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ABSTRACT

Background: Computed tomography (CT) is used to monitor progression of structural lung disease (SLD)
in children with cystic fibrosis (CF). Our goals were to identify the risk factors for the annual progression
of SLD and the impacts of airway pathogens on SLD.
Method: Seventy-five school-aged children diagnosed with CF underwent 200 CT scans at Gothenburg
CF Centre in the period 2003-2015. SLD was evaluated with a quantitative scoring system. Mixed models
were used to calculate the yearly progression rates of SLD and FEV; and to analyse the effects of common
airway pathogens in CF.
Results: The yearly mean progression (95% CI) rates for total disease (%Dis), bronchiectasis (%Be), and
FEV; were 0.62 (0.38-0.86), 0.43 (0.28-0.58) and —0.16 (—0.18-0.13), respectively. Adjusting for airway
pathogens, the yearly mean progression rates for %Dis, %Be and FEV; were 0.23 (-0.04-0.51), 0.12 (0.00-
0.25), and —0.12 (-0.16-0.08), respectively. A single infection with P aeruginosa was associated with
significant increase in lung damage, assessed as %Dis (p=0.044) and%Be (p=0.0047), but not in FEV;
(p=0.96). At age of 7 years, there was a good correlation between the extent of SLD and subsequent
progression of %Dis (r=0.63, p=0.0042) and %Be (r=0.74, p=0.0057) while there was no significant
correlation between the FEV; and the rate of decline of FEV; (r=-0.22, p=0.12).
Conclusion: Intermittent respiratory infections with P aeruginosa were associated with significant SLD but
no change in FEV;. More SLD at the age of 7 years signals a higher progression rate of SLD subsequently.
© 2019 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

Pulmonary infections play an important role in neutrophil-
related inflammation in the lung, which is associated with faster

CF lung disease is monitored on a regular basis throughout life,
with numerous modalities to detect and prevent progression of the
disease [1]. Chest CT is the gold standard for assessing structural
lung disease (SLD) [2]. The most important and well-described
structural lung pathology in patients with CF is bronchiectasis,
which is associated with a reduced quality of life and higher risk
of pulmonary exacerbations [3,4].

Abbreviations: CF, Cystic fibrosis; SLD, structural lung damage; FEV, forced ex-
piratory volume in one second; CT, computed tomography.
* Corresponding author at: Welandergatan 21, 416 56 Gothenburg, Sweden
E-mail address: marcus.svedberg@vgregion.se (M. Svedberg).
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progression of SLD [5,6]. It is not known to what extent inter-
mittent and chronic infections with common CF airway pathogens
causes SLD and influence the yearly SLD progression rate. Fully
quantitative scoring systems to track smaller changes in SLD have
primarily been used in pre-school children and have not been used
in longitudinal studies in older children with CF [7]. Information
gained from chest CTs has earlier been shown to identify infants
and pre-school children who are at higher risk of more-rapid dis-
ease progression, although this has not been shown in school-age
children with CF [4,7].

The aims of this retrospective, longitudinal study in school-
age children were to: (1) describe the progression of CF lung dis-

1569-1993/© 2019 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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ease in relation to different host factors; (2) describe how airway
pathogens influence the degree of lung damage and SLD progres-
sion; (3) compare the abilities of chest CTs and FEV; values to
identify individuals at risk of rapid progression of CF lung disease;
(4) describe the relationships between SLD and FEV;.

2. Methods
2.1. Study population

The study included 75 school-age children at the Gothenburg
CF Centre born in the period 1990-2009 and diagnosed with cys-
tic fibrosis”[8]. All the subjects underwent at least one chest CT
during the period 2003-2015. Chest CTs were routinely performed
every third year at the annual evaluation and on demand starting
from 6 years of age. Spirometry were performed regularly between
the ages 5-18. Demographic data for each subject were retrieved
from the Swedish CF Registry. The study was approved by the lo-
cal Ethics Committee (Dnr. 206-18)

2.2. CT acquisition

Chest CT’s were performed with two different CT scanners:
Light Speed Ultra (GE Healthcare Inc., USA); and Discovery CT750
HD (GE Healthcare Inc., USA). All scans were performed during vol-
untary breath hold-at-end inspiration and end expiration using a
discontinuous scanning protocol. Inspiratory scans were applied at
15 mm between every 1-mm slice and generated on average 10-15
slices. On the expiratory scans, 1-mm slices were used with a dis-
tance of 30 mm between every slice, resulting on average in 3-4
slices.

2.3. CT analysis

The Perth-Rotterdam Annotated Grid Morphometric Analysis for
Cystic Fibrosis (PRAGMA-CF) method was used to track changes in
SLD [7]. PRAGMA-CF allows quantification of bronchiectasis (%Be),
mucous, bronchial wall thickness, atelectasis, and normal lung
structure on inspiratory scans, as well as trapped air (%Ta) and nor-
mal lung structure on expiratory scans. Normally, 10 equidistant
axial slices are annotated on both the inspiratory and expiratory
scans. However, due to the use of a sequential CT-protocol in this
study, all the slices on the inspiratory scans (10-15 slices) and ex-
piratory scans (3-4 slices) were annotated. The primary outcomes
of the chest CT scans were total lung disease (%Dis), bronchiectasis
(%Be), and trapped air (%Ta), expressed as the volume proportion of
the respective pathology on the scan divided by the total volume
of the scan.

All CT-scans were coded and randomised before being analysed.
One PRAGMA-CF certified paediatric pulmonologist under training
(MS) analysed all CT-scans [9]. After 1 month, 20 CT scans that
were randomly selected and stratified for lung disease severity
were re-scored to determine intra-observer repeatability.

2.4. Spirometry

Spirometry (Jaeger AG, Wiirzburg, Germany) was performed ac-
cording to the ATS/ERS recommendations at the annual evaluation
of the patient [10]. For FEV; assessment, the GLI reference equation
was used, and the results are expressed as the z-score or percent-
predicted [11].

2.5. Airway pathogen

Results for the period 1996-2015 from sputum cultures and cul-
tures from laryngeal suction in non-sputum-producing individu-

als regarding Pseudomonas aeruginosa (Pa), Mycobacterium absces-
sus (Ma) Burkholderia cepacia complex (Bc), Achromobacter xylosox-
idans (Ax), Aspergillus species (Asp), Staphylococcus aureus (Sa) and
Haemophilus influenzae (Hi) were retrieved from the Department
of Clinical Microbiology, Gothenburg. Complementary information
about chronic and intermittent infections was also collected from
the Swedish CF Registry. The registry summarises the yearly results
of sputum cultures between annual evaluation for Pa, Ma, Bc, and
Ax from diagnosis conducted at all shared health-care providers.
Pa was categorised according to the Leeds criteria between ev-
ery annual evaluation for each subject [12]. In order to apply Pa
colonization to a longitudinal statistical model, the categories of
‘never having Pa’ and ‘free of Pa’ were pooled together. Other
pathogens associated with severe lung infections in CF individu-
als, such as Ma, Bc, and Ax, were pooled together under the same
criteria described above for Pa, due to the low numbers of patients
who were infected with these pathogens [13,14]. Subjects were de-
fined as having a temporary respiratory infection with Sa or Hi
or Asp if they had a positive sputum culture for the respective
organism.

2.6. Statistical analysis

For descriptive purposes, the data are presented as means
and range for continuous variables and as numbers (%) for
categorical variables. The intra-class correlation coefficient (ICC)
was calculated to describe intra-observer variability for PRAGMA-
CF.

Analysis of the longitudinal data was performed using mixed ef-
fects models with age as fixed effect, and with random intercepts
and slopes for each subject. Two types of models were considered:
a Gaussian linear mixed model for analysis of FEVy; and quasi-
binomial logit-linear mixed models for analysis of SLD. The latter
was chosen because of the bounded, skewed and heteroscedastic
nature of the SLD outcomes. After fitting the SLD models, it was
judged that a simpler linear model would suffice, as the progres-
sions were approximately linear, both at the population and sub-
ject levels. The SLD outcomes were therefore re-analysed with lin-
ear mixed models, using robust standard errors to account for het-
eroscedasticity.

Comparisons of sub-groups were performed by the inclusion
of sub-group variables as fixed effects in the models. To assess
whether disease progression differed between the sub-groups, a
sub-group with age interaction was also included. We also studied
the effects of a single and chronic respiratory infection by includ-
ing the time-updated cumulative number of incidences and the
number of years since the onset of chronic infection (only Pa, Ma,
Bc or Ax) in the models.

We also evaluated the correlations between yearly progression
of FEV; and SLD, and between progression and extent of disease
at different ages. For each of FEV,, %Dis, and %Be, correlations
between progression and extent of disease were estimated from
the covariance parameters of the mixed models and tested us-
ing likelihood ratio tests. Correlations between two different out-
comes where calculated as Spearman’s rank correlations for the
estimated subject-specific parameters. In addition, concordance in-
dices with 95% bootstrap confidence intervals were computed con-
sidering ¢ > 0.70 providing acceptable model. Further details of the
statistical analysis used are presented in the supplemental ap-
pendix.

The ICCs were computed using the SPSS ver. 23 software (IBM
Corp, Armonk, NY, USA). All other statistical analyses were per-
formed with the SAS ver. 9.4 software (SAS Institute, Cary, NC,
USA).
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Fig. 1. Monitoring of structural lung disease (SLD) in children with CF. Panels A and C describe the observed longitudinal progression of SLD regarding %Dis and %Be for all
75 children in the cohort. Panel B and D describe the relationship between the level of SLD at age of 7 years and estimated progression of SLD, expressed as %Dis and %Be.
The thick black lines and grey-shaded bands represent the mean progression with 95% CI. In the right panels, (B and D) data are presented for 20 randomly selected subjects

stratified for CF disease level at age 7 to avoid over-plotting.

Abbreviations:%Dis, Total lung disease;%Be, bronchiectasis. Both of these parameters are expressed as percentage of the total lung volume.

3. Results
3.1. Extent and progression of CF lung disease

Of the 75 participants, 45 subjects had their first CT between
the ages of 5 and 8 years (mean, 6.8 years). The SLD outcomes
(95% CI) for this sub-group for %Dis, %Be, and %Ta were 4.67
(0.30-17.49), 145 (0.00-7.58) and 7.64 (0.00-31.85), respectively.
Bronchiectasis was present in 78% of the subjects at the initial CT,
while the mean FEV; (z-score) was 0.12 (—3.14-2.70). The yearly
mean progression rates for the whole cohort for %Dis, %Be, and Ta%
were 0.62 (95% CI, 0.38-0.86, p < 0.0001), 0.43 (95% CI, 0.28-0.58,
p <0.0001) and 1.61 (95% CI, 1.06-2.17, p <0.0001) (Fig. 1). All the
models showed good agreement between the observed and pre-
dicted values; at the subject level, the fraction of the total variation
in %Dis, %Be and FEV; explained by the models were 0.94, 0.93,
and 0.78, respectively. ICC calculations for intra variability for %Dis
and %Be were 0.95 (95% CI, 0.85-0.98) and 0.96 (95% CI, 0.89-0.99)
respectively. No further calculation of %Ta was carried out due to
the diverse quality and few slices of the expiratory scans, which
could affect the interpretation of further calculations.

There were no significant differences in the yearly mean pro-
gression in %Dis or %Be with regard to: gender (p=0.63 and
p=0.76, respectively); the 1990-1999 birth cohort vs. the 2000-
2009 birth cohort (p=0.22 and p=0.24); pancreatic insufficiency
(p=0.99 and p=0.79); age at diagnosis (p=0.92 and p=0.84);

and shared care (p=0.76 and p =0.91), (supplemental Table 2.) The
mean FEV; (z-score) decline rate for all subjects was —0.16/year
(95% CI, —0.18-0.13, p <0.0001), and no significant difference was
noted for the FEV; decline rate between the sub-groups. The
age-adjusted mean difference in SLD between sub-groups was
only significantly higher for %Be in subjects who had been di-
agnosed with CF after 1 year of age (p=0.016). At the age of
7 years, the mean %Be values for subjects diagnosed before and
after 1 year of age were 0.69 (95% CI, 0.22-1.16) and 1.90 (95%
Cl, 1.04-2.75), respectively. The entire cohort included few sub-
jects with pancreatic sufficiency, and both groups had similar re-
sults for the progression and extent of SLD and FEV; measure-
ments (Table 1). All the subjects were therefore included in further
calculations.

3.2. Effects of single and chronic infections with airway pathogens on
lung disease progression

When adjusting for potential damage from all the tested air-
way pathogens (Pa, Ma, AX, Bc, Sa, Hi and Asp), the yearly mean
progression for%Dis,%Be and decline in FEV,; were 0.23 (p=0.095),
0.12 (p=0.057), and —0.12 (p <0.0001), respectively (Table 2).

3.2.1. P. aeruginosa
A single respiratory infection with Pa was associated with a
significant mean lung damage compared to baseline, assessed as
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Table 1
Demographics of the subjects born in the period 1990-2009.
Variable Results
Subjects 75
Study period per subject* (years) 12.0 (3.0-18.0)
Pancreatic insufficiency 67 (89%)
CF diagnosis <1 year 39 (51%)
Shared care 24 (32%)
Homozygous dF508 | heterozygous dF508 | other mutations 38 (51%) [ 34(45%) | 3(4%)
Total FEV; measurements performed 820
FEV; measurements performed per subject 12.2 (2-16)
FEV; (z-score) at age of 7 years 0.12 (—3.14-2.70)
Total number of chest CTs performed 200
Number of CTs performed per subject
1 17 (23%)
2 17 (23%)
3 21 (28%)
4 14 (19%)
5 6 (8%)

Weight at 7 years of age (z-score)

Height at 7 years of age (z-score)

BMI at 7 years of age (z-score)
Cultures/patient/year

Pa incidence/subject/year

Subjects with one or more Pa infection
Age at first Pa infection (years)

Subjects with chronic Pa infection

Age at onset of chronic Pa infection (years)

Subjects with one or more Ma, Ax or Bc infection

Subjects with chronic Ma or Bc infection

Age at onset of chronic Ma and Bc infection (years)

Sa incidence/subject/year
Hi incidence/subject/year
Asp incidence/subject/year

~0.42 (-3.01-1.75)
—0.41 (-3.34-1.91)
~0.27 (~2.11-1.99)
423 (0.12-15.4)
0.24 (0.00-0.93)

55 (73%)

7.4 (0.4-17.4)

22 (29%)

12.6 (3.1-18.9)

22 (29%)

7 (9%)

15.4 (13.2-18.5)
1.94 (0.0-7.11)
0.39 (0.00-2.36)
0.61 (0.00-5.16)

Results are presented as: n, n (%) or mean (range). * Study period for each subject is defined
as the time between the first and the last airway culture retrieved from Department of Clinical

Microbiology or the Swedish CF registry.

Abbreviations: Pa, Pseudomonas aeruginosa; Ma, Mycobacterium abscessus; Bc, Burkholderia cepacia
complex; Ax, Achromobacter xylosoxidans; Asp, Aspergillus species; Sa, Staphylococcus aureus; Hi,

Haemophilus influenzae.

Table 2

Estimated effects of airway pathogens on CF lung disease measured as structural lung damage (%Dis and %Be) and FEV;. The baseline progressions for the
respective outcome variables are adjusted for potential damage from the airway pathogens Pa, Ma, Bc, Ax, Sa, Hi, and Asp.

Outcome Parameter

variable

Estimate (95% CI) p-value

Change in progression after
chronic onset (95% CI) p-value

Damage accrued from single
infection (95% CI) p-value

Disease (%) Baseline progression
Pa

Ma, Bc or Ax

Sa

Hi

Asp

Baseline progression
Pa

Ma, Bc or Ax

Sa

Hi

Asp

Baseline progression
Pa

Ma, Bc or Ax

Sa

Hi

Asp

Be (%)

FEV; z-score

0.23 (—0.04-0.51) p=0.095

0.12 (~0.00-0.25) p=0.057

—0.12 (-0.16--0.08) p<0.0001

0.92 (0.09-1.76) p=0.030
~0.92 (~4.79-2.94) p=0.63

0.67 (0.10-1.24) p=0.022
1.06 (~0.99-3.12) p=0.31

—0.12 (=0.20--0.03) p=0.0068
0.16 (—0.31-0.62) p=0.51

0.78 (0.02-1.53) p=0.044
1.10 (~0.81-3.01) p=0.25
—0.01 (=0.13-0.12) p=0.93
~0.07 (~0.29-0.15) p=0.51
0.12 (~0.22-0.47) p=0.47

0.57 (0.18-0.95) p = 0.0047
0.75 (—0.16-1.66) p=0.10
0.00 (~0.06-0.07) p=0.93
—0.07 (—0.26-0.12) p=0.47
0.10 (—0.09-0.28) p=0.29

0.00 (—0.09-0.09) p=0.96
~0.26 (~0.56-0.04) p=0.11
~0.02 (—0.03-0.00) p=0.058
0.03 (-0.05-0.11) p=0.43
0.01 (—0.01-0.04) p=0.23

Abbreviations: %Dis, total lung disease; %Be, bronchiectasis, both parameters are expressed as a percentage of the total lung volume; Pa, Pseudomonas
aeruginosa; Ma, Mycobacterium abscessus; B, Burkholderia cepacia complex; Ax, Achromobacter xylosoxidans; Asp, Aspergillus species; Sa, Staphylococcus au-

reus; Hi, Haemophilus influenzae.

increases in %Dis (0.78, p=0.044) and %Be (0.57, p=0.0047), but
not in FEV; (-0.00, p=0.96). The yearly progression in %Dis, %Be
and FEV; increased significantly after the patients became chroni-
cally infected with Pa. Compared to the airway pathogen-adjusted
yearly baseline progression, the yearly progression increased by
0.92 (p=0.030), 0.67 (p=0.022), and —0.12 (p=0.0068) for %Dis,

%Be and FEV, respectively (Table 2, Fig. 2).

3.2.2. M. abscessus, Burkholderia cepacia complex and A.

xylosoxidans

The estimated mean effect of a single respiratory infection with
Ma, Ax or Bc measured as %Dis, %Be and FEV; was 1.10 (p=0.25),
0.75 (p=0.10), and —0.26 (p=0.11), respectively. After chronic in-
fection with Ma or Bc, the yearly progression rate for %Be increased
by 1.06 (95% CI —0.99-3.12, p=0.31) compared to baseline.
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Fig. 2. Panel A and C. A single respiratory infection with Pseudomonas aeruginosa was associated with significant mean lung damage, expressed as increase in %Dis (0.78%,
p=0.044) and %Be (0.57%, p=0.0047), as compared to the baselines progression rates for respective parameter. Mean age of initial Pa infection was 7.4 years. The baselines
progression rates for %Dis and %Be were 0.23% per year and 0.12% per year, respectively, when adjusted for the airway pathogens Pa, Ma, Bc, AX, Sa, Hi, Sa and Asp. Panel
B and D. After chronic infected by Pseudomonas aeruginosa (mean age 12,6), the mean annual rate of progression of %Be and %Dis increased significantly to 1.16% (p =0.030)

and 0.79% (p=0.022), respectively, as compared to the baseline progression rates.

Abbreviations: %Dis, Total lung disease; %Be, bronchiectasis. Both of these parameters are expressed as percentage of the total lung volume. Pa, Pseudomonas aeruginosa; Ma,
Mycobacterium abscessus; Bc, Burkholderia cepacia complex; Ax, Achromobacter xylosoxidans; Asp, Aspergillus spp.; Sa; Staphylococcus aureus; Hi, Haemophilus influenzae.

3.2.3. S. aureus, H. influenzae and Aspergillus species
There were no significant associations between the number of
infections with Sa, Hi or Asp and %Dis, %Be, and FEV;.

3.3. Correlations between the extent and progression of CF lung
disease at different ages

There was a good correlation between the extent of SLD at
7 years of age and subsequent progression of %Dis (r=0.63,
p=0.0042) and %Be (r=0.74, p=0.0057), respectively (Fig. 1 and
Supplements). This also held true when adjustment was made for
airway pathogens, with the correlations being 0.61 (p=0.012) and
0.89 (p=0.010), respectively. Lung function measured as FEV; at
the age of 7 years showed no significant correlation with the rate
of further decline in FEV; (p=0.12). First at the age of 13 years,
there was a weak but significant correlation between the level of
FEV; and the rate of decline FEV; (r=0.31, p=0.031).

3.4. Relationships between lung function and progression of
bronchiectasis

There was a weak negative correlation between the levels of
FEV; at 7 years of age and the rates of progression of bronchiec-
tasis: —0.28 (95% CI, —0.50-0.02, p=0.034). The concordance cor-
relation coefficient between the levels of FEV; and progression of
bronchiectasis at age of 7 years was 0.59 (95% CI, 0.50-0.68). The

correlation between the rate of decline of FEV; and progression
rate of %Be was —0.26 (95% CI, —0.48-0.00, p =0.049), and the con-
cordance correlation coefficient was 0.59 (95% CI, 0.50-0.69) (Sup-
plemental Table 1).

4. Discussion

This longitudinal assessment of chest CTs using the PRAGMA-CF
quantitative scoring system describes the extent and yearly pro-
gression rate of SLD in school-age children with CF in relation to
infection with airway pathogens. We showed that chronic respira-
tory infection with Pa has a strong impact on the SLD progression
rate, and that intermittent Pa infections also are associated with
SLD that cannot be detected by FEV; measurements. Our study re-
veals a good correlation between the extent of SLD at 7 years of
age and a continuous progression rate for SLD. Neither the level
of nor the decline rate of FEV; provided useful insights into the
ongoing SLD progression rate.

For children aged 7 years, on average 4.7% of the lung volume
was affected by SLD, although the extent of SLD was highly vari-
able among the subjects (range, 0.3%-17.5%). Bronchiectasis were
present in almost 80% of the subjects. Despite this, the average
FEV; (z-score) was normal (+0.1) at the same age. Our results for
SLD in young children are comparable with a cross-sectional study
in children who underwent volume-controlled chest CT and were
analysed with the same scoring system [15]. The extent of SLD in
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children at 7 years of age showed a good correlation with the SLD
yearly progression rate, and this relationship was unchanged when
adjustment was made for airway pathogens. Pulmonary function
testing (FEVyy is a poor predictor of the FEV; yearly decline rate
and the rate of progression of SLD. In this study, we have rigor-
ously investigated the relationships between FEV; and SLD pro-
gression rate and found no good evidence to support the use of
FEV; as a surrogate for chest CT, in agreement with earlier studies
[16].

Our finding also supports the results from earlier studies that
chest CT needs to be performed before the age of 7 year to iden-
tify individuals with greater extent of SLD and at risk of a faster
SLD progression rate [6,17,18]. The prevalence of SLD in young chil-
dren and pre-schoolers is high but the extent of SLD is relatively
low and the yearly progression rate of SLD is relatively slow [7].
PRAGMA-CF is not available in routine radiology so it is question-
able if these small changes of SLD over time will be detected on
an individual basis not using a sensitive scoring system.

Many centres monitor CF lung disease progression regularly
(annually, every 2nd or 3rd year) using chest CT. As shown in this
paper and earlier studies the progression rate of SLD depends on
innate and dynamic risk factors, where chest CT itself provides
important information about the disease progression [6,17,19]. A
more personalized strategy to monitoring CF lung disease based
on continues assessment of individual risk factors would be more
ideal [1]. To date we don’t have enough knowledge about the
risk factors affecting CF lung disease to create dynamic stratified
monitor protocols based on individual risk factors. Multiple Breath
washout (MBW) and chest MRI are other sensitive methods to de-
tect and track CF lung disease. Both methods have also demon-
strated the ability to evaluate short term interventions and treat-
ment responses at pulmonary exacerbations [20,21]. Lung Clear-
ance Index (LCI) has also been shown to deteriorate faster prior
to an airway infection compared to children with no pulmonary
infections [22,23]. Longitudinal analysis are needed to establish
whether repeated measurements of MBW or chest MRI in between
routine CT scans can be used in clinical practice to create person-
alized monitoring protocols for CF lung disease.

The estimated SLD progression rate was strongly associated
with respiratory infections (in this study defined as positive spu-
tum culture) and the annually SLD progression rate was no longer
significant after adjustment for respiratory infections. Earlier stud-
ies have identified pulmonary infections and chronic inflammation
as risk factors in the development of SLD [6,7,17,24]. Aggressive
treatment with antibiotics in combination with anti-inflammatory
interventions might be a possible way forward to further minimize
structural and physiological lung disease progression until disease
modifying agents are available for all ages and CF-mutations.

Chronic colonization with P. aeruginosa is associated with a
more aggressive decline rate in pulmonary lung function measured
as FEV; [25,26]. Pulmonary infections with P. aeruginosa are also a
known risk factor for accelerated SLD and faster deterioration in
LCI [17,23,27-29]. Individuals chronically infected with Pa in our
study had almost a 7-fold increase in the yearly progression rate
regarding bronchiectasis and a 2-fold higher rate of decline of FEV,
compared to the airway pathogen-adjusted baseline values. Only
relying on spirometry test (FEV;) as an objective modality to eval-
uate chronic Pa treatment strategy will probably underestimate the
progression of CF lung disease. The mean age for chronic coloniza-
tion with P. aeruginosa in our cohort occurred in early adolescence,
in which chest CT also may add information in order to prevent
and understand the unknown steeper decline rate in CF lung dis-
ease staring at puberty [30].We also found that even a single in-
fection with Pa that is successfully eradicated was associated with
a significant increase of bronchiectasis. Pa infections are known
to be a risk factor of further development of bronchiectasis but

haven’t been shown to cause SLD when eradicated [6,17]. This find-
ing further emphasizes the importance of multi-modality surveil-
lance strategies for early detection and eradication of Pa and that
chest CT can be used for evaluation of chronic treatment for Pa
[31].

There were no significant changes in SLD and FEV; after infec-
tion or chronic colonisation with Mycobacterium abscessus, domi-
nant to numbers in the group with Ax and Bc. Our results though
indicate a trend towards a dramatic increase in the Be progres-
sion rate and persistent SLD after pathogen colonization. The non-
significant result is most likely due to the late onset and the few
subjects with Ma, Ax or Bc infection. Both chronic infection with P.
aeruginosa and Mycobacterium abscessus in our study can therefore
be considered as patients at high risk for faster progression of SLD
and selected for frequent chest CT. Sa and Hi, did not show any
significant associations with damages to the lung, although there
are studies suggesting Sa may affect progression of SLD [19]. A
possible explanation for this is that regular treatments with oral
antibiotics covering these bacteria are given at each occurrence of
mild pulmonary infection. Aspergillus colonisation/infection did not
show any significant increase in damage to the lungs in our study.
The effect of Aspergillus airway colonization on CF lung disease in
the absence of acute bronchial pulmonary aspergillosis is not es-
tablished, even though there is evidence that Aspergillus can cause
lung damage [32,33].

This study has certain limitations. The chest CT scans were
not volume-controlled, and this is known to under-estimate the
amount of trapped air. Expiratory scans only included 3-4 slices
and, therefore, the variable of trapped air was only used in the de-
scriptive statistics [34,35]. No information about treatment, clinical
symptoms or pulmonary exacerbations were included which might
have affected the results how different pathogens are associated
with SLD. The number of airway cultures regarding the pathogens
Sa, Hi, Asp varied among the subjects, which could have affected
the impacts that the different pathogens had on SLD. Information
about yearly Pa colonization were available from diagnosis but not
chest CT, which would have been valuable to strengthen the as-
sociation between SLD and airway pathogens. Due to the hetero-
geneity of the study material with respect to the time-points for
performing chest CTs, a model-based analysis strategy was used
throughout. This means that any incorrect specifications in the
models could have implications for the estimated effects and cor-
relations. The main strengths of this study are that it comprises
75 individuals with an average of three chest CTs administered
over a long period of time, and accompanying spirometry measure-
ments made both at the time of the CT scanning and at all the an-
nual reviews between the CT scans. The reliability of the data and
analyses are strengthened by the high intra-observer repeatability
for the PRAGMA-score and the strong agreement between the ob-
served and fitted values.

In summary, this study describes the progression of SLD in
school-age children with CF. P. aeruginosa infections that are suc-
cessfully eradicated are associated with significant SLD but no
change in FEV; and chronic infections with Pa are strongly asso-
ciated with the yearly SLD progression rate. There is a good corre-
lation between the extent of SLD at 7 years of age and subsequent
progression of SLD but not with FEV; at the same age.
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