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K ey   P oi  n t s

Proton MRI is able to visualize the major changes 
in CF lung disease in a similar way to CT albeit 
there will be shortcomings in the detection of more 
subtle or smaller abnormalities. Further studies are 
warranted to determine whether the additional 
structural detail provided by CT is necessary for 
the evaluation of the severity and progression of 
CF lung disease. At the same time, proton and hy-
perpolarized gas MRI provide a broad spectrum of 
additional functional information in CF lung dis-
eases which was previously not available to patients 
and clinicians. It is currently unknown whether 
the benefits derived from functional information 
about perfusion and/or ventilation by MRI will fi-
nally prevail over the mere structural information 
provided by CT in the clinical assessment of CF.  It 
is conceivable that MRI and CT will be comple-
mentary as they have different advantages and dis-
advantages in elucidating the structure/function 
relationships. The MRI techniques to be applied in 
CF lung disease are novel and further development 
and studies are required to fully implement and as-
sess their potential impact in CF.



10.1	  
Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder 
caused by gene mutations of the long arm of chromo-
some 7. This gene codes for the Cystic Fibrosis Trans-
membrane Regulator-Protein (CFTR), which functions 
as an anion channel. The impaired CFTR function causes 
aberrations of volume and ion composition of airway 
surface fluid, leading to viscous secretions with the con-
sequence of bacterial colonization, chronic lung infec-
tion, air way obstruction and consecutive destruction of 
the lung parenchyma (Gibson et al. 2003). Despite im-
proved understanding of the underlying pathophysiol-
ogy and the introduction of new therapies, CF remains 
one of the most life-shortening inherited diseases in 
the Caucasian population. The median survival of CF-
patients is up to 37.4 years in Germany (Stern et  al. 
2008) and 36.8 years in the USA in 2005 (Beall et al. 
2005). Although CF affects most body systems, the ma-
jority of morbidity and mortality in CF-patients is due 
to chronic progressive lung disease.

The standard clinical tool for monitoring CF lung 
disease is pulmonary function testing. Pulmonary func-
tion tests provide a global measure of airflow obstruc-
tion and/or restriction, but provide no regional infor-
mation about the lung function or information about 
lung structure. Although extremely useful, pulmonary 
function tests are known to be relatively insensitive to 
early lung disease and to small changes in the course 
of the disease. Furthermore, pulmonary function tests 
are dependent upon the effort and compliance of the 
patient, and are difficult for young children to perform. 
Yet pulmonary function tests remain one of the primary 
outcome measures in cystic fibrosis (CF) lung disease. 
A decrease of Forced Expiratory Volume in one second 
(FEV1) was shown to be the most important prognostic 
factor for the course of the disease and the most sig-
nificant predictor of mortality in a study of 673 patients 
with CF (Kerem et  al. 1992). However, a more sensi-
tive test that is not effort dependent and can be done by 
young children would be highly desirable for the assess-
ment of cystic fibrosis lung disease.

The standard radiological tools for monitoring of 
lung disease in CF-patients are chest X-ray and thin-
section computed tomography, evaluated using differ-
ent scoring systems, e.g. the Chrispin-Norman Score 
(Chrispin and Norman 1974) for chest X-ray and the 
Bhalla or in a modified form the Helbich-Score (Bhalla 
et al. 1991; Helbich et al. 1999) for thin-section CT.

Chest CT provides submillimeter resolution images 
of lung structure and has been proposed as a possible 

outcome measure for CF lung disease (Brody et  al. 
1999, 2005; Robinson 2004). CT has been shown to be 
more sensitive to early CF lung disease than pulmonary 
function testing, likely due to the regional nature of the 
information obtained (Brody et al. 2005). Despite the 
promising early studies related to the use of CT scan-
ning in CF, a major drawback remains the radiation 
exposure associated with CT (Brenner 2002, 2004; 
Frush et al. 2003; Huda and Vance 2007). Radiation 
safety concerns may ultimately limit the utility of CT in 
CF lung disease for applications in which multiple CT 
scans are required.

MRI of the chest has already been proposed as a 
potential imaging alternative in CF-patients in the late 
1980s (Fiel et  al. 1987). However, at this time, MRI 
technology was not able to produce comparable re-
sults to CT (Carr et  al. 1995) or an adequate clinical 
input. Recently, new strategies have been implemented, 
ready to overcome the inherent difficulties of MRI of 
the lung, making this technique (morphological and 
functional MRI of the lung) especially attractive for im-
aging CF-patients. Recent studies compared low field 
MRI and chest X-ray or CT (Abolmaali et  al. 2002; 
Hebestreit et  al. 2004). Other studies compared CT, 
chest X-ray and proton MRI at 1.5  T (Puderbach 
et  al. 2007 a, b). Further studies used functional MRI 
techniques like oxygen enhanced MRI (Jakob et  al. 
2004), hyperpolarized helium (3He)-MRI (Donnelly 
et  al. 1999; Koumellis et  al. 2005; Mentore et  al. 
2005) or contrast enhanced MR perfusion (Eichinger 
et al. 2006) to judge the functional impairment of the 
lung.

Currently, research with MRI in CF lung disease lags 
behind that with CT. In the following, we review the 
common findings of CF lung disease on conventional 
proton MRI and discuss some of the newer MRI tech-
niques that provide functional information about CF 
lung disease.

10.2	  
Structural Changes 
of CF Lung Disease on Proton-MRI

Using common proton-MRI sequences, it is possible 
to visualize the structural changes of CF lung disease 
including bronchial wall thickening, mucus plugging, 
bronchiectasis, air fluid levels, consolidation and seg-
mental/lobar destruction, albeit with lower spatial and 
temporal resolution than with CT (Puderbach et  al. 
2007a). Although not yet proven, it seems likely that the 
lower spatial and temporal resolution of MRI will mean 
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that MRI is less sensitive than CT to specific imaging 
features such as distal bronchiectasis. However, this does 
not necessarily mean that MRI will provide less useful 
information about CF since sensitivity to these imag-
ing features may not be critical for the assessment of the 
overall burden of disease (Puderbach et al. 2007b).

10.2.1	  
Bronchial Wall Thickening

The visualization of bronchial wall thickening is de-
pendent on bronchial size, bronchial wall thickness and 
bronchial wall signal. In MRI studies of normal lung, 
only the central airways to the level of lobar bronchi are 
routinely visualized, and some segmental bronchi can 
be identified. This is in contrast to CT in which the sixth 
to eighth generation bronchi can be identified. How-
ever in CF patients, bronchial wall thickening of small 
airways enhances their detectability by MRI so that 
small airways with thick walls can be visualized in the 
lung periphery (Fig.  10.1) (Puderbach et  al. 2007a). 
Interestingly, the T2 weighted signal of the thickened 
bronchial walls in CF varies from high intensity to low 
intensity. Since water and edema produce a high T2 
weighted signal, it would not be surprising if the high 
bronchial wall signal is due to edema possibly caused by 
active inflammation. This is a phenomena not observed 
in CT. A T1 weighted sequence allows for evaluation 
of the contrast enhancement of the bronchial wall. In 
CF, different patterns of bronchial wall contrast en-
hancement have been observed. In some lung regions, 
bronchi demonstrate striking enhancement while in 
other regions weak contrast enhancement is observed. 
This phenomenon may also be related to inflammatory 
activity within the bronchial wall, but further studies 
are required to improve our understanding of these 
phenomena (Fig. 10.2).

10.2.2	  
Mucus Plugging

Mucus plugging is well visualized by MRI due to the 
high T2 weighted signal of its fluid content (Fig. 10.1). 
Mucus plugging in central large bronchi and peripheral 
small bronchi can be visualized on MRI. In central mu-
cus plugging, there is high T2 weighted signal filling the 
bronchus within its course. Peripheral mucus plugging 
shows a grape like appearance of small T2 weighted high 
intensity areas, similar to the “tree in bud” phenomena 
in small airway inflammation on CT. Mucus plugging 
does not show contrast enhancement, thus mucus and 

bronchial wall thickening can be differentiated by the 
combination of T2 weighted and contrast enhanced 
sequences. In CT, these two pathologic entities can not 
be reliably distinguished because the CT attenuation of 
mucus and soft tissue are similar.

Depending on the stage of disease, CF patients have 
an increased risk of hemoptysis. The localization of 
the origin of bleeding can be crucial for the outcome 
of the patient. With CT, mucus and blood are similar in 
attenuation and cannot be distinguished. On MRI, us-
ing the combination of T1 and T2 weighted and con-
trast enhanced sequences, mucus and fresh blood can 
be distinguished. Mucus has a high T2 weighted and 
low T1 weighted signal, while fresh blood has a low T2 
weighted and T1 weighted signal.

10.2.3	  
Bronchiectasis

The MRI appearance of bronchiectasis is dependent 
on: bronchial level, bronchial diameter, wall thickness, 
wall signal and the signal within the bronchial lumen. 
Central bronchiectasis is well visualized on MRI inde-
pendent of wall thickening or wall signal because of 
the anatomically thicker wall of the central bronchi. 
Peripheral bronchi starting at the third to fourth gen-
eration are poorly visualized by MRI except when they 
are pathological with bronchial wall thickening and/or 
mucus plugging.

10.2.4	  
Air Fluid Levels

Air fluid levels are indicative of active infection and oc-
cur in saccular or varicose bronchiectasis. Bronchial air 
fluid levels can be visualized by MRI because of the high 
T2 weighted signal from the fluid. However, discrimi-
nating between a bronchus with an air fluid level and 
one with a partial mucus plug or a severely thickened 
wall can be difficult. However, by evaluating the signal 
characteristics on T1 and T2 weighted, and contrast en-
hanced sequences, air fluid levels can frequently be dif-
ferentiated (Fig. 10.2).

10.2.5	  
Consolidation

Consolidation in CF is mainly caused by alveolar filling 
with inflammatory fluid. The visualization of consoli-
dation in MRI is based on the high T2 weighted signal 
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from the inflammatory fluid. Comparable to CT, MRI 
is able to visualize air bronchograms as low signal areas 
following the course of the bronchi within the consoli-
dation (Eibel et al. 2006; Rupprecht et al. 2002). With 
disease progression, complete destruction of lung seg-
ments or of a complete lung lobe can occur and these 
destructed lung areas have a similar appearance on MRI 
as CT (Fig. 10.3).

10.2.6	  
Mosaic Pattern

On CT, a mosaic pattern of lung attenuation is a com-
mon finding in CF patients. This pattern can be ob-
served on inspiratory scans as areas of relative hyper-
lucency, which can be due to air trapping or regional 
hypoperfusion (mosaic perfusion). These two entities 
can be distinguished on expiratory CT images since re-
gions of air trapping will not change significantly in vol-

Fig. 10.1a,b.  Transverse MR T2 weighted (HASTE) image (a) 
and corresponding CT image (b) of a 14 years old female with 
CF. In both images bronchial wall thickening, bronchiecta-
sis, peripheral mucus plugging and dorsal consolidations are 

demonstrated. (Reprint with permisson. Altes TA, Eichinger 
M, Puderbach M (2007) Magnetic Resonance Imaging of the 
Lung in Cystic Fibrosis. Proceedings of the American Thoracic 
Society 4:322–325)

Fig. 10.2.  T1 weighted MR images of a 43-year-old CF-patient 
(a) pre- and (b) post contrast media: contrast enhancement. 
The post contrast images demonstrate extensive bronchial wall 
enhancement and permit differentiation of a thickened wall 
from intrabronchial secretions, with intrabronchial fluid hav-

ing an air fluid level (arrow). (Reprint with permisson. Altes 
TA, Eichinger M, Puderbach M (2007) Magnetic Resonance 
Imaging of the Lung in Cystic Fibrosis. Proceedings of the 
American Thoracic Society 4:322–325)

a b

a b
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ume and thus change little in measured CT attenuation. 
Conversely, in areas of hypoperfusion without air trap-
ping, the lung attenuation will increase with expiration.

On MRI, the phenomena of air trapping is not typi-
cally apparent because even normal lung parenchyma 
has a very low signal, and an increase of the air con-
tent does not cause a detectable decrease in lung paren-
chymal signal. However, an approach to overcome this 
limitation might be the measurement of T1 relaxation 
times (Stadler et  al. 2005). Mosaic perfusion also is 
not typically apparent on routine MR images, but MR-
perfusion imaging has the potential to overcome this 
limitation (Eichinger et al. 2006).

10.3	  
Functional Lung MR Imaging

In addition to visualization of structural changes within 
the lung, MRI can provide functional assessment of 
pulmonary hemodynamics and ventilation. Pulmonary 
perfusion imaging typically requires the administration 
of gadolinium based intravenous contrast. An inhaled 
contrast agent, either oxygen or a hyperpolarized noble 
gas, is required for MR lung ventilation imaging.

10.3.1	  
Pulmonary Perfusion

In CF, regional ventilatory defects cause changes in re-
gional lung perfusion due to the reflex of hypoxic va-
soconstriction or tissue destruction. A variety of MRI 
methods have been employed to assess lung perfusion, 
including methods that rely on the endogenous sig-
nal from blood (Mai and Berr 1999) and others that 
require the administration of intravenous contrast 
(Hatabu et al. 1996; Levin and Hatabu 2004). Using 
a contrast-enhanced 3D MRI acquisition in 11 children 
with CF, it was found that MRI-perfusion defects cor-
related with the degree of tissue destruction (Fig. 10.3) 
(Eichinger et  al. 2006). It is plausible that reversibil-
ity of perfusion defects after a therapeutic intervention 
might serve as an indicator for response to therapy and 
might differentiate between regions with reversible and 
irreversible disease.

10.3.2	  
Pulmonary Flow Measurements

Parenchymal destruction can lead to dilatation and 
flow augmentation of bronchial arteries. As bronchial 

Fig.  10.3.  a T2 weighted MR image of the patient shown in 
Fig  10.2 showing lobar destruction of the right upper lobe 
and severe bronchiectasis and wall thickening of the left lobe. 
b MR-Perfusion map of the corresponding lung region show-
ing large perfusion defects in both upper lobes and an inhomo-

geneous perfusion in the peripheral lower lobe zones. (Reprint 
with permisson. Altes TA, Eichinger M, Puderbach M (2007) 
Magnetic Resonance Imaging of the Lung in Cystic Fibrosis. 
Proceedings of the American Thoracic Society 4:322–325)

a b
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arteries are part of the systemic circulation, they do not 
contribute to blood oxygenation. Thus, a higher flow in 
the bronchial arteries leads to a shunt-volume, which 
can be assessed by MRI-based flow measurements. 
Decreased peak blood flow velocities in the right and 
left pulmonary arteries were found in 10 CF-patients 
as compared with 15 healthy volunteers, and this may 
might represent early development of pulmonary hy-
pertension in this patient group (Ley et al. 2005). How-
ever, the clinical significance of the systemic arterial 
shunt volume is not yet known.

10.3.3	  
Oxygen-enhanced MRI

Gaseous molecular oxygen is weakly paramagnetic and 
serves, if inhaled in high concentrations, as a contrast 
medium inducing a dose-dependent T1-signal increase 
which can be used to assess lung ventilation (Edelman 
et al. 1996). In a recent study of five CF patients and five 
healthy volunteers, the lungs of the CF patients had an 
inhomogeneous appearance following the inhalation of 
high oxygen concentrations suggesting inhomogeneous 
lung ventilation, presumably due to inhomogeneous 
lung ventilation (Jakob et al. 2004). Since oxygen is sol-
uble in blood, the oxygen-enhanced MR images depict 
a combination of ventilation and perfusion (Keilholz 
et al. 2008). One of the difficulties with this method is 
that there is a relatively low difference in signal from the 
lung parenchyma with 21% vs 100% inspired oxygen 
concentration. This results in a relatively low signal to 
noise level in the resulting MR oxygen-enhanced im-
ages.

10.3.4	  
Hyperpolarized Gas MRI

Hyperpolarized helium-3 is a gaseous MRI contrast 
agent that, when inhaled, provides a very high MR sig-
nal from the airspaces of the lung. Hyperpolarized he-
lium-3 MRI can be used to obtain information about 
lung function using static spin density imaging (de 
Lange et al. 1999; Kauczor et al. 1996; Woodhouse 
et al. 2005), dynamic spin density imaging (Gast et al. 
2002; Salerno et  al. 2001) or oxygen-sensitive ima-
ging (Eberle et al. 1999; Lehmann et al. 2004). In ad-
dition, lung structure at the alveolar and distal airway 
level can be assessed using diffusion-weighted imaging 
(Morbach et al. 2005; Salerno et al. 2002). The ma-
jority of studies investigating the use of hyperpolarized 
helium-3 MRI in CF have used static spin density im-

aging. Static spin density imaging, often referred to as 
ventilation imaging, is performed during a breath hold 
following the inhalation of the hyperpolarized helium-3 
gas (Altes et al. 2004). Well ventilated areas of the lung 
receive more helium gas and thus appear brighter than 
poorly ventilated areas of the lung on the MR images. 
Typically, the entire lung volume can be imaged in a 
4–20-s breath hold, but the in plane spatial resolution is 
typically in the order of 3 mm and thus lower than with 
CT. Since children have smaller lungs than adults, the 
breath hold duration is shorter for children, and hyper-
polarized helium MRI has been successfully performed 
in children as young as 4 years old without sedation 
(Altes et al. 2008).

The first report of hyperpolarized helium-3 MRI 
in CF found extensive abnormalities of ventilation on 
static spin density images in four subjects with moder-
ate to severe pulmonary CF and abnormal FEV1 % pre-
dicted (Donnelly et al. 1999).

Also, using static spin density imaging, a study of 
31 subjects (16 healthy volunteers and 15 patients with 
CF) found the CF patients had a significantly higher 
number of ventilation defects on helium MRI than the 
normal subjects (Mentore et al. 2005). Even the four 
CF subjects with a normal FEV1 % predicted had sig-
nificantly higher ventilation defect score than the nor-
mal subjects, suggesting hyperpolarized gas MRI may 
be more sensitive to ventilation abnormalities than 
spirometry. Moderate correlations between the ventila-
tion defect score and spirometry were found (Fig. 10.4). 
In this study, eight of the CF patients underwent a ther-
apeutic intervention first with nebulized albuterol fol-
lowed by DNase and chest physical therapy. Repeated 
helium-3 MRI after therapy showed changes in the ven-
tilation defect score. Thus, this study demonstrated the 
feasibility of using hyperpolarized helium-3 MRI as an 
outcome measure in the evaluation of airway clearance 
techniques.

A recent study of 18 children with CF (age 5 to 17 
years) confirmed that hyperpolarized helium-3 MRI 
can be performed by children with CF and found mod-
erate to weak correlations between static spin density 
hyperpolarized helium-3 MRI and spirometry or chest 
X-ray (Van Beek et al. 2007). It was the opinion of the 
authors that the weak correlations were the result of a 
greater sensitivity of hyperpolarized helium-3 MRI 
to ventilatory abnormalities than spirometry or chest  
X-ray. Another recent study compared static spin den-
sity helium-3 MRI with CT in eight adults with CF and 
found a strong correlation between the MRI percent 
ventilation and the Bhalla score (Bhalla et  al. 1991) 
from CT (McMahon et  al. 2006). Further, the cor-
relations between hyperpolarized helium-3 MRI and 
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spirometry were stronger than those between CT and 
spirometry. Thus, this study suggests that hyperpolar-
ized helium-3 MRI may represent a safe alternative to 
CT for the evaluation of CF lung disease.

To date, little work has been done in CF evaluating 
the other mechanisms of contrast possible with hyper-
polarized helium-3 MRI including dynamic ventilation 
(Koumellis et al. 2005), diffusion weighted, or oxygen 
sensitive imaging. Further, the special equipment re-
quired to perform hyperpolarized helium-3 MRI is both 
expensive and not yet widely available, and hyperpolar-
ized helium-3 as a MRI contrast agent has not yet been 
approved by the Food and Drug Administration, so use 
of this technique is currently limited to a few academic 
medical centers.

10.4	  
Future Directions for MRI in CF

MRI of the lung is a promising but relatively new field. 
Thus, the majority of studies exploring lung MRI in CF 
have involved small numbers of subjects and have been 
observational, simply describing the imaging findings of 
CF. One of the issues related to using imaging as an end-
point is that the images themselves are not an endpoint. 
Typically information about the disease in question has 
to be extracted from the images. For example, nodal size 
is an imaging-based endpoint used in assessing meta-
static disease. With chest CT, a variety of scoring sys-
tems for CF have been proposed to do just this, reduce 
a large set of images to a single number or small set of 

numbers that characterize the disease severity/activity. 
The development of imaging-based endpoints or scores 
for lung MRI in CF is in its infancy. First the salient im-
aging features must be determined and a method, based 
on either human scoring or computer based image anal-
ysis, devised for quantifying these features. For proton 
MRI, methods based on the CT scoring schemes could 
be developed. For the functional lung MRI techniques, 
new analysis methods will need to be developed and 
specifically validated in CF. It has been proposed that to 
validate an endpoint or outcome surrogate, it must be 
shown to be accurate, reproducible, feasible over time, 
biologically plausible, reflect the severity of disease, im-
prove rapidly with effective treatment, and correlated 
with true clinical outcomes (Brody 2004; Smith et al. 
2003). Of these characteristics, lung MRI is biologically 
plausible and likely feasible over time. Clinical trials are 
required to determine whether endpoints derived from 
any of the lung MRI methods discussed above posses 
the remainder of these characteristics.
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