Supplementary material
System of ordinary differential equations of the proposed model 
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                                                                                                                               (1)
with the conditions H(t) = HS(t) + HA(t) + HI(t) + HP(t) > 0 , V(t) = VS(t) + VI(t) > 0 and D(t) = DS(t) + DI(t) > 0 for all t
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0. The feasibility region is 
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0. 

Next-generation matrix 

To obtain the next-generation matrix, we need to know the infection-free equilibrium point (IFEP) where there are no infected individuals in the population and the eight derivatives of system (1) are zero. So, we have equations first, fifth and seventh of system (1) become:
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Equations (2) are only used to derive the state of the system in the next generation, not to predict the composition of the populations in advanced times. We will consider here only the human case because it is analogous to that of triatomines and dogs. At the IFEP, we have:


[image: image15.wmf]()

10

HSHS

H

Ht

bd

K

æö

--=

ç÷

èø


Hence
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Therefore, the IFEP has the following eight dimensional coordinates:
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So, in order for the IFEP to exist, the following conditions must hold:
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To obtain matrix K we define matrices F and Y as:
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where 
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are the coordinates of the susceptible humans, triatomines and dogs in the infection-free equilibrium point, and
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Then
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The (i, j) entry of F is the rate at which infected individuals in compartment j produce new infections in compartment i. The (j, k) entry of Y-1 is the average length of time that an infected individual k that enters a infection-free population spends in compartment j during the infectious lifetime. 
So we obtain the K = FY-1 operator as:
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The formula for each element kij is presented in the main text.
Threshold Numbers T
If the spectral radius of the matrix (I – P) K is less than 1, TH is well-defined. Using the next-generation matrix K,  
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where I is the 5(5 identity matrix, e is the unit vector and P is the 5(5 projection matrix, defined by p11 = 1, pij = 0 for all the other entries. So TH denotes the number of secondary human cases that will result from the introduction of a human at the HA stage of the disease through his/her infectious lifetime either directly or through chains of infection passing through any sequence of the other species considered (dogs and triatomines). This means that the dog and the triatomine populations, at which the control effort is not aimed, cannot sustain an epidemic by themselves. The theory states that the infection will be eliminated over time if a proportion of the human population greater than 1–1/TH is permanently protected at birth. We consider this criterion as an approximation, based on the assumption that the population is homogeneous and well mixed, but it may be extended to populations with a more complex structure as stated by Roberts and Heesterbeek (2003) applied to a model of Chagas disease with transfusional and vectorial transmission. If 
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 1 that is, if the dogs and triatomines could sustain T. cruzi, then no amount of control effort aimed only at humans would be able to prevent the epidemic.

To determine the number of VI caused by a VI in a totally susceptible population through chains of infection passing through any sequence of individuals of other types (such as infected humans or dogs), denoted TV, we considered triatomines as type 1 individuals. As suggested by Heesterbeek and Roberts (2007), we numbered the types of individuals in such a way that the control effort is aimed at type 1. So, we redefined the next-generation matrix as:
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In a similar way, 
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    if    ρ[(I – P)KV] = max {k11,  k55 } < 1 .

TV denotes the number of secondary triatomine cases that will result from the introduction of a triatomine through its infectious lifetime either directly or through chains of infection passing through any sequence of the other species considered (humans and dogs). This means that the human and the dog populations, at which the control effort is not aimed, cannot sustain an epidemic by themselves. In this case the infection will be eliminated over time if a proportion of the triatomine population greater than 1–1/TV can be prevented (such as by vector control).

If ρ[(I – P)KV]  
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 1 that is, if the humans and dogs could sustain T. cruzi, then no amount of control effort aimed only at triatomines would be able to prevent the epidemic.

Finally, to determine the number of DI caused by a DI in a totally susceptible population, through chains of infection passing through any sequence of individuals of other types (such as infected humans or triatomines), denoted TD, we considered dogs as type 1 individuals. Then, we redefined the next-generation matrix as:


[image: image35.wmf]5554

11121314

D

45414243

000

0

00000

K

00000

0

kk

kkkk

kkkk

éù

êú

êú

êú

=

êú

êú

êú

ëû

.

So 
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TD denotes the number of secondary dog cases that will result from the introduction of a DI through its infectious lifetime either directly or through chains of infection passing through any sequence of the other species considered (humans and triatomines). This means that the human and the triatomine populations, at which the control effort is not aimed, cannot sustain an epidemic by themselves. In this case, the infection will be eliminated over time if a proportion of the dog population greater than 1–1/TD can be prevented (such as by dog control). If ρ[(I – P)KD]  
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 1, that is, if the humans and triatomines could sustain T. cruzi, then no amount of control effort aimed only at triatomines would be able to prevent the epidemic.
Sensitivity of the R0 value before changes in the parameter values of the next-generation matrix
The R0 value depends on the parameters inside the next-generation matrix in such a way that every change in them will be altering it. For this reason, it is useful to have a measure of how the changes in a parameter would affect the R0 value or, in other words, how sensitive the R0 value is to changes in the values of a parameter.

The sensitivity sij of a matrix element kij of the next-generation matrix is defined as the change in R0 as the result of a change in kij. The sensitivity sij can be calculated from the left and right eigenvectors of the next-generation matrix, as  
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 wj being the j-th component of the dominant right eigenvector, and vi being the i-th component of the dominant left eigenvector, that is,
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The sensitivity values sij together form a sensitivity matrix S. 

The following is the matrix of sensitivity corresponding to the next-generation matrix:
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where each element of S measures the change in 
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 determined by a small change in the corresponding next-generation matrix element, with all other entries made constant. The value of element s54 (= 94.5650), which represents the number of infected dogs per infected triatomine stands out: a small increase in this element results in an increase that is greater than the increase in any other matrix entry. On the other hand, small changes in s11(= 0.0035), which show the transmission of T. cruzi among humans from a human at the acute stage, have little influence on 
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. The zero in the second and third columns of S are in concordance with the zero in the second and third component of the eigenvector w: infected humans or triatomines only may generate humans at the acute but not at the chronic stage.
The sensitivity of R0 to changes in an individual parameter p, denoted Sp, is the partial derivative of R0 with respect to p. It measures the change in R0 resulting from small changes in p if all other parameter values remain constant. Considering that a given parameter could be involved in several entries kij of the next-generation matrix, to estimate the R0 sensitivity regarding a parameter p, the chain rule of differentiation will be used. Therefore:
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All the derivatives of R0 with respect to p in each matrix entry are summed up. Of course, 
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for all the entries of which p is not a factor. The first factor in each term of (4) – the derivative of R0 with respect to each of the matrix elements – corresponds to the sensitivity of that element
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Similar changes in parameter values may have different biological significance (due to different numerical scales), or not biological significance at all. To compare different sensitivity values, the Sp values must be re-scaled. The standard way to do this is by calculating elasticity, which measures the proportional change in R0 resulting from a given change in the parameter value (Caswell, 2001; De Kroon et al., 1986). Elasticity is more suitable to assess the relative importance of the parameters (Hartemink et al., 2008). 
The elasticity eij of a matrix element kij  is defined as the proportional change in R0 due to a proportional change in the matrix element 
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Therefore,
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Once the sensitivity of R0 to a parameter p has been calculated, a simple multiplication with p/R0 will give the elasticity value (Hartemink et al. 2008).
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