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Ten years of chest MRI for
patients with cystic fibrosis
Translation from the bench to clinical routine

Cystic ﬁbrosis (CF) is the most common lethal autosomal-recessive disease
in the White population [1]. The disease
is caused by multiple, diﬀerent mutations
of the CF transmembrane conductance
regulator (CFTR) protein, which acts as
a Cl– channel in epithelia such as the airways or intestinal glands and interacts
with other epithelial ion channels such
as the epithelial sodium channel ENaC.
As a result, epithelial surface liquid is dehydrated and highly viscous secretions
obstruct the conducting airways in particular. Chronic bacterial infection and
inﬂammation subsequently destruct the
airways and lung parenchyma, which can
be assessed by imaging.
Lung imaging plays a central role in
monitoring CF lung disease for all patient ages, as the lung manifestations determine morbidity and mortality despite
improved understanding of the pathophysiology and improved therapy. As
a result of improved management and
care, CF patients are diagnosed early and
retain a normal lung function for a longer
period of time, and the majority of CF
patients are now of adult age [2].
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Two major advancements have further changed the management of CF patients in the past few years. First, newborn screening programs have been introduced in most Western countries and
opened a unique window of opportunity
to prevent or delay the irreversible progression of lung damage [3]. Second,
a novel class of therapeutics has been developed, which may restore CFTR channel activity at least for some mutations.
Imaging has the potential to detect
signs of regional lung disease long before
lung function starts to be impaired, even
in asymptomatic infants, and may thus
oﬀer new opportunities for early detection of regional lung disease and monitoring of disease activity. With imaging, lung changes may be diﬀerentiated
into potentially reversible manifestations
such as mucus plugging versus potentially irreversible manifestations such as
bronchiectasis [4], both of which could
be used for therapy control. Traditionally, chest radiography has been used to
image the CF lung [5, 6]. Later, computed tomography (CT) was used in CF
centers owing to its unparalleled spatial

resolution and thus higher sensitivity for
airway changes, and it was shown that
CT is more sensitive in predicting disease progression than forced expiratory
volume in 1 s (FEV1; [7]). Because this
puts young, in particular, and thus susceptible patients at risk of cumulating
ionizing radiation [8] through life-long
surveillance imaging and image-guided
procedures [8, 9], we sought to introduce
chest magnetic resonance imaging (MRI)
into CF imaging as a novel tool for lung
imaging in research, as an endpoint for
clinical trials, and, most importantly, as
a robust routine modality with a focus
on repeat surveillance imaging.
More than a decade ago, the chest was
considered a black hole for MRI owing to
well-known and, at that time, accepted
limitations such as limited availability of
protons to generate signal as well as fast
signal decay due to air–tissue interfaces,
and little work was available challenging
this dogma [10]. In order to develop
lung MRI into an alternative cross-sectional modality saving ionizing radiation
and to harvest its additional potential for
functional studies, we conducted studies

Fig. 1 8 Computed tomography (CT) and magnetic resonance imaging (MR) images of an 8-year-old
female patient with cystic ﬁbrosis (CF). Slices in comparable slice position: a inspiratory multislice computedtomography(MSCT),bT2BLADEsequence. Intherightlung,theCTandtheMRIshowbronchiectasis with mucus plugging (whitearrows)

required to achieve this goal in the past
few years.

was applied to patients with acute pulmonary exacerbation and was repeated
after antibiotic therapy.

Material and methods
MRI scanner
Research agenda
A robust and vendor-independent morphofunctional MRI protocol had to be
developed and implemented on clinical
MRI scanners. A dedicated chest MRI
scoring system for the semiquantitative
evaluation of speciﬁc imaging ﬁndings
had to be established. With this semiquantitative assessment, chest MRI was
then cross-validated against CT as the
standard of reference, as well as against
plain ﬁlm chest radiography, and also
against established measurement techniques of lung function. Then, chest MRI
could be employed in the target populations to describe the interindividual variation of the disease extent in a cross-sectional study. Next, the MRI protocol had
to be expanded to multiple sites and validated in multicenter settings. To determine the sensitivity of MRI in detecting
changes in disease severity, the protocol

For all of our studies, a clinical 1.5-T MRI
scanner was used (Magnetom Symphony
and Magnetom Avanto, Siemens Healthineers, Erlangen, Germany), unless stated
otherwise.

Results
Development of a dedicated MRI
protocol
With the introduction of parallel imaging, basic sequences could be adopted
from abdominal MRI and adjusted to
the requirements of lung imaging. Depending on patient age and cooperation,
non-breath-hold and breath-hold acquisitions were implemented. Usually, the
age of 6 years marks the point after which
patients comply with breathing instructions. Before that age, patients were routinely sedated with 100 mg/kg chloral hy-

drate (maximum dose, 2 g/day), administered orally or rectally before the imaging procedure. Each MRI examination
starts with a balanced steady-state freeprecession sequence (bSSFP, TrueFISP)
in free-breathing and in three planes.
Then, each examination continues with
T1-weighted sequences, either fast spin
echo with averaging (TSE) in free breathing or three-dimensional (3D) gradient
echo sequences (VIBE) in breath-hold,
each in two planes, respectively. T2weighted fast spin echo sequences with
half-Fourier acquisition (HASTE) can be
acquired in free-breathing using navigator techniques (PACE) or in breath-hold
(. Fig. 1).
Four-dimensional (4D) ﬁrst-pass perfusion imaging was performed with
a spoiled 3D gradient echo sequence
with parallel imaging and echo sharing
(“keyhole” sequence, TWIST). During multiple subsequent acquisitions of
the perfusion series, gadolinium-based
macrocyclic contrast material is injected intravenously by a power injector
(0.1 mmol/kg body weight Gd-DOTA
[Dotarem, Guerbet, Villepinte, France])
at an age-adjusted rate of 2–5 ml/s followed by a chaser of 30–50 ml NaCl
0.9% at the same injection rate. For
an easy assessment, subtraction images
are generated by subtracting the baseline images without contrast from those
with maximum contrast in the lung
parenchyma, displaying the maximum
parenchymal enhancement. After perfusion imaging, T1-weighted imaging
is repeated as postcontrast evaluation.
The protocol can be readily transferred
to other vendor platforms [11]. The
pulse sequence parameters are shown
in detail in . Tables 1 and 2 for pediatric
and adolescent/adult patients separately.

Developing a dedicated scoring
system
Scoring systems allowing for a semiquantitative assessment of CF lung disease severity already existed for chest
radiography (e.g., Chrispin–Norman
chest score; [12]) and CT (e.g., Helbich
[Bhalla] score, Brody score; [13, 14]).
These are not suitable for MRI scoring
because of a slightly diﬀerent presenDer Radiologe · Suppl 1 · 2019
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Ten years of chest MRI for patients with cystic fibrosis. Translation from the bench to clinical routine
Abstract
Background. Despite recent advances in our
knowledge about the pathophysiology and
treatment of cystic ﬁbrosis (CF), pulmonary
involvement remains the most important
determinant of morbidity and mortality in
patients with CF. Since lung function testing
may not be sensitive enough for subclinical
disease progression, and because young
children may have normal spirometry results
over a longer period of time, imaging today
plays an increasingly important role in clinical
routine and research for the monitoring of CF
lung disease. In this regard, chest magnetic
resonance imaging (MRI) could serve as

a radiation-free modality for structural and
functional lung imaging.
Methods. Our research agenda encompassed
the entire process of development, implementation, and validation of appropriate chest
MRI protocols for use with infant and adult CF
patients alike.
Results. After establishing a general MRI
protocol for state-of-the-art clinical 1.5-T
scanners based on the available sequence
technology, a semiquantitative scoring system
was developed followed by cross-validation of
the method against the established modalities
of computed tomography, radiography, and
lung function testing. Cross-sectional studies

were then set up to determine the sensitivity
of the method for the interindividual variation
of the disease and for changes in disease
severity after treatment. Finally, the MRI
protocol was implemented at multiple sites to
be validated in a multicenter setting.
Conclusion. After more than a decade, lung
MRI has become a valuable tool for monitoring
CF in clinical routine application and as an
endpoint for clinical studies.
Keywords
Lung · Chest · Magnetic resonance imaging ·
Functional imaging · Validation

10 Jahre Thorax-MRT für Patienten mit zystischer Fibrose. Übertragung vom Versuchsstadium in die
klinische Routine
Zusammenfassung
Hintergrund. Trotz aktueller Fortschritte
im Wissen über die Pathophysiologie und
Behandlung der zystischen Fibrose (CF)
bleibt die Lungenbeteiligung die wichtigste
Determinante für Morbidität und Mortalität
bei Patienten mit CF. Da die Lungenfunktionsprüfung möglicherweise nicht empﬁndlich
genug ist, subklinisches Fortschreiten der
Erkrankung anzuzeigen, und weil kleine
Kinder über einen längeren Zeitraum normale
Spirometrieergebnisse aufweisen können,
spielt heutzutage die Bildgebung eine immer
wichtigerer Rolle im klinischen Alltags- und
Wissenschaftsbetrieb zur Überwachung der
Lungenbeteiligung bei CF. Hierbei könnte
die Magnetresonanztomographie (MRT) des
Thorax als strahlungsfreie Modalität zur struk-

tation of morphological abnormalities
at MRI compared with CT. Furthermore, MRI, in comparison with CT, also
provides functional information (contrast-enhanced lung perfusion imaging),
which has to be integrated into an MRI
score. This novel score should cover the
morphological and also the functional
changes in the CF lung, and reﬂect
the wide range of disease severity from
infancy to adulthood.
Thus, a novel CF MRI scoring system was developed that consists of six
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turellen und funktionellen Lungenbildgebung
dienen.
Methoden. Das Forschungsprogramm der
Autoren umfasste den gesamten Ablauf der
Entwicklung, Etablierung und Validierung
gleichermaßen geeigneter Thorax-MRTProtokolle zum Einsatz bei CF-Patienten im
Kindes- wie im Erwachsenenalter.
Ergebnisse. Nach Etablierung eines allgemeinen MRT-Protokolls für dem Stand der
Technik entsprechende klinische 1,5-T-MRTGeräte auf der Basis der verfügbaren Sequenztechnologie wurde ein semiquantitatives
Punktesystem entwickelt mit anschließender
Kreuzvalidierung der Methode gegen etablierte Verfahren wie Computertomographie,
Röntgenuntersuchung und Lungenfunktionsprüfung. In Querschnittstudien wurde

subscores: (1) bronchiectasis/bronchial
wall thickening, (2) mucus plugging,
(3) abscesses/sacculations, (4) consolidations, (5) special ﬁndings (e.g., pleural
reaction/eﬀusion/pneumothorax), and
(6) perfusion abnormalities (. Table 3).
Findings were evaluated for each lobe
(lingua treated as own lobe) on a threepoint scale as follows: 0 = no abnormality, 1 = <50% of the lobe is involved,
2 = ≥50% of the lobe is involved. The
score proved to be reproducible for readers with experience in chest MRI, and

dann die Sensitivität der Methode für die
interindividuelle Variation der Erkrankung und
für Veränderungen der Krankheitsschwere
nach Behandlung ermittelt. Schließlich wurde
das MRT-Protokoll an mehreren Einrichtungen
etabliert, um es in einer Multizenterstudie zu
validieren.
Schlussfolgerung. Nach mehr als einem
Jahrzehnt ist die MRT zu einem wertvollen
Instrument für die Überwachung der CF im
klinischen Alltag und zu einem Endpunkt in
klinischen Studien geworden.
Schlüsselwörter
Lunge · Thorax · Magnetresonanztomographie · Funktionelle Bildgebung ·
Validierung

a reading time of 10 min may also be
acceptable for clinical routine. Items 1–5
are summed up as the MRI morphology
score, item 6 is the MRI perfusion score,
and the sum of 1–6 amounts to the MRI
global score. Global scores in 35 CF
patients of a broad age range (mean age,
15.3 years; range, 0.5–42) were from 6
to 47. Intra- and inter-reader agreement
for global scores were good, and concordance correlation coeﬃcients (CCC)
between two readers (R1 and R2) were:
0.98 (R1), 0.94 (R2), and 0.97 (R1/R2)

Table 1 MRI protocol for patients aged 0–6 years. From [21]
Sequence
Specials
Plane TR
TE
(ms)
(ms)

ST
(mm)

Distance
factor (%)

Slices

FOV
(mm2)

T1/2 bSSFP

–

Tra

339.40

1.26

4.0

–50

70

300 × 213 256 × 118 1.2 × 1.8

0:24

T1/2 bSSFP

–

Cor

381.44

1.42

4.0

–50

67

300 × 244 256 × 168 1.2 × 1.5

0:26

T1/2 bSSFP

–

Sag

337.00

1.26

4.0

–50

81

300 × 211 256 × 146 1.2 × 1.4

0:27

T1 FSE

4x averaging

Tra

450

9.5

4.0

10

24

300 × 178 512 × 243 0.6 × 0.7

2:29

T1 FSE

3x averaging

Cor

641

14

4.0

10

23

299 × 196 384 × 202 0.8 × 1.0

3:06

T2 FSE

Navigated

Tra

700

42

6.0

10

17

300 × 159 256 × 82

1.2 × 2.0

0:48

T2 FSE

Navigated

Cor

700

67

6.0

10

18

300 × 178 256 × 91

1.2 × 2.0

0:49

Perfusion

35 acquisitions,
i.v. contrast

Cor

2.1

0.87

5.0

–

24

300 × 300 256 × 179 1.2 × 1.7

0:31

T1 FSE ce

4x averaging

Tra

450

9.5

4.0

10

24

300 × 178 512 × 243 0.6 × 0.7

2:29

T1 FSE ce

3x averaging

Cor

641

14

4.0

10

23

299 × 196 384 × 201 0.8 × 1.0

2:12

Matrix

Voxel size
(mm)

Scan time
(min:s)

T1/2 bSSFP balanced T1/2-weighted steady-state free-precession sequence, T1 FSE T1-weighted fast spin echo sequence, T2 FSE T2-weighted single-shot
fast spin echo with half-Fourier acquisition, Perfusion time-resolved 3D gradient echo sequence with parallel imaging and echo sharing for perfusion
imaging acquired during contrast material injection (4D perfusion), Tra transversal plane, Cor coronary plane, Sag sagittal plane, ce contrast enhanced,
TR repetition time, TE echo time, ST slice thickness, FOV field of view

Table 2 MRI protocol for patients aged ≥6 years
Sequence
Specials
Plane TR
(ms)

TE
(ms)

ST
(ms)

Distance
factor (%)

Slices

FOV
(mm2)

T1/2 bSSFP

–

Tra

290.30

1.21

4.0

–50

110

340 × 255 256 × 126 2.0 × 1.3

0:32

T1/2 bSSFP

–

Cor

318.40

1.16

4.0

–50

80

450 × 365 256 × 168 2.2 × 1.8

0:26

T1/2 bSSFP

–

Sag

318.40

1.16

4.0

–50

100

450 × 356 256 × 168 2.2 × 1.8

0:32

T1 GRE

Breath-hold

Tra

3.30

1.18

4.0

20

72

400 × 350 256 × 224 1.6 × 1.6

0:21

T1 GRE

Breath-hold

Cor

3.30

1.18

4.0

20

72

400 × 350 256 × 224 1.6 × 1.6

0:21

T2 FSE

Navigated or
breath-hold

Tra

600

29

6.0

0

30

450 × 450 256 × 256 1.8 × 1.8

0:18

T2 FSE

Navigated or
breath-hold

Cor

600

29

6.0

0

30

450 × 450 256 × 256 1.8 × 1.8

0:18

T2 blade

Navigated or multibreath-hold

Tra

2700

116

4.0

15

42

400 × 400 320 × 320 1.3 × 1.3

4:28

T2 blade

Navigated or multibreath-hold

Cor

2290

83

4.0

10

35

300 × 300 320 × 320 0.9 × 0.9

2:39

Perfusion

30 acquisitions,
i.v. contrast

Cor

2.04

0.81

5.0

–

32

500 × 500 320 × 224 2.2 × 1.6

0:49

T1 GRE ce

Fat saturation

Tra

3.30

1.18

4.0

10

72

400 × 350 256 × 224 1.6 × 1.6

0:24

T1 GRE ce

Fat saturation

Cor

3.30

1.18

4.0

10

72

400 × 350 256 × 224 1.6 × 1.6

0:24

Matrix

Voxel size
(mm)

Scan time
(min:s)

T1/2 bSSFP balanced T1/2-weighted steady-state free-precession sequence, T1 GRE T1 gradient echo sequence, T2 FSE T2-weighted single-shot fast
spin echo with half-Fourier acquisition, Perfusion time-resolved 3D gradient echo sequence with parallel imaging and echo sharing for perfusion imaging
acquired during contrast material injection (4D perfusion), Tra transversal plane, Cor coronary plane, Sag sagittal plane, ce contrast enhanced, TR repetition
time, TE echo time, ST slice thickness, FOV field of view

(. Table 4). There was no diﬀerence in
CCC when comparing high and low
scores [15].
Subsequently, the phenomenon of
mosaic perfusion on T2-weighted MRI
sequences in 50 infants and preschool
children (mean age, 3.5 ± 1.4 years;
range, 0–6 years) was examined, and
it was demonstrated that non-contrastenhanced MRI reliably detects mosaic

signal intensity in infants and preschool
children with CF, reﬂecting pulmonary
blood volume distribution. The inter-reader agreement was also high
(kappa = 0.71, 0.62–0.79; [16]).

Cross-validation against
radiography, CT, and lung function
Initially, the modiﬁed Helbich (Bhalla)
score for a direct comparison between
MRI and CT was used, because this scoring system can be used for both modalities. A good correlation was seen between MRI and CT (r = 0.80; p < 0.0001)
in 31 patients with stable lung disease
Der Radiologe · Suppl 1 · 2019
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Table 3

Scoring sheet for morphofunctional MRI assessment. From [15]
Right
Left
UL

ML

LL

UL

LG

LL

Maximal
parameter/
global score

1. Bronchiectasis/wall thickening

–

–

–

–

–

–

12

2. Mucus plugging

–

–

–

–

–

–

12

3. Abscesses/sacculations

–

–

–

–

–

–

12

4. Consolidations

–

–

–

–

–

–

12

5. Special ﬁndings

–

–

–

–

–

–

12

6. Perfusion size

–

–

–

–

–

–

12

Maximal lobar/global score

12

12

12

12

12

12

72

Findings were scored to be absent (0), within less than 50% of the lobe (1) or throughout more than
50% of the lobe (2). A global score and the following subscores were defined: global score (GS): sum
of all parameters of the whole lung; maximum 72. Morphology score (MS): sum of morphological
parameter scores (1–5) of the whole lung; maximum 60. Function score (FS): perfusion score (6) of
the whole lung; maximum 12
UL upper lobe, ML middle lobe, LL lower lobe, LG lingula

Table 4
[15]

Intra- and inter-reader agreement for global morphology and functional score From

Scores

Reader

MD

LLA

ULA

CCC

TDI (0.9)

CP (d)

Global

–

–

–

–

–

–

CP (8)

R1

Morphology

–0.48

–4.8

3.8

0.98

3.8

1.0

R2a

–1.7

–7.8

4.4

0.94

5.9

0.97

R1/2a

–0.3

–5

4.3

0.97

4

1.0

–

–

–

–

–

–

CP (6)

a

–0.5

–3.9

2.9

0.98

3

1.0

R2a

–0.6

–5.9

4.7

0.94

4.6

0.96

R1/2a

–0.6

–3.8

2.5

0.98

2.8

1.0

–

–

–

–

–

–

CP (2.5)

R1b

0.0

–2.9

2.9

0.89

2.5

0.9

R2b

–1.0

–4.6

2.5

0.67

3.5

0.75

–0.3

–3.2

3.8

0.80

3.0

0.82

R1

Function

a

R1/2

b

Intra- and inter-reader agreement for global, morphology, and function scores, given as mean differences (MD), upper and lower limits of agreement (ULA, LLA), concordance correlation coefficients
(CCC), total deviation index calculated for p = 0.9 (TDI [0.9]), and coverage probability (CP [d]).
Different values of d were used according to the maximum score
R1 intra-reader agreement for reader 1, R2 intra-reader agreement for reader 2, R1/2 inter-reader
agreement for both readers
a
Good agreement
b
Acceptable

(mean age, 16.7 years; range, 7–42 years).
For the cross-correlation against chest radiography, these were scored using the
Crispin–Norman scoring system, which
revealed a moderate correlation between
the CF MRI score and the radiography
score (r = 0.63; p < 0.01) in this population [17, 18].
In a subsequent study performed to
assess the sensitivity of MRI in detecting
earlylung disease ininfants and preschool
children, we used the dedicated CF MRI
scoring system to compare MRI against
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radiography in 35 infants and preschool
children (mean age, 3.1 ± 2.1 years; range,
0–6 years). Here, only a moderate correlation (r = 0.46; p < 0.05) was detected between the MRI global score and chest radiography score, probably reﬂecting that
MRI has a higher sensitivity for mild CF
lung disease than radiography [19].
Next, the CF MRI score was correlated against the lung clearance index
(LCI) as a measure of lung function in
97 infants, preschool and school-age children with CF (age range, 0–21 years).

The LCI correlated moderately with the
MRI global score in infants and toddlers
(r = 0.57; p < 0.05), and well in older children (r = 0.84; p < 0.001) with CF. Especially perfusion MRI as a single parameter also showed a moderate correlation
(r = 0.45; p < 0.05) and a good correlation (r = 0.74; p < 0.001). Additionally,
the CF MRI score was higher in patients
chronically infected with Pseudomonas
aeruginosa compared with patients who
did not have a chronic infection with this
pathogen (p < 0.001; [20]).

Cross-sectional cohort of early CF
lung disease
A cohort study of 50 children evaluated
the potential of MRI to detect abnormal
lung structure and perfusion in infants
and preschool CF children (mean age,
3.1 ± 2.1 years; range, 0–6 years) in stable clinical condition (n = 40). Bronchial
wall thickening/bronchiectasis and mucus plugging were the most prevalent
morphological abnormalities found from
the ﬁrst year of life in most patients with
CF (mean MRI global score, 10.0 ± 4.0),
but not in non-CF control subjects
(0.0 ± 0.0, p < 0.001). Moreover, perfusion abnormalities were also present
in most patients, even in the absence
of morphological changes in a given
lung lobe (mean MRI perfusion score,
3.5 ± 2.0; . Table 5; [19]).

Multicenter validation
Next, these activities were expanded
and validated with the MRI protocol
for infants and preschool children in
a multicenter setting. For this purpose, a standardized chest MRI protocol
was implemented in three CF centers
and applied in clinical routine imaging, and the images of 42 infants and
preschool children with stable lung disease (mean age, 3.2 ± 1.5 years; range,
0–6 years) were subsequently analyzed
using a questionnaire for image quality
and the CF MRI score. All MRI examinations (100%) achieved diagnostic
image quality (. Fig. 2). In only 6% of
examinations was incomplete lung coverage observed, and in 6% artifacts were
found, but were compensated by the re-

Table 5 Prevalence and subscores of structural lung change und perfusion deﬁcits in infants and preschool children with cystic ﬁbrosis according to
age. From [19]
Age (years)
0
1
2
3
4
5
6
All
Number of subjects, n

8

7

6

5

7

3

4

40

Wall thickening/
bronchiectasis

Prevalence n (%)

8 (100)

7 (100)

6 (100)

5 (100)

5 (71)

3 (100)

3 (75)

37 (93)

Subscore

4.8 ± 0.8

6.0 ± 1.0

7.5 ± 2.0

8.5 ± 3.0

6.0 ± 3.5

5.0 ± 0.5

4.0 ± 1.5

5.5 ± 1.5

Mucus plugging

Prevalence n (%)

6 (75)

3 (43)

3 (50)

3 (60)

5 (71)

2 (67)

3 (75)

25 (63)

Subscore

0.8 ± 0.5

0.0 ± 0.5

0.3 ± 0.5

0.5 ± 0.5

0.5 ± 0.5

1.0 ± 0.5

3.5 ± 3.0

0.5 ± 0.5

Prevalence n (%)

0

1 (14)

2 (33)

1 (20)

1 (14)

0

0

5 (13)

Subscore

0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0

0

0.0 ± 0.0

Prevalence n (%)

1 (13)

2 (29)

1 (17)

2 (40)

2 (29)

1 (33)

1 (25)

10 (25)

Subscore

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 0.0

Prevalence n (%)

4 (50)

6 (86)

6 (100)

5 (100)

6 (86)

3 (100)

4 (100)

34 (85)

Score

0.5 ± 3.0

1.0 ± 2.5

3.0 ± 1.5

5.5 ± 2.0

4.0 ± 2.5

4.0 ± 1.5

5.3 ± 1.8

3.5 ± 2.0

Consolidation
Pleural reaction
Perfusion

maining sequences in all patients. Also,
the range of the MRI score was similar
across centers with a mean global MRI
score of 13.3 ± 5.8, showing that MRI as
the only radiation-free imaging modality
available for this purpose is feasible and
delivers suﬃcient information [21].

Application for therapy monitoring
In order to detect its sensitivity for
therapy-related changes, MRI was employed for patients with acute pulmonary exacerbation and repeated after
completion of a course of antibiotics
approximately 1 month later. In ten
infants and preschool children (mean
age, 3.1 ± 2.1 years; range, 0–6 years) the
MRI morphology (p < 0.01), MRI perfusion (p < 0.01), and MRI global scores
(p < 0.001) were signiﬁcantly higher in
patients with acute exacerbation compared with patients with stable CF lung
disease. After antibiotic therapy, all three
MRI scores were signiﬁcantly reduced to
a level comparable to stable lung disease:
The MRI morphology score was reduced
from 12.5 ± 2.0 to 8.0 ± 3.0 (p < 0.01),
the MRI perfusion score was reduced
from 6.0 ± 1.0 to 2.0 ± 1.0 (p < 0.05), and
the MRI global score was reduced from
18.0 ± 2.0 to 12.0 ± 3.0 (p < 0.05; . Fig. 3;
[19]).
In an independent study with ten
school-age children with acute pulmonary exacerbation (age range,
0.2–21.1 years), a similar ﬁnding was
made: The MRI morphology score (20

vs. 12), MRI perfusion score (6 vs. 3),
and MRI global score (28 vs. 17) were
signiﬁcantly reduced after antibiotic
therapy (p < 0.05; . Fig. 4; [20]).

Discussion
Although the idea of lung MRI and socalled plus pathologies was proposed in
the late 1980s, its practice in clinical routine was not applicable at that time. Plus
pathologies are diseases that lead to an
increase in protons in the environment of
otherwise low-proton lung tissue, which
improve the conditions for a relatively selective depiction of lung disease against
the dark background of a normal lung
[22, 23]. The aim was to develop a robust and vendor-independent morphofunctional MRI protocol that could be
implemented on clinical MRI scanners.
With the advent of parallel imaging, MRI
sequences became available, which allowed scanning of the whole chest in
a breath-hold, or alternatively, which allowed for the application of triggering
techniques [17, 18]. Another important
contribution was the introduction of keyhole gradient echo sequences with echo
sharing, which helped to bring functional
imaging into the arena of routine application [24–29].
Apart from being a substitute for
structural imaging with CT and the beneﬁt of avoiding ionizing radiation, MRI
now holds the added value of perfusion
imaging in airway diseases. As a result
of hypoxic pulmonary vasoconstriction

(HPV, formally known as the Euler–Liljestrand mechanism), airway obstruction
with reduced oxygen delivery to the adjacent lung also leads to a reduction in
blood delivery to the aﬀected lung units
[30]. This phenomenon is well-known
from CT in the context of mosaicism
[5, 16, 31], and can now directly be
visualized by contrast-enhanced fourdimensional perfusion MRI as part of
a routinely applicable vendor-independent protocol ([11]; . Tables 1 and 2).
As a next step, a dedicated chest MRI
scoring system for the semi-quantitative
evaluation of speciﬁc imaging ﬁndings
became necessary. This system was developed in a two-step approach, initially
adapting an existing CT scoring system
such as the Bhalla–Helbich score [13, 14]
and subsequently validated the morphological ﬁndings against CT and radiography, based on scoring systems [17]. However, novel perfusion imaging needed to
be integrated as well, and required the
addition of a dedicated subscore, which
then led to the compilation of a novel CF
MRI scoring system [15]. It was shown
that the inter-reader agreement for this
scoring system is similar to established
CT scoring systems (. Tables 3 and 4).
With this semi-quantitative assessment,
chest MRI was then successfully crossvalidated also against plain radiography
[19]. As another validation step, it was
shown that the MRI scores correlates well
with the LCI in infants to adults with CF
[20]. Importantly, the study also showed
that patients chronically infected with P.
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Fig. 2 9 Representative examples of the full
lung magnetic resonance
imaging (MRI) protocol
in infants and preschool
children with cystic ﬁbrosis obtained at the three
study sites matched by
chest radiography (CXR)
score. Patient age, CXR, and
MRI scores are indicated
on the top of the image.
Airway wall thickening/
bronchiectasis is best
identiﬁed on T1-weighted
images (black arrow) especially after contrast
material injection (T1
FSE ce). Mucus plugging
(white arrowhead), often
associated with a mosaic
pattern of hypointense
lung parenchyma, and consolidations (black arrowhead) are best identiﬁed
on T2-weighted images
(T2 FSE). Perfusion abnormalities can be observed
at all ages (white arrow,
Perfusion). T1/2 bSSFP balanced T1/2-weighted
steady-state free-precession sequence, T1
FSE T1-weighted fast
spin echo sequence, T2
FSE T2-weighted single-shot fast spin echo with
half-Fourier acquisition,
Perfusion time-resolved 3D
gradient echo sequence
with parallel imaging and
echo sharing for perfusion
imaging acquired during
contrast material injection
(4D perfusion), ce contrast
enhanced, ARCN Airway
Research Center North,
TLRC Translational Lung
Research Center Heidelberg, UGMLC Universities of
Giessen and Marburg Lung
Center. (From [21])

S16

Der Radiologe · Suppl 1 · 2019

Fig. 3 8 Representative magnetic resonance imaging (MRI) studies of a 6-year-old patient with cystic
ﬁbrosis at the time of acute pulmonary exacerbation and 1 month after intravenous antibiotic therapy.
The initial MRI study before treatment revealed extensive contrast-enhancing airway wall thickening (white arrows) and mucus plugging with high signal intensity on T2-weighted sequences (white
arrowheads) of upper and lower lung lobes. Consolidations were present in both upper lobes (black
arrows). Wedge-shaped perfusion abnormalities were identiﬁed on the subtracted perfusion map
(black arrowheads). After antibiotic therapy, airway wall thickening and enhancement, mucus plugging, and consolidations were substantially reduced. Most perfusion defects resolved and a more homogeneous perfusion was restored. (From [19] Reprinted with permission of the American Thoracic
Society. Copyright © 2019 American Thoracic Society. The AmericanJournal of Respiratory and Critical
Care Medicine is an oﬃcial journal of the American Thoracic Society)

aeruginosa, which indicates a more advanced stage of CF lung disease, also have
signiﬁcantly higher MRI scores [20].
The established MRI protocol and
scoring system were routinely employed
in the target population of 50 infant and
preschool CF patients, and used to described inter-individual variation of the
disease extent in a cross-sectional study
[19]. Here, airway changes and mucus
plugging were the most prevalent and
most severe ﬁndings, and even perfusion
abnormalities could be identiﬁed starting
from infancy (. Table 5). Although there
was some increase in MRI scores with
age, this was not statistically signiﬁcant,
most likely because patients included in
this study were diagnosed clinically. Of
note, non-CF healthy controls did not
show a signiﬁcant signal in MRI scores.
Subsequently, 97 school-age to adult CF
patients were also studied with the same
protocol. In this expanded cohort, the
correlation with age was more evident
[20].
Using the aforementioned chest MRI
protocol, a high level of diagnostic image quality was achieved in a multicenter setting including two other centers
for pediatric CF patients [21]. Also, disease severity as determined by the MRI
score was similar among these centers,
and similar to our ﬁndings in a previous
study [19, 21].
Finally, it was shown that MRI is sensitive to capturing response to antibiotic
therapy for pulmonary exacerbation in
twoindependentsets oftenpreschool and
school-age patients. Patients with pulmonary exacerbation have signiﬁcantly
more severe MRI ﬁndings compared with
age-matched CF patients in a clinically
stable condition, and after therapy, scores
were then reduced to a level that was
comparable to patients in stable clinical
condition [19, 20].
Here, we present the steps in implementing MRI of the lung in CF patients.
From multiple studies, we generated evidence that MRI detects lung abnormalities in children even in the ﬁrst year of life,
in the expected frequency and range of
characteristic abnormalities known from
studies based on CT [4], and that CF
lung disease should therefore be monitored early. This agrees with the notion
Der Radiologe · Suppl 1 · 2019
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Fig. 4 8 Lung clearance index (LCI) and magnetic resonance imaging (MRI) detect response to antibiotic therapy of acute pulmonary exacerbations in children with cystic ﬁbrosis (CF). a Nitrogen (N2) LCI in children with CF at clinically stable baseline,
at acute pulmonary exacerbation (PE), and after intravenous antibiotic therapy.b–f Summary of abnormalities in lung structure and perfusion detected by MRI in children with CF at acute PE and after intravenous antibiotic therapy. Data are shown
for individual components of the MRI score, i.e., the morphology score (b), wall thickening/bronchiectasis subscore (c), mucus subscore (d), perfusion score (e), and the global MRI score (f). Single asterisk: p < 0.05; Triple asterisk: p < 0.001. n. s. not
signiﬁcant. (From [20] Reprinted with permission of the American Thoracic Society.Copyright © 2019 American Thoracic Society. The American Journal of Respiratory and Critical Care Medicine is an oﬃcial journal of the American Thoracic Society)

that therapy needs to be enacted early
in life, after identiﬁcation through newborn screening [3, 5, 32, 33] in order to
prevent or at least decelerate irreversible
lung damage (. Table 6).
Magnetic resonance imaging has several advantages over CT: It can provide
additional functional information, e.g.,
perfusion imaging, in addition to structural information [8, 9] that cannot be
assessed with CT routinely. Moreover,
MRI is free of ionizing radiation and
therefore can avoid the steady increase
of radiation exposure due to medical
interventions/diagnostic imaging especially in repeated surveillance imaging
[34]. However, there are also disadvantages in lung imaging with MRI. Some are
related to the use of gadolinium-based
contrast material. We thus recommend
to use macrocyclic contrast material. As
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there are still debates about the deposition of gadolinium in human tissue,
the clinical signiﬁcance of which remains
unknown [21, 30, 33, 35–38], developments toward non-contrast MRI such as
Fourier decomposition MRI [39, 40] or
T1-mapping [19, 20, 41] are welcome.
Another implication of the longer acquisition times compared with CT is the
need for sedation in infants and preschool
children, which is routinely performed
with chloral hydrate, and often allows
for performing lung function measurements, e.g., LCI measurements, during
the same sedation [42].
As an alternative to the proposed MRI
protocol, several diﬀerent functional
MRI techniques in CF imaging have also
been established and are available for
scientiﬁc use so far: oxygen-enhanced
MRI [43], hyperpolarized helium (3He)-

MRI [39], and 129Xe-MRI that, after the
inhalation of gas, display only the ventilated airspace [44]. However, the cost of
noble gas isotopes and also sophisticated
technical prerequisites make these costly
and rather unlikely to be introduced
into broad clinical routine. Also, T1
relaxation time was used as an objective
diagnostic parameter for pulmonary tissue [45], which can be combined with
molecular oxygen to assess lung ventilation [46, 47]. Recently, ultra-short
echo-time (UTE) MRI was introduced
to overcome the problem of low spatial
resolution, and high concordance to CT
was demonstrated. Further, non-contrast-dependent proton MRI techniques

Table 6 Heidelberger scheme as a suggestion for longitudinal disease monitoring
from birth. From [5]
CXR

CT

MRI

Diagnosis screening
<1 year

X

–

X (no
CM)

Diagnosis >1 year

X

–

X

Annual follow-up
<18 years

X

–

X

Annual follow-up
≥18 years

X

–

X

Clinical emergency

X

–

(X)

Emergency, hemorrhage

–

X
(CM)

–

CM contrast material, CT computed tomography, CXR chest radiography, MRI magnetic
resonance imaging

together with automated quantiﬁcation
will further reduce the need for contrast
injection and user interaction, and will
improve workﬂow [48, 49].

Practical conclusion
Radiation-free magnetic resonance
imaging (MRI) today reliably detects
a broad spectrum of severity in lung
disease, ranging from early changes
in lung structure and perfusion to advanced cystic fibrosis (CF) lung disease.
This modality is sensitive to therapy response and is practicable in a multicenter setting with a high success rate, also
with standardized vendor-independent
protocols without radiation exposure.
Proton MRI can now routinely be used
for surveillance chest MRI in pediatric,
adolescent, and adult patients with CF.
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