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Abstract

Background.—Pulmonary decline in CF is heterogeneous, with socio-environmental factors
contributing to this variability. Few studies have attempted to disentangle the effects of tobacco
smoke exposure and socioeconomic factors on lung function deterioration in pediatric CF. The
current study evaluates their contributions longitudinally across the entire U.S. CF care network
population.

Methods.—Data from the CF Foundation Patient Registry were obtained on all individuals who
at the end of 2016 were 6-18 years old. Lung function measures (ppFEV;) for each person were
calculated at each attained age. Multivariable analyses used mixed modeling to assess the impact
of smoke exposure and socioeconomic factors on initial lung function and change over time.

Results.—The sample included 10,895 individuals contributing 65,581 person years. At age 6,
ppFEV of smoke-exposed children was 4.7% lower than among unexposed. The deficit persisted
through age 18. In adjusted mixed models, smoke exposure and socioeconomic factors had
independent, additive associations with lung function. Median ppFEV declined 2.4% with smoke
exposure, 4.9% with lower paternal education, 0.3% with public insurance, and increased 0.2%
with each $10,000 annual household income. The effect of smoke exposure on ppFEV; was larger
in disadvantaged children compared to privileged counterparts (3.2% vs 1.2%).
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Conclusions.—Smoke exposure and socioeconomic factors are independent risk factors for
decreased ppFEV, in pediatric CF. Smoking cessation strategies should be emphasized at the time
of CF diagnosis and reiterated during infancy and early childhood. Interventions may be
prioritized in disadvantaged families, where the exposure has a disproportionately large effect.

BACKGROUND

Cystic fibrosis (CF), an autosomal recessive disorder caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) ion channel, is characterized by
abnormal secretions in multiple organ systems and eventual respiratory failure. Significant
variation in disease progression exists even among individuals with identical CFTR
genotypes.1~2 While the impact of gene modifiers continues to be a subject of intense
research, 3 non-genetic factors, such as socioeconomic and environmental exposures, also
contribute to this variability,* accounting for approximately 50% of the clinical variation in
CFl

An association between indicators of socioeconomic status (SES) and CF outcomes has been
reported previously,>=2 observed as early as in infancy.1? Tobacco smoke exposure (TSE)
has also been described as a risk factor for CF lung health.29:11 Because TSE is more
prevalent among individuals of lower SES, both in the general population!?-14 and among
CF patients, 1516 jt has been proposed as a primary mechanism by which SES affects CF
lung health.217 Few studies have attempted to disentangle the effects of TSE and SES and
define the contributions of these complementary yet distinct exposures on CF lung function
trajectory. The most relevant ones came to separate conclusions,?18 perhaps as a
consequence of using different measures of SES and TSE and different populations derived
from cohorts assembled for unrelated research (the CF Twin and Sibling Study and the EPIC
Observational Study).

The current longitudinal study extends this line of research across the entire U.S. CF care
network by using population-level data from the national CF Foundation Patient Registry.1?
We evaluate the contributions of TSE and three distinct SES indicators — household income,
paternal education, and health insurance type - on lung function decline from 6 to 18 years
of age.

METHODS

Measures

The study cohort comprised all individuals in the CF Foundation Patient Registry (CFFPR)
who were born between 1/1/1998 and 12/31/2010. These individuals were between 6 years
old (initial age of reproducible spirometry reported to the Registry) and 18 years old at the
end of 2016. The study period was limited to 2006-2016 because the CFFPR did not collect
smoke exposure data prior to 2006. The study was approved by the Institutional Review
Board of the University of Alabama at Birmingham (protocol 300002076).

Outcome variable.—Participants’ lung function measures (forced expiratory volume in 1
second, percent predicted [ppFEV1], calculated using the Global Lung Function Initiative
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[GLI] reference equations?®) at each attained age from 6 to 18 years old were obtained from
encounter-based data, which include multiple ppFEV records per year. For each individual,
the median ppFEV values at each age were calculated; additionally, lung function peak
(highest recorded ppFEV1, representative of optimal lung health) and lung function nadir
(lowest recorded ppFEV1, representative of severity of exacerbations) at each age were
obtained and used for sensitivity analyses.

Exposure variables.—Self-reported tobacco smoke exposure (Yes/No), measured at each
age, was determined based on response to the questions, “Does anyone in the patient’s
household smoke cigarettes?” (Yes/No) and “During the reporting year, how often was this
patient exposed to second-hand smoke?” (Daily/Several times per week/Several times per
month or less/Never). TSE was coded as “Yes’ if either the response to the first question was
affirmative or the response to the second question was “Daily” or “Several times per week.”
TSE was treated as a time-invariant measure: individuals were coded as smoke-exposed if
the above was true at any age. Time-varying measures of smoke exposure were explored, but
model fit statistics (AIC and BIC) indicated that “ever exposed to smoke” produced a better
model fit of lung function than “currently exposed to smoke.” Annual household income (<
$10,000 to >$90,000, in $10,000 increments) and #ype of health insurance (Private/Public/
Both private and public/None) were measured at each age. Paternal education (Less than
High school/High school/Some college/College degree) was recorded as the highest
educational level of the father; if father’s data were not available, mother’s education was
used. Father’s education was preferred over mother’s education because of previously
reported stronger association with CF lung function.10.21

Covariates.—Covariates included historical confounders identified through a review of the
literature and through our prior, single-center analyses. Socio-demographic covariates
included age, sex (Male/Female), race/ethnicity (White/Hispanic any race/Other), and
household size. Clinical covariates included mean body mass index (BMI) percentile at each
age, genotype (F508del homozygous/F508del heterozygous/Other), CF newborn screening
diagnosis (Yes/No), number of hospitalizations at each age (None/One/Two or more),
number of pulmonary exacerbations at each age (None/One/Two or more), CFTR modulator
use (None/lvacaftor/Lumacaftor-lvacaftor), 2. aeruginosa at each age (Yes/No),22 mucoid P
aeruginosa ever (Yes/No), and B. cepaciacomplex ever (Yes/No).

Statistical analysis

To gain a thorough understanding of the effects of TSE and socioeconomic factors on lung
function from age 6 to age 18, we used hierarchical linear mixed models, or growth curve
models. They correct for the interdependency created by using multiple observations from
the same person and allow us to estimate the variance associated with each of the
components in the level 1 model (intercept, slope, change in slope, and individual error)
while estimating the coefficients for the level 2 model.23 The slope, or change over time, is
measured as age, centered at 6 years old to allow for interpretable intercept that represents
expected lung function at age 6 accounting for the other covariates. The non-linear change in
slope, typical for lung function, is measured as the quadratic of age. All analyses were

J Cyst Fibros. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oates et al.

Page 4

performed separately for median ppFEV (primary outcome) and peak and nadir ppFEV;
(secondary outcomes) at each age.

To examine the impact of SES after accounting for the effect of TSE, and vice versa, we
used nested models. Specifically, two restricted and one full model were estimated: Model 1
(restricted) with TSE only, not adjusted for SES indicators; Model 2 (restricted) with SES
indicators only, not adjusted for TSE; and Model 3 (full) with both TSE and SES indicators,
accounting for the impact of both. All three models were adjusted for the same covariates:
sex, race/ethnicity, household size, BMI percentile, genotype, newborn screening,
hospitalizations, pulmonary exacerbations, CFTR modulator use, A2 aeruginosa, and B.
cepacia. Additional models assessed whether the impact of TSE was disproportionately
severe in low-SES children by interacting TSE with each SES indicator. The association
between SES and lung function was also assessed separately in the subgroups of those
exposed and unexposed to smoke while applying the same controls as above and including
an interaction between TSE and each SES indicator. Finally, we estimated lung function by
TSE and SES, comparing low SES (defined as household income <$20,000, paternal
education <high school, and public health insurance: all three conditions met) to high SES
(defined as household income =$100,000, paternal education college degree, and private
health insurance: all three conditions met) while retaining the significant interactions
obtained in previous models. All time-varying variables (income, health insurance,
household size, BM, hospitalizations, exacerbations, CFTR modulator use, P, aeruginosa,
and B. cepacia) were allowed to vary over time and were not confined to the value when
they were first observed.

Missing data were addressed with multiple imputations (n=10 data sets) using Markov
Chain Monte Carlo (MCMC) methods.24 Imputations were conducted on the wide version
(one observation per individual) of the data. Following best practices, we did not impute
values for those missing on the dependent variable.24 Due to high level of missingness on
the income variable, several precautions were taken. We examined whether those with
income data were different than those without income data (Supplementary Table 1S).
Individuals who were not smoke-exposed and had only public or private insurance but not
both were more likely to be missing on income. To reduce the likelihood of violation of the
missing-at-random assumption, 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 IRS website.
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 also conducted sensitivity analyses
comparing non-imputed and imputed estimates, and found that the results are substantively
the same. Given the high correlation between parental education, health insurance, and
income, we examined whether there were multicollinearity issues and did not find any.
Analyses were performed with Stata 16 (College Station, TX: StataCorp LLC).
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RESULTS

The analytic sample included 10,895 individuals, who contributed a total of 65,581 person-
years. Sociodemographic and clinical characteristics of the 2016 population are presented in
Table 1. We present 2016 data because it is the most complete data for the sample, which
comprises individuals born between 1/1/1998 and 12/31/2010. The sample was
approximately half female and F508del homozygous. Mean annual household income was
approximately $60,000, half had college-educated fathers, and 42% had only public health
insurance. Tobacco smoke exposure (TSE) was reported for 27% of individuals. Among
these, 80% never changed TSE status, 10% changed it once, 6% twice, and 4% three or
more times. The most prevalent change was from exposure to no exposure.

TSE varied by household income and paternal education. In 2016, the risk of smoke
exposure was 2.5 times greater in households with annual income <$60,000 than in
households with annual income =$60,000 (Risk Ratio 2.53 [95% CI 2.33, 2.75], p<0.001).
Similarly, children whose fathers were not college-educated had more than 2 times higher
risk of smoke exposure than those with college-educated fathers (RR 2.25 [2.08, 2.44],
p<0.001).

TSE was associated with diminished lung function (Figure 1). At age 6, the median ppFEV1
of smoke-exposed children was 4.7% lower than in their unexposed counterparts (94.8 [SE
0.24] vs. 90.1 [SE 0.33], p<0.001). By age 18, the disparity in ppFEV; between smoke-
exposed and unexposed children reached 7.4% (81.0 [SE 0.89] vs 73.6 [SE 1.40], p<0.001).
Peak and nadir ppFEV followed the same pattern (supplementary Figure 1S).

The adjusted trajectories of median ppFEV4 from growth curve models are presented in
Figure 2 (adjusted trajectories of peak and nadir ppFEV are shown in supplementary Figure
2S). When controlling for SES indicators and all demographic and clinical covariates, at age
6 there remained a 2.4% deficit in median ppFEV attributable to smoke exposure.

To further test whether smoke exposure is associated with greater annual rate of ppFEV,
decline from 6 to 18 years of age, we included interactions between TSE and measures of
change (age and age squared). These interactions were not significant for either ppFEV,
measure, confirming that the consequence of smoke exposure for lung function is fully
manifested by age 6.

Table 2 shows results from nested multivariable growth curve models of median ppFEV;
adjusted for all demographic and clinical covariates. (Peak and nadir ppFEV; are shown in
the supplementary Table 2S.) The regression coefficients are an estimate of the independent
or unique effect of each variable on ppFEV; from 6 to 18 years of age. In the restricted
Model 1 (TSE alone, without SES indicators), TSE was associated with nearly 4% decrease
in ppFEV1 (B=-3.88 [-4.57, —3.19], p<0.001). In the restricted Model 2 (SES indicators
alone, without TSE), each $10,000 income was associated with approximately 0.25%
increase in median ppFEV; ($=0.25 [0.17, 0.34], p<0.001), corresponding to a 1.5%
increase for $60,000 income. Lack of paternal college education was negatively associated
with median ppFEV1: decrease of 5.5% for less than high-school education, 3.2% for high-
school education, and 1.7% for some college. Similarly, public health insurance was

J Cyst Fibros. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oates et al.

Page 6

associated with 0.4% decrease in median ppFEV compared to private insurance. In the full
Model 3 (TSE and SES indicators), both TSE and SES remained significant, indicating that
they do not explain each other’s effect but contribute independently to lung function. TSE
was associated with a 2.4% decrease in median ppFEV; less-than-high-school, high-school,
and some college education with 4.9%, 2.6%, and 1.3% decrease, respectively; and public
insurance with 0.3% decrease. The magnitude of smoke exposure’s effect on lung function
was comparable to that of newborn screening (2.3%) in the same model.

SES accounted for the association between TSE and lung function to a greater degree than
TSE accounted for the association between SES and lung function. This is demonstrated by
the greater reduction in magnitude of the TSE coefficients (Table 2: Model 1 to Model 3)
relative to the SES coefficients (Table 2: Model 2 to Model 3). Specifically, household
income accounted for more than 38% of the association between TSE and ppFEV1, while
TSE accounted for only 12% of the association between income and ppFEV1.

The independent effect of SES on median ppFEV; over time was confirmed in multivariable
growth curve models that examined the role of socioeconomic factors separately in the
subsets of those exposed and unexposed to smoke (Table 3; peak and nadir ppFEV1 in
supplementary Table 3S). In both smoke-exposed and unexposed children, lower household
income and paternal high-school education were associated with worse ppFEV1. For smoke-
exposed children, public and no/other health insurance were associated with worse ppFEV.

Figure 3 shows adjusted peak ppFEV1 trajectories from growth curve models by SES and
TSE, controlling for all demographic and clinical covariates. Low SES is defined as
household income <$20,000, paternal education <high school, and public health insurance
(all three conditions met). High SES is defined as household income =$100,000, paternal
education college degree, and private health insurance (all three conditions met). The effect
of smoke exposure, both at age 6 and over time through age 18, is larger among children of
low SES than among those of high SES (3.2 vs 1.2%; interaction between TSE and
income=0.24 [0.06, 0.42], p=0.009). Children of low SES who are not smoke-exposed have
lower lung function than children of high SES who are smoke-exposed.

DISCUSSION

We conducted a longitudinal analysis of data from the CF Foundation Patient Registry
(2006-2016) to evaluate the contributions of tobacco smoke exposure and socioeconomic
factors on lung function impairment in pediatric patients with CF. This is the first study with
national CF population-based data that quantifies the impact of smoke exposure and
socioeconomic factors on initial spirometry at age 6 and change in ppFEV; over time
through age 18 years. The primary lung function measure was median ppFEV1, but we also
assessed changes in peak (highest) and nadir (lowest) ppFEV1, and these led to similar
conclusions. The results show significant and sustained impact of tobacco smoke exposure
(TSE) on CF lung function. Further, by nesting the growth curve models, we were able to
separate the effect of TSE from that of socioeconomic status (SES) measured by annual
household income, paternal education, and health insurance. We found that while TSE and
SES partially overlap, they make independent, additive contributions to ppFEV1.
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Our results demonstrate that the damaging effect of TSE on CF lung function begins early.
By age 6, ppFEV of smoke-exposed children was significantly lower than that of
unexposed children: 4.7% lower in bivariate analysis (p<0.001) and 2.4% lower in adjusted
multivariable growth curve models (p<0.001). These data emphasize the adverse
consequences of smoke exposure for CF lung health from the onset of the life course.25-27
Therefore, attempts to interrupt smoke-induced lung disease should be introduced early — if
not prenatally, then at least at initial diagnosis of CF, before disease trajectory has been
established.

The lung function deficit between smoke-exposed and unexposed children at age 6 persisted
over time. Additional analyses indicate that the impact of TSE was stable through age 18. In
adjusted multivariable growth curve models, TSE was associated with a 2.4% decrement
across all ppFEV1 measures. This effect is similar to the 2.6%-3.2% decrease in mean
PPFEV over 4 years reported by Ong et al.,18 and in line with the predicted mean ppFEV
at age 20 estimated by Collaco et al.2

These findings indicate that addressing exposure merits prioritization in CF care. The fact
that 27% of U.S. pediatric CF patients are smoke-exposed per parental self-report, and 60%
of the smoke-exposed are still exposed at age 18, highlights the need for revisiting current
standards of care. Moving forward, the question is how to implement successful “smoke
eradication” strategies similar to what has been accomplished through 2 aemginosa
eradication protocols. Our results suggest that smoking cessation and exposure prevention
should be emphasized at the time of CF diagnosis and reiterated regularly during infancy
and early childhood. Best practices to limit exposure also need to be developed. To date, no
interventional research studies of smoking cessation in CF families have been published in
the U.S., although the CF Foundation has supported learning collaboratives to facilitate the
development and uptake of quality improvement approaches to target tobacco smoke
exposure.28 Screening of pediatric CF patients for smoke exposure with objective measures,
such as biomarkers of nicotine metabolites, is virtually unexplored.

We measured TSE as a non-time varying variable, so that if a child was ever exposed they
were considered always exposed. This was done because ‘ever exposed’ models produced a
better model fit than “currently exposed’ models. Additionally, TSE in the sample was
relatively stable. Only 20% experienced change in TSE status, mostly from exposure to no
exposure. Because we modeled TSE as time-invariant, we could not examine whether
smoking cessation is associated with improved lung function and whether that effect
declines with time or has a diminished return if initiated past a certain age. Future research
should investigate the impact of smoking cessation on lung function trajectory, including
optimal periods for cessation and whether this relationship varies by SES.

Importantly, our study reveals that SES has an association with lung function that is
independent of and additive to TSE. Overall, SES accounted for 38% of the association
between TSE and ppFEV;. Similar findings were reported with data from the EPIC
observational cohort!8 and challenge the assertion that TSE is the primary mechanism
through which low SES negatively impacts respiratory health. Moreover, in a dose-response
relationship, every additional $10,000 in annual income was associated with a 0.31-0.40%
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ppFEV1 increase among smoke-exposed children but with just a 0.17-0.21% ppFEV;
increase among unexposed children. We found that the adverse effect of TSE was amplified
among children of low SES compared to their high-SES counterparts (3.2 vs 1.2%). These
data indicate that TSE has a greater negative impact on patients with less financial resources,
and that smoking cessation should be a major clinical priority in CF families from
disadvantaged backgrounds.

By utilizing the population-based data available in the U.S. CF Foundation Patient Registry,
our study provides a delineation of the independent, additive contributions of TSE and
indicators of SES — household income, paternal education, and health insurance - to
pulmonary decline in CF. The consequence of smoke exposure is manifested by the time of
first spirometry at age 6. Its damage is buffered by access to financial (income), human
(education), and healthcare (insurance) resources. Its detrimental impact is magnified in
socioeconomically disadvantaged children with CF. This evidence necessitates targeting of
smoking cessation and exposure prevention strategies to this vulnerable population.

The major limitation of this study is the self-reported nature of the smoke exposure data. For
example, in our sample, approximately 15% of those who responded affirmatively to the
question, “Does anyone in the patient’s household smoke cigarettes?”, also responded that
their child is “Never” exposed to smoke. The difficulty in measuring the exposure led to
treating TSE as a non-time varying variable (‘ever exposed’ rather than ‘currently exposed’),
as this approach produced a better model fit. This may partially account for the fact that TSE
did not impact the slope of lung function change from early childhood to late adolescence.
Clearly, biomarkers of smoke exposure would be preferred and should be implemented to
validate our conclusions. It should be noted that we only addressed the effect of second-hand
smoke exposure, rather than active smoking. However, the proportion of smokers in the
sample was extremely low: among individuals age =15, less than 0.5% reported smoking, of
them n=24 (0.2%) regularly and n=36 (0.3%) occasionally.

We also acknowledge the self-reported nature and large proportion of missing income data.
This limitation was addressed with multiple imputations and by including additional
indicators of SES in the analyses. Furthermore, the imputed and non-imputed models
produced substantively similar results. Our population-based sample and statistical modeling
approach allowed us to break new ground in separating the independent contributions of
TSE and SES for lung function decline in pediatric CF.

CONCLUSION

Tobacco smoke exposure and socioeconomic factors are independent risk factors of
pulmonary decline in pediatric CF. Smoke exposure is a major contributor to diminished
lung function at age 6, with sustained negative impact through age 18. Smoking cessation
and exposure prevention should therefore be a therapeutic priority in pediatric CF care,
introduced from the time of diagnosis. Smoke exposure is disproportionately prevalent in
families with lower income and education, but it does not account for the effect of
socioeconomic status: low income, low education, and public health insurance have
considerable additive effect on lung function independent of smoke exposure. To address
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disparities in CF lung health, screening programs and cessation interventions should
prioritize smoke-exposed low-income children, among whom the adverse effects of tobacco
smoke exposure are disproportionately large.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. By age 6, smoke-exposed children with CF in the U.S. have lower FEV1%
than unexposed children, and the deficit persists through age 18.

. The effect of smoke exposure on lung function is amplified in disadvantaged
children compared to privileged counterparts.

. Tobacco smoke exposure and socioeconomic factors are independent risk
factors for decreased ppFEV1 in pediatric CF.

. To address disparities in CF lung health, interventions should prioritize
smoke-exposed low-income children, among whom the adverse effects of
tobacco smoke exposure are disproportionately large.
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Figure 1.
Median lung function for the CF population, age 6 to 18, by tobacco smoke exposure (TSE)
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Figure 2.
Multivariable growth curve models of median lung function, by tobacco smoke exposure

(TSE): predictive margins with 95% confidence intervals™
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Figure 3. Multivariable growth curve models of peak lung function, by socioeconomic status
(SES)* and tobacco smoke exposure (TSE): predictive margins with 95% confidence intervals

*Low SES: household income <$20,000, paternal education <high school, and public health

insurance.

High SES: household income =$100,000, paternal education college degree, and private

health insurance.

Adjusted for household income, paternal education, health insurance, household size, sex,
race/ethnicity, BMI, newborn screening, genotype, hospitalizations, pulmonary
exacerbations, CFTR modulator use, Paeruginosa, and B.cepacia.
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Table 1.

Characteristics of the sample, 2016 (N=10,895)

SOCIODEMOGRAPHIC

Age
Female
Race/ethnicity
White
Hispanic any race
Other
Household size
Health insurance
Private only
Public only
Both private and public
Other/none
Household income, $10K increments
Parental education
Less than high school
High school
Some college
College

Smoke exposure

CLINICAL

Lung function
Median ppFEV;
Peak ppFEV;
Nadir ppFEV,
BMI, percentile
Genotype
F508del homozygous
F508del heterozygous
Other
Newborn screening
P. aeruginosa
Mucoid
B. cepacia
Hospitalizations, 12 months
None

One

J Cyst Fibros. Author manuscript; available in PMC 2021 September 01.

Unimputed  Imputed % missing

% or mean (SD)

12.5 (0.04) . 0

493 . 0
0

80.5

8.0

115

43(001)  43(001) 138
34

472 47.7

427 420

9.2 9.3

0.9 1.0

63(0.04)  6.4(0.04) 469
16.3

5.1 47

26.1 25.7

18.3 18.2

505 51.4

27.3 276 7.8
0

88.6 (0.19)

95.4 (0.19)

80.2 (0.22)

52.7(0.26) 52.7(0.28) 0.4
0.6

47.0 471

38.8 38.8

14.2 14.1

29.0 . 0

27.7 27.7 34

47 47

2.0 . 0
0

63.8

19.9
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Unimputed  Imputed % missing
% or mean (SD)

Two or more 16.3

Exacerbations, 12 months 0
None 68.8
One 17.7
Two or more 135

CFTR modulator use 0
None 71.2
Ivacaftor 6.1
Lumacaftor/lvacaftor 22.7
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Table 2.

Multivariable regression: mixed models predicting median ppFEV1 (N=65,581 person years)

Page 17

Intercept (ppFEV; at age 6)
Tobacco smoke exposure
Household income, each $10,000
Parental education
Less than high school
High school
Some college
College degree
Health insurance
Private only
Public only
Both private and public
None/other
Annual rate of change
Annual rate of change, squared
Clinical covariates
BMI percentile
Newborn screening
22 hospitalizations in 12 months
=2 exacerbations in 12 months
Mucoid P, aeruginosa

B. cepacia

Median ppFEV,

Model 1 Model 2 Model 3
P-value p-value p-value
B (95% CI) B (95% CI) B (95% CI)

95.5 (94.1, 96.2) <0.001 95.7 (95.0, 96.4) <0.001 96.2 (95.5, 96.9) <0.001
-3.88 (-4.57,-3.19)  <0.001 - -2.41(-3.16,-1.65)  <0.001
- 0.25 (0.17, 0.34) <0.001  0.22(0.14,0.31) <0.001
- -5.50(-7.21,-3.78)  <0.001 -4.90 (-6.65, -3.17)  <0.001
- -3.16 (-4.04,-2.27)  <0.001 -2.56 (-3.47,-1.66)  <0.001
- -1.71(-2.57,-0.85)  <0.001 -1.34(-2.21,-0.47)  0.003

- 1.00 (reference category) 1.00 (reference category)

- 1.00 (reference category) 1.00 (reference category)
- -0.39 (-0.66,-0.13)  0.004 -0.33(-0.60,-0.07)  0.014
- -0.04 (-0.34, 0.25) 0.786  —0.02 (-0.32,0.27) 0.885
- -0.48 (-1.16, 0.21) 0172  -0.45(-1.14,0.23) 0.196
0.22 (0.12, 0.33) <0.001  0.21(0.10, 0.31) <0.001  0.21(0.10,0.32) <0.001
-0.13(-0.14,-0.12)  <0.001 -0.13(-0.14,-0.12) <0.001 -0.13(-0.14,-0.12) <0.001
0.14 (0.14, 0.15) <0.001  0.14(0.14,0.15) <0.001  0.14(0.14,0.15) <0.001
2.14 (1.48, 2.80) <0.001  2.46 (1.80, 3.11) <0.001  2.34(1.69, 3.00) <0.001
-0.55 (-0.96, —0.15) 0.009 -0.55 (-0.95, -0.14) 0.009 -0.54 (-0.95, -0.14) 0.009
-4.94 (-5.39,-4.48)  <0.001 -4.94(-5.39,-4.48) <0.001 -4.93(-5.39,-4.48) <0.001
-0.13 (-0.30, -0.05) 0.157 -0.13(-0.31,0.04) 0.143  -0.13(-0.31,0.04) 0.141
0.00 (-0.65, 0.66) 0.991 0.01 (-0.64, 0.67) 0.969 0.01 (-0.64, 0.67) 0.971

Boldface indicates statistical significance: p<0.05, two-tailed tests.

All models adjusted for sex, race/ethnicity, household size, genotype, and CFTR modulator use.
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Table 3.
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Multivariable regression: mixed models predicting median ppFEV1, by tobacco smoke exposure (N=65,581

person-years)

Median ppFEV,

Smoke-exposed

Unexposed

B (95% CI) p-value

B (95% CI) p-value

Intercept (ppFEV, at age 6) 92.8 (91.1, 94.3) <0.001
Household income, each $10,000 0.31(0.17, 0.46) <0.001
Paternal education

Less than high school -3.49 (-6.28, -0.71) 0.014

High school -2.48 (-4.08,-0.88)  0.003

Some college -0.38 (-2.28, 1.52) 0.694

College degree 1.00 (reference category)
Health insurance

Private only 1.00 (reference category)

Public only -0.63(-1.12,-0.13)  0.013

Both private and public -0.33 (-0.88, 0.23) 0.250

None/other -1.38 (-2.71, -0.06) 0.041
Annual rate of change 0.30 (0.09, 0.52) 0.005
Annual rate of change, squared  -0.14 (-0.16, -0.12)  <0.001

96.8 (96.0, 97.6) <0.001
0.17 (0.07, 0.27) <0.001

-5.71(-7.88,-3.54)  <0.001

-2.40 (-3.45,-1.36)  <0.001

-1.68 (-2.75, —0.61) 0.003
1.00 (reference category)

1.00 (reference category)
-0.21 (-0.54, 0.11) 0.202
0.08 (-0.26, 0.42) 0.641
-0.04 (—0.93, 0.86) 0.938
0.17 (0.04, 0.30) 0.012
-0.12 (-0.13,-0.11)  <0.001

All models adjusted for sex, race/ethnicity, household size, BMI, genotype, newborn screening, hospitalizations, pulmonary exacerbations,

modulator use, P, aeruginosa, and B. cepacia.

Boldface indicates statistical significance: p<0.05, two-tailed tests.
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