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STRUCTURE OF THE SIMULATION MODELS
This appendix describes various technical aspects of the implementation of the simulation model used to calculate:

· Probability of a dog returning canine Leishmaniosis (CanL) infected from an endemic area (PInf) 
· Probability of persistence of CanL within a contact network of dogs with presence of vectors (PPer)
· Probability of persistence within a region (PPerRegion) 
1. Individual-based stochastic model of disease spread to estimate PInf and PPer

The transmission of CanL is simulated in small dog populations (traveling dogs and contact network of dogs, Figure 1). The model parameters described hereafter are expressed on a daily basis; however the model was parameterized in daily or weekly terms depending on the objective of the model.
To estimate PInf, the dog’s infection state was evaluated daily for the duration of his trip to an endemic area, and recorded at the end of the simulation period. 

To estimate PPer, the infection state of each dog in a contact network was simulated in weekly steps during a 3-year period following the day when the infected dog introduced into the contact network became infectious. Persistence was considered to occur when at least one newly infected dog (other than the index dog) remained infected in the contact network at the end of the simulation period.

1.1. Probabilities of transition between stages

1.1.1. Probability of transition from Susceptible to Latent 

Susceptible dogs may become infected when an infectious sandfly bites them. As proposed by Dye [1] assuming homogeneous mixing (all sandflies are equally likely to bite any given dog) the expected number of new dog infections on day d E[Ld ] is proportional to VC (e.g. the expected number of new infections per Infectious dog per day d) multiplied by the number of Infectious dogs (I + C) in the network on day d and by Sd/Nd, the proportion of the total population N that is Susceptible and day d. Therefore, assuming a constant probability of infection during the exposure period and excluding the elements not relevant to the vectorial capacity, the number of new infections on day d is proportional to:

Ld ∝ Poisson(VC*(Id + Cd)*Sd/Nd)                                           (1)
However, if any of the terms above are large enough, Ld can be greater than the total number of Susceptible individuals S. For example, if VC=2, I=30 and N=50 and all other 20 dogs are Susceptible, Ld would be 24 which is greater than S. Therefore, a Binomial approximation to this Poisson rate was used, where Ld ~Binomial(Sd,E[Ld]). As each dog is modeled individually, the probability of infection for any given Susceptible dog is then:
PS(L, d =VC*(Id + C d)*1/N                                                  (2)
Where the term S/N is replaced with 1/N. This approximation worked well for all the range of parameters and populations tested in the model. An alternative version of the model, where the number of newly Infectious individuals was simulated using a Poisson distribution and then allocated to individual dogs, was implemented and yielded equal results. 

If large populations and VC are modeled, an extra term can be added to restrict Ps(L, d to 1 when E[Ld] >1, i.e.

[image: image1.png]_(LifE[l]>1
PsL,d = o0 o, e




1.1.2. Probability of transition from Latent to Infectious Sub-Clinical 

The probability of transition from Latent to Infectious PL(l on day d is given by:

PL(l,d = 1-exp(-(f(d)/ 1-F(d)))                                                 (3)
Where (f(d)/ 1-F(d) is the “instant failure rate” (“failure” refers to the transition from Latent to Infectious Sub-Clinical): f(d) is the probability density at time d and F(d) is the cumulative function of the duration of the latent period up to time d. 

1.1.3. Probability of transition from Infectious Sub-Clinical to Infectious Clinical

The probability of transition from Infectious Sub-Clinical to Infectious Clinical PI(C on day d is calculated in a similar way to PL(l,d:

PI(C, d = 1-exp(-(f(d)/ 1-F(d)))                                                 (4)
Where f(d) is the probability density function at time d, and F(d) is the cumulative density function up to time d of the duration of the Infectious Sub-Clinical period.

1.2. Vectorial capacity

The vectorial capacity (VC) represents the number of new secondary cases infected from an infectious case per time step. Vectorial capacity was modeled as follows:

                                                             VC =                                                                          (5)[image: image3.png]


 QUOTE  

where: m = Number of female sandflies per dog, [image: image5.png]


 QUOTE  
α = Number of female sandflies bites per day, µ =Daily mortality rate of female sandflies, and l is the latency period of Leishmania in sandflies (l=1/τ, the transition rate from latent to infectious, assuming an exponentially distributed latent period in the sandfly).

The term [image: image7.png]
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e-μ represents the probability that any given sandfly survives one day; it is assumed to remain constant throughout the life of a sandfly and therefore, exponentially distributed. The term [image: image9.png]


 QUOTE  
 e-μl represents the probability that a surviving sandfly is able to transfer the infection via bites. Multiplying the density m by the squared bite rate [image: image11.png]


2 (to represent the fact that a sandfly has to bite both an Infectious and a Susceptible dog to transmit the disease) by [image: image13.png]


 QUOTE  
 e-μl returns the number of infectious bites per sandfly per day, and dividing it by the daily mortality rate µ then provides the number of daily new dog infections resulting from one Infectious dog in a Susceptible population. 

Sandflies breeding season starts when daily average temperatures are higher than 14°C [2], therefore no sandfly activity is observed during the winter months. The model includes two seasons, winter and non-winter. During the winter season there are no active sandflies and thus no transmission of CanL. The duration of winter is modeled using a fixed value, shorter in the free-area than in the endemic area to represent differences in climates between endemic and non-endemic areas (Table1).

1.3. Modeling mitigation measures

The model account for the effects of mitigation measures (MMs) described hereafter. Resistant are dogs that have developed an immune response which prevents them from becoming Infectious, as a result of effective vaccination or treatment (curative or preventative). Latent dogs can become Resistant following either prophylactic medication (at rate π*L) or vaccination (at rate θ*L). Infectious Clinical dogs become Resistant after treated at a rate η*C. Infectious Clinical dogs that are not diagnosed and treated (or in which the treatment is not effective) remain infectious. Resistant dogs can die at a rate δ*R.

For each of the MMs the proportion shown above was modeled using two parameters; use (fixed, as reported for the scenario analysis) and efficacy, represented as probability distributions. The transition of individual dogs between states on day d was simulated with Bernoulli trials, where the probabilities of transition (success in the trial) were calculated as described in previous section.

1.3.1. Effectiveness of vaccination and prophylactic medication and probability of transition from Latent to Resistant 

The probability that vaccinated dogs become Resistant on day d is given by:

PL(R, d = % vaccine use * Vaccine efficacy                                   (6)
The probability that dogs are treated preventatively and transition to the R state on day d is given by:

PL(R, d = % prophylactic medication use * Prophylactic medication efficacy         (7)
1.3.2. Effect of treatment and probability of transition from Clinical to Resistant 

Dogs with clinical signs of CanL that are successfully treated transition to the Resistant state. Only a proportion of dogs are diagnosed and assumed to be immediately treated, therefore treatment is not considered a MM. Treatment use is thus defined as the proportion of dogs diagnosed with CanL and subsequently treated. Treatment efficacy is defined as the probability that a treated dog becomes R. Assuming that use and treatment are independent, the probability that a diagnosed and treated clinical diagnosed transition to the R state on day d is simply the multiplication of both probabilities, 
PC(R, d = Treatment use * Treatment efficacy                                       (8)
1.3.3. Effectiveness of repellent on vectorial capacity and transition from Latent to Infectious

Repellent used on a dog is Bernoulli (γ), where γ is the proportion of the dog population on which repellent is used. 

When used on Susceptible dog(s), repellent reduces the biting rate of sandflies (and therefore, the vectorial capacity) proportionally to its efficacy:

[image: image15.png]


= [image: image17.png]


*(1-Repellent efficacy)                                                            (9)
When used on infectious dog(s), repellent reduces the transmission of Leishmania from infectious dogs to susceptible sandflies. This is represented in the models by reducing the total number of infectious dogs by a proportion equal to the repellent efficacy, thus (I + C)’ = (I + C)*(1- Repellent efficacy).
1.3.4. Effectiveness of insecticide on vectorial capacity

Insecticide application in the area of interaction of the contact network of dogs was Bernoulli (φ) where φ is the probability that insecticide is applied (i.e. Insecticide use). 

When used, insecticides result in a decrease of the density of sandflies proportional to its efficacy,  

m’ = m*(1-Insecticide efficacy)                                                         (10)
1.3.5. Effectiveness of testing and exclusion 

This MM assumed that a rapid screening test was used on animals and that positive dogs were excluded i.e. not allowed for introduction/movement into the non-endemic areas. The Npop dogs to be imported were tested with certain proportion of use (Ptest) and test sensitivity (Se). Ptest was the proportion of dogs tested and was assumed to be the same for all CanL infection states. Se was the probability of a dog testing positive given that the dog was infected. The probability of any infected not being detected PD- was then:

PD-=(1-Ptest) * PCanL + Ptest * PCanL*(1-Se)                                    (11)
Where (1-Ptest) * PCanL was the joint probability of any given dog to be untested and infected, and Ptest * PCanL*(1-Se) was the joint probability of a dog being tested, infected, and test negative (i.e. false negative). PCanL was PInfCA and PInf for the disease introduction pathways (import and traveling, respectively).

Therefore, the total number of infected dogs entering the non-endemic area NInf was Binomial (Npop, PD-), which was calculated separately for both pathways. This calculation assumes that the dogs exported are relatively small compared to their initial population (i.e. dogs exported don’t change the CanL prevalence in the country/region of origin)
1.4. Modeling dog populations

1.4.1. Contact network size

A contact network of dogs represents a group of dogs that interact and may be able to transmit CanL to each other via sandflies, because they share a common geographical area and often have direct (e.g. walking or playing at the same time) or indirect (e.g. walking in the same parks at different times) contacts. The contact network size was a fixed value (50 dogs) that represents a high level of contact between dogs in the network [3]; however that value can be modified for further scenario analysis. Sandflies only travel relatively short distances [4], which further limiting the contact network to a relatively small number of animals.
1.4.2. Day of the year traveling

This is the day when the travel to endemic area occurs, and is used to determine if the travel occurred during the season where sandflies are inactive (winter) or active (non-winter period).

1.4.3. Traveling days

The number of days traveling to an endemic area represents the period of exposure (in days) of dogs traveling to CanL endemic areas as part of a household trip.  

1.4.4. Prevalence of CanL in endemic areas

PInf was equal to the prevalence of CanL and was used to simulate the number of infected dogs in the contact network of the endemic area where susceptible dogs travel to. The variability in the number of infectious dogs was Binomial(n, PInf) where n was the number of dogs in the contact network (50) and PInf  was an uncertainty distribution of true prevalence.

1.4.5. Age

Dogs in a contact network have different initial ages, and during the modeling period some may die and be replaced. 

The variability of the age (in days) of each ith dog in the network at day 0 was modeled using a LogNormal distribution (mean, SD).

1.4.6. Daily mortality rate

The variability of the daily mortality of the ith dog during the xth day of age (PiDead) was modeled using a Bernoulli distribution with a probability PiDead coming from a Weibull distribution with shape = α and scale = β where:
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                                (12)
1.4.7. Replacements

After a certain period of time following the death of a dog (time to replacement, given by a Pert distribution), a replacement dog is introduced into the contact network with a probability κ of replacement modeled using a Beta distribution. It was assumed that all replacement dogs are Susceptible. The age of the Susceptible replacement dogs is given by the same distribution used for the age of the dogs in the initial contact network at day 0. 

2. Modeling the probability of persistence in a region

The general principles of import risk assessment modeling were used to estimate the probability (with uncertainty) of persistence of CanL in at least one contact network in a previously CanL free region (PPerRegion). 

The number of infected dogs introduced into the disease-free region (NInf) when no testing and exclusion strategy was considered was modeled via a traveling (NInfTravel) and an import (NInfImport) pathway:

NInfTravel ~Binomial(Npop, PInf)                                                   (13)
NInfImport ~Binomial(Npop – NInfTravel, PInfCA)                                       (14)
Where Npop is the total number of dogs imported from endemic areas, PInf is the probability that a dog returning from an endemic area is infected, and PInfCA is the probability that a dog imported from a CanL endemic area is infected. 

The number of contact networks was unknown and likely to largely vary from region to region. Thus for simplicity, it was assumed that the dogs imported were independent, and that dogs are equally likely to enter any contact network within the non-endemic region. PPerRegion was simply 1-(1-PPer)NInfTravel for dogs returning from endemic areas and 1-(1-PPer) NInfImport for dogs imported from endemic areas.
PPer is the probability of persistence in any contact network for both pathways. The term (1-PPer)NInf represents the probability that none of the NInf imported dogs produce infection within their recipient network, so 1-(1-PPer)NInf provides the probability of persistence (i.e at least one additionally infected dog after three years following the introduction of an infected dog) in at least one contact network in the region. This simple calculation does not take into account clustering and/or overlapping of networks.
DERIVATION OF PARAMETERS USED IN THE SIMULATION MODEL
1. General approach and inference

The parameters used in the modeling section included vector and dog population parameters, parameters affecting the disease and infection dynamics at the individual dog level, and efficacy of different MMs, among others. Therefore, a variety of sources of data were consulted to parameterize the model. A summary of the parameters and sources is included in table 1 in the main article.
When available, peer-reviewed evidence was preferred to derive parameters. In absence of relevant published literature or other reputable data sources, expert judgment was used. 
In presence of uncertainty, a maximally noncommittal approach to the parameter estimation was taken. In other words, when candidate uncertainty distributions were available to model a parameter, the one with the largest uncertainty (e.g. greatest variance) was chosen. Moreover, when no empirical evidence was available to support a parameter, a scenario analysis approach was favored.

In general, when little data was available to derive a parameter, Bayesian methods with vaguely informative priors were preferred over frequentist methods, whereas when sufficient data was available, the simplest method (regardless of inference type) was selected. 

For example, when estimating the uncertainty in a proportion, if the number of successes s out of n trials was reported, the Bayesian conjugate prior Beta(S+1, n-s+1) was used as its analytical form could be directly presented in the model. 

Likewise, when the results from RCTs of MMs were reported, efficacy was calculated using the standard formula: [image: image21.png]


 QUOTE  
 efficacy =1-relative risk (RR), where the uncertainty in the RR was modeled using the classical asymptotic normal approximation of the Ln (RR):

  Ln (RR) ~ Normal (Ln (RR), SE)                                           (15)    
Therefore, the probability density function of RR in the antilog was RR~exp (Normal(Ln(RR), SE))[image: image23.png]RR~exp(Normal(Ln(RR), SE))



 QUOTE  
. All MMs were assumed to be at least as efficacious as placebo and therefore, the uncertainty distributions of efficacy were truncated at 1, yielding a minimum efficacy of 0.
When no analytical solutions were possible, Bayesian posteriors using MCMC were estimated using the WinBUGS software and resampled in the model. An example of such case was the estimation of true prevalence of infected dogs in endemic areas using latent class analysis. 

Finally, when conflictive data sources were present but potentially relevant, a mixture distribution was used to sample (with equal weight) from the uncertainty distributions from each data source. 

The parameters included in the model are listed in Table 1 in the main article.
2. Vectorial capacity

The uncertainty in the mean number of sandflies per dog m was estimated from a study in a central municipality of Portugal [5]. In this study, 264 CDC miniature traps were used in 17 parishes to capture sandflies. The number of traps per parish and the mean number of Phlebotomus perniciosus captured per trap per night were used to parameterize a Gamma (Scale, Shape) conjugate using a vague 1/( prior, where the shape parameter was the total number of sandflies captured in all traps and days, and the scale parameter was the inverse of the total number of trap/days ((). In absence of dog specific data, it was then assumed that the traps used in the study were as attractive to sandflies as dogs and therefore the mean number of sandflies per trap was equal to the mean number of sandflies per dog. 

The uncertainty in the mean number of bites per female sandfly per day [image: image25.png]


 was elicited from European entomology experts. As the expert judgments largely agreed (i.e. little heterogeneity in their response), a fixed effect meta-analysis using the inverse of the variance (6) to weight the three expert judgment was used to estimate the mean (bites and SEbites of the mean total bites per fly. The uncertainty in the mean total bites was then Normal((bites, SEbite). Finally, Normal((bites, SEbite) was divided by the mean sandfly lifespan to convert it to [image: image27.png]


, the daily bite rate. The resulting distribution of [image: image29.png]


 was used directly in the calculation of VC. The uncertainty of τ, the daily rate of transition from latent to infectious sandflies was estimated using the judgment of two experts using the same methodology as described for [image: image31.png]


 above. Finally the uncertainty in the mean lifespan of sandflies was estimated from the judgment of two experts. However, the experts provided diverging estimates, so the inverse of the mean daily lifespan estimates from each expert were sampled with equal weight from a categorical distribution to represent the uncertainty in (, the daily mortality rate of female sandflies.  

3. Disease transmission parameters 
3.1. Transition from Latent to Infectious Sub-Clinical 

The variability in the length of the latent period (from exposure to Infectious) was estimated using data from Oliva et al. [7]. This was a three-year longitudinal cohort study where non-infected dogs were introduced to a CanL endemic area in Italy. Dogs were tested on a regular basis (every 1 to 3 months) throughout the study. To estimate the variability in the length of the Latent period, it was assumed that dogs became Latent when they first tested positive to nested-PCR in bone marrow aspirate samples. Similarly, it was assumed that the time the dogs became infectious was the time when dogs were positive to all tests (nested-PCR in bone marrow aspirate samples, IFAT in serum samples with a cutoff of 1:160 dilution and microscopy and culture of bone marrow aspirate samples). A parametric Weibull survival analysis was performed on the data above to estimate the shape and scale parameter of a Weibull distribution of the latent period.      
3.2. Transition from Infectious Sub-Clinical to Infectious Clinical

The variability in the length of the period between Infectious Sub-Clinical to Infectious Clinical was estimated from Oliva et al. [7], using a parametric survival analysis, as described for the latent period.
3.3. Treatment Efficacy

The uncertainty of the treatment efficacy was estimated from two clinical studies in dogs using Meglumine antimoniate alone or combined with Allopurinol. These drugs are considered the first line option for the treatment for CanL [8,9]. Treatment also reduces the parasite load and the transmission of the parasite to sandflies [7]. Slappendel and Teske [10] found that 32(s) out of 42 (n) dogs with clinical leishmaniosis recovered from the clinical stage. Similarly, Manna et al. [11] found that 11(s) out of 18(n) patients recovered from the clinical stage. A Beta(s+1, n-s+1) distribution was used to estimate the uncertainty in the efficacy from each study, and the resulting distributions were sampled with equal weights using a mixture distribution.
4. Environmental characteristics
4.1. Prevalence of CanL in endemic areas

The prevalence of Infectious dogs in contact networks within endemic areas was estimated using the prevalence of clinical cases from two studies from Spain. Gálvez et al.  [12] surveyed a population of 1,076 (n) and found 29 (s) dogs that tested positive and had clinical signs compatible with leishmaniosis. Miró et al. [13] found 19 (s) seropositive dogs with clinical signs of leishmaniosis out of a population of 418 (n) surveyed dogs. Beta(s+1, n-s+1) distributions were used to represent the uncertainty in the prevalence of clinical cases from each study. The distributions were then combined in a mixture distribution and sampled with equal weights. It was assumed that the prevalence of clinical cases of leishmaniosis is an approximation to the prevalence of Infectious dogs.

The true prevalence of infected dogs in the contact network within endemic areas was estimated using the prevalence of seropositive to IFAT and a Bayesian latent class model [14], with non-informative priors for the prevalence and informative priors for IFAT sensitivity and specificity [15].

4.2. Length of the winter season (seasonality)


Oliva et al. [5] described that sandfly activity in an endemic area in Italy can be normally observed from the end of May to mid-October; therefore the duration of the non-winter period was assumed to be 5 months in endemic areas and a shorter 3 months in non-endemic areas that would presumably have lower temperatures and therefore, a shorter sandfly season.

4.3. Traveling days

The mean number of outbound trips from European countries and length of the trips was obtained from 293,456,842 records from 2009 to 2011 from the European tourism information database [16]. This information was recorded into 6 categories of trip lengths (frequency): from 1 to 3 nights (20.7%), 4 to 7 nights (38.1%), 8 to 14 nights (26.3%), 15 to 28 nights (11.1%), 29 to 91 nights (3.6%), and 92 to 365 nights (0.2%). Business trips were excluded from this analysis, as it was assumed that in most cases business travelers would not be accompanied by dogs. Given the very large number of records, the travel lengths were assumed to be representative and directly sampled using a continuous empirical distribution. 

5. Dog population parameters
5.1. Age

In a cross-sectional serological study in Spain Gálvez et al. [12] reported a mean age of 1,898 and standard deviation of 1,241 days in the study population surveyed These parameters were used in a Lognormal distribution to model the age distribution of dogs. 

5.2. Daily mortality rate

A Weibull distribution was fitted to reported data on longevity of UK breeds of dogs [17] using MLE methods.
5.3. Replacements

A survey of 103 pet owners in Canada [18] showed that the time to replacement varied from 4 days to 10 years with a median of 4 months. These values were incorporated in a Pert distribution to model the variability in the time to replacement. The same study reported that 51(s) out 103(n) pet owners replaced their lost pet with another pet. These results were used to parameterize a Beta(s+1, n-s+1) distribution which was used to model α, the probability of replacement. 

6. Efficacy of mitigation measures

The uncertainty in the efficacy of MMs followed the general form of efficacy = 1- Relative Risk (RR) [image: image33.png]efficacy = 1-Relative Risk (RR)



 QUOTE  
, and was explained in detail above. Therefore, the sections below describe the data sources used to derive efficacy. 

6.1. Vaccination

The relative risk of leishmaniosis of vaccinated dogs versus control dogs was estimated from data from a vaccine trial that tested a precursor of a commercially used vaccine [19].  

6.2. Prophylactic medication

A clinical trial reporting leishmaniosis in Domperidone treated dogs versus control dogs [20] was used to calculate efficacy using the same methods as described for other efficacies. 
6.3. Repellent

The uncertainty in repellent efficacy was derived from a study that measured the number of sandfly bites on dogs using collars impregnated with Deltamethrin vs. controls [21]. 

6.4. Insecticide

In the absence of relevant sources from Europe, the overall efficacy of insecticides in reducing the density of sandflies was estimated using a study that evaluated 5 different insecticides (Lambda-Cyhalothrin, Pyrethrins, Carbaryl, Deltamethrin and Malathion) and 8 different application protocols in a military base in Iraq [22]. The density of sandflies was evaluated using sandfly light traps. Results indicated a mean reduction of 58.8% in the density of sandflies when comparing treated and untreated areas, and reported the mean and SE number of sandflies for both treated and control groups. The ratio of the mean number of sandflies trapped in the treated group (FT) over those in the control group (FC) provides a measure of the relative reduction of the treatment, and therefore, subtracting one from this ratio provides the efficacy of the treatment.  The uncertainty in this ratio was modeled using a Normal approximation to the ratio of two normal distributions [23]
Efficacy~Normal (1-[image: image35.png]


, SEratio)                                          (16)

where:
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                                                        (17)
As no other sources of data for insecticide were available from Europe, using this data assumed that a similar efficacy can be achieved if insecticides were applied in endemic or non-endemic areas of Europe. 

6.5. Diagnostic test sensitivity  

Mettler et al. [24] found that 9 out of 17 asymptomatic dogs were detected using immunochromatographic-dipstick rapid test. The uncertainty of the diagnostic tests sensitivity was modeled using a Beta (s+1, n-s+1) distribution.
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