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Abstract

Background: Tobacco smoke exposure is a major risk factor for the health of children and 

adolescents with CF. In this study, we assess whether cessation of smoke exposure is associated 

with improved outcomes in this population.

Methods: We used annualized and encounter-based data from the U.S. CF Foundation Patient 

Registry (2006-2018) on all individuals born 1998-2010. The analytical sample included those 

who ever reported second-hand smoke exposure (daily or weekly), ever lived with a smoker, or 

ever reported smoking themselves. We used non-linear mixed models for pulmonary exacerbations 

and linear mixed models for ppFEV1 and BMI as a function of ceased exposure.

Results: The sample included 3,633 individuals contributing 19,629 person-years. Cessation of 

smoke exposure reduced the odds of a pulmonary exacerbation in 12 months by 17% (OR 0.83, 

p<0.001) in the first year of cessation, with an additional 6% decrease (OR 0.94, p=0.003) for each 

additional year of cessation. Cessation was associated with improvements in ppFEV1 and BMI: 

0.7% ppFEV1 increase (p<0.001) in the first year of cessation and 0.4% increase (p=0.001) for 

each additional year of cessation; 1% increase in BMI percentile (p<0.001) in the first year of 

cessation plus 0.4% increase (p=0.009) for each additional year. Three years of cessation reduce 

the predicted probability of a pulmonary exacerbation in 12 months by 8% and improve ppFEV1 

and BMI by 2%.

Conclusion: Eliminating smoke exposure may reduce pulmonary exacerbations and improve 

respiratory and nutritional outcomes in children and adolescents with CF. Both smoking cessation 

and exposure prevention should be prioritized in pediatric CF care.
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BACKGROUND

Cystic fibrosis (CF), an autosomal recessive disorder caused by dysfunction of the cystic 

fibrosis transmembrane conductance regulator (CFTR), affects approximately 1 in 3,500 

live births in the United States.1 Morbidity from nutritional and respiratory failure has 

improved considerably with the development of interventions such as pancreatic enzyme 

replacement, dietary supplementation, airway clearance techniques, mucolytic and anti­

inflammatory medications, antibiotics, and CFTR modulators. However, improvements 

from these treatments may be diminished due to socioeconomic factors and environmental 

exposures.2,3

Tobacco smoke exposure (TSE) is a major cause of disease, with no safe levels of exposure.4 

Children are exposed to higher levels of second-hand smoke than adults, putting them at 

major health risk.4 TSE is particularly deleterious for the lung health of young people 

with CF.5-10 By age 6, smoke-exposed children in the U.S. CF Foundation Patient Registry 

(CFFPR) have approximately 5% lower ppFEV1 than unexposed children, and this deficit 

persists through age 18.3 Additionally, we recently reported that TSE blunts the clinical 

efficacy of CFTR modulators: among adolescents age 12-20 in the CFFPR, smoke exposure 

nullified the therapeutic benefit of the modulator combination tezacaftor-ivacaftor,11 which 

indicates that cessation may be an important pathway to maintaining benefit from CFTR 

modulators.

While there is a preponderance of evidence demonstrating that TSE is harmful to patients 

with CF, less is known about the potential benefits of TSE cessation on CF outcomes. 

One small study demonstrated a potential for recovery of TSE-induced systemic CFTR 

dysfunction in non-CF adults.12 Other non-CF studies suggest that some lung damage from 

smoking or exposure to tobacco smoke may be reversible in animal models13 and non-CF 

adults.14 The aim of this study is to determine whether cessation of TSE can improve the 

respiratory and nutritional outcomes of pediatric patients with CF previously exposed to 

smoke.

METHODS

We used anonymized annualized and encounter-based data from the CF Foundation Patient 

Registry (CFFPR) for the period 2006-2018; 2006 is the first year when CFFPR began 

collecting smoke exposure data, and 2018 is the last year of available CFFPR data at the 

time of analysis. The data included all individuals in the CFFPR born between 1/1/1998 

and 12/31/2010. Our analytical sample comprised those who ever reported second-hand 

smoke exposure (daily or weekly), ever lived with a household member who smoked, or 

ever reported smoking themselves. Individuals entered the analysis in the year they reported 

smoke exposure, or at 6 years of age if smoke exposure was reported prior to age 6. The 

analysis begins at age 6 because it is the earliest age of reproducible spirometry reported to 
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the CFFPR. Individuals were followed until 2018 or until they aged out (>20 years old) of 

the dataset. The study was approved by the Institutional Review Board of the University of 

Alabama at Birmingham (protocol 300002076).

The outcome variables were pulmonary exacerbations, lung function, and body mass index 

(BMI). The number of pulmonary exacerbations in 12 months was obtained from annualized 

CFFPR data. Although that number ranged from 0 to 13, in any given year only 30-45% 

experienced a pulmonary exacerbation. Therefore, the variable was transformed into a 

dichotomous variable (0/≥1) to account for the skewed nature of the data. Lung function, 
measured as forced expiratory volume in 1 second, percent predicted (ppFEV1), calculated 

with the Global Lung Function Initiative reference equations, was obtained from encounter­

based data. Annualized measures of lung function for each individual were created by 

calculating the median ppFEV1 across encounters for that calendar year. BMI was calculated 

as weight (kg)/height (m)2 from height and weight recorded at each clinical encounter and 

transformed into percentiles using the U.S. Centers for Disease Control and Prevention 

reference for age and sex.15 Annualized measures of BMI percentile for each individual 

were created by calculating the median BMI percentile across all encounters for that year.

The exposure variable, TSE cessation, measured whether an individual previously exposed 

to tobacco smoke is no longer exposed. Cessation was assumed to occur halfway between 

the year reporting TSE and the year reporting no TSE. TSE was defined as (1) reporting 

daily or weekly second-hand exposure, (2) living with a smoker, or (3) smoking themselves. 

We examined whether cessation impacts the intercept and the slope of each dependent 

variable. Change in the intercept due to cessation is a dichotomous time-varying variable, 

meaning that individuals can experience cessation and then be re-exposed again. Change in 

the slope is measured with a spline that indicates the time since cessation. If an individual 

becomes re-exposed, the spline no longer increases with increasing time. The measure of 

cessation as a change in the slope can be thought of as a measure of cumulative years of 

cessation at that point in time, whereas the dichotomous time-varying measure of cessation 

accounts for whether an individual is still exposed. This coding scheme ensures consistency 

in meaning both within individuals and across individuals. An example of the coding 

scheme is provided in Supplementary Table 1.

Analyses controlled for non-time varying variables, including age when first entered 

the sample, sex, race/ethnicity (White non-Hispanic, non-White non-Hispanic, Hispanic), 

paternal education (less than high school, high school, some college, college degree), 

genotype (F508del heterozygous, homozygous, other), and newborn screening. Time­

varying covariates included household size, income (from <$10,000 to >$90,000, in 

$10,000 increments), health insurance (private, public, both, none), CFTR modulator use, 

P. aeruginosa, and B. cepacia.

Statistical analyses

We used nested non-linear mixed models with a binomial distribution to examine pulmonary 

exacerbations in 12 months (yes/no) as a function of TSE cessation, and linear mixed 

models to examine BMI percentile and ppFEV1 as a function of TSE cessation. For 

pulmonary exacerbations, we present both odds ratios and predicted probabilities because 
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we are interested in both the significance and magnitude of TSE cessation. The linear 

mixed models correct for the interdependency created by using multiple observations from 

the same person. We included an individual-specific error term for the random effects of 

intercept for all three outcomes, and a random slope for BMI percentile and ppFEV1. The 

slope is measured as years since entering the sample. Because individuals enter the sample 

at the age they are when smoke exposure is first reported, we used years since entering 

the sample, rather than age, as a measure of time. Thus, time is measured as years since 

the first recorded smoke exposure. We also included a quadratic of time to account for the 

expected non-linear change in slope for both lung function and BMI percentile as children 

age. A change in the intercept for cessation indicates the immediate and sustained benefit 

from cessation. A change in the slope for cessation indicates the average annual change 

due to continued cessation. For example, if cessation increased the intercept of ppFEV1 by 

1% and the slope by 0.5%, lung function would improve by 1% within the first year of 

cessation and by an additional 0.5% for every year the cessation continues. In that example, 

after ten years, an individual who experienced cessation may have 5.5% higher ppFEV1 

than a counterpart who never experienced cessation (1% improvement from cessation plus 

0.5% improvement for 9 years of cessation). For ease of interpretation, all coefficients are 

graphed to demonstrate the predicted difference between the two groups three years after 

cessation. All models adjusted for the same sociodemographic and clinical covariates: age 

at entering the sample, sex, race/ethnicity, paternal education, household size, household 

income, health insurance, genotype, newborn screening, CFTR modulator use, P. aeruginosa, 

and B. cepacia. Age at entering the sample, sex, race/ethnicity, paternal education, genotype, 

and newborn screening are non-time varying covariates. Household size, household income, 

health insurance, CFTR modulator use, P. aeruginosa, and B. cepacia are time-varying 

covariates.

Missing data.—Approximately 22% of the sample was missing annual smoke exposure 

data. Missing TSE data was more common in the earlier years and decreased at later years. 

In 2006, the first year of collecting TSE data, about 44% had missing data on smoke 

exposure; by 2011, the missing TSE data drops down to 30%; in 2012, to 15%; and in 

2018, to 11%. Nearly all respondents (98.5%) had valid TSE data reported in at least one 

year. Only complete TSE data were used to determine cessation (change in the intercept) 

and time since cessation (change in the slope). See Supplementary Table 1 for additional 

information on how ‘time since cessation’ was coded for those who did not have TSE data 

across all years. In additional analyses, we imputed TSE cessation and time since TSE 

cessation and found substantively similar results. Among covariates, there were high levels 

of missingness (28%) on income; all other covariates had less than 10% missing data. Due 

to the high level of missingness on the income variable, in the imputation phase we included 

an auxiliary measure of income that is a good approximation of the value of the missing 

income. Specifically, for each year of the survey data, we calculated zip-code income 

based on residential zip-codes in the CFFPR and publicly available zip-code income data 

from the Internal Revenue Service. Additionally, measures of paternal education and health 

insurance were included in both the imputation and analysis models. Zip-code income, 

paternal education, and health insurance accounted for 45% of the variation in participant 

income in 2006, confirming that these variables perform well as imputation variables. We 
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also conducted sensitivity analyses comparing non-imputed and imputed estimates, and 

found that the results are substantively the same. Missing covariate data were addressed 

with multiple imputations (n=10 data sets) using Markov Chain Monte Carlo,16 as discussed 

in our previous work using this CFFPR data set.3 Analyses were performed with Stata 16 

(College Station, TX: StataCorp LLC).

RESULTS

The analytic sample included 3,633 individuals, who contributed 19,629 person-years 

(mean=5.4, range 1-13). A STROBE diagram of the patient population is included in 

Supplementary Figure 1.

Sociodemographic and clinical characteristics of the sample, overall and by smoking 

cessation status, are summarized in Table 1. Data are presented for individuals’ last survey 

year (rather than for 2018) because approximately 20% of the sample aged out prior to 2018. 

In their last survey year, about 47% of the sample were still exposed to tobacco smoke. 

Specifically, 22% were always exposed, 39% experienced intermittent cessation but were 

re-exposed, and 40% experienced permanent cessation. Those who experienced permanent 

cessation had more favorable sociodemographic characteristics compared to those who 

remained exposed: higher annual household income ($54,000 vs $45,000; p<0.001), higher 

paternal education (36% vs 23% college degree; p<0.001), and private health insurance 

(33% vs 22%; p<0.001). Hispanics were more likely to experience permanent cessation 

than non-Hispanic Whites (p=0.010). Those who experienced intermittent cessation had 

sociodemographic characteristics that were in between the ‘permanent cessation’ and ‘never 

cessation’ groups.

Table 2 shows results from non-linear mixed models of pulmonary exacerbations and linear 

mixed models of lung function and BMI. After adjusting for covariates, TSE cessation was 

associated with lower odds of a pulmonary exacerbation in 12 months: a 17% decrease in 

the intercept (OR 0.83, 95% CI 0.75–0.91, p<0.001) and 6% decrease in the slope (OR 0.94, 

95% CI 0.91–0.98, p=0.003). Conversely, after adjusting for covariates, TSE cessation was 

associated with increase in ppFEV1 and BMI: for ppFEV1, 0.7% increase in the intercept 

(β=0.69, 95% CI 0.34–1.04, p<0.001) and 0.4% increase in the slope (β=0.39, 95% CI 

0.16–0.61, p=0.001); for BMI percentile, 1% increase in the intercept (β=1.03, 95% CI 

0.57–1.50, p<0.001) and 0.4% increase in the slope (β=0.42, 95% CI 0.10–0.74, p=0.009). 

Changes in the intercept and slope correspond to changes in the first year of cessation and 

each additional year of cessation, respectively.

Figures 1-3 display graphically what changes in outcomes can be expected to occur within 

three years after cessation based on this dataset. Three years after cessation, those no 

longer exposed to smoke would have a 8% lower probability of experiencing a pulmonary 

exacerbation in the past 12 months than their still-exposed counterparts: 0.28 (95% CI 0.26–

0.31) vs 0.36 (95% CI 0.33–0.39) (Figure 1). Three years after cessation, those no longer 

exposed to smoke would have a 2% higher ppFEV1 than their still-exposed counterparts: 

85.9 (95% CI 85.2–86.6) vs 83.9 (95% CI 83.1–84.7) (Figure 2). Similarly, three years 
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after cessation, those no longer exposed to smoke would have 2.3% higher BMI than their 

still-exposed counterparts: 51.8 (95% CI 50.9–52.8) vs 49.5 (95% CI 48.4–50.7) (Figure 3).

DISCUSSION

We conducted a longitudinal analysis of CF Foundation Patient Registry data from 2006 

to 2018 to determine if cessation of smoke exposure can reverse the harmful effects of 

tobacco smoke in children and adolescents with CF. This is the first study to report that 

ceased smoke exposure is associated with statistically and clinically significant improvement 

of respiratory and nutritional outcomes in children and adolescents with CF previously 

exposed to tobacco smoke. After adjusting for covariates, three years of cessation reduced 

the predicted probability of a pulmonary exacerbation within the last year by 8% and 

improved both ppFEV1 and BMI percentile by approximately 2%. These estimates represent 

a dose-dependent effect, as they also include the partial benefit from intermittent cessation 

experienced by individuals who were later re-exposed. The effect sizes offset the average 

annual loss of lung function in pediatric CF17-19 and are comparable to the effect of some 

established cystic fibrosis therapies.20 These findings may be used by clinical care providers 

as a conversation starter with CF families about smoking cessation, and as a motivator for 

individuals to quit smoking for the benefit of the child with CF.

Our data also offer clarity about the prevalence of smoke exposure and the extent of 

cessation efforts in the U.S. CF population. Despite the adverse effects of tobacco smoke 

on CF lung health,2,3,5,7,21 exposure remains pervasive, with approximately 30% of U.S. 

children with CF being exposed to tobacco smoke (compared to 40% of children in 

the general population22). Of those exposed between 2006 and 2018, 40% experienced 

the benefits of permanent cessation, 39% experienced intermittent cessation but were re­

exposed, and 22% remained always exposed. These statistics compare somewhat favorably 

to the cessation rates in the general U.S. population in 2018, where 55% reported making a 

quit attempt in the past year, 8% reported successfully quitting in the past year, and 62% of 

all who ever smoked are now former smokers.23

Children and adolescents with CF in disadvantaged families were less likely to experience 

cessation of smoke exposure. These results corroborate previous reports that unfavorable 

socioeconomic circumstances reduce the likelihood of a successful cessation attempt23-25 

and mirror the increased risk of smoke exposure in low-income and non-college-educated 

CF families.4 A notable exception were children of Hispanic ethnicity, which were more 

likely to experience TSE cessation than their non-Hispanic counterparts. This finding is 

in line with research in non-CF populations which finds that Hispanic children, especially 

those with immigrant parents, are less likely to be exposed to tobacco smoke.26,27

Our data highlight the need for effective smoking cessation interventions for CF families. 

CF care teams can actively screen for TSE and deploy evidence-based approaches tailored 

to the needs of CF caregivers. Although tobacco dependence often requires repeated 

intervention, and tobacco users may have to attempt cessation several times before 

succeeding,24,28 evidence-based treatments can significantly increase the rates of long-term 

abstinence.29 The 2020 Report of the U.S. Surgeon General4 highlights such treatments 
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that multiply quit rates and are effective across a variety of settings and populations.29,30 

For example, behavioral counseling and pharmacotherapy are independently effective in 

increasing smoking cessation but are even more effective when used in combination.4 

Treatment efficacy also improves with increased number of sessions and time in treatment. 

Determining what cessation strategies are most effective for CF families will be critical 

to improving CF lung health and maximizing the benefit from CFTR modulator therapies. 

Identifying smoke-exposed CF patients through active screening may also require changes to 

current CF clinical guidelines, such as adding annual nicotine testing.

CF caregivers who smoke face multiple barriers, from addiction and CF-related stress to 

unfavorable social norms or limited access to tobacco counseling and nicotine-replacement 

therapy and pharmacotherapy.31 Compounding this issue are clinical barriers in CF care 

centers, including limited staff trained to provide tobacco counseling, inadequate health 

system support and reimbursement for tobacco treatment services, and a general lack of 

consensus on undertaking an arduous effort with a perceived low level of success.31 Still, 

tobacco use is one of few modifiable risk factors for CF child health. It is essential that we 

make every effort to help CF caregivers to quit smoking in order to maximize the health 

potential of children and adolescents with CF.

The strengths of this study include using a national registry-based prospective cohort of CF 

patients to track periods of smoke exposure, cessation, and re-exposure over time, as well as 

the ability to control for sociodemographic variables that have a demonstrated relationship 

with TSE. The main limitation is the self-reported nature of the TSE data, known to 

underestimate actual exposure rates. The self-reported TSE also had a high proportion of 

missing data (22%), although missingness decreased substantially in later years, from 44% 

in 2006 to 30% in 2011, to 15% in 2012, to 11% in 2018. Additionally, since the CFFPR 

was not created with the intent to monitor smoke exposure, some information cannot be 

ascertained. For example, for part of the cohort, we do not know when the smoke exposure 

began because data on smoke exposure was not collected prior to 2006. This also means that 

we cannot determine if there is a greater beneficial impact of cessation when children are 

younger compared to cessation in older ages. Both these limitations point to the importance 

of improving the type and quality of data collection on TSE in CF patient registries.

Our major finding is that cessation of smoke exposure has the potential to recover nutritional 

and respiratory outcomes in children and adolescents with CF. Future research should 

identify and test effective strategies to reduce and eliminate exposure to tobacco smoke in 

this population in order to preserve lung health and mitigate poor health outcomes as early 

as possible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cessation of smoke exposure reduces the odds of a pulmonary exacerbation 

by 17% in the first year and by 6% in each additional year of cessation.

• Cessation of smoke exposure is associated with 0.7% increase in ppFEV1 in 

the first year and 0.4% increase in each additional year of cessation.

• Cessation of smoke exposure is associated with 1% increase in BMI 

percentile in the first year and 0.4% increase in each additional year of 

cessation.

• Eliminating smoke exposure may improve CF respiratory and nutritional 

outcomes and should be prioritized in CF care.
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Figure 1. Predicted probability of a pulmonary exacerbation over time, by cessation status*
*Adjusted for age at entry, sex, race/ethnicity, household size, income, father’s education, 

health insurance, genotype, newborn screening, CFTR modulator use, P.aeruginosa, and B. 
cepacia
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Figure 2. Predicted median ppFEV1 over time, by cessation status*
*Adjusted for age at entry, sex, race/ethnicity, household size, income, father’s education, 

health insurance, genotype, newborn screening, CFTR modulator use, P.aeruginosa, and B. 
cepacia
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Figure 3. Predicted median BMI percentile over time, by cessation status*
*Adjusted for age at entry, sex, race/ethnicity, household size, income, father’s education, 

health insurance, genotype, newborn screening, CFTR modulator use, P.aeruginosa, and B. 
cepacia
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Table 1.

Characteristics of the sample in their final survey year, by cessation of smoke exposure (N=3,633)

Total
N=3,633

Cessation of Exposure

Never
N=784 (21.6%)

Intermittent
N=1,412 (38.9%)

Permanent
N=1,437 (39.6%) p-value

1

SOCIODEMOGRAPHIC 

Age at entry 
2 7.7 (4.8) 10.1 (5.0) 5.9 (3.9) 8.15 (4.7) <0.001

Female sex, % 48.2 44.5 48.7 49.6 0.062

Race/ethnicity, %

 White non-Hispanic 83.5 84.1 85.8 80.9

 Non-White non-Hispanic 8.7 8.9 7.9 9.3 0.004

 Hispanic 7.8 7.0 6.3 9.7

Household size 4.3 (1.6) 4.4 (1.6) 4.3 (1.6) 4.2 (1.5) 0.195

Household income, in $10K 4.9 (3.2) 4.5 (3.3) 4.6 (3.3) 5.4 (3.5) <0.001

Father’s education, %

 Less than high school 6.7 8.0 6.3 6.1

 High school 40.6 47.1 42.8 34.8

 Some college 23.7 21.7 25.4 23.3 <0.001

 College 29.0 23.2 25.5 35.8

Health insurance type, %

 Private 26.6 22.1 22.6 32.9

 Public 63.5 67.8 67.6 57.2

 Private and Public 8.7 8.4 8.7 8.9 <0.001

 None/other 1.2 1.7 1.1 1.0

CLINICAL 

Pulmonary exacerbations in 12 mos. 0.8 (1.4) 0.8 (1.4) 0.9 (1.5) 0.7 (1.4) 0.004

  One or more, % 39.1 40.0 41.6 36.5 0.019

  Two or more, % 19.5 18.9 21.9 17.4 0.009

BMI percentile 50.7 (28.8) 49.3 (29.3) 50.3 (28.7) 51.8 (28.6) 0.137

ppFEV1 84.6 (21.5) 83.2 (21.3) 84.2 (21.2) 85.7 (21.6) 0.026

Genotype, %

 Heterozygous 49.7 46.8 51.2 49.9

 Homozygous 37.1 37.9 37.2 36.7 0.106

 Other 13.1 15.3 11.6 13.4

Newborn screening, % 29.1 27.9 29.7 29.1 0.690

CFTR modulator use, %

 Ivacaftor 8.3 8.3 8.1 8.4 0.944

 Lumacaftor-ivacaftor 9.3 7.5 11.0 8.6 0.014

P. aeruginosa, % 

 None 67.1 67.6 66.9 67.5

 Non-mucoid 14.8 14.7 14.8 14.9 0.991

 Mucoid 17.9 17.7 18.3 17.7
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Total
N=3,633

Cessation of Exposure

Never
N=784 (21.6%)

Intermittent
N=1,412 (38.9%)

Permanent
N=1,437 (39.6%) p-value

1

B. cepacia, % 2.3 2.2 3.1 1.5 0.015

1
Significance level for the difference between those who experienced cessation and those who never experienced cessation.

2
Continuous measures are shown as mean (standard deviation).
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Table 2.

Unadjusted and adjusted models of pulmonary exacerbations, ppFEV1, and BMI as a function of smoke 

exposure cessation (N=3,633)

Unadjusted
1

Adjusted
2

OR 95% CI p-value OR 95% CI p-value

Pulmonary exacerbations

  Cessation: Intercept 0.79 0.71 0.87 <0.001 0.83 0.75 0.91 <0.001

  Cessation: Slope 0.94 0.90 0.97 0.001 0.94 0.91 0.98 0.003

β β

ppFEV1

  Cessation: Intercept 0.73 0.37 1.08 <0.001 0.69 0.34 1.04 <0.001

  Cessation: Slope 0.38 0.15 0.62 0.001 0.39 0.16 0.61 0.001

BMI percentile

  Cessation: Intercept 1.00 0.53 1.46 <0.001 1.03 0.57 1.50 <0.001

  Cessation: Slope 0.41 0.09 0.73 0.013 0.42 0.10 0.74 0.009

1
Includes time for all three outcomes and a quadratic of time for ppFEV1 and BMI percentile.

2
Adjusted for age at entry, sex, race/ethnicity, household size, income, father's education, health insurance, genotype, newborn screening, CFTR 

modulator use, P.aeruginosa, and B. cepacia; includes the quadratic for time.

Note: Changes in the intercept and slope correspond to changes in the first year of cessation and each additional year of cessation, respectively.
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