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a b s t r a c t 

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 1 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 1 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 1 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 1 

( 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 1 and the rate of decline of FEV 1 ( r = −0.22, p = 0.12). 

Conclusion: Intermittent respiratory infections with P aeruginosa were associated with significant SLD but 

no change in FEV 1 . 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. 
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1. Introduction 

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 1 , 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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Pulmonary infections play an important role in neutrophil-

elated inflammation in the lung, which is associated with faster

rogression of SLD [5,6] . It is not known to what extent inter-

ittent and chronic infections with common CF airway pathogens

auses SLD and influence the yearly SLD progression rate. Fully

uantitative scoring systems to track smaller changes in SLD have

rimarily been used in pre-school children and have not been used

n longitudinal studies in older children with CF [7] . Information

ained from chest CTs has earlier been shown to identify infants

nd pre-school children who are at higher risk of more-rapid dis-

ase progression, although this has not been shown in school-age

hildren with CF [4,7] . 

The aims of this retrospective, longitudinal study in school-

ge children were to: (1) describe the progression of CF lung dis-
eserved. 

https://doi.org/10.1016/j.jcf.2019.10.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcf.2019.10.014&domain=pdf
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ase in relation to different host factors; (2) describe how airway

athogens influence the degree of lung damage and SLD progres-

ion; (3) compare the abilities of chest CTs and FEV 1 values to

dentify individuals at risk of rapid progression of CF lung disease;

4) describe the relationships between SLD and FEV 1 . 

. Methods 

.1. Study population 

The study included 75 school-age children at the Gothenburg

F Centre born in the period 1990–2009 and diagnosed with cys-

ic fibrosis ̈[8] . All the subjects underwent at least one chest CT

uring the period 2003–2015. Chest CTs were routinely performed

very third year at the annual evaluation and on demand starting

rom 6 years of age. Spirometry were performed regularly between

he ages 5–18. Demographic data for each subject were retrieved

rom the Swedish CF Registry. The study was approved by the lo-

al Ethics Committee (Dnr. 206-18) 

.2. CT acquisition 

Chest CT’s were performed with two different CT scanners:

ight Speed Ultra (GE Healthcare Inc., USA); and Discovery CT750

D (GE Healthcare Inc., USA). All scans were performed during vol-

ntary breath hold-at-end inspiration and end expiration using a

iscontinuous scanning protocol. Inspiratory scans were applied at

5 mm between every 1-mm slice and generated on average 10–15

lices. On the expiratory scans, 1-mm slices were used with a dis-

ance of 30 mm between every slice, resulting on average in 3–4

lices. 

.3. CT analysis 

The Perth-Rotterdam Annotated Grid Morphometric Analysis for

ystic Fibrosis (PRAGMA-CF) method was used to track changes in

LD [7] . PRAGMA-CF allows quantification of bronchiectasis (%Be),

ucous, bronchial wall thickness, atelectasis, and normal lung

tructure on inspiratory scans, as well as trapped air (%Ta) and nor-

al lung structure on expiratory scans. Normally, 10 equidistant

xial slices are annotated on both the inspiratory and expiratory

cans. However, due to the use of a sequential CT-protocol in this

tudy, all the slices on the inspiratory scans (10–15 slices) and ex-

iratory scans (3–4 slices) were annotated. The primary outcomes

f the chest CT scans were total lung disease (%Dis), bronchiectasis

%Be), and trapped air (%Ta), expressed as the volume proportion of

he respective pathology on the scan divided by the total volume

f the scan. 

All CT-scans were coded and randomised before being analysed.

ne PRAGMA-CF certified paediatric pulmonologist under training

MS) analysed all CT-scans [9] . After 1 month, 20 CT scans that

ere randomly selected and stratified for lung disease severity

ere re-scored to determine intra-observer repeatability. 

.4. Spirometry 

Spirometry (Jaeger AG, Würzburg, Germany) was performed ac-

ording to the ATS/ERS recommendations at the annual evaluation

f the patient [10] . For FEV 1 assessment, the GLI reference equation

as used, and the results are expressed as the z-score or percent-

redicted [11] . 

.5. Airway pathogen 

Results for the period 1996–2015 from sputum cultures and cul-

ures from laryngeal suction in non-sputum-producing individu-
ls regarding Pseudomonas aeruginosa (Pa), Mycobacterium absces-

us (Ma) Burkholderia cepacia complex (Bc), Achromobacter xylosox-

dans (Ax), Aspergillus species (Asp), Staphylococcus aureus (Sa) and

aemophilus influenzae (Hi) were retrieved from the Department

f Clinical Microbiology, Gothenburg. Complementary information

bout chronic and intermittent infections was also collected from

he Swedish CF Registry. The registry summarises the yearly results

f sputum cultures between annual evaluation for Pa, Ma, Bc, and

x from diagnosis conducted at all shared health-care providers.

a was categorised according to the Leeds criteria between ev-

ry annual evaluation for each subject [12] . In order to apply Pa

olonization to a longitudinal statistical model, the categories of

never having Pa’ and ‘free of Pa’ were pooled together. Other

athogens associated with severe lung infections in CF individu-

ls, such as Ma, Bc, and Ax, were pooled together under the same

riteria described above for Pa, due to the low numbers of patients

ho were infected with these pathogens [13,14] . Subjects were de-

ned as having a temporary respiratory infection with Sa or Hi

r Asp if they had a positive sputum culture for the respective

rganism. 

.6. Statistical analysis 

For descriptive purposes, the data are presented as means

nd range for continuous variables and as numbers (%) for

ategorical variables. The intra-class correlation coefficient (ICC)

as calculated to describe intra-observer variability for PRAGMA-

F. 

Analysis of the longitudinal data was performed using mixed ef-

ects models with age as fixed effect, and with random intercepts

nd slopes for each subject. Two types of models were considered:

 Gaussian linear mixed model for analysis of FEV 1 ; and quasi-

inomial logit-linear mixed models for analysis of SLD. The latter

as chosen because of the bounded, skewed and heteroscedastic

ature of the SLD outcomes. After fitting the SLD models, it was

udged that a simpler linear model would suffice, as the progres-

ions were approximately linear, both at the population and sub-

ect levels. The SLD outcomes were therefore re-analysed with lin-

ar mixed models, using robust standard errors to account for het-

roscedasticity. 

Comparisons of sub-groups were performed by the inclusion

f sub-group variables as fixed effects in the models. To assess

hether disease progression differed between the sub-groups, a

ub-group with age interaction was also included. We also studied

he effects of a single and chronic respiratory infection by includ-

ng the time-updated cumulative number of incidences and the

umber of years since the onset of chronic infection (only Pa, Ma,

c or Ax) in the models. 

We also evaluated the correlations between yearly progression

f FEV 1 and SLD, and between progression and extent of disease

t different ages. For each of FEV 1 , %Dis, and %Be, correlations

etween progression and extent of disease were estimated from

he covariance parameters of the mixed models and tested us-

ng likelihood ratio tests. Correlations between two different out-

omes where calculated as Spearman’s rank correlations for the

stimated subject-specific parameters. In addition, concordance in-

ices with 95% bootstrap confidence intervals were computed con-

idering c ≥ 0.70 providing acceptable model. Further details of the

tatistical analysis used are presented in the supplemental ap-

endix. 

The ICCs were computed using the SPSS ver. 23 software (IBM

orp, Armonk, NY, USA). All other statistical analyses were per-

ormed with the SAS ver. 9.4 software (SAS Institute, Cary, NC,

SA). 
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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. 
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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), 1.45 (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 1 (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 < 0.0 0 01), 0.43 (95% CI, 0.28–0.58,

p < 0.0 0 01) and 1.61 (95% CI, 1.06–2.17, p < 0.0 0 01) ( 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 1 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 20 0 0–

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);
nd shared care ( p = 0.76 and p = 0.91), (supplemental Table 2.) The

ean FEV 1 (z-score) decline rate for all subjects was −0.16/year

95% CI, −0.18–0.13, p < 0.0 0 01), and no significant difference was

oted for the FEV 1 decline rate between the sub-groups. The

ge-adjusted mean difference in SLD between sub-groups was

nly significantly higher for %Be in subjects who had been di-

gnosed with CF after 1 year of age ( p = 0.016). At the age of

 years, the mean %Be values for subjects diagnosed before and

fter 1 year of age were 0.69 (95% CI, 0.22–1.16) and 1.90 (95%

I, 1.04–2.75), respectively. The entire cohort included few sub-

ects with pancreatic sufficiency, and both groups had similar re-

ults for the progression and extent of SLD and FEV 1 measure-

ents ( Table 1 ). All the subjects were therefore included in further

alculations. 

.2. Effects of single and chronic infections with airway pathogens on

ung disease progression 

When adjusting for potential damage from all the tested air-

ay pathogens (Pa, Ma, Ax, Bc, Sa, Hi and Asp), the yearly mean

rogression for%Dis,%Be and decline in FEV 1 were 0.23 ( p = 0.095),

.12 ( p = 0.057), and −0.12 ( p < 0.0 0 01), respectively ( Table 2 ). 

.2.1. P. aeruginosa 

A single respiratory infection with Pa was associated with a

ignificant 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 1 measurements performed 820 

FEV 1 measurements performed per subject 12.2 (2–16) 

FEV 1 (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) −0.42 ( −3.01–1.75) 

Height at 7 years of age (z-score) −0.41 ( −3.34–1.91) 

BMI at 7 years of age (z-score) −0.27 ( −2.11–1.99) 

Cultures/patient/year 4.23 (0.12–15.4) 

Pa incidence/subject/year 0.24 (0.00–0.93) 

Subjects with one or more Pa infection 55 (73%) 

Age at first Pa infection (years) 7.4 (0.4–17.4) 

Subjects with chronic Pa infection 22 (29%) 

Age at onset of chronic Pa infection (years) 12.6 (3.1–18.9) 

Subjects with one or more Ma, Ax or Bc infection 22 (29%) 

Subjects with chronic Ma or Bc infection 7 (9%) 

Age at onset of chronic Ma and Bc infection (years) 15.4 (13.2–18.5) 

Sa incidence/subject/year 1.94 (0.0–7.11) 

Hi incidence/subject/year 0.39 (0.00–2.36) 

Asp incidence/subject/year 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 1 . 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 

variable 

Parameter 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 0.23 ( −0.04–0.51) p = 0.095 

Pa 0.92 (0.09–1.76) p = 0.030 0.78 (0.02–1.53) p = 0.044 

Ma, Bc or Ax −0.92 ( −4.79–2.94) p = 0.63 1.10 ( −0.81–3.01) p = 0.25 

Sa −0.01 ( −0.13–0.12) p = 0.93 

Hi −0.07 ( −0.29–0.15) p = 0.51 

Asp 0.12 ( −0.22–0.47) p = 0.47 

Be (%) Baseline progression 0.12 ( −0.00–0.25) p = 0.057 

Pa 0.67 (0.10–1.24) p = 0.022 0.57 (0.18–0.95) p = 0.0047 

Ma, Bc or Ax 1.06 ( −0.99–3.12) p = 0.31 0.75 ( −0.16–1.66) p = 0.10 

Sa 0.00 ( −0.06–0.07) p = 0.93 

Hi −0.07 ( −0.26–0.12) p = 0.47 

Asp 0.10 ( −0.09–0.28) p = 0.29 

FEV 1 z-score Baseline progression −0.12 ( −0.16–−0.08) p < 0.0001 

Pa −0.12 ( −0.20–−0.03) p = 0.0068 0.00 ( −0.09–0.09) p = 0.96 

Ma, Bc or Ax 0.16 ( −0.31–0.62) p = 0.51 −0.26 ( −0.56–0.04) p = 0.11 

Sa −0.02 ( −0.03–0.00) p = 0.058 

Hi 0.03 ( −0.05–0.11) p = 0.43 

Asp 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 . 

i  

n  

a  

c  

y  

0  

%
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M  

0  

f  

b

ncreases in %Dis (0.78, p = 0.044) and %Be (0.57, p = 0.0047), but

ot in FEV 1 ( −0.00, p = 0.96). The yearly progression in %Dis, %Be

nd FEV 1 increased significantly after the patients became chroni-

ally infected with Pa. Compared to the airway pathogen-adjusted

early baseline progression, the yearly progression increased by

.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 ). 
1 
.2.2. M. abscessus, Burkholderia cepacia complex and A. 

ylosoxidans 

The estimated mean effect of a single respiratory infection with

a, Ax or Bc measured as %Dis, %Be and FEV 1 was 1.10 ( p = 0.25),

.75 ( p = 0.10), and −0.26 ( p = 0.11), respectively. After chronic in-

ection with Ma or Bc, the yearly progression rate for %Be increased

y 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. 
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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 1 . 

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 1 at

the age of 7 years showed no significant correlation with the rate

of further decline in FEV 1 ( p = 0.12). First at the age of 13 years,

there was a weak but significant correlation between the level of

FEV 1 and the rate of decline FEV 1 ( 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 1 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 1 and progression of

bronchiectasis at age of 7 years was 0.59 (95% CI, 0.50–0.68). The
orrelation between the rate of decline of FEV 1 and progression

ate of %Be was −0.26 (95% CI, −0.48–0.00, p = 0.049), and the con-

ordance correlation coefficient was 0.59 (95% CI, 0.50–0.69) (Sup-

lemental Table 1). 

. Discussion 

This longitudinal assessment of chest CTs using the PRAGMA-CF

uantitative scoring system describes the extent and yearly pro-

ression rate of SLD in school-age children with CF in relation to

nfection with airway pathogens. We showed that chronic respira-

ory infection with Pa has a strong impact on the SLD progression

ate, and that intermittent Pa infections also are associated with

LD that cannot be detected by FEV 1 measurements. Our study re-

eals a good correlation between the extent of SLD at 7 years of

ge and a continuous progression rate for SLD. Neither the level

f nor the decline rate of FEV 1 provided useful insights into the

ngoing SLD progression rate. 

For children aged 7 years, on average 4.7% of the lung volume

as affected by SLD, although the extent of SLD was highly vari-

ble among the subjects (range, 0.3%–17.5%). Bronchiectasis were

resent in almost 80% of the subjects. Despite this, the average

EV 1 (z-score) was normal ( + 0.1) at the same age. Our results for

LD in young children are comparable with a cross-sectional study

n children who underwent volume-controlled chest CT and were

nalysed with the same scoring system [15] . The extent of SLD in
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hildren at 7 years of age showed a good correlation with the SLD

early progression rate, and this relationship was unchanged when

djustment was made for airway pathogens. Pulmonary function

esting (FEV 1) is a poor predictor of the FEV 1 yearly decline rate

nd the rate of progression of SLD. In this study, we have rigor-

usly investigated the relationships between FEV 1 and SLD pro-

ression rate and found no good evidence to support the use of

EV 1 as a surrogate for chest CT, in agreement with earlier studies

16] . 

Our finding also supports the results from earlier studies that

hest CT needs to be performed before the age of 7 year to iden-

ify individuals with greater extent of SLD and at risk of a faster

LD progression rate [6,17,18] . The prevalence of SLD in young chil-

ren and pre-schoolers is high but the extent of SLD is relatively

ow and the yearly progression rate of SLD is relatively slow [7] .

RAGMA-CF is not available in routine radiology so it is question-

ble if these small changes of SLD over time will be detected on

n 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

aper and earlier studies the progression rate of SLD depends on

nnate and dynamic risk factors, where chest CT itself provides

mportant information about the disease progression [6,17,19] . A

ore personalized strategy to monitoring CF lung disease based

n continues assessment of individual risk factors would be more

deal [1] . To date we don’t have enough knowledge about the

isk factors affecting CF lung disease to create dynamic stratified

onitor protocols based on individual risk factors. Multiple Breath

ashout (MBW) and chest MRI are other sensitive methods to de-

ect and track CF lung disease. Both methods have also demon-

trated the ability to evaluate short term interventions and treat-

ent responses at pulmonary exacerbations [20,21] . Lung Clear-

nce Index (LCI) has also been shown to deteriorate faster prior

o an airway infection compared to children with no pulmonary

nfections [22,23] . Longitudinal analysis are needed to establish

hether repeated measurements of MBW or chest MRI in between

outine CT scans can be used in clinical practice to create person-

lized monitoring protocols for CF lung disease. 

The estimated SLD progression rate was strongly associated

ith respiratory infections (in this study defined as positive spu-

um culture) and the annually SLD progression rate was no longer

ignificant after adjustment for respiratory infections. Earlier stud-

es have identified pulmonary infections and chronic inflammation

s risk factors in the development of SLD [6,7,17,24] . Aggressive

reatment with antibiotics in combination with anti-inflammatory

nterventions might be a possible way forward to further minimize

tructural and physiological lung disease progression until disease

odifying agents are available for all ages and CF-mutations. 

Chronic colonization with P. aeruginosa is associated with a

ore aggressive decline rate in pulmonary lung function measured

s FEV 1 [25,26] . Pulmonary infections with P. aeruginosa are also a

nown risk factor for accelerated SLD and faster deterioration in

CI [17,23,27–29] . Individuals chronically infected with Pa in our

tudy had almost a 7-fold increase in the yearly progression rate

egarding bronchiectasis and a 2-fold higher rate of decline of FEV 1 

ompared to the airway pathogen-adjusted baseline values. Only

elying on spirometry test (FEV 1 ) as an objective modality to eval-

ate chronic Pa treatment strategy will probably underestimate the

rogression of CF lung disease. The mean age for chronic coloniza-

ion with P. aeruginosa in our cohort occurred in early adolescence,

n which chest CT also may add information in order to prevent

nd understand the unknown steeper decline rate in CF lung dis-

ase staring at puberty [30] .We also found that even a single in-

ection with Pa that is successfully eradicated was associated with

 significant increase of bronchiectasis. Pa infections are known

o be a risk factor of further development of bronchiectasis but
aven’t been shown to cause SLD when eradicated [6,17] . This find-

ng further emphasizes the importance of multi-modality surveil-

ance strategies for early detection and eradication of Pa and that

hest CT can be used for evaluation of chronic treatment for Pa

31] . 

There were no significant changes in SLD and FEV 1 after infec-

ion or chronic colonisation with Mycobacterium abscessus , domi-

ant to numbers in the group with Ax and Bc. Our results though

ndicate a trend towards a dramatic increase in the Be progres-

ion rate and persistent SLD after pathogen colonization. The non-

ignificant result is most likely due to the late onset and the few

ubjects with Ma, Ax or Bc infection. Both chronic infection with P.

eruginosa and Mycobacterium abscessus in our study can therefore

e considered as patients at high risk for faster progression of SLD

nd selected for frequent chest CT. Sa and Hi, did not show any

ignificant associations with damages to the lung, although there

re studies suggesting Sa may affect progression of SLD [19] . A

ossible explanation for this is that regular treatments with oral

ntibiotics covering these bacteria are given at each occurrence of

ild pulmonary infection. Aspergillus colonisation/infection did not

how any significant increase in damage to the lungs in our study.

he effect of Aspergillus airway colonization on CF lung disease in

he absence of acute bronchial pulmonary aspergillosis is not es-

ablished, even though there is evidence that Aspergillus can cause

ung damage [32,33] . 

This study has certain limitations. The chest CT scans were

ot volume-controlled, and this is known to under-estimate the

mount of trapped air. Expiratory scans only included 3–4 slices

nd, therefore, the variable of trapped air was only used in the de-

criptive statistics [34,35] . No information about treatment, clinical

ymptoms or pulmonary exacerbations were included which might

ave affected the results how different pathogens are associated

ith SLD. The number of airway cultures regarding the pathogens

a, Hi, Asp varied among the subjects, which could have affected

he impacts that the different pathogens had on SLD. Information

bout yearly Pa colonization were available from diagnosis but not

hest CT, which would have been valuable to strengthen the as-

ociation between SLD and airway pathogens. Due to the hetero-

eneity of the study material with respect to the time-points for

erforming chest CTs, a model-based analysis strategy was used

hroughout. This means that any incorrect specifications in the

odels could have implications for the estimated effects and cor-

elations. The main strengths of this study are that it comprises

5 individuals with an average of three chest CTs administered

ver a long period of time, and accompanying spirometry measure-

ents made both at the time of the CT scanning and at all the an-

ual reviews between the CT scans. The reliability of the data and

nalyses are strengthened by the high intra-observer repeatability

or the PRAGMA-score and the strong agreement between the ob-

erved and fitted values. 

In summary, this study describes the progression of SLD in

chool-age children with CF. P. aeruginosa infections that are suc-

essfully eradicated are associated with significant SLD but no

hange in FEV 1 and chronic infections with Pa are strongly asso-

iated with the yearly SLD progression rate. There is a good corre-

ation between the extent of SLD at 7 years of age and subsequent

rogression of SLD but not with FEV 1 at the same age. 

uthor agreement 

All authors have seen and approved the final version of the re-

ised manuscript “Risk factors for progression of structural lung

isease in school-age children with cystic fibrosis” They warrant

hat the article is the authors’ original work, hasn’t received prior

ublication and isn’t under consideration for publication else-

here. 



916 M. Svedberg, P. Gustafsson and H. Tiddens et al. / Journal of Cystic Fibrosis 19 (2020) 910–916 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

 

[  

 

[  

 

 

 

 

[  

 

[  

 

 

 

 

 

[  

 

 

 

 

 

 

Funding 

This study was supported by grants from The Swedish order of

Freemasons, Queen Silvia children’s hospital research foundation,

The Samaritan foundation for paediatric research, Petter Silverski-

olds foundation, Erica Lederhausen foundation and the Swedish CF

foundation. 

Declaration of competing interest 

Dr. Tiddens has a patent licensed for the PRAGMA-CF scoring

system. He is heading the Erasmus MC-Sophia Children’s Hospital

core laboratory Lung Analysis. FLUIDDA has developed computa-

tional fluid dynamic modeling based on chest-CTs obtained from

Erasmus MC-Sophia for which royalties are received by Sophia

Research BV. All financial aspects for the grants are handled by

Sophia Research BV. 

Acknowledgements 

The author thank the friendly co-workers at the Erasmus MC-

Sophia Children’s Hospital core laboratory Lung Analysis, Rotter-

dam for help and support in the process of CT-scoring. 

Supplementary materials 

Supplementary material associated with this article can be

found, in the online version, at doi: 10.1016/j.jcf.2019.10.014 . 

References 

[1] Tiddens HA , Stick SM , Davis S . Multi-modality monitoring of cystic fibrosis
lung disease: the role of chest computed tomography. Paediatr Respir Rev

2014;15:92–7 . 
[2] Hansell DM . Bronchiectasis. Radiol Clin North Am. 1998;36:107–28 . 

[3] Loeve M , Gerbrands K , Hop WC , Rosenfeld M , Hartmann IC , Tiddens HA .
Bronchiectasis and pulmonary exacerbations in children and young adults with

cystic fibrosis. Chest 2011;140:178–85 . 

[4] Tepper LA , Utens EM , Caudri D , Bos AC , Gonzalez-Graniel K , Duivenvoorden HJ ,
et al. Impact of bronchiectasis and trapped air on quality of life and exacerba-

tions in cystic fibrosis. Eur Respir J 2013;42:371–9 . 
[5] Sly PD , Brennan S , Gangell C , de Klerk N , Murray C , Mott L , et al. Lung disease

at diagnosis in infants with cystic fibrosis detected by newborn screening. Am
J Respir Crit Care Med 2009;180:146–52 . 

[6] Mott LS , Park J , Murray CP , Gangell CL , de Klerk NH , Robinson PJ , et al. Pro-

gression of early structural lung disease in young children with cystic fibrosis
assessed using CT. Thorax 2012;67:509–16 . 

[7] Rosenow T , Oudraad MC , Murray CP , Turkovic L , Kuo W , de Bruijne M ,
et al. PRAGMA-CF. A quantitative structural lung disease computed tomogra-

phy outcome in young children with cystic fibrosis. Am J Respir Crit Care Med
2015;191:1158–65 . 

[8] Smyth AR , Bell SC , Bojcin S , Bryon M , Duff A , Flume P , et al. European cys-

tic fibrosis society standards of care: best practice guidelines. J Cyst Fibros
2014;13(Suppl 1):S23–42 . 

[9] Szczesniak R , Turkovic L , Andrinopoulou ER , Tiddens HA . Chest imaging in
cystic fibrosis studies: what counts, and can be counted? J Cyst Fibros

2017;16:175–85 . 
[10] Miller MR , Hankinson J , Brusasco V , Burgos F , Casaburi R , Coates A , et al. Stan-

dardisation of spirometry. Eur Respir J 2005;26:319–38 . 
[11] Quanjer PH , Stanojevic S , Cole TJ , Baur X , Hall GL , Culver BH , et al. Multi-eth-

nic reference values for spirometry for the 3-95-yr age range: the global lung

function 2012 equations. Eur Respir J 2012;40:1324–43 . 
[12] Lee TW , Brownlee KG , Conway SP , Denton M , Littlewood JM . Evaluation of a

new definition for chronic pseudomonas aeruginosa infection in cystic fibrosis
patients. J Cyst Fibros 2003;2:29–34 . 
[13] Floto RA , Olivier KN , Saiman L , Daley CL , Herrmann JL , Nick JA , et al. US cystic
fibrosis foundation and european cystic fibrosis society consensus recommen-

dations for the management of non-tuberculous mycobacteria in individuals
with cystic fibrosis. Thorax 2016;71(Suppl 1):i1–22 . 

[14] Chmiel JF , Aksamit TR , Chotirmall SH , Dasenbrook EC , Elborn JS , LiPuma JJ ,
et al. Antibiotic management of lung infections in cystic fibrosis. I. the mi-

crobiome, methicillin-resistant staphylococcus aureus, gram-negative bacteria,
and multiple infections. Ann Am Thorac Soc 2014;11:1120–9 . 

[15] Ramsey KA , Rosenow T , Turkovic L , Skoric B , Banton G , Adams AM , et al. Lung

clearance index and structural lung disease on computed tomography in early
cystic fibrosis. Am J Respir Crit Care Med 2016;193:60–7 . 

[16] Tiddens HA , Rosenow T . What did we learn from two decades of chest com-
puted tomography in cystic fibrosis? Pediatr Radiol. 2014;44:1490–5 . 

[17] Sly PD , Gangell CL , Chen L , Ware RS , Ranganathan S , Mott LS , et al. Risk
factors for bronchiectasis in children with cystic fibrosis. N Engl J Med

2013;368:1963–70 . 

[18] Ramsey KA , Ranganathan S , Park J , Skoric B , Adams AM , Simpson SJ , et al. Early
respiratory infection is associated with reduced spirometry in children with

cystic fibrosis. Am J Respir Crit Care Med 2014;190:1111–16 . 
[19] Caudri D , Turkovic L , Ng J , de Klerk NH , Rosenow T , Hall GL , et al. The associa-

tion between staphylococcus aureus and subsequent bronchiectasis in children
with cystic fibrosis. J Cyst Fibros 2018;17:462–9 . 

[20] Stahl M , Wielputz MO , Graeber SY , Joachim C , Sommerburg O , Kauczor HU ,

et al. Comparison of lung clearance index and magnetic resonance imaging for
assessment of lung disease in children with cystic fibrosis. Am J Respir Crit

Care Med 2017;195:349–59 . 
[21] Rayment JH , Stanojevic S , Davis SD , Retsch-Bogart G , Ratjen F . Lung clearance

index to monitor treatment response in pulmonary exacerbations in preschool
children with cystic fibrosis. Thorax 2018 . 

22] Simpson SJ , Ranganathan S , Park J , Turkovic L , Robins-Browne RM , Skoric B ,

et al. Progressive ventilation inhomogeneity in infants with cystic fibrosis after
pulmonary infection. Eur Respir J 2015;46:1680–90 . 

23] Stanojevic S , Davis SD , Retsch-Bogart G , Webster H , Davis M , Johnson RC ,
et al. Progression of lung disease in preschool patients with cystic fibrosis. Am

J Respir Crit Care Med 2017;195:1216–25 . 
[24] Rosenow T , Mok LC , Turkovic L , Berry LJ , Sly PD , Ranganathan S , et al. The

cumulative effect of inflammation and infection on structural lung disease in

early cystic fibrosis. Eur Respir J 2019:54 . 
25] Kerem E , Corey M , Gold R , Levison H . Pulmonary function and clinical

course in patients with cystic fibrosis after pulmonary colonization with pseu-
domonas aeruginosa. J Pediatr 1990;116:714–19 . 

26] Frederiksen B , Koch C , Hoiby N . Antibiotic treatment of initial coloniza-
tion with pseudomonas aeruginosa postpones chronic infection and pre-

vents deterioration of pulmonary function in cystic fibrosis. Pediatr Pulmonol

1997;23:330–5 . 
[27] Rosenfeld M , Gibson RL , McNamara S , Emerson J , Burns JL , Castile R , et al. Early

pulmonary infection, inflammation, and clinical outcomes in infants with cys-
tic fibrosis. Pediatr Pulmonol 2001;32:356–66 . 

28] Stick SM , Brennan S , Murray C , Douglas T , von Ungern-Sternberg BS , Gar-
ratt LW , et al. Bronchiectasis in infants and preschool children diagnosed with

cystic fibrosis after newborn screening. J Pediatr 2009;155:623–8 e1 . 
29] Kosorok MR , Zeng L , West SE , Rock MJ , Splaingard ML , Laxova A , et al. Ac-

celeration of lung disease in children with cystic fibrosis after pseudomonas

aeruginosa acquisition. Pediatr Pulmonol 2001;32:277–87 . 
[30] Harun SN , Wainwright C , Klein K , Hennig S . A systematic review of studies

examining the rate of lung function decline in patients with cystic fibrosis.
Paediatr Respir Rev 2016;20:55–66 . 

[31] Ratjen F , Moeller A , McKinney ML , Asherova I , Alon N , Maykut R , et al. Erad-
ication of early P. aeruginosa infection in children < 7years of age with cystic

fibrosis: the early study. J Cyst Fibros 2019;18:78–85 . 

32] Schwarz C , Hartl D , Eickmeier O , Hector A , Benden C , Durieu I , et al. Progress
in definition, prevention and treatment of fungal infections in cystic fibrosis.

Mycopathologia 2018;183:21–32 . 
[33] Singh A , Ralhan A , Schwarz C , Hartl D , Hector A . Fungal pathogens in CF air-

ways: leave or treat? Mycopathologia 2018;183:119–37 . 
[34] Salamon E , Lever S , Kuo W , Ciet P , Tiddens HA . Spirometer guided chest

imaging in children: it is worth the effort!. Pediatr Pulmonol 2017;52:48–

56 . 
[35] Kongstad T , Buchvald FF , Green K , Lindblad A , Robinson TE , Nielsen KG . Im-

proved air trapping evaluation in chest computed tomography in children with
cystic fibrosis using real-time spirometric monitoring and biofeedback. J Cyst

Fibros 2013;12:559–66 . 

https://doi.org/10.1016/j.jcf.2019.10.014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0001
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0001
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0001
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0001
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0002
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0002
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0003
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0004
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0005
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0006
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0007
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0008
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0009
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0009
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0009
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0009
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0009
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0010
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0011
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0012
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0013
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0014
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0015
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0016
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0016
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0016
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0017
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0018
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0019
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0020
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0021
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0022
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0023
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0024
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0025
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0025
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0025
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0025
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0025
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0026
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0026
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0026
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0026
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0027
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0028
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0029
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0030
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0030
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0030
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0030
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0030
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0031
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0032
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0033
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0034
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035
http://refhub.elsevier.com/S1569-1993(19)30929-4/sbref0035

	Risk factors for progression of structural lung disease in school-age children with cystic fibrosis
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 CT acquisition
	2.3 CT analysis
	2.4 Spirometry
	2.5 Airway pathogen
	2.6 Statistical analysis

	3 Results
	3.1 Extent and progression of CF lung disease
	3.2 Effects of single and chronic infections with airway pathogens on lung disease progression
	3.2.1 P. aeruginosa
	3.2.2 M. abscessus, Burkholderia cepacia complex and A. xylosoxidans
	3.2.3 S. aureus, H. influenzae and Aspergillus species

	3.3 Correlations between the extent and progression of CF lung disease at different ages
	3.4 Relationships between lung function and progression of bronchiectasis

	4 Discussion
	Author agreement
	Funding
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	References


