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Abstract

Background—Risk factors for initial Pseudomonas aeruginosa (Pa) acquisition, particularly
environmental exposures, are poorly understood. We aimed to identify such risk factors in order to
inform prevention strategies and identify high-risk populations.

Methods—The study cohort included all participants in the U.S. EPIC Observational Study who
had no prior Pa-positive respiratory cultures (N=889). Cox proportional hazard models were used
to test the effects of factors on age at first Pa-positive respiratory culture.

Results—Cystic fibrosis (CF) genotype functional class had an important effect on age at initial
Pa acquisition (hazard ratio (HR) comparing minimal to residual CFTR function 2.87 (95% ClI
1.88, 4.39)). None of the modifiable risk factors evaluated, including cigarette smoke, hot tub use,
breastfeeding, or daycare, was associated with age at Pa acquisition. Similarly, newborn screening
was not associated with age at Pa acquisition (HR 0.85, 95% CI 0.66, 1.09). Key associations were
validated in a CF Foundation National Patient Registry replication cohort.

Conclusions—Given the ubiquitous presence of Pa in the environment, it may be that many
imposed lifestyle changes will have less impact on age at initial Pa acquisition than genetic
determinants.
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1. Introduction

The primary cause of morbidity and mortality in patients with cystic fibrosis (CF) is
progressive obstructive pulmonary disease and bronchiectasis due to chronic endobronchial
infection. Pseudomonas aeruginosa (Pa), a ubiquitous environmental bacterium, is a key
pathogen in CF lung disease. Pa infection can begin very early in life, and the prevalence of
Pa in respiratory cultures increases with age [2]. Chronic Pa infection is clearly associated
with worse outcomes, including survival, lung function, chest radiograph scores, pulmonary
exacerbations and nutritional status [3-5]. In general, CF patients progress from initial, often
transient, Pa infection amenable to eradication to chronic infection with mucoid Pa that is
virtually impossible to eradicate [6,7]. Current guidelines of care emphasize identification
and eradication of initial Pa infection in an effort to delay or prevent chronic infection [8-
12].

Our current understanding of risk factors for initial Pa acquisition is limited. While CF
patients are frequently counseled to avoid hot tubs or swimming pools, there has been no
evaluation of home environmental exposures as risk factors for initial Pa acquisition. Three
small studies evaluated risk factors for age at initial Pa acquisition, yielding some
concordant and some conflicting results [13-15]. The only characteristic consistently
associated with age at Pa acquisition has been cystic fibrosis transmembrane conductance
regulator (CFTR) genotype [14,16-19]. Despite early concerns that newborn screening
might be associated with earlier acquisition of Pa [15], more recent studies have not
implicated it as a risk factor [20-22].

The EPIC Observational Study (EPIC OBS) [23,24] is a U.S. national prospective study
specifically designed to better define risk factors for age at first isolation of Pa from
respiratory cultures, particularly modifiable exposures such as daycare attendance,
breastfeeding or environmental tobacco smoke. Such risk factors have not to our knowledge
been previously evaluated. Identification of these risk factors could inform prevention
strategies and identify high-risk populations requiring closer monitoring. We also evaluated
the generalizability of key findings in a separate sample from the U.S. Cystic Fibrosis
Foundation National Patient Registry (CFNPR).

2. Methods
2.1. EPIC OBS study participants

The design of the EPIC OBS Study has been reported [23,24]. Children with an established
diagnosis of CF [25] <12 years of age were enrolled at 59 accredited U.S. CF care centers
between 2004 and 2006. The current analysis cohort is composed of all EPIC OBS
participants who had no isolation of Pa from respiratory cultures both prior to and within
120 days after enrollment (as such individuals likely actually acquired Pa prior to
enrollment). 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.
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2.2. EPIC OBS data

Study data were collected at each clinical encounter via the CFNPR and study-specific
forms, as previously reported [23]. Respiratory cultures were obtained and processed at local
site labs as per clinical protocol, and results reported in the CFNPR. A questionnaire was
administered to families at enrollment and annually, assessing exposure to a wide range of
potential risk factors for Pa acquisition (see Appendix 2, online supplement (OLS)). The
data cut-off date for the current analysis was December 31, 2009.

2.3. CFNPR replication cohort

In order to assess the generalizability of our results, a replication cohort was assembled from
the U.S. CFNPR. Eligibility criteria mimicked those of the EPIC OBS cohort. See OLS for
details. Data for the replication cohort was limited to that available in the CFNPR and thus
does not include data from the annual family survey such as exposures or socioeconomic
status or encounter-based data regarding therapies.

2.4. Analysis

The primary endpoint for this analysis was age at initial Pa acquisition, defined as the age at
first isolation of Pa from a clinically-collected respiratory culture (oropharyngeal, sputum or
bronchoalveolar lavage). Categorization of CFTR function was based on CFTR mutation
functional class [19,24,26,27]: “minimal,” both alleles with mutations in class 1, 2 or 3;
“residual,” at least one allele with a mutation class 4 or 5. See OLS for further details of
CFTR functional classification.

Cox proportional hazards regression models were used to compute hazard ratios (HR) and
95% confidence intervals (ClIs), testing the effect of fixed and time-varying covariates on
age at Pa acquisition. Participants entered the analysis at their age at study entry.
Participants who did not acquire Pa were censored at the age of their latest recorded
respiratory culture. For time-varying covariates, Cox model estimates were derived using
information about the participants at risk at each failure time.

3. Results

3.1. Participant characteristics at enrollment

A total of 1032 EPIC OBS Study participants had no isolation of Pa from a respiratory
culture prior to enrollment, among which 143 were excluded due to Pa acquisition or loss to
follow up during the first 120 days after enroliment. Thus, 889 participants comprise the
EPIC OBS cohort for the current analysis. In the CFNPR, there were 10,577 CF patients
born between 1992 and 2006, not enrolled in the EPIC OBS Study and alive in 2004. A total
of 3,649 of these subjects had at least one encounter between November 2004 and October
2006, of which one encounter was chosen at random as the entry date, and had no Pa-
positive cultures prior to that date. Nine hundred thirty seven were excluded due to Pa
acquisition or loss to follow up during the first 120 days after study entry. Thus, 2712
subjects comprise the CFNPR replication cohort.
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Demographic and clinical characteristics of the EPIC OBS cohort are shown in Table 1. As
participants were enrolled prior to widespread CF newborn screening in the U.S., only 20%
were identified by screening. Approximately 80% of participants received pancreatic
enzyme replacement therapy and almost half used dornase alfa at enroliment. The mean
(SD) length of follow up was 3.9 (0.7) years.

The characteristics of the CFNPR replication cohort were generally similar (Table 1), except
that a greater proportion could not be assigned a CFTR functional class and a lower
percentage reported dornase alfa use, likely reflecting differential data collection methods in
the two studies. In the EPIC OBS study, data on dornase alfa use was recorded in study-
specific encounter forms as well as through the CFNPR encounter forms. The reported rate
of dornase alfa use among EPIC OBS participants based only on CFNPR data was 13.7%,
comparable to that reported in the CFNPR replication cohort.

3.2. Initial acquisition of Pa

Of the 889 EPIC OBS participants, 412 (46%) acquired Pa during 2611 person-years. Thus
the rate of Pa acquisition was 16 cases (95% CI 14, 17) per 100 person-years. Among those
acquiring Pa, the median age at acquisition was 3.25 years (95% CI 2.77, 4.03). In
comparison, among all U.S. CF patients in the CFNPR born during the same years as the
EPIC OBS participants (N=10,921), the median age at initial acquisition for the registry
cohort was 4.00 years (95% CI 3.88, 4.16). Fig. 1a displays the Kaplan—Meier survival
curve for time to initial Pa acquisition. The source of the initial Pa isolate was an
oropharyngeal culture in 335 (81%), sputum in 66 (16%), bronchoalveolar lavage in 9 (2%),
and unknown in 2 (0.5%). The initial isolate was non-mucoid in 297 (72%), mucoid in 42
(10%), and of unknown status in 73 (18%).

The Pa acquisition rate was similar in the CFNPR replication cohort: 16 cases (95% CI 15,
17) per 100 person-years. Median age at acquisition among those acquiring Pa was also
similar: 3.63 (95% CI 3.16, 4.05) years, as was time to acquisition (Fig. 1a, p=0.73). The
source of the initial Pa isolate was an oropharyngeal culture in 69%, sputum in 29% and
bronchoscopy in 2%. Seventy percent were non-mucoid, 13% mucoid and 17% were of
unknown status, similar to the EPIC OBS cohort.

3.3. Risk factors for age at initial Pa acquisition

The effects of demographic characteristics on age at Pa acquisition are shown in Table 2. In
the EPIC OBS cohort, minimal CFTR function was associated with earlier Pa acquisition
compared to residual CFTR function: HR 2.87 (95% CI 1.90, 4.35, p<0.0001). Kaplan-
Meier survival curves for CFTR functional groups are displayed in Fig. 1b; median age at Pa
acquisition was 2.9 years among participants with minimal CFTR function vs. 10.3 years for
those with residual CFTR function. No other significant effects of demographic
characteristics on age at Pa acquisition were detected. Diagnosis by screening was not
associated with earlier Pa acquisition (HR 0.85, 95% CI 0.66, 1.08, p=0.18).

In the CFNPR replication cohort, the effects of demographic characteristics on age at initial
Pa acquisition were similar in magnitude and direction of to those observed in the EPIC
OBS cohort (Table 2). Due to the larger size of the replication cohort, more associations
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were statistically significant. Female gender was associated with a significantly increased
risk of Pa acquisition (HR 1.12, 95% CI 1.00, 1.26, p=0.05). Minimal CFTR function and
homozygous delta F508 genotype were associated with significantly increased risk of Pa
acquisition, as was a history of meconium ileus. Later age at diagnosis (HR 0.97, 95% ClI
0.94, 0.99 for each integer year of age, p=0.02) and identification by newborn screening (HR
0.74, 95% C1 0.62, 0.87, p=0.0003) were protective. After adjustment for the potential
confounding effects of gender, race, ethnicity and CFTR functional class, diagnosis age and
meconium ileus were no longer significant predictors of age at Pa acquisition (data not
shown). Diagnosis after newborn screening remained protective (adjusted HR 0.81, 95% ClI
0.68, 0.96, p=0.02).

Table 3 displays the results of Cox models for the effect of clinical characteristics at
enrollment on age at Pa acquisition, adjusted for CFTR functional class, race, ethnicity and
identification by newborn screening. In the EPIC OBS cohort, use of pancreatic enzymes
was associated with earlier age at Pa acquisition even after adjustment for CFTR functional
class (HR 1.78, 95% CI 1.03, 3.09). There were no significant associations of Dornase alfa,
use of any inhaled therapy, weight percentile, BMI percentile, percent predicted FEVq or
respiratory culture results with age at Pa acquisition. Similarly, persistent infection (a time-
varying covariate defined as the proportion of cultures since enrollment positive for the
organism of interest) was not associated with age at Pa acquisition (data not shown).

In the CFNPR cohort, the directions of the effects of baseline clinical characteristics on age
at Pa acquisition were similar, but additional significant associations were observed (Table
3). Use of pancreatic enzymes was associated with earlier age at Pa acquisition (HR 2.53,
95% CI 1.78, 3.58, p>0.0001). Greater weight percentile (HR 0.995, 95% CI 0.993, 0.998,
p=0.0001), height percentile (HR 0.996, 95% CI 0.994, 0.999, p=0.007) and percent
predicted FEV; (HR 0.992, 95% CI 0.985, 0.998) were protective. Isolation of
Saphylococcus aureus, Senotrophomonas maltophilia and Achromobacter xylosoxidans
from the baseline respiratory culture were associated with significantly earlier age at Pa
acquisition.

The prevalence of reported exposures from the questionnaire completed by families at
enrollment into the EPIC OBS Study is described in Table 4. About 75% received the
influenza vaccine in the previous season, and about 30% reported exposure to cigarette
smoke in the household. About one third of children <6 were in daycare >9 hours per week
and about a third of children <2.5 years received palivizumab passive immunization in the
prior respiratory syncytial virus (RSV) season.

The associations of exposures reported by parents annually on the family questionnaire (as
time-varying risk factors) and age at Pa acquisition are shown in Table 5. Influenza vaccine
in the past year appeared borderline protective (HR 0.77, 95% CI 0.59, 1.00, p=0.05).
Adjustment for CFTR functional class did not affect these results (data not shown).
Swimming pool use in the past year also appeared protective (HR 0.69, 95% CI 0.52, 0.90,
p=0.007), possibly due to confounding by an unmeasured characteristic such as overall lung
health and level of physical activity. No association was detected between exposure in the
past year to cigarette smoke, wood burning stoves, hot tubs, attendance at social events with
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others with CF, daycare/preschool, breastfeeding, palivizumab or socioeconomic status
(household income and maternal education), and age at Pa acquisition.

To address concerns that older study participants might represent an unusual population by
virtue of having survived without acquiring Pa up to the age at enrollment, we repeated our
evaluation of risk factors among the participants who were enrolled below the median age of
Pa acquisition in the replication cohort (3.6 years) and found very similar results (OLS
Figure E1, Tables E1, E2 and E3).

4. Discussion

The EPIC Observational Study sheds light on risk factors for initial Pa acquisition. Ours is
the first study to evaluate home environmental exposures as potential risk factors. None of
the modifiable risk factors that we evaluated, including breastfeeding, daycare attendance,
hot tubs or wood burning stoves, was associated with age at initial Pa acquisition. Given that
families are frequently counseled to make lifestyle changes to minimize early Pa exposure,
these results have important implications for counseling CF families. Instead, genetic factors
had an important effect on age at Pa acquisition. CFTR mutations with minimal function
(both mutations in functional class 1, 2 or 3) were associated with earlier Pa acquisition
compared to mutations with residual function (at least one mutation in functional class 4 or
5); the median age at Pa acquisition was 2.9 years among participants with minimal CFTR
function vs. 10.3 years for those with residual CFTR function. A recent study by Collaco et
al. found that ambient temperature is associated with age at Pa acquisition; in two
retrospective cohorts, age at Pa acquisition was 9 to 15 months earlier in the warmest
temperature quartile compared to the coldest [28]. This effect appears relatively small
compared to that of CFTR functional class. Given the ubiquitous presence of Pa in the
environment, it may be that many imposed lifestyle changes will have less impact on age at
initial Pa acquisition than genetic determinants.

Age at initial Pa acquisition is likely to be affected by a complex interplay between host and
environmental factors. The consistent finding by us and others [14,16,17,19] that CFTR
functional status is associated with age at Pa acquisition is an example of the role of host
factors in Pa acquisition. Loss of CFTR function may predispose to endobronchial infection
either by altering properties of airway surface liquid, thus impairing innate defenses and
bacterial clearance [29], or because CFTR may bind directly to Pa [30]. Indeed, in the
neonatal CF pig, the lack of CFTR function appears to globally impair bacterial eradication
[31].

Concerns regarding earlier acquisition of Pa among infants identified by newborn screening
have existed since the Wisconsin Neonatal Screening Trial, in which the benefits of
newborn screening were offset by earlier acquisition of Pa at one site in the early years of
the study [15]. Since that time, several studies have found no evidence of earlier Pa
acquisition among newborn-screened infants [20-22]. Similarly, we found no evidence of
earlier acquisition of Pa among EPIC OBS participants diagnosed by newborn screening. In
fact, in the CFNPR replication cohort newborn screening was associated with a significant
delay in age at Pa acquisition. However, it should be noted that newborn screening in the
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U.S. was limited to several states at the time of CF diagnosis in our two cohorts. It is not
possible to separate the independent effects of newborn screening from those of the
environment or monitoring and treatment practices in those states performing newborn
screening.

The baseline characteristics and rates of Pa acquisition were very similar between the EPIC
OBS and the CFNPR replication cohorts. In addition, the median age at acquisition of Pa
among the EPIC OBS participants was very similar to that seen in all U.S. CF patients born
during the same years in the CFNPR: 3.25 vs. 4.00 years. The effects of demographic and
clinical risk factors on age at initial Pa acquisition were also in general similar between the
EPIC OBS and CFNPR replication cohorts, though there were some discrepancies in the
magnitude of the effects and in statistical significance, mostly due to the larger size of the
replication cohort. Female gender and a history of meconium ileus were associated with
earlier age at Pa acquisition in the CFNPR replication cohort, similar to findings in prior
studies [13,14,32], though meconium ileus was no longer a significant risk factor after
adjustment for CFTR functional class. In the EPIC OBS cohorts, while the hazard ratios
were similar to those in the replication cohort, the associations were not statistically
significant. Thus, the effect of gender on age at Pa acquisition remains unclear, and the
effect of meconium ileus appears to be mediated through CFTR functional class.
Interestingly, greater weight and height percentiles at enroliment were significantly
protective in the replication cohort, as was reported recently by Ranganathan et al. [33]. The
possible association of better nutritional status with delayed acquisition of Pa deserves
further exploration, and may reflect underlying disease severity or a true protective effect of
better nutrition.

Finally, isolation of S aureus, S. maltophilia and A. xylosoxidans were each associated with
significantly earlier age at Pa acquisition in the replication cohort. In prior studies, S aureus
was found to be a risk factor for early age at initial Pa acquisition in a newborn-screened
cohort [15], while it was found to be protective against mucoid Pa infection in an older CF
cohort [32]. Thus, the role of S. aureus in Pa infection remains unclear. The observed
association of S. maltophilia and A. xylosoxidans with earlier Pa acquisition may reflect
acquisition of these organisms with more intensive antibiotic treatment and thus more severe
lung disease, or perhaps more effective ascertainment of these organisms at the same sites
that most effectively culture Pa from respiratory cultures.

We found a borderline protective effect of the influenza vaccine on age at Pa acquisition.
Infections with viruses such as influenza may trigger pulmonary exacerbations and
contribute to structural airway damage [34], thereby increasing susceptibility to Pa. While
aerosol medications were a risk factor for Pa acquisition in a prior small study [15], we
found no association between use of any inhaled medications and age at Pa acquisition.

Assuming 412 Pa acquisition events, 80% power and alpha=0.05, we had an adequate
sample size to detect a hazard ratio of 1.47 for a risk factor with 15% prevalence (such as
participating in a social event with others with CF) and a hazard ratio of 1.35 for a risk
factor with 30% prevalence (such as cigarette smoke exposure or breastfeeding). We would
have missed associations with lower hazard ratios, though such associations might not be
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overly significant from a clinical or public health standpoint. In addition, we may have
missed a true association due to our measurement methods (parent report rather than direct
measurement) and limited frequency of assessment (annually). We were unable to assess the
effect of these exposures in the replication cohort as the CFNPR does not contain data on
these exposures. In addition, there were certainly potential risk factors that we did note
evaluate, such as viral respiratory infections or cohorting practices. These potential risk
factors deserve further investigation.

In our study, we used oropharyngeal (OP) cultures as the primary endpoint. In the U.S. OP
swabs are the standard method for collecting respiratory cultures in non-expectorating CF
patients. While they have reasonable specificity, OP cultures have limited sensitivity
compared to simultaneous lower airway cultures [35]. Thus, our conclusions regarding risk
factors may be more relevant for upper than lower airway Pa acquisition. In addition, our
eligibility criteria, including enrolling children up to 12 years of age, were designed to be
concordant with the EPIC Clinical Trial [36], a randomized, controlled trial of early Pa
eradication regimens nested in the EPIC Observational Study. To address concerns that the
older participants in the EPIC OBS cohort might represent an unusual population since by
definition they had not acquired Pa by the age at enrollment, we repeated our analyses
among the participants who were enrolled before 3.6 years, the median age of Pa acquisition
in the replication cohort, and found similar results.

What are the implications of our results for CF clinics? We did not evaluate the effects of
cohorting practices on risk of Pa acquisition, as this has previously been evaluated [37,38].
There is no evidence that the risk of patient-to-patient transmission is less among those with
residual CFTR function, so we would not recommend that patients with residual CFTR
function be managed differently from an infection control standpoint or that clinics should
be segregated by CFTR function.

How should our results be interpreted when counseling families? Continuing to recommend
the annual influenza vaccine is warranted. Our results do not reduce the controversy over the
role of palivizumab in infants with CF. The negative effects of cigarette smoke exposure on
lung function have been clearly documented [39], and socializing with others with CF is
known to increase the risk of acquiring transmissible epidemic Pa strains [40] so these
exposures should be avoided. Given that we were unable to detect evidence of earlier Pa
acquisition among those exposed to swimming pools, hot tubs or wood burning stoves,
limited contact with these exposures may be reasonable. Relaxing restrictions on these
exposures may reduce anxiety and improve quality of life for some CF patients and their
families.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Kaplan—Meier survival curves for age at initial acquisition of Pseudomonas aeruginosa. a:
EPIC observational cohort vs CFNPR replication cohort. b: Among EPIC Observational

study participants, by CFTR functional class.
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Exposures reported on family surveys at enrollment in EPIC observational cohort.

Table 4

Exposurein past year N %2
Total number of participants with enrollment survey completed 866 —
Influenza vaccine 669 77.2
Household member smoked cigarettes 253 29.2
Mother smoked during pregnancy 120 139
Wood-burning stove used in home 82 9.5
Hot-tub use 194 224
Swimming pool use 613 70.8
Social event with others with CF 129 149
Daycare or preschoolb 214 317
Breastfed® 138 523
Received palivuzimabd 104 340
Mother’s education
High school graduate or less 237 274
Some college or more 602 69.5
Annual household income
<$20,000 79 91
$20,000-39,000 145 16.7
$40,000-59,000 132 15.2
$60,000-79,000 124 143
$80,000-99,000 93 10.7
>$100,000 152 175
Don’t know or missing 141 163

Page 17

a . . . L
Denominator is 866, except as noted. For exposures other than annual household income, the number of surveys with missing data ranged from 6

to 50.

bChildren younger than 6 years (N=567).

CChildren younger than 2 years (N=264).

dChildren younger than 2.5 years (N=306).
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Table 5
Univariate Cox models for time-varying risk factors reported on annual family surveys in EPIC observational
cohort.
Risk factor@ Ninmodel Hazardratio 95% CI P value
Influenza vaccine during past year 864 0.77 0.59,1.00 0.05
Household member smokes cigarettes 866 0.96 0.78,1.18 0.70
Wood-burning stove used in home 864 0.78 0.55,1.12 0.18
Hot-tub use during past year 866 0.82 0.65,1.05 0.12
Swimming pool use during past year 866 0.69 0.52,0.90 0.007
Social event with others with CF during past year 864 1.09 0.83,1.42 0.54
Daycare or preschool during past yearP 551 0.90 070,117 045
Breastfed during past year® 261 085 060,121 038
Received palivuzimab during past yeard 284 1.02 0.75,1.40  0.89
Maternal education beyond high school® 839 0.90 074,111 033
Annual household income: >$80,000€ 725 1.05 081,135 073
1.03 0.80,1.33 0.1

Annual household income: $40,000-$79,000€

a . . . . . _— .
From separate Cox model for each risk factor, modeled as a time-varying covariate. The number of children contributing observations to each

model varied due to missing data.
bChildren younger than 6 years.
CChildren younger than 2 years.

dChildren younger than 2.5 years.

e . .
As reported at enrollment; the reference group for annual income is <$40,000.
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