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Supplementary appendix 1 

 

1.  Model structure 

1.1.  Overview 

The system dynamics model used for the simulation experiments presented in the paper comprises a set of 

interconnected sub-models, or sectors, that includes: 1) a population sector, capturing changes in population size 

and structure resulting from births, migration, aging, and mortality; 2) a smoking status sector that captures 

changes in the numbers of adult daily smokers and ex-smokers, disaggregated by age group and sex; 3) an 

initiation sector that models smoking initiation rates among adolescents (aged 12−17 years) and young adults 

(18−29 years); and 4) a cessation and relapse sector that models cessation attempt and failure rates, mean 

cigarette consumption (which directly influences the cessation failure rate), and the rate of relapse among ex-

smokers.  Additional model sectors capture the dynamics of e-cigarette use among adolescents and young 

adults, the prevalence of high psychological distress (which directly affects multiple smoking-related 

behaviours), and hospitalisations for smoking-related diseases.  Details of the structure of all sectors and the 

values specified for selected parameters (including intervention effects) are provided below and in Table S1. 

 

1.2.  Population sector 

Figure S1 shows the structure of the population sector, which captures changes in the size and composition of 

the Queensland population due to births, migration, aging, and mortality.  The total population is represented as 

12 stocks (i.e., state variables), corresponding to the numbers of females and males aged 0−11 years, 12−17 

years (adolescents), 18−29 years (young adults), 30−44 years, 45−64 years, and 65 years and older.  Population 

size increases through births (which are added to the stocks of 0−11 year-old females and males) and net 

overseas and interstate migration (which is always positive over the period simulated), and decreases as a result 

of mortality.  Aging is modelled as a first-order delay, in which people flow out of each stock (except those for 

females and males aged 65 years and above) at a rate 𝑛(𝑡) 𝑑⁄ , where 𝑛(𝑡) is the number of people in the stock at 

time 𝑡, and the average delay time 𝑑 is the mean number of years a person spends in the stock.  Demographic 

rate estimates and projections (sex-specific birth rates, age-and-sex-specific mortality and net migration rates) 

published by the Australian Bureau of Statistics (2013, 2017a, 2017b, 2017c) are input into the model directly 

via graphical functions.  Population estimates derived from the model are plotted alongside Australian Bureau of 

Statistics estimates in figure S2. 
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Table S1.  Selected parameter values.  GRAPH(x) denotes a graphical function specifying an output (typically 

an effect) for each possible value of an input x (see, e.g., upper panels of supplementary appendix 2).  Effects 

are multiplicative, so that, e.g., parental smoking increases the adolescent initiation fraction by a factor of 1.72. 

Parameter(s) Value(s) Reference(s) 
    

Smoking status sector 
  

 
Migrant current smoking prevalence, migrant past smoking 
prevalence 

0.1121 (current smoking), 0.3023 (past 
smoking) 

Australian Bureau of 
Statistics (2015)  

Mortality hazard ratio − current smokers aged 45 years and 
above 

3.08 (females), 2.82 (males) Banks et al. (2015) 
 

Mortality hazard ratio − ex-smokers aged 45 years and above 1.54 (females), 1.34 (males) Banks et al. (2015) 
Initiation sector 

  

 E-cigarette use – effect on adolescent initiation fraction 2   
Parental smoking − effect on adolescent initiation fraction 1.72 Leonardi-Bee et al. 

(2011)  
Proportion of e-cigarette adopters who have not used tobacco 
products (i.e., at the time of adoption) 

0.1397 Pepper and Brewer 
(2014)  

Pro-tobacco advertising effectiveness (proportion of potential 
smokers initiating per year) 

0.001 per year 
 

 
Psychological distress − effect on adolescent and adult 
initiation fractions 

1.41 Chaiton et al. (2009) 
 

Public disapproval of smoking − effect on adolescent and adult 
initiation fractions 

1.81 Tang et al. (1998) 
 

Smoking in popular media − effect on adolescent and adult 
initiation fractions 

GRAPH(exposure to smoking in 
popular media) 

Titus-Ernstoff et al. 
(2008)  

Social contact rate (mean active personal network size) 71.84 per year Roberts et al. (2009) 
Cessation and relapse sector 

  
 

Cigarette consumption − effect on cessation failure rate GRAPH(mean consumption per week) Cohen et al. (1989), 
Yong et al. (2014)  

Hospitalisation for smoking-related diseases − effect on 
cessation attempt rate 

3.17 Keenan (2009) 
 

Peer smoking − effect on cessation failure rate GRAPH(exposure to smoking peers) Hitchman et al. (2014)  
Probability of a spontaneous cessation attempt due to 
pregnancy 

0.228 Panjari et al. (1997) 
 

Probability of cessation failure during pregnancy 0.2749 Panjari et al. (1997)  
Psychological distress − effect on cessation failure and relapse 
rates 

3.6214 McKee et al. (2003) 
 

Psychological distress − effect on cigarette consumption 1.1593 Lasser et al. (2000)  
Public disapproval of smoking − effect on cessation attempt 
rate 

0.611 Hyland et al. (2006) 
 

Smoke-free environment legislation − effect on cigarette 
consumption 

GRAPH(level of smoke-free policy 
implementation) 

Fichtenberg and Glantz 
(2002)  

Tobacco taxation − effect on cessation attempt rate GRAPH(real price of cigarettes) Farrelly et al. (2001)  
Tobacco taxation − effect on cigarette consumption GRAPH(real price of cigarettes) Farrelly et al. (2001) 

Policy interventions 
  

 
Antismoking mass media campaigns − effect on cessation 
attempt rate 

GRAPH(antismoking advertising 
exposure) 

Wakefield et al. (2011) 
 

Antismoking mass media campaigns − effect on cessation 
failure rate 

GRAPH(antismoking advertising 
exposure) 

Wakefield et al. (2013) 
 

Antismoking mass media campaigns − effect on initiation rate GRAPH(antismoking advertising 
exposure) 

Farrelly et al. (2009) 
 

Minimum age of supply increase − effect on initiation rate 0.84 Schneider et al. (2016)  
Tobacco licencing − effect of prohibiting supply by alcohol-
licensed venues on cessation failure and relapse rates 

0.9 Burton et al. (2018) 
 

Tobacco licencing − effect of prohibiting supply by alcohol-
licensed venues on initiation rate 

0.98 Burton et al. (2018) 
 

Tobacco licensing − effect on antismoking advertising 
exposure 

1.1 
 

 
Tobacco licensing (supply by alcohol-licensed venues 
permitted) − effect on initiation, cessation failure, and relapse 
rates 

0.98 Bowden et al. (2014), 
Freeman and Burton 
(2018) 
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Figure S1.  Stock and flow structure of the population sector. 
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Figure S2.  Population estimates for females and males (all ages) derived from the system dynamics model and 

corresponding Australian Bureau of Statistics (ABS) estimates. 

 

1.3.  Smoking status sector 

The smoking status sector comprises 16 stocks, corresponding to the numbers of female and male daily smokers 

and ex-smokers aged 18−29 years, 30−44 years, 45−64 years, and 65 or more years (see Fig. 1, panel A of the 

paper).  Adolescent smokers flow into the stocks of female and male daily smokers aged 18−29 years at a rate 𝑠(𝑡) 𝑑⁄ , where 𝑠(𝑡) is the number of 12−17 year-old smokers in the population at time 𝑡 (calculated in the 

initiation sector; see below), and 𝑑 is the mean number of years elapsing before an adolescent smoker reaches 

18 years of age.  Numbers of daily smokers also increase via initiation among young adults who were non-

smokers when they entered the population stock of 18−29 year-olds.  Aging of smokers and ex-smokers is 

modelled using the same approach described for the population sector above, i.e., as a first-order delay.  Daily 

smokers flow into the stock of ex-smokers of the same age as they stop smoking, and may later relapse, 

returning to the same stock of daily smokers or (after aging) flowing into a stock of older daily smokers.  Age-

and-sex-specific cessation and relapse rates are calculated in the cessation and relapse sector, described below. 

 

Migrant current and past smokers flow into the stocks of daily smokers and ex-smokers at rates equal to the 

prevalence of daily smoking and past smoking among overseas and interstate arrivals (estimated from 2014−15 

National Health Survey data; Australian Bureau of Statistics, 2015) multiplied by the numbers of migrants 

entering the population per year.  Per capita mortality rates for daily smokers and ex-smokers aged 18−45 years 
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are assumed to be identical to those for the total population.  Among daily smokers and ex-smokers aged 45 

years and above, per capita mortality rates for females and males are 1.34−3.08 times those for never smokers of 

the same sex (Banks et al., 2015).  Figure S3 compares the modelled prevalence of daily smoking in the 

Queensland adult population with prevalence estimates derived from Queensland Health’s Preventive Health 

Survey. 

 

 

Figure S3.  Daily smoking prevalence estimates for females and males aged 18 years and above derived from 

the system dynamics model and corresponding Preventive Health Survey (PHS) estimates. 

 

1.4.  Initiation sector 

The initiation sector models smoking uptake among female and male adolescents (12−17 year-olds) and young 

adults (18−29 year-olds); initiation among never smokers aged 30 years and above is assumed to be negligible 

over the period simulated.  Fig. 1B of the paper shows the structure of the adolescent initiation component of the 

model, which is based on the Bass diffusion model for the spread of new products (see Sterman, 2000, pp. 

332−333).  Potential female and male adolescent smokers (i.e., 12−17 year-olds who have not started smoking) 

begin smoking at a rate 𝑐𝑝(𝑡)𝑢(𝑡)𝑛(𝑡) + 𝑎𝑛(𝑡), where 𝑛(𝑡) is the number of potential smokers at time 𝑡, 𝑐 is 

the social contact rate (set to an estimate of the mean active personal network size of 71.84; Roberts et al., 

2009), 𝑝(𝑡) is the prevalence of smoking among all 12−17 year-olds in the population at time 𝑡, 𝑢(𝑡) is the per 

contact initiation fraction at time 𝑡 (i.e., the proportion of contacts with an adolescent smoker resulting in 

initiation), and 𝑎 is advertising effectiveness (the proportion of potential smokers who start smoking per year 
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due to internet advertising, assumed to equal 0.001).  The per contact initiation fraction 𝑢(𝑡) depends on a range 

of factors, including parental smoking (itself dependent on the modelled prevalence of daily smoking in the 

adult population), e-cigarette use, exposure to smoking in popular media, public disapproval of smoking, and 

psychological distress.  The assumed effects of these factors on the adolescent initiation rate are based on 

Leonardi-Bee et al. (2011; parental smoking), Pepper and Brewer (2014; e-cigarette use), Titus-Ernstoff et al. 

(2008; smoking in popular media), Tang et al. (1998; public disapproval of smoking), and Chaiton et al. (2009; 

psychological distress). 

 

The structure of the young adult uptake component of the initiation sector, presented in figure S4, is very similar 

to the structure of the adolescent initiation component.  Figure S5 shows the modelled prevalence of smoking 

among 12−17 year-olds and 18−29 year-olds, together with prevalence estimates derived from the Australian 

Secondary Students’ Alcohol and Drug Survey (White and Williams, 2015) and Queensland Health’s Preventive 

Health Survey. 

 

 

 

Figure S4.  Adult initiation component of the initiation sector. 
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Figure S5.  Adolescent and young adult smoking prevalence estimates derived from the system dynamics model 

and corresponding estimates from the Australian Secondary Students’ Alcohol and Drug Survey (ASSADS) and 

the Preventive Health Survey (PHS). 

 

1.5.  Cessation and relapse sector 

Fig. 1C of the paper presents the structure used to model age-and-sex specific cessation and relapse rates (the 

structure for smokers aged 18−29 years, 45−64 years, and 65 years and above is identical to that for 30−44 year-

olds displayed).  As daily smokers make a cessation attempt, they flow into a stock of quitting smokers, where 

they remain until they age, die (at the same per capita rate as daily smokers of the same age and sex), resume 

daily smoking (a failed cessation attempt), or, after remaining abstinent for a period of 1 year, successfully quit 
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(at which point they become ex-smokers).  Relapse (as defined in the model) occurs when an ex-smoker (i.e., a 

previous smoker who has not smoked for at least 1 year) resumes daily smoking, and is distinct from cessation 

attempt failure.  (Note that in calculating the prevalence of current and past smoking we counted quitting 

smokers as ex-smokers.) 

 

Cessation attempts are assumed to be prompted by pregnancy, contact with a quitting smoker (Christakis and 

Fowler, 2008), or concerns about health, financial cost, and/or public attitudes to smoking.  The cessation 

attempt rate is equal to 𝑞𝑟(𝑡)𝑠(𝑡) + 𝑚𝑓(𝑡)𝑠(𝑡) + 𝑐𝑣𝑠(𝑡)𝑛(𝑡) 𝑃(𝑡)⁄ , where 𝑠(𝑡) is the number of daily smokers 

at time 𝑡, 𝑞 is the reference (base) cessation attempt rate (estimated via constrained optimisation; see Methods 

section of the paper), 𝑟(𝑡) is the product of the effects of tobacco taxation (Farrelly et al., 2001), public 

disapproval of smoking (Hyland et al., 2006), and hospitalisation for smoking-related diseases (Keenan, 2009) 

on the attempt rate at time 𝑡, 𝑓(𝑡) is the time-specific fertility rate (births per person per year, equal to 0 for 

females aged 45 years and above and males; Australian Bureau of Statistics, 2013, 2017a), 𝑚 is the probability 

that a female daily smoker will stop smoking due to pregnancy (0.228; Panjari et al., 1997), 𝑐 is the social 

contact rate (see Roberts et al., 2009), 𝑣 is the proportion of contacts with a quitting smoker that prompt a 

cessation attempt (the per contact cessation attempt fraction, estimated using constrained optimisation), and 𝑛(𝑡) and 𝑃(𝑡) are, respectively, the number of quitting smokers in the population and the population size at time 𝑡. 
 

The cessation failure rate is affected by peer smoking (which is dependent on the modelled prevalence of adult 

daily smoking), psychological distress, cigarette consumption, and pregnancy; effect estimates for these factors 

are derived from Hitchman et al. (2014; peer smoking), McKee et al. (2003; psychological distress), Panjari et 

al. (1997; pregnancy), Cohen et al. (1989; cigarette consumption), and Yong et al. (2014; cigarette 

consumption).  The reference (base) cessation failure rate (0.96 per attempt; Hughes et al., 2004), is assumed to 

be identical for females and males across all age-groups.  Age-and-sex-specific estimates of mean cigarette 

consumption for 1997 (base consumption per smoker per week) are derived from National Drug Strategy 

Household Survey data (Australian Institute of Health and Welfare, 2017); modelled changes in consumption 

over time depend on tobacco taxation (Farrelly et al. 2001), smoke-free environment legislation (Fichtenberg 

and Glantz, 2002), and psychological distress (Lasser et al., 2000).  The relapse rate (specified separately for 

each age group and sex) is equal to ℎ(𝑡)𝑐𝑤𝑝(𝑡)𝑛(𝑡), where 𝑛(𝑡) is the number of ex-smokers at time 𝑡, ℎ(𝑡) is 
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the time-specific effect of psychological distress on the risk of relapse (McKee et al., 2003), 𝑐 is the social 

contact rate (Roberts et al., 2009), 𝑝(𝑡) is the prevalence of daily smoking at time 𝑡, and 𝑤 is the proportion of 

contacts with a smoker resulting in relapse (the per contact relapse fraction, estimated via constrained 

optimisation).  Modelled cessation attempt and success rates are presented together with National Drug Strategy 

Household Survey estimates in figure S6. 

 

 

Figure S6.  Cessation attempt and success rate estimates for males and females aged 18 years and above derived 

from the system dynamics model and corresponding National Drug Strategy Household Survey (NDSHS) 

estimates. 
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1.6.  Additional sectors: e-cigarette use, psychological distress, and smoking-related disease 

The structure employed to model e-cigarette use among adolescents and young adults (12−29 year-olds), shown 

in figure S7, is similar to that used to model smoking initiation.  Potential adopters (i.e., 12−29 year-olds who 

have never used e-cigarettes) start using e-cigarettes at a rate 𝑐𝑝(𝑡)𝑢𝑛(𝑡) + 𝑎𝑛(𝑡), where 𝑛(𝑡) is the number of 

potential adopters at time 𝑡, 𝑐 is the social contact rate (see Roberts et al., 2009), 𝑝(𝑡) is the prevalence of e-

cigarette use among 12−29 year-olds at time 𝑡, 𝑢 is the (constant) per contact adoption fraction (the proportion 

of potential adopter contacts with an e-cigarette user that result in adoption), and 𝑎 is advertising effectiveness 

(the proportion of potential adopters who start using e-cigarettes per year due to internet advertising, set to 

0.001).  E-cigarette adopters stop using e-cigarettes at a constant per capita rate (Etter and Bullen, 2014), and are 

assumed to never resume use after stopping.  The modelled prevalence of e-cigarette use among females and 

males is plotted in figure S8. 

 

 

 

Figure S7.  Structure used to model e-cigarette use among adolescents and young adults (12−29 year-olds). 
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Figure S8.  Modelled prevalence of e-cigarette use among females and males aged 12−29 years. 

 

Figure S9 shows the structure of the psychological distress sector of the model, which captures the prevalence of 

high or very high psychological distress among males and females by age group.  National Health Survey data 

indicate that the prevalence of psychological distress among Queensland adults (aged 18 years and above) 

remained approximately constant over the period 2001 to 2014−15 (Australian Bureau of Statistics, 2015).  

Accordingly, we set the fractional rate of increase in psychological distress prevalence to 0, so that prevalence 

remains at its initial value of 0.119 (the National Health Survey estimate for 2014−15) over the entire period 

simulated.  (Although the structure presented in figure S9 is more complex than necessary for the simulations 

presented in the paper, it enables analyses of the potential impacts of mental health programs on smoking 

prevalence.)  Age-and-sex-specific prevalence ratios were derived from 2014−15 National Health Survey data 

(Australian Bureau of Statistics, 2015) and estimates of mental disorder prevalence among 12−17 year-olds 

derived from the 2013−14 Australian Child and Adolescent Survey of Mental Health and Wellbeing (Lawrence 

et al., 2015). 

 

Age-and-sex-specific numbers of hospitalisations for selected smoking-related diseases (lung cancer, chronic 

obstructive pulmonary disease, acute myocardial infarction, and stroke) were estimated from modelled numbers 

of daily smokers, ex-smokers, and never smokers using predictive regression models fitted using national 

hospital separations data for 2009−15.  Figure S10 presents modelled (predicted) numbers of hospitalisations by 
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disease, together with National Hospital Morbidity Database estimates (see Australian Institute of Health and 

Welfare, 2018). 

 

 

 

Figure S9.  Psychological distress sector. 

 

2.  Policy interventions 

2.1.  Antismoking mass media campaigns 

The structure used to model antismoking advertising campaign exposure and its effects on smoking behaviours 

is presented in figure S11.  Pre-2018 antismoking advertising exposure is input into the model directly via a 

graphical function, derived from Fig. 2 of Wakefield et al. (2014).  Under the baseline scenario (i.e., no 

additional interventions), the level of advertising exposure, measured in gross ratings points (GRPs) per year, 

remains at the 2018 value (5686.75 GRPs per year) until the end of the simulation.  Policy interventions that 

alter advertising exposure are effected in the model by multiplying the baseline level of exposure over the 

intervention period by a constant 𝑘 (≥ 0), where values of 𝑘 > 1 correspond to an increase in exposure relative 

to the baseline level, and values less than 1 correspond to a decrease in exposure (figure S11).  The assumed 

(default) effects of advertising exposure on initiation and cessation attempt and failure rates (see upper panels of 

supplementary appendix 3) are based on Farrelly et al. (2009), Wakefield et al. (2011), and Wakefield et al. 

(2013). 

Supplementary material Tob Control

 doi: 10.1136/tobaccocontrol-2019-055126–7.:10 2019;Tob Control, et al. Skinner A



13 
 

 

Figure S10.  Predicted numbers of hospitalisations (per year) for smoking-related diseases and corresponding 

estimates derived from National Hospital Morbidity Database (NHMD) data. 

 

2.2.  Tobacco licensing 

Figure S12 shows the structure used to model the impact of a tobacco wholesaler and retailer licensing scheme 

on initiation, cessation failure, and relapse rates.  A licensing scheme permitting the sale of tobacco products by 

alcohol-licensed venues is assumed to reduce rates of initiation, cessation failure, and relapse by 2% (due 

primarily to a decrease in retailer density; Bowden et al., 2014; Freeman and Burton, 2018).  Prohibiting the 

supply of tobacco products by alcohol-licensed venues (i.e., via restrictive licensing conditions) increases the 

direct effects of a licensing scheme substantially, reducing adolescent initiation rates by an additional 2% 
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(yielding a total reduction of 3.96%) and adult initiation, cessation failure, and relapse rates by an additional 

10% (total reduction 11.80%) (see Burton et al., 2018).  Data on tobacco sales collected as part of a licensing 

scheme are assumed to permit more effective targeting of mass media campaigns, increasing exposure to 

antismoking advertising; the simulations presented in the paper assume an increase in advertising exposure of 

10%. 

 

 

Figure S11.  Left.  Structure used to model antismoking advertising campaign exposure.  Right.  Advertising 

exposure under the baseline scenario (i.e., business as usual) and two intervention scenarios (right). 

 

2.3.  Age of legal supply increase to 21 years 

The structure used to model the impact of an increase in the minimum age of legal supply of tobacco products to 

21 years is shown in figure S13.  The time-specific effect of increasing the age of supply on the adolescent and 

young adult initiation rates, 𝑒(𝑡), is represented as a stock with an initial value of 1 (i.e., no effect) that 

decreases monotonically with time from the intervention starting date, approaching an asymptote corresponding 

to the expected (full) effect (figure S13).  The rate of decline of 𝑒(𝑡) is equal to −[𝑒(𝑡) − 𝐸] 𝑑⁄ , where 𝐸 is the 

expected effect (0.840; Schneider et al., 2016) and 𝑑 is the time in years required to reach the expected effect at 

the initial rate of decline (note that the rate of decline decreases as 𝑒(𝑡) approaches 𝐸, so the actual time 

required for the intervention to have (near) maximum effect will generally be greater than 𝑑).  The effect 𝑒(𝑡) is 

assumed to apply to a third of potential smokers aged 18−29 years, corresponding (roughly) to the proportion of 

potential smokers in this age group aged 18−21 years. 
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Figure S12.  Structure used to model the effects of a tobacco wholesaler and retailer licensing scheme on 

initiation, cessation failure, and relapse rates. 

 

 

Figure S13.  Left.  Structure used to model the effect of an increase in the minimum age of legal supply of 

tobacco products to 21 years.  Right.  Effect of increasing the age of supply (from 2018) on initiation rates. 
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Supplementary appendix 2 

Marginal distributions of the direct effects of each intervention specified in the sensitivity analyses (p. 22).  The 

graphical functions describing the effects of antismoking advertising exposure on initiation and cessation 

attempt and failure rates (the red lines in the upper panels) were varied separately by multiplying the input level 

of advertising exposure for each function by a normal random variable with mean 1 and standard deviation 0.2, 

effectively compressing or stretching the function along the horizontal axis (grey lines).  Histograms in the 

lower panels display the parameter values sampled from the assumed beta distributions (the smooth curves).  A 

Beta(30, 1.59) distribution (lower middle panel) was assumed for all effects of a tobacco licensing scheme 

permitting the supply of tobacco by alcohol-licensed venues (i.e., on initiation, cessation failure, and relapse 

rates) and the effect of prohibiting tobacco sales by alcohol-licensed venues on the adolescent initiation rate; the 

effects of prohibiting tobacco sales by alcohol-licensed venues on cessation failure and relapse rates and 

initiation among young adults (18−29 years) were assumed to follow a Beta(30, 4.22) distribution (lower right 

panel).  All effects were assumed to be independent.  (GRPs = gross ratings points, a measure of mean potential 

advertising exposure.) 
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Supplementary appendix 3 

Simulation results for intervention scenarios involving the introduction of a tobacco wholesaler and retailer 

licensing scheme assuming no effect of tobacco licensing on antismoking advertising exposure (see 

supplementary appendix 1, section 2.2). 

Upper panels.  Adult daily smoking prevalence trends (see Fig. 2 of the paper for details).  Lower panel.  

Differences in projected adult daily smoking prevalence between the business as usual and eight intervention 

scenarios at the end of 2037 (see Fig. 4 of the paper for details). 
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