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Abstract

Rationale: Abnormalities on chest computed tomography (CT)
in children with cystic fibrosis (CF) have been shown to correlate
with short-term measures of lung disease. Chest CT scores offer
promise as a potential surrogate end point in CF; however, there is
limited information available on the ability of chest CT scores to
predict future morbidity.

Objectives: Determine whether chest CT scores are associated
with the rate of pulmonary exacerbations over the next 10 years.

Methods: Ten years of follow-up data were obtained from the CF
Foundation Patient Registry for 60 children enrolled in the Pulmozyme
Early Intervention Trial and who had chest CT scans at baseline.

Measurements and Main Results: Multivariable Poisson
regression was used to compare Brody CT scores and the

number of pulmonary exacerbations in the following 10
years. At the time of the chest CT, the mean (SD) age was
10.6 (1.7) years. A 1-point increase in the Brody CT score
was associated with an increase in the mean (95% confidence
interval) rate of pulmonary exacerbations of 1.39 (1.15, 1.67)
(P <0.001). Brody CT scores were more strongly associated
with the number of pulmonary exacerbations than FEV; %
predicted at the time of the chest CT (P =0.037 by chi-square
test).

Conclusions: There is a significant association between Brody
CT scores and the rate of pulmonary exacerbations up to 10 years
later. This association is stronger than for FEV; obtained at the
time of the CT, suggesting that chest CT scores offer improved
ability to predict future outcomes.
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In cystic fibrosis (CF), as in many other
diseases (1), the establishment of surrogate
end points has been challenging (2). To be
characterized as a surrogate end point by
the U.S. Food and Drug Administration
(FDA), a laboratory measurement or
physical sign must be biologically plausible,
reflect clinical severity, improve rapidly
with effective therapy, and correlate with
true clinical end points—direct measures of
how a patient feels, functions, or survives
(3-5). In CF, FEV] is the only surrogate
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end point accepted by the FDA (6, 7).
Mortality, pulmonary exacerbations, and
quality of life are recognized as clinical end
points. This paucity of available end points
is magnified for young children who
cannot perform traditional spirometry,
have fewer pulmonary exacerbations (8),
and for whom CF-specific observer/parent-
reported outcome measures are not yet
fully validated.

Chest computed tomography (CT)
scores are potential surrogate end points for

CF lung disease. Chest CT is the most
sensitive method of detecting structural lung
disease in children with CF and is the
“gold standard” for detecting bronchiectasis
(9-12). Chest CT scores are associated with
the frequency of pulmonary exacerbations
(10, 13); worse quality of life (14); and in
patients with end-stage lung disease, higher
mortality (15). From a practical standpoint,
CT is routinely performed clinically in

all ages, and nearly all centers have CT
scanners—neither of which may be true for
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other recently developed potential surrogate
outcome measures in CF (e.g., lung
clearance index, infant pulmonary function
tests [PFTs], magnetic resonance imaging).
However, no studies correlate chest CT with
the long-term prognosis in CF: most studies
that have evaluated chest CT have not
explored associations with clinical end
points beyond 2 years of follow-up (10, 13,
15). Although CT scanning has limitations,
including cost, concerns about radiation risk,
and the need for sedation in young children,
chest CT is a promising method that may
allow clinicians to individualize the care for
patients with CF at an early age to prevent
future progression of lung disease (16, 17).
Current therapeutic recommendations in CF
are applied universally, without regard to
current disease severity or future morbidity,
in part because of the lack of surrogate end
points to guide clinical decisions.

To evaluate the possibility that CT may
qualify as a meaningful surrogate end point
we sought to determine whether chest CT
scores are associated with the rate of
pulmonary exacerbations over a 10-year
follow-up period. To address this objective,
we used chest CT data from scans obtained
in a standardized protocol and scored by
two thoracic radiologists with extensive
experience with CF and the Brody score
(18). We combined these data with follow-
up data from the CF Foundation Patient
Registry (CFFPR) (19). We hypothesized
that chest CT scores would be associated
with the rate of pulmonary exacerbations
over a 10-year follow-up period.

Methods

As described previously, the Pulmozyme
Early Intervention Trial (PEIT) enrolled
children 6-10 years of age with FVC greater
than or equal to 85% predicted, the

ability to perform reproducible pulmonary
function tests, no dornase alfa use for

6 months before enrollment, and no
pulmonary exacerbations within 60 days
before enrollment between 1997 and 2000
(20). Chest CT scans were obtained during
periods of clinical stability at the beginning
and end of the 2-year study and scored
using the Brody scoring system for 60 of the
subjects in the PEIT (18). For this study, we
used data from the CT obtained at the end
of the PEIT study. PFTs were obtained on
the same day as the chest CT. Inspiratory
images were obtained at 10-mm intervals

and four expiratory images were obtained
at the following: 0.5 cm above the aortic
arch, the carina, at the inferior margin of
the hilum, and 1 cm above the diaphragm.

CT scans were scored independently by
two thoracic radiologists using the Brody
scoring system (18). The radiologists were
blinded to the patient identities, severity of
lung disease, and treatment group. The Brody
scoring system has been reported as a total
score with a maximal possible value of 207
(18) and as a score representing the average
severity of each of the six lobes, including the
lingula as a separate lobe, with a maximum of
40.5 (21). In this study, we report the average
scores of the two radiologists based on
a maximal score of 40.5.

Data from the time of the chest CT in
1999 through 2009 were obtained from
the CFFPR and linked to the original chest
CT data. The CFFPR is a well-described
database that contains data on more than
40,000 people with CF in the United States
(19) Pulmonary exacerbations were defined
as hospitalizations treated with intravenous
antibiotics for an increase in respiratory
signs and symptoms, and/or if the
“pulmonary exacerbation” box was checked
on the CFFPR encounter form. The current
study was approved by the institutional
review boards at the University of
Cincinnati (Cincinnati, OH) and University
of Wisconsin (Madison, WI).

We used multivariable Poisson
regression models to determine the
association between the Brody chest CT
scores in 1999 and the rate of pulmonary
exacerbations between 1999 and 2009.
Regression models were adjusted for
important potential confounders, including
sex (22), genotype (categorized as
homozygous F508del and other), FEV,
expressed as a percentage of the predicted
value (FEV; % predicted), and positive
cultures for Staphylococcus aureus and
mucoid Pseudomonas aeruginosa (23) at
the time of the chest CT. To determine
whether chest CT scores were more
strongly associated with the rate of
pulmonary exacerbations than FEV; %
predicted, we compared the magnitudes
of the slopes of the chest CT score and
FEV, in the multivariable Poisson
regression model with a chi-square test. We
performed similar analyses to determine
whether the bronchiectasis subscore was
associated with the rate of pulmonary
exacerbations between 1999 and 2009.
Finally, we used multivariable linear
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regression models to determine the
association between the Brody chest CT
scores in 1999 and FEV; % predicted in
2009. Statistical significance was defined
as a two-sided P value less than 0.05.

Results

The 60 children who underwent chest CT as
part of the PEIT study were similar to

a typical CF population in the United States
(Table 1), with the exception that, in line
with PEIT inclusion criteria of FVC greater
than or equal to 85% predicted, the mean
FEV, % predicted was higher than the
mean FEV; % predicted for 6- to 10-year-
old children with CF in the United States in
1999. In this subject group, the mean FEV,
was 99% predicted, similar to the national
average for 10-year-old children born

in 2002-2006 (19). Only one patient

was positive for methicillin-resistant
Staphylococcus aureus at the time of the
chest CT. The mean (SD) Brody chest CT
score was 3.8 (1.9), out of a possible 40.5.
The mean (SD) bronchiectasis subscore was
0.6 (0.8), out of a possible 12. Both of these
scores indicate generally mild, but
abnormal, values.

Data were available in the CFFPR for all
patients between the time of the chest CT
and 2005. Data were missing for one subject
in 2006, two in 2007, three in 2008, and five
in 2009. One patient died before 2009.
Overall, the mean (SD) observation time
after the chest CT was 9.8 (0.7) years. The
mean FEV; decreased by 2.2% predicted
per year over this time period (Table 1).
During the observation period, subjects had
between 0 and 63 pulmonary exacerbations
treated with intravenous antibiotics and
recorded in the CFFPR. The mean (SD)
was 7.7 (11.7) pulmonary exacerbations
per patient, and the median was 3
pulmonary exacerbations.

In multivariable Poisson regression
models, the Brody chest CT scores
(Figure 1), bronchiectasis subscores, and
FEV; % predicted (Figure 2) at the time of
the chest CT were each associated with the
number of pulmonary exacerbations during
the 10 years of observation (Table 2). For
every 1-point increase in Brody chest CT
score, the mean (95% confidence interval)
rate of pulmonary exacerbations during the
observation period increased by a factor of
1.39 (1.15, 1.67) (P < 0.001). Results were
similar when outlier patients were excluded
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Table 1. Cohort characteristics

Patient Characteristic

At Time of Chest CT
(1999): Total n=60
[n (%) or mean (SD)]

At Most Recent Time Point
(2009): Total n=55
[n (%) or mean (SD)]

Female sex 24 (40) 21 (38)
Age, yr 10.6 (1.7) 20.5(1.7)
Homozygous F508del 30 (50) 26 (47)
Heterozygous F508del 23 (38) 22 (40)
Other 7(12) 7(13)
Pancreatic insufficient 58 (97) 53 (96)
FEV; % predicted 99.2 (14.2) 77.1 (23.9)
Culture positive for 30 (50) 39 (74)
Pseudomonas aeruginosa
Culture positive for mucoid 20 (33) 29 (55)
P. aeruginosa
Culture positive for 40 (67) 24 (45)
Staphylococcus aureus
Dornase alfa 29 (48) 46 (84)
Inhaled tobramycin 19 (32) 32 (58)
Chronic macrolides 0 36 (65)
Hypertonic saline 0 15 (27)

Definition of abbreviation: CT = computed tomography.

(data not shown). A 1-point difference
in the Brody chest CT score was more
strongly associated with the rate of
pulmonary exacerbations between 1999 and
2009 than a 5% predicted difference in
FEV, % predicted at the time of the chest
CT (P=0.037 by chi-square test). There
were no differences in the strengths of
the association between the Brody
bronchiectasis subscore and FEV; %
predicted in 1999 with the rate of
pulmonary exacerbations between 1999 and
2009 (P =0.3 by chi-square test).

In linear regression models, the Brody
chest CT score, bronchiectasis subscore, and

FEV; % predicted at the time of the chest
CT were each significantly associated with
FEV, % predicted in 2009 (Table 2). There
were no differences in the strengths of the
association between the Brody chest CT
score and FEV; % predicted in 1999 with
FEV; % predicted in 2009 (P = 0.4 by F test).

Discussion

In an analysis of rigorously determined
chest CT scores obtained as part of the
prospective PEIT study and 10 years of data
obtained during routine care, we have
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Figure 1. Scatterplot and Poisson regression for the Brody chest computed tomography (CT) score
in 1999 and the cumulative number of pulmonary exacerbations in 1999-2009. Shaded area

represents 95% confidence intervals.

66

shown that chest CT scores are associated
with the rate of pulmonary exacerbations
over a 10-year follow-up period. Chest CT
scores were more strongly associated with
the rate of pulmonary exacerbations than
FEV, obtained at the same time as the chest
CT. This study provides the strongest
evidence yet that chest CT scores correlate
with true clinical end points over an
extended follow-up period, supporting the
use of chest CT scanning as an outcome
surrogate for CF lung disease (24). This
study is unique in that chest CT scores were
evaluated as predictors of later lung disease
measured by a true outcome measure, the
number of pulmonary exacerbations over
the 10 years after the CT scan. This 10-year
follow-up period exceeds all studies of the
ability of CT scans or PFTs to predict future
morbidity and mortality. This study further
contributes to our knowledge of CT
scanning as an outcome surrogate by
comparing the predictive ability of CT
scanning with FEV;.

In contrast with our experience with
chest CT, our experience with the ability of
traditional PFTs to predict future morbidity
and mortality is much greater, particularly
for adolescents and adults. FEV; at age 20
years can accurately discriminate between
patients with mild and severe lung disease
and is predictive of duration of survival (7).
FEV; of less than 30% predicted was as
predictive of 2-year survival as a well-
fitted multivariable logistic regression
model that incorporated age, height,

FEV,, microbiology, and pulmonary
exacerbations (25). Our results are
particularly important, as the chest CT
scans were obtained in children who had
generally normal PFTs. It is well known
that chest CT scans demonstrate
abnormalities in children with CF who
have normal PFTs (9, 18). Here, we have
shown that the presence and severity

of these abnormalities are important
predictors of future clinical end points.

Thus, the addition of a carefully
interpreted chest CT scan to a CF care plan
can provide benefit by identifying patients at
risk for future pulmonary exacerbations
and progression of lung disease that would
likely not be identified for at least several
years. Pulmonary exacerbations are clinical
end points in CF associated with higher
mortality (6, 25), progression of lung
disease (26-28), lower quality of life (29),
and increased health care expenditures
(30). These benefits can be weighed against
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Figure 2. Scatterplot and Poisson regression for FEV; % predicted in 1999 and the cumulative
number of pulmonary exacerbations in 1999-2009. Shaded area represents 95% confidence

intervals.

the ongoing concerns over radiation
exposure and the potential future risk of
malignancy (31, 32). Chest CT scores may
allow more personalized care for children
with CF early in life, before irreversible
disease occurs. Current recommendations
are for a “one-size-fits-all” approach: it is
recommended that all children 6 years old
and over use dornase alfa, hypertonic
saline, azithromycin, and ibuprofen, and
that all children 6 years old and over
infected with P. aeruginosa also use inhaled
tobramycin and inhaled aztreonam (33).
The use of all of these medications together
may lead to a substantial treatment burden
and increase the risk of nonadherence

(34, 35). Many of the subjects in the current
study had no pulmonary exacerbations
requiring intravenous antibiotics over

a 10-year period, in an era when many of
these therapies were not yet available. Thus,
patients with near-normal chest CT scores,
who are unlikely to have more than a few
pulmonary exacerbations, may do well
without one or more of these therapies.
Newer modalities such as the Lung
Clearance Index and magnetic resonance
imaging may provide similar diagnostic and
prognostic information as chest CT scores
(36, 37), without exposure to excessive
ionizing radiation. However, neither of
these modalities is available for clinical care
or been established as surrogate end points
for clinical trials. There are several barriers
to overcome before chest CT scores can be
applied routinely in clinical practice to
adjust therapeutic regimens (38). Despite
the wide use of routine CT scanning, there

Table 2. Multivariable regression estimates of rate ratios for number of pulmonary
exacerbations in 1999-2009 and differences in FEV; % predicted in 2009

Lung Disease

Measure in 1999 Exacerbations*

[mean (95% CI)]

Brody chest CT score,
1-point increase

Bronchiectasis subscore,
1-point increase

FEV; % predicted,
5-point decrease

1.39 (1.15, 1.67)
1.38 (0.99, 1.92)
1.19 (1.10, 1.30)

RR for Pulmonary P Value Difference in FEV, P Value
% Predicted’
[mean (95% CI)]
<0.001 -4.76 (-7.80, -1.72) 0.003
0.06 —7.88(-15.29,-0.48) 0.037
<0.001 —4.47 (-6.48, -2.46) <0.001

Definition of abbreviations: Cl = confidence interval; CT = computed tomography; RR = rate ratio.
*Multivariable Poisson model adjusted for sex, genotype, and FEV; and mucoid P. aeruginosa status
at the time of the chest CT. Robust SE used to account for overdispersion.

TMultivariable linear regression model adjusted for
P. aeruginosa status at the time of the chest CT.

sex, genotype, and FEV4 and mucoid
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are no data that show that alterations in
care based on CT findings result in
improved outcomes, either in improved
health or reduced treatment burden. The
Brody score was designed as a research tool
and provides highly granular data at the
cost of complexity and a tedious scoring
process. Improvements will be needed
before this system can be used for routine
clinical care.

There are limitations to our study. The
chest CT in the current study was obtained,
on average, at about 10 years of age, so
we are unable to comment on the optimal
timing of a CT, either in terms of age,
severity of PFTs, or predictive ability. To
attain a long follow-up period, we studied
outcomes after chest CT scans that were
obtained in 1999, before many of the current
CF therapies were available. As with any
study with a long follow-up period, this
could limit the generalizability of our
findings and the ability to predict future
events, especially as additional therapies
become available, although it should be
noted that the frequency of pulmonary
exacerbations has not changed appreciably
in at least 20 years (19). Moreover, the
children in the current study were healthier
than the average child with CF born in the
same era: in 2000, we would have expected
a mean FEV, in this age group of
approximately 90% predicted (19). This
improvement in FEV, for the average 10-
year-old with CF was not achieved until
2012 (19). Although our study cohort had
a similar severity of lung disease as
measured by spirometry to more recent
birth cohorts of children with CF, it is
possible that our subjects are not
representative of more recent birth cohorts,
because the study cohort achieved normal
spirometry without the benefit of current
CF therapies. The severity of bronchiectasis
in these subjects was generally mild, if
present at all, which may have resulted in
a type II error in our comparisons between
bronchiectasis and FEV; % predicted.
Clinicians would not have been aware of
the Brody CT score, as the Brody score was
not shared with the treating providers.
However, it is possible that clinicians may
have used CT images qualitatively to guide
therapy, although therapeutic options were
more limited at the time. We cannot assess
whether these therapeutic decisions affected
outcomes 10 years later. Outcomes after
chest CT scans are scored quantitatively
have not been evaluated in comparison
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with qualitative assessments of chest CT
scans. There were some missing data,
although FEV; measurements were
available for all patients for at least 6 years
after the chest CT, and measurements were
available through 2009 for 55 patients. It is
possible that some exacerbations occurred
but were not entered into the CFFPR,
although this number is likely to be quite
low, and pulmonary exacerbations treated
without intravenous antibiotics are not
recorded in the Registry. Because of the
limited number of subjects, we were
limited in the number of variables that
could be included in regression models.
Adjusting for body mass index at the time

of the CT did not affect the regression
models substantially (data not shown);
at the time of the CT, few patients were
underweight, reflecting the generally
good health of subjects in the PEIT
study.

We have shown that there is
a significant association between chest CT
scores in young school-age children and
the rate of pulmonary exacerbations over
the next 10 years. The association with
pulmonary exacerbations is stronger than
that of FEV, obtained at the same time as
the CT. This indicates the predictive
potential of chest CT scores in children
with mild PFT abnormalities and confirms

and extends previous findings that support
the use of chest CT as a surrogate end
point. Chest CT scores may assist clinicians
in individualizing the care of patients by
recognizing the risk of progression of
lung disease early in life, before PFT
abnormalities become apparent.
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