Supplementary Material 1.  Simulated smoothed values for number of vaccinations (A) and cases (B) per day based on the 50-64-year age group during the 2013-14 season. Original denotes counts per month divided by the number of days per month.  Original counts processed using the locally weighted scatter-plot smoother technique (SAS Proc LOESS, smoothing factor 0.2) to produce smoothed values.
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Supplementary Material 2.  Additional data sources and references
	
Data element
	Setting, methods, years(s)
	Data value(s)
	Reference

	Proportion of influenza infections that are symptomatic
	
	

	
	Tecumseh, Michigan, households, identified by seroconversion, 1976-81
	15-35%
	Monto 1985 [1]

	
	New Zealand, identified by HIA seroconversion, 2015
	24%
	Huang 2019 [2]

	
	United Kingdom, households, identified by seroconversion or PCR, 2006-2011
	25%
	Hayward 2014 [3]

	
	Taiwan, elementary-school children, identified by HAI seroconversion, 2005-2006
	25-35%
	Wang 2010 [4]

	
	Commonly used estimate
	50%
	CDC 2015 [5]

	
	Summary of 56 volunteer challenge studies
	67%
	Carrat 2008 [6]

	Total seasonal influenza infection rate
	
	 

	
	Hong Kong, children 5-17 years, identified by HIA seroconversion and PCR, 2010-2014
	7-31%
	Cowling 2014 [7]

	
	Tecumseh, Michigan, households, identified by HIA seroconversion, 1976-81
	9-31%
	Sullivan 1993 [8]

	
	United Kingdon, households, identified HAI seroconversion or PCR, 2006-2011
	18%
	Hayward 2014 [3]

	
	New Zealand, general practice volunteers, identifed by HIA seroconversion or PCR, 2015
	24%
	Huang 2019 [2]

	
	New Zealand, general practice volunteers, identifed by HIA or NIA seroconversion or PCR, 2015
	32%
	Huang 2019 [2]

	
	South Africa, households, identified by weekly swab and PCR, 2016
	33%
	Cohen, 2019 [9]

	Influenza reinfections
	 

	
	Texas, US, identification of hetero-subtypic re-infections 6-54 days after initial infection, 1977-81
	8%-10% of infections were reinfections
	Frank, 1983 [10]

	
	Austria, influenza A infections followed by influenza B infections in same season, 2014-15
	13 persons with reinfections
	Most, 2016 [11]

	
	South Africa, households, identified by weekly swab and PCR, 2016
	14% of infections were re-infections
	Cohen, 2019 [9]

	Viral interference after first influenza infection
	
	 

	
	Japan, school children, rates of A/H1N1 infections 30-40 days after A/H3N2 infections 1977-78, 
	Lower infection rate among those with prior infection
	Sonoguchi, 1985 [12]

	
	Singapore, military recruits, influenza infection rate among those with vs without prior influenza infection, 2009-2014
	Lower infection rate in previously infected, effect greater <4 weeks after first infection
	Chen, 2019 [13]

	
	Houston, Texas, US households, rates of influenza infection among those with vs without prior season infection, 1977-81
	No inhibitory effect from first infection
	Frank, 1983 [10]





Supplementary Material 3.  Overview of model and simulation.  
Steps 1-2: A main dataset with up to 274 records is created, one record for those never vaccinated and 273 records for those vaccinated on a specific day of the influenza season.  1 million people are distributed among these records based on numbers never vaccinated or vaccinated on specific days.
Step 3.  A contacts dataset is created with one record for each number of contacts per day and the proportion of people with this number of contacts. The dataset has from 1 (homogeneous exposure) to 51 (POLYMOD exposure [14]) records.
Step 4.  An immune dataset is created with one record for each immune level (i.e., vaccine effectiveness) 14 days after vaccination. The dataset has 6 records for all-or-none vaccine representing combinations of susceptible vs immune to the three viruses, 1 record for leaky vaccine, and 99 records for variable vaccine representing a range from low to high levels of immunity such that the weighted average value equals desired VE; shape parameters were alpha=3 and beta variable (3.1-294.3) for VE of 1-49%, alpha=3 and beta=3 for VE of 50%, and alpha variable (3.1-294.3) and beta=3 for VE of 51-99% (dataset available upon request).
Steps 5-6.  The contact and immune datasets are added to the main dataset, resulting in a dataset with up to 1.4 million records for combinations of never unvaccinated/vaccination day, contacts per day, and immune levels.  The appropriate numbers of people are assigned to each combination such that the total number of people remains at 1 million
Step 7.  Variables are added to the main dataset to encode numbers of persons with first infections and susceptible indices for the three viruses (see below).  The susceptible indices are totaled over all records. 
Step 8.  A macro is executed for up to 273 days of the influenza season
Step 9.  A dataset with the virus-specific number of cases for that day is created
Step 11.  For each virus, total infections (i.e., possibly including reinfections) are allocated to each record in proportion to the susceptible index
Step 12.  First infections are allocated to each record in proportion to the susceptible index for first infections.
Step 13.  The number not infected that day is calculated for use in 2x2 tables to calculate measured vaccine effectiveness (mVE).
Step 14.  The number of persons with a first infection are added to the running total for each record.
Step 15. The susceptible index for first infections is calculated as follows for those vaccinated ≥14 days prior:  the number of people not yet infected with any virus x (1-immune level) x number of contacts.  For those unvaccinated or vaccinated <14 days prior, immune level is not included in the calculation.
Step 16.  The susceptible index for all infections is calculated.  If reinfections are not allowed, this is the same as that for first infections.  If reinfections are allowed, it is calculated as in step 15, except that the number of people not yet infected with the specific virus is used. 
Step 17.  The susceptible indices are summed over all records to be used in calculating numbers of infections for each record on the next day
Step 18.  The dataset with the susceptible index total is revised for use on the next day
Step 19.  The number of cases occurring this day is summarized by calendar day and day vaccinated (=0 if never vaccinated) and added to a cumulative case dataset
Step 20.  When the macro has completed running through 273 days, calculations for days from vaccination and reinfections (=total infections – first infections) are made.
Step 21.  A dataset for analysis is made.



Step 22.  We used an iterative process to estimate the VE values at season start that would result in reported mean seasonal mVE values given that mVE could change during the season due to leaky or variable vaccine effects.  For the first iteration, we used the published VE values as input VE values in simulations and calculated mean seasonal mVE.  For each subsequent iteration, we updated the input VE values based on results of the prior iteration.  Input VE values were limited to the range 0-80%.  We discarded the first six iterations and report the seventh iteration at which point mVE differed from reported VE by <1.0% in all instances.   



Supplementary Material 4: Simulation Model SAS program 

*** Wane03.sas  **********************************************                                                                                                                                                                                    
This program creates a dataset with one record for each person,                                                                         
  calculates exact numbers infected each day                                                                                                                                                                                                                                                                                                                                              
**********************************************************************;                                                                 
                                                                                                                                        
 
                                                                                                                                        
          /*                                                                                                                            
               
**** Creates a pseudo-dataset ****;
%let pop=100000;   *** Number of people ***;                                                                                            
%let days=10;      *** Number of days in season ***;                                                                                    
%let ve_h1=50;     *** VE for H1 viruses ***;                                                                                           
%let ve_h3=50;     *** VE for H3 viruese ***;                                                                                           
%let ve_b =30;     *** VE for B viruses ***;                                                                                            
%let het=0;        *** Heterogeneity of exposures, 0=none, 1=POLYMOD, 2=Eames, 3=simple quartiles ***;                                  
%let dsin=input;   *** Input dataset  ***;                                                                                              
%let leaky=1;      *** Vaccine mechanism, 0=all-or-none, 3=variable, 4=leaky ***;                                                       
%let nn=2;         *** Days from vaccination to onset immunity, generally 14 days ***;                                                  
%let reinf=0;      *** Reinfection, =0 no reinfections, =1 reinfections with a different virus ***;                                     
%let grp=1;        *** Group variable ***;                                                                                              
                                                                                                                                        
                                                                                                                                        
*** generate case dataset with numbers of cases and vaccinations per day ***;                                                           
Title 'Example input dataset';                                                                                                          
data input;                                                                                                                             
  keep day caseh1 caseh3 caseb case vac;                                                                                                
  label                                                                                                                                 
     caseh1='number of H1 cases'                                                                                                        
     caseh3='number of H3 cases'                                                                                                        
     caseb= 'number of B cases' ;                                                                                                       
                                                                                                                                        
  do day=1 to &days;                                                                                                                    
  caseh1=rand('poisson', 0.15* &pop/&days);  *** In example, 25% become infected with H1 ***;                                           
  caseh3=rand('poisson', 0.15* &pop/&days);  *** In example, 15% become infected with H3 ***;                                           
  caseb =rand('poisson', 0.0* &pop/&days);  *** In example, 10% people become infected with B  ***;                                     
  vac   =rand('poisson', 0.50* &pop/&days);  *** In example, 50% are vaccinated ***;                                                    
  caseh1=round(caseh1,1);                                                                                                               
  caseh3=round(caseh3,1);                                                                                                               
  caseb=round(caseb,1);                                                                                                                 
  case=sum(caseh1, caseh3, caseb);                                                                                                      
  vac=round(vac,1);                                                                                                                     
                                                                                                                                        
  output;                                                                                                                               
  end;                                                                                                                                  
  proc print data=input; sum caseh1 caseh3 caseb case vac;                                                                              
  run; title; run;                                                                                                                      
                                                                                                                                        
                                                                                                                                        
         */                                                                                                                             
                                                                                                                                        
*** Step 1: create dataset with number never vaccinated ***;                                                                            
proc means noprint data=&dsin; var vac; output out=unvac sum=;                                                                          
  data unvac; set unvac;                                                                                                                
  keep day_vac tot;                                                                                                                     
  day_vac=0;                                                                                                                            
  tot=&pop-vac;                                                                                                                         
  **proc print;                                                                                                                         
  run; title; run;                                                                                                                      
                                                                                                                                        
                                                                                                                                        
*** Step 2: add days and numbers vaccinated for each day *****;                                                                         
data vac; set unvac &dsin (rename=(day=day_vac vac=tot));                                                                               
  keep day_vac tot;                                                                                                                     
  label day_vac = 'Day vaccinated, =0 if unvaccinated'                                                                                  
        tot     = 'Number of people'                                                                                                    
        ;                                                                                                                               
  **proc print;                                                                                                                         
  **sum tot;                                                                                                                            
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
*** Step 3: Create dataset with number of contacts per day in each stratum ***;                                                         
data contacts;                                                                                                                          
  keep contacts b_pop;                                                                                                                  
  label contacts = 'Contacts per day'                                                                                                   
        b_pop    = 'Proportion of population';                                                                                          
                                                                                                                                        
  if &het=0 then do; b_pop=1; contacts=1; output; end;                                                                                  
  else if &het=1 then do; set wane.zpolymod; output; end;                                                                               
  else if &het=2 then do; set wane.eames; output; end;                                                                                  
  else if &het=3 then do;                                                                                                               
     contacts=1 ; b_pop=0.25; output;                                                                                                   
     contacts=5 ; b_pop=0.25; output;                                                                                                   
     contacts=10; b_pop=0.25; output;                                                                                                   
     contacts=25; b_pop=0.25; output;                                                                                                   
     end;                                                                                                                               
                                                                                                                                        
  **proc print data=contacts;                                                                                                           
  **sum b_pop;                                                                                                                          
  run; title; run;                                                                                                                      
                                                                                                                                        
                                                                                                                                        
*** Macro variable with numbers of records in contact dataset ***;                                                                      
data _null_; set contacts end=last;                                                                                                     
  if last then call symput ('con_num', _n_);                                                                                            
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
                                                                                                                                        
*** Step 4: Make dataset with one record per immune level     ***;                                                                      
*** Immune level not effective until 14 days post vaccination ***;                                                                      
%macro make_imm;                                                                                                                        
                                                                                                                                        
  /*** Immune levels for leaky vaccine ***/                                                                                             
  %if &leaky=4 %then %do;                                                                                                               
  data imm; imm_h1=&ve_h1/100; imm_h3=&ve_h3/100; imm_b=&ve_b/100; p=1;                                                                 
    proc print;                                                                                                                         
    run;                                                                                                                                
  %end;                                                                                                                                 
                                                                                                                                        
                                                                                                                                        
  /*** Immune levels for variable vaccine ***/                                                                                          
  %else %if &leaky=3 %then %do;                                                                                                         
                                                                                                                                        
    data imm_h1; set wane.imm_99; where ve=round(&ve_h1); imm_h1=(&ve_h1/round(&ve_h1))*imm_adj;                                        
    data imm_h3; set wane.imm_99; where ve=round(&ve_h3); imm_h3=(&ve_h3/round(&ve_h3))*imm_adj;                                        
    data imm_b ; set wane.imm_99; where ve=round(&ve_b);  imm_b=(&ve_b/round(&ve_b))*imm_adj;                                           
                                                                                                                                        
    data imm; merge imm_h1 imm_h3 imm_b; by pctl;                                                                                       
    keep p imm_h1 imm_h3 imm_b;                                                                                                         
    if imm_h1=. then imm_h1=0;                                                                                                          
    if imm_h3=. then imm_h3=0;                                                                                                          
    if imm_b=. then imm_b=0;                                                                                                            
    **proc print;                                                                                                                       
    run;                                                                                                                                
  %end;                                                                                                                                 
                                                                                                                                        
                                                                                                                                        
  /*** Immune levels all or none ***/                                                                                     
  %else %if &leaky=0 %then %do;                                                                                                         
                                                                                                                                        
  data imm;                                                                                                                             
    keep imm_h1 imm_h3 imm_b p1 p2 p3 p;                                                                                                
    do imm_h1=0 to 1;                                                                                                                   
    do imm_h3=0 to 1;                                                                                                                   
    do imm_b=0  to 1;                                                                                                                   
         if imm_h1=1 then p1=&ve_h1/100;                                                                                                
    else if imm_h1=0 then p1=1-&ve_h1/100;                                                                                              
                                                                                                                                        
         if imm_h3=1 then p2=&ve_h3/100;                                                                                                
    else if imm_h3=0 then p2=1-&ve_h3/100;                                                                                              
                                                                                                                                        
         if imm_b=1 then p3=&ve_b/100;                                                                                                  
    else if imm_b=0 then p3=1-&ve_b/100;                                                                                                
                                                                                                                                        
    p=p1*p2*p3;                                                                                                                         
    output;                                                                                                                             
    end; end; end;                                                                                                                      
    proc print;                                                                                                                         
    sum p;                                                                                                                              
    run;                                                                                                                                
  %end;                                                                                                                                 

%mend;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
*** Call make_imm macro to make dataset with one record for each immune level ***;                                                      
%make_imm;                                                                                                                              
                                                                                                                                        
                                                                                                                                        
*** Check immune levels ***;                                                                                                            
**proc means n sum data=imm; **var p;                                                                                                   
proc means mean n data=imm; var imm_h1 imm_h3 imm_b; weight p;                                                                          
**proc print data=imm;                                                                                                                  
run;                                                                                                                                    
                                                                                                                                        
                                                                                                                                        
*** Macro variable with numbers of records in imm dataset ***;                                                                          
data _null_; set imm end=last;                                                                                                          
  if last then call symput ('imm_num', _n_);                                                                                            
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
*** Step 5: Add immune levels to vac dataset ***;                                                                                       
data vac2; set vac;                                                                                                                     
  keep day_vac tot2 imm_h1 imm_h3 imm_b;                                                                                                
  rename tot2=tot;                                                                                                                      
  do x=1 to &imm_num; set imm point=x; tot2=tot*p; output; end;                                                                         
  **proc print;                                                                                                                         
  **sum tot;                                                                                                                            
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
*** Step 6:  Add contacts to vac dataset.                                                                                               
*** Resulting dataset has one record for each combination of day vaccinated,                                                            
    contacts per day, and immune level 14 days post vaccination ***;                                                                    
data vac2; set vac2;                                                                                                                    
  inf_h1=0; inf_h3=0; inf_b=0;                                                                                                          
  keep day_vac tot2 imm_h1 imm_h3 imm_b inf_h1 inf_h3 inf_b contacts;                                                                   
  rename tot2=tot;                                                                                                                      
  do x=1 to &con_num; set contacts point=x; tot2=tot*b_pop; output; end;                                                                
  **proc print data=vac2;                                                                                                               
  **sum tot;                                                                                                                            
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
%macro make_day;                                                                                                                        
                                                                                                                                        
*** Step 7: Make initial susceptible dataset before iterations ***;                                                                     
data suscep2 (keep=day_vac tot imm_h1 imm_h3 imm_b contacts inf_h1 inf_h3 inf_b                                                         
                   sus_h1 sus_h3 sus_b fsus_h1 fsus_h3 fsus_b)                                                                          
     aa1     (keep=tot_h1 tot_h3 tot_b);                                                                                                
     set vac2 end=last;                                                                                                                 
                                                                                                                                        
     label day_vac = 'Day vaccinated, 0 if unvaccinated'                                                                                
           tot     = 'Total people in this stratum'                                                                                     
           imm_h1  = 'Immune level to h1 effective 14 days after vaccination'                                                           
           imm_h3  = 'Immune level to h3 effective 14 days after vaccination'                                                           
           imm_b   = 'Immune level to b  effective 14 days after vaccination'                                                           
           contacts= 'Number contacts per day'                                                                                          
           inf_h1  = 'Persons with first infections with h1'                                                                            
           inf_h3  = 'Persons with first infections with h3'                                                                            
           inf_b   = 'Persons with first infections with b'                                                                             
           sus_h1  = 'Susceptible index for h1'                                                                                         
           sus_h3  = 'Susceptible index for h3'                                                                                         
           sus_b   = 'Susceptible index for b'                                                                                          
           fsus_h1 = 'Susceptible to first infection with h1'                                                                           
           fsus_h3 = 'Susceptible to first infection with h3'                                                                           
           fsus_b  = 'Susceptible to first infection with b'                                                                            
           tot_h1  = 'Sum over all records susceptible to h1'                                                                           
           tot_h3  = 'Sum over all records susceptible to h3'                                                                           
           tot_b   = 'Sum over all records susceptible to b'                                                                            
           ;                                                                                                                            
                                                                                                                                        
    *** Susceptibility index ***;                                                                                                       
    sus_h1=tot*contacts;                                                                                                                
    sus_h3=tot*contacts;                                                                                                                
    sus_b =tot*contacts;                                                                                                                
   fsus_h1=tot*contacts;                                                                                                                
   fsus_h3=tot*contacts;                                                                                                                
   fsus_b=tot*contacts;                                                                                                                 
                                                                                                                                        
                                                                                                                                        
  *** accumulate susceptibility index values over all records ***;                                                                      
  tot_h1+sus_h1; tot_h3+sus_h3; tot_b+sus_b;                                                                                            
                                                                                                                                        
  output suscep2;                                                                                                                       
                                                                                                                                        
  *** Dataset with susceptiblity summed over all records ***;                                                                           
  if last then output aa1;                                                                                                              
                                                                                                                                        
  **proc print data=suscep2;                                                                                                            
  **sum tot inf_h1 inf_h3 inf_b sus_h1 sus_h3 sus_b;                                                                                    
  run; title; run;                                                                                                                      
                                                                                                                                        
                                                                                                                                        
*** Step 8: Assign cases to susceptibles dataset for each day of season ***;                                                            
%do day=1 %to &days;                                                                                                                    
                                                                                                                                        
                                                                                                                                        
*** Step 9: Create dataset/macrovariable with number of cases on this day ***;                                                          
data day; set &dsin; where day=&day; keep day caseh1 caseh3 caseb;                                                                      
  call symput ('casen', compress(caseh1+caseh3+caseb));                                                                                 
  **proc print;                                                                                                                         
  run;                                                                                                                                  
                                                                                                                                        
*** Execute only if cases occurred on that day ***;                                                                                     
%if &casen>0 %then %do;                                                                                                                 
                                                                                                                                        
*** Step 10:  Susceptibles dataset on this day ***;                                                                                     
data suscep2 (keep=day_vac tot imm_h1 imm_h3 imm_b contacts inf_h1 inf_h3 inf_b sus_h1 sus_h3 sus_b fsus_h1 fsus_h3 fsus_b)             
     case    (keep=day day_vac day_h1 day_h3 day_b day_non fday_h1 fday_h3 fday_b)                                                      
     aa2     (keep=tot2_h1 tot2_h3 tot2_b);                                                                                             
     set suscep2 end=last;                                                                                                              
  if _n_=1 then do; set aa1; set day; end;                                                                                              
                                                                                                                                        
  label day_h1 = 'Total h1 infections this day'                                                                                         
       fday_h1 = 'First h1 infections this day'                                                                                         
        inf_h1 = 'Cumumlative first h1 infections all days'                                                                             
       fsus_h1 = 'Susceptible to first h1 infection'                                                                                    
        sus_h1 = 'Susceptible to h1 first infection or reinfection'                                                                     
       tot2_h1  = 'Sum over all records susceptible to h1'                                                                              
       tot2_h3  = 'Sum over all records susceptible to h3'                                                                              
       tot2_b   = 'Sum over all records susceptible to b'                                                                               
        ;                                                                                                                               
                                                                                                                                        
                                                                                                                                        
                                                                                                                                        
  *** Step 11:  Infections this day allocated in proportion to susceptible index                                                        
      that was calculated the prior day ***;                                                                                            
  day_h1= caseh1*(sus_h1/tot_h1);                                                                                                       
  day_h3= caseh3*(sus_h3/tot_h3);                                                                                                       
  day_b = caseb *(sus_b /tot_b);                                                                                                        
                                                                                                                                        
                                                                                                                                        
  *** Step 12: First infections this day allocated in proportion to first susceptible index ***;                                        
  fday_h1= caseh1*(fsus_h1/tot_h1);                                                                                                     
  fday_h3= caseh3*(fsus_h3/tot_h3);                                                                                                     
  fday_b = caseb *(fsus_b /tot_b);                                                                                                      
                                                                                                                                        
                                                                                                                                        
  *** Step 13: Number not infected this day ***;                                                                                        
  day_non=tot-(day_h1+day_h3+day_b);                                                                                                    
                                                                                                                                        
                                                                                                                                        
  *** Step 14: Persons with a first infection cumulative over all prior days ***;                                                       
  inf_h1=inf_h1+fday_h1;                                                                                                                
  inf_h3=inf_h3+fday_h3;                                                                                                                
  inf_b =inf_b +fday_b;                                                                                                                 
                                                                                                                                        
                                                                                                                                        
  *** Step 15: Calculate susceptible index for first infection  ***;                                                                    
  *** Will be used on the next day ***;                                                                                                 
     *** if unvaccinated or <14 days after vaccination ***;                                                                             
  if day_vac=0 or &day+1<day_vac+&nn then do;                                                                                           
     fsus_h1=(tot-(inf_h1+inf_h3+inf_b))*contacts;                                                                                      
     fsus_h3=(tot-(inf_h1+inf_h3+inf_b))*contacts;                                                                                      
     fsus_b =(tot-(inf_h1+inf_h3+inf_b))*contacts;                                                                                      
     end;                                                                                                                               
                                                                                                                                        
      *** if >=14 days after vaccination then account for immune level ***;                                                             
   else do;                                                                                                                             
     fsus_h1=(tot-(inf_h1+inf_h3+inf_b))*(1-imm_h1)*contacts;                                                                           
     fsus_h3=(tot-(inf_h1+inf_h3+inf_b))*(1-imm_h3)*contacts;                                                                           
     fsus_b =(tot-(inf_h1+inf_h3+inf_b))*(1-imm_b) *contacts;                                                                           
     end;                                                                                                                               
                                                                                                                                        
                                                                                                                                        
  *** Step 16: Calculate susceptible index for all infections ***;                                                                      
  *** Will be used on the next day ***;                                                                                                 
     *** if no reinfections total susceptible = susceptible to first infection ***;                                                     
  if &reinf=0 then do;                                                                                                                  
     sus_h1=fsus_h1; sus_h3=fsus_h3; sus_b=fsus_b;                                                                                      
     end;                                                                                                                               
                                                                                                                                        
  ****** if reinfections allowed then calc susceptible to any infection ***;                                                            
  else if &reinf=1 then do;                                                                                                             
     *** if unvaccinated or <14 days after vaccination ***;                                                                             
    if day_vac=0 or &day+1<day_vac+&nn then do;                                                                                         
       sus_h1=(tot-inf_h1)*contacts; sus_h3=(tot-inf_h3)*contacts; sus_b=(tot-inf_b)*contacts;                                          
       end;                                                                                                                             
                                                                                                                                        
     *** if >=14 days after vaccination then account for immune level ***;                                                              
     else do;                                                                                                                           
        sus_h1=(tot-inf_h1)*contacts*(1-imm_h1);                                                                                        
        sus_h3=(tot-inf_h3)*contacts*(1-imm_h3);                                                                                        
        sus_b=(tot-inf_b)*contacts*(1-imm_b);                                                                                           
        end;                                                                                                                            
  end;                                                                                                                                  
                                                                                                                                        
  output suscep2;                                                                                                                       
                                                                                                                                        
  *** Step 17: Accumulate susceptibility values over all records ***                                                                    
      to be used on next day ***;                                                                                                       
  tot2_h1+sus_h1; tot2_h3+sus_h3; tot2_b+sus_b;                                                                                         
                                                                                                                                        
  output case;                                                                                                                          
  if last then output aa2;                                                                                                              
                                                                                                                                        
                                                                                                                                        
  title "Day=&day";                                                                                                                     
  **proc print data=suscep2;                                                                                                            
  **sum tot inf_h1 inf_h3 inf_b sus_h1 sus_h3 sus_b;                                                                                    
  run;                                                                                                                                  
                                                                                                                                        
  *** Step 18: Dataset with susceptible index totaled over all records ***;                                                             
  data aa1; set aa2; rename tot2_h1=tot_h1; rename tot2_h3=tot_h3; rename tot2_b=tot_b;                                                 
  **proc print;                                                                                                                         
  run; title; run;                                                                                                                      
                                                                                                                                        
                                                                                                                                        
  *** Empty dataset as a precaution ***;                                                                                                
  data aa2;                                                                                                                             
                                                                                                                                        
                                                                                                                                        
  *** Step 19: Sumarize cases occurring this day ***;                                                                                   
  proc means noprint data=case;  var day_h1 day_h3 day_b fday_h1 fday_h3 fday_b day_non;                                                
  output out=case_sum sum=; class day day_vac;                                                                                          
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
  *** Add days cases to the cumulative dataset ***;                                                                                     
  data case_cum; set case_cum case_sum;                                                                                                 
  where day>. and day_vac>.;                                                                                                            
  **proc print;                                                                                                                         
  **sum day_h1 day_h3 day_b day_non;                                                                                                    
  **by day;                                                                                                                             
  run;                                                                                                                                  
                                                                                                                                        
%end;                                                                                                                                   
%end;                                                                                                                                                                                                                                                    
%mend;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
*** Make empty dataset to accumulate cases each day ***;                                                                                
data case_cum; day=-1; day_vac=-1;                                                                                                      
                                                                                                                                        
                                                                                                                                        
*** Execute the make_day macro ***;                                                                                                     
%make_day;                                                                                                                              
                                                                                                                                        
                                                                                                                                        
**proc print data=case_cum;                                                                                                             
  **sum day_h1 day_h3 day_b fday_h1 fday_h3 fday_b day_non;                                                                             
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
                                                                                                                                        
*** Step 20:  Add variables/calculate reinfections ***;                                                                                 
data case_cum2; set case_cum; if day_vac>. and day>.;                                                                                   
  keep day_vac day day_h1 day_h3 day_b rday_h1 rday_h3 rday_b rday                                                                      
  day_non day_tot vac2day vac;                                                                                                          
                                                                                                                                        
  label vac2day = 'Days after vaccination'                                                                                              
        day_tot = 'Total infections that day'                                                                                           
        rday_h1 = 'Reinfections with h1'                                                                                                
        rday_h3 = 'Reinfections with h3'                                                                                                
        rday_b  = 'Reinfections with b'                                                                                                 
        rday    = 'All reinfections'                                                                                                    
        vac     = 'Vaccinated'                                                                                                          
        ;                                                                                                                               
                                                                                                                                        
                                                                                                                                        
  day_tot=day_h1+day_h3+day_b+day_non;                                                                                                  
  rday_h1=day_h1-fday_h1; rday_h3=day_h3-fday_h3; rday_b=day_b-fday_b;                                                                  
  rday=rday_h1+rday_h3+rday_b;                                                                                                          
                                                                                                                                        
  *** make variable vac2day= days after vaccination, =0 if unvaccinated **;                                                             
  if day_vac=0 then vac2day=0; else vac2day=day-day_vac;                                                                                
  vac2day=max(0, vac2day);                                                                                                              
                                                                                                                                        
  if day_vac=0 or day<day_vac+&nn then vac=2; else vac=1;                                                                               
                                                                                                                                        
  **proc print data=case_cum2;                                                                                                          
  **sum day_h1 day_h3 day_b rday_h1 rday_h3 rday_b rday day_non day_tot;                                                                
  **by day;                                                                                                                             
  run;                                                                                                                                  
                                                                                                                                        
                                                                                                                                        
                                                                                                                                        
*** Step 21:  Create analysis dataset ***;                                                                                              
data check; set case_cum2;                                                                                                              
                                                                                                                                        
  *** delete cases on latent period days ***;                                                                                           
  **if vac2day=0 or vac2day>=&nn;                                                                                                       
                                                                                                                                        
  keep day day_vac vac2day vac case wt vac virus;                                                                                       
  case=1; virus='h1'; wt=day_h1; if wt>0 then output;                                                                                   
  case=1; virus='h3'; wt=day_h3; if wt>0 then output;                                                                                   
  case=1; virus='b' ; wt=day_b;  if wt>0 then output;                                                                                   
  case=1; virus='r' ; wt=rday_h1+rday_h3+rday_b; if wt>0 then output;                                                                   
  case=2; virus='n' ; wt=day_non; if wt>0 then output;                                                                                                                           
  run;                                                                                                                                  
                                                      


Supplementary Material 5.  Contact data to account for heterogeneity of exposure to influenza

	POLYMOD study*
	Eames study**

	Contacts per day
	Percent of population
	Contacts per day
	Percent of population

	0.5
	0.49%
	0.50
	1.6%

	1.0
	2.03%
	2.00
	5.1%

	2.0
	3.07%
	4.00
	6.3%

	3.0
	4.73%
	6.00
	7.8%

	4.0
	5.97%
	8.00
	8.4%

	5.0
	7.08%
	10.00
	15.9%

	6.0
	6.46%
	15.00
	15.1%

	7.0
	6.20%
	20.00
	10.5%

	8.0
	5.65%
	25.00
	7.7%

	9.0
	4.76%
	30.00
	4.9%

	10.0
	4.88%
	35.00
	2.7%

	11.0
	4.10%
	40.00
	2.1%

	12.0
	3.91%
	45.00
	1.9%

	13.0
	3.44%
	50.00
	1.4%

	14.0
	3.10%
	55.00
	0.9%

	15.0
	3.53%
	60.00
	0.9%

	16.0
	2.26%
	65.00
	0.8%

	17.0
	2.69%
	70.00
	0.5%

	18.0
	1.93%
	75.00
	0.5%

	19.0
	2.04%
	80.00
	0.5%

	20.0
	1.70%
	85.00
	0.5%

	21.0
	1.44%
	90.00
	0.4%

	22.0
	1.52%
	95.00
	0.4%

	23.0
	1.08%
	100.00
	0.9%

	24.0
	1.29%
	150.00
	0.9%

	25.0
	1.07%
	200.00
	0.5%

	26.0
	1.03%
	250.00
	0.3%

	27.0
	0.81%
	300.00
	0.2%

	28.0
	0.96%
	350.00
	0.2%

	29.0
	1.71%
	400.00
	0.1%

	30.0
	1.19%
	450.00
	0.0%

	31.0
	0.43%
	500.00
	0.1%

	32.0
	0.58%
	
	

	33.0
	0.62%
	
	

	34.0
	0.74%
	
	

	35.0
	0.52%
	
	

	36.0
	0.52%
	
	

	37.0
	0.23%
	
	

	38.0
	0.34%
	
	

	39.0
	0.26%
	
	

	40.0
	0.25%
	
	

	41.0
	0.21%
	
	

	42.0
	0.18%
	
	

	43.0
	0.22%
	
	

	44.0
	0.16%
	
	

	45.0
	1.71%
	
	

	46.0
	0.05%
	
	

	47.0
	0.08%
	
	

	48.0
	0.04%
	
	

	49.0
	0.10%
	
	

	≥50.0
	0.60%
	 
	

	Total
	100.00%
	
	100.00%



*Joël Mossong, Niel Hens, Mark Jit, Philippe Beutels, Kari Auranen, Rafael Mikolajczyk, … W. John Edmunds. (2017). POLYMOD social contact data (Version 1.1) [Data set]. Zenodo. http://doi.org/10.5281/zenodo.1215899 [14]
**Eames 2012 [15]

Supplementary Material 6.  Adaptation of published vaccine effectiveness values to age groups used in simulations
	Source/ procedure
	
Influenza Season
	
Age groups
	Vaccine effectiveness point estimates by influenza virus type/subtype

	
	
	
	A/H1N1
	A/H3N2
	B

	1*
	2011-12
	All
	65
	39
	58

	
	
	
	
	
	

	
	2012-13
	9-17y
	
	24
	

	
	
	18-49y
	
	34
	

	
	
	50-64y
	
	52
	

	
	
	≥65y
	
	11
	

	
	
	6m-17y
	
	
	Y 68, V 45

	
	
	≥18y
	
	
	Y 65, V 58

	
	
	
	
	
	

	
	2013-14
	9-17y
	54
	
	

	
	
	18-49y
	53
	
	

	
	
	50-64y
	64
	
	

	
	
	≥65y
	59
	
	

	
	
	
	
	
	

	
	2014-15
	9-17y
	
	7
	77

	
	
	18-49y
	
	0
	53

	
	
	50-64y
	
	18
	24

	
	
	≥65y
	
	15
	74

	 
	 
	 
	 
	 
	 

	2*
	2011-12
	9-17y
	65.0
	39.0
	58.0

	
	
	18-49y
	65.0
	39.0
	58.0

	
	
	50-64y
	65.0
	39.0
	58.0

	
	
	≥65y
	65.0
	39.0
	58.0

	
	
	
	
	
	

	
	2012-13
	9-17y
	
	24.0
	59.5

	
	
	18-49y
	
	34.0
	62.9

	
	
	50-64y
	
	52.0
	62.9

	
	
	≥65y
	
	11.0
	62.9

	
	
	
	
	
	

	
	2013-14
	9-17y
	54.0
	
	

	
	
	18-49y
	53.0
	
	

	
	
	50-64y
	64.0
	
	

	
	
	≥65y
	59.0
	
	

	
	
	
	
	
	

	
	2014-15
	9-17y
	
	7.0
	77.0

	
	
	18-49y
	
	0.0
	53.0

	
	
	50-64y
	
	18.0
	24.0

	
	
	≥65y
	
	15.0
	74.0

	
	
	
	
	
	

	3*
	Average
	9-17y
	59.5
	23.3
	64.8

	
	
	18-49y
	59.0
	24.3
	58.0

	
	
	50-64y
	64.5
	36.3
	48.3

	 
	 
	≥65y
	62.0
	21.7
	65.0

	
	
	
	
	
	

	4*
	2011-12
	9-17y
	65.0
	39.0
	59.0

	
	
	18-49y
	65.0
	39.0
	59.0

	
	
	50-64y
	65.0
	39.0
	59.0

	
	
	≥65y
	65.0
	39.0
	59.0

	
	
	
	
	
	

	
	2012-13
	9-17y
	59.5
	24.0
	59.5

	
	
	18-49y
	59.0
	34.0
	62.9

	
	
	50-64y
	64.5
	52.0
	62.9

	
	
	≥65y
	62.0
	11.0
	62.9

	
	
	
	
	
	

	
	2013-14
	9-17y
	54.0
	23.3
	64.8

	
	
	18-49y
	53.0
	24.3
	58.0

	
	
	50-64y
	64.0
	36.3
	48.3

	
	
	≥65y
	59.0
	21.7
	65.0

	
	
	
	
	
	

	
	2014-15
	9-17y
	59.5
	7.0
	77.0

	
	
	18-49y
	59.0
	0.0
	53.0

	
	
	50-64y
	64.5
	18.0
	24.0

	
	
	≥65y
	62.0
	15.0
	74.0



Abbreviations: m, months; y, years; Y, B/Yamagata lineage; V, B/Victoria lineage 
*Source/procedure
1.  Published values	[16-19]
2.  Adaptation of the published values to age groups used in simulations	
3.  Calculation of simple (unweighted) age- and virus-specific average VE values for all seasons with available data	
4.  Extrapolation of virus-age group-specific averages to categories where published data was not available


References
1. Monto AS, Koopman JS, Longini IM, Jr. Tecumseh study of illness. XIII. Influenza infection and disease, 1976-1981. Am J Epidemiol 1985; 121:811-22.
2. Huang QS, Bandaranayake D, Wood T, et al. Risk factors and attack rates of seasonal influenza infection: Results of the southern hemisphere influenza and vaccine effectiveness research and surveillance (SHIVERS) seroepidemiologic cohort study. J Infect Dis 2019; 219:347-57.
3. Hayward AC, Fragaszy EB, Bermingham A, et al. Comparative community burden and severity of seasonal and pandemic influenza: results of the Flu Watch cohort study. The Lancet Respiratory Medicine 2014; 2:445-54.
4. Wang TE, Lin CY, King CC, Lee WC. Estimating pathogen-specific asymptomatic ratios. Epidemiology 2010; 21:726-8.
5. Centers for Disease Control and Prevention. Epidemiology and Prevention of Vaccine-Preventable Diseases. Hamborsky J, Kroger A, Wolfe S, eds. 13th ed. Washington D.C. Public Health Foundation, 2015.
6. Carrat F, Vergu E, Ferguson NM, et al. Time lines of infection and disease in human influenza: a review of volunteer challenge studies. Am J Epidemiol 2008; 167:775-85.
7. Cowling BJ, Perera RA, Fang VJ, et al. Incidence of influenza virus infections in children in Hong Kong in a 3-year randomized placebo-controlled vaccine study, 2009-2012. Clin Infect Dis 2014; 59:517-24.
8. Sullivan KM, Monto AS, Longini IM, Jr. Estimates of the US health impact of influenza. Am J Public Health 1993; 83:1712-6.
9. Cohen C, Moyes J, T. M, McMorrow M. Community burden of influenza in a rural and urban setting, South Africa, 2016-2017. Options X for Control of Influenza. Singapore, 2019:Abstract 10667.
10. Frank AL, Taber LH, Wells JM. Individuals infected with two subtypes of influenza A virus in the same season. J Infect Dis 1983; 147:120-4.
11. Most J, Weiss G. Consecutive infections with influenza a and b virus in children during the 2014-2015 seasonal influenza epidemic. J Infect Dis 2016; 214:1139-41.
12. Sonoguchi T, Naito H, Hara M, Takeuchi Y, Fukumi H. Cross-subtype protection in humans during sequential, overlapping, and/or concurrent epidemics caused by H3N2 and H1N1 influenza viruses. J Infect Dis 1985; 151:81-8.
13. Chen IM, Loh JP, Chuah CXP, et al. Evidence for cross-protection against subsequent febrile respiratory illness episodes from prior infections by different viruses among Singapore military recruits 2009-2014. J Infect Dis 2019; 219:1913-23.
14. Mossong J, Hens N, Jit M, et al. Social contacts and mixing patterns relevant to the spread of infectious diseases. PLoS Med 2008; 5:e74.
15. Eames KT, Tilston NL, Brooks-Pollock E, Edmunds WJ. Measured dynamic social contact patterns explain the spread of H1N1v influenza. PLoS Comput Biol 2012; 8:e1002425.
16. Ohmit SE, Thompson MG, Petrie JG, et al. Influenza vaccine effectiveness in the 2011-2012 season: protection against each circulating virus and the effect of prior vaccination on estimates. Clin Infect Dis 2014; 58:319-27.
17. McLean HQ, Thompson MG, Sundaram ME, et al. Influenza vaccine effectiveness in the United States during 2012-2013: variable protection by age and virus type. J Infect Dis 2015; 211:1529-40.
18. Gaglani M, Pruszynski J, Murthy K, et al. Influenza vaccine effectiveness against 2009 pandemic influenza a(H1H1) virus differed by vaccine type during 2013-2014 in the United States. J Infect Dis 2016; 213:1546-56.
19. Zimmerman RK, Nowalk MP, Chung J, et al. 2014-2015 influenza vaccine effectiveness in the United States by vaccine type. Clin Infect Dis 2016; 63:1564-73.

image1.jpg
No. of vaccinations

450000

400000

350000

300000

250000

200000

150000

100000

50000

A: Vaccinations

9/1

= = <Original

10/1

11/1 1271 11
Month/Day

e——Smoothed

2/1

3/1

41

B: Cases

= =<Original ====Smoothed

120000

100000

80000

60000

No. of cases

40000

20000

0
81 9/1 10/1 111 12/1 11 271 31 4/

Day




