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A B S T R A C T   

In December 2019, the US federal Tobacco 21 (T21) law passed to raise the minimum legal purchase age for 
tobacco products from 18 to 21 years. Preliminary evidence suggests that the T21 law will restrict youth access to 
tobacco products, leading to decreases in tobacco use over their lifetime. This study expands the science through 
the use of systems modeling by linking decreases in youth tobacco use in El Paso County, Texas, due to the T21 
law implementation, to potential cardiovascular health (CVH) benefits and health care cost reductions. Using a 
smoking behavior and cardiovascular disease agent-based model, we projected the T21 law’s long-term effects on 
smoking prevalence and CVH outcomes in El Paso County, Texas. The estimated smoking prevalence in El Paso 
County, Texas, decreased by 2.7% among 18–24 year olds and by 5.2% among 25–44 year olds in 20 years with 
T21 law implementation (p < 0.01 for both population groups). By reducing tobacco use, the T21 law could 
prevent 5.4 coronary heart disease events per 1,000 adults and 6.1 S events per 1,000 adults over a lifetime. The 
model estimated a reduction in lifetime health care costs from $42,929 per person without T21 law to $41,985 
per person with the policy. This study provides further evidence for policymakers and communities to under-
stand the potential health and economic impacts of the federal T21 law at the local level. Results emphasize the 
need for comprehensive policy implementation and enforcement to produce its intended impact on health 
outcomes.   

1. Introduction 

Smoking is the leading preventable cause of premature death 
worldwide (Boyle, 1997; Thun et al., 1997; Centers for Disease Control 
and Prevention, 2008). It increases the risk for many adverse health 
outcomes including cancer, heart disease, stroke, and chronic obstruc-
tive pulmonary disease (COPD; Ambrose and Barua, 2004; Sasco et al., 
2004; Forey et al., 2011). While the overall smoking prevalence has 
decreased over the past two decades in the United States (US), dispar-
ities among racial/ethnic minorities and low-income populations have 
persisted (Leventhal et al., 2019). 

Approximately 90% of cigarette users began smoking during their 
adolescent years (U.S. Department of Health and Human Services, 
2012). In addition to vulnerability to social influences, the adolescent 

brain is highly susceptible to rapid nicotine addiction (DiFranza et al., 
2011). This initial onset of tobacco use leads to addictive behaviors to 
the point where the individual is unable to quit and most likely leads to 
heavy tobacco use as an adult (U.S. Department of Health and Human 
Services, 2012). The US Surgeon General has expressed concern about 
the potential long-term cognitive effects of exposure to nicotine during 
brain development (i.e., adolescence) based on the high rate of prema-
ture deaths (U.S. Department of Health and Human Services, 2014). 

Research shows that underage youth who use tobacco most often 
access tobacco products from their social networks (friends and family; 
Ahmad and Billimek, 2007). The use of social networks to access tobacco 
products has doubled since 1995, when the national minimum legal 
purchase age (MLPA) for tobacco was set to 18 years (Centers for Disease 
Control and Prevention, 2003). Currently, underage tobacco users 
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typically go to individuals in their peer networks who are over the MLPA 
(18–19 year olds) to access tobacco products. Due to the social aspects of 
youth access to tobacco, policies that reduce youth’s opportunities to 
access tobacco through legal buyers are essential (Institute of Medicine 
(IOM), 2015; Ahmad, 2005). 

In December 2019, the US Congress enacted the Tobacco 21 (T21) 
law, which raised the MLPA for tobacco products from 18 to 21 years, 
and authorized the US Food and Drug Administration (FDA) to enforce 
the law (Colston et al., 2020). Current rates show that there is a minimal 
chance of ever becoming a smoker for an individual that reaches 21 
years of age as a never smoker (Winickoff et al., 2014). Therefore, 
raising the MLPA to 21 could significantly decrease current youth to-
bacco use rates, thereby decreasing the chances of youth becoming to-
bacco dependent (Winickoff et al., 2014). Although growing evidence 
has shown that the T21 law is effective in reducing smoking among 
young adults, many states have not enacted the law (Friedman and Wu, 
2020). While the federal law affects all states, policymakers are 
encouraging states to pass the law at the state-level for stronger 
enforcement. By adopting more stringent T21 laws locally, state au-
thorities can bolster compliance and strengthen local and state level 
enforcement measures to supplement national efforts, thereby 
improving the effectiveness of the T21 law. Currently, the US FDA does 
not have the capacity to conduct compliance checks with every tobacco 
retailer; therefore, it is up to state authorities to verify all tobacco 
product retailers are in compliance with the T21 law. Consequently, 
state-level policymakers need evidence on the impact of the T21 law at 
the local level to encourage buy-in and adequate enforcement. More-
over, it is unclear how the T21 law would affect the prevalence of 
smoking in the long-term and how it would affect downstream disease 
burdens and health care costs. 

Texas, which passed its T21 law in June 2019, is one of nineteen 
states that had enacted the T21 law by the time of the passing of the law 
at the federal level. Under the Texas T21 law, similar to the federal law, 
individuals under the age of 21 are not permitted to purchase tobacco 
products if they are born after August 31, 2001. Violation of purchasing, 
attempting to purchase, or knowingly providing cigarettes, e-cigarettes, 
or tobacco products is punishable by state law and results in a fine not to 
exceed $100, a court ordered tobacco awareness class, and/or commu-
nity service hours. Retailer penalty for noncompliance is a fine up to 
$500 and enforcement of the law is primarily focused on retailers rather 
than users. State and local law enforcement officers have the authority 
to enforce the state law, including retailer compliance checks and 
penalizing retailers for sale to those under 21 (Paso del Norte Founda-
tion, 2019). 

Most recent data (2020) from Texas shows that the average age of 
first tobacco product use is 13.2 years of age (Marchbanks et al., 2020). 
Additionally, 15% of adolescents in grades 7–12 indicate that it is very 
easy to access tobacco products (Marchbanks et al., 2020). Within Texas 
Region 9/10, which includes the El Paso metropolitan area, we observe a 
younger age of first use of tobacco products (12.9 years of age), but a 
slightly lower ease of access to tobacco products (13.2%; Marchbanks 
et al., 2020). El Paso County, Texas is unique given its geographic 
location and racial/ethnic make-up. It constitutes a primarily Hispanic 
population (82.9%) and is located along the Texas-New Mexico-Mexico 
border (United States Census Bureau, 2019). Furthermore, the MLPA for 
tobacco products in Mexico is 18; previous studies have shown that 
border-crossing has frequently been used as a way to avoid policies 
aimed at discouraging consumption of specific goods, such as tax pol-
icies on tobacco products (DeCicca et al., 2013). Understanding how the 
T21 policy could reduce tobacco use at the local level in the long-term, 
and thereby reduce disease burdens, warrants further study. 

Systems science methodologies, such as agent-based modeling, have 
frequently been used as a method for visualizing, analyzing, and 
informing complex public health interventions and policies with the 
goal of estimating population-level outcomes (Auchincloss and Diez 
Roux, 2008; El-Sayed et al., 2012; Luke and Stamatakis, 2012). This 

approach utilizes computational methods to consider how agents with a 
specified set of characteristics interact with one another and their 
environment (Tracy et al., 2018). These agents may adapt their behavior 
in response to experiences or their environment (e.g., policy imple-
mentation) and give rise to potential outcomes of interest, such as health 
or economic outcomes. The benefit of this methodology is that it allows 
for the prediction of population-level phenomena in the long-term 
through the aggregation of individual behaviors (Bonabeau, 2002). 
Thus, agent-based models take on a bottom-up approach, in which 
micro-level behaviors give rise to dynamics at the macro-level (Epstein 
and Axtell, 1996). While not definitive, results from agent-based 
modeling analysis provide potential benefits of public health in-
terventions and policies and can be a useful tool for advocacy efforts. 

To inform policy-making, this study investigates the potential long- 
term health and economic impacts of the T21 law in El Paso County, 
Texas, using an agent-based simulation model of smoking behavior and 
cardiovascular disease (CVD). We use CVD as the outcome of interest as 
it is the leading cause of death in the US, and smoking is one of the most 
important risk factors for CVD. (Arnett et al., 2019) In addition, there are 
stark sex and racial and ethnic disparities in CVD risk factors in El Paso 
County and across the country (Kanchi et al., 2018; Centers for Disease 
Control and Prevention, 2019). As such, we also aim to examine how the 
T21 law may differentially affect individuals across sex and race and 
ethnicity, including whether or not the policy would reduce disparities 
in health outcomes and health care costs. 

2. Material and methods 

We developed an agent-based model of smoking behavior and CVD 
to project the long-term impact of a tobacco control policy or inter-
vention on CVD health outcomes and health care costs. In the agent- 
based model, simulated individuals are generated with predefined 
characteristics (e.g., age, sex, race, ethnicity). Their smoking behaviors 
can be modified to understand how they would impact health outcomes, 
including coronary heart disease (CHD) and stroke, as the simulation 
runs. (Rutter et al., 2011; Krijkamp et al., 2018). By simulating the same 
group of individuals under different policy scenarios, researchers can 
compare the impact of different policies and identify the most effective 
or cost-efficient policy in a low-cost, low-risk environment. 

2.1. Model structure 

The agent-based model used for this study projects CVD outcomes 
(CHD and stroke) and health care costs among adults in El Paso County, 
Texas. Fig. 1 shows the model schematic design. Specifically, the model 
can generate a group of individuals with a variety of demographic 
characteristics. Each simulated individual is assigned to be a current 
cigarette smoker, past smoker (quit ≤ 12 months ago), or non-smoker 
(never or quit > 12 months ago) based on a probability that is calcu-
lated taking into account his/her sex and race/ethnicity (Supplemental 
Table S2). As the simulation runs, individuals will age and potentially 
develop CVD (see Supplemental Table S1 for model parameters on dis-
ease progression). Finally, the model will calculate the total numbers of 
CHD and stroke and cumulative health care costs due to CVD. 

2.2. Parameter estimation 

We estimated and calibrated model parameters from multiple sour-
ces. Briefly, population demographics and disease transition probabili-
ties were estimated based on data from the National Health Interview 
Survey, US Life Tables, and the National Health and Nutrition Exami-
nation Survey. Annual smoking prevalence was derived from the Texas 
Behavioral Risk Factor Surveillance System and County Health Rank-
ings. Detailed model parameters and their data sources are shown in 
Supplemental Table S1. Since this study was based on publicly available 
anonymized databases, it is exempt from human subject approval. 
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The CVD risk factors included in the model are: age, sex, race, 
ethnicity, body mass index, systolic blood pressure, LDL-C level, HDL 
cholesterol level, diabetes, and smoking status. Annual CVD event and 
CVD-related mortality probabilities were estimated using Cox propor-
tional hazards regression functions (Equation 1) based on data from a 
National Heart, Lung, and Blood Institute Pooled Cohort (Zhang et al., 
2019). 

We estimated health care cost parameters based on the Medical 
Expenditure Panel Survey (MEPS) data (Jasani et al., 2020). Specifically, 
every simulated individual accrues annual age-specific “background” 
cost when he/she has not developed CVD yet. When the simulated in-
dividual develops CHD or stroke, the specific cost associated with that 
disease will be added to the total health care costs (Supplemental 
Table S3). All health care costs were discounted at 3% and converted to 
2018 US dollars. 

After the initial model was developed, we conducted model cali-
bration and validation by comparing the simulated CVD mortality rates 
with the reported CVD mortality rates based on the CDC Wonder data 
(Centers for Disease Control and Prevention, 2015). This ensured that 
our model can predict long-term CVD outcomes with reasonable 
validity. 

2.3. Simulation experimental design 

Our study includes two simulation scenarios—enacting the T21 law 
and not enacting the law (baseline). We assume that retailers are 100% 
compliance with the law since state and local law enforcement officers 
have the authority to enforce the law and penalize retailers for any 
violation (Paso del Norte Foundation, 2019). Also, we do not consider 
potential increase in border crossing for people under 21 years old to 
purchase cigarettes due to limited data on this behavior. In each of the 
simulation scenarios, we simulated 10,000 people based on population 

demographics in El Paso County, Texas. For each of the simulation 
scenarios, we projected the changes in smoking prevalence among 
adults in El Paso County from 2020 to 2080, overall and by sex. We also 
projected the cumulative lifetime cases of CHD and stroke as well as 
health care costs associated with CVD. We calculated the averted cases 
of CHD and stroke and health care cost saving among adults in El Paso 
County after the T21 law was enacted. We further calculated the re-

ductions in the incidence of CHD and stroke and associated health care 
costs across sex and racial and ethnic groups to examine the impact of 
the policy on health disparities in the long-term. 

3. Results 

Fig. 2 shows the projected trend of the prevalence of smoking after 
the T21 law was enacted in El Paso County in 2020, overall and by sex. 
Overall, the prevalence of smoking could decrease from 13.7% in 2020 

Fig. 1. Model Schematic. Notes: In the agent-based model, people of age 18 years or older with different demographic characteristics and health profiles will be 
generated first. Then each simulated individual will become either a smoker, non-smoker, or past smoker (if the person quitted smoking in the past) based on a 
probability that is calculated based on his/her demographic characteristics. As the simulation runs, individuals will grow older and develop either coronary heart 
disease, stroke, or decease due to CVD or non-CVD reasons. Finally, the model will calculate the total numbers of coronary heart diseases. 

Fig. 2. Projected smoking prevalence among adults in El Paso County, TX, 
under the T21 law. 

P(incidentCVDevent) =
expexp

(
α + βBMIBMI + βLDL− cXLDL− c + ⋯ + βsbpXsbp

)

1 + expexp
(
α + βBMIBMI + βLDL− cXLDL− c + ⋯ + βsbpXsbp

) (1)
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to 8.9% in 2080 (p <.001) with policy enactment. By gender, the 
prevalence could decrease from 16.5% to 11.2% (p <.001) among males 
and from 10.9% to 6.7% (p <.001) among females. Note that this pro-
jection only took into account the impact of the T21 law; other future 
tobacco policies that may affect the prevalence of smoking were not 
captured in the model. 

The T21 law would have varying effects across different age groups. 
As Fig. 3 shows, the law could have the largest effect among young 

adults. Our model projected that, in 20 years, the prevalence of smoking 
could decrease from 9.5% to 6.8% among people aged 18–44 and from 
15.3% to 10.1% among people aged 25–44. The effect of the law could 
be small among older adults as the prevalence of smoking among this 
group was projected to reduce by only 0.1% in 20 years. 

Table 1 reports the projected cumulative numbers of CHD and stroke 
as well as lifetime health care costs among simulated adults in El Paso 
County with and without the T21 law. Without the T21 law, the model 
estimated that there would be 305.2 (95% CI: 294.5–316.7) cases of 
CHD and 168.2 (95% CI: 158.1–177.7) cases of stroke per 1,000 adults. 
The enactment of the T21 law could avert 5.4 cases of CHD and 6.1 cases 
of stroke per 1,000 adults. Without the T21 law, an average adult in El 
Paso County was projected to incur $42,929 in health care costs over 
his/her lifetime. The enactment of the law could save an average of 
$1,034 per person due to the reduced smoking rate and subsequently 
reduced burden of CVD. 

Table 1 also presents the projected lifetime CVD outcomes and health 
care costs with and without T21 law by sex and race/ethnicity. The 
results show that males had a higher risk of developing CHD compared 
to females, while the risks of developing stroke were similar between 
both sexes. The T21 law would be more effective in averting CHD by 
reducing the cases from 346.3 to 338.2 per 1,000 adult males, compared 
to a moderate reduction from 231.1 to 228.3 per 1,000 adult females. 
This implies that the law could reduce sex disparity in CHD. However, 
the law may not be able to reduce racial/ethnic disparities in CVD 
outcomes as it was estimated to have similar effect across different 
racial/ethnic groups. More specifically, the law could reduce the num-
ber of strokes from 159.1 to 153.0 among Whites, from 178.1 to 170.1 
among African Americans, and from 165.7 to 158.8 among Hispanics, 
respectively, per 1,000 adults simulated. The results also show that fe-
males, Hispanics, and Whites could have a higher lifetime health care 
costs compared to males and African Americans, implying that lifetime 
health care costs were mainly driven by life expectancy rather than 
disease burden, as females and Whites had a longer life expectancy 
compared to other population groups. 

4. Discussion 

Using an agent-based model of smoking behaviors and CVD, we 
showed that the T21 law implemented in El Paso County, Texas, would 
reduce the prevalence of smoking significantly and result in decreases in 
CVD incidence and healthcare cost in the long term. It is worth noting 
that a 2015 Institute of Medicine (IOM) report used two different 
simulation models (the CISNET Model and SimSmoke Model) to project 
the effect of a national T21 law on adult smoking prevalence (IOM, 
2015). Our projected reductions in adult smoking prevalence rate are 
similar to those projected by the CISNET Model but are greater than 
those reported by the SimSmoke Model (IOM, 2015). The difference in 
the projections is likely due to the differences in our baseline population 
demographics (national population vs. El Paso population) as well as in 
model assumptions. Our research reaffirms the T21 law’s ability to 
decrease tobacco use among younger populations (Ahmad and Billimek, 
2007; Ahmad, 2005; Winickoff et al., 2014; Friedman and Wu, 2020). 
The study also shows the potential benefits of the T21 law on CVD 
outcomes as well as its potential for reducing sex disparities. Although 
our results did not show a reduction in racial/ethnic disparities under 
the T21 law, we should not make such a conclusion because the popu-
lation in El Paso are predominantly Hispanics and, thus, the racial/ 
ethnic results may be biased. Further investigation towards the effect of 
the law on racial/ethnic disparities is needed. This study advances the 
field since it was undertaken in El Paso (which has a distinct population 
and borders Mexico) and provides data at a local level where earlier 
assessment initiatives have not occurred. 

The T21 law’s potential impact on adolescents is profound. At the 
surface level, T21 law appears to target young adults aged 18–21 by 
delaying their ability to purchase and use tobacco. However, the T21 

Fig. 3. Projected 20-year changes in smoking prevalence among different age 
groups in El Paso County, TX, under the T21 law. 

Table 1 
Projected lifetime CVD outcomes and health care costs among adults in El Paso 
County, TX.   

Without T21 Law T21 Law  
mean 95% CI mean 95% CI 

Number of CHD, per 1,000 
adults 

305.2 (294.5, 
316.7) 

299.8 (288.1, 
312.2) 

Male 346.3 (326.4, 
366.1) 

338.2 (319.1, 
357.7) 

Female 231.1 (217.9, 
243.5) 

228.3 (215.5, 
240.9) 

Whites 282.0 (255.3, 
307.2) 

276.1 (251.6, 
302.4) 

African Americans 276.1 (259.7, 
292.7) 

269.4 (254.0, 
285.4) 

Hispanics 251.5 (230.6, 
273.8) 

248.7 (226.8, 
269.8) 

Averted cases of CHD, per 
1,000 adults 

—— —— 5.4 —— 

Number of stroke, per 
1,000 adults 

168.2 (158.1, 
177.7) 

162.1 (152.3, 
171.3) 

Male 164.5 (149.7, 
179.9) 

160.1 (145.5, 
174.9) 

Female 170.4 (157.9, 
182.6) 

163.3 (151.4, 
175.7) 

Whites 159.1 (138.0, 
179.4) 

153.0 (132.4, 
174.8) 

African Americans 178.2 (157.1, 
200.1) 

170.1 (144.2, 
187.6) 

Hispanics 165.7 (152.6, 
178.8) 

158.8 (145.0, 
172.8) 

Averted cases of stroke, per 
1,000 adults 

—— —— 6.1 —— 

Health care costs ($), per 
person 

42,929 (42,417, 
43,485) 

41,895 (41,405, 
41,445) 

Male 35,633 (34,904, 
36,337) 

35,603 (34,868, 
36,322) 

Female 47,229 (46,524, 
47,956) 

47,191 (46,501, 
47,910) 

Whites 42,587 (41,575, 
43,610) 

42,551 (41,550, 
43,576) 

African Americans 40,546 (39,561, 
41,525) 

40,523 (39,551, 
41,537) 

Hispanics 46,655 (45,841, 
47,631) 

46,617 (45,799, 
47,599) 

Health care cost saving, $ 
per person 

—— —— 1,034 ——  
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law also decreases youth (age < 18) access to tobacco products by 
reducing the amount of people in their social networks who can legally 
purchase tobacco products, which in turn, decreases their opportunity to 
get tobacco products from social contacts (Ahmad, 2005). Diffusion of 
information and access to tangible resources is a common use of social 
networks. The ability of T21 to reduce the diffusion of tobacco products 
in youth networks provides an example for future policy and research 
that could impact network properties of harmful health behaviors. 
Furthermore, T21 has the ability to decrease tobacco use among a 
subpopulation where tobacco rates are rising due to the introduction of 
novel electronic nicotine delivery systems (ENDS; Vallone et al., 2019; 
Stanton et al., 2020). 

In addition to providing valuable information for policymakers in the 
US, this study also has implications globally. Most countries, especially 
in Europe and South-East Asia, have yet to raise the MLPA of tobacco 
products, noting that the T21 policy is a low priority and has low public 
support in comparison to other tobacco control policies (Nuyts et al., 
2020; Rani et al., 2017). A recent study noted that in order for these 
policies to gain momentum, more evidence is needed on the effective-
ness of T21 laws on smoking prevalence (Nuyts et al., 2020). The find-
ings from this study provide the evidence needed for such policies by 
demonstrating the statistically significant decreases in tobacco use over 
time and the policy’s benefits through the potential positive health and 
economic outcomes following policy implementation. The latter data is 
particularly relevant for low- and middle-income countries with limited 
health resources, illustrating the practical implications of the results 
from this study. 

Despite the fact that the T21 law was passed at the federal level, it is 
largely administered and enforced at the state and municipal levels. The 
FDA requires assistance in ensuring that the policy is implemented 
locally, therefore public support for the T21 law must continue to grow. 
These efforts can be supported by enacting the policy at the state-level 
that enables reinforcement of FDA compliance checks through state 
law enforcement, even though disparities may still exist in retailer 
compliance and youth access (Silver et al., 2016). Using the data in this 
study, advocates can focus grassroots efforts on quality implementation 
to ensure that the policy influences the maximum number of people. It is 
imperative to translate meaningful research, like this study, to the public 
to ensure public health interventions are supported by local policy-
makers and the general public. 

Furthermore, this research is an innovative approach to assessing the 
potential benefits of a tobacco control policy through use of advanced 
systems science methods (agent-based modeling). While systems 
modeling was conducted by federal entities to assess the potential 
impact of the T21 law, it is not frequently used at a state or local level to 
assess potential long-term impacts of policy. Due to the nature of policy- 
level interventions, it is impossible to see immediate changes in health 
outcomes like CVD, as they take many years to develop. Limited funding 
and support for long-term evaluations necessitates policy research to be 
conducted retrospectively. As a result, translating research to the gen-
eral public is typically delayed despite the need to use this information 
to build community support and buy-in. Systems science methods, like 
agent-based modeling, allow researchers to use existing data and evi-
dence to build simulations that estimate the impact of policies on long- 
term health outcomes. Sensitivity analysis allows researchers to under-
stand the degree of implementation, which is especially important in 
policy research because effectiveness relies heavily on the degree to 
which a policy is implemented and enforced. 

Although this study provides useful information related to the po-
tential effects of the T21 law for policymakers and practitioners, it is not 
without limitations. Namely, the developed agent-based model does not 
take into account social influences or other risk factors, such as 
depression, related to tobacco use for those 21 years or older. Under-
standing how these factors influence tobacco use could provide more 
detailed information on disease burden and health care costs and could 
assist in advocating for efforts that target these influences beyond 

implementation of the policy. Furthermore, the model does not take into 
account the health effect of secondhand smoking, which has been shown 
to have nearly as large an effect as chronic active smoking(Barnoya and 
Glantz, 2005). Lastly, we did not consider border crossing or the use of 
ENDS in the model when projecting the impact of the T21 law as there is 
limited data. Besides ENDS, research is needed to examine the impact of 
the T21 law on the use of other tobacco products such as cigars, water 
pipes, and smokeless tobacco products. 

5. Conclusions 

This study utilized agent-based modeling as a tool to understand the 
potential health and economic impacts of the T21 law in El Paso County, 
Texas. Our study suggests that in the long-term, there will be a reduction 
in smoking prevalence, with the largest reduction among 18–44 year 
olds. Furthermore, policy implementation could result in a reduction in 
the number of CHD and stroke occurrences, and economically, results 
suggest the policy is cost-effective. Most importantly, our results indi-
cate that implementation of the T21 law may reduce sex-related dis-
parities related to CVD. This study offers a platform for policymakers 
and practitioners focused on T21 law to advocate for the law at the local 
level. 
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