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BACKGROUND: Lower socioeconomic status (SES) and environmental tobacco smoke (ETS)
exposure are both associated with poorer disease outcomes in cystic fibrosis (CF), and
children with low SES are disproportionately exposed to ETS. We analyzed a large cohort of
young children with CF to distinguish the impact of SES and ETS on clinical outcomes.

meTHoDS: The Early Pseudomonas Infection Control Observational study enrolled
Pseudomonas-negative young children with CF <13 years of age. An enrollment survey
assessed SES and ETS exposures. Forced expiratory volume in 1 second (FEV,), crackles
and wheezes, and weight-for-age percentile were assessed at each clinical encounter over
at least 4 years. Repeated measures analyses estimated the association of SES and ETS
exposures with longitudinal clinical outcomes, adjusting for confounders.

ResuLTs: Of 1797 participants, 1375 were eligible for analysis. Maternal education was high
school or less in 28.1%, 26.8% had household income <$40 000, and 43.8% had Medicaid

or no insurance. Maternal smoking after birth was present in 24.8%, more prevalent in
household with low SES. In separate models, lower SES and ETS exposure were significantly
associated with lower FEV,% predicted, presence of crackles or wheezes, and lower

weight percentile. In combined models, effect estimates for SES changed minimally after
adjustment for ETS exposures, whereas estimates for ETS exposures were attenuated after
adjusting for SES.

concLusions: ETS exposure was disproportionately high in low SES families in this cohort

of children with CF. Lower SES and ETS exposure had independent adverse effects on
pulmonary and nutritional outcomes. Estimated effect of SES on FEV, decreased minimally
after ETS adjustment, suggesting health disparity risks independent of ETS exposure.
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and environmental tobacco smoke (ETS) exposures
have both been associated with poorer outcomes.
However, limited studies have assessed the role of ETS
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Disparities in health outcomes due
to socioeconomic status (SES) are
well recognized in many chronic
diseases of childhood, including
asthma and diabetes. Among patients
with cystic fibrosis (CF), refinements
in the treatment of CF have resulted
in dramatic improvements in
nutritional status, lung function,

and longevity in the overall
population. Nonetheless, there is
increased awareness of variation

in the severity and progression of
CF lung disease among individuals
afflicted with this disease.! Although
CF transmembrane conductance
regulator (CFTR) mutations and
genetic modifiers play an important
role in the heterogeneity of CF
outcomes, the role of environmental
exposures, such as low SES and
environmental tobacco smoke

(ETS) exposure, are also of great
importance.?® The course of disease
in any individual with CF depends
on how these influences interact to
promote and mitigate the importance
of each other.”

Studies from both the United
Kingdom and the United States have
defined a strong association between
SES and CF disease outcomes.>389
Low SES is associated with a twofold
to threefold higher mortality rate
and significantly worse lung function
and nutritional status.3 Regional
median family income shows an
exposure-response relationship with
worsened mortality, lung function,
and nutrition, demonstrating that
the association is incremental rather
than a dichotomous one that affects
only the impoverished.?

The reason for the SES association
with CF outcomes is multifactorial.
One link appears to be the correlation
between SES and ETS exposure. In
2013, monthly or more frequent
tobacco smoke exposure was
reported in 23.5% of individuals
with CF in the United States.! There
is a clear relationship between
smoking and SES in the general
population, and this extends to

families of children with CF.10-12

A dose-dependent association

of ETS exposure with poor lung
function and growth in children
with CF was initially reported in
1990 among attendees of a summer
camp and has been confirmed in
most (although not all) subsequent
reports.13-16 A recent publication
exploring this relationship confirmed
the continued high prevalence of
ETS exposure in patients with CF,
especially those with low SES, and
the association with decreased lung
function.!” That analysis found

that the relationship between SES
and CF outcomes was significantly
attenuated by adjustment for ETS
exposure, suggesting that the
observed association between low
SES and lower lung function was

in large part due to the greater
exposure to ETS among children
with low SES. These findings

have important implications in
understanding health disparities, so
we sought to evaluate them further
by using a highly characterized,
large, contemporary US cohort

of patients with CF assembled
specifically to study longitudinal
outcomes in young children with
CF. Specifically, our objective was
to evaluate the association of SES
and ETS both independently and
jointly on longitudinal measures of
lung function, presence of crackles
or wheezes, and weight-for-age
percentile in the Early Pseudomonas
Infection Control Observational (EPIC
OBS) cohort. We hypothesized that
we would observe adverse effects
of both SES and ETS exposure on
clinical status, but that the effect of
SES would be significantly attenuated
by ETS exposure.

METHODS

Study Participants

The design of the EPIC OBS Study has
been described previously.1819
Children with an established
diagnosis of CF who were 0 to 12

years of age and had no previous
lifetime isolation of Pseudomonas
aeruginosa from respiratory

cultures or who were P aeruginosa
negative for >2 years if previously

P aeruginosa positive were enrolled
at 59 accredited US CF care centers
between 2004 and 2006.2° EPIC OBS
participants were included in the
current analysis if they were enrolled
by the end of 2006, had a baseline
family survey (see Data Collection
section) completed within 1 month of
enrollment, and had follow-up data
for a minimum of 4 years. Written
informed consent was obtained

from the family of each participant,
and the study was approved by the
institutional review board at each
participating site.

Data Collection

Study data were collected at
enrollment, annually, and at each
clinical encounter via study-specific
forms and the Cystic Fibrosis
Foundation National Patient
Registry, as previously reported.18
This analysis used self-reported

(by parent or guardian) data from
enrollment on ETS exposures,
maternal education, annual
household income and insurance
status, and encounter-based data
on forced expiratory volume in 1
second (FEV,) (ages 6 and older)
and other demographic and clinical
characteristics. FEV, was expressed
as a percentage of the predicted value
based on the reference equations of
Wang et al?! and Hankinson et al.??
The data cutoff for this analysis was
December 31, 2010.

Statistical Analysis

SES predictors included mother’s
education (high school or less,
college or more), annual household
income (<$40 000, $40 000-$80 000,
>$80000), and insurance status
(Medicaid, other insurance, no
insurance). ETS predictors included
history of mother smoking during
pregnancy, mother smoking any
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n= 1797, enrolled in the EPIC Observational Study

l 109 excluded (diagnosis reversed, P aeruginosa positive at enrollment, or enrolled after 2006)

n = 1688, CF diagnosis, P aeruginosa negative, and enrolled by end of 2006

l 85 excluded (no baseline family survey completed)

n = 1603, baseline family survey completed

l 228 excluded (no follow-up during year 4 or withdrawn by end of year 4)

n = 1375, study cohort

FIGURE 1
Selection of the study cohort.

time after birth of child, household
member smoking, and child ever
around people who smoked in the
past 3 months. The primary outcome
was encounter-based measures of
FEV,% predicted during follow-up
through 2010, which was year 4 to 6
of the study depending on the year of
enrollment.

Repeated measures analyses based
on linear mixed models were used

to evaluate the effect of potential

ETS and SES predictors reported at
baseline on longitudinal measures of
FEV,% predicted. A time variable, age
in years at each visit, was included in
all models to capture the change in
FEV,% predicted over time. A first-
order autoregressive autocorrelation
working correlation structure was
adopted to account for the within-
subject correlation among repeated
measurements of FEV,. All models
were adjusted for demographic and
disease-specific covariates (age, sex,
race, ethnicity, CFTR genotype risk
group, and diagnosis after pre- or
neonatal screening).23.24

First, SES and ETS exposures were
evaluated separately as predictors
of lung function. SES exposures were
modeled together to assess their
collective effects. Due to concerns
for collinearity of ETS exposure
variables, the a priori decision was
made to evaluate each ETS exposure
in separate models. Then, SES and
ETS exposures were evaluated in
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combined models. The estimates

of the effect of each SES and ETS
exposure from the separate and
combined models were compared.
Similar repeated measures analyses
were conducted to assess the
association of SES and ETS exposures
with occurrence of crackles or
wheezes on chest examination at
clinical encounters during follow-up
and with longitudinal measures

of weight-for-age percentile. For

the outcomes of crackles and
wheezes, we fitted multivariable
longitudinal logistic regression
models based on a generalized
estimating equations approach

with a first-order autoregressive
autocorrelation working correlation
structure. For the outcome of
weight-for-age percentile, we used
linear mixed models that included
age and a quadratic term of age

to accommodate for potentially
nonlinear changes of weight
percentile over time. Adjusted
coefficient or odds ratio (OR) with
corresponding 95% confidence
interval (CI) estimates were reported
for each model, and a P <.05 was
considered statistically significant.
All analyses were performed by using
SAS 9.3 (SAS Institute, Cary, NC).

RESULTS

Figure 1 describes selection of
the study cohort. A total of 1797

participants were enrolled in EPIC
0OBS; 109 were excluded from this
analysis cohort because their CF
diagnosis was subsequently
reversed, they were P aeruginosa
positive at enrollment, or they
were enrolled after 2006;

85 participants were excluded
because the baseline family
survey was not completed;

228 were excluded because they
were not followed for at least

4 years. The resulting cohort for
this analysis comprised 1375
participants.

Characteristics of the study cohort
at enrollment are summarized in
Table 1.

Maternal education was reported

to be high school or less in 28.1%,
annual household income <$40 000
in 26.8%, and Medicaid or no
insurance in 43.8% of participants.
Figure 2 shows that children from
low SES households characterized
by low maternal education, low
household income, and/or Medicaid
or no insurance had higher
percentages with each of the ETS
exposures than children from higher
SES households.

Impact of SES and ETS on Lung
Function

During year 4 of the study, the

best value of FEV, % predicted
averaged 101.8 (SD 16.0) among
1065 children ages 6 and older.

In models evaluating ETS and

SES exposures separately, all SES
exposures had significant negative
associations with mean absolute
FEV,% predicted during the study
period (Table 2, SES model).
Similarly, ETS exposures had
significant negative associations
with mean absolute FEV, % predicted
(Table 2, ETS models 1-4); the most
negative association was observed
for the mother smoking after the
child’s birth, which was associated
with mean FEV,% predicted 6.0%
lower (95% CI —7.4 to —4.5;



P <.0001) compared with children
whose mothers did not report
smoking after birth.

Associations between SES
predictors and FEV,% predicted
were minimally changed when

SES predictor variables and

ETS exposures were evaluated
simultaneously in multivariable
models. In contrast, the
associations between ETS
exposures and FEV, % predicted
were attenuated to a greater
degree. Figure 3 shows the
estimates of mean difference

in absolute FEV,% predicted
between those exposed and
unexposed from the final
multivariable models, and for
comparison, estimates from the
models evaluating SES and ETS
exposures separately (from Table 2).
The separation between the
estimates from the combined models
(dark balls and solid lines) and the
models evaluating ETS and SES
separately (gray balls and dashed
lines) indicate the degree to which
the effect of the exposure was
attenuated in the combined model.
All measures of SES and 3 of the 4
measures of ETS exposures (Fig 3B)
remained significant independent
predictors of lung function in the
multivariable models.

Impact of SES and ETS on Chest
Examination Findings

Crackles or wheezes on chest
auscultation were reported for 22%
to 24% of the participants during
each of years 1 to 4 on study. We
found an increased risk of crackles
or wheezes among children from
households with lower income,
relative to households with the
highest level of income (OR 1.4;
95% CI 1.0 to 2.0; P =.03 for
income <$40 000; and OR 1.3; 95%
CI 1.0 to 1.8; P =.05 for income
$40000-$79 000). There was also
an increased risk of crackles or
wheezes among children whose
mothers reported smoking after

TABLE 1 Characteristics of the Study Cohort at Enrollment (n = 1375)

n %

Sex

Girls 687 50.0

Boys 688 50.0
Age at enrollment,@y

0-<3 364 26.5

3—<6 381 217

6-<9 341 24.8

>9 289 21.0

Race

Not White 61 44

White 1314 95.6
Ethnicity

Not Hispanic 1280 93.1

Hispanic 46 3.3

Missing 49 3.6
Genotype risk group®

High risk 1074 78.1

Low risk 99 7.2

Unclassified 150 10.9

Missing 52 3.8
Diagnosis by screening®

No 1046 76.1

Yes 297 21.6

Missing 32 23
Mother’s education

High school or less 387 28.1

Some college or more 951 69.2

Missing 37 2.7
Annual household income

<$40000 368 26.8

$40000-$79 000 437 31.8

>$80000 363 264

Missing 207 15.1
Insurance status?

Medicaid or no insurance 602 43.8

Private or other insurance 761 55.3

Missing 12 0.9
Mother smoked during pregnancy

No 1083 78.8

Yes 189 13.7

Unknown 103 7.5
Mother smoked any time after birth of child

No 974 70.8

Yes 341 24.8

Missing 60 44
Household member smokes cigarettes

No 966 70.3

Yes 400 29.1

Missing 9 0.6
Child around people smoking in past 3 mo

Ever 720 524

Never 631 459

Missing 24 1.7

@ Mean age at enrollment was 5.7 y (SD 3.5).
b CFTR genotype risk group as previously described .2
¢Includes newborn or prenatal screening.

d Other insurance includes Medicare, military insurance, and insurance not otherwise specified.

the child’s birth (OR 1.4; 95% CI 1.1
to 1.8; P =.003) or if the child was

ever around smokers (OR 1.3; 95%
CI 1.0 to 1.6; P =.02). None of these

associations remained significant
in the multivariate models that
simultaneously evaluated SES and
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A

Maternal education

B

Mother smoked during pregnancy

Mother smoked after child born

Household member smokes

Child ever around smokers

Mother smoked during pregnancy

Mother smoked after child born

Household member smokes

Child ever around smokers
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Percentage
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State insurance coverage
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Family income
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Percentage
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C

Mother smoked during pregnancy

Mother smoked after child born

Household member smokes

Child ever around smokers

FIGURE 2
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I Medicaid or none [ Non-|

60
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Bar charts for each SES variable: A, maternal education; B, family income; G, state insurance coverage, showing the percentage of participants exposed
to ETS (as measured by 4 different questions). HS, high school.

Impact of SES and ETS on Weight-for-
Age Percentile

During year 4 of the study, mean
weight percentile was 50.3 (SD 27.3)
among 1371 children. In separate
models evaluating the effect of

SES and ETS exposures, mother’s
education level of high school or less
was associated with a mean 4.5%
lower weight-for-age percentile (95%
CI-7.9to —1.2; P=.008) compared
with college or more, and household
income <$40 000 was associated
with a mean 5.7% lower weight
percentile (95% CI —9.8 to —1.6;

P =.007) compared with the highest
level of annual household income
(Supplemental Table 3). Maternal
smoking during pregnancy (—4.3%;
95% CI -7.9 to —0.65; P=.02) and
after birth (—4.0%; 95% CI —6.9 to
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—1.1; P=.007) were also associated
with lower mean weight-for-age
percentiles (Supplemental Table 3).

Similar to findings for lung function,
the associations between SES
predictors and weight-for-age
percentile were minimally changed
when SES predictor variables and
ETS exposures were evaluated
simultaneously in multivariable
models (Supplemental Table 4). ETS
exposures did not remain significant
predictors of weight percentile in the
combined models.

DISGUSSION

This study examined a large US
multicenter longitudinal cohort of
young children with CF, by using

robust measures of SES and ETS
exposure, and confirmed previous
reports of the disproportionate
exposure to ETS among children

in families with low SES as well as
the independent association of low
SES and ETS exposure with poorer
lung function. In multivariable
mixed models that simultaneously
evaluated the impact of SES and

ETS exposures, we found, contrary
to our hypothesis, that the strong
association between SES and lung
function was only minimally affected
by adjustment for ETS exposure. The
associations between ETS exposures
and lung function were more
strongly attenuated after adjustment
for SES. Our findings suggest that
there are SES-related disparities in
lung function independent of ETS



TABLE 2 Separate Models to Assess Impact of SES and ETS Predictors on FEV,,, Predicted
Exposure Variable n/Observation? Coefficient® 95% Cl P
SES model® 1050/18416
High school education or less —1.90 —3.60to —0.19 .03
Household income <$40 000 -5.82 —7.94t0 -3.71 <.0001
Household income $40000-79 000 -3.14 —4.83t0 —1.44 .0003
Medicaid or no insurance —2.49 —4.09to —0.89 .0024
Age,y —-1.11 —1.46to —0.76 <.0001
ETS model 1 1160/20056
Mother smoked during pregnancy —4.59 —6.43t0 —2.74 <.0001
Age,y -1.10 —1.441t0 —-0.77 <.0001
ETS model 2 1197/20743
Mother smoked after child’s birth —5.98 —T7.44t0 —4.52 <.0001
Age,y -1.11 —1.4410—0.78 <.0001
ETS model 3 1240/21607
Household member smokes —2.60 —4.03to —1.16 .0004
Age,y —-1.11 —1.431t0 —0.78 <.0001
ETS model 4 1224/21321
Child ever around smokers in past 3 mo =3.21 —4.481t0 —1.93 <.0001
Age,y —-1.11 —1.431t0 —0.78 <.0001

@ The numbers of participants and longitudinal observations for each model.
b The interpretation of the coefficient estimate for each SES or ETS exposure variable is the difference in mean absolute FEV,,, predicted between those with the exposure and those in
the reference group. Each model included age in years at each visit to capture the change in FEV,,, predicted over time. Each model also included covariate adjustment for prespecified
demographic and disease characteristics (enrollment age, sex, race, ethnicity, genotype risk group, and diagnosis by screening).

¢ Reference groups for the SES variables include any education beyond high school, income >$80000, and non-Medicaid insurance.

exposure, and similarly, that ETS has
impacts on lung function even after
taking into account the effects of SES.

We also found a higher risk of
crackles and wheezes among children
with lower SES or exposure to ETS.
The independent effects of SES

and ETS on detection of crackles

or wheezes did not persist in our
combined model, likely due to the
high degree of collinearity (overlap)
of these characteristics. Finally, we
found low SES and exposure to ETS
to be associated with poorer weight.
Similar to lung function, the strong
association between SES and weight
percentile was minimally affected

by adjustment for ETS exposure,
suggesting that there are SES-related
disparities in nutrition that are
independent of ETS exposure.

The relationship between SES and
tobacco use in our cohort mirrored
these relationships in the general
population.?®> Twenty-five percent of
children had exposure to maternal
smoking in our cohort, and the
prevalence was higher among
families with lower SES. These data
reflect national trends estimating
tobacco use in 26% of adults living

below the poverty level compared
with 15% among those living at or
above this level.?6

Our analysis supports past reports of
associations between both SES and
ETS and low FEV,.2316.17.2527.28

The adverse association of low

SES on poor lung function in CF is
likely driven by multiple factors,
including poorer health literacy and
adherence and higher prevalence

of depression and anxiety.329-31
Decreased access to hospital and CF
center care, although an important
cause of SES-related adverse health
outcomes in other chronic diseases,
has not been shown to have a major
influence in previous studies in
CF.33233 Nonetheless, lack of access
or impaired ability to navigate
community resources, such as
exercise activities, school advocacy
for frequent absences, mental health
counseling, parenting and child care
support, and nutritional supplements,
may limit the effectiveness of
referrals generated by the CF team,
impeding care delivery downstream.

Our findings differ slightly from those
of Collaco and colleagues,!” who

found in their cohort study of 812
twins and siblings with CF that the
association between SES and lung
function was no longer significant
after adjustment for ETS exposure,
but that the relationship between
ETS and lung function was unaffected
by adjustment for SES. Potential
explanations for our slightly differing
results are differences in our cohorts
(ours was younger and Pseudomonas-
negative at enrollment), different
measures of SES and ETS, and
different sets of covariates in our
multivariable models. Nonetheless,
both studies report a similar
prevalence of home ETS

exposure and support the

important adverse effects of low

SES and exposure to ETS on health
outcomes in CF.

To our knowledge, the detection

of crackles or wheezes on chest
examination in association with

SES or ETS exposures has not

been previously examined in CF.

The presence of daily respiratory
symptoms in CF have been associated
with worse health outcomes,
including low FEV, % predicted and
frequency of antibiotic courses.34-38
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FIGURE 3

Estimates and 95% Cls (black dots, solid lines) for the difference in mean FEV, % predicted from
multivariable models, including both SES and ETS exposures, and prespecified clinical characteristics.
For comparison, gray dots, dashed lines show estimates and 95% Cls from models evaluating SES

and ETS exposures separately (Table 2).

SES and ETS impact on growth and
nutrition in children with CF has
been reviewed.3739 In our cohort,
both SES and ETS exposures were
associated with lower weight
percentile. Our analyses suggest
that the disparities in nutritional
outcomes associated with low SES,
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specifically maternal education level
and household income, persist even
after taking into account the effects of
ETS. Maternal nutritional knowledge
specific to CF has previously been
reported to predict children’s dietary
adherence score.* Food insecurity,
although not assessed in the CF

population, has been associated with
worse health outcomes in the general
population.#!

A strength of our study is that it
includes a range of measures of
both SES and ETS. SES disparities
vary in degree of health-damaging
exposures, including early life
conditions, inadequate nutrition,
poor housing, air pollution, stress,
and health access.?>2842 Income,
education level, and health
insurance status as markers of
SES reflect different aspects of
the complex relationship of

SES disparities and respiratory
health. Similarly, ETS exposures
may have differential impact based
on source, timing, and exposure,
including prenatally.*3 Our
analysis supports developmental
implications of smoke exposure
in pregnancy and early childhood.
Dose-dependent in utero smoke
exposure has been associated with
decreased lung function measures
in healthy newborns, and infants
with CF exposed to ETS have been
reported to have more bronchial
hyperreactivity.*+*> Assessment
of multiple SES and ETS exposures
may better delineate the source
of disparities to help target
interventions.

An important limitation of

our study is self-report of
exposures, particularly ETS.
Smoking may be underreported
due to its social stigma,

particularly around children with
chronic respiratory disease. The
misclassification introduced by self-
report would likely attenuate the
observed effect size. In addition,
our cohort was selected for an
absence of P aeruginosa infection

at enrollment, so our findings may
not be generalizable to children
with chronic P aeruginosa infection.
Given the observational nature of
this study, we cannot determine
the causal nature of relationships
between SES and ETS and health
outcomes.



CONCLUSIONS

Our study explored prospectively
collected data as part of EPIC OBS,
a large multicenter longitudinal
study, which allowed examination
of the effects of SES and ETS
exposures on clinical outcomes in
young children with CF. Our results
indicate that low SES and exposure
to ETS are independent risk factors
for lower lung function, crackles
and wheezes, and lower weight
percentile in young children with
CF. In addition, the effects of SES on
these outcomes are not accounted
for simply by disproportionate
exposure to ETS among children
from families with lower SES.

Our findings reinforce the
importance of addressing the
interrelationship of SES and ETS in
CF clinical outcomes analyses and
suggest that health care policies
addressing SES disparities and
fostering smoking cessation could
prove beneficial to the lung health of
individuals with CF.
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