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Abstract

BACKGROUND—Single-center analyses have suggested that the number of CF pulmonary 

exacerbations (PEx) treated with intravenous antibiotics an individual has experienced in the prior 

year is significantly associated with their future PEx hazard.

METHODS—We studied prior-year PEx association with future PEx hazard by Cox proportional 

hazards regression among CF Foundation Patient Registry patients who experienced PEx after Jan 

1, 2010.

RESULTS—Among 13,579 patients, those with 1, 2, 3, or ≥4 prior-year PEx treated with 

intravenous antibiotics were at 1.8, 2.9, 4.8, and 8.7 higher PEx hazard vs those without (P<.

0001). Adjustment with significant demographic and clinical covariates (univariate P ≤.0001) 

reduced prior-year PEx hazard ratios to 1.6, 2.4, 3.6, and 6.0 (P <.0001). No other covariates had 

adjusted hazard ratios >1.7.

CONCLUSIONS—Prior-year PEx strongly associate with future PEx hazard and should be 

accounted for in prospective trials where treatment-associated change in PEx hazard is an efficacy 

outcome.
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BACKGROUND

Individuals with cystic fibrosis (CF) are susceptible to pulmonary exacerbations (PEx), acute 

periods of intense increases in signs and symptoms of lung infection coupled with decreased 

lung function and other complications such as weight loss and/or malaise (1). Although a 

consensus prospective PEx definition remains elusive, PEx-associated health outcomes have 

been studied retrospectively using the surrogate marker of treatment with antibiotics for 

respiratory symptoms (2–15). Using this approach, investigators have reported associations 

between CF PEx treated with intravenous (IV) antibiotics and a variety of adverse health 

outcomes, ranging from reduced quality of life to an increased mortality risk (4,6,8–15). 

Because of the recognized clinical importance of IV-treated PEx, reduction in IV-treated 

PEx hazard and increase in median time-to-next antibiotic treatment for PEx have been used 

as efficacy endpoints in controlled trials of both chronic CF respiratory therapies as well as 

PEx treatments themselves (16,17).

Past IV-treatment of PEx has been identified as a significant risk factor for future IV-

treatment of PEx in individuals with CF harboring multidrug-resistant bacterial airways 

infection (2), as well as in more diverse CF populations (5,18). In a recent analysis of time-

to-next IV-treated PEx among 193 pediatric and adult patients followed at the Cleveland 

Ohio CF Care Center, we observed that the number of IV-treated PEx an individual had 

experienced in the prior calendar year (Prior-Year PEx) had the strongest association with 

their future PEx hazard among over 60 clinical, demographic, and treatment covariates 

analyzed (18). Adjustment with covariates previously reported to be associated with future 

PEx hazard had little effect on the magnitude and or statistical significance of this 

association. To test the hypothesis that this association exists for the broader US CF 

population, we have characterized prior-year PEx number as an independent risk factor for 

future IV-treated PEx among individuals followed in the US CF Foundation Patient Registry 

(CFFPR) between 2009 and 2013 (19).

METHODS

To be included in analyses, CFFPR patients had to have been treated with IV antibiotics for 

PEx (termed a Care Episode in the CFFPR) at least once on or after January 1, 2010, and to 

have had at least one additional encounter or a death recorded after completion of that Care 

Episode by December 31, 2013. Patients also had to have data fields related to clinical 

complications completed in the CFFPR case report form during the calendar year (January 

through December) of their Index PEx, as well as annualized data and at least one encounter 

recorded for each calendar year included in the analyses (i.e., patients with an Index PEx in 

2010 and their next encounter recorded in 2012 were excluded for lacking 2011 data). Care 

Episodes and clinic visits occurring after lung transplantation were also excluded from 

analyses. Adults and guardians of children followed in the CFFPR provided consent for data 

analyses. CFFPR patient data were de-identified prior to analyses, which were approved 

prospectively by the CFFPR Registry Committee and the University Hospitals Case Medical 

Center Institutional Review Board (#01-15-15). Data management and manipulation were 

performed in R version 3.1 (R Foundation for Statistical Computing, Vienna, Austria). 

VanDevanter et al. Page 2

J Cyst Fibros. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analyses were performed with R v3.1 and MedCalc Statistical Software version 

14.10.2 (MedCalc Software bvba, Ostend, Belgium).

The start date of a patient’s first PEx Care Episode beginning on or after January 1, 2010 

was defined as the beginning of their Index PEx. Methods for calculating Index PEx 

treatment duration and time to next PEx are described in Figure 1. PEx beginning in the 

calendar year (January to December) prior to the year of the Index PEx were counted for 

each patient to create the covariate Prior-Year PEx, combining adjacent Care Episodes 

separated by <7 days (as in Figure 1). Demographic and treatment covariates for each 

patient were collected from CFFPR Annual Review data for the calendar year (January to 

December) in which their Index PEx began and separately for the prior year. Categorical 

variables were created from selected continuous variables (Prior-Year PEx, age at Index PEx 

end, body mass index [BMI], percent predicted forced expiratory volume in 1 second 

[FEV1% predicted]), where all missing values were assigned to a unique category. Age and 

FEV1 categories were selected based on previous analyses (12,18), BMI categories were 

chosen based on distribution within the study population. For FEV1, missing values were 

divided into separate categories for those patients <6 years of age at the end of their Index 

PEx and those ≥6 years of age. The CFFPR uses the Global Lung Initiative normative 

equations (20) to calculate FEV1 % predicted. Duration of IV treatment associated with the 

Index PEx was divided into three categories: <9 days (‘short’), 9–14 days (‘usual’), and >14 

days (‘extended’).

Association of Prior-Year PEx with time to next PEx was studied by Kaplan-Meier survival 

analysis to select appropriate categorical values of Prior-Year PEx for subsequent analyses. 

The potential for other demographic and clinical covariates (e.g., age, FEV1, pulmonary 

complications) to account for differences in time to next PEx associated with Prior-Year PEx 

was studied by Cox proportional hazard regression. Proportionality of the Prior-Year PEx 

covariate with respect to future PEx hazard over time was investigated graphically by 

plotting log-log survival and Schoenfeld residuals, and tested using a weighted residuals 

approach (21). Cox proportional hazard regression of Prior-Year PEx for future PEx hazard 

was first performed as univariate analysis and subsequently modeled with inclusion of 

demographic and clinical complication covariates with a univariate future PEx hazard ratio 

having P ≤.0001. Distributions of patient demographics and clinical covariates among Prior-

Year PEx categories during the year of the Index PEx were also tabulated. Proportional 

hazards regressions were repeated using annualized clinical and demographic covariates 

from the calendar year prior to the Index PEx (i.e., the same year during which the covariate 

Prior-Year PEx was collected) as a sensitivity analysis.

In order to characterize associations of chronic pulmonary medications prescribed during the 

Index PEx calendar year and future PEx hazard, treatment covariates were tabulated by 

Prior-Year PEx category and characterized by univariate Cox proportional hazard modeling 

and with adjustment for Prior-Year PEx. Patients missing all chronic pulmonary medication 

data during their Index year were excluded from these analyses.
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RESULTS

Among 16,410 CFFPR patients experiencing an IV-treated PEx on or after January 1, 2010, 

13,579 met study inclusion criteria and contributed an Index PEx to the analysis 

(Supplemental Figure 5). A majority of these patients (8098; 59.6%) had not experienced a 

PEx treated with IV antibiotics in the prior calendar year, while 18.1% (2457) had 

experienced one Prior-Year PEx, 10.8% (1466) had experienced two, and the remaining 

11.5% (1558) had experienced three or more (Table 1).

A total of 10,694 patients (78.8%) experienced a second Care Episode during which IV 

antibiotics were administered for PEx after their Index PEx and prior to December 31, 2013. 

Median time to next PEx from the end of the Index PEx (accounting for censored patients) 

was 273 days [95% CI 267, 281]. The number of IV-treated PEx a patient had experienced in 

the calendar year prior to their Index PEx (Prior-Year PEx) was strongly associated with 

time-to-next PEx by Kaplan-Meier survival analysis. Median times to next PEx were 

significantly different for patients with 0, 1, 2, 3, and 4 Prior-Year PEx, while median times 

to next PEx for patients with greater Prior-Year PEx values were less well separated (Figure 

2). Based on this observation, 796 patients with a Prior-Year PEx value ≥4 were combined 

into a single category for Prior-Year PEx categorical analyses. Median time to next PEx 

among patients with no Prior-Year PEx was 389 days [379, 402], compared with 237 

[226,250], 162 [155,170], 112 [105, 119], and 62 [56, 66] days among those with 1, 2, 3, 

and ≥4 Prior-Year PEx (Figures 2 and 3).

Some categorical demographic covariates showed consistent increases in prevalence with 

increasing Prior-Year PEx, including female sex, Medicaid Insurance coverage, smoking, 

and exposure to second hand smoke, as well as supplemental feeding, ventilation, and 

oxygen utilization. In contrast, covariates such as F508del genotype and mean BMI did not 

appear to differ substantially across Prior-Year PEx categories (Table 1). Among individuals 

with an FEV1 recorded for the year of their Index PEx, lower FEV1 % predicted was 

associated with increased Prior-Year PEx, and patients 6 years of age or older with an 

unknown FEV1 were more likely to have higher Prior-Year PEx values than those <6 years 

of age. Increasing age was associated with higher Prior-Year PEx values up to age 25, 

beyond which there was a decrease in the proportion of patients with higher Prior-Year PEx 

values, suggestive of a survival effect.

The prevalence of clinical complications associated with CF, including ABPA, massive 

hemoptysis, pneumothorax, sinus disease, hepatic steatosis, GERD, CF-related diabetes, 

cirrhotic and non-cirrhotic liver disease, pancreatitis, and hypertension tended to increase as 

Prior-Year PEx increased (Table 2). Similarly, P. aeruginosa, MRSA, and Burkholderia 
cepacia complex isolation from respiratory secretions during the Index PEx calendar year 

was more common in patients with higher Prior-Year PEx (Supplemental Table 3), as were 

the prescription of most chronic pulmonary medications (Supplemental Table 4).

Proportionality of Prior-Year PEx with respect to future PEx hazard was observed to change 

with increasing observation time, being fairly consistent through the first 6 months after the 

end of Index PEx treatment and becoming increasingly less so with extended observation. 
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For this reason, Cox proportional hazard regressions were limited to the 24-week period 

immediately following the end of Index PEx IV treatment (gray box, Figure 2).

Future PEx hazard ratios associated with Prior-Year PEx categories over the 24 weeks 

following Index PEx treatment were large and highly significant (P <.0001) by Cox 

proportional hazards modeling, with hazard ratios among patients with Prior-Year PEx 

ranging from 1.8 to 8.7 compared to patients who did not have an IV-treated PEx in the prior 

year (Figure 4). Adjustment of Prior-Year PEx hazard ratios with demographic and clinical 

covariates with significant (P ≤.0001) univariate associations with future PEx hazard 

modestly reduced observed Prior-Year PEx hazard ratios to a range of 1.6 to 6.0 (Figure 4). 

By comparison, the largest adjusted future PEx hazard ratio among all other covariates 

included in the model was 1.7 (oxygen supplementation versus none, Figure 4). Sensitivity 

analyses in which Prior-Year PEx hazard ratios were adjusted with clinical and demographic 

covariates collected during the calendar year prior to the Index PEx had essentially no effect 

on this observation.

A total of 48 patients (0.4%) were missing all chronic pulmonary medication data during 

their Index PEx year and were excluded from modeling of associations between chronic 

therapies and future PEx hazard ratios (Supplemental Table 4). Only three chronic therapies 

(hypertonic saline, high-dose ibuprofen, and inhaled corticosteroids) did not have a highly 

significant (P <.0001) univariate association with increased future PEx hazard within 6 

months of the Index PEx; hazard ratios for other therapies ranged from 1.18 for leukotriene 

modifiers to 1.92 for inhaled colistimethate (Supplemental Table 4). With the exception of 

hypertonic saline, addition of Prior-Year PEx to modeling as a categorical variable reduced 

future PEx hazard associated with all other chronic therapies over the 24 weeks following 

Index PEx treatment.

DISCUSSION

History of IV-treated PEx has been shown in previous single-center analyses to be an 

important covariate associated with future IV-treated PEx hazard among CF patients (2,18). 

The current analysis of >13,500 CFFPR patients confirms and expands upon these previous 

observations. The sample size of our previous analysis of Cleveland CF Care Center patients 

(N=193) precluded distinction in future PEx hazard between patients with one versus two 

IV-treated PEx in the prior year, or for patients with three versus more than three PEx in the 

prior year. With this much larger sample, we have observed that as Prior-Year PEx rises from 

zero through nine events, median time to next PEx drops correspondingly (Figure 3).

As with all observational registry studies, there are inherent limitations to these analyses, as 

they are dependent on accurate and complete capture of patient data by CF care centers, and 

we were unable to randomly audit for data accuracy or submit queries for missing data 

fields. In order to accurately assess time to next PEx from the end of an Index PEx 

treatment, we necessarily discarded >10% of patients who had apparently useful Index PEx 

but who were lacking data between the calendar year of their Index PEx and the calendar 

year of either their next recorded PEx or censor date (Supplemental Figure 5). There is no 

method to determine whether the future PEx hazards of these discarded patients were 
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comparable to those of retained patients. In addition, our analyses have been necessarily 

limited to PEx treated with IV antibiotics, and it is not possible to extrapolate our findings to 

risk of PEx treated with antibiotics by other routes, which may not share this relationship. 

Finally, the use of annualized data to adjust for future PEx hazard is challenging, as clinical 

complications may have arisen after both the Index PEx and subsequent PEx but within the 

Index year. However, use of clinical complications recorded in the prior year (which avoid 

this possible problem) provided essentially identical results.

Interestingly, associations of PEx treatment decisions (duration of IV treatment and location 

of treatment) with future PEx risk that we had previously observed in our single center 

analysis (18) were also observed in this more definitive study. Very short IV treatments and 

those without hospital admission were associated with increased hazard of future PEx, 

results that run contrary to what might be expected from indication bias (where ‘healthier’ 

patients might be expected to be treated for shorter durations and/or without hospital 

admission and also have reduced hazard) and warrant further attention.

That past behavior is predictive of future performance with respect to PEx treatment with IV 

antibiotics is not a particularly novel or unexpected finding (2,5,18), although it is not a 

covariate that is uniformly included in Cox proportional hazard analyses (22). However, the 

remarkable strength of these relationships runs counter to some aspects of current thinking 

regarding CF exacerbation. PEx have been considered to be somewhat ‘random’ events 

(although it has been recognized that some patients are more ‘prone’ to these events than 

others [2,3,5,18,22]) that can be precipitated by stochastic ‘insults’ such as viral infection or 

air pollution (1,23,24), as well as delayed or avoided by increased intervention (1). These are 

important assumptions when change in PEx hazard is employed as an efficacy endpoint in 

randomized interventional studies (16). Our current results suggest that risk of treatment 

with IV antibiotics among individuals with apparently ‘similar’ clinical and demographic 

profiles may differ by as much as 6-fold within 6 months of their last PEx based solely on 

their prior treatment history, although we cannot infer that this covariate is also associated 

with risk of antibiotic treatment by other routes. This observation has important 

ramifications for design of randomized controlled CF trials that employ treatment-associated 

change in IV-treated PEx hazard as an efficacy endpoint: 1) stratification of subject 

randomization by Prior-Year PEx is more likely to balance baseline PEx hazard across 

treatment groups than stratification by FEV1 % predicted and/or age, and 2) adjustment for 

Prior-Year PEx when estimating treatment-associated reductions in PEx hazard should 

reduce variance and increase study power accordingly.

An individual’s frequency of IV treatment for PEx in the prior year is an ‘effect’ (as opposed 

to a cause) that has strong association with future PEx hazard, but the underlying bases for 

differences in PEx frequency and risk between apparently similar patients remain 

uncharacterized. Differences may result from (as yet uncaptured) biological differences 

between patients, unique behavioral interactions between patients and caregivers (note that 

this is a longitudinal phenomenon: in most instances the same care team/patient pair will 

have participated in past and future PEx treatments), or a mixture of both. Regardless of the 

reason(s), an individual’s propensity for IV treatment of PEx in the near term (time periods 

commonly covered by randomized clinical trials) appears to be less well predicted by their 
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age, lung function, sex, or the myriad of other covariates followed in CF patient registries, as 

by their recent treatment history. Further, although chronic pulmonary medications may 

attenuate future PEx hazard, these effects would appear to be relatively modest compared to 

the magnitude of hazard associated with PEx treatment history.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We studied association of past pulmonary exacerbations and future exacerbation 

risk

• More prior-year exacerbations were associated with greater exacerbation risk

• Adjustment with other exacerbation risk covariates had little effect on 

observations

• Prior-year exacerbations are important independent predictors of exacerbation
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Figure 1. Temporal Relationships of Care Episodes, Index PEx, Treatment Duration, Time to 
Event, and Prior-Year PEx
For each patient, the beginning of their first Care Episode for treatment of PEx recorded on 

or after Jan 1, 2010 during which at least one day of IV antibiotics were administered (CE1) 

was identified as the beginning of the Index PEx. Any subsequent PEx Care Episodes (CE2) 

that began shortly after the end of the previous episode (i.e., with a gap of <7 days from CE1 

end to CE2 start) were considered continuations of the same PEx and combined for analyses. 

Index PEx treatment duration was defined as the entire elapsed time from the start of CE1 to 

the end of all combined Care Episodes. PEx Care Episodes beginning ≥7 days after the end 

of a previous PEx were considered the start of a next PEx, and time to next PEx was 

calculated accordingly. For patients who had no subsequent PEx Care Episodes, the elapsed 

time from the end of their Index PEx to the date of their last recorded clinic encounter was 

collected. Prior-Year PEx were counted using Care Episodes in the calendar year preceding 

the Index PEx using the same method, where adjacent Care Episodes with gaps of <7 days 

were combined. In the example shown, two Prior-Year PEx consisted of three Care Episodes 

occurring in the preceding year.
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Figure 2. Kaplan-Meier Median Time-to-PEx by Number of Prior-Year PEx
White bars highlight Prior-Year PEx values where 95% CI for associated median times to 

next PEx do not overlap with adjacent values. Gray bars show Prior-Year PEx values where 

95% CI for associated median times to next PEx overlap with adjacent values. The black bar 

shows the median time to PEx for the group of pooled patients with Prior-Year PEx ≥4. 

CI=confidence interval.
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Figure 3. Kaplan-Meier Time-To-PEx by Prior-Year PEx Category
Vertical dashed lines represent censored patients. Patients at risk at different time points are 

shown for each category below the plot. The 24 week period studied by Cox proportional 

hazards regression is highlighted with a gray box
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Figure 4. Unadjusted and Adjusted Cox Proportional Hazards Modeling of PEx Hazard within 
24 weeks of Index PEx Treatment
Hazard ratios for demographic and clinical complication covariates with univariate P≤.0001, 

as well as PEx treatment and P. aeruginosa isolation status covariates, are shown unadjusted 

(open circles) and adjusted in a single Cox proportional hazards regression model (closed 

circles). Yrs= years, ABPA=allergic bronchopulmonary aspergillosis, 

GERD=gastroesophageal reflux disease.
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