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Abstract

Rationale:Chronic azithromycin is commonly used in cysticfibrosis
based on short controlled clinical trials showing reductions in
pulmonary exacerbations and improved FEV1. Long-term effects are
unknown.

Objectives: Examine pulmonary outcomes among chronic
azithromycin users compared with matched controls over years of
use and consider combined azithromycin use in cohorts using
chronic inhaled tobramycin or aztreonam.

Methods: This retrospective cohort study used the U.S. cystic
fibrosis Foundation Patient Registry. Incident chronic azithromycin
users were comparedwithmatched controls by FEV1%predicted rate
of decline and rates of intravenous antibiotic use to treat pulmonary
exacerbations. Propensity score methods were utilized to address
confounding by indication. Predefined sensitivity analyses based on
lung function, Pseudomonas aeruginosa (PA) status, and follow-up
time intervals were conducted.

Measurements and Main Results: Across 3 years, FEV1%
predicted per-year decline was nearly 40% less in those with
PA using azithromycin compared with matched controls
(slopes, 21.53 versus 22.41% predicted per yr; difference: 0.88;
95% confidence interval [CI], 0.30–1.47). This rate of decline did
not differ based on azithromycin use in those without PA. Among
all cohorts, use of intravenous antibiotics was no different between
azithromycin users and controls. Users of inhaled tobramycin and
azithromycin had FEV1% predicted per-year decline of 20.16
versus nonusers (95% CI,20.44 to 0.13), whereas users of inhaled
aztreonam lysine and azithromycin experienced a mean 0.49%
predicted per year slower decline than matched controls
(95% CI, 20.11 to 1.10).

Conclusions: Results from this study provide additional rationale
for chronic azithromycin use in PA-positive patients to reduce lung
function decline.
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Azithromycin (AZM) is a macrolide
antibiotic that has proven health benefits as a
chronic therapy in a variety of lung diseases
through both antimicrobial and postulated
immunomodulatory effects (1–6). Perhaps
the most frequent users of chronic AZM
therapy are those with cystic fibrosis (CF), a
genetic condition affecting several organ
systems. People with CF have impaired
mucociliary clearance complicated by
chronic, robust inflammation and persistent
bacterial infection in the airways (7). Largely
based on health benefits observed in people
with diffuse panbronchiolitis who were
treated with erythromycin (8–10),
therapeutic trials and subsequent controlled
clinical trials were conducted in people with
CF to determine whether AZM would
improve lung function and to assess other
measures of pulmonary or general
health (11–15). These studies clearly
demonstrated health gains for at least six
months. Initial studies focused on people
with CF who had persistent airway infection
with Pseudomonas aeruginosa (PA). Later
studies included people without PA and
found a reduced risk of acute pulmonary
exacerbation (PEx) but no significant impact
on lung function measured by spirometry
(e.g., FEV1) (12, 16, 17).

Based on supportive study results and
endorsement in clinical care guidelines,

approximately 70% of people with CF and
PA airway infection in the United States
are currently prescribed chronic AZM as
part of a maintenance therapy regimen
(18). Fewer but still significant numbers
of those without PA are also prescribed
this drug. Although AZM is one of the
most commonly prescribed chronic
pulmonary medications, little is known
about the long-term health impacts of
macrolide therapy in CF. Specifically,
virtually no data are available to judge the
durability of health gains observed in the
pivotal clinical trials, most of which lasted
six months (19). Recent single-center
reports with relatively small numbers of
patients suggest that health gains from
chronic AZM may be lost beyond the first
year of use (20, 21).

Estimating the long-term effects of
AZM (and virtually any chronic CF therapy)
is more challenging than may be
immediately recognized because clinical use
of such interventions is confounded by
indication bias based on disease status and
other factors. In addition, prospective
clinical trials of necessary duration
(i.e., multiple years) are not easily justified or
feasible in a rare disease like CF. However, a
robust U.S. CF Foundation Patient Registry
(CFFPR) exists and captures both therapy
use and key clinical outcome measures
at more than 130 CF care centers (22).
The size of this registry (nearly 30,000
patients, >95% of the U.S. patient
population), the formal validation of key
data variables (22), the longstanding use
of AZM in the United States, and the
careful analytical methods allow one to
address indication bias in considering the
long-term impact of this common
medication. In doing so, we applied
predefined analytic methods to adjust for
confounding and indication bias in registry
data and analyzed the relationship between
initiating chronic AZM use and pulmonary
outcomes including decline in lung
function measured by FEV1% predicted
(FEV1pp) and the use of intravenous
antibiotics to treat acute PEx.
Furthermore, to build on related research,
we examined pulmonary outcomes in
cohorts using inhaled tobramycin (TOB)
or inhaled aztreonam lysine (AZLI),
hypothesizing lesser gains when chronic
AZM and TOB use were combined
(23–25). Some results of these studies
have been reported previously in the
form of an abstract (26).

Methods

Population and Variables
Four prespecified, retrospective, CFFPR
cohort analyses were conducted to compare
outcomes among chronic AZM users with
control participants who were matched by
propensity score (PS) to PA-positive (cohort
1) and PA-negative (cohort 2) patients with
a period of incident chronic AZM use.
Separately, PS-matched cohort analyses were
conducted to compare outcomes among
patients with chronic use of inhaled TOB
(cohort 3) or inhaled AZLI (cohort 4). The
study was approved by the Seattle Children’s
Hospital Institutional Review Board and the
CF Foundation Patient Registry Committee.

For all cohorts, exclusion criteria
included age younger than 6 years (to
improve quality of spirometry data), AZM
initiation after age 40 years (extreme
phenotype), any respiratory culture
positivity for nontuberculous mycobacteria,
solid organ transplantation, and
monotherapy ivacaftor CFTR modulator
usage at baseline or during follow-up. For
inclusion, antibiotics were summarized into
age-quarters. Because AZM use is common
and can be used sporadically, we defined the
groups of interest as low and high AZM use
to differentiate outcomes related to chronic
use. High AZM was defined as at least 2 age-
quarters per year indicating AZM use. Low
AZM was defined as no more than 1 quarter
per year reporting any use with at least 2
age-quarters with nonmissing data per year.
For cohorts 1 and 2, incident chronic AZM
was defined by at least 2 years of low AZM
followed by 3 consecutive years of high
AZM, and comparison controls were
identified by 5 consecutive years satisfying
low AZM criteria (Figure E1A in the online
supplement). PA-positive respiratory
culture was defined as a positive
respiratory culture in >3 age-quarters
in the initial 2-year period for each person
(8 quarters) with at least 2 age-quarters of
nonmissing culture results per year (Figure
E1A) and PA negative otherwise (27).

Indicated use of either inhaled
TOB (any formulation, including generic)
or AZLI for at least 2 age-quarters in a
12-month reporting period determined
cohorts 3 and 4, respectively. Any 12-month
period with both TOB and AZLI use was
excluded. Eligible periods were a minimum
of 1-year follow-up (Figure E1B).

At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic azithromycin is one
of the most common therapies used by
people with cystic fibrosis in the United
States. The long-term health impact of
this therapy, which has been used for
many years, is largely unknown.

What This Study Adds to the Field:
Using the U.S. CF Foundation Patient
Registry, we find that those with
Pseudomonas aeruginosa infection had
slower decline in FEV1% predicted
when using chronic azithromycin. We
do not find this benefit in those
without P. aeruginosa infection and do
not find an impact on the need for
intravenous antibiotics. Users of
inhaled tobramycin appear to have less
benefit from chronic azithromycin
than those not using inhaled
tobramycin.
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PS Matching
PSs were computed by logistic regression
with 14 variables that are well recognized
as potentially affecting the outcomes of
interest: age, baseline FEV1pp, sex,
mutation class, race/ethnicity, body mass
index, CF-related diabetes, CF liver
disease, number of PEx in the previous 12
months, pancreatic enzyme use, dornase
alfa use, hypertonic saline use, insurance
category, and calendar year at baseline.
Consistent with guidelines, these
variables were identified by the
investigators before analyses and were
based on complete observations (see
online supplement for details) (28). Exact
matching occurred for age groupings and
FEV1pp calculated using the Global Lung
Index equations (29). An indicator of any
CFTR modulator use during follow-up
was added to the PS model to account for
imbalance in this time-varying
confounder. PS distributions were
visually inspected, and baseline
demographics for unmatched and
matched cohorts were summarized to
evaluate PS performance.

Statistics
Trend in lung function over time since
baseline (start of chronic AZM use or start
of chronic inhaled TOB or AZLI) was
estimated and compared between AZM
users and matched controls by linear
mixed-effects models with random
intercepts and slopes. This approach was
applied to all FEV1pp measurements
obtained during clinic visits and limited
to maximum FEV1pp in a year (yearly
max).

The rate ratio of PEx treated by
intravenous antibiotics per year was
estimated and compared by negative
binomial generalized estimating equations
models (to accommodate overdispersion).
For the incident chronic AZM cohorts, PEx-
free survival was analyzed using Kaplan-
Meier curves and Cox proportional hazards
regression. To compare with the study of
PA-positive incident chronic AZM, post hoc
sensitivity analyses restricted inhaled TOB
and AZLI to those meeting PA-positive
criteria and with at least 2 years of follow-
up. Analyses were conducted in SAS
version 9.4 (SAS Institute) and R version
3.4.0 (30), with the RStudio environment. R
packages used include haven, MatchIT (31),
ggplot, lme4, and geepack.

Results

Chronic AZM and Controls
Among 22,338 persons with CF aged 6 to 40
years in the CFFPR between 2006 and 2016
with at least 5 years of follow-up, 8,177 had a
qualified 5 consecutive years defined as
initiating chronic AZM or control. Selection
of cohorts 1 and 2 is shown in Figure E2A.
After exclusions, 1,474 PA-positive and
3,241 PA-negative patients remained
(characteristics of unmatched cohorts
provided in Table E1). PA status was
intermediate or unknown for 1,786
participants, and they were excluded. PS
matching across 14 predefined variables
reduced the samples to 752 and 814 among
PA-positive and PA-negative cohorts,
respectively (evenly split between AZM
and control). PS models discriminated
between AZM and control subgroups
with sufficient score overlap to allow for
matching (Figure E3).

Baseline characteristics of incident
chronic AZM-matched groups are
summarized in Table 1. Among the PA-
positive groups, the mean age at baseline
was 18, and the mean best FEV1pp in the
prior 6 months was 82%; 53% were female,
89% reported dornase alfa use, and 48%
reported hypertonic saline use at baseline.
PA-negative groups were younger (mean
age, 13 yr), with mean best FEV1pp in the
prior 6 months of 92%.

Decline in FEV1pp. The decline in
FEV1pp per year across 3 years among PA-
positive patients initiating chronic AZM
was significantly less compared with
matched controls (slopes, 21.53 vs.
22.41% predicted per year [pp/yr];
difference, 0.88; 95% confidence interval
[CI], 0.30–1.47; P= 0.003) (Figure 1A and
Table E3). As a sensitivity analysis, the
difference in slope of the yearly max
FEV1pp was 0.81 (95% CI, 0.33–1.28;
P= 0.001). This represents a 37% slower
rate of decline associated with AZM use.

Among PA-negative patients, decline
in FEV1pp per year across 3 years in those
initiating chronic AZM was similar to
matched controls (slopes, 21.46 vs. 21.70
pp/yr; difference, 0.24; 95% CI, 20.32 to
0.79; P= 0.40). Yearly max FEV1pp
difference in slope was 0.23 (95% CI, 20.25
to 0.70; P= 0.35) (Figure 1B and Table E3).
FEV1pp decline for the complete,
unmatched cohort is also reported Table E3
and shows similar results.

Using the PS-matched cohorts, we also
considered the trend in FEV1pp in the 2
years before the point of matching at
initiation of chronic AZM (Figure 1, dotted
lines). The AZM groups had faster rates of
decline before initiating AZM compared
with the matched population that did not
start AZM.

Need for intravenous antibiotics to treat
acute pulmonary exacerbations. In PS-
matched cohorts (Figure 2 unshaded
regions), similar rates of intravenously
treated PEx occurred in the first year
(PA-positive AZM users: relative risk [RR],
1.004; 95% CI, 0.81–1.25; and PA-negative
AZM users: RR, 1.09; 95% CI, 0.85–1.39).
This RR increased to slightly higher rates
of intravenously treated PEx in chronic
AZM patients at 3 years after baseline, but
the CIs are fairly wide around these
estimates (PA-positive AZM users: RR, 1.11;
95% CI, 0.9–1.35; and PA-negative AZM
users: RR, 1.20; 95% CI, 0.95–1.53) (Figures
2A and 2B). Similarly, no difference was
observed in time to first PEx (PA-positive
AZM users: hazard ratio, 1.12; 95% CI,
0.94–1.34; and PA-negative AZM users:
hazard ratio, 1.08; 95% CI, 0.89–1.30).

Note that shaded regions of Figure 2
represent the unmatched data, showing
greater risk of PEx among AZM users
versus controls. This result underscores the
anticipated indication bias for AZM use
because the PS-matched analysis (unshaded
regions) shows no increased risk.

AZM Use among Chronic Inhaled TOB
or AZLI Users
Among 21,793 patients in the CFFPR during
2010–2016 who were aged 6 years or older
with any TOB or AZLI use, 9,658 and
2,888, respectively, had a qualified window
(Figure E2B), with criteria as illustrated in
Figure E1B. After exclusions, 7,990 and
2,449 remained in the TOB and AZLI
cohorts, respectively (characteristics of
unmatched cohorts provided in Table E2).
PS matching reduced cohort sizes to 3,902
for TOB (1,951 high AZM and 1,951 low
AZM) and 872 for AZLI (436 high AZM
and 436 low AZM).

Baseline characteristics of matched
groups for inhaled antibiotics are described
in Table 2. Among inhaled TOB pairs,
mean age was lower and mean FEV1pp was
higher compared with matched AZLI pairs.

Lung function change and use of
intravenous antibiotics among matched
groups of TOB or AZLI users are
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summarized in Table 3 and represented in
Figure 3. Among TOB users, AZM use did
not associate with slower decline in
FEV1pp/year (difference in slope, 20.16
FEV1pp/yr; 95% CI,20.44 to 0.13) (Table 3
and Figure 3). Fewer people were
identified as using AZLI alone, but in this
group, AZM use generally associated with
slower rate of decline in lung function
(difference in slope, 0.49; 95% CI, 20.11
to 1.10; using yearly max FEV1pp,
difference was 0.70; 95% CI, 0.01–1.39).
AZM use was not associated with
intravenous antibiotic treatment for PEx
in either group. Notably, not all users of
chronic inhaled antibiotics met our
microbiological criteria for PA-positive
status. Among those who did, outcomes
were similar (Table E4).

Discussion

Through this careful analysis of a
retrospective data registry, we observe for
the first time that CF patients who are

chronically infected with PA experience a
significantly slower loss in lung function
over a 3-year period after initiation of
chronic AZM compared with similar
patients who do not use this therapy. Those
with PA infection were the initial population
studied in clinical trials of AZM and those
for whom the greatest health benefits have
been reported (14). Prospective placebo-
controlled clinical trials in those with PA
demonstrated that AZM use for 6 months
improved FEV1 and lowered the risk of PEx
(14). In our retrospective analyses of those
meeting our definition of PA positive, we
found a 37% reduced rate of decline in
FEV1pp over a 3-year period in chronic
users of AZM compared with a similar
group of controls. This pattern of apparent
clinical benefit is also reflected in yearly
max FEV1pp as an alternative to all FEV1

data. Reducing the rate of decline in FEV1

is seen as an important goal linked to
disease progression and eventual morbidity
or mortality in CF (32). The AZM group,
before initiating this therapy, was

experiencing faster decline in FEV1pp than
the comparative control group. If anything,
this finding strengthens our interpretation
that chronic AZM is beneficial in those with
PA infection and reduces the likelihood that
our results are due to unmeasured
confounding or indication bias.

The beneficial impact on PEx that was
reported in clinical trials was not seen in our
study; however, there are important
differences in how these data were collected.
The trial by Saiman and colleagues defined
PEx events by hospitalization or >7 days of
oral quinolone antibiotics (14). The CFFPR
has collected high-quality data on
intravenous antibiotic use for many years,
and our analyses are limited to only
patients treated with intravenous therapy.
Use of oral antibiotics outside of clinical
encounters and, at times, without direct
knowledge of CF providers can be more
difficult to track and report, even in a
registry as robust as the CFFPR. We cannot
comment, from these analyses, on the
sustained impact that AZM may have on

Table 1. Cohort Demographics for Incident Chronic Use of Azithromycin by PA Status, Matched

PA Positive, Matched PA Negative, Matched

Control (n=376) AZM (n= 376) Control (n=407) AZM (n=407)

Best 6-mo FEV1pp, mean (SD)* 81.5 (21.8) 81.9 (21.2) 92.7 (17.8) 92.1 (17.1)
Baseline age, mean (SD)* 18.4 (7.5) 18.16 (7.3) 13.4 (4.8) 13.3 (4.7)
Any lumacaftor/ivacaftor use 24 (6.4) 23 (6.1) 21 (5.2) 23 (5.7)
PE prior 12 mo
0 214 (56.9) 209 (55.6) 287 (70.5) 284 (69.8)
1–2 141 (37.5) 141 (37.5) 112 (27.5) 109 (26.8)
>3 21 (5.6) 26 (6.9) 8 (2.0) 14 (3.4)

Sex, M 177 (47.1) 178 (47.3) 197 (48.4) 194 (47.7)
Nonwhite or Hispanic 53 (14.1) 48 (12.8) 0.14 (0.35) 0.15 (0.36)
Mutation class
1–3 320 (85.1) 316 (84.0) 325 (79.9) 317 (77.9)
4–5 13 (3.5) 14 (3.7) 17 (4.2) 25 (6.1)
Other 43 (11.4) 46 (12.2) 65 (16.0) 65 (16.0)

Baseline year in 2011–2014† 172 (45.7) 167 (44.4) 209 (51.4) 197 (48.4)
Dornase alfa 333 (88.6) 339 (90.2) 352 (86.5) 353 (86.7)
Pancreatic enzymes 335 (89.1) 329 (87.5) 359 (88.2) 347 (85.3)
CF liver disease 39 (10.4) 33 (8.8) 22 (5.4) 27 (6.6)
CF-related diabetes 70 (18.6) 62 (16.5) 31 (7.6) 32 (7.9)
Hypertonic saline 182 (48.4) 179 (47.6) 205 (50.4) 212 (52.1)
Insurance
Private 254 (67.6) 248 (66.0) 281 (69.0) 273 (67.1)
Medicare 6 (1.6) 10 (2.7) 2 (0.5) 3 (0.7)
Medicaid 102 (27.1) 104 (27.7) 104 (25.6) 109 (26.8)
No insurance 14 (3.7) 14 (3.7) 20 (4.9) 22 (5.4)

BMI percentile (aged ,20 yr), mean (SD) 47.9 (26.5) 46.7 (27.6) 49.0 (27.6) 47.8 (26.4)
BMI (aged >20 yr), mean (SD) 21.9 (3.1) 22.2 (3.5) 23.2 (4.2) 23.3 (4.2)

Definition of abbreviations: AZM=azithromycin; BMI =body mass index; CF= cystic fibrosis; FEV1pp=FEV1% predicted; PA= Pseudomonas aeruginosa;
PE=pulmonary exacerbation events.
Data provided as n (%) unless otherwise specified.
*Exact matching within age groups (6–35, 36–40 yr) and within groups by best FEV1pp in the past 6 mo (,60%, 60% to ,80%, 80% to ,90%, 90%
to ,100%, >100%).
†Reference group: baseline year 2007–2010.
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the use of oral or inhaled antibiotic therapy
to treat acute pulmonary worsening.

In those not chronically infected with
PA at baseline, we do not observe the
association between AZM use and preserved
lung function over 3 years of medication use.
Prospective clinical trials of 6-month
duration in those without PA similarly
found no significant impact on FEV1 but
measured a reduced risk of acute PEx or use

of oral antibiotics (12, 16). When
considering AZM use for 3 years, we did
not find a reduced risk of PEx among AZM
users who were not chronically infected
with PA. Again, our analyses are limited to
the use of intravenous antibiotics, and this
pivotal trial similarly found no difference
in the use of intravenous antibiotics based
on AZM use versus placebo. Our analyses
of a 3-year observational period are

retrospective but able to collect many more
intravenous treatment events. Altogether,
our findings indicate that chronic AZM
may have little to no impact on the risk of
severe PEx requiring intravenous
antibiotics regardless of PA status.

Retrospective analyses and in vitro
work have provided some evidence of a
suspected adverse drug interaction between
AZM and TOB in the CF population
chronically infected with PA (23–25, 33, 34).
For this reason, we extended our work to
consider the impact of chronic AZM in
those prescribed chronic inhaled TOB and
compared these results with those of
patients prescribed chronic inhaled AZLI.
Consistent with our hypothesis of a selective
drug interaction, the subgroup of patients
prescribed chronic inhaled TOB and
using AZM did not have a slower rate of
decline in FEV1pp. This result was
unchanged when we considered only users
of TOB who met the PA-positive definition
and is unlike our findings when considering
incident AZM in all PA-positive patients
regardless of inhaled antibiotic use. Those
prescribed inhaled AZLI had evidence of a
slower rate of decline based on sensitivity
analysis or when restricted to people
meeting the PA-positive definition (22%
slower decline in mean FEV1pp [P value not
significant]; 23% slower in yearly max
FEV1pp [P, 0.05]; 31% slower when
restricted to PA-positive definition
[P= 0.05]). We recognize that this analysis
was not focused on incident or first AZM
use and that the baseline characteristics of
the TOB and AZLI cohorts differed. Patients
are increasingly cycling between TOB and
AZLI, and such data were necessarily
excluded from our analyses, which may
limit generalizability (35). Nonetheless, our
results are consistent with a growing body of
evidence supporting the hypothesis of a
selective drug interaction between AZM and
TOB, but this question may not be fully
addressed until the ongoing prospective
clinical trial testing this theory is
completed (ClinicalTrials.gov identifier
NCT02677701).

Indication bias for AZM use based on
clinical disease is the greatest challenge
when trying to measure long-term
therapeutic effectiveness using data
collected through a patient registry. This
challenge is readily apparent in our analyses,
as demonstrated by baseline health indexes
and the trends in lung function and use of
intravenous antibiotics. Without careful
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analytic methods to match users and
nonusers of AZM, AZM use associates with
worse health outcomes compared with
nonusers. This result is clearly demonstrated
in the unmatched data shown in Figure 2.
Once strict matching methods are applied
through PSs using more than 12 key clinical
variables, highly similar comparative
populations are organized, and clinical
benefit associated with AZM long-term use
in those with chronic PA becomes apparent.
This indication bias for treatment use in
those with more advanced or aggressive
disease would bias toward the null in our
consideration of improved health outcomes
associated with AZM use. If residual
confounding persists, then it would be likely
to reduce our positive findings.

We also acknowledge several potential
weaknesses or limitations in this approach.
We applied a conservative PS-matching
algorithm that utilized clinical variables
believed to associate with health status and
risk of decline. This approach produced

comparative cohorts that were closely
balanced at baseline; indeed, this analytic
approach is often referred to as simulated
randomization because it allows one to
utilize a large data set and develop matched,
balanced populations when considering the
impact of an intervention. Although effective
in addressing indication bias for medication
use, this approach comes with two key
costs—drastic reduction in the size of the
analytic data sets and disproportionate
elimination of those with larger effects—
that can mute the overall observation. In
developing our statistical analysis plan, we
intentionally prioritized the need to control
for indication bias, even at the expense
of a large analytic data set that may be
more generalizable. One could use a less
conservative matching algorithm if
concerns for indication bias were lower. We
reported results from unmatched analyses
for comparison (see the online supplement).

Some have argued for alternative
analytic methods, such as instrumental

variables, when approaching similar
research questions (36). Although such
methods are useful to address unmeasured
confounding, one must be able to identify a
variable that reliably predicts a practice
pattern (e.g., prescription of AZM) but does
not affect the outcome measure (e.g.,
preservation of lung function). The most
commonly applied variable is the care
center where patients are treated, which has
been used successfully in studies outside
and, more recently, within CF (36). We
considered this method for researching the
long-term effects of AZM but believe
strongly that care center fails both
requirements as an instrumental variable in
this scenario. For several reasons, including
dissimilar provider preferences within a
center, not all patients at one center will be
prescribed AZM based on a set of equally
applied criteria. In addition, aspects of a
center’s care practice that are not linked to
AZM use are likely to affect our outcome
measures of interest—namely, preservation

Table 2. Cohort Demographics for Users of Inhaled TOB or AZLI, Matched (>1-Year Follow-up)

Inhaled TOB Inhaled AZLI

Low AZM (n=1,951) High AZM (n=1,951) Low AZM (n=436) High AZM (n=436)

Follow-up years, mean (SD) 2.46 (1.53) 2.68 (1.60) 2.06 (1.22) 2.29 (1.26)
Baseline age, mean (SD)* 16.7 (10.26) 16.8 (9.89) 23.0 (13.6) 23.2 (13.6)
Best 6-mo FEV1pp, mean (SD)* 84.1 (21.4) 84.2 (21.0) 75.8 (24.4) 75.0 (24.9)
Any lumacaftor/ivacaftor use 258 (13.2) 266 (13.6) 65 (14.9) 62 (14.2)
PE prior 12 mo
0 1,220 (62.5) 1,202 (61.6) 231 (53.0) 221 (50.7)
1–2 631 (32.3) 643 (33.0) 170 (39.0) 184 (42.2)
>3 100 (5.1) 106 (5.4) 35 (8.0) 31 (7.1)

Sex, M 994 (50.9) 1,016 (52.1) 195 (44.7) 184 (42.2)
Nonwhite or Hispanic 335 (17.2) 342 (17.5) 49 (11.2) 56 (12.8)
Mutation class
1–3 1,562 (80.1) 1,594 (81.7) 357 (81.9) 350 (80.3)
4–5 85 (4.4) 71 (3.6) 22 (5.0) 31 (7.1)
Other 278 (14.2) 264 (13.5) 57 (13.1) 55 (12.6)

Baseline year in 2013–2016† 702 (36.0) 666 (34.1) 202 (46.3) 189 (43.3)
Dornase alfa 1,687 (86.5) 1,720 (88.2) 375 (86.0) 384 (88.1)
Pancreatic enzymes 1,716 (88.0) 1,731 (88.7) 392 (89.9) 401 (92.0)
CF liver disease 154 (7.9) 141 (7.2) 45 (10.3) 35 (8.0)
CF-related diabetes 240 (12.3) 225 (11.5) 101 (23.2) 93 (21.3)
Hypertonic saline 1,005 (51.5) 1,058 (54.2) 262 (60.1) 293 (67.2)
Insurance
Private 1,146 (58.7) 1,174 (60.2) 295 (67.7) 285 (65.4)
Medicare 66 (3.4) 66 (3.4) 21 (4.8) 26 (6.0)
Medicaid 638 (32.7) 604 (31.0) 89 (20.4) 96 (22.0)
Other/no insurance 101 (5.2) 107 (5.5) 31 (7.1) 29 (6.7)

BMI percentile (aged ,20 yr), mean (SD) 49.4 (27.4) 49.5 (26.8) 48.8 (27.4) 50.9 (26.1)
BMI (aged >20 yr), mean (SD) 22.6 (3.9) 22.8 (3.4) 23.1 (4.0) 22.8 (3.7)

Definition of abbreviations: AZLI = aztreonam lysine; AZM=azithromycin; BMI =body mass index; CF= cystic fibrosis; FEV1pp= FEV1 percentage
predicted; PE=pulmonary exacerbation events; TOB= tobramycin.
Data provided as n (%) unless otherwise specified.
*Exact matching within age groups (6–35, 36–40 yr) and within groups for best FEV1pp in the past 6 mo (,60%, 60% to ,80%, 80% to ,90%, 90%
to ,100%, >100%).
†Reference group: baseline year 2010–2012.
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of lung function and the decision to treat
with intravenous antibiotics. We conducted
post hoc analyses to test the impact of care
center as a random effect and observed that
the addition of care center did not diminish

but rather modestly strengthened the
association between AZM use and slower
rate of decline in those with PA–positive
infection (difference, 0.93 pp/yr; P=0.002).
This approach accounts for correlated FEV1

outcomes within care centers. That said, a
potential for unmeasured confounding or
residual indication bias is a recognized
limitation in our approach, even when
including a large number of variables in the PS
model. PS weighting (rather than matching)
could have incorporated more of those
patients left out; however, we felt PS matching
best addressed the research question at hand
and provided distinct cohorts of patients that
could be summarized concisely.

Registry-based studies such as this one
are complicated by missing or incorrect data
and a need to prespecify complex algorithms
to define high, low, and chronic medication
use and microbiology using moving
windows of time. We chose definitions that
allowed for limited missing data, and we
conducted a number of sensitivity analyses
to assess impact of definition or subset on
outcomes. We were motived by the need for
high confidence in AZM use status while
preserving as many participants as possible
for analyses. The decision to use high versus
low rates of AZM use rather than categorical
always versus never use was important to

maintain an adequately large data set but
may also bias toward the null when
considering the impact of AZM on health
outcomes. Less than complete adherence to
prescribed AZM may also reduce the effect
size. Both factors increase confidence in our
positive finding (i.e., slower decline in FEV1pp
in those with PA) but may have limited
other analyses. The PA-negative group was
younger and healthier, and this may also
be important when interpreting our findings.

In summary, these data add to the
existing literature supporting chronic AZM
therapy in people with CF chronically
infected with PA. Our findings significantly
reinforce prior observations from clinical
trials reporting no link between AZM use
and use of intravenous antibiotics. We are
unable to address how years of AZM use
may affect the use of acute oral or inhaled
therapy, and we find no significant impact
on lung function decline in people not
infected with PA. A reduction in the rate of
decline in lung function (FEV1pp) in those
infected with PA by 37% is notable, and we
are pleased to find such benefit when
considering long-term use of a common
treatment option. We cannot extrapolate
what may occur beyond three years but see
this finding as a significant contribution to
results from studies generally limited to
several months in length. The association
between inhaled TOB use and an apparent
loss of effect with AZM is concerning and
consistent with ongoing work to better
understand this potential adverse drug
interaction.

Few would argue against the
importance of studying long-term clinical
impacts of chronic therapies and how drug
combinations may interact in real-world
use. When the strengths and limitations of
robust patient registries are understood,
these tools can fundamentally enable this
type of research, further justifying the
significant effort required to establish and
maintain such registries. n
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Table 3. FEV1 Rate of Change and Pulmonary Exacerbation Outcomes among
Cohorts 3 and 4: Chronic Inhaled Antipseudomonal Tobramycin or Aztreonam
Lysine for Low and High Azithromycin Usage

TOB (n= 3,906) AZLI (n=872)

FEV1pp, slope/yr (all data)
Low AZM 21.73 22.21
High AZM 21.88 21.72
High AZM2 low AZM 20.16 0.49
SE for high AZM2 low AZM 0.15 0.31
95% CI 20.44 to 0.13 20.11 to 1.10
P value 0.287 0.109

FEV1pp, slope/yr (yearly maximum)
Low AZM 22.69 23.05
High AZM 22.75 22.35
High AZM2 low AZM 20.06 0.70
SE for high AZM2 low AZM 0.15 0.35
95% CI 20.35 to 0.24 0.01–1.39
P value 0.706 0.049

Intravenous antibiotic–treated PEx
Low AZM, mean PEx rate in 12 mo 0.68 0.85
High AZM, mean PEx rate in 12 mo 0.68 0.83
Rate ratio 1.00 0.98
95% CI 0.91–1.11 0.82–1.18
P value 0.952 0.838

Definition of abbreviations: AZLI = aztreonam lysine; AZM=azithromycin; CI = confidence interval;
FEV1pp=FEV1% predicted; PEx=pulmonary exacerbations; TOB= tobramycin.
Bold highlights the difference in high versus low AZM.
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Figure 3. Difference in FEV1% predicted
(FEV1pp) slopes between high and low
azithromycin among concomitant users of
chronic inhaled TOB or chronic inhaled AZLI.
Data shown for all individuals with >1 years of
follow-up and, separately, among only those
meeting the definition of Pseudomonas

aeruginosa positive. Mean estimates and 95%
confidence intervals are shown. Positive
numbers reflect slower rate of decline in FEV1pp.
AZLI = aztreonam lysine; CI = confidence interval;
PA1=Pseudomonas aeruginosa positive;
TOB= tobramycin.
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