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Modelling pertussis transmission to evaluate the effectiveness of an adolescent booster in Argentina
G.Fabricius, P. Bergero, M.Ormazabal, A. Maltz and D. Hozbor

Determination of contact parameter matrix βi j 

Procedure 1

In this procedure the βi j are determined from nB given values of the forces of infection: λk(0), k=1, …nB, that we determined from epidemiological data taken from literature (we use the superscript (0) to denote these values of forces of infection that we take as “input” parameters). In the standard procedure [1], the following basic assumptions are performed: (i) βi j =βji , which reduces the nA2 parameters to nA(nA+1)/2, (ii) βi j =constant for i,j within certain ranges, it means that in order to describe contacts one works with wider age groups, and so we need to know the elements of a matrix with indexes k,m=1, …nB<nA, (iii) some structure for matrix β is assumed in such a way that it has only nB independent values. This structure is usually refered as WAIFW (Who Acquire Infection From Whom) matrix. Then, if the nB values of λi are known from epidemiological data, the given epidemiological model may be solved, the  stationary values 
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 obtained, and equation (1) inverted in order to obtain the nB independent values of βi j. At this point we have introduced a modification to the standard procedure that is known to lead sometimes to negative values of some βij [2]: we allow the stationary values λist =λi(t=∞) obtained from the model (equation 1) to differ from the λi(0) values taken from epidemiological data and used as input parameters (λi=λi(0) in equations A.1, Appendix), we impose the constraint to all βi j to be positive, and determine βi j in order to maximize the global agreement of λist and λi(0) in the sense of least squares (to solve the resulting non linear optimization problem we use a standard gradient method). For the cases considered in this work, this procedure gives good enough results (|λist - λi(0)|<0.01 1/y for all i).

· Case A

In this case we take for λi(0) the values reported by Hethcote [2] with a slight modification in order to fit them in the age groups of our model. These reported values are based on pertussis incidence data from England and Wales in 1956 [3]. The lack of reported cases for adults in these data is assumed as an age-dependent bias and corrected in [2] proposing a profile which take into account a role of the adult population in the transmission. The method that allows one to obtain λi(0)  from age-stratified reported incidences in the pre-vaccine era was previously described in ref. [4]. Based on the dynamics of social contacts in Argentina and the expected promiscuity of these contacts (proximity during contacts and attitude towards the cough) a WAIFW with a 9x9 matrix was designed (Table S1). It was assumed that during the first 4 months infants are essentially in contact with their mothers, between 4 months and 1 year they expand their contacts to other members basically within the family, but they also begin attending the nursery. Children in the 1y-3y and 3y-5y groups attend the nursery and the kindergarten, respectively. These places are considered highly infective. In Argentina, the 5-10y group corresponds to the last kindergarten year and to the first years of primary school, and we expect this group to have a high number of infective contacts. In fact, this has been pointed out as the main cause of the peak in the force of infection for this age group in several countries, and we think this can reasonably occur in Argentina as well. The following groups are clustered into teenagers, young adults and adults, and retired adults. A similar level of activity (and contacts) but perhaps a decreasing level of promiscuity in the type of contact is expected for the first three groups, whereas for the last group a smaller number of contacts (Table S1) is anticipated. Note that these assumptions don´t imply to give any value to contact parameters but only to assign the same coefficient to different matrix elements. At the end of the parametrization procedure we expect the obtained contact parameters to be coherent with the original assumptions. The last step in this parameterization procedure is then to solve the model in the pre-vaccine era with the forces of infection of Figure 3a as input, and determine the 9 bk values. The bk values obtained for the three durations of immunity considered are shown in Table S2 and are coherent with the assumptions performed regarding social contacts in Argentina. Note that the values obtained are very similar for short, medium or long duration of immunity, but as duration of immunity increases contact parameters are lower in order to give the same forces of infection, that are fixed in the parametrization procedure. 

· Case B

In this case we follow the same procedure as in Case A, determining βi j from pre-vaccine λi(0)–values and the WAIFW matrix of Table S1, but here we estimated the values of λi(0) instead of employing those reported in the literature. The determination of λi(0) values was performed in a way that the following conditions are satisfied: (i) the forces of infection for the vaccine era predicted by the model (for case MDI-C95) have to present some characteristic features recently observed in serological and demographic studies in several European countries  [5]: a peak for teenagers, the presence of a second broad peak at around 45 years of age, and the fact that both peaks are in general of the same height (with the exception of Italy), (ii) the model prediction for A1st in the pre-vaccine era has to be the same as that obtained in case A. Proceeding in this way, we guarantee that forces of infection in the vaccine era correlate with some recent observations and, at the same time, the model also gives a reasonable output for the pre-vaccine era. Even if conditions (i) and (ii) don´t determine uniquely the choice of λi(0) they constrained enough the freedom of this choice. For example, in order to obtain a peak for teenagers in the vaccine era we had to assume a λi(0)–profile with a lower value for the 5-10 year peak than in case A. But then, in order to satisfy condition (ii) we had to increase the values for younger children, finally obtaining similar values for children to the ones taken in ref. [6]. Once the set of λi(0) is determined, the procedure is the same as in case A obtaining a set of contact parameters for each duration of immunity. In Table S2 we list the values of bk that define βi j matrix for short, medium and long duration of immunity. The higher values of the force of infection given for adults in this case with respect to case A, are reflected in the higher values obtained for b8 and b9 parameters that describe contacts among adults older than 35y.
Procedure 2

In this procedure βi j parameters are determined from the direct estimation of social contacts among the different age groups. If cij is the rate of the social contacts per day of individual in age group i with individuals of age group j, βij could be approximated as the product: βij =(cij/Nj) x fij , where fij is the probability that the contact is infective. Under the assumption that fij=f  is the same for all age groups, it might be determined by requiring the model to give the expected value for A1st  in the pre-vaccine era, as f  is the only free parameter. When we used the averaged physical contact data of ref.[7] for cij  we obtained for  f  the values 0.025, 0.029 and 0.030 for short, medium and long duration of immunity respectively. The values of βij obtained for the MDI case are shown in Table S3, and the corresponding forces of infection for the pre-vaccine era in Figure 3c. Note that in this case we used the age intervals of Mossong’s work, where cij are available. However, we have introduced some changes. First, we have divided the 0-5y age group into two groups, one for infants younger than 1 year, and the other for children between 1 and 5 years old, taking for β(1y-5y)  j  the values computed from the Mossong’s c1 j, and for β(0-1y)  j half of them. We have performed this rough estimation for the first age group given the lack of contact data for the younger infants. Anyway, we think it is necessary to take into account the obvious fact that infants younger than 1 year have lower possibilities to contact other people than children in the following age group. Finally, Mossong study provides values for βij until 70 years old, so we have extended the last age group to 75 assuming contacts do not change considerably between 70 and 75y. 
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Supplementary Table S1 Structure of Who Acquires Infection From Whom (WAIFW) matrix. 

	 Age
	0-4m
	4m-1y
	1-3y
	3-5y
	5-10y
	10-15y
	15-35y
	35-55y
	55-75y

	0-4m
	b1
	b1
	b1
	b1
	b1
	b1
	b2
	b2
	b2

	4m-1y
	
	b2
	b2
	b2
	b2
	b2
	b3
	b3
	b3

	1-3y
	
	
	b3
	b3
	b3
	b3
	b3
	b3
	b3

	3-5y
	
	
	
	b4
	b4
	b3
	b3
	b3
	b3

	5-10y
	
	
	
	
	b5
	b6
	b3
	b3
	b3

	10-15y
	
	
	
	
	
	b6
	b7
	b8
	b9

	15-35y
	
	
	
	
	
	
	b7
	b8
	b9

	35-55y
	
	
	
	
	
	
	
	b8
	b9

	55-75y
	 
	 
	 
	 
	 
	 
	 
	 
	b9


βi j parameters are determined by assigning the corresponding bk value. Note that βi j is the same for any age group i (j) contained in the corresponding wider age group of the row (column) matrix. The missing elements of the matrix are omitted for simplicity as the matrix is symmetric.
Supplementary Table S2. Values of bk (in 1/day) obtained by procedure 1.

	 

	b1
	b2
	b3
	b4
	b5
	b6
	b7
	b8
	b9

	CP1A –SDI
	0.04
	0.06
	0.18
	0.61
	2.12
	0.77
	0.35
	0.12
	0.00

	CP1A –MDI
	0.02
	0.12
	0.23
	0.73
	2.47
	0.95
	0.54
	0.16
	0.00

	CP1A –LDI
	0.02
	0.16
	0.26
	0.80
	2.64
	1.04
	0.70
	0.17
	0.00

	   CP1B –SDI
	0.06
	0.03
	0.16
	0.94
	1.07
	0.76
	0.24
	0.36
	0.14

	   CP1B –MDI
	0.04
	0.09
	0.23
	1.09
	1.29
	0.99
	0.38
	0.59
	0.19

	   CP1B –LDI
	0.04
	0.13
	0.28
	1.16
	1.40
	1.12
	0.49
	0.78
	0.23


bk –values define βi j with the WAIFW matrix of Table S1. CP1A  and  CP1B denote that the contact parameters are obtained following procedure 1 (Case A) or procedure 1 (Case B) respectively.
Supplementary Table S3  Values of βi j (in 1/day) obtained for CP2-MDI scenario.

	Age (years)
	0-1
	1-5
	5-10
	10-15
	15-20
	20-25
	25-30
	30-35
	35-40
	40-45
	45-50
	50-55
	55-60
	60-65
	65-75

	0-1
	0.36
	0.36
	0.18
	0.07
	0.04
	0.07
	0.13
	0.19
	0.17
	0.10
	0.06
	0.07
	0.06
	0.06
	0.04

	1-5
	0.36
	0.72
	0.37
	0.15
	0.09
	0.14
	0.27
	0.37
	0.33
	0.19
	0.13
	0.14
	0.13
	0.12
	0.08

	5-10
	0.13
	0.26
	1.68
	0.34
	0.10
	0.08
	0.17
	0.28
	0.34
	0.29
	0.14
	0.10
	0.10
	0.09
	0.06

	10-15
	0.04
	0.09
	0.28
	2.15
	0.41
	0.09
	0.07
	0.13
	0.24
	0.33
	0.20
	0.09
	0.05
	0.05
	0.05

	15-20
	0.03
	0.06
	0.11
	0.31
	2.10
	0.36
	0.12
	0.07
	0.14
	0.21
	0.23
	0.12
	0.07
	0.03
	0.03

	20-25
	0.04
	0.08
	0.06
	0.07
	0.39
	0.94
	0.41
	0.19
	0.12
	0.13
	0.22
	0.18
	0.09
	0.04
	0.03

	25-30
	0.09
	0.18
	0.14
	0.04
	0.12
	0.43
	0.61
	0.36
	0.19
	0.16
	0.15
	0.17
	0.12
	0.08
	0.04

	30-35
	0.14
	0.28
	0.25
	0.13
	0.07
	0.15
	0.27
	0.44
	0.37
	0.22
	0.15
	0.14
	0.11
	0.09
	0.06

	35-40
	0.10
	0.20
	0.29
	0.21
	0.10
	0.11
	0.19
	0.29
	0.49
	0.31
	0.16
	0.13
	0.10
	0.10
	0.09

	40-45
	0.08
	0.16
	0.19
	0.27
	0.27
	0.16
	0.14
	0.19
	0.27
	0.43
	0.28
	0.17
	0.08
	0.08
	0.06

	45-50
	0.07
	0.13
	0.10
	0.15
	0.27
	0.17
	0.16
	0.19
	0.18
	0.26
	0.37
	0.24
	0.13
	0.06
	0.05

	50-55
	0.05
	0.09
	0.13
	0.11
	0.12
	0.14
	0.21
	0.16
	0.16
	0.20
	0.24
	0.34
	0.21
	0.10
	0.05

	55-60
	0.05
	0.09
	0.10
	0.06
	0.08
	0.12
	0.18
	0.18
	0.14
	0.15
	0.17
	0.25
	0.34
	0.15
	0.08

	60-65
	0.06
	0.12
	0.09
	0.06
	0.05
	0.07
	0.13
	0.18
	0.17
	0.17
	0.13
	0.15
	0.22
	0.29
	0.17

	65-75
	0.04
	0.07
	0.09
	0.06
	0.05
	0.06
	0.07
	0.11
	0.11
	0.15
	0.10
	0.12
	0.14
	0.20
	0.23


For CP2-SDI and CP2-LDI scenarios, βi j-values are obtained by multiplying those in the table by the factors: 0.025/0.029 and 0.030/0.029 respectively (see Procedure 2 for details)

Fig.S1    Population density per age, Ni/(ai+1-ai), calculated with the model considering 
                Type I mortality  (see Appendix) or Argentinean mortality rates, adding an 
                extra age-group from 75 to 95 years. 
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Fig. S2    Effect of C95 and C80 vaccination schedule in the age-specific pertussis incidence for the 
                         9 CP-DI scenarios. Results considering an extra 11 y booster are also presented 
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SAI for the 9-C80 scenarios
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