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Exploring direct and indirect vaccination effects in the SIR model 
 

The susceptible-infected-recovered (SIR) model forms the backbone of most infectious disease transmission models. 
Unvaccinated newborn babies are susceptible (S), become infected (I) after having had contact with infected individ-

uals and finally recover (R) to acquire lifelong immunity (parameters: per capita birth and death rate µ, contact rate β, 

recovery rate γ, population size N). The system is frequently described by the following set of differential equations: 
 
 
 
 

A modified SIR model with non-protective vaccination can, accordingly, be written as 
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The main purpose of the second model is to provide the infection incidence for unvaccinated individuals which is not 
influenced by indirect effects to determine how many non-vaccinees would be infected in the absence of indirect ef-

fects. Evaluating only the first model, the equilibrium incidence of infection is given by NIS /**β ; the infection inci-

dence is reduced by vaccination (still only using the first model); it the infection is not completely eliminated by the 

vaccination, the reduction is given by ( ) ( )( ) vNRvN
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. The second model allows 

calculating what the infection incidence among vaccinees alone would have been:
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infections are directly prevented by vaccination with a protective vaccine. The difference between the total effect and 

the direct effect, 
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−− , is the indirect effect, and the ratio of indirect/direct effect is 
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vN µµ . Indirect effects surpass direct ones for 21 0 << R  (cf. Figure 2 of the paper). The 

all-year average R0=1.1 which has been used in the influenza simulations with Q-LAIV-Sim translates into a ratio of 
10, suggesting, that indirect effects should surpass direct ones by a factor of 10.  
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Exploring direct and indirect vaccination effects in the SIRS model 
 

As the immunity against influenza is not permanent and as vaccinations have to be given repeatedly, the simple SIR 
model does not adequately model the transmission of influenza. The so-called SIRS model improves some of the 
shortcomings of the SIR model: immunity is lost over time and vaccination is modeled as a continuous process which 
goes on throughout the life. As in the previous section, we develop a second SIRS model where vaccination does not 
prevent infection in order to separate direct and indirect vaccination effects (parameters: per capita birth and death 
rate µ, contact rate β, recovery rate γ, vaccination rate φ, loss rate of naturally acquired immunity ρ, loss rate of vac-
cination-derived immunity τ, population size N). The SIRS models can be described by the following sets of differen-
tial equations: 

 
 

 
 
 
 

 

Similarly, the modified SIR model with non-protective vaccination is given by 
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The main purpose of the second model is to provide the infection incidence for unvaccinated individuals which is not 
influenced by indirect effects to determine how many non-vaccinees would be infected in the absence of indirect ef-
fects. Comparing the results of only the first model with and without vaccination, the incidence of infections which is 

prevented by vaccination totals 
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vaccinees (i.e. infections which are directly prevented by a protective vaccine). The difference between the total effect 
and the direct effect is the indirect effect. The ratio of indirect/direct effects is  
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(cf. Figure 4 of the paper). 
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Exploring direct and indirect vaccination effects with the simulation tool Q-LAIV-Sim 
 

The simulation tool Q-LAIV-Sim describes the spread of influenza in a population with realistic demographic structure, 
age-dependent contacts, annual vaccination and loss of immunity. Previous versions of the simulation tool have been 
published elsewhere (1, 2). The new version of the simulation tool differs in several aspects from the previously pub-
lished one: (a) instead of calculating the demographic development, the demography in the new version of the simula-
tion tool is solely based on demographic data and on official demographic predictions (for details, see paragraph 

“Birth ν, death µ and ageing α”). (b) Instead of using a single “birthday” at the beginning of the simulation year at 

which the age of every individual in the whole population increases by one year, ageing of the population now occurs 

continuously throughout the simulation year (for details, see paragraph “Birth ν, death µ and ageing α”). (c) The 

POLYMOD matrix which describes the age-dependent frequency of contacts was extended to 1-year age groups and 
made symmetric by averaging “incoming” and outgoing” contacts (for details, see paragraph “Contact matrix”). (d) 
Whereas the previous version of the simulation tool only distinguished between influenza A and B, the extended ver-
sion allows for the independent transmission of four influenza viruses (A(H1N1), A(H3N2), B/Yamagata, B/Victoria; for 
details, see paragraph “Influenza strains”). (e) This also allows to consider that trivalent influenza vaccine (TIV) only 

protects against the B lineage contained in the vaccine (for details, see paragraph “Vaccination rate φ”). (f) Vaccina-
tion in the new version not only depends on the age and risk-status of the vaccinees, but also considers whether or 
not they were vaccinated in the previous season, allowing for preferential re-vaccination (the calculation of the re-
vaccination factor from data will be given below). (g) Vaccination-derived immunity, which was assumed to be lost 
exponentially in the previous version, is now assumed to be lost completely at the end of one or two years (for details, 
see paragraph “Loss of vaccine-derived immunity”). (h) Introduction of infections from outside of the population (which 
was already considered in the previous version of the simulation tool) was modified to mainly occur during the main 
transmission season, assuming that neighboring countries (from which infections are most likely introduced) have 

similar seasonal waves (for details, see paragraph “Force of infection λ”). (i) Newer parameter values (e.g. those de-
scribing the vaccination coverage, the vaccine efficacy and the percentage of at-risk individuals) have become availa-
ble and are now used in the simulations (Tables S1 and S2). 

  



Model description of Q-LAIV-Sim 
The core of the mathematical model which underlies the computer simulations is given below. In order to reduce the 
complexity of the model which is described by 32,330 differential equations, only the basic features are shown in the 
equations; further explanations will be given below. 
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Infected individuals who are not yet contagious E 
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Infected individuals who are contagious I 
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Individuals who are immune due to vaccination V 
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Individuals who are immune after infection R 
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Model parameters of Q-LAIV-Sim 
Indexing 
a age group (in 6 month steps for the first two groups; in years thereafter) 
n category “no risk” 
r  category “at risk” 
t time  
Demographic parameters 

( )tν  birth rate at time t 
m  fraction of newborns with maternal protection 
ω  rate at which maternal protection is lost 

( )taµ  death rate for age a and time t 

ar  fraction of age group a with “at risk” status 
( )taα  ageing rate of individuals of age a at time t 

Natural history parameters 
IS aa ,β   contact rate of susceptible individuals of age Sa  with infectious individuals of age Ia  

( )taλ  rate at which individuals of age a are infected at time t 
δ  transition rate at which infected individuals in their latent stage become infectious 
γ  rate at which infectious individuals recover and become immune 
ρ  rate at which individuals who are immune because of infection lose their immunity 
Vaccination parameters 

( )tna,φ  rate at which individuals of age a with status n (“no risk”) are vaccinated at time t 
P  protection of successfully vaccinated individuals against infection 



 

Table S1. Q-LAIV-Sim model parameters. 
 Parameter Age group Value base case Source 
Population  
of Germany Total size N all ages 2015: 80.7 million 

2025: 80.3 million (3, 4) 

% at-risk ra 
18-29 years 
30-44 years 
45-59 years 
60+ years 

19.15% 
28.65% 
47.75% 
100% 

(5) 

Transmission 
dynamics 

Contact rate between individuals,  
IS aa ,β  all ages extended POLYMOD matrix  

‘all reported contacts’ (6) 

Basic reproduction number R0 all ages 1.1 (all-year average) calibration, (7)  

Seasonality of transmission all ages peak on 21 Dec. 
amplitude: 43% of baseline (8) 

External infection introduction rate  
per person all ages baseline: 1/1,000 years, peak: Feb 8 

amplitude: 100% of baseline assumption 

Natural histo-
ry  
of influenza 

Proportion of infected individuals  
developing symptoms all ages 66.9% (9) 

Duration of latency δ -1 all ages 1 day (9) 

Duration of contagiousness γ -1 all ages 5 days (9) 

Duration of immunity after infection ρ -1 all ages Influenza A: 6 years 
Influenza B: 12 years (8) 

 

 
Table S2. Baseline vaccination coverage and vaccine efficacy used in Q-LAIV-Sim.  
Vaccination takes place annually from 1 October to 30 November. 

Age 
group 

Baseline vaccination 
coverage 

Vaccine efficacy  Age 
group 

Baseline vaccination 
coverage 

Vaccine efficacy 
TIV QLAIV  TIV QLAIV 

<1 year 0.3% (10) 45% 
(11) ---  11 years 5.3% (10) 

59%  
(11)  

80%  
(12, 13) 

1 year 2.8% (10)  12 years 5.8% (10) 
2 years 4.6% (10) 

59% 
(11) 

80%  
(12, 13) 

 13 years 5.3% (10) 
3 years 5.4% (10)  14 years 4.3% (10) 
4 years 5.2% (10)  15 years 4.0% (10) 
5 years 5.3% (10)  16 years 3.1% (10) 
6 years 4.7% (10)  17 years 2.8% (10) 
7 years 5.3% (10)  18-59, low risk 17.35% a)  (14) 60% (15) 

--- 
8 years 5.0% (10)  18-59, high risk 27.55% a)  (14) 

58% (16) 9 years 4.8% (10)  60-69 years 43.3% a)  (14) 
10 years 5.1% (10)  70-79 years 59.4% a)  (14) 

     80+ years 63.85% a)  (14) 
 

a) average of the two reported seasons (2010/2011 and 2011/2012)  



Further explanations of the mathematical model of Q-LAIV-Sim 
Influenza strains 
As influenza can be caused by any one of four different viral strains (A(H1N1), A(H3N2), B/Yamagata, B/Victoria), we 
assume that these four strains are transmitted independently, causing strain-specific immunity; i.e. the differential 
equations shown above have to be applied separately to each one of them. As trivalent vaccination (TIV) only con-
tains one of the two B lineages, simulation results differ between strains. 
 

Birth ν, death µ and ageing α 
Using official demographic data until 2012 (3) and predicted data (using "Main scenario (proj_13npms)” from 2013 to 
2026 (4), the simulation tool is constructed such that the exact size and age-distribution of the German population is 
reproduced for each simulation year. The numbers of individuals in the lowest age group are translated into birth rates 

ν  and transitions from the numbers of individuals of age a in one year to age a+1 in the following year allow to calcu-

late age-specific mortality rates µa. Unlike in other simulation tools (8, 17), births and deaths not only occur once a 

year, but are spread evenly over the simulation year. Whereas ageing in dynamic models frequently occurs only once 
a year (1, 8, 17), aging is implemented in Q-LAIV-Sim as a continuous process. Although the description of the differ-
ential equations seems to allow for individuals to continuously age, the simulation has been implemented such that 
each individual can only age once a year, using additional indexing of the differential equations which was omitted 
from the description. The only exception are the two age groups below 1 year of age: as influenza vaccination can 
only be performed for children of at least 6 months, newborn individuals also “celebrate” their 6-months anniversary 
instead of only having an annual “birthday” (i.e. they pass through two aging steps within one simulation year). As the 
percentage of individuals who are “at risk” when being infected (status r) increases over age, some individuals with 
“no risk” status (n) are added into the “at risk” category when they grow older. Individuals who reach the highest age 
group (100+ years) remain in that age-group until they die.  
 

Maternal protection (fraction m, loss rate ω) 
A fraction m=30%  of newborn individuals is protected by maternal antibodies, the remaining fraction (1-m) is born 

susceptible. Maternal protection is lost at rate ω and the individuals become susceptible. As the average duration of 

maternal protection is assumed to be 4 months, only 0.25% of those newborns who initially are protected by maternal 
antibodies are still protected after 2 years. The model is implemented such that these few remaining individuals lose 
their maternal protection abruptly at their second birthday (this transition is not shown in the equations). 
 
Contact matrix 
Age-dependent mixing of contacts in Q-LAIV-Sim is based on the POLYMOD matrix for Germany (6). As Q-LAIV-Sim 

distinguishes annual cohorts (see above, paragraph “Birth ν, death µ and ageing α”), the original 5-year age group 

structure of the POLYMOD matrix was first extended into a 1-year structure, using a straight-forward extension algo-



rithm, and afterwards the resulting abrupt changes at the transitions between the former 5-year age groups were 
smoothed by rearranging contacts between cohorts such that the sum of contacts within the original 5-years age 
groups remained unchanged. As the POLYMOD matrix is by nature asymmetric, individuals of cohort a1 may be pre-
dicted to have a total number of x contacts with individuals of cohort a2, yet – viewed from the other side – individuals 
of cohort a2 may be predicted to have a completely different number of contacts with cohort a1. Such kinds of asym-
metric contact structures may be appropriate for infectious diseases where the transmission is easier passed on from 
group a1 to group a2 than from a2 to a1 (as may be the case for the transmission of a venereal disease via bisexual 
contacts), yet such asymmetries should not play a major role in influenza transmission. In order to create a symmetric 
contact structure which is based on the POLYMOD study, we calculate an average of the (a1,a2) and the (a2,a1) con-
tact rates which is weighted by the (time-varying) population sizes of the two cohorts. Performing this calculation for 
all 101 x 101 cohort combinations, we obtain a symmetric matrix ( )taa 21 ,β  which we use to calculate the force of in-

fection (cf. next paragraph). 
 

Force of infection λ 
To consider the seasonality of transmission, the force of infection depends on the time t, using the cosine function 

( )( )( )365/1122cos43.01 −⋅+ tπ  which implies that infections are most effectively passed on around Christmas (112 

days after the start of the simulation year, which is 1 September), reaching a value which is 43% higher than the all-

year average (8). This seasonality function is multiplied by the sum of all infectious individuals ( ) ( )( )∑ +
I

II
a

rana tItI ,, . 

Age-dependent contacts are governed by an extension of the POLYMOD contact matrix (6) to one-year age classes 

(see previous paragraph for details), leading to the contact rate 
IS aa ,β  of infected individuals of age Ia  with suscep-

tible individuals of age Sa . Furthermore, infectious contacts can also occur with individuals from outside of the popu-

lation (“external” or “imported” infections) which also depends on the time of the year, peaking in February; the exter-
nal infection rate is given by ( )( )( ) 001.0365/1602cos1 ⋅−+ tπ , assuming that individuals are infected from outside at 
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Vaccination rate φ 
Vaccinations are implemented such that, in a given simulation year approximately the same number of vaccinations 
takes place on every day during October and November, and that finally the given age- and risk-specific vaccination 
coverage is reached (for a mathematical description, see (1)). Vaccinations depend on the age and the risk status of 
the individuals, but not on their immunity status. As vaccination of immune individuals and infected individuals is as-
sumed not to change their immunologic status, these vaccinations are not shown in the equations above, but they are 



recorded during the simulation, using additional indexing of the differential equations. This is necessary for two rea-
sons: (a) although the description of the differential equations above would allow for individuals to receive multiple 
vaccinations per year, the system is implemented such that each individual can only be vaccinated once a year. (b) 
individuals who were vaccinated in the previous year are assumed to preferentially be re-vaccinated in the next year 
(an estimation of the re-vaccination factor for Germany is given below). Only the vaccination of susceptible individuals 
can change their immunity status, depending on the vaccine efficacy (which depends on the age and risk status of the 
vaccinee and on the type of vaccine). Whereas only tetravalent vaccines (QIV and QLAIV) are used during the evalu-
ation period of the simulations (starting in 2017), trivalent inactivated vaccine (TIV) is used during the initialization 
period (2000-2016). TIV can protect against both Influenza A strains, but only contains one of the two Influenza B 
lineages which changes from year to year, following the recommendation of the WHO. The recorded TIV composition 
is used in the simulation tool, and the vaccine efficacy is set to zero for the B lineage which is missing in TIV in the 
respective year. 
 
Protection P of vaccinees against infection  
In the standard version of the simulation tool Q-LAIV-Sim, successfully vaccinated individuals are fully protected 
against infection and disease until they lose their immunity (loss of vaccination-derived immunity will be described in 
the next section). In order to reproduce the reasoning which is given above for the SIR and SIRS models, a new pa-
rameter P was introduced which describes the protection of vaccinees against infection. With the default value P=1, 
vaccinees cannot be infected until they lose their immunity; with the experimental value P=0, vaccinees remain fully 
susceptible and the number of vaccinated individuals who are infected while they are still in category “V” can be cal-
culated (in order not to change anything during the initialization procedure or in the reference scenario with QIV, the 
setting P=0 is only used for QLAIV vaccination). 
 
Loss rate of vaccine-derived immunity (not shown in equations) 
Vaccinations with the inactivated vaccines (TIV and QIV) are assumed to protect the vaccinees for one season. Indi-
viduals who have become immune due to TIV or QIV vaccination lose their immunity at the end of the simulation year 
(i.e. on 31 August) in which they were vaccinated. For the live vaccine, it has been shown that a percentage of indi-
viduals are still protected in the second season: the vaccine efficacy in the first season was 80% (12, 13); it dropped 
to 56% in the second year (18), i.e. 70% of the individuals who are protected in the first year, are also protected in the 
second year. The model is implemented such that 30% of individuals lose their Q-LAIV immunity at the end of the 
simulation year in which they are vaccinated, and the remaining ones lose their immunity at the end of the following 
year. Technically, this demands further indexing of the differential equations which is not shown in the model descrip-
tion.  



Simulation results of Q-LAIV-Sim 
Simulation results are given in Table S3 and in Table 1 and Figure 5 of the paper.  In a sensitivity analysis, 
we have used the QIV vaccine efficacy and the duration of QIV immune protection of QLAIV, too (Table 
S4). 
 

Each simulations was run three times:  

a) Baseline vaccination coverage (i.e. no additional vaccinations), using QIV vaccine 
b) like in (a), but children receive Q-LAIV vaccine with a higher vaccination coverage  

(fully protective vaccine) 
c) like in (b), but using a completely non-protective vaccine 

 

Effects were calculated as follows: 

All prevented infections (children) aC 10 year difference in cumulative infection incidence  
for susceptible children (i.e. children in stage “S”):  
simulation (a) minus simulation (b) 

Directly prevented infections (children) dC  10 year cumulative infection incidence  
for vaccinees (i.e. children in stage “V”):  
using simulation (c) 

Indirectly prevented infections (children) iC aC - dC 

Indirect/direct ratio (children) rC   iC/dC 

Indirectly prevented infections (adults) iA 10 year difference in cumulative infection incidence  
for susceptible adults (i.e. adults in stage “S”):  
simulation (a) minus simulation (b) 

Indirectly prevented infections (total) iT  iC + iA 

Indirect/direct ratio (total) rT   iT/dC 

 

  



Table S3. Annual number of directly and indirectly prevented influenza-related events caused by pediatric QLAIV 
vaccination in Germany. Simulations are initialized from 2010 to 2016 using TIV with the baseline vaccination cover-
age shown in Table S2. In the reference scenario, TIV is replaced by QIV in 2017, but the vaccination coverage re-
mains unchanged. In the evaluated scenario, the same QIV vaccinations are performed, except for 2-17 year old chil-
dren who receive QLAIV; in the first evaluation year their QLAIV coverage is identical to the baseline coverage 
(around 5%), then it is increased in three equal annual steps to reach the final coverage as shown below. In the col-
umns “Prevented cases”, 10-year cumulative numbers of directly (dC) and indirectly prevented cases among children 
(iC), as well as indirectly prevented cases among adults (iA) and in the total population (iT) are given. In the “Ratio” 
columns, ratios of indirectly prevented cases divided by directly prevented cases are given for the sub-group of chil-
dren (rC) and for the total population (rT). For a graphical display of the results see Figure 5 of the paper. 

QLAIV (+) 
coverage 

Symptomatic cases Acute otitis media (AOM) Deaths 
Prevented cases Ratio Prevented cases Ratio Prevented cases Ratio 

20 
dC: 1,080,655.0 
iC: 2,408,791.0 
iA: 5,535,926.1 

iT: 7,944,717 

 
rC: 2.2 
rA: ---- 
rT: 7.4 

dC: 71,477.3 
iC: 253,150.5 

iA: 55,359.2 
iT: 308,509.8 

 
rC: 3.5 
rA: ---- 
rT: 4.3 

dC: 111.9 
iC: 397.8 

iA: 3,624.9 
iT: 4,022.4 

 
rC: 3.6 
rA: ---- 

rT: 35.9 

25 
dC: 1,427,175.0 
iC: 2,751,614.7 
iA: 6,815,377.2 
iT: 956,6992.1 

 
rC: 1.9 
rA: ---- 
rT: 6.7 

dC: 98,020.3 
iC: 292,409.6 

iA: 68,153.5 
iT: 360,563.1 

 
rC: 3.0 
rA: ---- 
rT: 3.7 

dC: 153.6 
iC: 459.0 

iA: 4,458.9 
iT: 4,917.7 

 
rC:3.0 
rA: ---- 

rT: 32.0 

30 
dC: 1,765,551.0 
iC: 3,023,809.4 
iA: 8,018,576.8 

iT: 11,042,386.3 

 
rC: 1.7 
rA: ---- 
rT: 6.3 

dC: 123,988.0 
iC: 325,399.9 

iA: 80,185.6 
iT: 405,585.6 

 
rC: 2.6 
rA: ---- 
rT: 3.3 

dC: 194.4 
iC: 510.6 
iA: 899.4 

iT: 5,752.2 

 
rC: 2.6 
rA: ---- 

rT: 29.6 

35 
dC: 2,098,649.0 
iC: 3,232,049.8 
iA: 9,148,224.1 

iT: 12,380,273.8 

 
rC: 1.5 
rA: ---- 
rT: 5.9 

dC: 149,673.0 
iC: 352,707.5 

iA: 91,482.1 
iT: 444,189.8 

 
rC: 2.4 
rA: ---- 
rT: 3.0 

dC: 234.7 
iC: 552.9 

iA: 5,976.0 
iT: 6,528.7 

 
rC: 2.4 
rA: ---- 

rT: 27.8 

40 
dC: 2,427,139.0 
iC: 3,381,844.2 

iA: 10,202,766.7 
iT: 13,584,610.9 

 
rC: 1.4 
rA: ---- 
rT: 5.6 

dC: 175,026.9 
iC: 374,763.3 
iA: 102,027.5 
iT: 476,790.9 

 
rC: 2.1 
rA: ---- 
rT: 2.7 

dC: 274.6 
iC: 586.8 

iA: 6,660.4 
iT: 7,247.0 

 
rC: 2.1 
rA: ---- 

rT: 26.4 

45 
dC: 2,752,099.0 
iC: 3,478,910.0 

iA: 11,183,493.3 
iT: 14,662,403.4 

 
rC: 1.3 
rA: ---- 
rT: 5.3 

dC: 200,134.2 
iC: 392,038.4 
iA: 111,834.6 
iT: 503,873.4 

 
rC:2.0 
rA: ---- 
rT: 2.5 

dC: 314.0 
iC: 613.4 

iA: 7,296.3 
iT: 7,909.7 

 
rC: 2.0 
rA: ---- 

rT: 25.2 

50 
dC: 3,074,578.0 
iC: 3,528,638.1 

iA: 12,092,827.6 
iT: 15,621,465.6 

 
rC: 1.1 
rA: ---- 
rT: 5.1 

dC: 225,100.2 
iC: 404,967.7 
iA: 120,928.0 
iT: 525,895.9 

 
rC:1.8 
rA: ---- 
rT: 2.3 

dC: 353.2 
iC: 633.2 

iA: 7,885.4 
iT: 8,518.6 

 
rC: 1.8 
rA: ---- 

rT: 24.1 

55 
dC: 3,400,403.0 
iC: 3,533,613.6 

iA: 12,938,352.6 
iT: 16,471,966.2 

 
rC: 1.0 
rA: ---- 
rT: 4.8 

dC: 250,320.0 
iC: 413,873.5 
iA: 129,383.2 
iT: 543,256.9 

  
rC: 1.7 
rA: ---- 
rT: 2.2 

dC: 392.8 
iC: 646.7 

iA: 8,432.6 
iT: 9,079.2 

 
rC: 1.6 
rA: ---- 

rT: 23.1 

60 
dC: 3,725,882.0 
iC: 3,500,241.9 

iA: 13,719,026.5 
iT: 17,219,268.4 

 
rC: 0.9 
rA: ---- 
rT: 4.6 

dC: 275,545.6 
iC: 419,200.0 
iA: 137,190.2 
iT: 556,390.2 

 
rC: 1.5 
rA: ---- 
rT: 2.0 

dC: 432.2 
iC: 654.7 

iA: 8,937.4 
iT: 9,592.2 

 
rC: 1.5 
rA: ---- 

rT: 22.2 



Table S4. Annual number of directly and indirectly prevented influenza-related events caused by pediatric QLAIV 
vaccination in Germany. In these simulations, the vaccine efficacy of QLAIV was set to the QIV value of 59% and the 
duration of QLAIV immunity was set to one year (as for QIV); all other details are described in Table S3. 

QLAIV (-) 
coverage 

Symptomatic cases Acute otitis media (AOM) Deaths 
Prevented cases Ratio Prevented cases Ratio Prevented cases Ratio 

20 
dC: 378,140.3 

iC: 1,361,036.4 
iA: 2,448,750.7 
iT: 3,809,787.2 

 
rC: 3.6 
rA: ---- 

rT: 10.1 

dC: 19,214.4 
iC: 141,048.1 

iA: 24,487.4 
iT: 165,535.7 

 
rC: 7.3 
rA: ---- 
rT: 8.6 

dC: 29.1 
iC: 222.4 

iA: 1,611.7 
iT: 1,833.9 

 
rC: 7.6 
rA: ---- 

rT: 63.0 

25 
dC: 613,314.5 

iC: 1,648,221.3 
iA: 3,235,391.1 
iT: 4,883,612.5 

 
rC: 2.7 
rA: ---- 
rT: 8.0 

dC: 37,437.2 
iC: 171,483.8 

iA: 32,353.8 
iT: 203,837.9 

 
rC: 4.6 
rA: ---- 
rT: 5.4 

dC: 57.7 
iC: 270.1 

iA: 2,128.3 
iT: 2,438.2 

 
rC: 4.7 
rA: ---- 

rT: 42.3 

30 
dC: 848,376.7 

iC: 1,913,038.1 
iA: 4,017,882.2 
iT: 5,930,920.3 

 
rC: 2.3 
rA: ---- 
rT: 7.0 

dC: 55,649.8 
iC: 200,029.7 

iA: 40,178.6 
iT: 240,208.4 

 
rC: 3.6 
rA: ---- 
rT: 4.3 

dC: 86.3 
iC: 315.2 

iA: 2,641.4 
iT: 2,956.3 

 
rC: 3.7 
rA: ---- 

rT: 34.3 

35 
dC: 1,083,510.1 
iC: 2,154,230.2 
iA: 4,793,013.1 
iT: 6,947,243.1 

 
rC: 2.0 
rA: ---- 
rT: 6.4 

dC: 73,887.1 
iC: 226,586.9 

iA: 47,930.0 
iT: 274,517.0 

 
rC: 3.1 
rA: ---- 
rT: 3.7 

dC: 114.9 
iC: 356.7 

iA: 3,149.3 
iT: 3,505.9 

 
rC: 3.1 
rA: ---- 

rT: 30.5 

40 
dC: 1,318,571.1 
iC: 2,370,769.6 
iA: 5,557,010.1 
iT: 7,927,779.8 

 
rC: 1.8 
rA: ---- 
rT: 6.0 

dC: 92,119.2 
iC: 251,058.2 

iA: 55,570.0 
iT: 306,628.5 

 
rC: 2.7 
rA: ---- 
rT: 3.3 

dC: 143.5 
iC: 394.9 

iA: 3,649.1 
iT: 4,044.1 

 
rC: 2.9 
rA: ---- 

rT: 28.2 

45 
dC: 1,553,593.6 
iC: 2,562,164.6 
iA: 6,306,854.0 
iT: 8,869,018.7 

 
rC: 1.6 
rA: ---- 
rT: 5.7 

dC: 110,353.3 
iC: 273,395.1 

iA: 63,068.5 
iT: 336,463.8 

 
rC:2.5 
rA: ---- 
rT: 3.0 

dC: 172.2 
iC: 429.8 

iA: 4,139.2 
iT: 4,568.9 

 
rC: 2.5 
rA: ---- 

rT: 26.5 

50 
dC: 1,788,642.0 
iC: 2,728,270.8 
iA: 7,039,884.8 
iT: 9,768,155.6 

 
rC: 1.5 
rA: ---- 
rT: 5.5 

dC: 128,602.6 
iC: 293,574.7 

iA: 70,398.7 
iT: 363,973.6 

 
rC: 2.3 
rA: ---- 
rT: 2.8 

dC: 200.8 
iC: 461.5 

iA: 4,617.6 
iT: 5,078.8 

 
rC: 2.3 
rA: ---- 

rT: 25.3 

55 
dC: 2,023,748.5 
iC: 2,868,948.4 
iA: 7,753,282.1 

iT: 10,622,230.4 

 
rC: 1.4 
rA: ---- 
rT: 5.2 

dC: 146,872.4 
iC: 311,574.6 

iA: 77,532.7 
iT: 389,107.6 

  
rC: 2.1 
rA: ---- 
rT: 2.6 

dC: 229.2 
iC: 489.6 

iA: 5,082.7 
iT: 5,572.2 

 
rC: 2.1 
rA: ---- 

rT: 24.3 

60 
dC: 2,258,920.5 
iC: 2,984,960.3 
iA: 8,445,515.0 

iT: 11,430,475.1 

 
rC: 1.3 
rA: ---- 
rT: 5.1 

dC: 165,164.3 
iC: 327,444.3 

iA: 84,455.0 
iT: 411,899.7 

 
rC: 2.0 
rA: ---- 
rT: 2.5 

dC: 258.1 
iC: 514.0 

iA: 5,533.6 
iT: 6,047.5 

 
rC: 2.0 
rA: ---- 

rT: 23.4 
 

  



 

Estimation of the re-vaccination factor 
The preferential re-vaccination factor will be calculated from reported data on people who were vaccinated at least 
once in three subsequent seasons from 2004/5 to 2006/7 in Germany (Table S4). Vaccination coverage of >60 year 
olds was 2004/5: p1=45%, 2005/6: p2=50% and 2006/7: p3=49%, respectively; the vaccination coverage p0 below 60 
years was not reported (19). 

Table S4. Number of individuals who received one, two or three vaccinations in Germany during the seasons 2004/5, 
2005/6 and 2006/7 (19).  

age group Reported number  
of vaccinations 

Reported number  
of individuals 

Reported percentage  
of vaccinees  

of the age group 

Estimated percentage, 
using a re-vaccination 

factor f=4.25 

≤ 60 years 

1 3.688.367 50.3% 48.8% 

2 1.998.431 27.2% 30.8% 

3 1.649.990 22.5% 20.5% 

> 60 years 

1 2.198.497 24.2% 24.1% 

2 2.583.421 28.3% 28.0% 

3 4.308.334 47.4% 47.9% 

 

 

Figure S1. Visualization of vaccination sequences of individuals who made three vaccination choices. 
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Expected percentage of people >60 years who were vaccinated once, twice or three times 
As percentages p1, p2 and p3 of individuals >60 years were vaccinated in 2004/5, 2005/6 and 2006/7, respectively, the 
expected percentages of people who received one, two or three vaccinations can be calculated if we assume that 
individuals who were vaccinated in the previous year are f  times as likely to be vaccinated again in the current year 
as people who were not vaccinated in the previous year; abbreviations are explained by the decision tree depicted in 
Figure S1.  

2004/5: 1pV = , 11 pN −=  

2005/6: 2fcVVV ⋅= , ( )21 fcVVN −= , 2cNNV ⋅= , ( )21 cNNN −=  with 
NVf

pc
+

= 2
2  

2006/7: 3fcVVVVV ⋅= , ( )31 fcVVVVN −= , 3cVNVNV ⋅= , ( )31 cVNVNN −= , 3fcNVNVV ⋅= , 

( )31 fcNVNVN −= , 3cNNNNV ⋅= , ( )31 cNNNNN −=  with ( ) ( )NNVNfNVVV
pc

+++
= 3

3  

Expected percentage of people ≤60 years who were vaccinated once, twice or three times 
As the percentages of individuals ≤60 years who were vaccinated in 2004/5, 2005/6 and 2006/7, respectively, were 
not given, we assume that an (unknown) percentage p0 of them were vaccinated in every single year. Using this per-
centage (which will be estimated together with the revaccination factor f), we can again calculate the expected per-
centages of individuals who received one, two or three vaccinations: 
2004/5: 0pV = , 01 pN −=  

2005/6: 2fcVVV ⋅= , ( )21 fcVVN −= , 2cNNV ⋅= , ( )21 cNNV −= , 2cNNN ⋅=  with 
NVf

pc
+

= 0
2  

2006/7: 3fcVVVVV ⋅= , ( )31 fcVVVVN −= , 3cVNVNV ⋅= , ( )31 cVNVNN −= , 3fcNVNVV ⋅= , 

( )31 fcVNNVN −= , 3cNNNNV ⋅= , ( )31 cNNNNN −=  with ( ) ( )NNVNfNVVV
pc

+++
= 0

3  

Estimation of the re-vaccination factor f 
As the data set only contains individuals who were vaccinated at least once, we obtain that 

- a fraction ( ) ( )NNNNNVNVNVNN −++ 1/  is expected to be vaccinated once 
- a fraction ( ) ( )NNNNVVVNVVVN −++ 1/  is expected to be vaccinated twice 
- a fraction ( )NNNVVV −1/  is expected to be vaccinated three times 

The unknown parameters p0 and f were estimated using the method of least squares, obtaining the following esti-
mates: 

- p0 = 25.9% of young adults were vaccinated 
- f = 4.25, meaning that previously vaccinated individuals are more than 4 times as likely to be  

vaccinated again as previously unvaccinated individuals 

As can be seen from the two last columns of Table S4, the estimated percentages of individuals with one, two or 
three vaccinations (using f=4.25) are satisfactorily close to the observed ones.  



Exploring direct and indirect vaccination effects in a static model with seasonality 
The simulation results in Q-LAIV-Sim are strongly driven by the seasonality of transmission and by the annual vac-
cination campaigns which precede the transmission seasons (Figure S2). Seasonality was not incorporated in the SIR 
or the SIRS models which were explored above, but we have developed a simple static model which captures the 
most important features of the seasonal changes, using the sinusoidal function of Vynnycky et al. 2008 (8) according 
to which transmission is 43% higher around Christmas than on average.  

 

Using an all-year average basic reproduction number R0=1.1 and the seasonality function of Vynnycky et al., we get 
the following seasonal fluctuations of the reproduction number: ( ) ( )( )( )365/1122cos43.011.10 −⋅⋅+⋅= ttR π . As an-

nually only 10.6% of individuals are infected with influenza (7), only about 2-3% of the population is infected with any 
one of the four influenza strains. In simulations with Q-LAIV-Sim (using the parameter settings shown in Tables S1 
and S2), about 30% of the population are immune to a given influenza strain before the transmission season. Be-
cause of the low infection rate, this percentage hardly changes during the transmission season (as can be seen from 
Figure S2, stages 1-3, vaccination and loss of vaccination-derived immunity which take place outside of the seasonal 
transmission window have much more impact on the number of susceptibles). As the number of immune individuals 
only slightly changes during the transmission period, seasonality must be a major driver of the dynamics which de-
termines the increase and decrease in the number of cases.  
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Figure S2. Trajectory of Q-LAIV-Sim results: Each dot represents the resulting 
combination of the number of susceptible and infected individuals at the end of a 
simulation day. Starting on 1 September, the begin of a simulation year (1), vac-
cination-derived immunity which was acquired during the last season (inactivated 
vaccine) or during the last two seasons (live vaccine) is lost (2). As hardly any 
infectious individuals are present and the transmissibility of the infection is very 
low at that time, the number of susceptible individuals continues to grow due to 
births. From 1 October to 30 November, children and adults are vaccinated (3).  
Soon thereafter, newly introduced infections spread in the population (4) and start 
a seasonal wave which reaches its peak around March or April (5). After that, the 
incidence strongly declines, aided by the reduced transmissibility of the infection. 
In the summer months when virtually all infections are gone, the susceptible popu-
lation slightly increases due to loss of naturally acquired immunity and to new 
births (6), until vaccination-derived immunity is lost again (1) at the beginning of 
the next simulation year and a new vaccination campaign starts. 



In the following simplified model, we assume that the immunity does not change during the seasonal wave at all, but 
remains at a constant level of 30%. We start with a single infection on 1 December (i.e. t0 = 91, which is immediately 
after the end of the annual vaccination campaign and which precedes the seasonal wave). At this time, the value of 
the reproduction number ( )0tR  is 1.542, meaning that the index case is expected to infect 1.542 others in a non-

immune population. As 30% of the population is immune, the expected number of secondary infections is reduced to 
1.08 which is just above the critical number 1.0 which is needed for an epidemic to evolve. On average, it takes a 
generation time of 3.5 days until the next generation of cases is ready to infect others. By then, the reproduction 
number has increased to ( ) 552.15.30 =+tR , and each of the expected 1.08 cases infects 1.09 others, bringing the 

expected number to 1.173. This continues with changing R0 values so that a seasonal influenza wave builds up. As 
transmission eventually passes its peak, the expected number of new cases will finally decline and the seasonal wave 
will end. The expected number of cases in the k-th transmission generation (each of which takes on average 3.5 

days) can be calculated as ( )( )∏
=

−⋅
k

i
kR

1

3.01  whereby ( )( )15.300 −+= ktRRk . Summed up over the whole year, in-

troduction of one case on 1 December finally leads to 89.0 cases. Vaccination can easily be incorporated in this for-
mula: if 2% of the population who are still susceptible at the end of 30 November are (additionally) vaccinated before 

introduction of the index case, the formula needs to be changed to ( ) ( )( )∏
=

−⋅−⋅
k

i
kR

1

02.013.01 . Although this seems 

to negligibly decrease the slope at which the number of cases grows, the expected annual number of cases drops 
from 89.0 to 62.5 cases (i.e. by 29.2%). As only 2% of the population were vaccinated, only 2% of the original 89.0 
secondary cases (i.e. 1.8 cases) were prevented because the prospective victims were protected (i.e. directly pro-
tected). The remaining 24.8 cases which were prevented by vaccinating 2% of the population were obviously an indi-
rect effect of vaccination. The ratio of indirectly/directly prevented cases was, thus 24.8/1.8 = 13,8, meaning that more 
than nearly 14 times as many cases were prevented indirectly as were prevented directly. 
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