of density-dependence in hatching rate, w; and w, are the weightage of
contributions of rodents or the small mammals and livestock populations on the growth of
ticks, respectively, or is detachment rate of tick and wr is the mean number of eggs laid
by an adult female tick, ¢ is the constant number of rodents or the small mammals and
L is the total number of livestock. We incorporate the rodents or the small mammals-tick

reproduction. Therefore, we model the reproduction rate 777 = orwr exp(
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transmission cycle without explicitly deriving the equations of different stages of ticks and
rodent population, as analytical computations become inconvinient and the model would
become too complex. We include transovarial transmission from adult female ticks to eggs
after introducing a parameter € that measures the proportion of infected eggs laid by an
infected female adult tick as mentioned in [35]. We have also opted for a density-dependent
mortality rate (u7) according to [19] and it is defined as pup = pp + o In(1 + %), where i
stands for S, E, I, o and ay, respectively defines the basal rate and the factor that defines
the influence of host density.

We now explain the formulations of transmission parameters of the tick related model
system. Livestock-to-tick infection transmission rate has been modelled according to [8,31]
as 0p = %, where pr is defined as the transmission efficiency from livestock to
tick, yr is the duration of infective period, Nt is the rate of average number of feeding
ticks on livestock, fs is defined as the fraction of blood meal per tick and dr is duration of
attachment. Once an infected nymph (for example) feeds on a host, it will infect a certain
fraction of the other ticks feeding on the same host during the entire blood meal time
(transmission by co-feeding). According to [35,37], transmission by co-feeding depends
on the encounter rate, mean or the total number of other ticks and the probability of
pathogen transmission.

Non-systemic transmission term o, is defined according to [34] as follows:
0y = [1 —exp{—(ny+1,)0}]0p0, where n, is the fraction of nymphs against the total
number of ticks feeding on rodents, /, is the fraction of larvae against the total number of
ticks feeding on rodents, 6 is the transmission probability, ¢, is an encounter rate between
ticks and rodents.

The domestic livestock population is described by the following system of equations:

dLS _ (T3L5TI .

T T purLs 2)
% = % —e Lg —pLLg

% = eLp—arLp—prL;

dstR oLy —pupLg.

The human population is described by the following system of equations:

dHS _ 0’4H5T1 _ 0’5H5L[

T = Ty T 2 — upHs (©)]
dHE . 0’4H5T[ 0’5H5L1
i - T 1 erHe = prHe
dH
chl = eyHp —apgH; —pupyH; —6pH;
dH
TtR apHp — pgHg.

Here, Lg, Lg, L;, Lr and L represent susceptible, exposed, infected, recovered and
total livestock, respectively, and similarly Hs, Hg, H;, Hg and H do the same for the
human population.

We also assume a density-dependent birth rate (7r7) for livestock and a linear growth
rate (7ry) for humans. The mortality rates are not density depended.

After blood feeding, ticks start to develop to the next stage in their life cycle and thereby
the pathogen can propagate between these stages. The duration of the development is
assumed to be negative exponentially distributed, as mentioned before. Between the stages
there are different mean values for the durations [35,38].

We model the acquisition rate as 03 = [1 — exp{—(Ngkn + Lok + Arx4) }|or L af-
ter [19,31] to include the propagation of infection acquired by the transstadial stages in a
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simplified way. Here x; is the transmission rate from larvae, nymphs and adult ticks, where
i =L,N, A. N, is the ratio between the infectious nymphs and constant rodent density, L, is
the ratio between the infectious larvae and constant rodent density, A is the ratio between
1
the infectious adult ticks and livestock density and x; = 1 — (1 — T;) eed;  with T; is the
overall efficiency of transmission, d feed; 18 the dimensionless feeding duration (measured in
number of time-steps) and o7, is encounter rate between the ticks and livestock. oy is the
transmission rate from an infected tick to a susceptible human and o5 is the transmission
rate from an infected livestock to a susceptible human. A full list of model parameters,
variables and their biological meanings are provided in Table 1 and in the Supplementary
Information (SI) (Tables S1-S3).
Table 1. Parameters used in the model (1)-(4), (6).
Parameter Description Value or Range Units References
Ty Birth rate of livestock population [0.5,1.5] Livestock/Time [39]
TH Birth rate of human population [0.5,1.5] Human/Time [39]
T Birth rate of tick population [0.5,3.5] Tick/Time [40]
UL Death term of livestock population [1/3600,1/360] 1/Time [39]
5% Death term of human population [1/365 x 60,1/365 x 40] 1/Time [39]
1/er Incubation period in tick [1,3] Time [8,41]
1/er Incubation period in livestock [3,5] Time [8]
1/ey Incubation period in human [1,9] Time [41]
€ Proportion of hatched infected ticks [0.14,0.2] Number [8]
1/ar Recovery period of livestock (14,21] Time [19]
1/ay Recovery period of the human population (15,21] Time [41,42]
0 Transmission parameter: livestock to tick [0.11,0.33] Number [8]
1o Transmission parameter: tick to tick (0.01,0.04] Number [8]
03 Transmission parameter: tick to livestock [0.13,0.71] Number [8]
oy Transmission parameter: tick to human [0.25,0.375] Number [43]
05 Transmission parameter: livestock to human [0.001,0.002] Number [39]
3 Transmission parameter: human to human (0.26,0.75] Number [44]
OH CCHF-induced death [0.3,0.8] 1/Time [18,41]
wr Mean number of eggs [4258,9476) Number [8]
VT Strength of density-dependence in birth rate 0.025 1/Tick Time [34,35]
or Detachment rate of tick 0.256 1/Time [8]
w1 Contribution of the rodent population 04 Number [35]
wr Contribution of the livestock population 0.04 Number [35]
pT Transmission efficiency: livestock to tick (0.11,0.33] Number [8]
T Duration of the infective period [2,6] Time [8]
dr Duration of attachment [6,8] Time [8]
Nt Rate of the average number of ticks feeding on livestock [5.5,8.5] Ticks/Time [8]

2.1. Inclusion of Human-to-Human Transmission

CCHEF is a viral zoonosis with cases of human-to-human transmission [45-47]. To
take account of human-to-human transmission (cg), we include the respective route [48] in
the model as depicted in Figure 1. The description of oy is included in the Supplementary
Information (SI) (Equation (S5)).

Thus, our model equation system described in (3) modifies into the following:

dH

_ 0’4H5T[ . 0’5H5L[ _ 0’6H5H1

at = TH T I o — mnnHs 4)
dHE - 0'4H5T1 0'5H5L1 0'6H5H[
it T L g enHe = pnHe
dH
ditl = egHg —agH; —puyH; —dgH;
dHg

dt

agHp — pgHg.
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2.2. Tick-Human Model

According to [16,49], many of the reported cases of CCHFV are due to bites by adult
ticks. As reported in [16], Hyalomma are “hunting” ticks and they can chase up to 400 m to
find their hosts (including humans). Due to occupational exposure to the bites by infected
ticks or crushing infected ticks with bare hands, humans can be infected, too [50]. The study
in [51] reported a large number of patients tested positive for CCHFV due to potential
exposure via tick bites along with asymptomatic cases of CCHF in Tajikistan. A survey
conducted in Turkey revealed that among all reported cases, 68.9% had a history of tick-
bites or contact with ticks, while 0.16% cases represented nosocomial infections [52]. The
latter represents transmission during the process of receiving health care, when humans
can get in contact with infected tissue.

In order to model the CCHFV transmission during slaughtering and meat handling
under ideal hygiene conditions and to take into account the above mentioned tick-human
transmission of CCHFV, we consider only the subsystem related to human and tick while
ignoring the livestock-to-human transmission path, (1), (2), (4). Consequently, the result-
ing reduced model can be treated like a classic vector-host model while simplifying the
underneath complicated biology. The deriving mathematical model can be employed to
deduce the epidemiological threshold conditions and that can potentially be helpful for the
effective control of CCHF. Consequently, after following the authors in [29], we leave out
the livestock-to-tick by assuming ¢; = 0. We obtain the following ODE system:

dT. o TsT

o = e mTs+ (=g 5)
dTE . 0’2T5T1

F A AL L

dT

7151 = erTg —urT; +enrT].

dHS (T4H5TI 0’6H5H[

215 _ _ —uuH

o TTH T 7 uuHs (6)
dHE . 0’4H5T[ (T6H5H[

a — 1 ‘g enHeopnbe

dH

aTI = eyHp —ayH) — pgH) — dpH;
dH
Ti’R = IXHH[ — ,uHHR

3. Basic Reproduction Number R,

The initial spread of epidemics can be described by the basic reproduction number
(Ro). Elementarily, it characterises the expected number of secondary cases produced by
a single primary case in a completely susceptible population. To illustrate the spread
of pathogens that infect multiple hosts, a formal mathematical framework named Next
Generation Matrix (NGM) has been developed in [53]. The elements of the NGM (K;;) are
the expected number of infected individuals of type i produced by a single infectious
individual of type j. We address the question, under which conditions the virus can spread
in a completely susceptible population, given a single infected individual is introduced.
Mathematically, we analyse the stability of the disease-free equilibrium Ej, which is a
fixed point of the system (1)—(4). It is given by Ey = (Tg‘,O, 0,L%,0,0,0,Hg,0, 0,0) =

0 0 0
%, 0,0, %, 0,0,0, %f, 0,0,0 ). Information regarding the mathematical properties of the

model solutions and a stability analysis are provided in the Supplementary Information
(SI) (Sections S1 and S4). If Ej is stable, the disease dies out before it can infect individuals,
and it can spread over the population, if Ej is unstable. The stability condition for E
can be expressed in terms of Rg, where the outbreak condition is Rg > 1. To compute
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the basic reproduction number, we use the NGM method as described in [54]. Detailed
computation is included in the Supplementary Information (SI) (Section S3). Next, we
derive a mathematical expression of Ry under different assumptions considered in the
Sections 2, 2.1 and 2.2.

The NGM associated with the model (1)—(3) of Section 2 can be written as follows:

Téeron Tep oy
) L
Koy = T(eTerL%)E(T;(;; end) (“L+I4L(;(€L+HL) @)
T(er+pr)(ur—end)
It can be biologically interpreted as
o — Tick — Tick Livestock — Tick (®)
TL = \ Tick < Livestock 0 ’

where X — Y means population X is infecting population Y. It should be noted that
Tick — Tick in this context means transmission within the whole tick population due to
co-feeding as well as transovarial transmission.

The basic reproduction number is defined as the spectral radius of the NGM (7). In our
model, we decompose the total basic reproduction number Ry into different contributions.
These are (i) infection from tick to tick via co-feeding and vertical transmission (Rt) and
(ii) infection from tick to livestock (Ry 4). For the whole model we get

_ Rp Rr\?
Ry = >+ <Z)+RLA )

1
= 2[RT+ \/R2T+4RLA}

The epidemic threshold is the critical point, where Rg = 1.
In Equation (9),

Rp = (10)

T (er +ur) (ur — end) pr

is the contribution of transmission within the tick population due to co-feeding and transo-
varial transmission and

. nOT er, 1 o1 ng er 03 1
Rpa= || =+ — ||+ ~— (1)
T (ep+pr) (e +puL) e )\ L (er +ur) (ur —en)) pr

is the contribution of tick-to-livestock and livestock-to-tick transmission. Equation (9) can
also be represented as:

Ry — Tick <;> Tick

. . 2
+ \/( Tick ? TZCk) + (Livestock — Tick)(Tick — Livestock) (12)

We explore the effect of livestock density on the number of effective tick population
as derived in (9) after drawing the curve what is described by Ry = 1 and observe from
the Figure 2 the required density of expected livestock that will lead to the persistence
of CCHF.
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Figure 2. Relationship between tick density and livestock density in an area of predicted CCHF
persistence. Parameters values are used from Table 1.

The curve for Ry = 1 illustrates the possible expected cut-off point for CCHFV to
persist, theoretically. Above this curve, CCHFV will persist, while it will die out below
the curve.

If we exclude the transmission within the tick population, then the basic reproduction
number is simply Ry = Rra. Ry can biologically be described as

w = /(Livestock — Tick)(Tick — Livestock).

The terms in (10) can be interpreted as follows: eTj_TﬂT is the probability that a tick will

survive the incubation period and become infectious after co-feeding, ;%T is the natural

2 is the probability of CCHFV transmission from a tick to another

lifespan of a tick, —2—;
HT—E€Ttp
0
tick through non-systemic and transstadial transmission in its lifetime. % is the ratio
between the birth rate of a tick and the total number of ticks, where 71} is the susceptible
tick population at the disease free equilibrium Ej as explained at the beginning of this
section. In the same way, the terms in (11) can be explained as before.
;—<k— is the proportion of livestock that will survive the incubation period and
LTHL .
become infectious,

a1

m is the infectious lifespan of this livestock, o is the probability of CCHFV
transmission from the livestock to a tick in the lifespan of infectious livestock,

‘738 —y is the probability of CCHFV transmission from an infectious tick to livestock
Tt

during the span of its natural growth, and the total number of livestock and NT(L] is the ratio
between the birth rate of livestock and the total number of livestock. Finally, using (9) with
the minimum values of the parameters provided in Table 1, we obtain the following figure
for the basic reproduction number:

Ry =34, (13)

where the contributions are for co-feeding and transovarial transmission Rt = 1.6, and for
the tick-to-livestock and livestock-to-tick infection R; 4 = 7.2. When we perform the same
calculations with the maximum values of the parameters, we get R = 2.4, Rp 4 = 10.75,
and Ry = 4.9, respectively.

After including human-to-human transmission [46,55,56], the model system (1), (2),
(4) has a next generation matrix that can be simplified to

Tseror Tse o1 0
T(er+ur)(pr—eny)  Llar+pr)(er+ur)
L*€T0'3
Kren = | T oot 0 0 14
TLH T(eTerT)(nysrr(%) ( )
H§€T0'4 H§6L05 H§6H0'6

T(er+ur)(pr—eny)  Llartpr)(ec+pr)  Hlag+du+pm)(en+pin)

with spectral radius
Ro = maXx [RH/ RLA] (15)
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where
R 7'(% Og ey 1 (16)
H= |77
H py (en + pn) @y + 01 + pn)
The matrix K79 (14) can be biologically interpreted as
Tick — Tick Livestock — Tick 0
Kgry = | Tick — Livestock 0 0 (17)
Tick — Human  Livestock — Human Human — Human
Next generation matrix (K74 ) associated with (5), (6) is given by
TEETUZ T;(Tz O 0
T(er+ur)(ur—ery)  T(ur—eny)
0 0 0 0
’CTH = H§€T0'4 H;0'4 H;EHtTé H;U’e (18)
T(er+pur)(ur—end)  T(ur—enl) H(ap+ou+un)(entpun) H(an+ou+pn)
0 0 0 0
RTH = max [RH, RT] (19)

when we consider the whole model, but exclude the livestock-to-humans transmission, we
can derive the basic reproduction number of the decoupled system as Rty = max [Rg, Rp4].
In order to understand Ry 4, Ry and the stability of the disease free equilibrium point, we
put forward a scaling factor 77 that can be a potential gauge to change the transmission rates
to model control programs. Following [57], we replace the host-specific transmission rates
(1 — noy, 03 — 103, 04 — 104,06 — 10) and calculate the value of Ry where 7 € [0,1].
Rty becomes less than one when 77 =~ 0.37 and for Ry 4, the value is 77 ~ 0.18. The influence
of 7 is included in the Supplementary Information (SI) (Figure S2).

4. Dynamics of the Model

In this section, we carry out simulations to study the long time dynamics of our
model system (1)—(3), (5) and (6) that we have formulated using the parameters given in
Table 1. Figure 3 depicts the temporal dynamics of the model system when we take account
of human-to-human transmission along with the transmission routes from livestock-to-
human, and without considering it. The initial conditions are described in the Supplemen-
tary Information (SI) (Table S2).

The simulation experiments reveal that the CCHFV prevalence in the ticks does not
show large variations with time and it saturates at around 40%. The simulated prevalence in
livestock shows the highest prevalence around 62% (bottom panel) and it decreases slowly.
The simulated prevalence in humans in both cases (Figure 3D) reveals the importance of the
dissemination of CCHFV from livestock-to-humans in the countries of concern. Moreover,
the prevalence in humans is doubled if we include livestock to human transmission.
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5. Control Strategies in Different Geographic Locations
We use our model to analyse different control measures that could be employed

by policy makers to decrease the number of human cases and the duration of outbreak
situations in a theoretical setting. With the presented multi-host model, the exploration
of all possible control strategies is difficult to undertake. This leaves us with the choice
of aiming at particular host types only, such as ticks, e.g., for vector control, humans,
e.g., for social distancing among humans, or livestock, e.g., for vaccination, treatment
with acaricides or other means to reduce tick infestation etc. An epidemiological metric
named farget reproduction number (Tg) was defined to quantify the control measurements
for infectious diseases with multiple host types [58]. This metric can be applied to study
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various control measures, when targeting a subset of different types of hosts. Let us denote
K from (14) as follows for convenience:

K1 Kz 0
K=Ky 0 0 (20)
K31 Kz Ks3

There are several options, through which we can curb the bite of CCHFV-infected
ticks. The general idea is to represent control strategies as a target set S being a subset of
the entries of K. Keeping the same notations as in [59], the target reproduction number 7
with respect to the target set S is defined as

Ts = p(Ks(Z-K+Ks)™) @1

where, Kg is the target matrix and defined as [Ks];; = Kj;, if (i,j) € S and 0, otherwise.
7 is the identity matrix and p is the spectral radius of the matrix (p should not be con-
fused with the rodent population ¢ used above). Different disease control strategies are
described below:

Livestock Sanitation: The usage of acaricides is a common technique to lower the
tick burden in the livestock population. Then the target setis S = {(1,2),(2,1),(3,2)},
representing index pairs in (20). The type reproduction number targeting the host type 1

after employing (21) is given by: 75 = 4/ Il<1_211§1211 , provided Kj; < 1.

Human Sanitation & Isolation: The target setis S = {(3,1), (3,2), (3,3)}. Target repro-
duction number 7Tg with respect to S (i.e., the type reproduction number targeting the host
type 2) is given by Ts = Kss.

The rest of the options is included in the Supplementary Information (SI) (Section S11).

6. Sensitivity Analysis

In this section we carry out a sensitivity analysis of the model parameters to the model
output to deduce the important parameters that may help to understand the significant
parameters responsible for the CCHF infection. It can be understood as the treatise of
how uncertainty in the output of a mathematical model corresponds to different sources of
uncertainty in the model input parameters [60].

Model Sensitivity Analysis

We perform a sensitivity analysis through computing the Partial Rank Correlation
Coefficients (PRCC) with 1000 simulations per run for each of the model input parameter
values sampled by the Latin Hypercube Sampling (LHS) scheme to obtain those model
parameters that have the greatest influence on CCHFV transmission. We consider the
cumulative human cases of CCHF occurring during a simulation experiment as the model
output of interest without including human-to-human spread. This approach has the
advantage that it captures the effects of model parameters on both, the persistence of CCHF
and the overall impact of CCHF outbreaks over time.

We have used the sensitivity package [61], and for the LHS scheme we have utilised
the lhs package [62] in R [63].

In Figure 4 we show the PRCCs for the most significant parameters. We observe
that the mortality of the infected ticks (u1) shows a strong negative correlation with the
cumulative incidences of CCHF in humans, whereas the effective transmission between tick
and livestock (03, 01), the tick reproduction rate (7r7), the effective transmission between
ticks and humans (04) show strong positive correlations with the model output, whereas the
effective transmission rate between livestock and humans (05) and the effective transmission
amongst the ticks through co-feeding (07) are not so significant. Therefore, we conclude
that the parameters with the strongest influence on the cumulative incidences of CCHF in
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humans are yt, 7t7 and o;, where (i = 1, 3,4). Cumulative incidences of CCHF in human
increase with an increase in 717 and 0;, where (i = 1, 3,4) and decrease with u7.
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Figure 4. Sensitivity Analysis of the model using partial rank correlation coefficients. Only parameters
with significant impact are shown. For all parameters see Supplementary Information (SI) (Section
512).

7. Fitting the Model to Outbreak Data

Even if data for most parameters of our models are available, the real prevalence of
the different compartments in vectors and hosts remain unknown, and thus the model
is hard to validate. We therefore calibrate our model using data on infections in humans
being a proxy for the prevalence in all relevant species.

To calibrate our ODE model (5), (6), we have fitted it to the CCHFV reported incidence
data from six different countries focusing on the unknown transmission parameters o>,
04, and 0g. The rest of the parameters values are used from Table 1. After employing
the MATLAB® [64] differential equation solver ode45, we have used the Matlab functions
fminsearch and Isqcurvefit.

The fitted numerical solutions of human CCHFYV cases in different countries are shown
in Figure 5. The increased awareness towards the perils of CCHFV may have helped to
decrease the number of cases for Bulgaria, Iran and Kosovo, but in other countries it appears
that this is not the case. Moreover, our fitted model simulations (Figure 5) demonstrate that,
given the current trend of CCHFV cases in Afghanistan, Pakistan, and Turkey, the number
of human CCHFV cases might keep on increasing in future. Therefore, if no further effective
prevention and control measures are taken, the disease will not vanish. Values of the fitted
parameters are included in the Supplementary Information (SI) (Figure S3).
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Figure 5. Reported human CCHFV cases in Afghanistan, Bulgaria, Kosovo, Turkey, Pakistan and
Iran and the simulation of Hj () from the model fitted to these data points. The outbreak data are all

collected from [11,15,65-68].

Comparison of Fitted Transmission Parameters

A central question pertaining to the fitted parameters of different countries is: how do
the parameters differ from each other? In order to answer this question, we plot the fitted
transmission coefficients along with the values retrieved from the literature [31,34,35,44] in
Figure 6. The data fitting is restricted to the transmission parameters 0y, 04 and og.

From Figure 6 it is evident that the disease transmission parameters differ from
country to country. We can clearly observe that Afghanistan is the most affected country
and has the highest disease transmission burden. The estimated transmission parameters
of Afghanistan, Pakistan, Iran, Turkey and the literature values are closer to each other
as compared to Bulgaria and Kosovo. We also have included multidimensional scaling
(mds)(see Figure 6) to visualise the level of cosine similarity or dissimilarity of the fitted
transmission parameters of concerned countries. Visualisations of the resulting heat-map is

included in the Supplementary Information (SI) (Figure S4).
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Figure 6. Scattered plot of the fitted transmission parameters and the values from the litera-
tures [31,34,35,44] and the embedded multidimensional scaling plot of the fitted parameters.

8. Discussion and Conclusions

We analyse a new mathematical model that includes multiple transmission routes of
CCHFV and compare it with a model that only incorporates the transmission of the CCHFV
virus through direct contact with livestock and ticks. Our model shows the importance
of including CCHFV transmission through co-feeding and its sustainability in the tick
population. Co-feeding is an essential biological mechanism for the tick population and
increases the basic reproduction number. With the assumed parameter list, our model
predicts that a reduction of 18% of the contact rate between the ticks and the livestock can
reduce the value of the basic reproduction number below the epidemic threshold, which
will ultimately lead to the dying out of the disease. When we consider only the tick-human
model in Section 2.2, we observe that a reduction of 37% in the contact rate helps to reduce
the value of the basic reproduction below 1.

Our simulations show that livestock has a significant role in disease transmission
(compared to the exclusive tick-human model), especially during the time of Eid-ul-Azha.
There is an increase of approximately 50% in human CCHFV prevalence due to contact with
infected animal tissue. We propose that these additional pathways do not only increase the
basic reproductive number of CCHF, but also have a dominant role in CCHF control and
require appropriate measures.

The computation of Ry gives us the necessary tool to investigate different strategies to
control the spread of vectors-borne diseases. The results derived from the sensitivity analy-
sis suggest the importance of birth rate of tick population in the potential spread of CCHFV
transmission, and influence of rodent density as one can observe the functional dependence
of the birth rate of the ticks depends on the density of the rodent population. Linear growth
in the tick population is reflected in the basic reproduction number (both in Ry 4 and Rr).
Freshly recruited naive livestock provides the necessary number of susceptible livestock,
which increases the value of the basic reproduction number. Transmission of CCHFV from
tick to livestock is an important parameter and the increase in effective contact between
questing adult ticks and the livestock species increases the basic reproduction number in a
nonlinear way.

Some of the results are in accordance with the findings of previous studies. For
example, the analytical expression of Ry in (9) is similar to the one in [29]. Moreover,
the basic reproductive number for CCHF increased by a factor mentioned in (9) through
co-feeding. The threshold quantities are comparable to [29]. In addition, the numerical
approximation of Ry and in [8] are comparable, and the magnitudes of the fitted parameters
are in accord with previous findings [8,30]. Simulated CCHFV prevalence in the tick and
the livestock populations resulting from our mechanistic model is of similar magnitude as
noted in [19].

Sensitivity analysis reveals that the non-systemic transmission is not equally important
as of the transmission cycle between the vertebrates and ticks and similar account has
been noted in [69]. Some investigators have already performed a sensitivity analysis
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of Rp [8,19,31], and we extend these findings, as we analyse the sensitivity on another
important epidemiological quantity, i.e., the total number of infected humans. Similar
to [19,31], our findings show that host density, duration of infection and the immune
responses are sensitive parameters.

While CCHFV has been studied in [29] with livestock as the primary host, the system-
atic exploration of the model parameters and the mathematical illustrations of different
control measures have not yet been fully explored. For tick-borne diseases, the use of
acaricides is an established treatment, which primarily targets the tick population, but in
some poor regions, this may not be feasible. However, one should bear in mind that the
profuse usage of acaricides [29] may have a detrimental effect on the environment and can
lead to resistant tick populations. Alternatives to using acaricides have been proposed,
e.g., keeping chickens together with other livestock, because chickens eat ticks and may
therefore reduce the risk of exposure to CCHFV [70].

Our modelling effort is novel in the sense that it aptly catches the potential routes of
CCHF transmission burden for different countries and the approach to control it accordingly.
We also methodically explore all possible ways to curb CCHF cases in humans. We find that
the parameters of CCHFV dissemination vary in different endemic countries. Our results
show that human sanitation and isolation are effective ways to reduce the CCHF cases in
humans along with acaricide treatment of livestock as mentioned in [71] in economically
deprived countries.

Just like other modelling endeavours on CCHF, our model has several limitations [29,30].
The model contains simplifications while pertaining to the feasible routes of CCHFV
transmission. It is based on assumptions, where knowledge and parameters are missing.
Variables are parametrised with values from the literature, which may be accurate or not,
generally applicable or not. Therefore, the simulations conducted with our model are
only meant for demonstration purposes. We recommend to parametrise the model for the
specific situation, if it is used to plan or evaluate control measures.

Future studies with this model should include the proper investigation of the data
related to CCHF and systematic explorations of the parameter space to find the necessary
paths to reduce the disease prevalence effectively. Other investigators observed seasonality
in human incidence and an effect of ambient temperatures [72]. These factors are not
included in our approach. In addition, in urban areas of Pakistan, the risk of transmission
is higher during the time of Eid-ul-Azha, when Muslims slaughter livestock animals [15].
The movement of animals and the migration of humans are also not included in this study,
although they may be important variables.

Despite the limitations of our model, the analytical expression of Ry and the mathemat-
ically exploration of control strategies may make it relevant in the fields of epidemiology
and public health. Our work highlights the potential causes of CCHF outbreaks. The
insights derived can pioneer the development of data-driven control measures modelling
with scenarios and parameter values that are more realistic and adapted to a specific coun-
try or region. We expect that our work on CCHF spread and control measures may help
to collect the necessary data related to CCHF and to further developing this and similar
mathematical models and analyses.
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