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The inability to develop multiscale models which can describe vector-borne
disease systems in terms of the complete pathogen life cycle which rep-
resents multiple targets for control has hindered progress in our efforts to
control, eliminate and even eradicate these multi-host infections. This is
because it is currently not easy to determine precisely where and how in
the life cycles of vector-borne disease systems the key constrains which are
regarded as crucial in regulating pathogen population dynamics in both
the vertebrate host and vector host operate. In this article, we present a gen-
eral method for development of multiscale models of vector-borne disease
systems which integrate the within-host and between-host scales for the
two hosts (a vertebrate host and a vector host) that are implicated in
vector-borne disease dynamics. The general multiscale modelling method
is an extension of our previous work on multiscale models of infectious
disease systems which established a basic science and accompanying
theory of how pathogen population dynamics at within-host scale scales
up to between-host scale and in turn how it scales down from between-
host scale to within-host scale. Further, the general method is applied to
multiscale modelling of human onchocerciasis—a vector-borne disease
system which is sometimes called river blindness as a case study.

1. Introduction

Vector-borne diseases are infectious disease systems which arise because the
infectious agent (viruses, bacteria, protozoa and helminth) has a complex life
cycle so that there is need for at least two hosts: (i) a vertebrate host—which
is usually a human host or other animal host and (ii) a vector host—which
include mosquitoes, flies (sand flies and black flies), ticks, bugs and snails for
the pathogen to complete its life cycle. The vector acts both as a carrier and
as an organism within which the parasite develops to an infectious stage
before it is transmitted to the vertebrate host. Major vector-borne diseases
include malaria, dengue, lymphatic filariasis, Chagas disease, onchocerciasis,
leishmaniasis, chikungunya, Zika virus disease, yellow fever, Japanese ence-
phalitis and schistosomiasis [1]. An estimated 17% of the global disease
burden of infectious diseases is attributed to vector-borne diseases [1]. In gen-
eral, we can roughly demarcate the transmission mechanisms of vector-borne
diseases into two types which are:

(@) Type I vector-borne disease systems. These are vector-borne diseases in which
part of the life cycle of the infectious agent (the pathogen) is external to the
two hosts that are implicated in the transmission of these multi-host infec-
tions (usually a vertebrate host and a vector host). For these vector-borne
diseases the infection of both the vertebrate host and the vector host is
caused by a free-living infective pathogen life stage in the environment.
Examples of such vector-borne diseases are human schistosomiasis [2]
and Guinea worm [3].
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(b) Type II vector-borne disease systems. These are vector-borne
diseases in which the whole pathogen life cycle is strictly
internal to the two hosts that are implicated in the
transmission of these multi-hosts infections. For these
vector-borne diseases, there is no free-living pathogen life
stage in the environment that causes infection to either
the vertebrate host or the vector host. Infection of these
hosts is caused by pathogens which only survive in the
internal environment of the two hosts (i.e. at within-host
scale). The majority of these type II vector-borne diseases
are transmitted by blood-feeding arthropods, such as mos-
quitoes, ticks and fleas. Two groups of type II vector-borne
diseases can be identified. (i) Those in which there is no
pathogen replication cycle at within-host scale (within-
vertebrate host and within-vector host). For such type II
vector-bone diseases, the pathogen load at the within-
host scale (within-vertebrate host and within-vector host)
increases only through super-infection (i.e. repeated infec-
tion before the host recovers from the infectious episode).
In this article, we develop a general multiscale modelling
method for such type II vector-borne diseases and then
apply it to human onchocerciasis as an example.
(ii) Those in which the pathogen has a life stage with a
pathogen replication cycle at within-host scale. For such
type II vector-borne diseases, the pathogen load at within-
host scale increases mainly through the life stage which
has a pathogen replication cycle. Malaria is a classic example
of such type II vector-born diseases where the merozoite life
stage has a replication cycle at within-host scale in the
vertebrate host. The multiscale modelling of such vector-
borne diseases is considered elsewhere. In this article, we
present a general method for development of multiscale
models of type II vector-borne diseases in which there is
no pathogen replication cycle at within-host scale.

There are five main different generic categories of multiscale
models of infectious disease systems that can be developed
at the different levels of organization of an infectious disease
system (the cell level, the tissue level, the host level, etc.) by
integrating two adjacent scales at a time. These five main gen-
eric categories are [24]: (i) individual-based multiscale models
(IMSMs), (ii)) nested multiscale models (NMSMs), (ii)
embedded multiscale models (EMSMs), (iv) hybrid multiscale
models (HMSMs) and (v) coupled multiscale models
(CMSMs) with each of these categories having several different
classes of multiscale models. For vector-borne diseases, the
multiscale models developed at host level (i.e. those integrat-
ing the within-host scale and the between-host scale) are
categorized as CMSMs [4].

The general multiscale modelling method for type II vector-
borne diseases presented in this paper, which is a coupled mul-
tiscale model, is an extension of two of our previous papers
[5,6]. The first of these papers [5] introduced a method for
development of multiscale models of type I vector-borne
diseases at host level (i.e. linking within-host scale and
between-host scale) using human schistosomiasis as an
example. The paper demonstrated in a practical way the
idea of scaling up and down in linking scales of an infectious
disease system by identifying within-host scale and between-
host scale variables and parameters and design a feedback of
these variables and parameters through down-scaling and
up-scaling across the within-host scale and the between-host
scale. For this multiscale model, the development of

between-host scale submodel was based on principles of mod-
elling environmentally transmitted infectious diseases [7]. The
main distinction between modelling of directly transmitted
infectious disease systems and environmentally transmitted
infectious disease systems is that the latter usually have at
least one extra equation describing the dynamics of pathogen
in the environment. The paper [5] established the role this
extra equation plays in the development of multiscale
models of type I vector-borne diseases that link the within-
host scale and between-host scale. The second of these
papers [6] established a multiscale modelling science base
for directly transmitted infectious disease systems similar to
the multiscale modelling method for environmentally trans-
mitted infectious disease systems in [5] using HIV/AIDS as
a case study by introducing the concept of community patho-
gen load (CPL) as a new public health measure in multiscale
modelling of directly transmitted infectious disease systems.
CPL is defined as an aggregation of individual pathogen
loads of hosts (humans, animals, vectors, plants) infected
with a particular pathogen (virus, protozoan, helminth, bac-
teria, fungus, prion, etc) in a particular geographical
location or community at a particular time [6]. Thus, in this
article the word pathogen refers to any biological infectious
agent (virus, protozoan, helminth, bacteria, fungus, prion).
Although we use the term ‘community pathogen load” in
the development of the general multiscale model of vector-
borne diseases when the infectious agent is not specified,
we shall assume, for purposes of development of specific mul-
tiscale models from the general multiscale (i.e. when the
infectious agent is specified), that the word ‘pathogen’ is
implied to mean the actual pathogen name. For example, if
the infectious agent considered in the multiscale model is a
worm (for some helminth infections), the term ‘community
pathogen load’ is interpreted to mean ‘community worm
load’. Similarly, if the infectious agent considered in the multi-
scale model is a virus, the term ‘community pathogen load’” is
interpreted to mean ‘community viral load’.

The introduction of CPL as an additional variable at
between-host scale entails the incorporation of an extra
equation describing this variable in the modelling of directly
transmitted infectious disease systems. Incidentally, this con-
verts models of directly transmitted infectious disease
systems which are developed by compartmentalizing the host
population into susceptible, exposed, infected, recovered
(SEIR) and variations of this paradigm (SI, SIS, SEI, SEIS, SIR,
SIRS, SEIRS, etc.) into those which are equivalent to environ-
mentally transmitted infectious disease models which are
developed based on compartmentalizing the host population
into susceptible, exposed, infected, recovered, together with
an extra variable describing pathogen load in the environment
(SEIRP), and variations of this paradigm (SIE SISP, SEIE SEISE,
SIRE, SIRSE, SEIRSE, etc.). For details of single-scale modelling
of environmentally transmitted infectious diseases at host
level, see [7] and references therein. The paper [6] gave a scien-
tific rationale and justification for the use of CPL in multiscale
modelling of directly transmitted infectious disease systems so
that the science and accompanying theory for multiscale mod-
elling of environmentally transmitted infectious disease
systems in [5] can be applied to multiscale modelling of directly
transmitted infectious disease systems. Our goal in this article is
to extend the ideas in [5,6] to develop a general method for
multiscale modelling of type II vector-borne disease systems.
The general multiscale modelling method is applied to

[¥006L0T 0L Smo4 dxpuaju)  sisi/jeuinol/biobuiysijgndfianosjesol H



Ay
Sy
1
Poy, (I + 1) /
MySy
Py Py
oyPy o Py
Ay(Pp) S
A H Pv
v Pyoy (I, + 1)
14 8n Yyits Ct)
8, (¥}, 0y) momr
,,,,,,,,,,,,,,,, >
N
v Y R » - Yo
8 Ypr 90)
——————————————————— > 1
j=12,..,m-1
BT TV
TI1P1 m-1"m-1 77V v
+6,) I
1S, l (uy +0)) Iy,

Figure 1. A conceptual diagram of the general multiscale model of a type Il vector-borne disease system. All the terms associated with arrows in this flow diagram

are the actual rates of flow and not per capita rates.

human onchocerciasis (river blindness) as a case study. The
approach is quite general and avoids the complications of
using HMSMs [8,9] and IMSMs [10] as sub-models of coupled
multiscale models [4] in multiscale modelling of vector-borne
diseases which require more computational resources to solve.

2. The general method for multiscale modelling
of type Il vector-borne disease systems

In this section, we present the general method for multiscale
modelling of type II vector-borne diseases in which there is no
pathogen replication cycle at both the within-vertebrate host
scale and the within-vector host scale. The general multiscale
model of such type II vector-borne diseases is shown in a flow
diagram in figure 1. Details of the mathematical derivation of
this multiscale model are given in appendix A. We introduce
the general multiscale model first so that those who want to

develop their own multiscale model of a type II vector-borne
disease system know where to start. In the general multiscale
model for type II vector-borne diseases shown in figure 1, infec-
tion of the vertebrate host usually begins with a bite of
vertebrate host by an infected vector host to draw a blood
meal. In the course of obtaining a blood meal, the pathogen in
the vector host enters the vertebrate host and constitutes the
pathogen population in the first life stage at within-vertebrate
host scale denoted by X,= Py in figure 1 and may increase
through super-infection at a rate 1,5, or die naturally in ver-
tebrate host at rate uo =y or proceed to the first intermediate
life stage at rate ay = o which is assumed to have a pathogen
population X;. The pathogen will then typically develop
through multiple intermediate life stages denoted i=1, 2,
3,...,n—1 within the vertebrate host with pathogen popu-
lations denoted Xj, Xy, ..., X,,—1 in each of the life stages as
shown in figure 1. During these intermediate life stages, the
pathogen is assumed to transition from one life stage to the
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next at rates f;(X;_1, ¢;_1) or die naturally at a rates y;, i=1, 2,
3, ..., n — 1 until it reaches the last life stage with pathogen popu-
lation denoted X, =P;, which causes infection to the vector
hosts. This last life stage is then shed / excreted into the vertebrate
host’s specific anatomical compartments such as cells, tissues,
organs, body fluids at an assumed rate ¢y, to constitute the ver-
tebrate host reservoir of infective pathogen in the community
or die there naturally at a rate ;. Thus, the variables X,, X,
Xy, ..., X,, constitute the within-vertebrate scale sub-model.

At within-vector scale, the first life stage of the pathogen also
begins with a bite of an infected vertebrate host by a vector host to
draw a blood meal. The pathogen in the infected vertebrate host
then enters the vector host and also constitutes the pathogen
population in the first life stage at within-vector host scale
denoted by Y, = P; in figure 1 and may increase through super-
infection at a rate 4;s,, or die naturally in the vector host at rate
1o =1 or proceed to the first intermediate life stage at rate op =
o;, which is assumed to have a pathogen population Y;. The
pathogen will also typically develop through multiple inter-
mediate life stages denoted j=1, 2, 3,...,m—1 in the vector
host with pathogen populations denoted Y3, Y5, ..., Y,,1 in
each of the life stages as shown in figure 1. During the inter-
mediate life stages, the pathogen is assumed to transition
from one life stage to the next life stage at rates g;(Yj_1, 0j_1)
or die naturally at rates n;, j=1, 2, 3, ..., m — 1 until it reaches
the last life stage with pathogen population denoted Y,, =P,
that causes infection to the vertebrate hosts. This last life
stage is then shed/excreted into specific anatomical compart-
ments of the vector host such as salivary glands or the
head at an assumed rate o, to constitute the vector host reser-
voir of infective pathogen in the community or die there
naturally at a rate 7,. Thus, the variables Yy, Yy, Ys, ..., Yy,
also constitute the within-vector scale sub-model.

The variables for the sub-model that describe the trans-
mission and spread of pathogen at between-host scale from
vertebrate host-to-vertebrate host or from vector host-to-vector
host consist of two parts. In the multiscale model represented
by figure 1, the part that describes the transmission of pathogen
from vector host to vertebrate host is an SIP sub-model with vari-
ables which are susceptible vertebrate hosts (Sp), infected
vertebrate hosts (Iy) and community vector host pathogen
load (Py) so that the transmission of pathogen at between-host
scale from community infectious reservoir of vector hosts to ver-
tebrate hosts happens at a rate SyAy(Py)Sy. Similarly, the part
that describes the transmission of pathogen from vertebrate
hosts to vector hosts is also an SIP sub-model with variables
which are susceptible vector hosts (Sy), infected vector hosts
(Iy) and community vertebrate host pathogen load (Pp) so
that the transmission of pathogen at between-host scale from
community infectious reservoir of vertebrate hosts to vector
hosts happens at a rate fyAy(Py)Sy. In these between-host
scale variables, the susceptible host populations (S and Sy)
as well as the infected host populations (Iy and Iy) experience
natural death at rates uy and py while the infected host
populations (Iy and Iy) suffer additional mortality at rates 5y
and 8y due to infection. Further, since the most sure way to elim-
inate an infectious disease is to eliminate the infectious agent
(since Py=Py =0 would imply that a vector-borne disease is
eliminated in a community), then 1/a; and 1/0y are the aver-
age times it would take to eliminate the community vertebrate
host pathogen load (CHPL) and community vector pathogen
load (CVPL), respectively, and render the community non-infec-
tious to the vertebrate hosts and vector hosts. The mathematical

details of how these sub-models are integrated to give the gen-
eral multiscale model of type II vector-borne diseases are given
in appendix A. The general multiscale model represented sche-
matically in figure 1 and mathematically in appendix A contains
the main components of the dynamics of vector-borne disease
which include: (i) pathogen dynamics at within-vertebrate
host scale; (ii) vector-borne disease dynamics in the vector
host population at between-host scale, (iii) pathogen dynamics
at within-vector host scale, and (iv) vector-borne disease
dynamics in the vertebrate host population at between-host
scale. However, the general multiscale model (A 2) offers
many opportunities for stronger links between biologists/
epidemiologists and mathematical modelers for improvements
and extensions when applied to specific type I vector-borne dis-
eases. Some of the extensions and improvements that can be
realized through such collaborations include incorporating the
following: (i) the effects of immune response, (ii) the effects of
health interventions, (iii) the effects of environmental change,
(iv) the effects of life cycle of the vector host, and (v) the age
structure of the vertebrate host population.

3. Application of the general multiscale model
to human orchocerciasis as a paradigm

In this section, we apply the general multiscale model given
schematically in figure 1 and represented mathematically by
multiscale model (A 2) in appendix A for type II vector-borne
diseases to human onchocerciasis as a case study. This vector-
borne disease is caused by Onchocerca volvulus parasite and
humans are the only vertebrate host, while the vector host
are the blackflies of the genus Simulium. Human onchocercia-
sis is a type II vector-borne disease in which the Onchocerca
volvulus parasite does not have a replication cycle in both
the human host and the blackfly vector. This multi-host infec-
tious disease causes visual impairment, blindness, skin
disease and excess mortality in humans [11]. To adapt the
general multiscale model (A2) in appendix A to human
onchocerciasis, the sub-models at between-host scale (for
both the human host and vector host) are developed based
on compartmentalizing the host population into susceptible,
infected, together with the extra variable describing CPL
(SIP). Since there is no pathogen replication cycle at within-
host scale (for both the human host and blackfly vector
host), the within-host sub-models for human onchocerciasis
can be established by representing the transitions of pathogen
populations from one life stage to another using linear tran-
sition functions specified in the general multiscale model
(A 2) in the form f{(X;_1, oj_1) =01 X;_q fori=1,2,...,n and
8iYj_1, 0j1)=0j1Yj for j=1, 2,..., m. Further, from the
general multiscale model (A2) in appendix A, we choose
AP = BuPu(t))/(Ho + Py(t)) and  Ay(Py) =By Py(t))/
(Vo+Py(t)) from the infectivity response functions (A 3)
and (A 4) specified for the general multiscale model (A 2) in
appendix A. Then the super-infection that introduces the popu-
lation of first life stage of Onchocerca volvulus parasite at the
within-blackfly vector scale (denoted Y= P;) is modelled by

BuAua(P)Sy () — 1]

ylly () + 11

ByPu(t) {sv(t) - 1]
= . 3.1)
[Ho + Pt @y [1v( + 1]

A ®)sy(t) =
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Therefore, this expression links the between-host scale to the
within-blackfly vector host scale. Similarly, the super-infection
that introduces the population of first life stage of Onchocerca
volvulus parasite at the within-human host scale (denoted
Xo= Py is modelled by

By Av(Py)[Su(t) — 1]
DPy[Iy(t) + 1]
By Py (D) [SH(t) — 1}

- [Vo + Pv(t)] Py [IH(t) + 1] ' G2

Ao(Bsp() =

This expression also links the between-host scale to the within-
human host scale. Taking into account all these specifications
based on the general multiscale model (A 2) in appendix A,
the multiscale model for human onchocerciasis becomes

1 3Oy, - % — S ®),
2 M _ B‘V/f Yﬁli ’(’t()t) Q4 S0,
N dzzt(t) _ ByPv® [sH(t) - 1] i
(Vo + Py (d)] @i [10 +1]
4. dlz;z(t) = agP(t) — (o + pyp)Pou(t),
5. db O’lnt(t) = 0 Pr(t) — w1, Pr®),
6. dzz:n = NyptnPu(®) — (o + )Py,
7 9P L ® 1+ DanPa() — anPrd,
8. dsdvt(t) =Ay - % — rySv(®),
9. dlc‘l’t(t) _B I’;fi (Zz‘(’t()t) — (uy + &I,
o dI;st(t) _ BuPu® [svr-1] s oop
[Ho -+ Pu®) &y [y +1]
1. B0 b, )~ (0, + 0P,
12. 50 _ b0~ (my + 0Py
13. L0 _ b0~ (m, + 0P,
14 PO 1y 4 06,0 — vy,
3.3)

The multiscale model (3.3) for human onchocerciasis was
established from the general multiscale model (A 2) in appen-
dix A by incorporating details of the Omnchocerca volvulus
parasite life cycle which can roughly be demarcated into
two major life stages as follows:

(@) The human host life stage: at the within-human scale,
Onchocerca volvulus parasite has four main life stages.
These life stages are represented in the multiscale model
(3.3) in terms of rates of change of the parasite population
in each life stage which are as follows. (i) Xo = P;, which is
the parasite population in the first life stage at within-
human scale. This consists of L3 larvae introduced by an

infected blackfly during a blood-meal at rate 1,5, and [ 5 |

experiences natural death at rate wo=pp (ii) X;=P,
which is the parasite population in the first intermediate
life stage at within-human scale. This consists of immature
worms which have developed from the L; larvae at
an assumed rate of ap=ay and can die naturally at an
assumed rate of u; = . (iii) X5 = P,,, which is the parasite
population in the second intermediate life stage at within-
human scale. This consists of mature female worms
(which are a proportion ¢, of the total population of
mature worms) which have developed from immature
worms at an assumed rate of oy = o, and also experience
natural death at rate u,=uy,, (iv) Xz=P),, which is the
parasite population in the final life stage at within-human
scale. This parasite population consists of microfilariae pro-
duced by mature female worms at a rate o, = @, This last
life stage of the Onchocerca volvulus parasite is infectious to
blackfly vector. The microfilariae are then shed/excreted
into the dermis layer of the skin and eyes at a rate a3 = oy,
where they constitute the infectious reservoir of humans
in the community at within-human host scale (waiting to
begin a second life stage in the blackfly vector host) or
die naturally in the dermis layer of the skin and eyes at a
rate uz = uy,.

(b) The blackfly vector host life stage: at the within-blackfly vector
scale, Onchocerca volvulus parasite also has four main life
stages. These life stages are represented in the multiscale
model (3.3) in terms of rates of change of the parasite
population in each life stage as follows. (i) Y= P,, which
is the parasite population in the first life stage at within-
blackfly vector scale. This consists of microfilariae ingested
by a blackfly at rate A;s, during a bloodmeal from an
infected human host. These microfilariae experience natu-
ral death at rate nyp=17, at within-blackfly vector scale.
(i) Yy =P, which is the parasite population in the first
intermediate life stage at within-blackfly vector scale.
This consists of L; larvae which have developed from the
microfilariae at an assumed rate of oy=o0, These L;
larvae also experience natural death at rate 7,=7, at
within-blackfly vector scale. (iii) Y, = P, which is the para-
site population in the second intermediate life stage at
within-blackfly vector scale and experiences natural
death at an assumed rate of 7, =m,. This consists of L,
larvae which have developed from L, larvae at an assumed
rate of oy =0,. (iv) Y3=P, which is the parasite popula-
tion in the final life stage at within-blackfly vector scale.
This parasite population consists of L; larvae which
have developed from L, larvae at an assumed rate of
o, =0y The L3 larvae are then shed/excreted into the
saliva at rate o3=o0, of the blackfly’s proboscis where
they constitute the infectious reservoir of blackfly vector
at within-blackfly vector scale (waiting to begin a second
life stage in the human host) or die naturally in the
saliva at rate 1z =1n,.

In the multiscale model (3.3) for human onchocerciasis, we
interpret the quantities 1/Hy and 1/V, as measures of a
specific geographical area/community/country’s suscepti-
bility to human onchocerciasis. We assume that every
geographical area/community/country’s human onchorece-
ciasis dynamics is characterized by a different set of
susceptibility coefficients 1/Hy and 1/V, to human onchocer-
ciasis infection which is intrinsic to that community and that
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these susceptibility coefficients are dependent on many factors
which include: (i) temperature and rainfall, (ii) structure and
topography of the rivers, (iii) strength of the health system
and (iv) vegetation in and around river beds. Together, these
characteristics will lead to particular human onchocerciasis
susceptibility coefficients 1/Hy and 1/V,, which determine
the human onchocerciasis baseline burden (the level of
human onchocerciasis burden that would exist in a given geo-
graphical area/community/country if no interventions are
implemented to control it). These two quantities (1/H, and
1/V,) indicate the extent to which conditions are favourable
for human onchocerciasis disease transmission in a specific
geographical area. Because of the dependence of super-infec-
tion in the multiscale model (3.3) on two sets of parameters
which are contact rates (8 and fy;) with community pathogen
load and the susceptibility coefficients (1/Hy and 1/V), the
multiscale model for human onchocerciasis (3.3) can be used
to formalize and test the assumptions that underlie the
observed age distribution of pathogen loads in human oncho-
cerciasis [11], by extending the multiscale model (3.3) into an
age-structured multiscale model in which contact rates (B
Br) and the susceptibility coefficients (1/Hy and 1/V,) are
different for each age group to identify mechanisms that
produce observed distribution of pathogen burden in
infected hosts. Table 1 in appendix B gives a summary of the
variables of the multiscale model (3.3). A summary of
the description of the parameters in multiscale model (3.3) is
given in table 2 in appendix B. The mathematical analysis of
the multiscale model (3.3) is given in appendix C. In what
follows we present results of the numerical study of the multi-
scale model (3.3).

4. Numerical study of the multiscale model

In the previous section, we presented the multiscale model
(3.3) of human onchoceriasis as an example application of
the general multiscale model (A 2) in appendix A of vector-
borne diseases. However, not all modelling is without
limitations. The biological mechanisms involved in the multi-
scale model (3.3) for human onchoceriasis have many
inherent complexities. To begin with, most of the parameters
are usually best measured only approximately. Secondly,
there normally exists substantial variation in these par-
ameters depending on geographical region, demographic
factors and several other factors. Also, some of the par-
ameters may essentially be stochastic. As a consequence of
such complexities, the multiscale model (3.3) is inherent of
epistemic uncertainty which derives from lack of knowledge
about the value of parameters that are assumed to be con-
stant throughout the model analysis [12]. We therefore need
to investigate the uncertainty in the model output generated
from uncertainty in unknown parameter inputs whose values
are approximated so that reasonable qualitative features of
the expected output trajectories are simulated. An interval
is created with minimum and maximum values so that the
chosen parameter value is within the interval. Interval analy-
sis using the uniform distribution is used to assess how the
variations of each of the parameters, after discounting the
effects of the rest of the parameters, can be apportioned to
the variation in the model output. To get insight on how
some of the estimated parameters affect the output of the
model and for reasonable inference of model simulations,

we use the Latin hypercube sampling technique which is [ 6 |

one technique that is used to detect such epistemic uncertain-
ties. It is a reliable and efficient technique which allows an
unbiased estimate of the average model output and requires
fewer samples than simple random sampling to achieve the
same accuracy. The technique is combined with the partial
rank correlation coefficients (PRCCs) which measure the
strength of the relationship between each input variable
and each output variable [13]. The qualitative predictive
results from variations of these parameters are generic in
nature and the baseline values used in simulations are repre-
sentative of the overall effects of the parameters within the
specified ranges. Since these parameters are unknown, one
way of determining their values is through the use of data,
and different datasets may generate different parameter
values but the qualitative effects of these parameters remain
the same if the parameters fall in the intervals suggested in
this study.

The numerical values of the parameters used in the
numerical simulations are given in table 3 in appendix B.
The multiscale model (3.3) for human onchocerciasis is cate-
gorized as a CMSM [2,4]. An important feature of CMSMs is
that they use other categories of multiscale as sub-models.
These categories of multiscale models which are used as
sub-models are [2,4]: (i) IMSMs, (ii) NMSMs, (iii) EMSMs
and (iv) HMSMs. In the case of the CMSM (3.3), EMSMs
are used as sub-models. A key feature of EMSMs developed
at host level is that the within-host scale and the between-host
influence each other in a reciprocal way (i.e. both ways)
continuously throughout the period when infected hosts are
infectious [4]. In this section, we use numerical simulations
to illustrate and verify this structure of the coupled multiscale
model (3.3) and indicate the implications for control and
elimination of human onchocerciasis. Of critical importance
to this verification is (a) to investigate the influence of the
within-host scale on between-host scale human onchocercia-
sis disease and (b) the influence of the between-host scale
on the within host scale. We include scenarios which usually
emanate from the standard decoupled within-vector host
scale dynamics, within-human host scale dynamics and
between-host scale dynamics, the fundamental difference
being that these scenarios are extracted from the full coupled
multiscale model.

4.1. The influence of within-host scale on between-host
scale human onchoceriasis dynamics

In this section, we investigate the influence of the average
progression rates o,, 0, o and ¢ at within-blackfly vector
scale and within-human host scale on the (i) between-
host scale variables (Py, Py, Iy, Iy), (ii) within-human scale
variables (P;, P,) and (iii) within-vector scale variables
(P, Py).

Figure 2 shows the influence of the average progression
rate from microfilariae to L; larvae with o,=0.006, 0.0105
and 0.015. Figure 2a-d shows the effects of the variation of
o, on the between-host scale variables (Py, Py, Iy, I), while
figure 2e-h shows the effects of variation of o, on within-
human host scale variables (P;, P;) and within-vector host
scale variables (Ps, P,). The results in figure 2 show that an
increase in o, results in very minimal increases in vector
community pathogen load Py as well as the microfilariae
load P;. Currently, there is no intervention that we know
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Figure 3. Influence of average progression rate from microfilariae to L5 larvae to infectious stage (o,) on the between-host scale variables (Py, Py, Iy, ), within-
human host scale variables (P;, Ps) and within-vector host scale variables (P, P,). (Online version in colour.)

of that targets this life stage. However, these results suggest
that control strategies that target the first life stages of
the pathogen at within-vector scale will have minimal
benefits in reducing parasite load at within-host scale and
human onchocerciasis burden at vector pathogen community
scale.

In figure 3, we show the results of investigating the influ-
ence of the average excretion/shedding rate (c,) of L; larvae
into the saliva of the blackfly’s proboscis where o, = 0.05, 0.1

and 0.15. Figure 3a—d shows the effects of variation of o, on
the between-host scale variables (Py, Py, Iy, Iy) and figure
3e-h shows the effects of the variation of o, on within-
human host scale variables (P, P;) as well as within-vector
host scale variables (P, P,). The results show that an increase
in o, is associated with the increase in the between-host scale
variables (Py, Py), the within-human host microfiliariae
population P, and the mean population of L; larvae per
infected human host Py. The within-vector populations (P, P,)
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Figure 4. Influence of average progression rate from L3 larvae to infectious stage (o) on the between-host scale variables (Py, Py, Iy, 1)), within-human host scale
variables (P, P) and within-vector host scale variables (P, P,). (Online version in colour.)

decrease with the increase in o,. These results indicate
that use of interventions that hinder growth and develop-
ment of the Onchocerca volvulus parasite at within-blackfly
scale will reduce parasite load at within-host scale and
human onchoceriasis burden in the community. However,
care should be taken when using such strategies as they
may have a positive effect of possibly increasing the within
vector parasite load.

Figure 4 shows the effects of increasing the average
progression rate from L larvae to immature worm at within-
human host scale for parameter values ay=0.00005, 0.00001
and 0.000015. Figure 4a—d shows the effects of the variation
of oy on the between-host scale variables (Py, Py; Iy, Iy) and
figure 4e-h shows the effects of variation of oy on within-
human host scale variables (P; P;,) as well as within-vector
host scale variables (P, P,). The results show that the
between-host scale variables (Py, Py; Iy) as well as the
within-human scale parasite load (P;) and within-vector
scale parasite loads (P, P,) increase with the increase in o
while the within human stage Py decreases. We deduce from
these results that vaccines which induce protective immunity
against incoming L3 larvae have potential individual and com-
munity scale level benefits in controlling human onchoceriasis.

Figure 5 shows the effects of varying the rate of microfiliar-
iae shedding/excretion into the human host’s dermis layer of
the skin and eyes a;, where o, =0.0000273, 0.0000546 and
0.0000819. Figure 5a—d shows the effects of variation of o, on
the between host variables (Py, Py, Iy, Iy) and figure 5e-h
shows the effects of variation of a5, on within human host
variables (P, P;) and within vector host variables (P,, P,). We
observe from figure 5 that the between host variables (P,
Py; Iy) increase significantly in response to the increase in the
rate of microfiliariae shedding/excretion into the human
host’s dermis layer of the skin and eyes. The within human
and within vector dynamics show some switching dominance
after the population peaks are reached with the within human
dynamics dominating before the peaks and the within vector

dynamics after. These switches can be associated with the
change in correlation of oy, (figure 10) over time. The results
suggest control strategies such as the use of ivermectin, a
highly effective microfilaricide that inhibits the female worm
microfilarial production, may have individual level benefits
such as prevention of visual impairment, blindness, skin
disease and excess mortality to infected individuals and
community level benefits due to reduced burden of the disease
in the population.

4.2. The influence of between-host scale on within-host
scale human onchocerciasis dynamics

In this section, we investigate the influence of the
between-host scale parameters By, Vo, Hy and Sy on (i) the
within-host scale variables (Ps, Py, Py, Py), (ii) between-
human host scale variables (Py, Iy) and (iii) between-vector
host scale variables (Py, I). Figures 6-9a—d show the effects
of variation of each of the between-host scale parameters Sy,
Br, Hy and V, on the between host variables (Py, Py; Iy, Iy)
and figures 6-9¢e—h show the effects of variation of each of
the between-host scale parameters By, Sy, Hy and V, on
within-human host scale variables (Pf, P;) as well as within-
vector host scale variables (P, P,).

Figure 6 shows the effects of the contact rate of susceptible
humans with infectious reservoir of blackflies By. The values
used for the parameter Sy are = 0.00055, 0.00111 and 0.0017.
The results in figure 6 show that an increase in By increases
the between-host scale variable (Ig). On the rest of between-
host dynamics, the increase in By ultimately leads to the
reduction of their populations. A similar trend is observed on
the within human dynamics and within vector dynamics with
significant decreases observed in the within human dynamics.
Therefore, behavioural interventions such as reducing outdoor
activities during peak periods of blackfly activity and applying
insect repellent containing DEET, wearing protective clothing
and minimizing openings such as buttonholes through which
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() (d)
3000 7000
; ——
2500 S e 6000 ey
a, =273 x10° 4
20000 & | ah =546 %107 2000 if =273 X107
DN I I ,ZM Ce1oun I 4000 f =5.46x10°
u 1500 L Voaoool i [=ee- a,=8.19 X103
o
i
1000 2000} |
500 10001 |
0 5000 10000 15000 0 5000 10000 15000
time (days) time (days)
(8) 10 (h)
205 3500
@, =2.73x10° 0,=273 10
. 3000 0,=546 %105 |
L5 2500 @,=810x105 | e
o 2000
P, 1.0 P
s ‘ el v 1500 “‘,"} //
05 F\ / 1000 rc\‘ //
N2 500§ &
0 5000 10000 15000 0 5000 10000 15000
time (days) time (days)

scale variables (P;, P,) and within-vector host scale variables (P, P,). (Online version in colour.)

a 6 b 6 c d
(@) 5 5 x10 (B)5 9, X10 @000 —— . D000
B, = 0000555 B, =0.000555
3.00 s go=oootit |1 [ B,=0.00111 25001 / T 6000
_ ; 1.50 ... _ f _
f_:q 2.5 = By = 00017 1 S hzooon 20000 if £ i, gviz'zg?fs 3000 = B, =0.000555
L 20 & o , 1 s—ooo | g 4000 s By =0.00111
é L5 é # 15014 : Y3000 ff Lo Pv=00017
o 1.0 > 05 10001 J 2000
0.5 500 1000
0 5000 10000 15000 0 5000 10000 15000 0 5000 10000 15000 0 5000 10000 15000
time (days) time (days) time (days) time (days)
(€) xi0 f () 4 ()
10219 3000 14 210 3000
Ty ——— [, = 0000555
8t o | e ﬂvfoumn 2500 12 2500 = By=00011 ;
s =0, ot e By=00017 |
i R\ T y=0.0017 2000 2000
6 i 8 /
Pl P, 1500 by Py 1500
o s 1000 —hy= 0000553 1000
S\ I I ) p— B,=0.00111 4 B, =0.000555
2 500 g |==- B,=00017 ol AL [ ,=0.00111 500
“‘.M 7 A N N — , = 0.0017
0 5000 10000 15000 0 5000 10000 15000 0 5000 10000 15000 0 5000 10000 15000
time (days) time (days) time (days) time (days)

Figure 6. Influence of contact rate of susceptible humans with infectious reservoir of blackfly vector (5,) on the between-host scale variables (Py, Py, Iy, Iy), within-

human host scale variables (P, P,) and within-vector host scale variables (P,

blackflies crawl in an attempt to feed and wearing of fine-mesh
head nets, similar to those worn by beekeepers would benefit
both individuals and the community.

The results in figure 7 show the influence of the variation of
the contact rate of susceptible blackfly vector with infectious
reservoir of humans By. The values used in this variation are
B =0.0057, 0.114 and 0.171. The results show that as
By increases, there is also a noticeable increase in the
between-host scale variables (Py, Py; Iy, I), and the within-
human variables (P, P},). The increase of B leads to the decrease

P,). (Online version in colour.)

in within vector dynamics (P, P,). This implies that interven-
tions that include reducing outdoor activities during peak
periods of blackfly activity, applying insect repellent containing
DEET, wearing protective clothing, minimizing openings such
as buttonholes through which blackflies crawl in an attempt
to feed and wearing of fine-mesh head nets, similar to those
worn by beekeepers would benefit both individuals and the
community.

In figure 8, we show the effects of increasing the half satur-
ation constant associated with infection of blackflies Hj, using
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Figure 8. Influence of half saturation constant associated with infection of black flies (Hy) on the between-host scale variables (Py, Py, I, 1), within-human host

scale variables (P; Py) and within-vector host scale variables (P, P,). (Online

the values Hy = 15000, 30 000 and 45 000. The results show that
an increase in Hj results in a significant decline of the between
host variables (Py, Py, Iy) and the within human variables
(P, Py) while the within vector variables initially increase but
ultimately decrease over time. As stated earlier, the parameter
H, is associated with a measure of susceptibility of a commu-
nity’s human onchocerciasis burden through a susceptibility
coefficient 1/H,. The increase in Hj corresponds to the
reduction in susceptibility coefficient while the reduction in
Hj corresponds to the increase in susceptibility coefficient.

version in colour.)

Thus, the results in figure 8 suggest interventions that reduce
susceptibility of blackfly vectors to infectious reservoir of
humans (Py) reduce the burden of human onchocerciasis at
community level and reduce parasite load at within-host
scale for both human host and blackfly.

In figure 9, we show the effects of the variation of the half
saturation constant associated with infection of humans V),
with V;=1000, 5000 and 7500. Increasing V, is associated
with the decrease in the between host variables (Py, Py) and
the within human variables (P, P;) while the within vector
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Figure 10. (a—d) The measure contribution of between host parameters (B, Sy, Ho, Vo) on within host dynamics (P, P,) and within vector (P, P,). (e~h) The
measure of contribution of within host parameters (oy, 0,, @, o) on between host dynamics (Py, Py, Iy, 1y). The ranges of values used are as indicated in table 3 in
appendix B. The PRCCs of each parameter are tracked over time. (Online version in colour.)

variables (P, P,) also decrease over time. As in the case
of Hy, the measure of susceptibility of the blackflies is through
a susceptibility coefficient 1/V,. The increase in V| corre-
sponds to the reduction in susceptibility coefficient while the
reduction in V corresponds to the increase in susceptibility
coefficient. Similarly, the results in figure 9 suggest interven-
tions that reduce susceptibility of humans to infectious
reservoir of blackflies (Py) such as vaccines reduce the
burden of human onchocerciasis at community level and
reduce parasite load at within-host scale for both human
host and blackfly.

4.3. Sensitivity analysis
In this section, figure 10a—d is used to investigate the contri-
bution of the between host parameters (By; fu, Ho, Vi) on
within host dynamics and figure 10e-h the within host
parameters (o, o, @, a,) on between host dynamics. The
ranges of values used are as indicated in table 3 in
appendix B. The PRCCs of each parameter are tracked over time.
Figure 10a shows that iy and Sy are positively correlated to
Ps; while Hy and V| are negatively correlated. Over time, the
correlation of fy; Hy and V|, changes towards zero correlation.
Positive correlation of Sy and By on Py indicates that if we
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increase the parameters, the variable P, increases (and vice
versa). The negative correlation of Hy and Vj to P, indicates
that if we increase the parameter, the variable P; decreases
(and vice versa). The change in correlation of Vj, and H, from
negative correlation towards zero correlation suggests that
the parameters were initially responsible for lowering P; then
over time the parameters lose that effect on P;. A change in cor-
relation of By from positive towards zero correlation indicates
that the parameter was initially responsible for increasing P
and over time the parameter loses these effects on P;. A similar
interpretation holds for figure 10b-h.

In figure 10b, the parameters By and Hy are initially posi-
tively correlated to P, with By changing its correlation to
negative correlation over time and Hj changing its correlation
towards zero. The parameters Sy, and V, are initially negatively
correlated to P, with By changing to positive correlation and V
changing to zero correlation over time. The change of corre-
lation of By from positive to negative indicates that the
parameter was initially responsible for the increase in P, and
then over time responsible for the lowering of P,. The change
of correlation of By, from negative to positive suggests that the
parameter was initially responsible for the lowering of P, and
later for the increase in P,. The other two scenarios of either
changing from negative to zero or from positive to zero corre-
lation are as explained in figure 10a.

Figure 10c shows that the parameters ;; and Sy are positively
correlated to P with B having near perfect correlation and Sy
changing correlation towards zero correlation, Hy changes corre-
lation from negative to near zero and V|, changes from negative
to zero correlation over time. Thus, the parameters 8 and fy will
be associated with the increase in Py with much contribution
coming from Sy and the effects of By becoming insignificant
over time while the parameter Hy, will initially be associated
with the lowering of P;but losing the effects over time.

In figure 10d, the parameter V) is negatively correlated to
Py, Bv Hy and By are positively correlated to Pj,. The par-
ameter V) will be associated with the decrease in Py, 8y, Hy
and By increase will result in the increase of P;,. The PRCC
values are, however, small, and thus their influence may
not be significant against P;, over all.

Figure 10e shows that the parameters o; and o, are
negatively correlated to Py and o, and oy are positively corre-
lated to Py. This indicates that the parameters o;, o, and o
are associated with lowering Py while the parameter oy is
associated with increasing Py. In figure 10f, the parameter
o, is positively correlated to Py; o, is negatively correlated
to Py o changes from positive to zero correlation and oy,
changes correlation from positive to negative and finally
positive. This means that increasing the parameter o, results
in the increase in Py, o, will be responsible for lowering the
population Py, o5 increase will result in the initial increase
of Py losing its effects over time and increasing oy is
associated with initial increase in Py followed by lowering
and finally an increase in Py. Figure 10g shows that the par-
ameters o,, 0, and oy, are negatively correlated to Iy and of
changes from positive to negative correlation with all the
four parameters changing to a zero correlation over time.
All the parameters with be associated with the decrease in
Iy but since the PRCCs are mostly close to zero, their effects
are almost always insignificant on Iyy. In figure 10k, the par-
ameter o, changes from negative to zero correlation, o, and
ayare negatively correlated to I; and o, changes from positive
to negative and to zero correlation. This suggests that

increasing o; initially lowers the I, population while the
effects become insignificant over time. The increase of o,
and oy will be associated with lowering I, and the increase
in oy, will initially increase then decrease and eventually its
effects on I, will become less significant over time. The
PRCC values of all the four parameters are also small and
thus, the effects of these parameters may not be so significant.

The results in this section indicate potential drivers of
between-host scale dynamics as well as within-host scale
dynamics that could be targeted with the available prevention
and control measures for human onchoceriasis.

5. Discussion and conclusion

In this article, we presented a new method for the development
of multiscale models of type II vector-borne diseases in which
there is no pathogen replication cycle at both the within-
vertebrate host scale and the within-vector host scale. For such
type II vector-borne diseases, the pathogen load in the infected
host (both the vertebrate host and the vector host) can only
increase through super-infection (that is, repeated infection
before the host recovers from the infectious episode). The
method is based on making assumptions about how individual
infectiousness is scaled up to define population/community
infectiousness, which determines the probability that a random
vector bite on a random vertebrate will infect the vector host or
the vertebrate host. Therefore, the multiscale models developed
through this method includes the actual parasite load (in the var-
ious life stages of the parasite life cycle) at within-host scale and
between-host scale instead of just tracking the number of infected
hosts. The multiscale model for human onchocerciasis suggests a
number of control points, which are suitable for trying out strat-
egies for controlling the spread of this vector-borne disease. The
control strategies can be divided into two categories: those tar-
geting the vector host associated with control of Py (which
may include control of the vector population or which reduce
the parasite load at within-vector host scale) and those targeting
the human host associated with modifying Py (which may
include control of the contact of human host with the vector, or
which reduce the parasite load in the various life stages of the
parasite life cycle at within-human host scale). Overall, the
results in this study confirm that there is reciprocal influence
between public health interventions to control human onchocer-
ciasis which are focused on communities and populations (at
between-host scale) on the one hand and medical interventions
to treat diseases which are focused on the well-being of the indi-
vidual (at within-host scale) on the other hand. These findings
suggest that there are important medical and public health plan-
ning consequences to consider during the processes of planning
of control and elimination of human onchocerciasis.
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Appendix A. Derivation of the general multiscale
model for type Il vector-borne diseases

In this appendix, we present details for the derivation of the
general multiscale model for type II vector-borne disease
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systems in which the pathogen does not have a replication
cycle at within-host scale of any of the two hosts required
to complete its life cycle (the vertebrate host and the
vector host). For such type II vector-borne diseases, the
pathogen load at within-host scale increases only through
super-infection (i.e. repeated infection before the host
recovers from an infectious episode). To develop the general
multiscale model, consider a general type II vector-borne
disease in which both the vector hosts and the vertebrate
hosts are compartmentalized into two compartments
according to their disease status, that is, susceptible ver-
tebrate hosts Sy and infected vertebrate hosts Iy as well as
susceptible vector hosts Sy and infected vector hosts Iy,
with no natural recovery of infected hosts in both popu-
lations (for simplicity). Suppose that the mean pathogen
populations at within-vertebrate host scale in life stages
0,1,...,nare Xo, Xy, Xy, ..., X;,, with X = P being the patho-
gen population in the first life stage and X,, = P, being mean
pathogen population in last life stage (which is infectious to
the vector hosts) while X, X5, ..., X,,_; are the mean patho-
gen populations in the intermediate life stages at within-
vertebrate scale. Suppose also that the mean pathogen
populations at within-vector scale in life stages 0, 1,..., m
are Yo, Y1, Ys, ..., Yy, with Y, = P; being the pathogen popu-
lation in the first life stage and Y,,=P, being mean
pathogen populations in the last life stage (which is infec-
tious to the vertebrate hosts) while Yy, Y5, ..., Y,,_; are the
mean pathogen populations in the intermediate life stages
at within-vector scale. The most critical challenge in the
development of multiscale models that integrate the two
sets of variables, which are (i) Sy, Iy at the between-ver-
tebrate host scale and X, Xj, ..., X,, at the within-vertebrate
host scale as well as (ii) Sy; Iy at the between-vector host
scale and Yy, Yi,...,Y,, at within-vector host scale, is to
establish methods for linking/coupling sub-models across
the between-host scale and the within-host scale for the
two host populations implicated in the transmission of the
vector-borne disease. From a biological point of view, the
linking of the within-host scale and the between-host scale
for type II vector-borne diseases without pathogen replica-
tion cycle within the two hosts consists of both super-
infection, that is, repeated infection before the host recovers
from an infectious episode (for linking of between-host
scale to the within-host scale) and pathogen excretion/
shedding (for linking of within-host scale to the between-
host scale). However, from a mathematical point of view,
the linking/coupling/integration of sub-models across scales
involves up-scaling (for linking of within-host scale to the
between-host scale) and down-scaling (for linking between-
host scale to the within-host scale) of variables associated
with the two disease processes (super-infection and pathogen
shedding/excretion). Therefore, each of these two linking
mechanisms involves exchange of pathogen between the
within-host scale and between-host scale through super-infec-
tion (which involves movement of the pathogen from the
community scale to the within-host scale) and pathogen shed-
ding/excretion (which involves movement of the pathogen
from the within-host scale to the community scale). Extending
the ideas in [5,6] to type II vector-borne diseases, the linkage
between the scales can be established as follows.

(a) Linking within-host scale to the between-host scale. This
is achieved by upscaling individual infectiousness Py

(for each infected vertebrate host) and P, (for each
infected vector host) to community infectiousness
Py(t) = Py (HO)Ig(t) (for all infected vertebrate hosts) and
Py(t) = P,(OI(t) (for all infected vector hosts) in a
particular community. In this study, we refer to Py and
Py as the CHPL and CVPL, respectively. Thus, the
total infectious reservoir of vertebrate hosts (Py) and
vector hosts (Py) in the community (which we collecti-
vely call CPL) is a product of the vertebrate host
population Iy(t) and the infectious within-vertebrate
host pathogen load P, (for the CHPL) as well as a pro-
duct of the vector host population Iy (t) and the
infectious within-vector pathogen load P,(t) (for the
CVPL). Following [6], the CVPL and the CHPL
are modelled by

dp jt(t) = [IH(t) + 1] aPy(t) — Py (t)
" (A1)
and O{’t(t) = [Iv(t) + 1] a,Py(H) — ayPy(b),

where o, and o, are the rates at which the infectious
pathogen populations in the last life stages of the patho-
gen life cycle are shed/excreted into specific anatomical
compartments of the vertebrate host and vector host to
constitute the CHPL and CVPL, respectively. Even
though there is no actual movement of pathogen (as
happens in environmentally transmitted infectious dis-
eases) from within-host scale to between-host scale
(population/community scale) at rates o), and o, in
equations (A1), the fact that P, and P, at within-host
scale are aggregated to re-constitute Py and Py; respect-
ively at between-host scale (population/community
scale), is in this study interpreted to imply that P, and
P, moved from within-host scale (where they constitute
individual host infectious pathogen load) at rates o
and o, to between-host scale (population/community
scale)—where they constitute community/population
infectious pathogen load. In equations (A1), 1/ay and
1/ay are the average times to eliminate the total CHPL
and CVPL, respectively, and render a particular commu-
nity non-infectious to all vertebrate hosts and vector
hosts. The addition of 1 in the infected classes in
equations (A 1) is due to the fact that the infection of a
single host happens through a single transition defined
by (Su(®), In(t), Pv(t)) — (Su(t) — 1, In(H) + 1, Py(#)) with
probability Ay(Py) and (Sy (D), Iy(t), Pu(H)) — (Sy(H) —1,
Iy(t) + 1, Pu(t)) with probability Ay(Py). The subtrac-
tion of a one from the susceptible class and the
addition of a one to the infected class is supported by
the theory of transition probabilities [14]. The contri-
butions of different hosts (the vertebrate host and the
vector host) to vector-borne disease burden has been a
key gap in our knowledge of vector-borne disease
dynamics. An important feature of the multiscale
model proposed in this article is that Py and Py can be
used to give us a formal way of quantifying the contri-
bution of each of the two hosts (the vertebrate host
and the vector host) to vector-borne disease burden in
a specific community. Since Py=Py=0 would imply
that a vector-borne disease is eliminated in a particular
community, then CHPL (Py) and CVPL (Py) can be
operationalized in the evaluation of the path from
control to elimination for a vector-borne disease system
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(b)

in a particular community as: (i) an indicator of a com-
munity’s level of infectiousness and transmission
probability of disease from vector hosts to vertebrate
hosts (for CVPL) as well as an indicator of a commu-
nity’s level of infectiousness and transmission
probability of disease from vertebrate hosts to vector
hosts (for CHPL), (ii) a measure of the effectiveness of
vector-borne disease interventions targeted at the
vector host (for CVPL) as well as a measure of the
effectiveness of vector-borne disease interventions tar-
geted at the vertebrate host (for CHPL) and (iii) a
proximal marker of vector-borne disease incidence
among vector hosts and their potential to propagate
vector-borne disease to vertebrate hosts (for CVPL) as
well as a proximal marker of vector-borne disease inci-
dence among vertebrate hosts and their potential to
propagate vector-borne disease to vector hosts (for
CHPL). Currently, single scale models of infectious dis-
ease systems at host level define disease burden in
terms of incidence and prevalence. However, for some
infectious diseases prevalence is not very informative, as
the infectivity of individuals depends more on pathogen
load than on whether one is infected or not. Incidence is
difficult to measure directly. More importantly, the use
of CPL as a measure of disease burden also enables us
to use a common metric for disease dynamics and
burden across scales. Further, community pathogen also
combines information from prevalence.

Linking between-host scale to the within-host scale. The
incorporation of CPL (CHPL and CVPL) described by
equations (A1) enables us to specify the forces of the
transmission of the vector-borne disease in the two
hosts so that the force of infection of disease transmission
from vector hosts to vertebrate hosts in terms of CVPL
becomes ByAy(Py) and the force of infection for the
transmission of the disease from vertebrate hosts to
vector hosts in terms of CHPL becomes ByAn(Pr). The
linking of the between-host scale to the within-host
scale through super-infection can be modelled by
down-scaling population-level vector-borne transmission
which is SgA(Py)Sy (for the vector host) and SyAy(Py)Sy
(for the vertebrate host) to individual host level vector-
borne disease transmission so that super-infection that
introduces the population of the first life stage of
vector-borne parasite from the between-vertebrate host
scale to the within-vector host scale (denoted Y,=DP;)
is modelled by Aj(t)s,(t) = (BrAu(PR)Sy(t) — 11/ (®@y
[Iy(¢) + 1]). Similarly, the super-infection that introduces
the population of the first life stage of vector-borne
parasite from the between-vector host scale to the
within-vertebrate host scale (denoted X, = Pf) is modelled
by  A(BO)su(t) = ByAv(PVISHE) —=1D/( @y [Ta(t) +1D).
However, this representation of super-infection is a
refinement of the approach in [5] in two ways. First, the
approach in [5] specifies the functional forms of Ay(Pg)
and Ay(Py). Here A4(Py) and Ay(Py) are a general class
of functions whose properties will be specified later.
Second, the approach in [5] over-estimates the number
of new infections, while here the number of new infec-
tions is assumed to be a proportion @y of the existing
cumulative number of infected vertebrate hosts and a
proportion @y of the existing cumulative number of
infected vector hosts.

We now develop a general multiscale model of a type II
vector-borne disease system that integrates the two sets of vari-
ables which are (i) Sy, Iy, Py at the between-vertebrate host
scale and Xy, Xj, ..., X,, at the within-vertebrate host scale as
well as (ii) Sy; Iy; Py at the between-vector host scale and Y,
Yy, ..., Y, at within-vector host scale. Based on the linking
mechanisms we have just described, which represent an exten-
sion of the work in [5,6] to vector-borne disease transmission
theory, then the casual links between the state variables at
the within-host scale and the between-host scale for the ver-
tebrate hosts and the vector hosts can be recast into a
general multiscale model for type II vector-borne diseases in
the form

1. dsft(t) = A — ByAdv(PVISu(® — pySu(®),
5 dlgt(t) = By Av(PV)Su®) — (uy + 8D,
dPe(t)  ByAv(PV)ISu(t) — 1]
ST T apmpm a1 TP
4. d}éit(t) = filXi1, ai1) — (@i + ) Xi(h),
1‘:1,2,3, ...,n*lr
5. dl:;t(t) :fﬂ(anl, anfl) - (ah + /_,Lh)Ph(t),
6. dP;(t) = Iy + Doy, Pp(t) — agPu(®),
t
(A2)
dSy(h)
7. =g = Av = Buhi(Pr)Sy(®) — Sy,
I
8. dc\i/t(t) = ByAu(P)Sy () — (my + Iy (D),
dP(t)  BuAu(Pw)Sv(H — 11
% T3 T @ylly® L] s + )P0,
dy(t
10. d]t( =g i1, o) = (nj + apY(),
j:l,2,3, ...,m—1/
dP,(t
1. T() = gﬂl(melr o'm—l) - (nv + UU)P”(t)’
12. PO 1y 4 D0Pu — avpyo.

In the general multiscale model (A 2), the transmission rates of
the vector-borne disease from the community to the vertebrate
hosts and from community to vector hosts are modelled by
some general functions SyAy(Py) and Sydy(Pp), respectively.
The functions 1y and Ay have the following specifications:

(@ Ay:[0, 00) — [0, 1] represents the probability that a
random bite of a vertebrate host by a vector host in a par-
ticular community with a CVPL Py(t) will infect the
vertebrate host with a vector-borne disease in that
community.

(b) Ap:[0, 00) — [0, 1] represents the probability that a
random bite of a vertebrate host by a vector host in a
particular community with a CHPL Pg(t) will infect
the vector host with a vector-borne disease in that
community.

Since the functions Ay(Py) and A4(Py) are probabilities, they
must have the following desirable properties [15]:
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(i) Property I: the probabilities of infection vanish in
the absence of pathogen (ie. 4,(0)=0, A4(0)=0)
and approach 1 as the
load becomes large (ie.
limpH*m )\H(PH) = l)

(ii) Property II: the probabilities of infection A,(Py)
and Ay(Py) increase with the community pathogen
loads Py and Py, that is, A{,(Py)>0 and A4 (Py) >0,
where prime denotes derivative with respect to
the argument.

community pathogen
limp, e Av(Py) =1,

Several possible functions Ay(Py) and Ax(Py), which we
refer to as infectivity response functions, can satisfy the
above listed two properties including the following two
classic examples:

(a) The negative exponential infectivity response function. This
function has the form [15]
WP =1-e"" and A\g(Py) =1-e """ (A3)

(b) The sigmoid infectivity response function. This function has
the form [16]

Py
VE+ P,
k

P
MPy)=—H — k=1,2,...,n,
n(Pr) H§+P}‘{

Av(Py) = and

(A4)

where the parameter k defines the steepness of the
sigmoid infectivity response.

In (a) and (b) above, Vy, and H, are quantities of CPL
which give 50% probability of infection and yy =In(2/Vy),
yu=1n(2/Hp) [17]. For more information on other forms
of infectivity response functions, see [18]. However, the
multiscale modelling method for type II vector-borne
disease systems presented in this article is still in its foun-
dation stages. Currently data on type II vector-borne
disease systems are still not yet available to select analytic
forms of Ay(.) and Ay(.) on the basis of empirical evidence.
Therefore, our selection of analytic forms of 1,(.) and Ag(.)
is limited to them being able to satisfy property I and
property II above.

In the general multiscale model (A 2), equations (1) and
(2) describe the dynamics of a type II vector-borne disease
system from the vector host to the vertebrate host where the
force of infection specified is based on equations (3) and (4)
in terms of the community vector pathogen (CVPL) load
given by equation (12) of the general multiscale model
(A 2). In these equations, uy and &y are the natural death
rate and disease induced death rate, respectively.
Equations (3-5) of the general multiscale model (A 2)
describe the dynamics of the various pathogen populations
in the different life stages at within-vertebrate host scale. In
these equations, equation (3) describes the dynamics of the
pathogen population in the first life stage at within-ver-
tebrate host scale, while equation (5) describes changes in
the pathogen population in the last life stage at within-ver-
tebrate host scale (which is infectious to the vector hosts).
Equations (4) describe the pathogen populations in the
intermediate life stages at within-vertebrate host scale. In
all the three equations (i.e. (3-5)), the transition of patho-
gen populations from one life stage to another (modelled

by fi(Xi—1, @i—1), i=1, 2,...,n, where fi(Xo, ao) =f1(Pf, )
is either through developmental changes to the next life
stage or through reproduction of the next life stage from
the previous life stage since we assumed a type of vector-
borne disease system that does not have a pathogen repli-
cation cycle at within-vertebrate host scale. These
pathogen populations in the different life stages i=0, 1,
2,...,n suffer natural death at rates u; where uo=y; and
Hp = HUp-

Similarly, in the general multiscale model (A?2),
equations (7) and (8) describe the transmission of the
vector-borne disease system from the vertebrate host to
the vector host where the force of infection specified is
based on equations (3) and (4) in terms of the community
vertebrate host pathogen (CHPL) load given by equation
(6) of the general multiscale model (A 2). The other three
equations in the general multiscale model (A 2), that is,
equations (9-11), describe the dynamics of the pathogen
population in the different life stages at within-vector
host scale. In these equations, equation (9) describes the
dynamics of the pathogen population in the first life stage
at within-vector host scale, while equation (11) describes
changes in the pathogen population in the last life stage
at within-vector host scale (which is infectious to the ver-
tebrate hosts). Equations (10) describe the pathogen
populations in the intermediate life stages at within-
vector host scale. Equally, in all the three equations (i.e.
(9-11)), the transition from one life stage to another (mod-
elled by g;(Y;_1, 0i-1) j=1, 2,...,m, where ¢1(Yo, 0p)=
g1(Ps, o)) is either through developmental changes to the
next life stage or through production of the next life stage
from the previous life stage for the same reason that we
assumed a type of vector-borne disease system that does
not involve a pathogen replication cycle at within-vector
host scale. The pathogen populations in the different life
stages j=0, 1, 2,...,m also suffer natural death at rates 7;
where 7 =7, and 7,, = 1,. A conceptual diagram of the gen-
eral multiscale model (A 2) is given in figure 1. Following
[5], we can easily derive two important results which are:

(a) For positive parameters, the variables of the general mul-
tiscale model (A 2) with positive initial conditions will
remain non-negative for all t>0 and for Ay>uy and
Ay >py; so that they do not violate a basic property of
biological reality.

(b) For a specified A4(Py) and Ay(Py) chosen from the poss-
ible list of infectivity response functions (A 3) and (A 4),
the solutions of the general multiscale model (A 2) are
bounded for Ay >y and Ay > uy.

Therefore, the general multiscale model (A 2) is mathemat-
ically and biologically well posed for Ay >uy and Ay >uy.
We shall assume in all that follows (unless stated otherwise)
that Ay > uy and Ay > puy.

Appendix B. Variables and parameters of the
human ochocerciasis multiscale model

Table 1 gives a description of the variables in multiscale
model (3.3), while table 2 gives a description of the par-
ameters in multiscale model (3.3).
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Table 1. A summary of the variables of the human onchocerciasis multiscale model given by (3.3).

no. variable description
1 SH( ) populatron of susceptrble human hosts at trme t
o . IH(t) OO populat|0n o mfemd human hosts . “met e
o . Pf(t) OO R vmean populatlon o L3 Iawae per rnfected o t e
4 . (t)” S mean populatron of |mmature worms per |nfected human host at trmet .
o (t)” S populat|on - womns per mfected o host at trmet .
‘ ‘6” : : P,,(t)” - - ”mean populatron of mrcroﬁlarrae per |nfected human host at trme t
o . PH(t) OO commumty m|croﬁ|ar|ae pathogen Ioad (CMPL) at trmet L
e Sl,(t) OO mpopulat|on . susceptrble bIackﬂy i e at trme o
‘ ‘9” . . IAt) S vpopulatron of |nfected bIackﬂy vector hosts at time ¢
' .1.0. . - P(t) S mean populatron of mrcroﬁlarrae per |nfected blackﬂy vector at trmet
11 ‘ a(t) - - ‘mean populatron of L1 Iarvae per mfected bIackﬂy vector at trmet
0 : P,,(t) S ”mean populatron of Lz larvae per infected bIackﬂy vector at trmet o
.1.3. . . P(t) S mean populatron of L3 Iarvae per |nfected blackﬂy vector at trmet -
W . ‘P‘V(t)m L ..commumty L3 Iarvae pathogen Ioad ((LPL) ; trme :
Table 2. Description of parameters.
no. parameter description of parameter
1 Ay supply fate of susceptrble humans through birth
2 . BH  (ontact rate of susceptrble blackﬂy vector wrth |nfect|ous reservorr of humans .
e . ,uH e at ofhumans OO
o 6,, B drsease e death rate e
5 ' orHH e of human communrty ‘microfilariae load elimination
6 Ho - haIf saturatron constant assocrated wrth infection of blackﬂy
o N (DH BT proportron U humans s the o |nfected human populatron OO
e AV B supply ot o susceptrble bIackﬂy vector through brrth OO
9 ' Bv R * contact rate of susceptrble humans wrth mfectrous reservorr of bIackﬂy vector '
S0 . ;iv  natunal death fate of bIackﬂy vector v
e . 5V B |nfect|on rnduced death at o bIackﬂy vector OO
o ay e blackﬂy communrty e eIrmrnatron OO
13 ' Vo  haf saturatron constant associated with mfectron of humans
4 <DV I proportron of new |nfected bIackﬂy vector in the total |nfected blackﬂy vector populatron -
e af BT “weoge pogresson rate from L; Iarvae . |mmature wom i the human host BT
e ,uf B natural death ate of L3 e human host
7 ' aw - ‘ average progressron rate from |mmature worm to mature worm in the human host
18 . p'w - naturaI death rate of |mmature worm in the human host '
o a,,, S female voms become fertrlrzed ; the human b
o ,u,,, B naturaI ot e of o to e worm S host OO
2 ' or,,i  nteatwhich mrcroﬁlarrae are shed/excreted into the human host’s dermrs Iayer of the skrn and eyes -
. ;r,, - naturaI death rate of mrcroﬁlarrae in the human hostsskrn and eyes -
B . as - average progressron rate from mrcroﬁlanae to L1 larvae |n the thoracrc ﬂrght muscle of the blackﬂy vector -
u 775 S natural death fate of mrcroﬁlarrae in gut of the bIackﬂy veaor -
5 ' da I ‘ average progressron rate from Ly lanvae to Lz larvae and mrgratron to the proboscrs of the bIackﬂy vector |n the salrva
26 . ﬁa - naturaI death rate of L1 in the thoracic ﬂrght muscIe of the blackﬂy vector
o a,, B weage progressron rate from Lz e L3 Ianrae s the bIackﬂy vector SOOI
e N m B naturaI e e of Lz o bIackﬂys proboscrs OO
29 ' dvi  nteatwhih L3 are shed/excreted into saliva of bIackﬂys proboscrs '
o : n., U |nfect|ous stage L3 Iarvae n the blackﬂysproboscrs OO
3 N,,, - number of mrcroﬁlarrae produced per female worm
o ¢W BT propomon of femaIe woms among o totaI aduIt populatron " worms OSSO
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Table 3. Parameter values used in the multiscale model.

threshold value that is often used in public health to measure
the spread of a disease. Using the next generation operator
approach [24], the multiscale model (3.3) can be written in

no. parameter value [range explored] units source/rationale
1 Ay 0.165 [0.083-0.2475] ! (19]

o B [0057 o e e
o e ”'0000055 [0000046_0000068] = o
o 5H000001 [wa_s T o
5 w 00000546 273 107°-819x107°] " - sa

o T o ow000-5000000) e =

o o .00001 [5x1o—5-15><10—4] . = .

o B 565 10685><103] L o

Y e oo 000555001 o e

o e ,.0071233 [0032877 0142466] R s
n s 0001068 [0.000685-0001644] 4 1]

o ._,,a/...,._______,__...,...__.010000 oss00m. 0150000] R o
o . o0 50 00_7500 w o L
R @, 00001 [0.00005-0.00015] q sa
o D 0001 00000000019 = L
b o e -

b e o [5x10—5-15><10—] o el

o o e =
19 a, 0001836 918 1074-00028)  d”’ sa
b o T o0t R o

o e S ose oot 0o R R "

o o ..0002192 o001 R m
3 o  0.0105 [0.0060-0.0150] -

u 0 00012 [0.0006-0.0018] e 2
o oo o [0183178 021304” e w
o - ,,0200411 [0183178 021304” R s
7 o 0365595 [0333534-0403863]  d” [22]

e o _.0010000 0015 001501 R s
9 s 010000 [0.05-0.15 d o
e o ..0142466 [0071233 0284932] B i

3 N, 100 [1-1000] - worm™ ¢~ sa

32%05[01 03 D .

SaRange of values adapted from sensitivity analysis using the Latm hypercube sampllng technlque

Appendix C. Analysis of the multiscale model the form
(a) The reproductive number of human ochocerciasis d—X: fX, Y, 2),

The model system (3.3) has a disease-free equilibrium given by dY

G osX YD (C2)
E° = (Sy, I, Sv, Iy, Py, Py, P}, Py, Py, Py, PY, Py, Py, PY) and %:h(x, Y, 2),
<AH0AV000000000> (C1 where
My
X =(Su, Sv),
= (In, Py, Py, Pw, Py, Iv, Ps, Py, Py, Py) (C3)
The basic reproduction number denoted as Ry is a and Z = (Py, Py).

Components of X denote the number of susceptibles,
while components of Y represent the number of infected
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individuals that do not transmit the disease. Components
of Z represent the number of individuals capable of

(X", Z2) by
X, 2) = 3,(X°, 2),3,(X°, 2),3,(X°, 2), 3,(X", 2),

transmitting the disease. Following [24], we define - B B B
38X, 2),8,X", 2), §,(X*, 7), (X", Z)), (C4)
with
. By AuPv
1. ¢.(X*,2)= ,
&1 g + (Vo +Py)
. By Ay — ug)Py
2. 9,(X*,2)= . — ,
8 = 60 BV + PG ¢, D)+ 1]
- ay By Ay — p)Py
3. 8.(X",2)= . . — ,
85! ) oty o+ pe (g + ) @u(Vo + Py)lg1(X+, Z2) +1]
~ « . 1 d’waw af BV(AH - MH)PV
4- g4(X /Z)—_ : : ~ ” 7
Mo O+ ey O+ iy (g + 0m) P (Vo + Py)lg1(X*, 2) + 1]
5. 3u(X", 2) = — N _Putw 0§ By (A — )Py
T ity B @wt e ap e (8 Pa(Vo+ PV (XF, 2) + 1T (C5)
- BuAvPu
6.9 (X*,2)= ,
8 wy (wy + 8v)(Ho + Ppy)
- 1 Br(Av — uy)Py
7.8,(X*,2)= : = ,
& Tet e iy (ay + 00Dy (Hy + Pr)lgs (X", 2) + 1
~ » [ ,BH(AV - Mv)PH
8. 3.(X*,2)= . . = ,
8 Gatm, Tt py ey + oV Py (Pr+ Pr)lgs (X7, 2) + 1]
~ « - ay Ts BH(AV - /J“V)PH
9. 35(X*,2)= : : . LA ,
op+my oatm, o+ py(uy + 8v)Pyv(Ho+ Pr)lgs(X*, Z2) +1]
Ay — )P
10. 3o(X*, 2) = S By = )P :
ou+ 1, o+ 0+, s+, py(uy 4 6v)Pv(Hy +Pr)lgs(X*, 2) +1]
Let The basic reproductive number is the spectral radius
(dominant eigenvalue) of the matrix MD™!, that is,
N, = 1 . N, ay, . bt . as
ay ‘: My Moy y + My af + i (C6) Ro = p(MDil)
o . gp . (o} Os )
and N, = ot ot oatm ot _ Npay,  (Ay — wy)By Nyay  (Ag — pp)By ‘
(ug + 6m)  uwyanHo (uy + 6v) movVo
Then, (C10)
NyapBy(Ag — py) Py
h = . — auP .
1 1y + o) P (Vo + Py) apgly n In this case,
NyooBy(Ay — uy) Py Ro = /Rorw - R
and h, = . — oyPy. 0=V Ruv VH/ (C11)
2T Ty + by o+ P T
where
Let A = Dzh(X*, 3(X*, 0), 0) and further assume that A can
be written in the form A=M —D, where M >0 and D >0, Riy = Nyoy,  (Ay — py)By
a diagonal matrix. Then A becomes (g + 61) myagHy
[e97 Npoyy ¢zvaw af
_ NyowBy Ay — pyyp) = ‘ ‘ :
A aH my(uyg + )PV €8 Wt Py Hom O+ My O+ g
= | Nuutv = w) . Pl — ) C12)
wy(uy + 8y)PyHy v wy(uy + 8v)PyagHy
Since A=M — D, we deduce matrices M and D to be Similarly,
0 NhahBV(AH - MH) Rvn = Nyo, . (AH - MH)BV
_ mp(py + o) P Vo (uy +8v)  pyovVo
M= and
NZIO-ZIBH(AV - MV) 0 _ Oy . Op . (] . Ts
oy (uy + 6v) PyHy Gyt My O+ Ot O+
_[an 0 ) Bv( A — pgp) (C13)
D= |: 0 (J'V:|' (C9) H«H(I-LH‘FSH)@HO'VVO
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human population

infectious reservoir

human community
infectious reservoir

blackfly population

Figure 11. A conceptual diagram of the four partial reproductive numbers that constitute the human onchocerciasis reproductive number. (Online version in colour.)

Therefore, basic reproductive number Ry has four main
components which are: (i) the human-to-community partial
reproductive number (Ryc), (i) the community-to-vector
partial reproductive number (Rcy), (iii) the blackfly-to-com-
munity partial reproductive number (Ryc) and (iv) the
community-to-human partial reproductive number (Rcp)
so that Ryy = Ruc.Rcv and Ryy = Ryc.Rcu. These partial
reproductive numbers in the transmission cycle of human
onchocerciasis are shown in a schematic diagram in figure 11.

Therefore, the basic reproductive number Ry in the
human-to-human or blackfly-to-blackfly for human oncho-
cerciasis transmission is made up of the following four
partial reproductive numbers.

(i) The human-to-community partial reproductive number
(Ruc). This partial reproductive number is given by

Ny

Ruyc =———.
M (g + om)

(C14)

This is the average amount of infectious reservoir con-
tributed to the community microfilariae load by each
infected human host during his or her entire period
of infectiousness. This quantity depends on the aver-
age number of microfilariae Nj, produced by female
worms in each infected human, which is available
for ingestion by a blackfly during her uptake of
blood meals from an infected human during his or

(ii)

her entire period of infectiousness and is a composite
parameter given by

1 Npaw  ¢pon af

= . : : . (C15)
e L N P ol I

In the expression for Ruc, o is the rate at which
microfilariae are shed/excreted into the dermis layer
of the skin. Therefore, N, is the rate that describes
how much each infected human host contributes to
the community microfilariae load (the total infectious
reservoir of humans in the community) during his/
her entire period of infectiousness while 1/(ug + 6p)
is the average microfilariae carriage time by each
infected human host.

The community-to-blackfly vector partial reproductive
number (Rcy). This partial reproductive number is
given by

_ Ay — wy)By .

Rev
myanHo

(C1e)
It describes the average number of infected blackflies
arising from each infectious dose of microfilariae
ingested from the total infectious reservoir of
humans in the community. This partial reproductive
number depends on the effective supply rate of sus-
ceptible blackflies (A —uy), the average life span of
each susceptible blackfly 1/uy, the rate of contact of

[¥006L0T 0L Smo4 dxpuaju)  sisi/jeuinol/biobuiysijgndfianosjesol E



the susceptible blackflies with the infectious reservoir
of humans Sy, the average time it takes to eliminate
the infectious reservoir of humans in the community
1/ oy and the susceptibility coefficient 1/H, of blackfly
vectors to infection by the total human infectious
reservoir in the community.

(iii) The blackfly-to-community partial reproductive number
(Rvc). This partial reproductive number is given by

Nyoy

Ryc=——.
Ve (uy + 6v)

(C17)

This is also the average amount of infectious reservoir
contributed to the community L3 larvae load (CLL) by
each infected blackfly vector during her entire period
of infectiousness. This quantity depends on the aver-
age number of L3 larvae produced in each infected
blackfly vector N, which is available for injection
into a human host by a blackfly during uptake of
blood meals from a human during her entire period
of infectiousness and is a composite parameter
which is also given by

. 1 gy o] Ts
Uv+nU.Ub+nb.0ﬂ+na.US+ns'

(C18)

v

In the expression for Ryc, o, is the rate at which L3
larvae are excreted/shed into the saliva in the probos-
cis of the blackfly. Therefore, N,o, is the rate that
describes how much an infected blackfly contributes
to the CLL (the total infectious reservoir of blackflies
in the community) during her entire period of infec-
tiousness while 1/(uy +dy) is the average Ls larvae
carriage time by each infected blackfly.

(iv) The community-to-human partial reproductive number
(Rcn). This reproductive number is given by

(Ag — p) By .

Rcu =
HeovVo

(C19)

It describes the average number of infected humans
arising from each infectious dose of L3 larvae injected
from the total infectious reservoir of blackflies in the
community. This partial reproductive number
depends on the effective supply rate of susceptible
blackflies (A — ), the average life span of each sus-
ceptible humans 1/up, the rate of contact of the
susceptible humans with the infectious reservoir of
blackflies py; the average time it takes to eliminate
the infectious reservoir of blackflies in the community
1/0v and the susceptibility coefficient 1/V, of human
hosts to infection by the CLL (the total blackfly infec-
tious reservoir in the community).

Another informative way of interpreting Ry is to consider it
as a product of two partial reproductive numbers which are
the human-to-blackfly partial reproductive number Rpy
and the blackfly-to-human partial reproductive number
Rvu so that

-

Nya, (Ag — FLH)BV

Npay,  (Ay — MV)BH}

(g + 61)  wyapHp (wy + 6v) . ugovVo
= +/Ruv - Ryn. (C20)

In equation (C20), the quantity Ruv is interpreted as [ 20 |

follows. Consider a single newly infected human host enter-
ing a disease-free population of blackflies at equilibrium.
This individual is still present and infectious and the
expected number of blackflies infected by this human host
is approximately

Ny, (Av — wy)By
N (/J,H + 5H) MvaHHO
_o Npoyy . bt i
_ah—i-puh M Qo+ My Of g
 BulAv — )
wy(py + 8y)PvanHy

Ruv

(C21)

Therefore, the human-to-blackfly transmission coefficient
Ruv is composed of between-host disease parameters and
within-human parameters. Similarly, in equation (C20) the
quantity Ryy is interpreted as follows. Consider a single
newly infected blackfly vector entering a disease-free popu-
lation of humans at equilibrium. This blackfly is still
present and infectious and the expected number of humans
infected by this blackfly is approximately

Nyo, (AH - MH)ﬁV

Rvi = (wy+68v)" pyovVo
0Oy gy (o] Ts BV(AH - /J’H)
ooty oMy Gt M, O+ (g + S Prov Ve
(C22)

From equation (C22), we deduce that the blackfly-
to-human transmission coefficient Ryy is also composed
of between-host disease parameters and within-blackfly
parameters.

(b) Feasible region of the equilibria of the model
All parameters and state variables for model system (3.3)
are assumed to be non-negative to be consistent with
human and animal populations. Further, it can be verified
that for model system (3.3), all solutions with non-negative
initial conditions remain bounded and non-negative.
Letting Ny =Sy + Iy and adding equations (1) and (2) in
system (3.3) gives

dN;
TtH S AH - [.LHNH.

This implies that

lim sup(Ny(#)) < ﬁ
t—o00 Mgy

(C23)

Similarly, letting Ny =Sy +1y and adding equations (8)
and (9) in system (3.3) gives

IV Ay — wyNy. (C24)
dt
This implies that
. Ay
tlgpw sup(Ny (1) < —. (C25)

My

Using equations (C 23) and (C 25) similar expressions can
be derived for the remaining model variables. Hence,
all feasible solutions of system (3.3) are positive and
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eventually enter the invariant attracting region

0 =Sy, I, Sv, Iv, Py, Py, Py, Py, Py, Ps, Py, Py, Py, Py):
0<Sy+1Iy <M,
0<Sy+1Iy <My, 0<P;<Ms, 0<P, <My,
0<P,<Ms, 0<P,<Ms, 0<Py <My
0<P;<Ms, 0<P, <My, 0<P, <My 0= P, <My,
0 < Py < Mp), (C26)

where

A
M, =-H,
My
A
M2: Vr
My

1 BylAy — pyl

ayHy [Rg - 1]

3 = . - ’
af+pp dylAn + pyl {o-VVORvH + aHHORé]

anHo [Rg - 1]

arHo [Rg - 1]

M — 1 af  BylAg — pyl
4= . bl A T 2]’
Qy + gy 0t + My SulAn + py {O'VvORVH + (XHH()RO}
1 A aHHO |:R2 - ]:|
My =—. byt ) i BV[ H_/“LH]. 0
Moy O + My O + iy ulAn + wpl [O'VVORVH + OZHHOR%}
M 1 Npan 0 af  BylAg — pyl
6

_ah+:uh. Moy -aw+luw.af+luf

oy Ny d’w Qy af

’ ¢H[AH + /‘"H] . [vaonH + aHHOR%] ’

aHy [RE 1] (C27)

BylAn — pyl

7: . . .
R T

1 BulAv — uyl

. by AH

ovVo [Rg - 1]

[U'VVORVH + aHHOR(Z)] I

T ooty ylAy + uyl [aHHoRHv

1 [0

BulAv — pyl

+ O'Vv()Rg] ’

avVo [Rg - 1}

9

S o dylAv + pyl’ [aHHORHV + O'VVOR(Z)] ,

ovVo [Rg - 1]

Mg — 1 o o BulAv — uyl
a,+ My O+ M, 05+ d)V[AV + /J’V] [aHHORHV =+ O'Vv()Rg] ’
2
My = 1 Tp Oq O BulAv — pyl avVo [RO B 1}
Oy +My, Op+ 1My Oa+ M, 05+ ¢V[AV + IJ’V] [QHHORHV + O'VvoR(z)] '
2
My = ay ay (o} T BrlAy — uyl ovVo [RO B l]
oy + Ny, Op + My Oa + Ny Os + MNs (be/‘LVo-V [aHHORHV + O'VV[)RS] '

where
o NyooBylAm — uyl
VH = —¢> v Vo
N I; ’[*A | (C28)
and Ry — ~henpuldv — fyl
v by uy aHo

for Ay >up, Ay >uy. Thus, whenever Ay >uy and Ay > uy
then £ is positively invariant and attracting and it is sufficient

to consider solutions of model system (3.3) in £2. Existence,
uniqueness and continuation results for system (3.3) hold in
this region and all solutions starting in £ remain there for
all £ > 0. Hence, model system (3.3) is mathematically and epi-
demiologically well posed, and it is sufficient to consider the
dynamics of the flow generated by model system (3.3) in £2.
We shall assume in all that follows (unless stated otherwise)
that Ay > puy, Ay >uy and Ry > 1.
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