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Methods  

Pulmonary Function Measurements
Whole-body plethysmography and the multibreath nitrogen washout (MBNW) technique provided data pertaining to functional residual capacity (FRCpleth, FRCMBNW), lung clearance index (LCI), volume of trapped gas (VTG), effective specific airway resistance (sReff), and forced expiratory indices (FEV1, FEF50). Airway resistance was also recorded during quiet breathing (no panting). Measurement techniques have been described in detail in previous papers 


[1-3] ADDIN EN.CITE . All values were expressed as a standard deviation score (SDS) based on gender- and age-specific regression equations 


[4-7] ADDIN EN.CITE , specifically calculated for each lung function device as previously presented 


[1, 3] ADDIN EN.CITE . 

Whole body plethysmography consisted in using a volume-constant, pressure-variable plethysmograph with an air bag body temperature and pressure saturated (BTPS) compensation unit (BodyScreen, Jaeger Würzburg, Germany) until December 4, 1993. Thereafter, the MasterLab plethysmograph was employed (MasterLab, Jaeger Würzburg, Germany). This instrument uses electronic BTPS-compensation. 

The sequences of test measurements were as follows: After blood gas measurements under ambient air, and prior to plethysmographic measurements, resting end-expiratory lung volume (FRCMBNW) and quantification of ventilation inhomogeneities (LCI) were determined by open-circuit multibreath nitrogen washout (MBNW) technique [4] using the Paediatric Pulmonary Unit (SensorMedics 2200, Yorba Linda, Ca, USA). Technical details for this procedure have been reported previously [1].  Zero point adjustment and two-point calibration were performed and patients initiated tidal breathing in ambient air whilst seated and wearing a nose clip. Tidal breathing was monitored until a constant resting end-expiratory level was obtained. The inspiratory port was then automatically switched to 100 % O2 and the washout was continued until an end-tidal fraction of nitrogen (FN2) was 0.02. The breathing pattern, registered during the resting phase before starting the multibreath washout, was quantified in terms of respiratory rate, tidal volume  (VT), minute ventilation (VE), and the VT/FRCMBNW ratio. 

Thereafter the children were closed into the plethysmograph and requested to breathe at a coached normal frequency during shutter closure for measurements of FRCpleth. Airway resistances were also recorded during quiet breathing (no panting) under strict BTPS conditions. The current study quantifies resistance obtained from the regression slope using specific effective airway resistance (sReff) [7]. This value represents the average volume-independent resistance calculated using concomitant changes in the volume-pressure and flow-pressure relationship obtained throughout the entire respiratory cycle. Calculation of sReff is based on the definition of resistive work of breathing. The total work of breathing is the integral of the pressure in the lung (pL) over volume for the whole breathing cycle:


[image: image1.wmf]
where pL is determined by the volume-change of the box signal and the volume of the lung (FRCpleth).
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∆V is the volume change in the body box, Pamb the ambient pressure and FRCpleth the end-expiratory volume. The volume changes are measured relative to an arbitrary start volume, start pressure (P0), where pL is the sum of the p0, the elastic recoil component  (E), defined as ∆pL / ∆V and the resistive pressure R.V’. It follows:
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when integrated over a whole breathing cycle and assuming that lung volume remains constant between beginning and end of the breathing cycle. Moreover,
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when integrated over a whole breathing cycle and assuming that lung volume remains constant between beginning and end of the breathing cycle.

Therefore, the resistive component can be ignored and we obtain



[image: image5.wmf]
This yields the definition of the specific effective resistance:
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The integral 
[image: image7.wmf] is equivalent to the area enclosed by the specific work of breathing loop and the integral 
[image: image8.wmf] is equivalent to the area of the flow / volume-loop. Both loops are measured in real-time during tidal breathing and the ratio of these two integrals is equivalent to calculating the slope through all (not just two) flow-volume loop sample points.
Following a short rest period, indexes of forced expiratory air flow limitation including forced expired volume in one second (FEV1) and maximal expired volume at 50 percent of forced vital capacity (FEF50) were calculated from maximal expiratory flow volume curves. All measurements were stored for offline analysis and the 3-5 technically most satisfactory manoeuvres were chosen for analysis using a computer system adapted for children.

Data were analyzed in order to examine (a) annual changes in gas exchange characteristics (PaO2, PaCO2) with age, (b) the corresponding functional residual capacity measured by whole-body plethysmography (FRCpleth) as a measure of pulmonary hyperinflation, (c) the lung clearance index as a measure of ventilation inhomogeneities, (d) the volume of trapped gases (VTG=FRCpleth-FRCMBNW) 
 ADDIN EN.CITE 
[8-10]
, and  (e) characteristics of gas exchange in relation to the degree of bronchial obstruction. This was evaluated using effective specific airway resistance (sReff) [7, 11] as a measure of airway narrowing during quiet breathing, and forced expiratory volume in one second (FEV1) and maximal expiratory flow at 50% of vital capacity (FEF50) as a measure of airflow limitation. 

Blood Gas Analysis 

In children, the preferred technique for routine blood gas analysis is the sampling of arterialized capillary blood from the earlobe 


[10, 12, 13] ADDIN EN.CITE , a technique that has been established for clinical use, and applied in various long-term studies 


[14-17] ADDIN EN.CITE . The accuracy of such technique depends upon careful preparation of the earlobe,[12] puncture technique 


[12, 13] ADDIN EN.CITE  and immediate analysis. Oxygen (PaO2) and carbon dioxide (PaCO2) tensions were measured in arterialized blood collected from the ear lobe 


[10, 12, 13, 18] ADDIN EN.CITE  using a Radiometer ABL5, Copenhagen, Denmark. Several author groups have proven accuracy of PaO2, PaCO2 and pH measured in arterialized capillary blood taken from the earlobe for clinical and long-term evaluation of gas exchange 


[12, 13, 18-20] ADDIN EN.CITE , provided certain important methodological conditions are fulfilled.

Great care was taken to prepare the ear lobe blood of the children in a quiet atmosphere according to the technique initially described 


[12, 13] ADDIN EN.CITE  and previously established in our laboratory [10]; most of patients being familiar with the well-known test procedure. Prior to the blood draw, vasodilatation of the earlobe was achieved by rubbing the lobe with a nicotinate paste (Finalgon) 


[12, 13, 18, 19] ADDIN EN.CITE  for at least 10 minutes and heating with an infrared lamp. The arterialized blood was collected from a drop on the inferior aspect of the earlobe, from which it was drawn into 3 thin heparinized glass capillary tubes by surface tension under the guidance of a gloved finger over the open end of the tube. The capillary tubes were then kept on ice until aspiration into the gas analyzer, which was carried out immediately after the blood draw.

Definition of Hypocarbia
Low level of PaCO2 suggesting that a considerable number of patients pass especially in younger ages a phase of hypocarbia, three different statistical approaches were chosen to define a potential threshold for a hypocarbic condition. Apart from a ROC and linear discriminant analysis, we used binary logistic regression dichotomizing the measurements into 2 subgroups. Taking FEV1 and FRCpleth as lung function parameters with the highest association with the gas exchange characteristics, one subgroup was defined as the blood gas measurements with normal lung function (FEV1 > -2 SDS and FRCpleth < 2 SDS), and the other subgroup consisted of blood gas measurements und abnormal lung function (FEV1 < -2 SDS and FRCpleth > 2 SDS). Using this procedure, the lower level of PaCO2 to be measured under the condition of normal lung function was defined according the equation (PaCO2 = 0.339*Ind-11.730), where Ind was the index of normal (=0) or abnormal (=1) lung function. It follows that z = -11.730+(0.339*PaCO2) and accordingly, the threshold can be calculated according to PaCO2=11.730/0.339 = 34.6 mmHg. With an accuracy of 68.2% and an area under the curve of 0.707, the threshold of a PaCO2 of 34 mmHg was confirmed by the ROC analysis. The linear discriminant analysis revealed a threshold value of 33.8 mmHg, calculated from the canonical discriminant function coefficients and 33.9 mmHg calculated from Fisher’s linear discriminant function coefficients respectively. For the present study, therefore, hypocarbia was defined as a PaCO2 less or equal to 34 mmHg.

Data Computation and Statistical Evaluation

Repeated measurements of lung function data were calculated as mean±SEM annual changes for visual presentation, and the statistical analysis included procedures such as ANOVA, linear mixed model (LMM) analysis,[21] and binary logistic regression analysis, using SPSS (version 17, SPSS Inc., Chicago, USA). Graphical presentation was completed using Prism software (version 4.0, GraphPad Software, Inc., San Diego, USA).

Linear mixed models (LMM) analysis was used to assess the relationship between gas exchange characteristics (PaO2, PaCO2) as dependent variables, group characteristics (confounders, predisposing factors, genotype) as fixed factors, and each lung function parameter (FRCpleth, LCI, VTG, sReff, FEV1, FEF50) as well as age at test as covariates. This technique is suitable for analyzing the association between time and covariates from irregularly spaced serial data from individuals (i.e. repeated measurements), without being affected by missing data.


[1-3, 21, 22] ADDIN EN.CITE   All lung function parameters and breathing characteristics were expressed as standard deviation scores (SDS), if not given as ratio calculated from original absolute data. This procedure permitted modelling of mean values, variances and co-variances. The analysis covered an age range of 6 to 18 years. Differences between lung function parameters within preformed gas exchange groups over time were also assessed by t-test, evaluating differences of the regression slopes between groups, setting in turn each group to zero. Results with p<0.05 were considered statistically significant. The interrelationship between gas exchange measurements and lung function was evaluated by a multivariable regression model with backward procedure, taking PaO2 and PaCO2 values as outcome measures, and FRCpleth, LCI, VTG, sReff, FEV1, FEF50 as explanatory variables. Binary logistic regression procedure was used in order to predict the presence or absence of characteristics such as normal gas exchange, hypoxemia, and hypocarbia taken as a dichotomous dependent variable.

Results
Robustness of Database and Search for Potential Confounders

In order to take into consideration potential confounding factors such as age at 
diagnosis, improvement of management and/or treatment over the years of observation as described by Soni et al. [23], we assessed the influence of 3 confounders: “birth year”, “year at diagnosis” and the “year at testing” aimed to depict a potential  “secular trend” [1], as it has been described in other fields of medical research 


[24, 25] ADDIN EN.CITE . For that purpose we produced partial correlation coefficients describing the relationship between PaO2 and the confounder variables, while adjusting for the effects of the “age at lung function testing”. The Pearson product-moment correlation matrix revealed that all the 3 confounders variables are highly inter-correlated (p<0.0001), all 3 were also significantly correlated with PaO2 (p<0.0001). Using LMM-analysis and adding FRCpleth as the lung function parameter most closely correlated to PaO2 (Table 2) into the model, we revealed that “year at testing” was the most significant confounder of oxygenation (t=2.831, p=0.005) and, therefore, most suitable to represent the potential secular trend. Consequently, and in order to guarantee the robustness of the database, “year at testing” was taken as a covariant in all statistical analyses.

Gas exchange follow-up data in CF patients who died

[image: image10..pict]Some clinicians could be interested to know whether the initial gas exchange characteristics or subsequent deterioration over time could predict poorer outcomes. The individual follow-up data of these CF patients who died during the observation period are given in the Figure. It can be shown that primarily oxygenation is hampered and hypercapnia was only present in some end-stage conditions. However, comparing individual gas exchange data with the corresponding age related to marginal means of the surviving collective demonstrated significant differences for PaO2 (p=0.001) and PaCO2 (p=0.007), indicating that gas exchange characteristics measured over time, could well serve as outcome parameters. 
Discussion
Limitations of this Study
Certain statistical issues related to topics such as stratification into subgroups, repeated measurements, definitions and threshold criteria as well as confounders always leave room for discussion since patients with a disease such as CF often have a very heterogeneous presentation. The current study represents a very large patient cohort, many of whom were followed up over a long period of time. Although we were able to obtain serial annual measurements over a 10-year period in 62 % of the patients, an important limitation of this type of data, however, resides in the ability to obtain repeated measurements of lung function annually over a substantial period of time. Linear mixed-effects model analysis provides an ideal statistical method for the interpretation of repeated measurement data such as these, particularly when repeated testing results in small proportions of incomplete data.

Blood gas measurements in children. The technical details in relation to capillary blood sampling, which have strictly to be respected, are given in the method section, and the limitations of this technique is given in the main document.

Control group and predicting equations. One weakness in this study could be seen in the lack of locally collected control data from healthy children. However, the built-up of such a control group within an observational study is hardly feasible. Therefore, z-transformation has to be performed on the basis of prediction equations. For the multibreath nitrogen washout data computation was performed on own prediction formulas [5], and spirometric and whole-body plethysmographic data were analyzed according the equation given as appendix file to previous publication [1] to be found under http://ajrccm.atsjournals.org/cgi/data/171/4/371/DC1/1
Stratification of specific CFTR genotypes required a frequency-based approach to search for significant associations. Although the numbers of patients within the second-frequent and third-frequent subgroups are by nature small, they were all equally distributed over the age-range investigated. The distribution of measurements over the age range within the subgroups of genotypes of genotypes is given in the following Table. [image: image9.png]Genotypes
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The complexity of the PaO2 and PaCO2 course related to age in CF patients, and its relationship to predisposing and confounding factors necessitated evaluation of these data using advanced statistical methods. Fixed effect covariances and randomized block designs of data with non-constant variability and missing data were best analyzed by linear mixed-effect (LMM) procedures, also known as hierarchical linear models. The adequacy of stratification within genetic subgroups is critical to the interpretation of differences observed in outcome measures between each subgroup. Possible categorizations might include F508del versus non-F508del, or in terms of molecular mechanisms and consequences observed at the gene or protein level. Our cohort study represents primarily the CFTR genotype distribution for Switzerland, where a substantial proportion of patients carry the severe CF mutation (3905insT/F508del) associated with the highest mortality rate 


[10, 26-28] ADDIN EN.CITE . While stratification of gas exchange subgroups was adequate, stratification of specific CFTR genotypes required a frequency-based approach to search for significant associations.
Influence of treatment. Another potential confounder was the factor of individual differences in treatment, which could not be included within the scope of this report. Nevertheless, it is worth noting that the Bernese Centre closely followed the international guidelines of the North American CF Association, the European Working Group for CF and hence the European CF Society 
 ADDIN EN.CITE 
[29, 30]
. Therefore, the present study can only report on disease progression in a collective of CF patients studied over 13 years and in whom both medical and paramedical therapeutic regimens continued to improve as a whole. Moreover, the present study is based on a prospectively conducted database, through which analysis was performed in order to determine the discriminative power of different lung function parameters and gas exchange characteristics collected serially. 

Options of Statistical Modelling. The complexity of the PaO2 and PaCO2 course with age in CF patients, and its relationship to predisposing and confounding factors necessitated evaluation of these data using advanced statistical methods. Fixed effect covariances and randomized block designs of data with non-constant variability and missing data were best analyzed by Linear Mixed-effect Model (LMM) procedures, also known as hierarchical linear models. The choice to use LMM analysis in preference to General Linear Models (GLM) was based on the consideration that the data to be statistically analyzed in the present study include (i) fixed and random effects, (ii) repeated measures at different time points, and (iii) missing data. Mixed models analysis of repeated measures has several advantages. The time points at which measurements are obtained need not be constant for all subjects. Subjects with incomplete observations can be included in the analysis if at least a certain number of measurements are available, in our case at least 3 in each patient. There are a few data analysis situations where LMM and GLM analysis will provide identical results (e.g., fixed effects ANOVA with only one random component, the residual variance) and these designs are good starting points to demonstrate their similarities. However, since LMM can handle multiple sources of variation better than GLM, mixed models have more flexibility to make broader and more appropriate inferences about data. If there is a randomized block design or any design that includes two or more random effects - including repeated measures designs - then versatility of LMM should be considered. The default procedure with LMM estimates variance components through Restricted-Maximum Likelihood (REML) while GLM employs moment estimates. For this reason, LMM is much more computationally intensive than GLM, which implies certain models and may take a longer time to fit.
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