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Dysfonction  V.A. 
SMALL AIRWAYS REMODELING

In addition to the changes in ASL described above,
remodeling of the small airways can alter airway geometry
and contribute to obstruction of small airways (Fig. 4). In
CF, as in COPD and asthma, it has been observed that
airways are thickened in relation to the severity of the
airway inflammation.7,56–58 In general this thickening
appears to be more severe in small airways relative to
central airways. In end stage CF lung disease the
thickening of the small airways is comparable to that
observed in patients who die from asthma.7,56 Modeling
studies suggest that this thickening results in alterations of

the mucosal folding pattern. Fewer but larger folds can
form at end expiration, which, in combinationwith airway
smoothmuscle shortening, can result in occlusion of small
airways.59,60 Whether this occurs in CF is, however,
unknown.
An increasedmass of smoothmuscle has been observed

in large and small airways ofCFpatients.7,61Although It is
not clear whether this increased mass results in the
generation of an increased contractile force by the smooth
muscle, there is some indirect evidence that smooth
muscle tone plays a role in airways obstruction in CF. Up
to half of CF patients show improvement of airways
resistance, FEV1 and/or FEF25–75 after inhalation of a

Pediatric Pulmonology

Fig. 5. The theoretical adverse consequences of increased viscous fluid in the small airways in
CF. A: The folding pattern of a small airway of a healthy subject at end expiration. The epithelial
lining fluid follows the epithelium and does not completely fill the folds. B: The same airway as in
(A) now at inspiration. Due to the elastic recoil forces of the parenchyma the small airway has
opened up and the cross sectional lumen area is increased. C: A small airway from a CF patient.
Folds are ‘‘glued’’ together due to altered physicochemical properties of the airway surface
liquid;51 freeDNA releasedby disintegratingneutrophils; and increasedvolumeoffluid related to
inflammation. D: Is the same CF airway as in (C) at inspiration. The parenchymal recoil forces are
insufficient to open up the ‘‘glued’’ folds and the airway lumen is reduced in cross sectional area.
Stiffened airway smooth muscle due to hypertrophy/hyperplasia and/or length adaptation can
contribute to this problem. (Drawing by Johan de Jongste.)
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 EFR=examen de suivi en routine dès 4 ans   

Référentiel: 
Evolution naturelle de  
la fonction respiratoire 
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 Avec NBS: EFR le plus tôt possible ?   
   

B: Dilatation des bronches 
C: Épaississement Paroi bronchique 
D: Gaz piégé 
Sly et al., AJRCCM; 2009 

program is designed to assess children soon after diagnosis
(approximately 3 mo old) and annually at times when the
children are clinically stable and fit for general anesthetic. We
report the results of a systematic prospective investigation of
the presence of lung disease of all children diagnosed with CF
within the relevant geographic regions after detection by NBS.

METHODS

A more detailed description of the METHODS is provided in the online
supplement.

Study Population

This report includes children diagnosed after detection by NBS in
Western Australia and Victoria since 2005, with .95% of eligible
children participating in the program. Children with equivocal sweat
tests or whose diagnosis has not been confirmed were deemed ineligible.
The surveillance program was approved by the ethics committee at each
institution, and parents consented to each aspect separately.

Combined Chest CT and Bronchoalveolar Lavage

Soon after diagnosis, infants had chest CT and bronchoalveolar lavage
(BAL) under the same anesthetic. Details of the standard operating
procedures for anesthesia, lung volume recruitment, chest CT, and BAL
are provided in the online supplement. The aim was for the procedure to
take place at approximately 3 months of age; however, in some children
this was delayed until they attained a weight of 4 kg, and in others this
was brought forward to enable microbiological assessment before
commencing antibiotic therapy. BAL was performed after the CT.

Images were acquired on a Philips Brilliance 64TM (Philips Medical
Systems, Eindhoven, The Netherlands) multi-slice CT scanner (Perth)
and a Somatom Sensation 16 (Siemens Medical Solutions, Erlangen,
Germany) (Melbourne). Three axial inspiratory (inflation pressure,
25 cm H2O) and three end-expiratory images were acquired evenly
spaced above, at, and below the carina, with an exposure of 100 kV and
a tube current of 100 to 200 mAs (40–80 mA) at PMH and exposure of
120 kV and a tube current of 70 mA at RCH. The maximum radiation
dose was 0.28 to 0.4 mSv for combined inspiratory and expiratory scans.

CT Reporting

Images were reported by an experienced pediatric thoracic radiologist
(C.M.) blind to BAL results. Scans were read in batches, in random
order, on a soft copy reporting station (Agfa ImpaxTM v. 5.2; Agfa-

Gevaert, Mortsel, Belgium) using standard lung settings. Lungs were
considered in six zones (upper, mid, and lower; right and left)
corresponding to each axial slice. The presence of bronchial dilatation,
bronchial wall thickening, and gas trapping was recorded in a binary
fashion for each zone. The standard radiologic definition of bronchi-
ectasis (bronchus to pulmonary artery diameter ratio .1 [19]) was used
to define bronchial dilatation for the purpose of this study. Bronchial
wall thickening was assessed subjectively. Gas trapping was defined as
geographic foci of reduced density on the expiratory images (20)
(Figure 1). The extent of each abnormality was graded by determining
the proportion of each zone affected (,50% 5 1; .50% 5 2) and
calculated by adding the scores (0,1) for each zone multiplied by the
extent (1, 2) to give sums of 0 to 12 for bronchial dilatation, bronchial
wall thickening, and gas trapping, respectively.

Inflammation. Total and differential cell counts were performed
using identical protocols (11) at each center, with interoperator
variability ,10%. Inflammatory markers were performed in Perth to
ensure consistency.

Statistical Analysis

Variables were checked for normality and log-transformed before
analysis where required. Data are presented as median (2–75%
interval) or mean and SD as appropriate. t Tests (continuous variables)
or Fisher’s exact test (binary variable) were used to examine factors
related to inflammation or to CT abnormalities, including respiratory
symptoms, sex, presence of infection, and antibiotic prophylaxis.
Ordinal logistic regression analyses were conducted to determine
associations between extent of bronchial dilatation and inflammation,
respiratory symptoms sex, infection, and antibiotic prophylaxis. Logis-
tic regression was used to determine associations between the presence
or absence of structural airway abnormalities and inflammation. Fisher’s
exact test was used to determine associations between structural
abnormalities and inflammation considered as binary variables. Multi-
variate ordinal logistic analyses examined associations between in-
flammatory markers and structural abnormalities. No adjustment was
made for multiple comparisons.

RESULTS

Fifty-seven infants (31 male infants, 54.4%) diagnosed with CF
at a median age of 28 days had a chest CT and BAL performed
at a median age of 3.6 months (Table 1). The mode of
presentation and presence of clinically apparent disease at

Figure 1. Representative images from chest computed
tomography scans showing (A) normal scan, (B) bronchial
dilatation (arrow), (C ) bronchial wall thickening (arrows),
and (D) gas trapping (arrows). Images in A, B, and C were
obtained at full inspiration (inspiratory pressure, 25 cm
H2O), and the image in D was obtained at end expiration.
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FEV0.5 z-score and CTqb score (median, first quartile and third quartile) in infants with cystic fibrosis at 10 
weeks (visit 1) and 13 months of age (visit 2); * p<0.05.  
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Relationship between pulmonary function at 10 weeks (visit 1) and 13 months (visit 2) of age in infants with 
cystic fibrosis detected by newborn screening. The upper limits (95th percentiles) of the ‘normal range’ for 

the FEV0.5 z-score (-1.64) and CTqb score (3) are represented by a vertical and horizontal line, 
respectively. At both visits, infants with normal FEV0.5 z-score and CTqb score are in the lower right 

quadrant. Infants with abnormal CTqb score and normal FEV0.5 z-score are in the higher right quadrant, 
while those with abnormal FEV0.5 z-score and normal CTqb are in the left lower quadrant.    
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VEMS, FEF 27-75 : (Z-score, Normes GLI)  
Quanjer ERJ 2012 

   

nourrisson Enfant d’âge scolaire adulte Enfant près scolaire 

? 
Valeur valeur 

Morbidité 

 Spirométrie: Rôle majeur dans la prise en charge   
   

Pente 
corrélation 

Rosenfeld Pediatric Pulmonology 2015 

The correlation of FEV1/FVCwith itself 1–3 years later
was high, as was its correlation in the same year with
FEV1 and FEF25–75 (data not shown). The relationship of
FEV1/FVC slopes with the FEV1 and FEF25–75 slopes
showed a pattern similar to that seen with other variables.
In contrast, the same-year correlation between FEV1/FVC
and FVC was only 0.49 and the same-year correlation of
the slopes of these variables was essentially zero.
Finally, we explored the correlations between 2-year

FEV1 slopes and future FEV1 levels (not slopes) 1–5 years

after the end of the reference slope. One year later,
correlations ranged from 0.51 to 0.56 across four FEV1

disease stage categories (FEV1< 40, 40 to <70,
70 to <100, and !100 percent predicted at the
beginning of the reference slope). With time, correlations
became progressively weaker but remained moderate
in patients with FEV1! 40 percent predicted, reaching
0.37–0.42 by 5 years. In patients with more advanced
disease, correlations remained fairly constant over
time (0.46–0.53). Thus, FEV1 slope better predicted
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Fig. 2. Median cross-sectional values and median 2-year slopes by age for FVC, FEV1, and
FEF25–75 percent predicted. FVC, forced vital capacity; FEV1, forced expiratory volume in 1sec;
FEF25–75, forced expiratory flow at mid-vital capacity. Medians for 2-year slopes are graphed at
first age of the 2-year slope. Dotted lines are 25th and 75th percentiles.
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VEMS, FEF 27-75 : Z score 
 (Lum Thorax 2016)   
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Figure 5: initial oscillations and the subsequent pressure
trace are quite different in the NObs (Fig. 5a) vs. the Obs
(Fig. 5b) child. Rrsint should be interpreted with caution
when initial oscillations are damped and when the pres-
sure vs. time trace shows a concave curve with respect to
the ! axis.
Rrsint may also be lower in the most obstructed chil-

dren because of their hyperinflation, and our results may
be explained by the volume-dependence of airway resis-
tance. This could also be the case for Raw, considering
that the differences between our specific resistances
(sRrsint − sRaw) were correlated with FEV1/VC, i.e.,
these differences were lower or negative in the most
obstructed in comparison to less obstructed or unob-
structed patients. Moreover, although children with an
FEV1/VC"65% had a larger TGV than the subjects with
higher FEV1/FVC values, we observed no differences in
TGV between the children with a relatively higher or
lower resistance (cutoff value for resistance of 150% of

predicted); negative values for (Rrsint20 − Raw) were
observed in all patients with FEV1/FVC "65%.
The tendency of underestimating resistance by Rrsint

was similar in children with A and CF. Only in one CF
patient did we observe a restrictive pattern in lung func-
tion; underestimation of Rrsint can occur in children with
moderate and not only in severe CF.
In conclusion, our study has shown that Rrsint is not

always higher than Raw in children. Rrsint, as measured
with our method of back-extrapolation of mouth pressure
during occlusion, may be lower in the most obstructed
children because of underestimation of the alveolar pres-
sure, even when the cheeks are supported. In these cases,
Raw is probably a better parameter for estimating airway
resistance, although underestimation of Raw can also oc-
cur, as shown previously.14 The usefulness of our inter-
rupter technique for assessing basal respiratory system
resistance, and its use as the sole diagnostic measurement
for obstruction, are thus limited in children with severe
obstruction. Linear back-extrapolation is difficult in the
presence of a curved pressure vs. time trace and a damp-
ing of the oscillations. In such cases Rrsint must be in-
terpreted with caution, and the degree of obstruction
should be evaluated by other lung function tests.
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Figure 2. Individual measurements expres-
sed as z scores for each method (sRaw, Rint,
Rrs5, Xrs5) and at each of the time points
in the study are shown. *p ! 0.05; **p !
0.001.

measurements in very early life, including infancy and young
children, with a view to a more aggressive treatment approach
before irreversible airway destructions have occurred. LF assess-
ment is probably even more relevant in young children because
early preventive measures against lung damage may have a more
pronounced effect in this age group characterized by lung growth
and development.

Figure 3. Individual measurements ex-
pressed as z scores for each method
(sRaw, Rint, Rrs5, Xrs5) and as function
of age.

Serial and Cross-sectional LF Measurements

No single LF test has until now been able to assess reproducibly
patients with CF in a serial fashion from infancy through pre-
school and school years. A large number of studies on LF testing
in infants, extensively reviewed by Gappa and colleagues (7),
have suggested that airway dysfunction and increased airway
responsiveness are present early in the course of the lung disease.
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Serial and Cross-sectional LF Measurements

No single LF test has until now been able to assess reproducibly
patients with CF in a serial fashion from infancy through pre-
school and school years. A large number of studies on LF testing
in infants, extensively reviewed by Gappa and colleagues (7),
have suggested that airway dysfunction and increased airway
responsiveness are present early in the course of the lung disease.

DISCUSSION
In the present study, respiratory function was measured in 56
young children with CF using the FOT in a routine clinical
setting, and it was demonstrated that these children showed
increased Rrs and reduced Xrs compared to a healthy reference
population [21]. The test was easy to perform and feasible
within the clinical setting. Children with current symptoms
showed an increased Rrs,6 and lower Xrs (at 6–10 Hz)
compared to children who were asymptomatic at the time of
testing. The between-test repeatability in young children with
CF was similar to that previously reported in healthy
preschool-aged children [21].

Between-test repeatability
The present study characterised the repeatability of between-
test measurements over a 15-min period in a young CF
population, with the SD of changes for Rrs (1.07–1.25 hPa?L-1?s)
and Xrs (0.67–0.74 hPa?L-1?s) lying within the ranges of short-
term repeatability previously reported for Rrs (0.55–
1.41 hPa?L-1?s) and Xrs (0.57–1.21 hPa?L-1?s) in healthy children
[19–21, 26, 27]. In the present study, between-test repeatability

was not influenced by symptoms, which suggests that, in
young children with CF, short-term repeatability may not be a
function of disease, history or status.

Respiratory function
As a group, children with CF exhibited significantly worse
lung function, with higher Rrs at 6, 8 and 10 Hz and lower Xrs

at 6 and 8 Hz than a healthy reference population. However,
most children with CF showed pulmonary function within the
normal range, as defined by being within 2SD (¡2 Z-scores) of
the mean of the healthy reference population (fig. 2). These
data are consistent with previous reports in children with CF
using the interrupter technique [10], multiple-breath wash-out
method [14] and IOS [12, 15]. The fact that the majority of
children with CF fall into the normal range is not surprising,
since, in general, these children exhibited mild disease, with
,5% of children presenting to clinic with respiratory signs of
wheeze, crackles or respiratory tract infection. Some children
did show abnormal lung function; 13% had a Rrs,8 and 17% a
Xrs,8 outside the normal range. This increased to 21% outside
normal for both Rrs,8 and Xrs,8 in children with CF who were
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FIGURE 2. Distribution of respiratory system resistance at 8 Hz (Rrs,8; #, $)

and respiratory system reactance at 8 Hz (Xrs,8; n, m) in 56 children with cystic

fibrosis, when asymptomatic (#, n) or symptomatic ($. m), compared with a

healthy reference population. ––––: regression line for reference population ; ------:

95% confidence interval.

TABLE 2 Between-measurement repeatability of
respiratory system resistance (Rrs) and
reactance (Xrs) in young chilren with cystic
fibrosis

Difference Coefficient of repeatability

Absolute

hPa?L-1?s

Relative

%

Rrs,6 0.18¡1.25 2.0¡11.2 ¡2.46

Rrs,8 0.18¡1.08 2.0¡10.1 ¡2.12

Rrs,10 0.27¡1.07 2.6¡10.6 ¡2.10

Xrs,6 -0.16¡0.70 4.7¡18.1 ¡1.36

Xrs,8 -0.28¡0.67 9.5¡27.2 ¡1.31

Xrs,10 -0.34¡0.74 12.7¡29.8 ¡1.45

Data are presented as mean¡SD, unless otherwise stated. Rrs,6: Rrs at 6 Hz;

Xrs,6: Xrs at 6 Hz.

TABLE 3 Z-scores for respiratory system resistance (Rrs) and reactance (Xrs)# in children with cystic fibrosis

Total Asymptomatic Symptomatic p-value"

Subjects n 53 24 29

Rrs,6 0.64¡1.05*** 0.26¡0.82 0.95¡1.12*** 0.02

Rrs,8 0.73¡1.05*** 0.46¡0.92+ 0.96¡1.11*** 0.09

Rrs,10 0.63¡1.07*** 0.41¡0.92* 0.82¡1.16*** 0.17

Xrs,6 -0.71¡1.16*** -0.27¡0.90 -1.08¡1.25*** 0.01

Xrs,8 -0.52¡1.41** -0.09¡1.15 -0.87¡1.53** 0.05

Xrs,10 -0.30¡1.26 0.15¡0.93 -0.67¡1.39** 0.02

Data are presented as mean¡SD, unless otherwise stated. Rrs,6: Rrs at 6 Hz; Xrs,6: Xrs at 6 Hz. #: using the forced oscillation technique. ": asymptomatic versus

symptomatic. +: p,0.02; *: p,0.05; **: p,0.01; ***: p,0.001 versus healthy children.
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Sreff 

Centre 

were developed using the LMS method [23], details of which
can be found in the online supplementary material.

RESULTS
Five centres contributed 2,872 sets of sRaw data from 2,347
children measured between 1995 and 2008. All centres had
used a Jaeger plethysmograph, but five different software
versions were used ranging from 4.01 to 5.01 (table 1).
Individual sRaw values ranged 0.21–2.82 kPa?s-1, with the
mean¡SD sRaw from these centres ranging from 0.55¡0.18 to
1.29¡0.30 kPa?s-1. Significant differences were observed
between centres (one-way ANOVA: p,0.0001) (fig. 1).

White subjects of European descent contributed 2,531 (88%) of
the data points; 93 data points (3%) were recorded as non-
white, whereas ethnicity was not recorded in 248 (9%) subjects.
The limited data in non-white subjects precluded analysis
according to ethnic origin, hence these subjects were excluded
from the reference equations. Further details regarding
population characteristics, equipment and methodology are
summarised in table 1.

Equipment
Three centres used a mouthpiece and nose clip for data
collection while the remaining two used a modified facemask.

Quality control
All centres supplied details regarding methodology and
analysis, and a random sample of original P/F curves for
over-reading; however, the print-outs from one centre were too
small to over-read and another centre only provided a single
screen-shot of recent data. Examination of the protocols
revealed two centres (1 and 3) had performed ‘‘manual
adjustment of the tangent’’ whereas the others accepted the
computer generated slopes. sRaw was significantly lower when
manual adjustment was used (fig. 1) and results from these
centres (n5866) were excluded from further analysis. The three
remaining centres scored five out of six, three out of six and
five out of six on over-read (see online supplementary material
for details). All subsequent results are based on the three
remaining centres.
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FIGURE 1. Specific airways resistance (sRaw) results by centre. The difference

between the highest reported sRaw (centre 2) and the lowest sRaw (centre 1) was

0.74 kPa?s-1. Centre 1: n538; 2: n540; 3: n5828; 4: n5472; and 5: n51,000.
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Figure 2. Individual measurements expres-
sed as z scores for each method (sRaw, Rint,
Rrs5, Xrs5) and at each of the time points
in the study are shown. *p ! 0.05; **p !
0.001.

measurements in very early life, including infancy and young
children, with a view to a more aggressive treatment approach
before irreversible airway destructions have occurred. LF assess-
ment is probably even more relevant in young children because
early preventive measures against lung damage may have a more
pronounced effect in this age group characterized by lung growth
and development.

Figure 3. Individual measurements ex-
pressed as z scores for each method
(sRaw, Rint, Rrs5, Xrs5) and as function
of age.

Serial and Cross-sectional LF Measurements

No single LF test has until now been able to assess reproducibly
patients with CF in a serial fashion from infancy through pre-
school and school years. A large number of studies on LF testing
in infants, extensively reviewed by Gappa and colleagues (7),
have suggested that airway dysfunction and increased airway
responsiveness are present early in the course of the lung disease.
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Figure 1. Lung clearance index (LCI), specific airway resistance (sRaw) z-score, forced expiratory volume in 0.5 seconds (FEV0.5) z-score, and mean
expiratory flow between 25% and 75% of FVC (FEF25–75) z-score plotted against subject age. For all plots, open circles represent healthy children
and filled circles represent children with cystic fibrosis (CF). Broken lines represent 95% limits of normality, calculated as 6.9 ! (1.96 · 0.4) for LCI,
and ! 1.96 z-scores for sRaw, FEV0.5, and FEF25–75. Z-scores are calculated from the regression models presented in the online supplement. (A ) The
upper horizontal line is the upper limit of normality for LCI (7.77). Any results above this line are abnormal. (B ) The upper horizontal line is the
upper limit of normality for sRaw ("1.96 z-scores). Any results above this line are abnormal. (C ) The lower horizontal line is the lower limit of
normality for FEV0.5 (#1.96 z-scores). Any results below this line are abnormal. (D ) The lower horizontal line is the lower limit of normality for
FEF25–75 (#1.96 z-scores). Any results below this line are abnormal.

The measurement of sRaw by body plethysmography has been
previously described in this age group (21–24). These previous
reports have described measurement of sRaw using a modified
facemask, and with children sometimes accompanied by an adult
in the plethysmograph. In the current study children were asked
to use a mouthpiece and to sit alone in the plethysmograph. The
success rate for sRaw at first visit (78%) is nonetheless similar to
that reported by other groups. Nielsen and colleagues (8) have
used sRaw as an outcome measure in one longitudinal study of
young children with CF. In this study, 30 children with CF (of
whom 13 were aged 6 years or less at the start of the study)
were repeatedly tested over a 4-year period. Seventeen (57%)
of the 30 children in Nielsen’s study had raised sRaw at com-
mencement, whereas none had raised Rint, only one had raised
respiratory reactance, and only two had raised respiratory resis-
tance (both the latter outcomes obtained from the impulse oscil-

lation technique). In contrast to the other outcome measures,
group mean sRaw was persistently abnormal over the 4-year
period.

Three groups have recently published spirometry data from
large populations of healthy children (17, 18, 25). Sixty (78%)
of the 77 children in the current study were able to produce
FEV0.5 at their first visit. This success rate is similar to those
reported from these earlier studies. Marostica and colleagues
(26) recently reported spirometry in 39 children with CF, aged
3 to 6 years (mean age 5.3 years). FEV1 was abnormal in 8 (24%)
of 33 children, FVC abnormal in 7 (24%) of 29, and FEF25–75

abnormal in 4 (14%) of 29.
In the current study, LCI was abnormal in 22 (73%) of 30

children, sRaw was abnormal in 14 children (47%), FEV0.5 was
abnormal in 2 children (7%), and FEF25–75 was abnormal in
4 (13%). Direct comparison with results reported from other
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FIGURE 2 Relationship between baseline lung function measurements and absolute changes in postbronchodilator, measurements in a, c, e and g) wheezers and
b, d, f and h) healthy controls. ------: thresholds for reversibility with the precision estimates (shading), as shown in table 1; ––––––: upper 95% limit of
agreement for normal variability. LCI: lung clearance index; Scond: conductive airway inhomogeneity; Sacin: acinar airways inhomogeneity; sRaw: specific airway
resistance.
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oxygenation is specifically influenced by different lung
function deficits and CF genotypes. There are several
major findings of this study: First, (i) a linear decline in
oxygenation could be demonstrated over the age range 5
to 18 years, which was closely and independently related
to the degree of pulmonary hyperinflation (FRCpleth), the
degree of flow and volume limitation (FEV1, FEF50), and
ventilation inhomogeneities (LCI). Secondly, (ii) as
reported for several lung function parameters [1,2], the
decline in PaO2 is representative of an overall deteriora-
tion of lung disease, reflecting that factors such as the
degree of pulmonary hyperinflation, ventilation inhomo-
geneities and impeded airway function are involved in the
long-term course of gas exchange characteristics. Most
importantly, however, (iii) in more than half the patients
with hypoxemia, FEV1 was within the range of normal val-
ues, and hence with functional deficits not detectable by
spirometric lung function testing alone. Furthermore, (iv)
an association could be found between oxygenation and
the genotype. The so called "Swiss-Type" (3905insT/
F508del), presented with the worst PaO2 values already
detectable at the age of 5 years and the subgroup R553X/
F508del showed the worst deterioration (steepest slope)
over the age range studied. Interestingly, some special
subgroups of genotypes (inframe/splicesite, 3905insT/
non-F508del) showed only discrete changes in gas
exchange over the years. It follows that PaO2 may serve as
a sensitive marker of lung function deterioration in CF.

The present study demonstrates that the preservation of
airway function and hence an intact static recoil of the
lungs over years is essential, as has been shown by Zaple-
tal [44]. It was reported by Hart et al. that if FEV1 declines
in children and young adults with CF, there is an increase
in the elastic load and work of breathing, resulting in a
rapid shallow breathing pattern, that is associated with
further impairment of gas exchange [28]. Pulmonary
hyperinflation and ventilation inhomogeneities are fur-
ther pathophysiologic characteristics, which have to be
taken into consideration regarding progression in CF, as
reported previously by our group [1,2].

Limitations of this Study
A detailed discussion about blood gas measurements in
children, the stratification into genetic subgroups, limita-
tions in the interpretation of extensive lung function tests
and the different options for statistical modeling are given
in the additional file 1. An important limitation of this
type of data resides in the ability to obtain repeated meas-
urements of lung function annually over a substantial
period of time. Noteworthy therefore, we were able to
obtain serial annual measurements over a 10-year period
in 62 % of the patients. Although the technique of blood
gas measurements from the arterialized earlobe is well
established and routinely used in several laboratories
[26,27,32-34], in the following some technical aspects
have to be mentioned. Finally, limitation of collected

Crosstab comparison of initial z-scores (mean during age range of 5 to 8 years) between A), PaO2 and FRCpleth presenting pul-monary hyperinflation in association with hypoxemia and B) PaO2 and FEV1, to present the portion of normal FEV1 measure-ments while already hypoxemic, obtained in 120 CF patientsFigure 3
Crosstab comparison of initial z-scores (mean during age range of 5 to 8 years) between A), PaO2 and FRCpleth 
presenting pulmonary hyperinflation in association with hypoxemia and B) PaO2 and FEV1, to present the por-
tion of normal FEV1 measurements while already hypoxemic, obtained in 120 CF patients.
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