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Abstract

Background.—Differences in socio-environmental exposures influence overall child health, but 

their association with pediatric CF outcomes is less clear. This observational study investigated the 

relationship between area-level socioeconomic deprivation, state child health, and CF respiratory 

outcomes in a national cohort.

Methods.—We assessed relationships between 2015 Area Deprivation Index, a composite 

measure of socioeconomic disadvantage; 2016 Child Health Index, a state-specific measure of 

overall child health; and CF respiratory outcomes in the 2016 CF Foundation Patient Registry.

Results.—The sample included 9,934 individuals with CF, aged 6–18 years. In multiple 

regression analysis adjusted for demographic and clinical covariates, those residing in the worst 

tertile for area deprivation had 2.8% lower ppFEV1 (95% CI −4.1 to −1.5), 1.2 more IV treatment 

nights (CI 0.1–2.4), and 20% higher odds of ≥2 pulmonary exacerbations (OR 1.2, CI 1.0–1.5) 

than best-tertile counterparts. Children with CF in states at the worst tertile for child health had 

2.3% lower ppFEV1 (CI −4.5 to −0.2), 2.2 more IV treatment nights (CI 0.5–3.6), and 40% higher 

odds of ≥2 exacerbations (OR 1.4, CI 1.1–1.8) than best-tertile counterparts. State child health 

accounted for the association between area deprivation and multiple exacerbations and more IV 

treatment nights.

Conclusions.—Both area socioeconomic characteristics and state child health play a role in 

pediatric CF outcomes. The residual association of the state child health with CF outcomes after 

controlling for area deprivation reflects the ability of state programs to mitigate the effect of 

poverty.

BACKGROUND

Cystic fibrosis (CF) is the most common life-shortening autosomal recessive genetic 

disorder among Caucasians and the second most common overall, affecting 1 in 3,500 live 

births and approximately 30,000 individuals in the United States.1 Much variation in CF 
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outcomes is attributable to non-genetic factors.2 Differences in care patterns may partially 

explain this variability, but socio-environmental influences, such as local and regional 

differences in environmental exposures, public health resources, and other social 

determinants likely play a role as well. 2–4 For example, prior research has reported both 

local and regional variation in type 2 diabetes incidence among U.S. youth.5 Relationships 

have been established between area characteristics and childhood BMI,6 childhood diabetes 

and obesity,7 pediatric cardio-metabolic dysfunction,8 and infant mortality.9 Area 

deprivation has been associated with pediatric asthma prevalence,10,11 severity,12 and 

emergency department visits and hospitalizations.13–15 However, the association of area 

deprivation with CF outcomes has not been explored, although variation of CF outcomes by 

ZIP code of residence have been noted both in the US and the UK.16–18 Furthermore, while 

state-level variations in public health have been reported in the US, reflected in metrics such 

as obesity prevalence, infant mortality, oral health, and overall child well-being,19 this 

association has likewise never been explored in CF.

This study assessed the relationship between area-level socioeconomic disadvantage 

measured with the Area Deprivation Index (ADI),20, state-level child health measured with 

the Child Health Index (CHI),19 and CF-specific respiratory outcomes in a national cohort of 

children and adolescents with CF, age 6-18.

METHODS

This was a cross-sectional observational study with population-level data for year 2016, 

obtained from the national CF Foundation Patient Registry (CFFPR).21 The study 

population included all children and adolescents with CF who at the end of 2016 were 

between 6 years (the earliest age of reproducible spirometry reported to the CFFPR) and 18 

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

Alabama at Birmingham (protocol 300002076).

Measures

Outcome variables.—Lung function measures (forced expiratory volume in 1 second, 

percent predicted [ppFEV1], calculated using the Global Lung Function Initiative [GLI] 

reference equations22), and the reported number of pulmonary exacerbations and treatment 
nights with intravenous (IV) antibiotics, either in the hospital or at home, were obtained 

from annualized 2016 CFFPR data. The CFFPR requires that ppFEV1 values are obtained 

from pre-bronchodilator pulmonary function tests. Pulmonary exacerbations are based on 

physician assessment during the encounter; they were categorized as none or one vs two or 

more, as done previously.23

Exposure variables.—Area deprivation was assessed with the 2015 Area Deprivation 

Index (ADI), an existing factor-based composite measure of socioeconomic deprivation 

(national 1-100 scale), with higher values indicating higher deprivation.20,24 The ADI is 

constructed from 17 variables in the domains of income, education, employment, and 

housing quality collected by the 2011-2015 American Community Survey and aggregated to 

U.S. Census block groups.20,24 Sample-specific ADI scores were calculated using patient 

residential 5-digit ZIP codes from the CFFPR and employing the 9-digit ZIP code crosswalk 
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built to correspond to Census block groups. Median ADI was computed from all ADI values 

within each 5-digit ZIP code. ADI values corresponding to ZIP codes from post office 

boxes, businesses, or large footprint entities were set to missing and excluded from analyses. 

The ADI scores were then categorized into deciles to create a scale of 1 to 10.

The Child Health Index (CHI), originally developed by Goldhagen et al. (2005),19 was 

recreated using 2016 KIDS COUNT data from the Annie E. Casey Foundation for all U.S. 

states. Missing data for 2016 was substituted with data for 2015. The CHI is a composite 

score constructed from annual low birth weight, child death rate, teen death rate, and teen 

birth rate, by state. For ease of interpretation, the CHI scale was transformed so that higher 

values indicated worse child health, in parallel with the higher ADI values indicating higher 

deprivation. The CHI scores were then categorized into deciles to create a scale of 1 to 10.

Covariates.—Analyses were adjusted for demographic characteristics: age, sex (Male/

Female), and race/ethnicity (non-Hispanic White/Other). Additionally, we adjusted for 

variables with known variation by state or geographic region: health insurance (Public/

Private), CF diagnosis through newborn screening (Yes/No), and P.aeruginosa infection 

(Yes/No). The health insurance variable was used as a proxy measure of individual 

socioeconomic status, as done in multiple previous analyses of CFFPR data.25 We did not 

adjust for factors that do not have known regional variation in this population, such as CFTR 

genotype or Body Mass Index.

Statistical analysis

We assessed unadjusted and adjusted associations between ADI scores, CHI scores, and CF 

respiratory outcomes. To examine the effect of ADI and CHI both individually and together, 

for each outcome we estimated three multivariable models: Model 1 included ADI and 

covariates; Model 2 included CHI and covariates; Model 3 includes ADI, CHI, and 

covariates. All three models adjusted for the same covariates (age, sex, race/ethnicity, health 

insurance, newborn screening diagnosis, and P. aeruginosa). All analyses were clustered by 

state using robust standard errors.26 In addition to multivariable linear regression with 

continuous ADI and CHI scales, we performed multivariable logistic regression with ADI 

and CHI scores transformed into tertiles for ease of interpretation. Sensitivity analyses 

assessed the extent to which the effect of CHI depends on ADI, and vice versa, for lung 

function outcomes. Less than 5% of the sample had missing data, therefore listwise deletion 

was applied. Means comparison tests showed that individuals excluded from analyses due to 

missing data did not differ from the analyzed sample for clinical outcomes. Statistical tests 

were two-sided and were performed using a 5% significance level (α = 0.05). Analyses were 

performed using Stata software, version 15 (College Station, TX: StataCorp LLC).

RESULTS

The study population included 9,934 individuals residing in 50 states. Figure 1 presents a 

STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) diagram 

of the study sample. The demographic and clinical characteristics of the cohort, overall and 

by ADI and CHI top and bottom tertiles, are shown in Table 1. The average age of the cohort 

was 12.5 years (SD 3.8). Most individuals were White (90.3%) and had public health 
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insurance (53.9%). Less than a third (29.1%) were diagnosed through newborn screening. 

Mean ppFEV1 was 90.2% (SD 18.6), the mean number of pulmonary exacerbations was 0.6 

(range 0-13), and nearly 14% had two or more exacerbations during the year. There was no 

difference in race, sex, age, or health insurance between those residing in states with worst 

child health and their counterparts in states with best child health. However, in the most 

deprived residential areas, there were fewer White non-Hispanic children (86.8% vs 91.5%, 

p<0.001) and more children with public health insurance (72.0% vs 37.2%, p<0.001) 

compared to the least deprived residential areas. All clinical characteristics differed 

significantly by ADI and CHI tertiles, except for newborn screening diagnosis, which was 

not associated with residential area deprivation but was associated with state child health; 

specifically, states in the best tertile for child health had higher proportion of CF patients 

diagnosed through newborn screening than states in the worst tertile (39% vs 24.2%, 

p<0.001).

Figure 2 shows the distribution of U.S. states by state CHI deciles and sample-specific ADI 

deciles. Eight states (Alabama, Arkansas, Kentucky, Louisiana, Mississippi, Oklahoma, 

South Carolina, and West Virginia) ranked in the bottom two deciles on both area 

deprivation and state child health. The raw CHI scores of all states, with mean ADI scores of 

the state CF sample, are presented in supplementary Table 1.

In multiple linear regression adjusted for age, sex, race/ethnicity, health insurance, newborn 

screening diagnosis, and P. aeruginosa, each decile increase in local area deprivation (ADI 

scale 1-10) was associated with 0.4% decrease in ppFEV1 (p=0.003) and 0.3 more IV 

treatment nights (p=0.001). Similarly, each decile increase in state CHI (scale 1-10) was 

associated with 0.3% decrease in ppFEV1 (p=0.044) and 0.3 more IV treatment nights 

(p=0.003) (supplementary Table 2).

Table 2 shows results from nested multiple regression models of lung function (ppFEV1) and 

IV treatment nights adjusted for age, sex, race/ethnicity, health insurance, newborn 

screening, and P. aeruginosa (graph representations in supplementary Figure 1). For ease of 

interpretation, ADI and CHI scores are shown in tertiles. In Model 1 (ADI and covariates), 

CF patients residing in the most deprived areas had 2.8% lower ppFEV1 (95% CI −4.1 to 

−1.5, p<0.001) and 1.2 more IV treatment nights (95% CI 0.1 to 2.4, p<0.001) than those 

residing in the least deprived areas. In Model 2 (CHI and covariates), CF patients residing in 

states with worst overall child health had 2.3% lower ppFEV1 (95% CI −4.4 to −0.2, p<0.05) 

and 2.2 more IV treatment nights (95% CI 0.6 to 3.7, p<0.01) than counterparts in states 

with best child health. In the full Model 3 (both ADI and CHI plus covariates), area 

deprivation and overall child health remained significantly associated with FEV1 and IV 

treatment nights but partially accounted for each other’s role as demonstrated by the 

reduction in magnitude of ADI coefficients (Model 1 to Model 3) and CHI coefficients 

(Model 2 to Model 3). The effect sizes of ADI and CHI, both individually and together, were 

larger than the effect sizes of age, sex, race/ethnicity, and newborn screening diagnosis; only 

health insurance and P. aeruginosa had larger effects than ADI and CHI (data not shown).

We also performed sensitivity analyses to assess the extent of interaction between CHI and 

ADI (supplementary Table 3). Interaction terms indicated that children with CF who resided 
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in areas of worst deprivation in states with worst child health had more IV treatment nights 

than their advantaged counterparts (7.8 vs.7.5; p=0.005). Meanwhile, children who resided 

in areas of least deprivation in states with best child health had 1% higher ppFEV1 than their 

disadvantaged counterparts (90% vs. 89%; p=0.008).

Figure 3 shows the odds of having ≥2 pulmonary exacerbations by ADI and CHI tertiles 

after adjusting for age, sex, race/ethnicity, health insurance, newborn screening, and P. 
aeruginosa. Children with CF residing in the worst tertile for area deprivation had 

approximately 20% higher odds of multiple pulmonary exacerbations (OR 1.23, 95% CI 1.0 

to 1.54, p<0.05) than counterparts in the best tertile (Figure 3A). Those residing in states in 

the worst tertile for child health had approximately 40% higher odds of multiple pulmonary 

exacerbations (OR 1.38, 95% CI 1.1 to 1.8, p<0.01) than counterparts in the best tertile 

(Figure 3B). When ADI and CHI were placed together in a model, ADI was no longer 

significant, indicating that its association with increased pulmonary exacerbations is 

accounted for by CHI (Figure 3C).

DISCUSSION

Using demographic and clinical data from a population-based CF patient registry, we 

assessed the association between residential area socioeconomic deprivation, state-level 

child health, and respiratory outcomes (lung function, pulmonary exacerbations, and IV 

treatment nights) in patients with CF who were 6-18 years old at the end of 2016. This is the 

first report that applies the Area Deprivation Index (ADI) to CF Foundation Patient Registry 

data.

Our findings suggest that the respiratory health of pediatric CF patients parallels the overall 

health of the general child population. State and area-level characteristics play a role for CF 

clinical outcomes. Although mechanism of these associations are multifactorial, our findings 

suggest that differences in public health infrastructure and social determinants of health are 

clearly involved.

Eight states ranked at the bottom on both socioeconomic deprivation and overall child 

health, all in the Southern U.S. The same region also has increased rates of adult chronic 

disease (obesity, diabetes, high blood pressure, coronary heart disease, myocardial 

infarction, stroke, chronic kidney disease, cancer, arthritis, asthma, chronic obstructive 

pulmonary disease, and depression) as well as worse health-related behaviors (smoking, 

physical activity, and fruit and vegetable consumption).27 These data highlight that 

childhood residency has health impact well into adulthood.

Children raised in worse socioeconomic circumstances have worse health.28,29 Children 

with CF are not an exception when exposed to the health risks of deprivation and social 

disadvantage. Prior research suggests that the socioeconomic disparity in CF outcomes has a 

very early onset.18,30 Inequalities in ppFEV1 by Medicaid status are evident at the earliest 

measurement of lung function (6 years of age) and widen only slightly over time.17 

Furthermore, there is evidence that the nutritional and anthropometric status of children with 

CF is correlated with their socioeconomic status.18,25,31 It is unsurprising that early-life 
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deprivation sets children with CF on a trajectory toward diminished health just as it does for 

children in the general population.

One’s socioeconomic context is associated with differential exposure to chronic stressors,32 

a primary mechanism of socioeconomic inequalities in health.33–35 However, research on 

these exposures in the context of CF is scarce, and little is known about the specific 

pathways leading from social disadvantage to worse CF outcomes. Macpherson et al.36 

report that children with CF who are cared for by single mothers have worse health 

outcomes than children with dual caregivers. There is also evidence that social disadvantage 

is associated with a higher prevalence of depressive symptoms and lower quality of life.37,38 

Increased exposure to environmental tobacco smoke has also been implicated.39 Improved 

understanding of these mechanisms will require increased inclusion of socioeconomic 

measures in CF patient registries and medical records, as well as linking of patient registry 

data with area-level measures of social and environmental exposures.

Regional variations in CF demographics, insurance, pathogens, medication use, and co-

morbidities have been reported previously. For example, the South has the highest 

proportion of patients with Methicillin-resistant Staphylococcus aureus, P. aeruginosa, and 

non-tuberculous mycobacterium.40 Although mean regional CF mortality rates are not 

statistically different among regions, the South has the highest mortality rates in each age 

grouping,40 which parallel the greater mortality and morbidity among the general population 

in that region.19 Our study adds to this literature by reporting a significant association 

between area-level socioeconomic deprivation, overall child health on a state level, and 

pediatric CF outcomes. It is important to note that the effects sizes of ADI and CHI were 

larger than the effect sizes age, sex, race/ethnicity, and newborn screening diagnosis. For 

example, the adjusted effects of ADI and CHI on ppFEV1 are larger than the average annual 

loss of lung function in pediatric CF.41–43 As well, the 23-38% increase in the adjusted odds 

of ≥2 pulmonary exacerbations is greater than the effect of air pollution23 and comparable to 

the effect of some established cystic fibrosis therapies.44 Finally, we should note that the 

contextual effects of ADI and CHI were observed after accounting for individual-level 

factors, such as socioeconomic status (indicated by health insurance type), P.aeruginosa 
infection, and demographic and clinical characteristics.

Area deprivation appears to provide a partial explanation for the association between overall 

child health and CF outcomes. However, the residual association of overall child health with 

CF outcomes after controlling for area deprivation reflects the ability of state programs to 

ameliorate the effect of poverty. Further research should investigate the effect of specific 

public health policy measures (e.g., policies related to tobacco control, Medicaid and state 

child health insurance programs, food assistance and school meal programs, housing, and air 

and water quality monitoring, among others) on both overall child health and CF-specific 

health outcomes.

While our study is the first one to use the ADI in analysis of pediatric CF outcomes, it has 

limitations. As the CFFPR collects only residential ZIP codes rather than full addresses, ADI 

scores were calculated at that level of geography. This is an inferior method of data 

aggregation45 resulting “in relatively large geographic zones with linkages that can lead to 
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less precise estimates, especially in areas in which concentrated poverty abuts more wealthy 

regions.”46 Even with this imprecision, significant associations between ADI and CF 

outcomes were observed. Future research should use smaller-area measures for more precise 

estimates.

We did not adjust CF outcomes for the size, performance, or other characteristics of the 

pediatric CF programs in each state. Currently there are more than 120 accredited CF centers 

and 50 affiliate programs at teaching and community hospitals across the country. Although 

the CF Foundation maintains high accreditation standards, CF care and outcomes across 

centers and programs seem to vary. Access to and quality of CF care may therefore be an 

unmeasured confounder of CF outcomes in this analysis.

CONCLUSION

Survival in CF has improved dramatically over the past decades, but variations in disease 

outcomes persist. Our study highlights significant regional disparities in the health of 

children with CF and points to potential mechanisms responsible for such inequities. 

Improvements in the social, economic, and living environment and public health 

infrastructure will likely also benefit CF outcomes. Population-level policy, system, and 

environmental interventions may be more impactful than individual patient-level 

interventions. Research on the social determinants of CF health is therefore fundamental for 

CF health equality, as it may provide rationale for community interventions to reduce 

regional disparities in pulmonary health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
STROBE diagram of study population
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Figure 2. 
States by (A). Median Area Deprivation Index (ADI) of the CF sample; (B). State Child 

Health Index (CHI)

Oates et al. Page 11

Pediatr Pulmonol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Odds of two or more exacerbations by Area Deprivation Index (ADI) and Child Health 
Index (CHI) (N=9,934)
Reference category: ADI 1 (tertile 1, least deprivation), CHI 1 (tertile 1, best child health).

All models adjusted for age, sex, race/ethnicity, health insurance, newborn screening, and P. 
aeruginosa.
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