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Background: Established morpho-functional chest magnetic resonance 
imaging (MRI) detects abnormalities in lung morphology and perfusion in 
people with cystic fibrosis (pwCF) using a dedicated scoring system. Functional 
assessment is performed using contrast-enhanced (CE) perfusion MRI. Novel 
matrix pencil decomposition MRI (MP-MRI) is a contrast agent-free alternative, 
but further validation of this technique is needed.

Objectives: The aim of this study was to evaluate the applicability of the validated 
morpho-functional chest MRI score for CE perfusion and MP perfusion MRI in a 
multireader approach.

Methods: Twenty-seven pwCF (mean age 20.8 years, range 8.4–45.7 years) 
underwent morpho-functional MRI including CE perfusion and MP perfusion 
MRI in the same examination. Nine blinded chest radiologists of different 
experience levels assessed lung perfusion and applied the validated chest MRI 
score to CE- and MP-MRI. Inter-reader agreement of perfusion scores in CE- 
and MP-MRI were compared with each other and with the MRI morphology 
score. Differences according to the readers’ experience were also analyzed.

Results: The CE perfusion scores were overall lower than the MP perfusion 
scores (6.2 ± 3.3 vs. 6.9 ± 2.0; p < 0.05) with a strong correlation between 
both perfusion scores (r = 0.74; p < 0.01). The intraclass correlation 
coefficient (ICC) as measure for inter-reader agreement was good and 
significant for both perfusion scores, but higher for the CE perfusion score 
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(0.75, p < 0.001) than for MP perfusion scores (0.61, p < 0.001). The Bland–
Altman analysis revealed a difference in CE and MP perfusion scores with 
more extreme values in CE perfusion scores compared to MP perfusion 
scores (r = 0.62, p < 0.001). The morphology score showed a moderate to 
good correlation with the CE perfusion score (r = 0.73, p < 0.01) and the MP 
perfusion score (r = 0.55, p < 0.01). We did not find a difference in scoring 
according to the radiological experience level.

Conclusion: The established chest MRI score can be  applied both to 
validated CE and novel MP perfusion MRI with a good interreader reliability. 
The remaining difference between CE and MP-MRI scores may be explained 
by a lack of routine in visual analysis of MP-MRI and may favor an automated 
analysis for use of MP-MRI as a noninvasive outcome measure.

KEYWORDS

magnetic resonance imaging, matrix pencil decomposition, cystic fibrosis, 
quantitative imaging, functional imaging

Introduction

Cystic fibrosis (CF) lung disease is the main cause for 
morbidity and mortality in people with CF (pwCF) (1–3). CF is 
caused by mutations in the Cystic Fibrosis Transmembrane 
Conductance Regulator (CFTR) gene that lead to pathologically 
thickened endobronchial mucus and impaired mucociliary 
clearance, which favors pulmonary inflammation and infection (4, 
5). These pathologies consequently entail progressive structural 
and functional lung abnormalities in people with CF.

Imaging of the lung is of great importance both in acute 
exacerbations and in the long-term monitoring of pwCF (6). 
Chest magnetic resonance imaging (MRI) is a non-invasive and 
sensitive imaging modality able to detect early morpho-functional 
abnormalities in pwCF (7–9). Its agreement with findings on 
computed tomography (CT) and the multicenter-feasibility have 
been previously demonstrated (8, 10). Chest MRI enables the 
detection of CF-typical changes from early childhood throughout 
the entire life and detects disease onset, progression and response 
to therapy (11–15). Since highly effective CFTR modulator 
therapies have emerged and led to an increased life expectancy in 
pwCF, radiation-free imaging techniques such as MRI become 
more relevant for routine care of pwCF (16, 17). Compared to CT, 
MRI not only has the advantage of avoiding potentially harmful 
ionizing radiation, but also offers the possibility of obtaining 
information about lung function by visualizing regional 
pulmonary hypoventilation and hypoperfusion (18–21). The 
validated morpho-functional MRI protocol includes spatially 
resolved sequences for morphological assessment and temporally 
resolved first-pass lung perfusion imaging by use of intravenous 
contrast agent to evaluate lung perfusion (7, 17, 22). The dedicated 
chest MRI score is a semi-quantitative scoring system designed for 
the visual assessment of typical MRI findings in CF. It was 
introduced by Eichinger et al. in 2012 and has repeatedly been 
validated (7, 17).

The established time-resolved MR angiography records the 
first passage of a contrast agent bolus through the pulmonary 
circulation and therefore requires intravenous administration of 
gadolinium-containing MRI contrast agents (contrast-enhanced 
perfusion imaging, CE perfusion). This technique is considered 

the gold standard. In recent years, several new MRI techniques 
based on Fourier decomposition have been developed and 
investigated (18, 21, 23, 24). Matrix pencil decomposition (MP)-
MRI, a further development of the Fourier decomposition 
technique, offers greater robustness due to a more precise analysis 
of cardiac and respiratory signals and an improved image 
acquisition (19, 21). These novel MRI techniques such as phase 
resolved functional lung (PREFUL) MRI, self-gated non-contrast-
enhanced functional lung (SENCEFUL) MRI and MP-MRI have 
several advantages over the established CE perfusion MRI: Firstly, 
the otherwise mandatory administration of gadolinium is no 
longer necessary; secondly, lung ventilation can be examined in 
addition to lung perfusion; and thirdly, the data can be analyzed 
by computer software and provide fully automated quantitative 
measurements (25).

Currently, we are in a transitional phase in which established, 
contrast agent-based MRI techniques such as first-pass perfusion 
imaging are gradually being replaced by innovative functional 
MRI techniques. In this transitional phase, it is essential to be able 
to compare CE perfusion MRI with the new techniques. One way 
to enable a direct comparison is to calculate color-coded lung 
maps from the MP-MRI data, because human reviewers can then 
evaluate CE perfusion and MP perfusion MRI using the same 
visual scoring system.

Since the visual evaluation of MRI depends on a radiologist, 
any assessment and grading might be subject to variations. Most 
publications include multiple readers of the same experience level 
to compare different examination methods (26–28). However, 
very few research groups have studied radiological assessment by 
readers of different experience levels. Studies with radiologists of 
varying experience levels mostly state an improved inter-reader 
agreement and increased diagnostic accuracy with more 
experience (28, 29). However, considerable inter-observer 
variations are well described even independent of the radiological 
experience levels (30–33).

The aim of this study was therefore to investigate whether the 
validated and established chest MRI score is suitable for scoring 
the visualizations of MP-MRI data semi-quantitatively. In 
addition, we  wanted to investigate the influence of a reader’s 
experience by having radiologists of different experience levels 
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evaluate morphological MRI sequences, CE perfusion MRI and 
visualizations of MP perfusion MRI in a multireader study design.

Materials and methods

Study design and participants

This prospective observational study was approved by the Ethics 
Committee of Charité - Universitätsmedizin Berlin (EA2/170/20) and 
informed written consent was obtained from all patients or their legal 
guardians. During a period of 18 months, a total of 27 pwCF aged 8 
years and older in stable clinical condition were prospectively 
recruited for this study. Patient characteristics are summarized in 
Table 1. All patients underwent chest MRI as part of their annual 
routine check-up. Imaging was visually assessed by nine blinded 
radiological readers with different levels of experience, and a semi-
quantitative score was recorded. Readers were divided into three 
groups according to their level of experience: (I) recently graduated 
radiology residents with no radiological expertise (0 years), (II) 
board-certified radiologists with other specialties (intermediate 
experience), and (III) experts in chest imaging (>5 years of experience 
in chest MRI of pwCF) with three readers per experience level.

Magnetic resonance imaging

All imaging was acquired on one of two different clinical 1.5 Tesla 
whole-body MR scanners (MAGNETOM Avanto or MAGNETOM 
Aera, Siemens Healthineers AG, Erlangen, Germany). The 
standardized morpho-functional MRI protocol was performed as 
previously described and included T1-weighted sequences before and 

after intravenous contrast agent administration, T2-weighted 
sequences, CE first-pass perfusion MRI (7, 17, 22) as well as contrast 
agent-free functional MP MRI (21, 34–36).

To visualize the morphological lung changes caused by CF, a 
high-resolution T2-weighted sequence with fat saturation that uses 
the PROPELLER k-space trajectory method (T2 BLADE, Siemens 
Healthineers) and a T1-weighted spoiled 3D gradient echo sequence 
that uses a breath hold technique (volumetric interpolated breath 
hold examination, VIBE, Siemens Healthineers) were acquired. The 
T1-weighted sequence was repeated after contrast agent 
administration. All three morphological sequences were scanned in 
transversal and coronal plane with a slice thickness of 4.0 mm.

First-pass lung perfusion scans were performed with a spoiled 
gradient-echo sequence (time resolved angiography with stochastic 
trajectories, TWIST, Siemens Healthineers) in coronal plane (TE/
TR = 0.8/2.05 ms, flip angle = 25°, slice thickness = 5.0 mm, matrix 
size = 256 × 256). The field of view was adjusted to the patient’s age 
and was 280 × 280 mm for children below 10 years and 320 × 320 mm 
for teenagers and adults. The measurement started simultaneously 
with the i.v. administration of a gadolinium-based contrast agent via 
a peripheral catheter or central line at a rate of 2–4 mL/s. The contrast 
agent dose was adjusted according to body weight and aimed for a 
concentration of 0.5 mmol/kilogram. This resulted in total doses of 
1.5–8.0 mL Gadobutrol or 2.3–16.0 mL Gadoteric acid in our cohort. 
During a breath hold at full inspiration, the first passage of the contrast 
bolus through the pulmonary circulation was captured within a 
dynamic series of 30 volume datasets of the whole lung. Each of these 
datasets represents 1.5 s, resulting in a total acquisition time of CE 
perfusion MRI of 45 s. When the contrast bolus is injected into a 
peripheral vein, as is usually done at the back of the hand or in the 
cubital fossa, maximum contrast in the lung parenchyma usually is 
reached 20 ± 5 s after injection. This data set, with the strongest 
pulmonary contrast, must be identified and is then visually assessed 
for the presence of (regional) pulmonary hypoperfusion.

MP-MRI scans were performed prior to CE first-pass perfusion 
using two-dimensional time-resolved ultra-fast bSSFP pulse sequence 
(ufSSFP) (21, 35, 36). Multiple coronal image sets were acquired 
during 48 s of free-breathing. Scan parameters for ufSSFP were as 
follows: field-of-view = 400 × 400–450 × 450 mm2, matrix 
size = 128 × 128 interpolated to 256 × 256, slice thickness = 12 mm, 
echo time (TE) = 0.67 ms, repetition time (TR) = 1.60 ms, 
bandwidth = 2056 Hz/pixel, flip angle of 65°, GRAPPA factor 2, 160 
coronal images per slice. The nominal acquisition time for one image 
was 120 ms, followed by a waiting time of 180 ms, resulting in a total 
acquisition time of 300 ms per image and an acquisition rate of 3.3 
images per second. In order to cover the whole lung, imaging was 
performed using between 8 to 10 slices, which resulted in an overall 
scanning time of 6 to 8 min. During the scan, the examined persons 
are only required to cooperate passively; they must try not to move 
and breathe evenly, but they do not have to perform breathing 
exercises. The color-coded maps of pulmonary perfusion were 
generated using an automated image analysis software – TrueLung (37).

Both techniques of pulmonary perfusion imaging are acquired in 
coronal plane, CE perfusion MRI during a breath hold and MP 
perfusion MRI in free breathing. The primary slice thickness of both 
methods is different, namely 5.0 mm for CE-MRI and 12.0 mm for 
MP-MRI, as described above. In both methods, these layers overlap 
somewhat so that the entire lung is imaged without gaps. In 

TABLE 1 Clinical characteristics of study population.

Characteristic Mean ± SD

Number of pwCF 27

Age, years (range) 20.78 (8.39–45.66)

Male / female (%) 15 (55.55) / 12 (44.44)

Body weight, kg 51.0 ± 17.4

Body height, cm 160.0 ± 17.9

BMI, kg/m2 19.2 ± 3.7

CFTR genotype

  F508del/F508del, n (%) 10 (37.1)

  F508del/other, n (%) 11 (40.7)

  Other/other, n (%) 6 (22.2)

CFTR modulator therapy

  Lumacaftor/Ivacaftor, n (%) 5 (18.5)

  Tezacaftor/Ivacaftor, n (%) 3 (11.1)

  None, n (%) 19 (70.4)

Pancreatic insufficiency, n (%) 22 (81.5)

Pseudomonas aeruginosa infection, n (%) 10 (37.1)

Data are presented as mean ± standard deviation, if not indicated otherwise. pwCF, people 
with cystic fibrosis; MRI, magnetic resonance imaging; BMI, body mass index; CFTR, cystic 
fibrosis transmembrane conductance regulator.
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adolescents and adults, a normal data set of the entire lung therefore 
consists of approximately 30 coronal CE-MRI images and 12–14 
coronal MP-MRI reconstruction images.

Visual MRI assessment

The visual assessment of CF lung disease in this study was 
based on the validated chest MRI score (7). This scoring system is 
based on a separate analysis of each individual lung lobe, with the 
lingula considered as a separate sixth lobe. The morphology score 
consists of 5 subscores that record the following CF-associated 
findings: (1) bronchiectasis/wall thickening, (2) mucus plugging, 
(3) abscesses/sacculations, (4) consolidation, (5) special findings 
(i.e., pleural findings). The perfusion score is the sixth subscore 
of the global score, assesses the extent of pulmonary hypoperfusion 
and thus indirectly reflects the hypoxic vasoconstriction, which is 
assumed to be the imaging correlate of hypoxic vasoconstriction. 
In this system, each lobe is scored 0 (no abnormality), 1 (<50% of 
the lobe affected) or 2 (>50% of the lobe affected) points 
depending on the extent of the pathology examined for each 
subscore. Consequently, each subscore ranges from 0 to 12 points 
and the global score (morphology score + perfusion score) ranges 
from 0 to 72 points.

All readers were initially trained in the comparison of CE 
perfusion MRI and MP perfusion MRI on a dataset of 10 pwCF 
who were not included in this study. Visual analysis of morpho-
functional MRI and MP-MRI data was feasible in all 27 
pwCF. Nine radiologists with different degrees of experience in 
the evaluation of chest MRI applied the validated chest MRI score 
and rated the extent of CF-related morphological changes in 
T1-weighted and T2-weighted sequences and the size of regional 
pulmonary perfusion defects in CE perfusion and MP perfusion 
MRI accordingly (7). T1 without contrast agent, T1 with contrast 
agent and fat-saturated T2 were each available in transversal and 
coronal plane. These three sequences were evaluated together to 
assess the five morphology subscores. This analysis is largely 
based on the T2 PROPELLER (BLADE) sequence, which many 
readers even use exclusively. The two T1 sequences can provide 
additional information for some of the subscores, especially 
consolidation and special findings (which refers to 
pleural changes).

Scoring was performed lobe-based with 0 (no abnormality), 1 
(<50% of the lobe affected) or 2 (>50% of the lobe affected) points 
given for each lobe depending on the extent of the examined 
pathology. Consequently, each subscore ranged between 0 and 12 
points. The color-coded MP-MRI lung maps were scored in 
analogy to the CE perfusion score. The readers assessing CE 
perfusion MRI and MP perfusion MRI were blinded to the results 
of the morphological standard sequences described above. All 
readers assessed all sequences of one type in a row in one session 
and in a random order of patients. It was considered impossible 
to trace morphological sequences, CE perfusion MRI and MP 
perfusion MRI back to the same patient. All 27 MRI examinations 
were fully scored by the 9 readers, resulting in a total of 243 
datasets, each consisting of the MRI morphology score, the CE 
perfusion score and the MP perfusion score. All readers were 
blinded to clinical and demographic characteristics.

Statistical analysis

Statistical analyses were performed with R version 4.0.2 (R 
Foundation for Statistical Computing, Vienna, Austria). According to 
histograms and Kolmogorov–Smirnov tests, a normal distribution of 
metric data was not assumed. Data are presented as mean ± SD, 
median, interquartile range (IQR; 25th – 75th percentile), and range 
(min  – max) as appropriate. Non-parametric tests such as the 
Wilcoxon signed-rank test were applied as appropriate. Spearman’s 
rank correlation coefficient r was used to describe the association 
between metric parameters. According to Rowntree and Karlik the 
correlations are assumed to be  negligible (r = 0.0–0.2), weak/low 
(r = 0.2–0.4), moderate (r = 0.4–0.7), strong (r = 0.7–0.9), and very 
strong (r = 0.9–1.0) (38). The intraclass correlation (ICC) was 
calculated as ratio of variance of interest and total variance using 
linear mixed effects models whereas differences between readers were 
calculated by two-way ANOVA (39). A Bland–Altman analysis was 
used to assess the readers’ agreement and compare the two methods 
visually. A p-value <0.05 was considered statistically significant.

Results

Clinical characteristics of study population

The study group consists of 27 pwCF with a mean age of 20.8 
(8.4–45.7) years (Table 1). Fifteen male and 12 female pwCF with a 
mean body weight of 51.0 ± 17.4 kg, a body height of 160.0 ± 17.9 cm 
and a BMI of 19.2 ± 3.7 kg/m2 were included. Ten participants were 
homozygous for the F508del mutation, 11 participants were 
compound-heterozygous with one F508del mutation and six 
participants had two other mutations in the CFTR gene. 81.5% of the 
pwCF had an exocrine pancreatic insufficiency (Table 1). Five pwCF 
were treated with the CFTR modulator Lumacaftor/Ivacaftor, three 
pwCF with Tezacaftor/Ivacaftor while 19 pwCF did not receive causal 
treatment. Pseudomonas aeruginosa was detected in 37.1% of 
the participants.

Differences in CE and MP perfusion scores 
between pwCF and readers

In the blinded visual imaging analysis, the mean CE perfusion 
score was 6.2 ± 3.3 and the MP perfusion score was 6.9 ± 2.0 (Table 2; 
Figure 1). The range of scores varied between a CE perfusion score of 
0 and 12 with a median of 6 and a variance of 11.1. The MP perfusion 
score was rated between 2 and 12 with a median of 7 and a variance 
of 4.0. The CE perfusion scores were overall lower than the MP 
perfusion scores (p < 0.05). There was a significant difference between 
CE and MP perfusion scores between the pwCF (both p < 0.001) 
(Figure 2). The respective CE perfusion scores (p = 0.022) and MP 
perfusion scores (p = 0.034) differed significantly between the nine 
readers (Figure 2).

The CE perfusion scores showed strong correlation with the MP 
perfusion scores (r = 0.74, p < 0.01). To compare the agreement of 
scores between the nine readers, the ICC was calculated for each 
respective score (Table 3). The ICC between the readers showed a 
good to moderate inter-reader reliability for both MRI perfusion 
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TABLE 2 Mean scores in CE perfusion score, MP perfusion score and morphology score by readers’ experience level.

Total Low experience level 
(n = 3)

Intermediate experience 
level (n = 3)

High experience level 
(n = 3)

CE perfusion score 6.22 (3.34) 5.70 (3.41) 6.78 (3.38) 6.19 (3.18)

MP perfusion score 6.89 (1.99) 6.70*** (2.14) 7.17 (1.82) 6.80* (2.00)

Morphology score 15.39 (8.23) 14.32 (7.58) 15.90 (9.13) 15.94 (7.90)

CE, contrast-enhanced-perfusion scores; MP, matrix pencil decomposition. Data are presented as mean ± standard deviation. *P < 0.05, ***P < 0.001 vs. CE perfusion score.

FIGURE 1

CF-related changes in lung morphology and perfusion detected by morpho-functional MRI and MP-MRI. Representative images of four pwCF with 
different degrees of lung disease severity. Fat-saturated T2-weighted MRI shows dilated and/or wall-thickened bronchi (arrows). Contrast-enhanced 
perfusion MRI and color-coded lung maps of MP-MRI show areas of pulmonary hypoperfusion that match with the location of the morphological 
findings (asterisks). In the gray-scale images of CE perfusion MRI, healthy lung parenchyma with normal Gadolinium uptake appears white to light gray 
and hypoperfused lung parenchyma is dark gray to black. In the color-coded MP perfusion MRI maps, hypoperfusion is displayed in shades of blue at 
the lower end of the color scale – the darker the more severe. To simplify visual evaluation, additional impairment maps in shades of red have been 
calculated to show hypoperfusion only. (A) Shows an eight-year-old schoolgirl with intermediate disease severity. For the right upper lobe, all 
reviewers scored 1 point for bronchiectasis/wall thickening and half of the reviewers scored 1 or 2 points each for CE perfusion and MP perfusion. 
(B) Shows a 20-year-old man with asymmetrically pronounced findings. All reviewers scored 2 points for bronchiectasis/wall thickening, CE perfusion 
and MP perfusion for the right upper lobe and 1 point each for the left upper lobe. (C) Shows a 38-year-old man with advanced CF lung disease. All 
reviewers scored 1 point for CE perfusion and MP perfusion in the right upper lobe and 2 points each for all three left lobes, as the left lung showed 
almost complete hypoperfusion. However, this is the only pwCF in the entire study in whom a paramediastinal partial atelectasis of the left upper lobe 
(rhombus), which was scored as consolidation by all reviewers with 1 point, was not recognized as lung volume by the MP-MRI analysis software 
“TrueLung.” (D) Shows a teenager with only minor lung changes. The most common problem with the MP-MRI visualizations was that all reviewers 
scored both lower lobes for CE perfusion with no point, while the majority (7/9) scored at least one point for the left lower lobe for MP perfusion. 
Presumably, heart movements merely simulate these pulmonary hypoperfusions.
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scores (Table 3). It was slightly higher for the CE perfusion score (0.75, 
95% confidence interval (CI) 0.63–0.85, p < 0.001) than for the MP 
perfusion score (0.61, CI 0.47–0.75, p < 0.001) and significant in 
both cases.

For both MRI perfusion scores, the exact agreement, meaning 
the identical score given as percentage, can be compared. Of the 9 
readers rating 27 subjects, 3.7% of the CE perfusion scores were 
exactly identical. The agreement stayed at 3.7% in case of a 

FIGURE 2

(A–D) Mean MRI perfusion scores by subjects and readers. Tukey-Boxplot. The box marks the upper and lower quartiles with the median as the central 
line. The whiskers represent the maximum and minimum and the dots the outliers. CE = contrast-enhanced, MP = matrix pencil. Kruskal-Wallis test 
(A,B), Friedman-test (C,D). White bars represent readers with little radiological experience, grey bars readers with intermediate experience and dark 
grey bars readers with longstanding experience in thoracic radiology. p < 0.05 is considered statistically significant.

TABLE 3 Inter-reader agreement (Intraclass correlations (ICC)) of CE perfusion score, MP perfusion score and morphology score in pwCF between 
readers and by readers’ experience level.

Parameter All readers Low experience 
level

Intermediate 
experience level

High experience 
level

ICC CI 95% ICC ICC ICC

CE perfusion score 0.75*** 0.63–0.85 0.80*** 0.59*** 0.82***

MP perfusion score 0.61*** 0.47–0.75 0.64*** 0.57*** 0.58***

Morphology score 0.84*** 0.76–0.91 0.83*** 0.83*** 0.86***

Bronchiectasis / wall 

thickening subscore
0.74*** 0.62–0.85 0.66*** 0.69*** 0.89***

Mucus plugging subscore 0.70*** 0.57–0.82 0.68*** 0.59*** 0.68***

Special findings subscore 0.47*** 0.32–0.64 0.29*** 0.34*** 0.51***

Abscesses / sacculations 

subscore
0.18***

0.08–0.34
0.11*** 0.14*** 0.19***

Consolidations subscore 0.79*** 0.69–0.88 0.83*** 0.77*** 0.80***

ICC, intraclass correlation; CI, confidence interval; pwCF, people with cystic fibrosis; CE, contrast-enhanced-perfusion score; MP, matrix pencil decomposition. ***p < 0.001.
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tolerance of 1 point and increased to 14.8% with a tolerance of 2 
points. Regarding the MP perfusion score, none of the scores was 
exactly identical. With a tolerance of 1 point, 14.8% of the readers` 
scores agreed while a 25.9% of the scores overlapped with a 
tolerance of 2 points. The agreement of perfusion scores between 
the readers was consequently slightly better in MP-MRI than 
in CE-MRI.

Systematic difference between CE and MP 
perfusion scores

To compare the agreement between both perfusion scoring 
methods, a Bland–Altman analysis was conducted (Figure 3). The 
absolute difference between CE perfusion scores and MP perfusion 
scores was correlated with the mean of both perfusion scores. The 
correlation coefficient r was moderate, but significant (r = 0.62, 
p < 0.001). Therefore, the lower or the higher the mean perfusion 
score, the larger the difference between CE and MP perfusion scores 
(Figure 3). The range of CE perfusion scores assigned by the readers 
was larger (0–12 points) than the range of MP perfusion scores (2–12 
points). With a higher inter-subject-difference in CE perfusion scores, 
MP perfusion scores were rated higher than the lowest CE perfusion 
scores and were scored lower than CE perfusion scores at higher mean 
scores (Figure 3).

No difference between levels of 
radiological experience

The nine readers were summarized into three even-sized groups 
according to their level of radiological experience. The least 

experienced readers assigned a mean CE perfusion score of 5.7 ± 3.4 
and a mean MP perfusion score of 6.7 ± 2.1 (p < 0.001) (Table 2). 
Intermediate experienced radiologists scored a mean of 6.8 ± 3.4 for 
CE perfusion and 7.2 ± 1.8 for MP perfusion scores (p = 0.12) while 
chest imaging experts assigned a mean of 6.2 ± 3.2 to CE perfusion 
and 6.8 ± 2.0 to MP perfusion scores (p = 0.018). Comparing the 
mean scores according to the three experience levels, no significant 
difference in CE perfusion (p = 0.12) and MP perfusion scores 
(p = 0.29) was found (Figure  4). The inter-reader correlation 
coefficient was significant and moderate to good in all groups and 
ranged between 0.59–0.82 for CE perfusion scores and 0.57–0.64 for 
MP perfusion scores (all p < 0.001) (Table 3).

Good agreement of morphological scores 
between readers and experience levels

Morphological findings included the following parameters 
according to the validated chest MRI score: bronchiectasis/wall 
thickening, mucus plugging, abscesses/sacculations, consolidation 
and pleural reactions (special findings) (7). The mean MRI 
morphology score in CE-MRI was 15.4 ± 8.2 in the total cohort 
(Table 2). The subjects displayed different extents of morphological 
abnormalities represented by the respective MRI morphology 
score (p < 0.001). However, there was no significant difference 
between the readers (p = 0.30) and the three experience groups 
(p = 0.36) (Figure  5). The ICC showed a strong inter-reader 
agreement of the morphology score (ICC = 0.84, CI 0.76–0.91, 
p < 0.001). Of the respective subscores, the most frequent 
pathological finding bronchiectasis/wall thickening displayed a 
good inter-reader reliability (ICC = 0.74, 0.62–0.85, p < 0.001) 
(Table 3). The inter-reader agreement was similarly good for the 
mucus plugging subscore (ICC = 0.70, CI 0.57–0.82, p < 0.001) as 
well as the consolidation subscore (ICC = 0.79, CI 0.69–0.88, 
p < 0.001). The special findings subscore (ICC = 0.47, CI 0.32–0.64, 
p < 0.001) and the abscesses/sacculations subscore did not show 
good agreement between the readers (ICC = 0.18, CI 0.08–0.34, 
p < 0.001) (Table 3). The inter-reader agreement was comparable 
between the three experience groups and mostly highest in the 
most experienced group (Table 3).

Both MRI perfusion scores correlate with 
the morphological findings showing a 
stronger correlation in CE perfusion than 
MP perfusion

To examine the relationship of functional abnormalities and 
morphological findings, the CE perfusion scores and the MP 
perfusion scores were correlated with the morphological scores. The 
morphology score showed a good correlation with the CE perfusion 
score (r = 0.73, p < 0.001) (Figure  6). The MP perfusion score 
significantly correlated with the morphological abnormalities, 
although with a lower correlation coefficient than the CE perfusion 
score (r = 0.55, p < 0.001). The degree of morphological abnormalities 
consequently increased with higher MRI perfusion scores. This 
relationship is found for the low experience group (r = 0.67, p < 0.01; 
r = 0.61, p < 0.01), the intermediate experience group (r = 0.59, 

FIGURE 3

Agreement of CE perfusion score with MP perfusion score. Bland–
Altman Plot of 27 people with cystic fibrosis scored by nine readers. 
Differences between CE perfusion and MP perfusion scores were 
calculated as absolute differences. The continuous line represents 
the mean difference and the dashes lines the upper and lower 95% 
limits of agreement (mean difference ± 1,96*SD). Identical scoring 
leads to overlapping data points. CE = contrast-enhanced, 
MP = matrix pencil decomposition. Correlation coefficient r 
describes the relationship between the difference of CE and MP 
perfusion scores (y-axis) and their mean (x-axis). p < 0.05 is 
considered statistically significant.
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p < 0.01; r = 0.51, p < 0.01) and the high experience group (r = 0.74, 
p < 0.01; r = 0.57, p < 0.01).

Discussion

This study demonstrates the feasibility of visual perfusion scoring 
in established contrast-enhanced (CE-) MRI and novel contrast agent-
free MP-MRI in pwCF with different degrees of CF lung disease 
severity. It shows a good inter-reader agreement between the 
traditional CE-MRI and the alternative contrast agent-free MP-MRI 
independent of the respective radiologists’ experience level. Scoring 
of CE-MRI differs from the new MP-MRI method as the CE perfusion 
scores are generally distributed across a wider range than MP 
perfusion scores. In both methods, the perfusion scores correlated 
well with the morphological abnormalities.

First, the absolute CE and MP perfusion scores were compared. 
This analysis showed slightly higher MP perfusion scores than CE 
perfusion scores, but a good correlation between both perfusion 
scores. The inter-reader reliability was good to moderate for both 
methods but was overall higher for CE perfusion scores. In particular, 
we observed that the two visual perfusion scores differed in patients 
with only mild disease severity. In our cohort, several CE perfusion 
MRIs were scored as 0 points, indicating normal lung perfusion, but 
all radiologists always scored at least one point in the visual assessment 
of the MP-MRI lung maps. We  explain this by the fact that all 
radiologists were more used to gray-scaled contrast-enhanced images 
(CE perfusion) as part of their daily routine in contrast to novel color-
coded lung maps (MP perfusion). Physiological small areas of 
hypoperfusion, e.g., along the pulmonary fissures, were therefore 
probably more often correctly recognized and less often incorrectly 
scored as CF-associated. This might explain the slight difference in the 
intraclass correlation (ICC) between the two methods and therefore 
the slightly higher ICC in CE perfusion scores. Although all 
radiologists had undergone initial training, none of the radiologists 
had any notable routine in image analysis and in scoring of the 

MP-MRI lung maps. In several patients, there were indications that 
movement of the beating heart could cause artifacts in the inferior 
lung segments, especially in the lingula, which could then merely 
simulate focal hypoperfusion. In panel D of Figure 1, such a case is 
demonstrated. This is not an unacceptable weakness of the novel 
method, but the reviewers of MP-MRI lung maps will of course have 
to gain more experience with these cases. It could furthermore 
be  speculated, that MP-MRI images could potentially be  over-
simplified and the thicker layers on MP-MRI may have lead to a 
‘partial volume effect’. Moreover, the slightly lower spatial resolution 
of MP-MRI might not represent all perfusion inhomogeneities in 
detail. As this is the first study to directly compare both approaches, 
further studies are needed to challenge this hypothesis.

To compare the well-established CE-MRI and the novel MP-MRI 
method, a Bland–Altman analysis was conducted. The results 
underline a difference between the two MRI perfusion scoring 
systems. The data show a wider range of scores given in the CE-MRI 
compared to MP-MRI. This can be  stated for both extremes  – 
intraindividual CE perfusion scores are generally lower or higher than 
the matching MP perfusion score. From our point of view, the most 
likely explanation for this result of the study is that the radiological 
reviewers have significantly more experience with CE perfusion MRI 
and its visualization in gray-scale images. To simplify the visual 
analysis of the MP-MRI data, the readers were provided with a 
“impairment map” in addition to the original MP perfusion MRI map, 
which was designed to show only the pulmonary hypoperfusion in 
shades of red (Figure 1). We can only speculate as to whether this 
graphical representation simplified the visual evaluation to such an 
extent that our reviewers assessed a smaller range of perfusion scores 
in MP-MRI. The authors are of the opinion that at this point it cannot 
even be determined whether this is a strength or weakness of the novel 
technique. In any case, further studies are needed to confirm this 
observation and to investigate its cause. Therefore, a more extensive 
routine in the interpretation of these novel images and a cross-
validation with contrast-enhanced chest MRI should be established. 
The difference between the functional methods could potentially 
be  overcome by an automated analysis which standardizes the 
assessment and can be implemented reader-independently in different 
centers and therefore enables international harmonization and 
reproducibility. To investigate parts of this approach, our research 
group was recently able to demonstrate a strong correlation between 
CE-MRI and automatically processed MP-MRI in another, 
independent study (36). First studies have furthermore included semi-
automated analysis and support by machine learning approaches (20, 
32, 36, 40). These developments are promising to propel international 
standardization, but are not yet fully developed for all 
radiological features.

We were furthermore interested in the impact of the readers’ 
radiological experience on the assigned MRI scores. The comparison 
of the nine readers with different degrees of experience demonstrated 
a significant difference between the readers’ scoring but no difference 
that could be attributed to the radiological experience. So far, very few 
studies have compared the impact of different radiological experience 
levels on the evaluation of chest MRI. Most existing studies have 
compared readers of similar experience or validated different 
radiological methods by multireader approaches. Nauck et al. (33) 
analyzed same-day MRI and CT in patients with COPD and three 
readers with a good concordance between the methods and lower 

FIGURE 4

(A,B) Mean MRI perfusion scores by experience level. Tukey-Boxplot. 
The box marks the upper and lower quartiles with the median as the 
central line. The whiskers represent the maximum and minimum. CE, 
contrast-enhanced; MP, matrix pencil decomposition. Friedman-test.
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inter-reader agreement on MRI than on CT. Similarly, another study 
group reported a fair to moderate inter-reader concordance to detect 
pulmonary ground glass opacities and fibrosis-like changes on MRI 
and CT with a higher inter-reader agreement on CT than on MRI 
(27). As mentioned previously, this may be well understood by the 
decreased spatial resolution of MRI. Willers et al. (32) studied intra-
reader repeatability and inter-observer reproducibility as well as the 
impact of a trained neural network in MP-MRI in ten healthy and 25 
children with CF. The reported intra-reader repeatability was very 
good with still a strong, but not perfect inter-observer reproducibility. 
A more heterogeneous study group and more diverging experience 

levels of the readers in our study might explain the higher inter-reader 
agreement by Willers et  al. (32). However, our conclusions are 
consistent with their findings reporting systematic differences between 
readers and a potential benefit through automation procedures. To 
compare ratings of ventilation impairment and ventilation defect 
scores on 129Xe-MRI, Ebner et al. (28) analyzed results by five blinded 
readers with a comparable degree of experience. Overall inter-reader 
agreement was substantial with kappa coefficient of 0.7. Depending 
on the lung region, some ratings varied markedly, leading to a kappa 
coefficient between 0.4 and 0.7. The described inter-reader agreement 
was comparable to our findings and might similarly be influenced by 

FIGURE 5

(A–F) Mean scores of morphological parameters per reader. (A) MRI morphology score, (B) bronchiectasis/wall thickening subscore, (C) mucus 
plugging subscore, (D) abscesses/sacculations subscore, (E) consolidations subscore and (F) special findings subscore. White bars represent readers 
with little radiological experience, grey bars readers with intermediate experience and dark grey bars readers with longstanding experience in thoracic 
radiology. Friedman-test. p < 0.05 is considered statistically significant.

FIGURE 6

(A,B) Correlation between (A) CE and (B) MP perfusion score and the MRI morphology score. Identical scoring leads to overlapping data points. 
CE = contrast-enhanced, MP = matrix pencil decomposition. Spearman’s rank correlation coefficient r and p-values are provided for each correlation.
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a heterogeneous study cohort and a decreased spatial resolution (32). 
Most studies underline the positive impact of high radiological 
experience on the outcome parameter and a higher sensitivity to 
detect abnormalities (29, 41). The impact of the radiologists’ 
experience may however differ depending on the outcome parameter 
and the applied radiological method (30, 31, 42).

This study reports a significant correlation between morphological 
findings summarized in the morphology score and the CE- and MP 
perfusion scores, whereas the correlation with CE perfusion was 
higher than for MP perfusion scores. The correlation between 
structural and functional abnormalities in the CF lung is 
comprehensible as worsening perfusion impairment is usually related 
to the progression of structural pathologies such as mucus plugging, 
consolidations or sacculations (17). As the present study cohort shows 
rather heterogeneous lung disease severity, the association between 
morphological and functional abnormalities does not seem to 
be restricted to a certain level of disease. These results are in line with 
findings by Doellinger et al. and other study groups (20, 36, 40).

The objective of our study was to compare the established CE-MRI 
with novel MP-MRI techniques to estimate potential comparability 
and use of MP-MRI as contrast agent-free method in future. In this 
context, these two MRI-based approaches were examined without the 
comparison with other clinical measures. However, a preceding study 
from our group has shown good correlation of both approaches with 
spirometry and therefore the ability of MP-MRI to identify disease 
severity (36). Other research groups have evaluated the reproducibility 
of MP-MRI in healthy children and individuals with CF as important 
prerequisite for the successful clinical application (43). A swiss study 
group has shown the correlation between CE- and MP-MRI with 
other lung function methods such as multiple-breath washout (MBW) 
(20, 40). In young children or generally milder CF lung disease, MBW 
is more sensitive to detect ventilation impairments than spirometry 
(40). Based on results showing MRI sensitivity to detect pulmonary 
disease and its progression, first studies have additionally 
demonstrated capability of MP-MRI to capture response to treatment 
(20, 44). Therefore, these findings support the use of MRI for chest 
examination in multicenter studies and the clinical routine care in 
pwCF of all ages. Importantly, the sensitivity of MP-MRI to detect 
perfusion inhomogeneities allows contrast agent-free examinations in 
future and might render intravenous contrast application obsolete. A 
non-invasive MRI exam not only simplifies the procedure for the 
medical facility, it also increases patient comfort as well as patient 
safety, since possible undesirable effects of gadolinium-based contrast 
agents are avoided. In our center, the acquisition of MP-MRI has been 
part of the standard MRI protocol for pwCF since 2020. Our patients 
and their parents constantly assure us that they are happy to accept the 
significantly longer examination time (MP-MRI 6–8 min vs. CE-MRI 
<1 min) if this prevents from venipuncture and the long breath hold 
of 45 s, which can be very long for pwCF. The avoidance of i.v. contrast 
application is especially important for patients allergic to contrast 
agents, those with renal failure or other contraindications and patient 
groups for which specific contrast agents are not approved. 
Considering potential permanent intracorporal deposits, especially 
with the use of gadolinium-based contrast media, the contrast-agent 
free functional imaging by MP-MRI might be a promising alternative 
in future.

One limitation of this study is the rather small sample size of 27 
pwCF. Lastly, despite defined criteria, the scoring of images is still a 

subjective task. Therefore, the scores differ between the readers and an 
objective criterion to verify the correct identification of pathologies or 
a different examination method to compare with has not been used in 
this study. Therefore, the readers’ ratings can only be compared with 
each other but no other reference measure to confirm findings.

In summary, our study in 27 pwCF shows slightly higher MP 
perfusion scores compared with CE perfusion scores, but a good inter-
reader reliability for both perfusion scores. The CE perfusion scores 
showed a larger variability and a systematic difference compared to 
MP perfusion scores especially in very low and high scores which may 
be due to the readers’ routine with gray-scale CE perfusion images 
rather than novel color-coded lung maps of MP-MRI. The degree of 
radiological experience did not impact the results, but the investigated 
differences between human readers could be reduced by an automated, 
reader-independent analysis. Both MRI perfusion methods correlated 
well with morphological abnormalities in this heterogenous CF group 
with different CF lung disease severity levels. The novel MP-MRI 
holds promise to facilitate contrast agent-free and therefore 
non-invasive quantitative studies of abnormalities in lung perfusion 
in pwCF. It will hopefully advance the development of novel, sensitive 
outcome measures in lung disease research, multicenter studies and 
the clinical routine care.
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