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METHODS 

 

MRI data evaluation 

 

Morphological MRI 

The morphological MRI datasets were read by a board-certified, fellowship-trained radiologist with 9 

years of experience in cross-sectional imaging of the chest and a board-certified, pediatric radiologist 

with 13 years experience in cross sectional imaging. Both readers were blinded to the patients’ clinical 

symptoms, history, and lung function outcomes. A standard cystic fibrosis (CF) MRI lung protocol 

with 5mm T2 HASTE and T2 BLADE sequences in coronal and axial planes was used for 

morphological evaluation on a 1.5T MR-scanner, Magnetom Aera, Siemens Healthineers. Quality of 

each image data set was rated on a 4-point Likert scale with 0 indicating the lowest (poor) and 3 the 

highest (excellent) image quality by two independent readers.  

 

Functional MRI 

A novel functional pulmonary technique called Fourier decomposition (FD) MRI has been introduced 

in recent years (1-4). FD MRI provides regional perfusion and ventilation information from a single, 

free-breathing, acquisition series, requiring no administration of contrast agent. The time-resolved, 

balanced, steady-state, free precession acquisition series are processed by elastic image registration for 

compensation of respiratory motion(5). Subsequently, the motion corrected images are analyzed using 

Fourier transformation for spectral separation of the respiratory and cardiac modulations of signal in 

the lung parenchyma. Then, the amplitudes corresponding to the respiratory and cardiac motion are 

extracted voxelwise to finally produce relative ventilation and perfusion images. 

Recently, several advances have been demonstrated for Fourier decomposition MRI technique based 

on the matrix pencil (MP) MRI(6). The new implementation of the functional lung MRI method 

allows for more robust estimation of respiratory and cardiac amplitudes employing a matrix pencil 

decomposition and linearized least-square fitting for spectral analysis. MP MRI eliminates the 

problem of truncation effects associated with the application of the fast Fourier transform used in the 
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previous implementation based on Fourier decomposition. The truncation artifacts pose a problem for 

the correct estimation of the amplitude of respiratory and cardiac signal modulations. Hence, for 

proper quantification, a precise estimation of the underlying frequencies and amplitudes is mandatory. 

Furthremore, MP MRI offers full automatization of the spectral analysis of the time-resolved data sets 

which improves the postprocessing work-flow. The data acquisition for MP MRI was performed using 

a two-dimensional time-resolved pulse sequence based on ultra-fast steady-state free precession 

imaging technique(5, 6). The pulse sequence uses an optimized excitation pulses and gradient 

switching patterns of a conventional Cartesian balanced steady-state free precession imaging scheme 

accompanied by partial echo readouts and ramp sampling techniques. As a result echo time and 

repetition time are shortened, which improves signal in the lung parenchyma and reduces motion as 

well as off-resonance artifacts known as banding artifacts. Usually, the whole lung volume can be 

covered using multiple slice acquisition in up to ten minutes. The pulse sequence parameters are 

presented in Table E2. In this study, the lung areas were semi-automatically segmented on the 

registered images using a region growing algorithm (The Medical Imaging Interaction Toolkit, 

Heidelberg, Germany). Subsequently, functional images of fractional ventilation and relative perfusion 

were calculated using the matrix pencil decomposition method implemented as in-house stand-alone 

software. The signal distributions on the functional images in the segmented region of interests were 

analysed to estimate threshold values indicating a functional impairment of 75% of the median value 

of the voxel distributions. A similar thesholding method was used previously in a study comparing FD 

MRI with dynamic contrast-enhanced MRI in cystic fibrosis patients (3). We also challenged the latter 

by an alternative cut-off: 60% of the median value of the voxel distributions. 

 

Nitrogen multiple breath washout 

The main outcome was the lung clearance index (LCI) calculated from the ratio of cumulative expired 

volume divided by the functional residual capacity (FRC) reflecting overall ventilation inhomogeneity. 

Scond is a parameter for the convection dependent ventilation inhomogeneity. Sacin reflects convection 

diffusion dependent ventilation inhomogeneity. We included only inert gas washout data from patients 

with at least two valid tests after quality control(7). 
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Statistical analysis 

We estimated sample size N = 36 based on a one-sample correlation test using the Fisher's z test 

assuming a hypothesized (h0) poor correlation coefficient (r) = 0.20, an alternative strong r = 0.60, and 

set alpha = 0.050 and power = 0.80. To allow for drop-out we enrolled 40 children with CF. Visual 

inspection of data distribution indicated significant skewing. Therefore, we used only non-parametric 

tests and expressed data in medians and interquartile ranges (IQRs). We calculated z-scores from 

recommended reference equations for spirometry (8). Upper and lower limits of normal (ULN, LLN) 

were defined as ±1.64 z-scores(9). 

In addition, to assess the correlation between the mean of both readers’ morphology scores and lung 

function values, we additionally calculated the correlation between the scores of each reader separately 

and lung function values. 
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Data quality and measurement duration  

Increased body movement (not related to respiration) during the scan was observed in seven subjects. 

We accordingly excluded parts of the native time-resolved images (on average 10%) in the coronal 

sets from post processing, in order to obtain reliable functional maps of sufficient diagnostic quality in 

those patients. Diagnostic quality for the morphological MRI data sets was good and rated by two 

readers: 9 datasets were rated excellent (score 3), 83 good (score 2) and 12 fair (score 1). Lung 

function measurements were of excellent quality in all patients (Table E6). 
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LEGENDS TO THE FIGURES 

 

Figure E1 Data acquisition scheme 

(A) Data acquisition scheme based on time-resolved imaging of multiple coronal slices (S1-S6) 

covering the chest volume. (B) Analysis of the voxel distribution extracted from segmented fractional 

ventilation and perfusion maps (on the left side), which were generated from the acquired MR data 

using the matrix pencil decomposition method. A threshold value equal to 0.75 of the median of the 

signal intensity distribution is calculated for every functional map separately. Lung regions with voxel 

values below the calculated threshold are regarded as areas of functional impairment and are 

visualized as a mask overlaid on the morphological image. Representative masks of fractional 

ventilation and perfusion defects are shown on the right side. 

 

Figure E2  Box plot of impairment of ventilation  

Box plot of fractional impairment of ventilation from healthy controls (HC) and patients with cystic 

fibrosis (CF). 

 

Figure E3  Box plot of impairment of perfusion 

Box plot of relative impairment of perfusion from healthy controls (HC) and patients with cystic 

fibrosis (CF). 

 

Figure E4 Correlation between FEV1 and fractional impairment of ventilation 

Correlation between FEV1 and fractional impairment of ventilation (RFV) of the lung given in 

percentage. For illustration scale for FEV1 was reversed. Closed circles denote patients with CF and 

open circles illustrate healthy aged matched controls. For illustration we reversed the scale of FEV1. 

ULN is given in dashed lines for both modalities FEV1 (-1.64 z-scores), RFV (24.2%). 

 

Figure E5 Correlation between FEV1 and relative impairment of perfusion 
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Correlation between FEV1 and relative impairment of perfusion (RQ) of the lung given in percentage. 

For illustration scale for FEV1 was reversed. Closed circles denote patients with CF and open circles 

illustrate healthy aged matched controls. For illustration we reversed the scale of FEV1.  ULN is given 

in dashed lines for both modalities FEV1 (-1.64 z-scores), RQ (19.3 %). 
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Table E1 General characteristics of all study participants 

Number of subjects HC (N=12) CF (N=40) 

Age, years 12.0 (8.4 to 15.4) 12.0 (8.5 to 14.0) 

Sex, n(males/females) (7/5) (15/25) 

Height, cm 146.0 (123.5 to 169.5) 146.1 (133.3 to 158.4) 

Weight, kg 37.7 (25.4 to 61.3) 35.9 (29.5 to 49.6) 

BMI [kg/m
2
] 17.5 (16.4 to 20.7) 17.5 (15.9 to 19.8) 

Cystic fibrosis mutation  

Homozygote for F508del N/A 20 (50) 

Heterozygote for F508del N/A 14 (35) 

Others* N/A 6 (15) 

Bacterial colonisation of airways at time of measurement  

None N/A 5 (12.5) 

Pseudomonas aeuroginosa N/A 10 (25) 

Staphylococcus aureus N/A 20 (50) 

Haemophilus influenzae N/A 6 (15) 

Stenotrophomonas maltophilia N/A 7 (18) 

Aspergillus fumigatus N/A 6 (15) 

Alcaligenes xylosoxidans N/A 1 (3) 

Candida albicans N/A 1 (3) 

All results are expressed as median (IQR) or proportion (percentage), if not stated otherwise. *CF 

patients with genotypes other than F508del. N/A, not applicable 
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Table E2 Pulse sequence parameters for functional MP MRI 

Parameter Value 

Field-of-view (mm) 400 × 400 – 450 × 450 

Matrix size 128 × 128 

Echo time (ms) 0.67 

Repetition time (ms) 1.46 

Flip angle (deg) 60 

Slice thickness (mm) 12 

Bandwith (Hz/pixel) 2056 

Acquisition time per image (ms) 110 

Acquisition rate (images / s) 3.33 

Total acquisition time per slice (s) 48 

GRAPPA factor 2 

Note. – Pulse sequence was ultra-fast steady-state free precession. GRAPPA – generalized 

autocalibrating partially parallel acquisition. 
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Table E3 Modified Eichinger Score for MRI 

Parameter Right Left Maximal 

parameter/total 

score 

UL ML LL UL LG LL 

1.Bronchiectasis/wall 

thickening 

      12 

2. Mucus plugging       12 

3. Abscesses/sacculations       12 

4.Consolidation       12 

5. Special findings       12 

Maximal lobar/total score 10 10 10 10 10 10 60 

Individual features are arted as follows: 0 = not present; 1 = present, affecting ≤ 50% of the lobe; 2 = 

present, affecting > 50% of the lobe. Perfusion size was not included into the morphology score (non-

contrast-enhacend protocol) but evaluated separately using the MP MRI method. UL=upper lobe; 

ML=middle lobe; LL=lower lobe; LG= lingula.  

 

 

 

 

 

 

 

 

 



Page 12  
 

Table E4 Functional and morphological MRI outcomes from patients with cystic fibrosis (N=40) 

Functional MRI (MP-MRI) 

Ventilation defect   

RFV (%), median (+ IQR) 29.4 (24.9 to 31.9) 

Perfusion defect   

RQ (%), median (+ IQR) 27.1 (22.9 to 29.2) 

Duration of functional MRI scan in minutes,  

mean ± SD (range)  

5.6 ± 0.9 (4.4 to 8.1) 

Morphological MRI (Eichinger score) 

 Reader 1 Reader 2 r ; p-value ICC (95%CI) 

Total score 

Prevalence, n(%) 40 (100) 40 (100) 0.84, p<0.0001 0.64 (0.44-0.79) 

Score, median (range) 8 (0-31) 5 (0-19) 

Wall thickening/bronchiectasis 

Prevalence, n(%) 36 (90) 34 (85) 0.73, p<0.0001 0.63 (0.43-0.79) 

Subscore, median (range) 5 (0-11) 4 (0-11) 

Mucus plugging 

Prevalence, n(%) 29 (72.5) 21 (53) 0.85, p<0.0001 0.45 (0.23 to 

0.69) Subscore, median (range) 6 (0-10) 3 (0-8) 

Consolidation 

Prevalence, n(%) 20 (50) 23 (58) 0.77, p<0.0001 0.68 (0.50-0.82) 

Subscore, median (range) 2 (0-6) 2 (0-4) 

Abscess/Sacculation 

Prevalence, n(%) 2 (5) 8 (20) 0.48, p=0.0015 0.78(0.26-0.70) 

Subscore, median (range) 2(2) 1 (0-3) 

Special findings 

Prevalence, n(%) 8 (20) 0 (0) N/A N/A 

Subscore, median (range) 5 (0-6) 0 (0) 

Duration of morphological MRI scan in minutes,  

mean±SD (range)  

18.2±3.0 (13.2 to 24.6) 

Results are expressed as median (+ IQR), median (range), proportion (percentage) or mean (± SD), as 

indicated. The functional MRI (MP-MRI) gives results of the relative impairment of perfusion (RQ) 

and fractional ventilation (RFV) in percentage of the lung volume. A dedicated MRI score (Eichinger 

score) was used for morphological scoring. Reading was performed by two independent radiologists: 

Reader 1 and Reader 2. The correlation coefficient r was calculated using Spearman`s statistics. 

Significant correlations are marked in bold behind the Spearman correlation coefficient. Interobserver 

agreement was calculated by using the intraclass correlation coefficient (ICC). N/A, not applicable. 
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Table E5 Functional and morphological MRI outcomes from healthy controls (N=12) 

Functional MRI (MP-MRI) 

Ventilation defect   

RFV (%), median (+ IQR) 17.1 (14.6 to 20.6) 

Perfusion defect   

RQ (%), median (+ IQR) 15.1 (13.4 to 17.4) 

Duration of functional MRI scan in minutes,  

mean ± SD (range)  

6.6 ± 0.7 (5.8 to 8.3) 

Duration of morphological MRI scan in minutes,  

mean±SD (range)  

11.2±2.8 (8.3 to 17.7) 

Results are expressed as median (+ IQR), median (range), proportion (percentage) or mean (± SD), as 

indicated. The functional MRI (MP-MRI) gives results of the relative impairment of perfusion (RQ) 

and fractional ventilation (RFV) in percentage of the lung volume.  



Page 14  
 

 

Table E6 Lung function outcomes in all study participants 

Number of subjects HC (N=12) CF (N=40) p-Value 

Inert gas washout 

LCI [lung turnover] 6.0 (5.7 to 6.3) 10.5 (8.4 to 13.5) <0.001 

Scond [L.-1] 0.01 (0.003 to 0.02) 0.07 (0.05 to 0.09) <0.001 

Sacin [L.-1] 0.06 (0.04 to 0.12) 0.11 (0.08 to 0.17) 0.018 

Spirometry 

FEV1 [L] 2.3 (1.6 to 3.6) 1.8 (1.5 to 2.4) 0.070 

FEV1 % pred. 100.5 (97.5 to 105.5) 83 (73.5 to 95) 0.001 

FEV1 [z-score] 0.06 (-0.2 to 0.5) -1.4 (-2.3 to -0.4) 0.001 

FVC [L] 2.7 (2.0 to 4.4) 2.2 (1.7 to 2.8) 0.066 

FVC % pred. 100.5 (98.5 to 109) 85.5 (79.5 to 96) <0.001 

FVC [z-score] 0.05 (-0.1 to 0.7) -1.2 (-1.7 to -0.25) <0.001 

Bodyplethysmography 

TLC [L] 3.5 (2.7 to 5.5) 3.5 ( 2.64 to 4.6) 0.803 

TLC % pred. 105 (97 to 109) 103.5 (94 to 113) 0.794 

RV [L] 0.81 (0.71 to 1.3) 1.1 (0.8 to 1.5) 0.189 

RV % pred. 113 (100 to 123.5) 127 (107.5 to 171.5) 0.027 

RV/TLC % pred. 1.05 (1.0 to 1.2) 1.27 (1.09 to 1.62) 0.007 

All results are expressed as median (+ IQR). Outcome parameters from lung function measurements: 

lung clearance index (LCI); Scond and Sacin, normalized phase III slope indices (see methods for 

explanation), forced expiratory volume in 1 second (FEV1), functional vital capacity (FVC), total lung 

capacity (TLC), residual volume (RV) and ratio of residual volume over total lung capacity 

(RV/TLC). Continuous variables were compared with Wilcoxon-Mann-Whitney test, as appropriated. 

P-values <0.05 were considered statistically significant. 

 

 

 

 

 

 


