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[bookmark: _Toc8144395]Materials and Methods
Model equations

The differential equations describing the model for the unvaccinated states are as follows:



	

	

	

	

	

	

	

	

	
where Mm,a is the number of individuals of age a with maternal immunity (for m=1,…,6), Bm,a is the number of new births per week (=0 for m>1 and a>0), M is the rate of waning of maternally-derived immunity, ua is the rate of aging out of age group a,  is the natural mortality rate, v1,a(t) is the proportion of individuals of age a receiving their first dose of rotavirus vaccine at time t (=0 for all a2), Si,a is the number of susceptible individuals who have experienced i previous infections, a(t) is the force of infection on age group a at time t (defined below), Ii,a is the number of infectious individuals experiencing their ith infection, i is the rate of recovery from infectiousness following i infections, Ri,a is the number of recovered and temporarily immune individuals who have experienced i previous infections,  is the rate of waning complete immunity following infection, and i is the relative risk of reinfection following i previous infections. We divided the maternally immune class (M) into six sub-states (m1-6) and assumed the rate of transition through each sub-state is 6m=1 month-1 in order to account for non-exponential waning of maternal immunity (37). We differentiated among i =1, 2, or 3 or more previous infections. The model parameters are described in table S1.

The force of infection at time t, (t), is proportional to the number of currently infectious individuals in the population:
(t) = 0 (1 + b cos(2 (t - ))) (I1 + 1 I2 + 2 I3),
where i is the relative infectiousness following i previous infections. We assumed the rate of transmission between susceptible and infectious individuals varies seasonally with mean 0, seasonal amplitude b, and seasonal offset , which we estimated by fitting our model to the observed incidence of rotavirus-associated gastroenteritis (RVGE). We assumed homogeneous mixing in the population, such that the force of infection at time t is the same for all age groups a. 

For Models 1 and 2, we assumed vaccination mimics natural immunity (fig. S1A). The equations describing the vaccinated compartments are as follows:





	


	


	


	


	


	


	


	


	

where s1, s2, and s3 are the proportion of vaccinated individuals who respond to each dose of the vaccines, as described below. Individuals in the model received the first dose of the vaccine upon aging into the 2-month age group, whereas the second dose was administered upon aging into the 3-month age group, roughly consistent with the 6- and 10-week schedule in Malawi. Note that the vaccinated compartments in Models 1 and 2 are identical to the unvaccinated compartments; all non-vaccine parameters are the same. The only reason for separating these out was so that we could keep track of cases among vaccinated versus unvaccinated individuals in order to calculate the vaccine effectiveness.

For Models 3 and 4 with waning of vaccine-induced immunity (fig. S1B), the equations describing the vaccinated compartments are:


	


	


	


	


	


	


	


	


	


	


	


	


	

where Vi,a is the number of vaccinated and protected individuals of age a who have experienced i previous natural infections or “successful” vaccine doses. For the full model including vaccination, the force of infection is given by:

a(t) = (t) = 0 (1 + b cos(2 (t - ))) (I1 + I1 + 1 I2 + 1 Iv2 + 2 I3 + 2 Iv3).

We assumed that individuals who were successfully vaccinated while currently infected with rotavirus moved to the next infectious compartment. However, we examined the sensitivity of our results to this assumption and found it had little to no effect on the model simulations, since <2% of individuals in the model were in one of the infected states at the time of vaccine administration in the model.

We divided the population into 42 age groups with 1-month age classes for individuals <2 years of age, 1-year age classes for 2- to 4-year-olds, and 5-year age classes for 5- to 75-year-olds. The rate of aging out of each age group (ua) was inversely proportional to the width of the age group. To ensure our model was consistent with the demographics of the Blantyre population, we simulated the model in the absence of vaccination and compared the total population size and age distribution to the observed population of Blantyre district (58). We initialized the population with 26,000 individuals distributed across the age groups according to the age distribution in the 2008 Malawi census (58), with one infectious individual in each age class a>1 We ran the model for a burn-in period of 30 years prior to evaluating model output and varied the birth rate over the 30-year burn-in period (since 1967) based on a linear interpolation of UN population projections of the crude annual birth rate in Malawi from 1965 to 2040 (59). In order to get population growth consistent with the observed population of Blantyre district in 2011 (prior to vaccine introduction), we fixed the crude death rate at 10 per 100,000 per year, and assumed individuals exited the last age group after an average of 25 years.  

Model code was written and implemented in MATLAB v7.14 (Mathworks), and is available from https://github.com/vepitzer/rotavirusMalawi.

[bookmark: _Toc8144396]Estimating the proportion of vaccinated individuals who respond to each dose

We used data on the proportion of infants who seroconverted—defined as an anti-rotavirus IgA antibody concentration 20 U/mL—during a Rotarix vaccine efficacy trial conducted in Blantyre, Malawi (RIX4414) to inform our estimates of the proportion of infants responding to each dose of the vaccine (10, 34). During the trial, serum was drawn from a subset of infants at approximately 18 weeks of age (1 month after the last dose) to assess anti-rotavirus IgA concentrations using an ELISA (GSK Biologicals). The immunogenicity cohort in Malawi consisted of 42 infants in the placebo arm of the trial, 36 infants who received two doses of the vaccine plus a placebo for the third dose, and 49 infants who received three doses of the vaccine (34). Among those in the two-dose arm, 17/36 (47.2%, 95% confidence interval [CI]: 30-64%) of infants seroconverted, while in the three-dose arm, 28/49 (57.1%, 95% CI: 42-72%) of infants seroconverted.   

We assumed that seroconversion was equivalent to the protection conferred by two natural infections, which in our base-case (pre-vaccination) model would mean the infant was fully protected against moderate-to-severe RVGE. If we assumed that the probability of responding to first and second dose of the vaccine (s1 and s2, respectively) were independent, then the probability of responding to a single dose of the vaccine (and thus receiving partial protection against RVGE) could be estimated from the rate of seroconversion in the two-dose group as follows:
	[image: ]
We parameterized uncertainty in the probability of responding to a single dose of the vaccine using a beta distribution with +=36 individuals, that is, s1, s2 ~ Beta(24.7,11.3). 

We assumed the probability of responding to a third dose of the vaccine (s3) at 9 months of age was the same as the probability of responding to previous doses (s3=s1=s2). However, note that if we assume that the probability of responding to a third dose at 14 weeks of age (as administered in the Malawi trial) is the same as the probability of responding to the first two doses, the expected proportion of infants who seroconvert to at least two doses in the three-dose arm should be:

	,
which is significantly greater than the observed proportion who seroconverted in the trial.

Heterogeneity in vaccine response. If instead we assumed that those who fail to respond to the first dose of the vaccine may be less likely to respond to the second dose of the vaccine because there may be some infants who are “non-responders” due factors such as malnutrition, environmental enteropathy or genetic resistance (67, 68), then we could estimate the probability of being a responder (m) versus non-responder (n=1-m) and the probability of responding among responders (p) versus the probability of failing to respond among responders (q=1-p) using the data on the proportion who seroconverted in both the two- and three-dose groups, as follows:
Pr(seroconversion|2 doses) = p2m = 0.472
Pr(seroconversion|3 doses) = (3p2q + p3)m = 0.571
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Therefore, the probability of responding to the first dose of the vaccine was equal to the probability of responding among responders times the probability of being a responder:
s1 = pm = 0.527,
and the probability of responding to the second dose of the vaccine among those who responded to the first dose was simply the probability of responding among responders: 
s2 = p = 0.895.
Among those who failed to respond to the first dose of the vaccine, the probability of responding to the second dose of the vaccine (s2n) was:
[image: ]

	.

Again, we parameterized uncertainty in the probability of responding to the first and second dose of the vaccine using a beta distribution with +=36 individuals: 
s1 ~ Beta(19,17),
s2 ~ Beta(32.2,3.8).

We assumed the probability of responding to a third dose of the vaccine (s3) at 9 months of age was equal to the probability of responding to the second dose among those who responded to at least one previous dose (s3=s2). Among those who failed to respond to either the first or second dose of the vaccine, we calculated the probability of responding to the third dose to be:

	.

[bookmark: _Toc8144397]Model fitting

To relate the model-predicted incidence of rotavirus infection in the population (all individuals in Blantyre district) to the observed incidence of RVGE (confirmed cases of RVGE among inpatients and outpatients at Queen Elizabeth Central Hospital [QECH]), we assumed that only a fraction h of individuals with moderate-to-severe RVGE in Blantyre would present to QECH, have a stool sample collected, and test positive for rotavirus. Furthermore, we assumed that the observed number of cases of age a in week t (denoted Ya(t)) was Poisson distributed with a mean equal to the age-specific number of model-predicted incident cases of moderate-to-severe RVGE in week t, Da(t), times the estimated mean reporting fraction, h, and the relative reporting effort, z(t):

	,
where the number of new cases of moderate-to-severe RVGE in each time step is given by:
Da(t) = d1 a(t) S0,a(t) + d2 1 a(t) S1,a(t).  

As the rotavirus testing effort varied through time, we allowed the reporting to vary proportional to the 2-year (105-week) moving average of the number of rotavirus-negative cases at QECH (fig. S12). We calculated the relative reporting effort, z(t), by dividing the moving average of the number of rotavirus-negative cases each week by the mean number of rotavirus-negative cases over the entire fitting period (such that the mean of z(t) is equal to 1), and estimated the mean reporting fraction h for the entire pre-vaccination time period between July 1997 and December 2009. Note that the product z(t)*h implicitly controls for variation in healthcare-seeking behavior among the population of Blantyre, as well as variation in testing effort associated with hospital and study staffing issues. 

We initially fitted the model to the pre-vaccination incidence of RVGE cases between 1997 and 2009 via maximum a posteriori (MAP) estimation, and used these estimates as starting conditions for Markov chain Monte Carlo (MCMC) sampling of parameter posterior distributions. We ran two chains with 11,000 iterations each, and discarded the first 1,000 iterations. In total, we estimated four parameters, including the mean transmission rate (0), seasonal amplitude (b), and seasonal offset (), and mean reporting fraction (h). We assumed uniform prior distributions for all model parameters. The prior and posterior distributions of the estimated model parameters are shown in fig. S13. 

[bookmark: _Toc8144398]Estimating the duration of vaccine protection for the waning immunity model

For Models 1 and 2, we did not use the post-vaccination data for model fitting, as we wanted to reserve the data from 2012-2017 as out-of-sample “test data” against which we could validate the dynamic models (69). However, for the models in which we assume that vaccinated individuals are completely protected from infection for a period of time then return to their previous level of susceptibility (Models 3 and 4), we estimated the duration of vaccine-induced immunity by fitting the model-predicted incidence of RVGE cases seeking care to the observed weekly data on rotavirus-positive acute gastroenteritis cases at QECH for the period from January 2012 to August 2017. Vaccine coverage was based on the observed coverage among rotavirus-negative controls in the case-control study. We again assumed that the observed number of cases in each week (YA(t)) was Poisson distributed with a mean equal to the model-predicted number of RVGE cases in each age group (DA(t)) times the reporting fraction, which we fixed based on the mean reporting fraction h estimated for the pre-vaccination period times the relative weekly reporting rate as given by the moving average of the number of rotavirus-negative cases (zA(t)). We fitted the model to cases among vaccinated versus unvaccinated individuals separately, with the data aggregated into three age groups (0-11 months, 12-23 months, and 2-4 years of age) to calculate the likelihood.

We fixed the transmission rate (0), seasonality parameters (b, ), and mean reporting fraction (h) at their maximum a posteriori estimates for the pre-vaccination period. We then estimated the duration of vaccine-induced immunity (1/V) in two ways: (1) by maximum a posteriori estimation (to obtain the MAP estimate and arrive at good starting conditions to facilitate convergence of the MCMC chains), and (2) via MCMC using a Metropolis-Hastings algorithm. We also estimated the proportion of infants who respond to each dose using informative priors (s1, s2 ~ Beta(24.7,11.3) for Model 3 and s1 ~ Beta(19,17), s2 ~ Beta(32.2,3.8) for Model 4). We used an uninformative prior distribution for the duration of vaccine-induced immunity (1/V ~ Uniform[0,100 years]), and ran two chains for 5500 iterations, discarding the first 500 iterations as the “burn-in” period (which took approximately 6 days to run on a MacBook Pro with 2.6 GHz Intel i7 core processor). We verified that the two chains converged by visual inspection and by calculating the Gelman-Rubin diagnostic (70), which in all cases was ~1. Trace plots and the posterior distributions of model parameter are shown in fig. S14. 

When simulating the model-predicted vaccine impact and effectiveness for the model with waning immunity, we sampled 1,000 values from the joint posterior distribution of the estimated vaccination parameters (as well as the separate joint distribution for the pre-vaccination transmission model parameters) by selecting every tenth value from both chains.

As an additional analysis, we also tried fitting Models 1 and 2 to the post-vaccination data. Again, we fitted the models to data on the observed number of RVGE cases among vaccinated versus unvaccinated individuals at QECH from January 2012 to August 2017 in three age groups (0-11 months, 12-23 months, and 2-4 years of age), with vaccine coverage based on the observed coverage among rotavirus-negative controls. We estimated the proportion of infants who respond to each dose using informative priors: s1, s2 ~ Beta(24.7,11.3) for Model 1 and s1 ~ Beta(19,17), s2 ~ Beta(32.2,3.8) for Model 2. While the fitted models had higher posterior likelihoods (table S3), the estimated probabilities of responding to each dose (or the first dose for Model 2) were low, and the model-predicted vaccine effectiveness estimates during the first year of life were considerably lower than the observed vaccine effectiveness among 4- to 11-month-olds (fig. S15).

[bookmark: _Toc8144399]External validation of model predictions

We validated our model by comparing model predictions for the estimated overall vaccine impact, vaccine effectiveness, and indirect effect to the observed vaccine effects. We measured vaccine impact in terms of the percent reduction in incidence of RVGE cases predicted by the model compared to the incidence predicted in the absence of vaccination for each year (January-December) post-vaccination (Table 2, fig. S3). 

To account for the enhanced surveillance that was instituted beginning in January 2012, we calculated the 105-week moving average of the number of rotavirus-negative cases per week. We did this for all cases <5 years of age and by age group (0-11 months, 12-23 months, and 2-4 years of age) (fig. S12). We then calculated a scaling factor, zA(t), equal to the moving average of the number of rotavirus-negative cases in age group A in week t divided by average number of rotavirus-negative cases per week during the pre-vaccination period (which corresponds to the estimated mean reporting fraction, h). We multiplied the model-predicted incident cases of RVGE in week t (Da(t)) by this scaling factor to obtain the mean predicted number of cases for the vaccine evaluation period, as follows:

	
where Ha(t) is the mean predicted number of reported RVGE cases of age a in week t.

[bookmark: _Toc8144400]Estimating the model-predicted direct and indirect protection

Direct vaccine effectiveness. Consistent with measures of vaccine efficacy from rotavirus vaccine trials and measure of vaccine effectiveness from case-control studies (which estimate an odds ratio as an approximation of the relative risk), we calculated the model-predicted vaccine effectiveness (direct effect) based on the relative incidence of moderate-to-severe RVGE cases among vaccinated versus unvaccinated individuals by year of age, as follows:


where tv is the week of vaccine introduction, tf is the last week of follow-up, Hv,A(t) and Hu,A(t)  are the model-predicted incidence of reported RVGE cases among vaccinated and unvaccinated individuals A years of age in week t, respectively, and VA(t) and UA(t) are the total number of vaccinated and unvaccinated individuals A years of age in week t in the model (and hence the sum is the person-time contribution to the vaccinated and unvaccinated states, respectively).

To better understand why the predicted VE estimates varied for the different models and from the observed VE estimates, we plotted the model predictions for the number of cases broken down by cases among vaccinated versus unvaccinated individuals (fig. S4). All four models predicted a similar incidence of RVGE among unvaccinated individual, which was slightly less than the observed incidence, particularly among 12- to 23-month-olds in 2013. However, model predictions varied for the mean incidence among vaccinated individuals. Models 3 and 4 generally predicted higher incidence among vaccinated individuals, and hence estimates of the vaccine effectiveness for these models tended to be lower.

Indirect effect. We calculated the model-predicted indirect effect in each age group (table S4) as one minus the relative risk of reported RVGE among unvaccinated children compared to the model-predicted risk in the absence of vaccination, as follows: 

	
where Hnovacc,A(t) is the model-predicted incidence of reported RVGE cases among children in age group A in week t in the absence of vaccination, that is, when vaccine coverage is set to zero and NA(t) is the total number of individuals of in age group A in the population during week t in the model. The other variables are as defined in the main text: tv is the week of vaccine introduction, tf is the last week of follow-up, Hu,A(t) is the model-predicted incidence of reported RVGE cases among unvaccinated individuals in age group A in week t, and UA(t) is the total number of unvaccinated individuals in age group A in week t in the model.

To calculate a single measure of the indirect effect predicted by the model across all age groups for the post-vaccination follow-up period, we first calculated the indirect effect at time t by weighting the relative incidence rate among unvaccinated individuals by the proportion of cases occurring at each age a in the presence and absence of vaccination:

	.
We then took a weighted average of the indirect protection predicted at each time t post-vaccination (beginning January 2013), with the weights determined by the proportion of cases predicted to occur among unvaccinated individuals in week t:

	


We also estimated the predicted indirect effects by simulating the model while fixing (t) at the force of infection predicted in the absence of vaccination (that is, assuming no reduction in transmission following vaccine introduction, such that the impact of vaccination would be through the direct protection alone). We then compared the predicted overall vaccine impact for the dynamic model to the impact predicted by the corresponding model with direct protection only (table S5). This approach is comparable to estimating indirect protection by comparing the observed overall impact of a vaccine to that expected from the direct effects of the vaccine alone, which can be estimated by multiplying the vaccine coverage by an estimate of the vaccine efficacy (the “population direct effect” (27)), as in Payne et al. (24) and Pollard et al. (44), for example. The slight reduction in overall incidence among <12-month-olds and increase in incidence among 12- to 23-month-olds compared to that expected from the direct effects alone is similar to what has previously been observed and reported by Bennett et al. (30).

To explore the potential impact of differences in immunogenicity of vaccination and the transmission rate of rotavirus, we examined variation in the model-predicted vaccine effectiveness and indirect effect estimates across a range of different values of the proportion of individuals who respond to each vaccine dose (from 0.4 to 1) and R0 (from 25 to 100). Results for the vaccine effectiveness predicted by Model 3 are presented in the main text (Fig. 4); results were similar for the other models (fig. S5 to fig. S7). 

[bookmark: _Toc8144401]Variation in the model-predicted vaccine effectiveness over time

During our analyses, we noticed that the model-predicted vaccine effectiveness, as calculated from the incidence rate ratio of RVGE among vaccinated versus unvaccinated individuals, varied depending on the timeframe of follow-up. To better understand why this occurred, and why we observed lower vaccine effectiveness during the second year of life even in the absence of waning of vaccine-induced immunity, we examined the proportion of both vaccinated and unvaccinated individuals who had experienced 0 (that is, in the M, S0, or V0 state), 1 (in the I1, R1, S1, or V1 states), or 2 previous infections (in all subsequent states) by age in the model. For the observed follow-up period (October 2012-June 2016), the proportion of individuals experiencing at least two previous infections was similar or higher among unvaccinated than among vaccinated individuals by 18 months of age in all models, even for the models assuming no waning of vaccine-induced immunity (fig. S8). 

However, for the hypothetical follow-up period for the booster dose (January 2018-December 2019), the proportion protected was always greater among vaccinated versus unvaccinated individuals in Model 1 (fig. S9). As a result, the model-predicted vaccine effectiveness estimates were similar among 4- to 11-month and 12- to 23-month-olds for the period from January 2018 to December 2019 even without the addition of a third dose (fig. S10). We interpreted the reasons for this as two-fold: (1) vaccinated individuals who are only partially protected (in other words, who only responded to one dose and/or whose protection is only temporary) are infected at a reduced rate compared to unvaccinated individuals; and (2) as vaccine coverage increased, unvaccinated person-time disproportionately accumulated early on (when the force of infection, (t), was still high) compared to the vaccinated person-time, which contributed more later on when (t) was reduced due to herd immunity. Once vaccine coverage stabilized (during the period from January 2018 to December 2019), the force of infection was expected to be lower and the same for the unvaccinated and vaccinated person-time, and on average individuals are infected slightly later in life (fig. S9).

[bookmark: _Toc8144402]Theoretical vaccine effectiveness

It is possible to calculate the theoretical protection conferred by vaccination over the lifetime of the individual for the models with and without waning of vaccine-induced immunity. In Models 1 and 2, for those who only respond to one dose of the vaccine, the relative incidence of moderate-to-severe RVGE (compared to an unvaccinated individual) is: 

	
If we assume the risk of infection between doses is negligible, then the relative incidence of moderate-to-severe RVGE among those who respond to two (or more) doses of the vaccine is RR2=0, while the relative incidence among those who do not respond to any vaccine doses is RR0=1. The proportion of individuals who respond to zero (0), one (1), or two (2) vaccine doses is:






Therefore, the “true” lifetime VE for the model without waning of immunity is:
VE*no waning = (1 –  0 RR0  –  1 RR1 –  2 RR2) * 100%
For Model 1, this equates to a “true” lifetime VE of 80.2%, whereas for Model 2, the “true” VE would be 55.8%.

For the models assuming waning of vaccine-induced immunity, responding to a single dose of vaccine only provides temporary complete immunity, while responding to two doses of vaccine provides temporary complete immunity plus a benefit equivalent to an additional natural infection. Thus, the “true” lifetime VE is:

	
This equates to a “true” lifetime VE of 36.3% for both Models 3 and 4.

Note that our models assume that there is no benefit to delaying rotavirus infections to a later age—in other words, a first rotavirus infection has the same probability of causing moderate-to-severe RVGE whether it is acquired at 6 months of age or 6 years of age. However, the risk and severity of RVGE may be lower among older children regardless of the number of previous infections (71). 

[bookmark: _Toc8144403]Sensitivity analyses

Relative infectiousness of subclinical infections. The extent to which third and subsequent infections, which are generally subclinical, contribute to transmission is unclear. Models for the transmission dynamics of rotavirus have made varying assumptions, which have been shown to have important repercussions for predictions regarding the indirect protection conferred by vaccination (27). 

For our base-case model, we fixed the relative infectiousness of subsequent subclinical infections (3) at 0.1, as in previous models. As a sensitivity analysis, we varied 3 from 0.2 to 0.5 (in increments of 0.1) and refit the model to the pre-vaccination surveillance data. We found that the best-fit estimates of R0 and 3 were highly correlated (table S2, fig. S16), which limits our ability to simultaneously estimate both parameters. Nevertheless, model predictions for the overall impact of vaccination and the model-predicted vaccine effectiveness were similar regardless of our assumptions about 3 (fig. S17).

Duration of complete immunity following infection. It is also unclear whether and for how long individuals are completely protected from reinfection with rotavirus following natural infection (and vaccination in Models 1 and 2). Such protection is likely short-lived, lasting on the order of weeks to months. Previous models for rotavirus transmission dynamics in high-income countries have assumed that the duration of complete protection is 0 to 1 years (27–29, 37, 72, 73). For our base-case model, we assumed the duration of complete protection is 13 weeks, but as a sensitivity analysis we also explored a scenario in which the duration of complete protection was only 1 week. While assuming a shorter duration of complete immunity following natural infection affected our best-fit estimates of R0 (lowering the estimated R0 for fixed values of 3) (table S2), it did not affect the model-predicted vaccine impact or effectiveness (fig. S18).   
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[bookmark: _Toc536706255][bookmark: _Toc9935776]Fig. S1. Diagram of compartmental models for vaccination with and without waning of vaccine-induced immunity. Boxes represent the various model states (unvaccinated in grey and vaccinated in blue), while the lines represent the movements between model states for (A) Models 1 and 2 (assuming vaccine-induced immunity is comparable to immunity from natural infection) and (B) Models 3 and 4 (assuming waning of vaccine-induced immunity). The blue and turquoise lines represent the movement of individuals who respond to the first and subsequent doses of rotavirus vaccine, respectively, while the red lines represent the movement of individuals who fail to respond to the first dose. The purple lines represent the probability of responding to the second dose among those who failed to respond to the first dose when we assume heterogeneity in vaccine response (Models 2 and 4). Individuals who fail to respond to subsequent doses remain in their respective vaccinated compartments. 
[image: ]
[bookmark: _Toc536706256][bookmark: _Toc9935777]Fig. S2. Vaccine coverage through time among rotavirus-negative diarrheal cases. The blue and green markers represent the observed average monthly vaccine coverage with 1 dose and 2 doses, respectively, among rotavirus-negative acute gastroenteritis cases presenting to Queen Elizabeth Central Hospital in Blantyre. The solid blue and green lines represent the 27-week moving average of the vaccine coverage with 1 dose and 2 doses, respectively.
[image: ]
[bookmark: _Toc9935778]Fig. S3. Observed and model-predicted vaccine impact by age group and year since vaccine introduction. The colored bars show the percent reduction in the incidence of RVGE predicted by each of the four models compared to the incidence predicted in the absence of vaccination, while the black bars show the observed reduction in RVGE incidence. Negative values correspond to an increase in incidence compared to the predicted incidence in the absence of vaccination. The black error bars represent the 95% prediction intervals associated with parameter uncertainty.  


[image: ]
[bookmark: _Toc536706261][bookmark: _Toc9935779]Fig. S4. Observed and predicted vaccine impact by age and vaccination status. The observed (thin grey lines) and model-predicted (thick colored lines) number of RVGE cases per week are plotted for cases 0 to 11 months (left), 12 to 23 months (middle), and 24 to 59 months (right) for (A) unvaccinated individuals and (B) vaccinated individuals. The dashed black line shows to the proportion of the age group that has been vaccinated (according to the right y-axis). The predictions correspond to the models simulated from the maximum a posteriori parameter estimates for each of the four models. Model predictions for cases among unvaccinated individuals were similar for all four models.



[image: ]
[bookmark: _Toc9935780]Fig. S5. Relationship between the proportion of infants who respond to each vaccine dose, the basic reproductive number (R0), and vaccine effectiveness estimates for Model 1. The model-predicted vaccine effectiveness estimates among (A) infants 0 to 11 months old and (B) children 12 to 23 months old is indicated by the color bar for different values of the proportion of infants who respond to the first and second dose in Model 1. The model-predicted vaccine effectiveness estimates among infants (C) 0 to 11 months old and (D) children 12 to 23 months old is indicated by the color bar for different values of R0 and the proportion of infants who respond to each dose, assuming the proportion who respond to the first and second dose is the same. The black bars represent the 95% credible interval of the estimated parameters for our model fitted to the data from Blantyre, Malawi.
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[bookmark: _Toc9935781]Fig. S6. Relationship between the proportion of infants who respond to each vaccine dose and the predicted vaccine effectiveness assuming heterogeneity in vaccine response. The model-predicted vaccine effectiveness among (A) infants 0-11 months old and (B) children 12-23 months old is indicated by the color bar for different values of the proportion of infants who respond to the first dose and second dose (given they responded to the first dose) in Model 2. The black bars represent the 95% credible interval of the estimated parameters for Model 2, based on the observed rate of seroconversion following vaccination in Blantyre, Malawi.
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[bookmark: _Toc9935782]Fig. S7. Relationship between the proportion of infants who respond to each vaccine dose, the basic reproductive number (R0), and the model-predicted indirect effect. The model-predicted indirect effect among (A,C) infants 0-11 months old and (B,D) children 12-23 months old is indicated by the color bar for different values of R0 and the proportion of infants who respond to each dose, assuming the proportion who respond to the first and second dose is the same. Results for Model 1 are plotted in (A-B), while the results for Model 3 are plotted in (C-D). The black bars represent the 95% credible interval of the estimated parameters for our model fitted to data from Blantyre, Malawi.
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[bookmark: _Toc9935783]Fig. S8. Proportion of the population with natural or vaccine-induced immunity by age. We examined the effect of vaccination on the proportion of the population experiencing 0, 1, or 2 or more previous infections or “successful” vaccine doses by age for (A) Model 1, (B) Model 2, (C) Model 3, and (D) Model 4. Neither Model 1 nor Model 2 assumes vaccine-induced immunity wanes, yet both models predict the estimated vaccine effectiveness would be lower among 12- to 23-month-olds.
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[bookmark: _Toc9935784]Fig. S9. Proportion of the population with natural or vaccine-induced immunity by age for the period from January 2018 to December 2019. We examined the effect of vaccination on the proportion of the population experiencing 0, 1, or 2 or more previous infections or “successful” vaccine doses by age for the period from January 2018 to December 2019, assuming the current vaccine schedule, for (A) Model 1 and (B) Model 3.
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[bookmark: _Toc9935785]Fig. S10. Model-predicted vaccine effectiveness with and without the addition of a third dose of rotavirus vaccine administered at 9 months of age. The black, grey, and white bars represent the model-predicted vaccine effectiveness estimates for the four models for the two-year follow-up period from January 2018 to December 2019 following the addition of a third rotavirus dose. Black error bars correspond to the 95% prediction intervals. Yellow bars represent the model-predicted vaccine effectiveness estimates for the two-year follow-up period from January 2018 to December 2019 under the current vaccine schedule. 
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[bookmark: _Toc9935786]Fig. S11. Predicted impact of strategies to improve the proportion of infants responding to vaccination and to reduce the transmission rate of rotavirus. The predicted overall effect (percent reduction in the incidence of RVGE among all children <5 years old relative to the incidence predicted for the status quo vaccination strategy) over the 3-year period from January 2018 to December 2020 is plotted for each of the four models for (A) strategies aimed at improving the proportion of infants who respond to each vaccine dose (in Models 1 and 3) or the first vaccine dose (in Models 2 and 4) and (B) strategies aimed at reducing the rotavirus transmission rate through non-vaccine interventions. The black lines indicate the impact of an additional dose of rotavirus vaccine at 9 months of age predicted by Model 1 (solid line), Model 2 (dashed line), Model 3 (dotted line), and Model 4 (dash-dotted line), while the asterisks indicate where the predicted impact of each alternative strategy is equivalent to that of an additional dose. 
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[bookmark: _Toc536706257][bookmark: _Toc9935787]Fig. S12. Variation in the average number of rotavirus-negative cases through time for the pre- and post-vaccination surveillance periods. The 105-week moving average of the number of rotavirus-negative patients presenting to QECH per week is plotted for (A) all children <5 years old and (B) by age group. Relative reporting effort through time, as estimated by the 105-week moving average of the number of rotavirus-negative cases during each time period compared to the average number of rotavirus-negative cases during the pre-vaccination period is plotted for (C) all ages and (D) by age group. 
[image: ]
[bookmark: _Toc536706258][bookmark: _Toc536708756][bookmark: _Toc9935788]Fig. S13. Prior and posterior distributions of model parameters estimated by fitting to the pre-vaccination data. The blue and green bars indicate the number of posterior samples for each of the two MCMC chains, while the red line shows the range of the uniform prior distributions for: (A) the basic reproductive number (R0); (B) the amplitude of seasonality in transmission (b); (C) the seasonal phase shift parameter (, which can be interpreted as the week of peak transmission); and (D) the mean reporting fraction (h). Note at the prior distribution for the mean reporting fraction was Uniform(0,1), but has been truncated at (0,0.02) for clarity. 
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[bookmark: _Toc536706259][bookmark: _Toc536708757][bookmark: _Toc9935789]Fig. S14. Trace plots and posterior distributions of estimated vaccination parameters. The blue and green lines represent trace plots of the two chains for the model parameters estimated by fitting the model to the post-vaccination time series of RVGE cases at Queen Elizabeth Central Hospital in Blantyre, Malawi for (A) Model 3 and (C) Model 4. The dashed black lines mark the end of the burn-in period. The blue and green bars represent histograms of the posterior distributions of the model parameters for the two chains for (B) the model with waning of vaccine-induced immunity and (D) the model with waning of vaccine-induced immunity and heterogeneity in vaccine response, while the black lines represent the prior distributions for the model parameters.
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[bookmark: _Toc536706260][bookmark: _Toc9935790]Fig. S15. Posterior distributions of estimated vaccination parameters for Models 1 and 2 fitted to the post-vaccination data. The blue and green bars represent histograms of the posterior distributions of the model parameters for the two chains for (A) Model 1 and (B) Model 2 fitted to the post-vaccination data. The black lines show the prior distribution for the model parameters. (C) Observed (red lines) and model-predicted (grey bars) vaccine effectiveness estimates are plotted for children 4 to 11 months and 12 to 23 months of age under the two fitted model assumptions. The black error bars represent the 95% prediction intervals associated with parameter uncertainty. 
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[bookmark: _Toc9935791]Fig. S16. Relationship between the relative infectiousness of subsequent infections and the estimated basic reproductive number (R0). The maximum a posteriori estimate of the basic reproductive number is shown by the solid black line, while the 95% credible interval is represented by the shaded region.
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[bookmark: _Toc536706269][bookmark: _Toc9935792]Fig. S17. Model-predicted overall vaccine impact and vaccine effectiveness for different assumptions regarding the relative infectiousness of subsequent infections. (A) Predicted overall vaccine impact for Model 1 as measured by the percent reduction in RVGE cases among children <5 years old presenting to QECH compared to the predicted incidence in the absence of vaccination for the first four years following vaccine introduction (2013-2016). (B) The model-predicted vaccine effectiveness for all children <5 years old and for 4- to 11-month-olds versus 12- to 23-month-olds for five different values of the relative infectiousness of subsequent infections (i≥3) compared to first infections varying from 0.1 (base-case) to 0.5.
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[bookmark: _Toc536706270][bookmark: _Toc9935793]Fig. S18. Model-predicted overall vaccine impact and vaccine effectiveness for short-lived complete immunity following infection. (A) Predicted overall vaccine impact as measured by the percent reduction in RVGE cases among children <5 years old presenting to QECH compared to the predicted incidence in the absence of vaccination for the first four years following vaccine introduction (2013 to 2016). (B) The model predicted vaccine effectiveness for all children <5 years old and for 4- to 11-month-olds versus 12- to 23-month-olds for Model 1 (with average duration of complete immunity equal to 13 weeks), and a model in which we assumed the duration of complete immunity following infection was 1 week.




[bookmark: _Toc9936183]Table S1. Fixed and estimated parameter values.

	Fixed parameters
	Variable
	Value
	Source

	Birth rate
	B(t)
	0.0366 to 0.0550 year-1 
	(59)

	Duration maternal immunity
	1/M
	26 weeks
	(37, 60)

	Duration of infectiousness
	
	
	

	   First infection
	1/1
	1 week
	(61)

	   Subsequent infections
	1/2
	0.5 week
	(62, 63)

	Duration of temporary immunity 
	1/
	13 weeks
	(64), assumption

	Relative risk of reinfection
	
	
	

	   Following first infection
	1
	0.62
	(41, 42)

	   Following second infection
	2
	0.35
	(41, 42)

	Relative infectiousness 
	
	
	

	   Following first infection
	1
	0.5
	(41, 42)

	   Following second infection
	2
	0.1 (varied in sensitivity analysis)
	(65)

	Proportion of individuals who respond to each vaccine dose
	s1 (=s2)

	0.687 
	(34)

	Estimated parameters
	Variable
	Prior distribution
	Maximum a posteriori estimate
	95% credible interval

	Basic reproductive number
	R0 = 0/1
	Unif(1,100)
	78.8
	70.5-96.2

	Reporting rate (mean)
	h
	Unif(0,1)
	0.017
	0.016-0.018

	Amplitude of seasonality in transmission
	b
	Unif(0,1)
	0.174
	0.113-0.294

	Phase shift of seasonal transmission
	
	Unif(0,52.18)
	6.9 weeks
	4.0-11.2 weeks






[bookmark: _Toc9936184]Table S2. Estimated basic reproductive number for different values of the relative infectiousness of subsequent infections and duration of complete immunity.

	
	Base-case model (1/ = 13 weeks)
	Assuming 1/ = 1 week

	Relative infectiousness of subsequent infections (2) (fixed)
	Estimated basic reproductive number (R0) 
	95% credible interval
	Maximum log-likelihood
	Estimated basic reproductive number (R0) 
	Maximum log-likelihood

	0.1 (base case)
	78.8
	70.5-96.2
	-4477.7
	43.9
	-4497.1

	0.2
	47.4
	43.4-57.1
	-4478.2
	26.0
	-4497.5

	0.3
	34.0
	31.4-41.6
	-4478.4
	18.5
	-4497.7

	0.4
	26.6
	24.1-30.3
	-4478.5
	14.3
	-4497.8

	0.5
	21.8
	20.0-24.9
	-4478.5
	11.7
	-4497.9




[bookmark: _Toc9936185]

Table S3. Comparison of model fits to the post-vaccination data.

	Model description
	Number of estimated parameters
	Maximum a posteriori estimate (95% credible interval)
	Log-likelihood
	BIC*

	Model 1
	0
	s1 = 0.687 (0.528-0.825)†
s2 = 0.687 (0.528-0.825)†
	-1417.4
	2,835

	Model 2
	0
	s1 = 0.527 (0.366-0.686)†
s2 = 0.895 (0.777-0.971)†
	-1223.3
	2,447

	Model 3
	3
	s1 = 0.607 (0.471-0.750)
s2 = 0.633 (0.467-0.751)
1/V = 0.619 (0.526-0.794) yrs
	-1150.1
	2,323

	Model 4
	3
	s1 = 0.496 (0.375-0.605)
s2 = 0.788 (0.655-0.913)
1/V = 0.868 (0.617-1.64) yrs
	-1154.5
	2,331

	Model 1 (fitted)
	2
	s1 = 0.260 (0.191-0.335)
s2 = 0.316 (0.228-0.395)
	-1213.4
	2,442

	Model 2 (fitted)
	2
	s1 = 0.303 (0.238-0.356)
s2 = 0.932 (0.816-0.976)
	-1185.3
	2,386


*The number of observations (n) is 295 weeks x 3 age groups x 2 vaccine groups (vaccinated and unvaccinated) = 1770 data points.
†Mean and 95% confidence interval of seroconversion probabilities estimated from the vaccine trial immunogenicity data are given.


[bookmark: _Toc9936186]
Table S4. Model-predicted indirect vaccine effectiveness.

	
	Predicted (95% prediction interval)

	Age group
	Model 1

	Model 2

	Model 3

	Model 4


	Overall
	19.8% 
(16.3-21.6%)
	19.5% 
(18.2-20.5%)
	18.7% 
(18.1-19.3%)
	18.8% 
(18.2-19.3%)

	0-11 months
	35.7% 
(34.4-37.9%)
	33.8% 
(32.0-35.5%)
	32.4% 
(31.3-33.4%)
	32.5% 
(31.2-33.4%)

	12-23 months
	9.8% 
(8.7-12.6%)
	11.9% 
(9.9-14.1%)
	13.5% 
(12.2-15.1%)
	13.4% 
(12.1-15.1%)

	24-59 months
	21.7% 
(13.6-31.4%)
	31.8% 
(23.7-37.6%)
	37.5% 
(35.0-40.0%)
	37.4% 
(34.9-40.0%)
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[bookmark: _Toc9936187]Table S5. Model-predicted vaccine impact with and without indirect effects. 
Model-predicted number of RVGE cases by year and age group for Models 1 to 4 and the corresponding models with the force of infection fixed at the level predicted in the absence of vaccination (that is, assuming no indirect effects resulting from a reduction in transmission).

	
	
	
	

	Age group
	Total <5 years1 
	0-3 months
	4-11 months
	12-23 months
	Total <5 years
	0-3 months
	4-11 months
	12-23 months
	Total <5 years
	0-3 months
	4-11 months
	12-23 months

	
	Full Model 1
	Model 1 with direct effects only
	Percent reduction3

	20122
	197.6
	28.7
	136.3
	31.0
	200.3
	28.9
	138.2
	31.6
	1.3%
	0.9%
	1.4%
	1.7%

	2013
	163.5
	20.4
	103.2
	38.2
	160.3
	21.4
	99.5
	37.8
	-2.0%
	4.8%
	-3.8%
	-1.2%

	2014
	88.2
	13.7
	48.8
	23.6
	85.7
	16.9
	48.8
	18.6
	-2.9%
	19.1%
	0.1%
	-27.0%

	2015
	52.5
	10.3
	27.5
	13.0
	52.5
	14.1
	28.9
	8.8
	-0.1%
	27.1%
	5.0%
	-48.8%

	2016
	38.9
	8.3
	21.3
	8.4
	40.2
	11.5
	22.9
	5.5
	3.2%
	27.9%
	6.7%
	-51.9%

	
	Full Model 2
	Model 2 with direct effects only
	Percent reduction3

	20122
	197.6
	28.7
	136.3
	31.0
	200.3
	28.9
	138.2
	31.6
	1.3%
	1.0%
	1.4%
	1.7%

	2013
	179.7
	23.1
	115.4
	39.4
	178.3
	24.0
	113.4
	39.2
	-0.8%
	3.4%
	-1.7%
	-0.6%

	2014
	128.5
	18.3
	77.3
	31.0
	127.2
	20.6
	78.0
	27.2
	-1.0%
	11.0%
	0.9%
	-14.0%

	2015
	99.9
	15.4
	60.0
	22.6
	98.7
	17.9
	61.1
	18.6
	-1.2%
	13.8%
	1.8%
	-22.0%

	2016
	78.6
	12.5
	48.4
	16.6
	77.7
	14.5
	49.1
	13.4
	-1.3%
	13.7%
	1.5%
	-23.5%

	
	Full Model 3
	Model 3 with direct effects only
	Percent reduction3

	20122
	197.7
	28.7
	136.3
	31.0
	200.5
	29.1
	138.3
	31.6
	1.4%
	1.4%
	1.4%
	1.7%

	2013
	196.8
	27.9
	126.5
	40.7
	196.8
	28.7
	125.2
	41.2
	-0.0%
	2.8%
	-1.1%
	1.3%

	2014
	172.3
	24.3
	97.4
	47.6
	172.5
	25.9
	97.1
	46.5
	0.1%
	6.1%
	-0.4%
	-2.4%

	2015
	152.2
	21.2
	78.7
	43.7
	150.2
	22.7
	78.4
	40.7
	-1.4%
	6.6%
	-0.4%
	-7.2%

	2016
	124.1
	17.4
	63.8
	33.9
	121.3
	18.5
	63.3
	31.4
	-2.3%
	5.5%
	-0.8%
	-8.1%

	
	Full Model 4
	Model 4 with direct effects only
	Percent reduction3

	20122
	197.6
	28.7
	136.3
	31.0
	200.5
	29.0
	138.2
	31.6
	1.4%
	1.2%
	1.4%
	1.7%

	2013
	196.0
	26.9
	126.7
	40.8
	196.0
	27.6
	125.5
	41.2
	-0.0%
	2.5%
	-0.9%
	1.0%

	2014
	171.4
	23.6
	99.4
	45.5
	171.5
	25.1
	99.4
	44.1
	0.0%
	5.8%
	-0.1%
	-3.3%

	2015
	150.6
	20.8
	81.7
	39.8
	148.5
	22.2
	81.5
	36.7
	-1.4%
	6.2%
	-0.3%
	-8.4%

	2016
	121.8
	17.0
	66.2
	30.0
	119.0
	18.0
	65.7
	27.5
	-2.4%
	5.4%
	-0.8%
	-9.2%


1Total cases predicted among children <5 years old per year.
2Rotavirus vaccination (RV1) was introduced October 28, 2012, with routine doses administered at 6 and 10 weeks of age.
3Percent reduction is relative to the model-predicted annual number of RVGE cases for the model with direct effects only (=100%*(1 – full dynamic model / model with direct effects only)).
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dt
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dSv0,a
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= (1− s1)v1,a (t)ua−1S0,a−1 +ω M Mvm,a − λa (t)Sv0,a − (ua + µ)Sv0,a



+(1− s2v2,a (t))(1− s3v3,a (t))ua−1Sv0,a−1










 

 

dSv

0,

a

dt

=

(1

-

s

1

)

v

1,

a

(

t

)

u

a-

1

S

0,

a-

1

+w

M

Mv

m

,

a

-l

a

(

t

)

Sv

0,

a

-

(

u

a

+m

)

Sv

0,

a

+

(1

-

s

2

v

2,

a

(

t

))(1

-

s

3

v

3,

a

(

t

))

u

a-

1

Sv

0,

a-

1


oleObject12.bin

image13.emf



  



dIv1,a



dt
= (1− s1)v1,a (t)ua−1I1,a−1 + λa (t)Sv0,a −γ 1Iv1,a − (ua + µ)Iv1,a
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dRv1,a



dt
= (1− s1)v1,a (t)ua−1R1,a−1 + s1v1,a (t)ua−1( Mm,a−1 + S0,a−1)



+(s2nv2,a (t)+ s3nv3,a (t))ua−1( Mvm,a−1 + Sv0,a−1)+ γ 1Iv1,a −ωRv1,a
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dSv1,a



dt
= (1− s1)v1,a (t)ua−1S1,a−1 +ωRv1,a −σ 1λa (t)Sv1,a − (ua + µ)Sv1,a
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dIv2,a



dt
= (1− s1)v1,a (t)ua−1I2,a−1 + s1v1,a (t)ua−1I1,a−1



+(s2nv2,a (t)+ s3nv3,a (t))ua−1Iv1,a−1 +σ 1λa (t)Sv1,a −γ ≥2Iv2,a
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dRv2,a



dt
= (1− s1)v1,a (t)ua−1R2,a−1 + s1v1,a (t)ua−1(R1,a−1 + S1,a−1)
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dSv≥2,a



dt
= (1− s1)v1,a (t)ua−1S≥2,a−1 +ω (Rv2,a + Rv≥3,a )−σ 2λa (t)Sv≥2,a
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dIv≥3,a



dt
= v1,a (t)ua−1I≥3,a−1 + s1v1,a (t)ua−1I2,a−1



+(s2v2,a (t)+ s3v3,a (t))ua−1Iv2,a−1 +σ 2λa (t)Sv≥2,a −γ ≥2Iv≥3,a
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dRv≥3,a



dt
= v1,a (t)ua−1R≥3,a−1 + s1v1,a (t)ua−1(R2,a−1 + S≥2,a−1)
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dMvm,a



dt
= (1− s1)v1,a (t)ua−1Mm,a−1 −ω M Mvm,a − (ua + µ)Mvm,a
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dV0,a



dt
= s1v1,a (t)ua−1( Mm,a−1 + S0,a−1)+ (s2nv2,a (t)+ s3nv3,a (t))ua−1( Mvm,a−1 + Sv0,a−1)



−ωVV0,a − (ua + µ)V0,a + (1− s2v2,a (t))(1− s3v3,a (t))ua−1V0,a−1
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dSv0,a



dt
= (1− s1)v1,a (t)ua−1S0,a−1 +ωVV0,a +ω M Mvm,a − λa (t)Sv0,a



−(ua + µ)Sv0,a + (1− s2v2,a (t))(1− s3v3,a (t))ua−1Sv0,a−1
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dIv1,a



dt
= (1− s1)v1,a (t)ua−1I1,a−1 + λa (t)Sv0,a −γ 1Iv1,a − (ua + µ)Iv1,a



+(1− s2v2,a (t))(1− s3v3,a (t))ua−1Iv1,a−1










 

 

dIv

1,

a

dt

=

(1

-

s

1

)

v

1,

a

(

t

)

u

a-

1

I

1,

a-

1

+l

a

(

t

)

Sv

0,

a

-g

1

Iv

1,

a

-

(

u

a

+m

)

Iv

1,

a

+

(1

-

s

2

v

2,

a

(

t

))(1

-

s

3

v

3,

a

(

t

))

u

a-

1

Iv

1,

a-

1


oleObject24.bin

image25.emf



  



dRv1,a



dt
= (1− s1)v1,a (t)ua−1R1,a−1 + γ 1Iv1,a −ωRv1,a − (ua + µ)Rv1,a



+(1− s2v2,a (t))(1− s3v3,a (t))ua−1Rv1,a−1
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dV1,a



dt
= s1v1,a (t)ua−1(R1,a−1 + S1,a−1)+ (s2v2,a (t)+ s3v3,a (t))ua−1(V0,a + Rv1,a−1 + Sv1,a−1)



−ωVV1,a − (ua + µ)V1,a + (1− s2v2,a (t))(1− s3v3,a (t))ua−1V1,a−1
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dSv1,a



dt
= (1− s1)v1,a (t)ua−1S1,a−1 +ωVV1,a +ωRv1,a −σ 1λa (t)Sv1,a − (ua + µ)Sv1,a



+(1− s2v2,a (t))(1− s3v3,a (t))ua−1Sv1,a−1
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dIv2,a



dt
= (1− s1)v1,a (t)ua−1I2,a−1 + s1v1,a (t)ua−1I1,a−1 + (s2nv2,a (t)+ s3nv3,a (t))ua−1Iv1,a−1



+σ 1λa (t)Sv1,a −γ ≥2Iv2,a − (ua + µ)Iv2,a + (1− s2v2,a (t))(1− s3v3,a (t))ua−1Iv2,a−1
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dRv≥3,a



dt
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Ya (t) ~ Poisson z(t)hDa (t)( )










 

 

Y

a

(

t

) ~Poisson

z

(

t

)

hD

a

(

t

)

( )


oleObject37.bin

image1.emf



  



dMm,a



dt
= Bm,a −ω M Mm,a − (ua + µ)Mm,a + (1− v1,a (t))ua−1Mm,a−1
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