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Background.  Pulmonary exacerbations (PEx) in people with cystic fibrosis (PwCF) are associated with significant morbidity. 
While standard PEx treatment for PwCF with Pseudomonas aeruginosa infection includes two IV antipseudomonal antibiotics, little 
evidence exists to recommend this approach. This study aimed to compare clinical outcomes of single versus double antipseudomonal 
antibiotic use for PEx treatment.

Methods.  Retrospective cohort study using the linked CF Foundation Patient Registry-Pediatric Health Information System 
dataset. PwCF were included if hospitalized between 2007 and 2018 and 6–21 years of age. Regression modeling accounting for 
repeated measures was used to compare lung function outcomes between single versus double IV antipseudomonal antibiotic regi-
mens using propensity-score weighting to adjust for relevant confounding factors.

Results.  Among 10,660 PwCF in the dataset, we analyzed 2,578 PEx from 1,080 PwCF, of which 455 and 2,123 PEx were treated 
with 1 versus 2 IV antipseudomonal antibiotics, respectively. We identified no significant differences between PEx treated with 1 
versus 2 IV antipseudomonal antibiotics either in change between pre- and post-PEx percent predicted forced expiratory volume 
in one second (ppFEV1) (–0.84%, [95% CI –2.25, 0.56]; P = 0.24), odds of returning to ≥90% of baseline ppFEV1 within 3 months 
following PEx (Odds Ratio 0.83, [95% CI 0.61, 1.13]; P = 0.24) or time to next PEx requiring IV antibiotics (Hazard Ratio 1.04, [95% 
CI 0.87, 1.24]; P = 0.69).

Conclusions.  Use of 2 IV antipseudomonal antibiotics for PEx treatment in young PwCF was not associated with greater im-
provements in measured respiratory and clinical outcomes compared to treatment with 1 IV antipseudomonal antibiotic.

Keywords.   antibiotics; cystic fibrosis; Pseudomonas aeruginosa; pulmonary exacerbations.

Pulmonary exacerbations (PEx) in people with cystic fibrosis 
(PwCF) are associated with significant morbidity, including de-
creased quality of life, lung function decline, and weight loss 
[1-4]. Mild to moderate PEx are often treated with oral anti-
biotics and aggressive airway clearance, while severe PEx typ-
ically require intravenous (IV) antibiotics [5]. In those with 
Pseudomonas aeruginosa (Pa) infection, simultaneous treat-
ment with 2 IV antipseudomonal antibiotics is common, based 
on the reasoning that this strategy enhances microbicidal ac-
tivity and reduces selection of resistant organisms [6-9].

Cystic Fibrosis Foundation PEx guidelines, based on con-
sensus and expert opinion, also note that standard of care 
is to use 2 IV antipseudomonal antibiotics [5], and a recent 
study of those hospitalized for PEx treatment found that 2 IV 

antipseudomonal antibiotics were used in approximately 95% 
of cases [10]. However, a Cochrane review of 8 clinical trials 
involving 356 participants could not determine whether mul-
tiple IV antipseudomonal antibiotic treatment was associated 
with greater lung function improvement compared with a single 
antibiotic regimen [11]. The use of a single antipseudomonal 
antibiotic has the potential benefit of reducing antibiotic-related 
toxicities [12, 13], which could limit the lifetime antibiotic ex-
posure of PwCF and the associated risks of drug reactions, un-
common or cumulative toxicity, and possibly resistance.

Using the CF Foundation Patient Registry [14] (CFFPR)–
Pediatric Health Information System [15] (PHIS; Children’s 
Hospital Association, Lenexa, KS) linked dataset described 
below [16], we aimed to evaluate the PEx treatment of PwCF 
and chronic Pa infection and to determine if better clinical out-
comes are achieved in those treated with double vs single IV 
antipseudomonal antibiotic strategies. We tested the hypothesis 
that, among PwCF aged 6–21 years with chronic Pa infection, 
the use of 2 IV antipseudomonal antibiotics for PEx treatment 
would be associated with improved clinical outcomes compared 
with treatment with 1 IV antipseudomonal antibiotic.
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METHODS

Study Design

We performed a retrospective cohort study using data from 
the CFFPR-PHIS linked dataset, which contains clinical and 
demographic information from 10 660 US children and ado-
lescents with CF from 2005 through 2018 [16]. This linked 
dataset provides comprehensive outpatient and in-hospital 
data from PwCF to systematically capture both inpatient 
antibiotics for PEx treatment and clinical outcomes (ie, 
lung function) in children with CF. Important demographic 
(eg, age, sex) and clinical characteristics (eg, lung function, 
CF microbiology) were obtained from the CFFPR, while 
in-hospital medication administration data (ie, use of 1 vs 
2 IV antipseudomonal antibiotics) and length of stay were 
captured from PHIS. CFFPR data are collected using stand-
ardized forms and manually entered by staff at each care site 
who review medical records and/or patient-reported forms 
[14], while PHIS data are electronically updated on a quar-
terly basis and subjected to continuous data quality reviews 
[15]. Exact/close match and PHIS-only encounters were in-
cluded for analysis [17].

Our primary study aims were to determine if the use of 2 IV 
antipseudomonal antibiotics for PEx treatment would be asso-
ciated with a greater pre- to post-PEx change in percent pre-
dicted forced expiratory volume in 1 second (ppFEV1), a higher 
odds of returning to ≥90% of baseline ppFEV1, and a longer 
time to the next PEx requiring IV antibiotics compared with 
PEx treatment with 1 IV antipseudomonal antibiotic.

Study Definitions

As has been done previously [18], the baseline ppFEV1 was 
defined as the highest ppFEV1 measurement recorded within 
6 months prior to a study PEx. Pre-PEx treatment lung func-
tion was defined as the lowest ppFEV1 recorded within 30 days 
prior to admission up to the first in-hospital ppFEV1 measure-
ment. Post-PEx treatment lung function was defined as the last 
in-hospital ppFEV1 measurement or the earliest ppFEV1 meas-
urement recorded after the hospital stay up to day 42, which-
ever was highest. To evaluate return to baseline lung function, 
the best ppFEV1 within 3 months following the study PEx was 
compared with the baseline ppFEV1 [19]. Time to next PEx 
requiring IV antibiotics was defined as the time between the 
study PEx discharge date and subsequent hospitalization re-
quiring IV antibiotics. In the event no subsequent PEx oc-
curred, PwCF were censored at the last CFFPR encounter date. 
Chronic Pa infection was defined as Pa culture positivity in at 
least 2 age quarters per year for 2 consecutive years prior to a 
study PEx [20]. Antibiotic exposure was defined as use of either 
1 or 2 IV antipseudomonal antibiotics on at least 80% of hos-
pital days (IV antipseudomonal antibiotics used are listed in the 
Supplementary Materials).

Inclusion and Exclusion Criteria

PwCF and chronic Pa infection were included if hospitalized 
for a PEx between 2007 and 2018, were aged 6–21 years, and 
received either 1 or 2 IV antipseudomonal antibiotics within 
48 hours of admission. To ensure each participant had an op-
portunity to return to ≥90% of baseline ppFEV1, eligible PEx 
required a minimum drop in ppFEV1 of ≥3% from baseline to 
admission. Individuals with a history of solid organ transplant 
or malignancy were excluded. Exclusion criteria for each study 
PEx included a culture positive for nontuberculous mycobac-
teria or Burkholderia cepacia complex species within the pre-
ceding 12  months, intensive care unit stay, PEx requiring IV 
antibiotics within the preceding 3 months, or length of stay <5 
or >35 days. We elected to exclude PEx requiring IV antibiotics 
within the preceding 3 months to allow a participant to recover 
to lung function baseline prior to another PEx event.

Analytic Methods

Cohort demographic and clinical characteristics were described 
numerically using medians and interquartile ranges (IQRs) for 
continuous variables and counts and proportions for categorical 
variables. The unit of analysis was the study PEx, and PwCF 
were allowed to have multiple study PEx. To account for cor-
relations between multiple PEx per person, repeated data anal-
ysis methods were used. Pre- to post-PEx change in ppFEV1 
was regressed on IV antipseudomonal antibiotic exposure (1 
vs 2) using a linear mixed-effect model containing random in-
tercept terms for study site and participants. Return to base-
line ppFEV1 was regressed on IV antipseudomonal antibiotic 
exposure (1 vs 2)  using a generalized linear model based on 
generalized estimating equations assuming a binomial distribu-
tion and logit link function. The association between number 
of IV antipseudomonal antibiotics (1 vs 2)  and time to next 
PEx requiring IV antibiotics was evaluated using Kaplan-Meier 
curves and a conditional Cox proportional hazard regression 
model with robust standard errors and baseline hazard strat-
ified by current study PEx number within patient (1, 2, 3, or 
greater). This stratification was performed to ensure that PwCF 
were included in the correct risk set depending on their prior 
PEx history. A  full list of model covariates is available in the 
Supplementary Materials. Variability in antipseudomonal an-
tibiotic use (1 vs 2)  across PHIS hospitals was accounted for 
by including site as a random effect and using an exchangeable 
correlation matrix.

Due to concerns that confounding by indication (ie, PwCF 
with greater baseline disease comorbidity, for example, renal or 
hepatic impairment might be more likely to receive 1 IV due 
to concerns for antibiotic-related toxicity), we used stabilized 
inverse probability of treatment weighting (as used in prior ana-
lyses to address confounding by indication [18, 21]) to reweight 
our sample and balance measured confounders between groups 
(model details available in the Supplementary Materials). For 
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PwCF with 2 or more PEx in the dataset, each study PEx could 
have either 1 or 2 IV antipseudomonal antibiotics. The data 
were structured at the study PEx level, where each patient had 
a minimum of 1 study PEx. Mixed effects models were used to 
account for repeat observations per patient and correlations be-
tween these observations. 

Kaplan-Meier curves and Schoenfeld residual plots were 
used to assess the proportional hazards assumption for the 
Cox model assessing time to next PEx. There was no evi-
dence of violation of the proportional hazards assumption (see 
Supplementary Figures 1–4). For change in pre- to post-PEx 
ppFEV1, we examined scatterplots to assess the linearity as-
sumption. For both change in pre- to post-PEx ppFEV1 and 
return to ≥90% of baseline ppFEV1, histograms were used to 
assess the normality of model residuals.

The Seattle Children’s Hospital Institutional Review Board 
approved the study.

Additional Analyses

Due to concerns related to misclassification of antibiotic expo-
sure, we performed a subset analysis that defined antibiotic ex-
posure as use of either 1 or 2 IV antipseudomonal antibiotics in 
100% (rather than only 80%) of hospital days. A separate sen-
sitivity analysis compared clinical outcomes among PEx treated 

with 1 vs 2 IV antipseudomonal antibiotics with or without the 
addition of an inhaled antibiotic. We performed an additional 
sensitivity analysis that excluded PEx treated with oral quin-
olones due to the fact that oral and IV quinolones have sim-
ilar bioavailability. Last, a separate analysis using the antibiotic 
spectrum score [22] compared regimens that contained anti-
biotics categorized as broader (meropenem/tobramycin and 
piperacillin-tazobactam/tobramycin) vs narrower (ceftazidime/
tobramycin and cefepime/tobramycin) spectrum among a 
subset of PEx treated with 2 IV antipseudomonal antibiotics.

RESULTS

Primary Analysis

After applying inclusion and exclusion criteria, 1080 PwCF 
and chronic Pa infection contributed 2578 study PEx between 
2007 and 2018 (Figure 1) and 591 (55%) participants contrib-
uted multiple PEx events. Among these, 2123 PEx treated with 
2 IV antipseudomonal antibiotics and 455 PEx treated with 1 IV 
antipseudomonal antibiotic were available for analysis. Median 
length of stay was the same (11  days; IQR, 8–14) among PEx 
treated with either 1 or 2 IV antipseudomonal antibiotics. When 
only 1 IV antipseudomonal antibiotic was administered, it was 
most commonly a beta-lactam (Supplementary Table 1). Among 
all PHIS hospitals, there was substantial variability in the use of 1 vs 

Figure 1.  Flow diagram illustrating cohort selection. Abbreviations: IV, intravenous; Pa, Pseudomonas aeruginosa; PEx, pulmonary exacerbation; ppFEV1, percent predicted 
forced expiratory volume in 1 second; PwCF, people with cystic fibrosis.
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2 IV antipseudomonal antibiotics for CF PEx treatment (Figure 2). 
PwCF and chronic Pa infection treated with 1 IV antipseudomonal 
antibiotic had a lower baseline ppFEV1 (74.9%; IQR, 60.0–87.8) 
and were more likely treated for at least 2 PEx in the 12 months 
prior to a study PEx (54%) compared with PwCF treated with 2 IV 
antipseudomonal antibiotics (ppFEV1 78.8%; IQR, 62.8–91.5) and 
40% treated for at least 2 PEx in the 12 months prior to a study PEx 
(Table 1). In addition, PwCF treated with 1 IV antipseudomonal 
antibiotic had a higher prevalence of methicillin-resistant 
Staphylococcus aureus (MRSA) and multidrug-resistant Pa (MDR-
Pa) infection (45% and 16%, respectively) compared with PwCF 
treated with 2 IV antipseudomonal antibiotics (35% and 8%, re-
spectively). Oral antipseudomonal antibiotics were used in 14% of 
PEx treated with 1 IV antipseudomonal antibiotic compared with 
2% of PEx treated with 2 IVs (a time-varying covariate in the in-
verse probability of treatment weighting models).

The median drop in ppFEV1 on admission from baseline was 
13.8% (IQR, 8.6–20.6) and 14.5% (IQR, 9.1–21.7) among PEx 
treated with 1 vs 2 IV antipseudomonal antibiotics, respectively, 
while median pre- to post-PEx change in ppFEV1 was 12.2% 
(IQR, 5.5–22.9) and 13.9% (IQR, 6.5–25.5) among PEx treated 
with 1 vs 2 IV antipseudomonal antibiotics, respectively. An 
identical proportion (79%) of PEx treated with either 1 or 2 IV 
antipseudomonal antibiotics had return to ≥90% of baseline 
ppFEV1. Among those in this cohort, 88% had a subsequent 
PEx; 12% were censored at the last CFFPR encounter date (me-
dian time to censor was 1110 days (IQR, 234–2292). The median 
time to next PEx requiring IV antibiotics was similar for each 
treatment group (117 days; IQR, 69–219) for PEx treated with 1 
IV antipseudomonal antibiotic and 142 days (IQR, 80–259) for 
PEx treated with 2 IV antipseudomonal antibiotics.

Table 2 presents the inverse probability of treatment weighting 
adjusted results from the linear mixed-effects (pre- to post-PEx 

treatment change in ppFEV1), generalized estimating equation 
logistic regression (return to ≥90% of baseline ppFEV1), and 
Cox proportional hazards regression (time to next PEx requiring 
IV antibiotics) models. PEx treated with 1 IV antipseudomonal 
antibiotic had no statistically significant differences in pre- to 
post-PEx treatment ppFEV1 (–0.84%; 95% confidence interval 
[CI], –2.25 to .56; P = .24), odds of returning to ≥90% of base-
line ppFEV1 (odds ratio [OR], 0.83; 95% CI, .61 to 1.13; P = .24), 
or time to next PEx requiring IV antibiotics (hazard ratio [HR], 
1.04; 95% CI, .87 to 1.24; P = .69) compared with treatment 
with 2 IV antipseudomonal antibiotics.

Additional Analyses

When PEx were restricted to those with 100% of hospital days 
receiving either 1 or 2 IV antipseudomonal antibiotics (ie, no 
change in antibiotic exposure during the hospitalization), 367 
PEx treated with 1 IV antipseudomonal antibiotic and 1522 
PEx treated with 2 IV antipseudomonal antibiotics were avail-
able for analysis. No statistically significant differences were 
seen in pre- to post-PEx treatment ppFEV1 (–0.57%; 95% CI, 
–2.88 to 1.74; P = .63), odds of returning to ≥90% of baseline 
ppFEV1 (OR, 0.79; 95% CI, .56 to 1.11; P = .17), or time to next 
PEx requiring IV antibiotics (HR, 0.99; 95% CI, .81 to 1.22; 
P = .96) among PEx treated with 1 vs 2 IV antipseudomonal 
antibiotics.

We previously studied the effects of adding inhaled antibiotics 
to IV antibiotic therapy for PEx treatment and found no clinical 
benefits [18]. To determine whether inhaled antibiotics had dif-
ferential effects among our 2 treatment groups, we performed a 
sensitivity analysis that reclassified antibiotic exposure as 1 vs 2 IV 
antipseudomonal antibiotics with or without the addition of an 
inhaled antibiotic. Supplementary Tables 2–4 illustrate results of 
the inverse probability of treatment weighting regression models 

Figure 2.  Proportion of PEx treated with 2 vs 1 IV antipseudomonal antibiotics by PHIS hospital. The number below each PHIS hospital indicates the number of PEx included 
in the analysis from each PHIS hospital. Abbreviations: Abx, antibiotics; IV, intravenous; PEx, pulmonary exacerbation; PHIS, Pediatric Health Information System.
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for this sensitivity analysis. Similar to the primary analysis, no 
statistically significant differences were seen in the pre- to post-
PEx treatment ppFEV1 or in the odds of recovering to ≥90% of 
baseline ppFEV1 among the 4 antibiotic exposure groups. When 
compared with the reference group (2 IV antipseudomonal anti-
biotics without an inhaled antibiotic), the only antibiotic expo-
sure group with an increased hazard of future PEx was treatment 
with 1 IV and 1 inhaled antipseudomonal antibiotic (HR, 1.31; 
95% CI, 1.06 to 1.63; P = .014). Similar to our primary analysis, 
our sensitivity analysis in which PEx treated with oral quinolone 
antibiotics were removed did not find any statistically significant 
differences in any of the 3 clinical outcomes (Supplementary 
Table 5).

Finally, we performed a separate analysis to compare out-
comes of broader- vs narrower-spectrum antipseudomonal 
antibiotic regimens among a subset of PEx treated with 2 IV 
antipseudomonal antibiotics. Supplementary Table 6 illustrates 
the PEx-level characteristics among the 4 IV antibiotic pairs 
[22]. In inverse probability of treatment weighting regression 
models, there were no statistically significant differences in pre- 
to post-PEx treatment ppFEV1 (0.80%; 95% CI, –.56 to 2.16; 
P = .90) or odds of returning to ≥90% of baseline ppFEV1 (OR, 
0.99; 95% CI, .74 to 1.32; P = .93) between PEx treated with nar-
rower- vs broader-spectrum IV antipseudomonal antibiotics. 
PEx treated with narrower-spectrum IV antipseudomonal anti-
biotics had a reduced hazard for future PEx requiring IV anti-
biotics (HR, 0.86; 95% CI, .76 to 0.98; P = .021) when compared 
with PEx treated with broader-spectrum IV antipseudomonal 
antibiotics (Table 3).

Table 1.  Pulmonary Exacerbation–Level Characteristics of the Cohort by 
Antibiotic Exposure

Variable
2 IV Antipseudomonal 
Antibiotics (N = 2123)

1 IV 
Antipseudomonal 

Antibiotic (N = 455)

Demographic variables   

  Age (years) 16.1 (13.3–18.0) 16.2 (13.3–18.1)

  Sex (male) 936 (44%) 210 (46%)

  Ethnicity   

    Non-Hispanic White 1602 (75%) 286 (63%)

    Hispanic White 310 (15%) 128 (28%)

    Other/Unknown 211 (10%) 41 (9%)

  One class I–III mutation 87 (4%) 8 (2%)

  Two class I–III mutations 1774 (84%) 362 (80%)

  Other/Unknown genotype 258 (12%) 85 (19%)

  Public insurance 1337 (63%) 308 (68%)

  Private insurance 759 (36%) 138 (30%)

  Other insurance 27 (1%) 9 (2%)

Clinical variables   

  Baselinea ppFEV1 78.8% (62.8–91.5) 74.9% (60.0–87.8)

  Admissionb ppFEV1 60.5% (46.0–74.8) 58.4% (44.3–70.3)

  Body mass index percentile 31.2% (10.7–57.5) 37.1% (15.2–62.2)

  Cystic fibrosis–related  
diabetes 

715 (34%) 157 (35%)

  Pa at most recent culture 1633 (77%) 357 (78%)

  Multidrug-resistant Pa  
infection

177 (8%) 72 (16%)

  Methicillin-sensitive Staphy-
lococcus aureus infection

478 (23%) 97 (21%)

  Methicillin-resistant  
S. aureus infection

753 (35%) 206 (45%)

  Stenotrophomonas 
maltophilia infection

136 (6%) 37 (8%)

  Achromobacter xylosoxidans 
infection

69 (3%) 20 (4%)

  Number of PEx events   

  Requiring IV antibiotics in 
prior 12 months

  

    1 722 (34%) 127 (28%)

    ≥2 853 (40%) 254 (54%)

Medication   

  Pancreatic enzymes 2024 (95%) 446 (98%)

  Chronic inhaled antibiotic 2029 (96%) 449 (99%)

  Use in prior 12 months   

  Inhaled antibiotic (during 
study PEx)

433 (20%) 248 (55%)

  Oral antipseudomonal antibi-
otic (during study PEx)

49 (2%) 65 (14%)

  Non-antipseudomonal oral 
antibiotic (during study 
PEx)

488 (23%) 82 (18%)

  Non-antipseudomonal IV an-
tibiotic (during study PEx)

512 (24%) 168 (37%)

  Azithromycin (during study PEx) 1283 (60%) 267 (59%)

  Systemic corticosteroid 
(during study PEx)

281 (13%) 87 (19%)

  Cystic fibrosis transmem-
brane regulator modulator 
(during study PEx)

233 (11%) 49 (11%)

Abbreviations: IV, intravenous; Pa, Pseudomonas aeruginosa; PEx, pulmonary exacerba-
tion; ppFEV1, percent predicted forced expiratory volume in 1 second. 
aDefined as the highest ppFEV1 recorded within 6 months prior to a study PEx. 
bDefined as the lowest ppFEV1 recorded within 30 days prior to admission up to the first 
in-hospital ppFEV1 measurement.

Table 2.  Comparison of Pre- to Post-Pulmonary Exacerbation (PEx) 
Treatment Change in Percent Predicted Forced Expiratory Volume in 1 
Second (ppFEV1), Return to ≥90% of Baseline ppFEV1, and Time to Next 
PEx Requiring Intravenous (IV) Antibiotics for PEx Treated With 1 vs 2 IV 
Antipseudomonal Antibiotics

Variable IPTW Adjusteda P value

Change in ppFEV1

Estimate (95% CI)b

1 IV Antipseudomonal Antibiotic 
(reference: 2 IV)

−0.84% (−2.25, 0.56) 0.24

Return to ≥90% of Baseline 
ppFEV1

Odds Ratio (95% CI)c

1 IV Antipseudomonal Antibiotic 
(reference: 2 IV)

0.83 (0.61, 1.13) 0.24

Time to Next PEx

Hazard Ratio (95% CI)d

1 IV Antipseudomonal Antibiotic 
(reference: 2 IV)

1.04 (0.87, 1.24) 0.69

Abbreviations: CI, confidence interval; IV, intravenous; IPTW (Inverse probability of treat-
ment weighting); ppFEV1 (percent predicted forced expiratory volume in one second).
aThese models contain length of stay, non-antipseudomonal antibiotic switching, and oral 
antipseudomonal antibiotic switching as covariates.
bLinear mixed-effect model.
cGeneralized estimating equation logistic regression model.
dCox-proportional hazard regression model.
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DISCUSSION

In contrast to our hypothesis, this retrospective observational 
study of more than 2500 PEx from more than 1000 PwCF aged 
<21 years with chronic Pa infection found no statistically signif-
icant differences in well-established clinical outcomes following 
PEx treatment with 1 vs 2 IV antipseudomonal antibiotics. 
PwCF who were treated with 1 IV antipseudomonal antibiotic 
tended to be sicker (eg, lower baseline ppFEV1, more prior PEx 
requiring IV antibiotics, higher infection rate with MRSA and 
MDR-Pa) upon PEx treatment, consistent with confounding by 
indication. One possible explanation for these observed differ-
ences is that clinicians prescribed 1 IV antipseudomonal anti-
biotic to limit additional IV antibiotic exposure among PwCF 
with a history of antibiotic-related adverse events (eg, acute 
hepatic impairment, acute kidney injury). We used inverse 
probability of treatment weighting in an attempt to rigorously 
address this bias. This method allows for the balance of known 
covariates during study design and prior to performing the ana-
lyses [23, 24].

Current CF Foundation PEx guidelines note that not 
enough evidence exists to conclude whether a single IV 
antipseudomonal antibiotic strategy is therapeutically equiva-
lent to combination antibiotics for PEx treatment [5]. Potential 
advantages to double IV therapy include reducing the selec-
tion of antibiotic-resistant organisms, synergistic antimicrobial 

effects, and an ability to target non-Pa gram-negative organisms 
[6-9]. However, there is evidence that combination antibiotic 
therapy actually predisposes to antimicrobial resistance. For ex-
ample, in vitro data comparing the development of Pa resistance 
during combination therapy with ceftazidime and ciprofloxacin 
compared with single-drug therapy noted more frequent selec-
tion by double-antibiotic treatment of broad-spectrum resist-
ance to both antibiotics in the combination and to unrelated 
antibiotics from different drug classes [25]. The development 
of multidrug-resistant Pa has important clinical implications, 
as it has been associated with CF-related lung disease progres-
sion [26].

Only 1 randomized trial has compared 1 vs 2 antipseudomonal 
antibiotics for PEx treatment of PwCF with Pa infection [27]. 
This study from 1999 compared PEx treatment with azlocillin/
tobramycin to azlocillin/placebo in 76 PwCF. These adults 
with CF had severe obstructive lung disease (mean admis-
sion ppFEV1 was 34%–38%), in contrast to our pediatric co-
hort for whom the median baseline ppFEV1 was 74%–79%. 
In the prior randomized trial, no significant differences were 
found in change in ppFEV1 or exacerbation score, although 
time to PEx readmission was longer in the group that received 
azlocillin/tobramycin. In addition, consistent with the in vitro 
results discussed above, more tobramycin-resistant Pa isolates 
were seen among PwCF treated with combination therapy. In 
comparison, in our study, we found no increased hazard of fu-
ture PEx among PwCF treated with 1 IV antipseudomonal an-
tibiotic compared with treatment with 2 IV antipseudomonal 
antibiotics. Unfortunately, our study design did not allow us to 
determine if treatment-emergent antimicrobial resistance was 
different between the 1 vs 2 IV antipseudomonal antibiotic 
groups, an important limitation.

In our sensitivity analysis comparing broader- vs narrower-
spectrum IV antipseudomonal antibiotic therapy, no statistically 
significant differences were seen in pre-to post-PEx treatment 
ppFEV1 or odds of returning to ≥90% of baseline ppFEV1; a re-
duced hazard for future PEx was seen in the narrower-spectrum 
antibiotic group compared with broader-spectrum therapy. To 
our knowledge, only 2 prospective studies (both randomized 
trials) have compared narrower- vs broader-spectrum IV anti-
biotic approaches for CF PEx treatment. The first trial (N = 102) 
evaluated outcomes of PEx treatment with either meropenem/
tobramycin or ceftazidime/tobramycin [28]. Significant clin-
ical improvement (change in ppFEV1) occurred in both treat-
ment groups, although a larger proportion of participants in the 
meropenem/tobramycin group demonstrated ≥15% ppFEV1 
improvement by treatment day 7.  The second randomized 
trial (N = 118) also compared meropenem/tobramycin with 
ceftazidime/tobramycin for PEx treatment [29]. In contrast to 
the first study, similar improvements in lung function were seen 
between both groups, although a statistically significant higher 
elevation in alkaline phosphatase was seen among PwCF treated 

Table 3.  Comparison of Pre- to Post-Pulmonary Exacerbation (PEx) 
Treatment Change in ppFEV1, Return to ≥90% of Baseline ppFEV1, and Time 
to Next PEx Requiring Intravenous (IV) Antibiotics between PEx Treated 
with Narrower-Spectrum versus Broader-Spectrum IV Antipseudomonal 
Antibiotics

Variable
Inverse Probability of Treatment 
Weighting–Adjusteda P value

Change in ppFEV1

Estimate (95% CI)b

Broader-spectrum (refer-
ence: Narrower)

0.80% (−0.56, 2.16) 0.25

Return to ≥90% of Baseline 
ppFEV1

Odds Ratio (95% CI)c

Broader-spectrum (refer-
ence: Narrower)

0.99 (0.74, 1.32) 0.93

Time to Next PEx

Hazard Ratio (95% CI)d

Broader-spectrum (refer-
ence: Narrower)

0.86 (0.76, 0.98) 0.02

Narrow-spectrum includes ceftazidime/tobramycin and cefepime/tobramycin. 
Broaderspectrum includes meropenem/tobramycin and piperacillin-tazobactam/
tobramycin.

Abbreviations: CI, confidence interval; ppFEV1, percent predicted forced expiratory volume 
in 1 second.
aThese models contain length of stay, non-antipseudomonal antibiotic switching, and oral 
antipseudomonal antibiotic switching as covariates.
bLinear mixed-effect model.
cGeneralized estimating equation logistic regression model.
dCox-proportional hazard regression model.
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with meropenem/tobramycin. While broader-spectrum anti-
biotics generally have more activity against anaerobic bacteria 
than narrower-spectrum agents, the role anaerobic bacteria play 
in the development of CF airway disease or PEx development is 
unclear [30, 31]. Furthermore, broad-spectrum antibiotics may 
negatively impact health outcomes as they are associated with 
deleterious alterations to the gut microbiome [32], pediatric 
obesity [33], and the long-term development of antibiotic re-
sistance [34]. These observations underscore the need for more 
prospective studies to compare broader- vs narrower-spectrum 
antibiotic regimens for PEx treatment.

Strengths of this study include the large number of PEx avail-
able for analysis and the use of the CFFPR-PHIS dataset that is 
generalizable to US pediatric PwCF. In addition, results from 
our primary and sensitivity analyses evaluating clinical out-
comes between PEx treated with 1 vs 2 IV antipseudomonal 
antibiotics all produced similar results, strengthening the 
overall validity of the study findings.

Importantly, this study has several limitations. The most 
important relates to confounding by indication. While we at-
tempted to minimize this bias by using inverse probability of 
treatment weighting, a randomized, controlled trial would be 
ideal to account for unmeasured confounders. All registry-
based studies are prone to missingness and misclassification. 
While we tried to address this with a sensitivity analysis, mis-
classification of antibiotic exposure (eg misclassification of an 
IV antipseudomonal as oral) might have affected study results. 
We excluded adults with CF since they are less likely to be fol-
lowed at a PHIS-participating pediatric hospital. Finally, due to 
CFFPR-PHIS dataset limitations, we were unable to accurately 
identify important antibiotic-related adverse events, including 
the incidence of acute kidney injury, allergic reactions, or 
Clostridium difficile infection, that might have differed between 
the IV antipseudomonal antibiotic groups.

In conclusion, in this study, we found that a double vs single 
IV antipseudomonal antibiotic strategy for PEx treatment 
among PwCF and chronic Pa infection was not associated with 
improvement in any of the measured respiratory or clinical out-
comes. These results illustrate the possibility of limiting IV an-
tibiotic exposure for PEx treatment without sacrificing efficacy 
(particularly in the current era of highly effective cystic fibrosis 
transmembrane regulator modulator therapy that is expected to 
extend life expectancy [35]). This study provides equipoise and 
a compelling rationale for a prospective randomized, controlled 
trial to compare efficacy and safety of 1 vs 2 IV antipseudomonal 
antibiotics in children with CF and chronic Pa infection.
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