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Background.  While Pseudomonas aeruginosa (Pa) eradication regimens have contributed to a decline in Pa prevalence in people 
with cystic fibrosis (CF), this antibiotic exposure might increase the risk of acquisition of drug-resistant organisms. This study evalu-
ated the association between antipseudomonal antibiotic exposure intensity and acquisition risk of drug-resistant organisms among 
children with CF and new Pa infection.

Methods.  We utilized data from the Early Pseudomonas Infection Control Clinical Trial (EPIC CT), a randomized controlled 
trial comparing Pa eradication strategies in children with CF and new Pa. The exposure was the number of weeks of oral or inhaled 
antipseudomonal antibiotics or ever versus never treatment with intravenous antipseudomonal antibiotics during the 18 months of 
EPIC CT participation. Primary outcomes were risks of acquisition of several respiratory organisms during 5 years of follow-up after 
EPIC CT estimated using Cox proportional hazards models separately for each specific organism.

Results.  Among 249 participants, there was no increased acquisition risk of any organism associated with greater in-
haled antibiotic exposure. With each additional week of oral antibiotics, there was an increased hazard of Achromobacter 
xylosoxidans acquisition (HR, 1.24; 95% CI: 1.02–1.50; P = .03). Treatment with intravenous antibiotics was associated with 
an increased hazard of acquisition of multidrug-resistant Pa (HR, 2.47; 95% CI: 1.28–4.78; P = .01) and MRSA (HR, 1.57; 95% 
CI: 1.03–2.40; P = .04).

Conclusions.  Results from this study illustrate the importance of making careful antibiotic choices to balance the benefits of 
antibiotics in people with CF while minimizing risk of acquisition of drug-resistant organisms.
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Cystic fibrosis (CF) is a life-shortening genetic disease charac-
terized by chronic endobronchial infection and inflammation 
resulting in progressive obstructive lung disease and bron-
chiectasis [1, 2]. Chronic airway infection with Pseudomonas 
aeruginosa (Pa), in particular, has been associated with decline 
in lung function, increased frequency of pulmonary exacerba-
tions, and shortened survival [3–5]. In an attempt to delay or 
prevent chronic airway infection, Pa eradication protocols have 
become standard of care when new Pa is detected [6–10]. In the 
United States, these regimens typically include inhaled tobra-
mycin [11] with or without oral ciprofloxacin.

While widespread adoption of Pa eradication protocols has 
contributed to a decreased incidence and prevalence of Pa infec-
tion in people with CF [12], this antibiotic exposure might have 
unintended consequences, including selection for multidrug-
resistant Pa or other drug-resistant respiratory organisms. For 
example, in clinical trials of inhaled tobramycin for chronic 
Pa infection, participants randomized to inhaled tobramycin 
had higher rates of Aspergillus fumigatus compared with those 
randomized to placebo [13, 14]. A  key unanswered question 
is whether the intensity of exposure to antipseudomonal anti-
biotics in children with new Pa is associated with risk of acqui-
sition of drug-resistant organisms.

The Early Pseudomonas Infection Control (EPIC) Clinical 
Trial (EPIC CT) was a multicenter, randomized, controlled 
18-month trial in which children with CF ages 1 to 12 years 
with new isolation of Pa were randomized to cycled therapy 
(tobramycin inhalation solution [TIS] for 28  days every 
quarter, with oral ciprofloxacin or oral placebo for the first 
14 days) or culture-based therapy (the same treatments only 
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during quarters with positive Pa cultures) [15]. Additional 
courses of antibiotics prescribed clinically were also cap-
tured. Participants received long-term follow-up (up to 
5  years) in the EPIC Observational Study (EPIC OBS), in 
which the EPIC CT was nested. Because of the wide range 
of antibiotic exposures rigorously recorded in a clinical trial 
setting and standardized long-term (5-year) follow-up, this 
cohort provides a unique opportunity to evaluate the associ-
ation between intensity of antibiotic exposure and emergence 
of drug-resistant respiratory organisms among children with 
CF with new isolation of Pa.

This study aims to evaluate the association between the 
intensity of antipseudomonal antibiotic exposure (oral, in-
haled, and intravenous [IV]) during the 18-month EPIC CT 
with subsequent risk of acquisition of multidrug-resistant Pa, 
methicillin-resistant Staphylococcus aureus (MRSA), and other 
respiratory organisms. We hypothesized that greater intensity 
of antipseudomonal antibiotic exposure during the EPIC CT 
period would be associated with a greater hazard of acquisition 
of these organisms during the subsequent 5 years.

METHODS

This is a secondary analysis of the EPIC CT with 5-year fol-
low-up through the EPIC OBS study. As previously de-
scribed, the EPIC CT enrolled 304 US children with CF aged 
1 to 12 years who had new-onset Pa detected within 6 months 
prior to enrollment (either as first lifetime Pa infection or after 
2  years of respiratory cultures negative for Pa) between 2004 

and 2008 [8]. All participants received an initial course of TIS 
for 28  days and were then randomized to 1 of 2 study arms: 
(1) children randomized to “cycled therapy” received 28 days of 
TIS every quarter (90-day period) irrespective of routine quar-
terly respiratory culture results (ie, 6 courses of TIS over the 
18-month trial period) or (2) children randomized to “culture-
based therapy” received TIS only if Pa was isolated from a quar-
terly respiratory culture. Participants were further randomized 
to receive oral ciprofloxacin or placebo for 14 days each time 
they received TIS (Figure 1). All clinically prescribed antibiotics 
(oral, inhaled, or IV) were also recorded. The EPIC OBS study 
provided 5  years of follow-up, including respiratory culture 
results as recorded in the Cystic Fibrosis Foundation Patient 
Registry (CFFPR).

Inhaled and oral antibiotic exposure intensity was de-
fined as the cumulative number of weeks of inhaled or oral 
antipseudomonal antibiotics (separately), while, due to the dis-
tribution of exposure in the cohort, IV antibiotic exposure was 
classified as ever/never (ie, at least 1 course vs no exposure). 
Antibiotic exposure was assessed during the 18-month EPIC 
CT period only, including study drug and clinically prescribed 
antipseudomonal antibiotics. Antibiotic exposure data were 
not collected during the 5-year EPIC OBS follow-up period. 
The primary outcomes were acquisition of the following organ-
isms during the 5-year EPIC OBS follow-up period: multidrug-
resistant Pa (MDR-Pa), MRSA, Achromobacter xylosoxidans, 
Stenotrophomonas maltophilia, Aspergillus fumigatus, and 
Burkholderia cepacia complex species (BCC). Among all res-
piratory cultures collected during EPIC CT, 94% were obtained 

Figure 1.  Overview of the study design of the EPIC Clinical Trial and EPIC Observational Study (reproduced with permission). Abbreviations: CF, Cystic Fibrosis; EPIC, Early 
Pseudomonas Infection Control. (Mayer-Hamblett N, Kloster M, Rosenfeld M, Gibsons RL, Retsch-Bogart GZ, Emerson J, Thompson V, Ramsey BW. Impact of Sustained 
Eradication of New Pseudomonas aeruginosa Infection on Long-term Outcomes in Cystic Fibrosis. Clinical Infectious Diseases 2015; 61(5): 707-715.)
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from the oropharynx and 6% were expectorated sputum 
samples.

Clinical and demographic characteristics were described 
using summary statistics. Risk of respiratory organism acqui-
sition was assessed in separate models for each organism. Since 
we were interested in treatment-emergent (ie, incident) acqui-
sition of each organism, we created separate organism-specific 
cohorts, each composed of children who never cultured that 
organism during the EPIC CT period. Each antibiotic route (in-
haled, oral, IV) was included in these models as an independent 
covariate. We used Prentice, Williams, and Peterson Total 
Time multiple-failure Cox proportional hazards models [16] to 
allow for multiple positive cultures for each organism during 
follow-up, and each model was stratified by failure number 
to allow for the baseline hazard to be different for each subse-
quent infection by the same organism. Analysis time was the 
total time since the end of participation in the EPIC CT. Models 
were adjusted for age, sex, race (non-Hispanic White vs other) 
and cystic fibrosis transmembrane conductance regulator 
(CFTR) mutation (Phe508del homozygous, Phe508del hetero-
zygous, other). Models with and without quadratic terms for 
cumulative weeks of antibiotics were fit and their goodness of 
fit compared using log-likelihood ratios. Only results of models 
without quadratic terms are reported, as quadratic terms did 
not substantially improve model fit.

Analyses were performed with Stata 16.1 (StataCorp). Each 
study was approved by the Institutional Review Board at Seattle 
Children’s Hospital and participating sites, and informed con-
sent was obtained from the parent/guardian of all participants.

RESULTS

Among the 304 children enrolled in the EPIC CT, 249 (82%) 
completed the trial (observed for the full 18-month EPIC CT 
period) and were followed in EPIC OBS for a median (inter-
quartile range) of 68.7 (67.4–69.8) months; these individuals 
comprised our study cohort. The average age at enrollment was 

5.8 (standard deviation, 3.6) years, and 55% of participants were 
Phe508del homozygous. There were no significant differences 
between study arms with respect to demographic or clinical 
characteristics (Table 1).

The distribution of cumulative weeks of inhaled, oral, and IV 
antibiotic exposure during the 18-month clinical trial period is 
shown in Figure 2. The EPIC CT study design ensured a broad 
distribution of exposure to inhaled and oral antibiotics, whereas 
IV antibiotics were prescribed clinically. Among the 249 parti-
cipants, 40 (16.0%) were prescribed at least 1 course of IV anti-
biotics during the 18-month EPIC CT period.

The number of participants in each organism-specific cohort 
and the number acquiring each organism during follow-up are 
shown in Table 2. Participants were least likely to have posi-
tive cultures for MDR-Pa or BCC both during trial participa-
tion and follow-up, and most likely to have positive cultures for 
MRSA and S. maltophilia.

In Cox proportional hazards models, there was no increased 
risk of acquisition of any respiratory organism with each ad-
ditional week of inhaled antibiotic exposure (Table 3), al-
though there did appear to be a decreased risk of acquisition of 
A. xylosoxidans (hazard ratio, .90; 95% confidence interval [CI]: 
.82–.98; P = .02). With respect to oral antibiotics, with each ad-
ditional week of exposure there was a 24% increased hazard 
of A. xylosoxidans acquisition (95% CI: 1.02–1.50; P = .03). In 
terms of IV antibiotics, the risk of acquisition of MDR-Pa was 
2.47-fold greater (95% CI: 1.28–4.78; P = .01) and of MRSA 
was 1.57-fold greater (95% CI: 1.03–2.40; P = .04) among chil-
dren prescribed IV antibiotics compared with receiving no IV 
antibiotics.

DISCUSSION

This secondary analysis of 249 children with new Pa infection 
enrolled in the EPIC CT found no increased risk of acquisition 
of drug-resistant organisms associated with greater inhaled an-
tibiotic exposure, but an increased risk of MDR-Pa and MRSA 

Table 1.  Demographic and Clinical Characteristics of the Study Cohorts

Characteristic
Total 

(N = 249)
Cycled TSI With 

Ciprofloxacin (n = 61)
Cycled TSI With 
Placebo (n = 61)

Culture-Based TSI With 
Ciprofloxacin (n = 59)

Culture-Based TSI 
With Placebo (n = 68) Pa

Age, mean (SD), 
years

5.8 (3.6) 6.3 (3.3) 5.8 (3.6) 5.2 (3.6) 6.0 (3.8) .4

Sex (female), n (%) 126 (50.6) 27 (44.3) 34 (55.7) 31 (52.5) 34 (50.0) .6

Race (non-Hispanic 
White), n (%)

238 (95.6) 60 (98.4) 54 (88.5) 59 (100.0) 65 (95.6) .4

Phe508del, n (%)      .2

  Homozygous 130 (54.6) 28 (47.5) 28 (49.1) 31 (55.4) 43 (65.2)  

  Heterozygous 92 (38.7) 29 (49.2) 24 (42.1) 19 (33.9) 20 (30.3)  

  Other 16 (6.7) 2 (3.4) 5 (8.8) 6 (10.7) 3 (4.5)  

BMI percentile, 
mean (SD)

55.1 (24.7) 52.4 (26.1) 60.3 (22.1) 54.6 (26.7) 53.4 (23.8) .3

Abbreviations: BMI, body mass index; CFTR, cystic fibrosis transmembrane conductance regulator; SD, standard deviation; TSI, tobramycin solution for inhalation.
aFrom analysis of variance (ANOVA) for continuous variables (age, body mass index) and chi-square test for categorical variables (sex, race, and CFTR genotype).
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acquisition associated with IV antibiotic exposure. The wide-
spread adoption of antibiotic treatment protocols to eradicate 
Pa has led to a decreased prevalence of chronic Pa infection and 
likely contributed to the improving lung function and survival of 
people with CF over the last 2 decades [3–5, 17]. In the United 
States, standard eradication regimens typically include inhaled 
antibiotics, although oral and IV anti–Pa antibiotics are also 
utilized [18]. Thus, people with CF without chronic Pa infec-
tion are exposed to more anti–Pa antibiotics than in earlier eras, 
potentially increasing the risk of acquiring MDR-Pa or other 
drug-resistant respiratory organisms. The design of the EPIC 
randomized controlled trial of Pa eradication regimens with sub-
sequent follow-up in EPIC OBS offers a unique opportunity to 
evaluate the risks of drug-resistant organism acquisition asso-
ciated with antibiotic exposure. All antibiotic exposures (study 
drugs and clinically prescribed) were rigorously captured during 
EPIC CT participation and the long-term (5-year) follow-up rate 
was high (249 of the original 304 trial participants). Inhaled and 
oral antibiotic exposure during clinical trial participation was 
predominantly determined by assigned study arm, minimizing 
indication bias.

In our cohort, the incidence of MDR-Pa was low; 8% of 
participants acquired new MDR-Pa during the 5  years fol-
lowing clinical trial participation. In contrast, the incidences 
of S.  maltophilia, MRSA, and Aspergillus acquisition were 
higher (44%, 37%, and 34%, respectively, during the 5-year 
follow-up), similar to age-specific trends in the CFFPR [17]. 
Reassuringly, we found no increased risk of acquisition of any 
organism with each additional week of exposure to inhaled 
antibiotics. In terms of oral anti–Pa antibiotics, with each addi-
tional week of exposure we did find an increased risk of acqui-
sition of A. xylosoxidans, although not of any other organism. 
Intravenous antibiotic exposure was the only route associated 
with increased risk of acquisition of MDR-Pa and MRSA. These 
risks were substantial: exposure to IV antibiotics was associated 
with greater than double the risk of acquiring MDR-Pa and a 
greater than 50% increased risk of acquiring MRSA. No route 
was associated with an increased risk of S.  maltophilia, BCC, 
or Aspergillus acquisition. The reason for our observation of an 
apparent mild protective effect of inhaled antibiotics on the risk 
of A. xylosoxidans acquisition is unclear and this result should 
be interpreted with great caution. To our knowledge, no prior 
studies have identified an association between increased antibi-
otic exposure and A. xylosoxidans acquisition.

The mechanisms by which antipseudomonal antibiotics se-
lect for drug-resistant Pa in the CF airway have been well de-
scribed [19, 20]. Antipseudomonal antibiotics may promote 
the growth of other organisms in the CF airway through  
2 mechanisms. First, if Pa is eradicated, interspecies competi-
tion between Pa and other organisms will be minimized and 
the physicochemical milieu of the CF airway may be altered, 
promoting growth of other organisms. Second, a number of 
Pa exoproducts have been shown to decrease the susceptibility 
of S. aureus to clinically relevant antibiotics. For example, in-
hibition of electron transport by Pa-produced phenazines 
and 2-heptyl-4-hydroxyquinoline n-oxide (HQNO) can de-
crease S.  aureus susceptibility to tobramycin, ciprofloxacin, 
and vancomycin [19]. Growth of S. aureus in the presence of 
Pa exoproducts can promote the growth of small colony vari-
ants, which are slow-growing and drug-resistant due to electron 

Table 2.  Number of Trial Participants Eligible for Each Study Cohort (Not 
Mutually Exclusive) and Number With Incident Infection

Organism

Number at risk (Excludes 
People Who Had a Given 

Organism During the 
18-Month EPIC CT)

Number With In-
cident Infection 
During 5-Year 
Follow-up (%)

MRSA 147 55 (37.4)

MDR-Pa 235 18 (8.1)

Achromobacter 
xylosoxidans

212 30 (14.2)

Stenotrophomonas 
maltophilia

152 67 (44.1)

Aspergillus 
fumigatus

185 64 (34.6)

BCC 232 17 (7.3)

Abbreviations: BCC, Burkholderia cepacia complex species; EPIC CT, Early Pseudomonas 
Infection Control Clinical Trial; MDR-Pa, multidrug-resistant Pseudomonas aeruginosa; 
MRSA, methicillin-resistant Staphylococcus aureus. 

Figure 2.  Distribution of cumulative weeks of (A) inhaled, (B) oral, and (C) IV antibiotic exposure during EPIC CT. Abbreviations: EPIC CT, Early Pseudomonas Infection Control 
Clinical Trial; IV, intravenous.
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transport defects [20]. These phenomena have been evaluated 
mostly in terms of interactions between Pa and S. aureus in the 
CF airway, but similar mechanisms may apply to other CF res-
piratory organisms.

To our knowledge, this is the first study to evaluate the long-
term (5-year) risk of acquisition of drug-resistant organisms as-
sociated with Pa eradication regimens beyond the clinical trial 
period. The Early Inhaled Tobramycin for Eradication (ELITE) 
trial (which randomized participants with new Pa acquisition 
to 28 vs 56 days of TIS) did not demonstrate any difference in 
the emergence of CF respiratory organisms between arms over 
2  years following enrollment [6]. The Optimizing Treatment 
for Early Pa Infection in Cystic Fibrosis (OPTIMIZE) trial 
that randomized children with CF and new-onset Pa infec-
tion to TIS and either azithromycin or placebo similarly did 
not find a difference in CF organism emergence between treat-
ment arms (median follow-up, 11.8 months) [21]. Finally, the 
TORPEDO CF study comparing prolonged oral antibiotics (12 
weeks) with 14 days of IV antibiotics for Pa eradication (in ad-
dition to 12 weeks of inhaled colistin in both arms) did not 
find a difference between arms in rates of isolation of MRSA, 
BCC, or A. fumigatus (15-month follow-up) [22]. Our results 
are similar to those of the ELITE and OPTIMIZE studies but 
differ from those of the TORPEDO study, in which exposure 

to IV antibiotics was not associated with an increased risk of 
acquisition of drug-resistant organisms. Potential reasons for 
these discrepant results include slightly different eligibility cri-
teria for the 2 trials, different underlying rates of MRSA in the 
United States relative to the United Kingdom and Italy, and 
longer-term follow-up in our study.

While our study has unique strengths discussed above, 
important limitations must also be acknowledged. First, 
we defined the antibiotic exposure as occurring during the 
18  months of clinical trial participation, observing for the 
outcome (acquisition of new organisms) during the subse-
quent 5  years. While this design ensured that the outcome 
never preceded the exposure, any associations between 
antibiotic exposure and acquisition of a respiratory or-
ganism does not imply causation. We did not have access 
to treatment-adherence data, and thus these results are 
based on assumed completion of each treatment regimen 
during the study period. We did not have data on antibi-
otic exposure prior to clinical trial enrollment. In addition, 
we were not able to account for any ongoing exposure to 
antipseudomonal antibiotics during the follow-up period, as 
acute courses of oral and inhaled antibiotics are not recorded 
on a granular level in the CFFPR. Since the EPIC CT showed 
no difference in Pa eradication rates or chronic Pa infection 

Table 3.  Association of Cumulative Antimicrobial Exposure and Risk of Treatment-Emergent Respiratory Organism Acquisition

Organism Hazard Ratioa 95% CI P

MDR-Pa    

  Inhaled 1.06 (.95–1.18) .32

  Oral .91 (.74–1.12) .38

  IV (ever vs never) 2.47 (1.28–4.78) .01

MRSA    

  Inhaled 1.04 (.99–1.09) .14

  Oral .94 (.85–1.05) .28

  IV (ever vs never) 1.57 (1.03–2.40) .04

Achromobacter xylosoxidans    

  Inhaled .90 (.82–.98) .02

  Oral 1.24 (1.02–1.50) .03

  IV (ever vs never) .94 (.49–1.82) .86

Stenotrophomonas maltophilia    

  Inhaled .99 (.94–1.05) .75

  Oral 1.04 (.92–1.18) .52

  IV (ever vs never) .77 (.48–1.24) .29

Aspergillus fumigatus    

  Inhaled 1.09 (.98–1.21) .10

  Oral .84 (.69–1.03) .10

  IV (ever vs never) .92 (.59–1.45) .72

BCC    

  Inhaled 1.04 (.95–1.12) .41

  Oral .89 (.77–1.04) .14

  IV (ever vs never) .63 (.10–4.09) .60

Abbreviations: BCC, Burkholderia cepacia complex species; CFTR, ; CI, confidence interval; IV, intravenous; MDR-Pa, multidrug-resistant Pseudomonas aeruginosa; MRSA, methicillin-
resistant Staphylococcus aureus. 
aAdjusted for age, sex, race (non-Hispanic White vs other), CFTR genotype, and other antibiotic routes of administration (ie, inhaled antibiotic analysis additionally adjusted for oral and IV 
use).
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between study arms, it is unlikely that antibiotic exposure 
during follow-up differed systematically between different 
arms, but this possibility cannot be entirely ruled out. Since 
IV antibiotics were prescribed clinically, sicker participants 
might have been more likely to receive IV antibiotics (indi-
cation bias) not only during enrollment in the clinical trial 
but during the 5-year follow-up. We classified IV antibiotic 
exposure as ever/never, but it is possible that some of the ob-
served association between exposure to IV antibiotics during 
the clinical trial and acquisition of resistant organisms may 
have been due to repeated, unmeasured exposure to IV anti-
biotics during the follow-up period. Furthermore, given the 
possible indication bias in the prescription of IV antibiotics, 
unmeasured confounders may have contributed to the ob-
served association between IV antibiotic exposure and risk 
of pathogen acquisition.

As the majority of our cohort (94%) were unable to expecto-
rate, we evaluated the results of both oropharyngeal (OP) and 
sputum cultures (as is standard of care in the United States). 
Oropharyngeal cultures have been shown to have better spec-
ificity than sensitivity for the presence of lower airway Pa 
and S.  aureus [23]; diagnostic accuracy for other organisms 
is not known. Thus, the inclusion of OP culture results intro-
duced some misclassification of the outcome. We also evalu-
ated only conventional culture results; evaluating the effect of 
antipseudomonal antibiotics on the respiratory microbiome 
was beyond the scope of this analysis. Our sample size of 249 
may have limited our power to detect associations. Our cohort 
was younger than 12 years of age at enrollment with new isola-
tion of Pa. Thus, our results should not be generalized to older 
people with CF or those with chronic Pa infection. Our study 
was also conducted in the pre-CFTR modulator era. While 
highly effective modulator therapy is likely to reduce exposure 
to antipseudomonal antibiotics overall, it seems unlikely that it 
would affect the risk of drug-resistant organism acquisition as-
sociated with antibiotic exposure.

In conclusion, this study found no increased risk of respi-
ratory organism acquisition associated with inhaled antibiotic 
exposure. As inhaled antibiotics are the most common route 
prescribed to eradicate Pa, this result is reassuring. We did de-
tect an increased risk of A. xylosoxidans acquisition with each 
additional week of oral antibiotics. In the EPIC CT, the addition 
of oral ciprofloxacin to inhaled tobramycin did not demonstrate 
significant benefit as compared with inhaled tobramycin alone. 
Our finding provides additional rationale against adding oral 
antibiotics to inhaled antibiotics for first-line treatment of new 
Pa. We also found an increased risk of MDR-Pa and MRSA ac-
quisition among people who received IV antibiotics. Results 
from this study illustrate the importance of making careful an-
tibiotic choices in order to balance the benefits of antibiotics 
in people with CF while minimizing the risk of acquisition of 
drug-resistant organisms.
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