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Abstract

Introduction: Natural, social, and constructed environments play a critical role in the
development and exacerbation of respiratory diseases. However, less is known regarding the
influence of these environmental/community risk factors on the health of individuals living with
cystic fibrosis (CF), compared to other pulmonary disorders.

Areas Covered: Here, we review current knowledge of environmental exposures related to CF,
which suggest that environmental/community risk factors do interact with the respiratory tract to
affect outcomes. Studies discussed in this review were identified in PubMed between March 2019
and March 2020. Although the limited data available do not suggest that avoiding other potentially
detrimental exposures could improve outcome, additional research incorporating novel markers of
environmental exposures and community characteristics obtained at localized levels is needed.

Expert Opinion: As we outline, some environmental exposures and community characteristics
are modifiable; if not by the individual, then by policy. We recommend a variety of strategies to
advance understanding of environmental influences on CF disease progression.
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1. Introduction and Definitions

1.1. Environmental influences on pulmonary outcomes

Environmental exposures (e.g., air pollution), are known to play an important role in the
development and exacerbation of lung diseases and disorders including asthma and chronic
obstructive pulmonary disease (COPD) (1) (2) (3) (4). The mechanisms by which air
pollutants influence respiratory morbidity include both direct damage to the lung tissue upon
exposure and indirect pathways via the production of reactive oxygen species and the
induction of systemic inflammation (5, 6). Although there is a well-established link between
air pollution and other environmental exposures on respiratory disorders, significantly less is
known regarding how these environmental factors impact patients living with cystic fibrosis
(CF) despite evidence that non-genetic influences explain 50% of the variation in CF lung
function (7). Table 1 summarizes potential environmental exposures and the relevance to CF.

It is plausible that exposures that accumulate over the lifespan of an individual change over
time in response to stressors from the environment, thereby impacting respiratory health and
well-being (Figure 1). Critical periods may include adolescence and early adulthood, when
patients are at greatest risk of accelerated lung-function decline (25) (24). Increased
knowledge surrounding the impact of environmental influences on lung function and other
outcomes may lead to more precise environmental health interventions and policy
recommendations, and accurate prognostic models for personalized care.

1.2. Importance of location

Patients, caregivers and families who participated in a 2016 survey (Insight CF) conducted
by the Cystic Fibrosis Foundation indicated that investigating how geographic and
environmental factors impact lung infection and health outcomes was the third most
important research priority after studying factors predicting survival and lung function
decline (https://www.cff.org/Get-Involved/Connect/Help-Shape-CF-Research/ ). New and
emerging technologies now enable researchers and others to geospatially map the location of
individuals and characterize environmental exposures and identification of how these
exposures worsen outcomes at the household level. These developments may allow for
individual counseling of risk. Identifying geographic exposures that affect CF individuals
more broadly may aid larger numbers of individuals through policy interventions and/or
other recommendations. With the rapidly expanding knowledge of genetic modifiers, it
becomes equally important to understand environmental risk factors in order to disentangle
the interplay between genes and environment that leads to phenotypes.

Environmental factors are also not static for individuals owing to population mobility among
other things. According to the 2016 Current Population Survey Annual and Economic
Supplement (CPS ASEC), 11.2% of the U.S. population over the age of 1 year moved
between 2015 and 2016. Although this is the lowest rate since tracking of this metric began
in 1948, which is reflected in both local moves (within the same neighborhood or zip-code-
tabulated centroid area) and non-local moves, the estimated moving rate has remained at
roughly 15% since annual collection began in 2001. Data for individuals with CF are more
limited, but a descriptive analysis of the US Cystic Fibrosis Foundation Data Registry from
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2005-2015 suggests that, out of 37,391 patients with at least one recorded zip code, 17,528
(47%) moved at least once (with the caveat that patients have varying extent of follow up in
the registry). It is unclear that less moving equates to improved long-term health
consequences.

2. Environmental Exposure Domains and Relevance to CF

“Geomarkers” are measures that refer to any objective, contextual or geographic measure
that influences or predicts the incidence of outcome or disease (26). The scale of geomarkers
ranges from the individual patient to the national level, corresponding to degree of influence
exerted by policy/decision making and components of the environment (Figure 1). The scale
at which geomarkers are evaluated may yield different findings. Environmental features
include inherent and manmade geographic characteristics (e.g., altitude and air pollution,
respectively), community characteristics of environments (e.g., population density), and
healthcare access (e.g., access to CF care center). In addition to intrinsic biologic features
(e.g., sex) and behavioral characteristics (e.g., adherence to treatments), household-specific
factors may impact CF respiratory health and well-being (the innermost circle), including
secondhand smoke (SHS, described later in detail), indoor air pollution, and allergens.
Studies discussed in this review were identified through semi-systematic searches of
PubMed between 3/1/2019 and 3/12/2020, through the authors’ knowledge of the topic, and
through citation review.

2.1. Geographic factors

2.1.1. Ambient air pollution and allergens—Outdoor air pollution is a complex
mixture of solid and gaseous compounds including coarse, fine, and ultrafine particles
(PMyq, PM5 5, UFP respectively), ozone, oxides of nitrogen, and other toxicants. Major
sources of outdoor air pollutants include industrial processes, biomass burning, and traffic.
In contrast to other respiratory diseases, the evidence that outdoor air pollution influences
CF morbidity is limited, but suggests that lung function, acquisition of respiratory
pathogens, and exacerbation frequency are all impacted (27). Potential mechanisms may
include increased airway inflammation, increased oxidative stress, and possibly decreased
microbial clearance (28-31). Unlike asthma, there are few studies of the short-term effects of
outdoor air pollution on exacerbation risk to inform CF patients regarding their outdoor
exposure on poor air quality days as discussed below.

Exposure to particulate matter with an aerodynamic diameter of 2.5 microns or less (PM 5),
as measured by the U.S. Environmental Health Protection agency air quality monitoring
stations, has been associated with earlier initial development of methicillin-resistant
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa acquisition in U.S. children
less than 6 years of age, but not methicillin-sensitive Staphylococcus aureus (MSSA),
Stenotrophomonas maltophilia, or Achromobacter xylosoxidans (28, 32). However, the
prevalence of £ aeruginosa, mucoid £, aeruginosa, or Burkholderia cepacia complex on
respiratory cultures were not associated with higher PM, 5 in the CF Twin-Sibling Study
after adjustment for other geographic factors (13).
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A retrospective study conducted in Belgium demonstrated that the risk of CF exacerbations
may be associated with short term increases in 0zone, particulate matter with an
aerodynamic diameter of 10 microns or less (PMyg), and nitrogen dioxide; the finding for
ozone was also observed in a separate study conducted in Sao Paulo, Brazil (9, 33). Annual
exposure to air pollutants (PM, PM> 5, and ozone) has also been reported to be associated
with an increased exacerbation frequency in the CFF Data Registry (8). Although a decrease
in FEV of 24mL for every increase in PM, 5 of 10 pg/m?3 has been observed in the CFF
Data Registry, this finding was not seen in the CF Twin-Sibling Study after adjustment for
other geographic factors (8) (13). However, these findings are limited as pollution measured
at local sites may not reflect individual exposures, either outdoors or indoors.

As noted, outdoor air pollutant concentrations arise from multiple sources, though evidence
from epidemiologic studies of children with asthma suggest the composition of pollutants
derived from traffic sources, including diesel exhaust particles, ultrafine particles in ambient
air, nitrogen dioxide and elemental carbon, may confer specific risks to children who are
exposed via residence near major roadways. Numerous association studies have been
undertaken to examine relative contributions of traffic-related air pollution exposure on
asthma severity (34). Similarly, CF exacerbation frequency has been associated with
residential proximity to major arterial roadways in one study conducted in Los Angeles
demonstrating a 6.7 greater odds of two or more exacerbations for every 1000 meters closer
to a major roadway (10).

The presence of environmental allergens or sensitization to allergens has been reported to
worsen severity of other respiratory diseases (e.g., asthma), but there are very limited data
within CF to guide counselling regarding exposures (e.g. playing or exercising outside on
high pollen count days). Within the CF Twin-Sibling Study, 14% self-reported
environmental allergies (defined as allergies to pets, pollen, grasses, trees, dust mites and/or
mold or seasonal allergies), which were associated with a higher risk of sinus disease
(adjusted OR: 2.68), nasal polyps (adjusted OR: 1.74) and a more rapid decline in FEV1
(additional —1.1% predicted/year), but a later median age of acquisition of 2. aeruginosa (6.6
years vs. 4.4 years of age) (35). The reported use of common allergy medications (i.e., anti-
histamines and leukotriene inhibitors) did not alter the frequency of respiratory morbidities
in this study.

2.1.2 Altitude—There are few studies examining the association between altitude
(elevation) and CF phenotypes. Altitude may have effects on outcomes for individuals with
pre-existing respiratory disease similar to air pollution exposure. For example, an
observational study in Kyrgyzstan showed that individuals residing at lower altitudes (~750
m) had a lower prevalence of COPD (10.4%) than their counterparts in high-altitude areas
(~2050 m; 36.7%), even after adjustment for indoor PM, 5 and smoking history.(36) As
might be expected for CF, exercise capacity is decreased in higher altitudes where the partial
pressure of inspired oxygen is reduced as outlined below, which is more pronounced in more
severe lung disease and also non-specific to CF. However, it is unknown if there are any
long-term consequences on lung function.
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Data from the Dead Sea in Israel showed that exercise capacity (but not lung function) is
increased by 7% as measured by peak oxygen consumption at very low altitude (396m
below sea level) compared to sea level for individuals with CF (37). In contrast, hypoxemia
has been observed during exercise at high altitudes (1500m above sea level) among
individuals with CF, and this correlates with lower FEV; (38). Hypoxemia has also been
observed during rest at high altitudes (1800m above sea level) among 11-16 year old
children with CF and moderate lung disease (mean FEV1: 64% predicted) (39).

While higher lung function (FEV1) and a reduced likelihood of mucoid . aeruginosa,
detection in respiratory cultures has been associated with higher altitude in the largely U.S.
based CF Twin-Sibling Study, this finding did not remain significant in multivariable
analyses including socioeconomic and other geographic factors (13). Altitude was also not
associated with the presence of £ aeruginosaor B. cepacia complex on respiratory cultures
examined in the same study.

2.1.3. Climatology—The majority of published work relating climate to outcomes in CF
as outlined in this section is related to the acquisition and prevalence of respiratory
pathogens, with a few studies examining lung function and one study focused on distal
intestinal obstruction syndrome (DIOS). Potential associations with climate have been
studied with both reference to long-term exposure (over years) and short-term exposure
(generally seasonal). Overall, the data suggest that living in regions with warmer
temperatures is associated with lower lung function in CF, largely (but not completely)
mediated by higher prevalence of specific pathogens. However, the data are less clear on the
specific climate factors (annual means or seasonal means) that result in earlier acquisition or
higher prevalence of respiratory pathogens. It should also be emphasized that the observed
associations between pathogens and climates may reflect differing behavior in different
climates (e.g., the time spent outdoors), and not necessarily direct measures of temperature
or humidity.

Higher mean annual ambient temperatures have been associated with lower lung function
among patients with CF in the US and Australia patient registries, which have been
replicated in a separate US-based dataset (-2.3 to —3.4 FEV, percentile points per 10°F
increase); this relationship persists after adjustment for some confounding demographic and
socioeconomic factors, but it is possible that other unmeasured socioeconomic confounders
exist (13) (40). It was found to be only partially mediated by £ aeruginosa, mucoid P,
aeruginosa, and MRSA detection as the presence of these organisms accounted for 12 to
43% of the observed association between temperature and lung function (41). This
relationship may be a function of human biology or CF-independent factors. An association
between warmer temperatures and lower lung function has been reported in healthy
individuals in the U.S.-based NHANES datasets with an effect size of lesser magnitude,
-0.6 to —0.7 FEV percent predicted per 10°F increase (42). Of note, a higher prevalence of
non-tuberculous mycobacteria has been reported in warmer climes in individuals with CF
living in the U.S., but this did not mediate lung function (41).

Earlier P aeruginosa acquisition in children less than 6 years of age may be more common
in the Southern US (43). In addition, the rate of non-epidemic B. cepacia complex infection
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is 2.6-fold higher in patients residing in northern Australia, as compared to south of the
Tropic of Capricorn (44). Both observations may be a function of temperature as in the
warmest quartile regions of the US and Australia, the acquisition of 2 aeruginosa may be 15
and 9 months earlier, respectively, than in the coldest quartile (13). Factors related to
atmospheric moisture may play a role in acquisition and prevalence of infectious organisms
as well. For example, higher rates of non-epidemic acquisition of B. cepaciacomplex have
been correlated with higher rainfall in Australia in time series analyses (r=0.65-0.82) (44).
For non-tuberculous mycobacteria, higher prevalence by center in the US was associated
with higher annual water vapor pressure (r2=0.40), more so than individual behaviors, such
as swimming in an indoor pool or observation of rusty/unclean tap water in the home (45).

In addition to climate effects by geographic regions, there may be seasonal influences on CF
phenotypes. However, these effects may be region specific with seasonality serving as a
proxy for accompanying changes in temperature and humidity. For example, the acquisition
of P, aeruginosa has been reported to be 1.2-1.3-fold higher in the summer and fall among
children less than 6 years of age in the CFF Data Registry (46), although over 60% of the
Danish patient cohort followed from 1965-1990 contracted initial infection and chronic
colonization with P, aeruginosa during the winter months (47), and no seasonal differences
were seen in a smaller study of 120 newborns in Wisconsin (48). In terms of other CF-
related respiratory pathogens, the highest rate of MRSA, A. xylosoxidans, H. influenzae
acquisition were typically found to be in the winter months among U.S. children less than 6
years old (49). However, no seasonal variation was observed for S. maltophiliaor S. aureus
acquisition within the same population (46, 49).

Seasonal variation in respiratory viral infections has been observed in one study of 98 adults
in the UK (Rhinovirus infections peaked in the fall, while non-rhinovirus infections peaked
in the winter), but pulmonary exacerbations were not found to be associated with season
(50). A prospective longitudinal study of 368 paired specimens from 33 children with CF
showed that bacteria were more commonly detected in spring and summer, while viruses
were more common in autumn and winter (51). Seasonal variation in lung function (Forced
expiratory volume in 1 second: FEV1) has not been observed in the Danish or UK CF
Registries (52). Within the US CFF Data Registry, FEV1 may be slightly higher on average
(1.2 percentile points) in January compared to July, but this was not observed in the smaller
largely US-based CF Twin-Sibling Study (13). Lastly, one single-center study in Australia
found that higher temperatures in the prior week compared to the average for the season may
be associated with admissions for DIOS and constipation (5°F and 7°F higher, respectively),
but it is unknown whether living in warmer climates is associated with DIOS or constipation
(53).

Seasonality was a strong indicator of Vitamin D levels in a study from a single pediatric
center in the Northern US, which showed that Vitamin D levels were higher in summer,
compared to winter (difference in means: 11.6 ng/mL)(54). A Danish pediatric study of 45
CF and 102 non-CF subjects affirmed the link between Vitamin D levels and seasonality, but
there was no association between Vitamin D levels and demographic/clinical characteristics,
including sex, BMI and FEV in the CF group; however, the CF group reported increased
solar exposure, compared to the non-CF group (55).
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2.1.4. Bodies of Water—A retrospective study conducted in Florida found that children
with CF who lived within 500 meters of a body of water had a higher adjusted odds ratio
(OR: 9.4; no ClI reported, but estimated OR corresponded to logged OR and SE of 2.242 and
0.097, respectively) of acquiring non-tuberculous mycobacteria, although it is unclear
whether the risk is due to aerosolized droplets with mycobacteria being carried on the wind
versus visiting the body of water more frequently (56).

2.2. Community characteristics

2.2.1. Neighborhood characteristics—There are limited data regarding the role of
population density on CF outcomes. A Wisconsin based study did not find any association
between population density/urban location and the acquisition of £ aeruginosain young
children with CF (57). However, higher titers of Aspergillus fumigatus antibodies were
found in CF patients living in low population density areas (rural) in one study from the UK
in the mid-1990s (58). Population density has not been associated with lung function
(FEV1), R aeruginosa, mucoid P aeruginosa, or B. cepacia complex detection in the CF
Twin-Sibling Study (13).

Material deprivation as measured by Area Deprivation Index and Rural-Urban Commuting
Area scores has been associated with greater than 2-fold increase risk in having MRSA in
CF for a single center in the Southeastern U.S. (40).

A study from England did not find an association between proximity to composting facilities
and hospital admissions in CF with modelled concentrations of Aspergillus (59). Other
community characteristics, such as extent of greenspace, have not been studied in CF.

2.2.2. Household characteristics—While outdoor air pollution has been
demonstrated to have an effect on lung function and exacerbations, many children,
particularly younger ones, spend much of their time indoors (60). While outdoor air
pollution can penetrate the indoors, combustible indoor sources (SHS, gas or wood burning
stoves, fireplaces, gas furnaces) also contribute to indoor concentrations of PM5 5 and NO,.
The relationship between these sources of indoor air pollution and CF has not been reported;
however, exposure to these pollutants have been associated with respiratory morbidity in
children with asthma (61-63).

2.2.3 Active smoking—Active smoking has been examined in several studies of
individuals with cystic fibrosis. The reported rates of ever smoking in adolescents is 21.1%,
but only 3% for smoking regularly (64). The rate of regular smoking in adults with CF has
been reported to by 8-11% in single center studies in the U.S. and U.K. (65) (66). In one
study of adults, no difference was observed in decline in lung function (FEV4 or FVC) in
active smokers versus non-smokers, but confounding may be present as sicker patients may
choose not to smoke (66).

2.2.4 Secondhand smoke—Multiple studies have demonstrated the deleterious effects
of secondhand tobacco smoke on lung function and nutritional status among individuals with
CF, even after accounting for socioeconomic status (16, 67-70), although the effects have not
been observed in every study (68). Tobacco smoke exposure has also been shown to produce
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cystic fibrosis transmembrane conductance regulator (CFTR) dysfunction in vitro and in
vivo, with relevance to other respiratory diseases and potentially CF patients treated with
CFTR modulators (71). In addition, SHS may increase airway inflammation and impair
pathogen clearance in individuals with CF (72, 73), as evidenced by higher rates of MRSA
seen in infants with CF who have parental smoke exposure (74). Caregiver-reported rates of
SHS exposure for infants and children vary widely between studies (10% to 76%) (75).
While this exposure occurs largely on a household level, local and state laws may impact
additional exposure in public places.

Individuals with CF exposed to SHS have been shown to have lower lung function (9.8
FEV percentile points) in a retrospective cross-sectional study and these effects may be
amplified by polymorphisms in specific modifier genes (i.e., 7TGFB)(16). In a study based
on U.S. registry data, SHS was associated with 2.4% decrease in FEV1 in children after
adjusting for socioeconomic factors (76). The effects may be dose-related as a decrease in
FEV1 by 4% in children with CF has been reported for every 10 cigarettes smoked in the
household each day (77). From a nutritional perspective, SHS has also been associated with
reduced growth in infants and school age children with CF (68, 74).

Data from the Early Pseudomonas Infection Control study also showed that /in utero tobacco
exposure may be detrimental; maternal smoking during pregnancy was associated with
lower FEV at 6-7 years of age (—4.4 percentile points) and lower height and weight
percentiles (78, 79).

2.2.5 Indoor allergens—An allergen of particular importance in CF is Aspergillus as
patients with CF are susceptible to allergic bronchopulmonary aspergillosis (ABPA).
Limited data from the households of sixteen adult CF patients suggested that ABPA was
associated with higher A. fumigatus DNA concentrations in the home (17). ABPA has also
been associated with domestic pet ownership in one study of CF patients living in Germany
(80). Within the CF Twin-Sibling Study, cat ownership was associated with a greater
prevalence of nasal polyps and combined dog-cat ownership was associated with a greater
rate of wheezing (81). There were no differences in lung function (FEV) or the
prevalence/age of acquisition for P aeruginosaand MRSA between cat/dog owners and
(potentially unexposed) non-cat/dog owners.

2.2.6 Siblings with cystic fibrosis—Given that CF is a genetic disorder, households
may contain more than one family member with CF, usually siblings. One Israeli study
matching siblings with CF to single CF patients found showed a lower FEV; with a faster
rate of decline decline rate, a higher prevalence of colonization by P. aeruginosa and
Mycobacterium abscessus, and a higher likelihood of lung transplantation in siblings
compared to singletons (82). Within families, studies have observed while younger siblings
tend to be colonized with respiratory pathogens such as P. aeruginosa earlier in life than their
older siblings, results are mixed as to whether lung function is higher in younger siblings
compared to their older siblings (83, 84).
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2.3. Healthcare access

Lack of healthcare access has important ramifications for health outcomes. Barriers to
access can include time to travel and distance to care sites, availability of specific services
within a geographic area, and financial coverage for healthcare services, all of which can be
influenced by geography. In terms of services available, limited qualitative data from
families living in rural Australia suggested that parents of children with CF sometimes had
challenges in communicating with non-tertiary care centers regarding their children’s care
(85). However, no differences in lung function (FEV1), BMI, or the prevalence of 2
aeruginosa colonization were observed in a separate study conducted in Australia comparing
those receiving care from academic CF centers versus other modes of outreach care (86).

Distance to CF care centers in the US was not associated with FEV in either the CFF Data
Reqgistry or the CF Twin-Sibling Study (13) (87). While moving residences has been
associated with changes in lung function, there are many potential confounding factors. It is
plausible that pediatric CF patients are primarily followed in accredited CF centers in the
US; however, for other underserved geographic regions or chronic diseases, there may be no/
remote access to a specialist. In any case, the longer distances to CF care centers may
prevent quarterly follow up recommended by the CF Foundation. In the US, young adults
who moved further away from CF care centers had an associated decrease in lung function,
whereas for older patients, moving further away was associated with improved lung function
(87). The negative association in young adults may not be related to the physical move but
rather emerging independence and non-adherence to therapies and inadequate nutrition. As
the authors acknowledged, the positive association found in older adults may be due to
severity bias, as “healthier” adults who function more independently may choose to reside
farther away from their designated CF care centers. Distance to CF care center was also not
associated with the presence of £ aeruginosa, mucoid P aeruginosa, or B. cepacia complex
on respiratory cultures in the CF Twin-Sibling Study (13). Access to public transportation
routes could improve access to care but could also be detrimental if it increases exposure to
traffic related air pollution (especially diesel exhaust emissions).

Variation in clinical management, either between care centers in a given country or between
countries, may impact patient prognosis. Pulmonary exacerbation surveillance and treatment
were shown to widely vary between US CF care centers (88). An Eastern European survey
study on CF clinical management showed variable practice patterns and differences in
patient severity according to region (89). The lack of high-quality patient registries has been
noted as an obstacle to healthcare access (90); this may contribute to differences observed in
mortality between Western and European countries (91).

3. Socioeconomic Status

Socioeconomic status, often measured as a combination of education, income and
occupation, can determine an individual patient’s stressors and access to healthcare. As
reflected by overlapping circles in the conceptual model (Figure 1), these domains are often
intimately linked to socioeconomic status (individual-level characteristics including
behavioral and socioeconomic as shown in inner circle of Figure 1), and deconstructing
these relationships can be challenging. Environmental health exposures tend to be highly
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correlated with socioeconomic status (92). Although CF is a genetic disease, factors such as
physical environment correspond to socioeconomic pathways, which, in turn, can create
variability in disease progression and outcomes (93). The previously referenced study by
Ong and colleagues in a CF pediatric cohort demonstrated that exposure to environmental
tobacco smoke was increased in families with low socioeconomic status (67). They also
found that the estimated impact of socioeconomic status on pulmonary and nutrition
outcomes was similar regardless of whether or not they adjusted for exposure to
environmental tobacco smoke, suggesting health disparity risks may be present that are
independent exposure to environmental tobacco smoke. A UK CF registry study found that
socioeconomic deprivation modified the association between employment chances and lung
function (94).

The most commonly used proxy for individual-level socioeconomic status in CF linked to
geography is insurance status as coverage for specific therapies may differ by state or
country. Several association analyses using this measure, adjusted for age, genotype and
other variables, have been performed. An single-center cohort study of 189 CF patients
showed that median survival was 6.1 years in patients without insurance; while patients with
Medicaid had the same median survival as those with private insurance (20.5 years) (95).
Another single-center cross-sectional study of pediatric CF patients” annualized data found
that having Medicaid coverage corresponded to lower FEV (difference: 11.6% predicted),
as well as more frequent and longer hospital stays to treat pulmonary exacerbations (per-
patient difference: 0.80 hospitalization and 8.8 days, respectively) compared to patients
covered by private insurance (96). In a larger study using the CFF Data Registry, patients
with reported Medicaid coverage had a higher risk of death (hazard ratio: 3.65), lower FEV,
(difference: 9.2% predicted), higher likelihood of hospitalization for pulmonary exacerbation
treatment (1.6 OR) and greater risk of growth measuring below the 5" percentile for weight
and height (2.19 OR and 2.22 OR, respectively), compared to those who did not report using
Medicaid insurance (97). Medicaid policies, which are determined on a state by state basis,
can dictate what therapies and care are covered and, also eligibility for such insurance
coverage. There are no published studies to date regarding whether variation in state policies
affects outcomes in CF.

Different measures of individual and community socioeconomic status, including median
household income by zip code, maternal education level and Medicaid/state insurance
coverage, were linked to disease severity and practice patterns in a cross-sectional study
derived from the Epidemiologic Study of CF (98). Pairwise correlations between
socioeconomic measures were small to moderate (range in Spearman’s r: 0.19 to 0.34),
implying that each measure may impact health in different ways. Each measure was studied
individually, but all three measures were inversely associated with disease severity. Median
household income by zip code was a more sensitive measure for healthcare utilization, e.g.,
patients residing in zip codes with low household income had more frequent intravenous
antibiotic courses, compared to those in higher categories of median household income
determined by zip code. However, this association was not detected with the other measures.
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4. Useful Geomarker Tools and Methods for CF Environmental Health

Studies

“Geocoding” refers to the process of translating addresses into a location on the earth’s
surface (often latitude and longitude coordinates). Precise geolocation data (addresses) are
not always available, and so patient location can often only be determined to the level of
county or zip code. Measured and estimated geomarker values are often available at
differing spatiotemporal resolutions (e.g., monthly estimations of greenspace at 12 km?,
daily estimations of air pollution at 1 km?, or annual estimations of median household
income at the census tract level). Estimating geomarker exposure for patients often requires
harmonization of several heterogeneous data sources with geocoded location data, which
themselves can be available at different spatiotemporal resolutions and extents. The error for
estimating exposures must be carefully considered on a case-by-case basis for each
geomarker depending on the precision of both the patient location and the geomarker data.
Once geomarker exposures are estimated for individual patients, then associations between
geomarkers and health outcomes can be tested for.

CF studies have largely focused on extent to which environmental exposures explain
outcomes, primarily FEVq and PE rates. Associations with quality of life have been largely
understudied. The relative contributions of environmental exposures have been examined
primarily through linear models of FEV; decline, sometimes at zip code level, without
adjustment for mortality or precise geomarker information. For example, studies have used
data from Environmental Protection Agency monitors instead of exposure assessment
modeling, limiting PM,, 5 assessments to individuals within 20 miles of a monitor; these
approaches have been shown to yield biased associations with health outcomes.(11) This
highlights the importance of studying fine-scale (i.e., high spatial and/or temporal resolution
at the individual level) rather than regional PM> 5 variations (99) (100) (101-103), which
may lead to more informative prediction modeling for outcomes according to location.
These models may also be used to characterize both acute and chronic exposures at the
patient level. Sometimes, individuals share an unobserved heterogeneity within a region. For
example, in some regions with better health services and less environmental problems, the
mortality risk would be expected to be lower, but there may be isolated definable areas with
specific high risk factors. By taking this heterogeneity into account, improved individualized
predictions may be obtained.

5. Conclusions

The physical environment can have significant consequences for the health of individuals
with CF. Epidemiologic research in CF, which has primarily been conducted using registry
analyses, has shown that different measures of socioeconomic status, particularly access to
care and community characteristics, have strong influences on morbidity and mortality.
Recent studies have begun to examine the role of the physical environment on health
outcomes in CF, but further work is necessary to determine the magnitude (effect size) of
environmental factors and the cost/benefit ratio of preventing or ameliorating these
exposures.
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6. Expert Opinion

While the effect of environmental exposures on health outcomes has been known for
centuries, to date most environmental factors have been studied at imprecise levels that
inaccurately estimate both ambient and personal levels of exposure. Most of the
environmental exposures that have been identified will require prospective studies with more
precise measurements of exposures designed to confirm their associated effects. More recent
tools, which include state-of-the-art environmental exposure models and fine-scale
monitoring of air pollution and other exposures, offer increased geomarker precision.
National CF registries across the world may be newly leveraged, given broader availability
of geomarkers in recent years at more precise levels than previously available, as well as
refined air sampling monitors and other technology developments to conduct these
prospective studies. These studies should also be designed to account for modifier effects
from other factors. For example, many environmental exposures that interact with the
respiratory tract may be moderated by seasonality, temperature, and proximity to water.

In addition to advances in measuring environmental exposures more precisely, it is
anticipated that combining more precise geomarkers with emerging physiologic biomarkers
in CF (e.g., lung clearance index) may enhance environmental health decision making.
Results from these studies can lead to pilot studies testing environmental health
interventions and ultimately tailoring them to the individual CF patient (Figure 2).

Interventions may take place on an individual or community level. For example, a
modifiable exposure occurring on the household level is secondhand smoke. Other
exposures could be modified on both an individual or community level. For example, if
greenspace is ultimately found to be associated with outcomes in CF, interventions could
occur on an individual level with residential relocation or on a community level through
urban planning. In addition to preventative interventions, interventions that ameliorate
exposures could also be found to be helpful in the future, potentially such as air purifiers.
Other than exposure to secondhand smoke, published data do not necessarily support
relocating to avoid or preventing other potentially detrimental exposures at this time.

Studies with clear associations between environmental exposures and health outcomes offer
an opportunity to enact environmental health policies aimed at timely interventions and
clinical decision-making strategies that can enhance the quality of life and longevity of
individuals living with CF. As an example, U.S. Medicaid policies, which are determined on
a state by state basis, can not only dictate what therapies and care are covered, but also
eligibility for such insurance coverage. Likewise, policies and access to care may differ
substantially for patients in living in adjacent countries with similar climatic features. A
better understanding of the effects of environmental exposures may help advocate for more
consistent policies across jurisdictions.

Looking towards the future, we would anticipate that there are more studies with more
precise measurements of environmental exposure. Smart apps may be helpful in determining
an individual’s proximity to fixed exposure sources (e.g., a coal-fired power plant).
Additional modeling tools, such Bayesian modeling may help provide more nuanced
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probabilities for disease on the individual level. Ultimately, we would hope that personalized
medicine also includes personalized information concerning environmental exposures to
improve health care outcomes and quality of life.
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Avrticle Highlights Box:

The environment plays a critical role in the development and exacerbation of
respiratory diseases.

However, less is known regarding the influence of these environmental/
community risk factors on the health of individuals living with cystic fibrosis
(CF), compared to other pulmonary disorders.

In this review, we summarize current knowledge regarding the risk of
environmental exposures on outcomes in cystic fibrosis, including air
pollution, secondhand smoke, climate, allergens, socioeconomic factors,
community factors, and household factors.

Further work is necessary to determine the magnitude (effect size) of
environmental factors and the cost/benefit ratio of preventing or ameliorating
these exposures.

Advances in geocoding, more precise measurements of environmental
exposure, and increased advocacy may improve outcomes in cystic fibrosis
through changes in individual behavior and on a policy level.
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Figure 1: Conceptual framework outlining CF environmental health epidemiology*
*See Section 2 for full description of key environmental domains (geographic, community

and healthcare access) and exposures therein. Bi-directional arrows and dashed lines indicate
reciprocal relationships.
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Figure 2: Potential strategies to enhance CF environmental health decision making
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Examples of Environmental Exposures and Potential Relevance to CF Outcomes

Exposure Variables® Findings/Potential Relevance
Domaint
Geographic Ambient air pollutants/allergens and proxies: CF-specific:
. Elemental carbon attributable to traffic . Increased exposure to air pollution associated
(ECAT) with declining FEV/; and more frequent
. NO,; total PM, 5 and its elemental pulmonary exacerbations in CF (8) (9)
components: Al, Cu, Fe, K, Mn, Pb, S, Si, . PE frequency in CF is linked to close proximity
V, Zn to major roadways (10)
. Allergens (outdoor) Non-CF:
. Distance from residence to airports, . Fine-scale PM,, s estimates have less biased
railroads, bodies of water, highway and associatfons with outcome than regional
interstate estimates (11)
. Public transportation routes (e.g., highway . Greater exposure to traffic pollution is linked to
traffic intensity, length of bus route) worse pulmonary outcomes in pediatric asthma
A2)
Climatology: CF-specific:
. Relative humidity . Reduced FEV/; in warmer climates linked to CF
. Temperature respiratory pathogens (13)
. Precipitation
. Wind speed and direction
Community Neighborhood characteristics/stressors: CF-specific:
. Deprivation index, percentage of poverty, . Lower income is linked to higher CF mortality
percentage of vacant housing, percentage rate (14)
on assisted income living, percentage with )
high school education, median income, Non-CF:
percentage with no health insurance . Geocoded proxies of socioeconomic status can
. Population density, crime density, Yield more accurate predictions of outcome than
combined sewer overflow sites, housing Medicaid insurance use (15)
infarctions, urban tree cover
. Vacant properties, managed and vouchered
properties, management companies
Household characteristics/stressors: CF-specific:
. Home images, value, age, other physical . Secondhand smoke exposure corresponds to
characteristics lower FEV1 in CF patients (16)
. Secondhand smoke . Indoor allergens are associated with Aspergillus
. inCFQA7)
. Allergens (indoor)
Extent of greenspace: Non-CF:
. Degree of land cover by category: . Increased greenspace mediates impact of air
impervious, tree canopy, agriculture, bare pollution on pulmonary outcomes in asthma (18),
soil, grass/meadow, water a9)
. Satellite-measured near-infrared and visible . Associations between urban residential
radiation greenness/greyness and respiratory disease are
modified by region (20), correlates with allergy
outcomes (21) and asthma (22)
Healthcare . Distance from residence to CF care centers CF-specific:
Access
. Nearest healthcare facilities
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Exposure
Domaint

Variables” Findings/Potential Relevance

. Insurance coverage of therapies (Medicaid) . More rapid FEV/; decline is associated with
driving farther distance to CF center (23)

. Medicaid insurance use is prevalent in early
rapid decline phenotype (24)

*
Not all variables are available at the same levels of geographic resolution and time.
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