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v

For a long time the lung has been regarded as the black hole in MRI. In the 
1980s courageous physicists and radiologists have tried to investigate 
different lung diseases using MRI, but they could neither produce convincing 
image quality within a reasonable examination time nor generate a substan-
tial clinical impact. This has clearly changed in the last 15 years. Since then, 
however, the investigation of the potential application of MRI for the study of 
lung diseases is a challenging and exciting field of clinical research driven by 
the rapid development of new techniques and sequences for cardiac MRI as 
well as by the use of hyperpolarized noble gases as novel contrast agents.

The specific ability of MRI to visualize simultaneously morphological 
changes and modifications in perfusion, ventilation and gas exchange has 
opened up totally new perspectives to lung imaging and subsequently entered 
the clinical arena. Thus, the great success of the first edition of MRI of the 
Lung and the rapid development since then clearly encouraged us to prepare 
an updated second edition. This book again eminently illustrates the mutation 
of radiology from pure morphology to combined morphological–functional 
imaging. The original chapters were kept, updated and extended in order to 
cover the basics, such as

 – the rationale and recommendation of a suggested standard protocol
 – non-contrast and contrast-enhanced pulmonary MR angiography
 – non-contrast and contrast-enhanced MR perfusion imaging
 – ventilation imaging using hyperpolarized gases (3He, 129Xe) as alternative 

nuclei, or fluorinated gases as well as oxygen for dynamic proton MRI

Further, international world-renowned experts describe how MRI can be 
used in the clinical setting to diagnose, characterize and quantify different 
lung diseases such as pulmonary hypertension and thromboembolic disease, 
vascular anomalies and diseases, chronic obstructive airways disease (asthma, 
COPD, cystic fibrosis), lung cancer, mediastinal disease, pneumonia, diffuse 
parenchymal disease (fibrosis) and diseases of the pleura and the chest wall.

To further reflect the current developments in MRI of the lung, three new 
chapters were added to the second edition. They highlight the novel role of 
pulmonary MRI in animal models of respiratory diseases and in clinical trials 
as well as the specific challenges when using 3 T systems and the integration 
of lung imaging into whole body MRI protocols, such as staging in oncologi-
cal disease.

Preface
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We are very grateful to the contributing authors, all outstanding experts in 
their fields, for preparing this fine volume on a highly active topic for our 
series. The second edition again represents the leading handbook to provide a 
comprehensive overview of our current knowledge on the clinical role of 
MRI of the lung. In addition it outlines future perspectives for potential new 
applications of this imaging modality at the cutting edge of radiology.

This volume is highly recommended to certified radiologists, particularly 
those with a special interest in chest imaging and/or MRI, and to radiologists 
in training. However, pneumologists, cardiologists and chest surgeons will 
also find it a very useful source of information for better diagnostic and thera-
peutic management of their patients. We have no doubt that this volume will 
again meet the appropriate interest and well-deserved success with our 
readership.

Heidelberg, Germany Hans-Ulrich Kauczor
Heidelberg, Germany Mark O. Wielpütz
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General Requirements of MRI 
of the Lung and Suggested 
Standard Protocol

Juergen Biederer

Abstract

Among the modalities for lung imaging, 
 proton magnetic resonance imaging (MRI) 
has been the latest to be introduced into clini-
cal practice. MRI is taking its place as an 
alternative and supplementary, third method 
for the assessment of pulmonary diseases 
besides chest radiography (the most com-
monly employed first line test for chest dis-
orders) and computed tomography (CT, so far 
the most comprehensive and detailed modal-
ity for cross-sectional and three-dimensional 
imaging of the lung). Once broadly available 
and sufficiently robust, it will likely become 
a modality of choice for cases in which expo-
sure to ionizing radiation should be strictly 
avoided. Moreover, lung MRI offers particu-
lar advantages beyond the scope of CT such 
as dynamic studies of respiratory mechanics 
and first pass perfusion imaging. This chap-
ter discusses the strategies to overcome major 
challenges for lung MRI such as motion 
artifacts and low signal. A set of protocols 
for different clinical applications to be used 
as a “starter kit” by any interested reader of 
this book will be suggested. This comprises 
a basic selection of non-contrast-enhanced 
sequences and can be extended by contrast-
enhanced series: Breath-hold T1-weighted 
3D gradient echo sequences (3D-GRE) are 
applied for the detection of solid lesions 
and airways. T2-weighted fast spin echo 
sequences (FSE) contribute to detection of 
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infiltrates and soft lesions, T2-weighted FSE 
with fat suppression or inversion recovery 
series visualize enlarged lymph nodes and 
skeletal lesions. Steady-state free precession 
sequences (SSFP) in free breathing contrib-
ute to the detection of pulmonary embolism, 
cardiac dysfunction, and impairment of respi-
ratory mechanics. Tumors, suspicious pleural 
effusions, and inflammatory diseases warrant 
additional contrast-enhanced sequences. Fast 
gradient echo imaging with dynamic contrast 
enhancement (DCE) for the assessment of 
lung and tumor perfusion contributes to imag-
ing of thromboembolic vascular and obstruc-
tive airway diseases and characterization of 
lung lesions. Additional diffusion weighted 
imaging (DWI) with fat signal suppression 
can be applied for the assessment of lymph 
nodes and lung lesion characterization.

1  Introduction

Evolving from a research tool, MRI of the lung is 
becoming increasingly important for specific 
clinical applications. The image quality has 
become reasonably robust and experience with 
multi-center, multi-vendor, and multi-platform 
implementation of MRI of the lung is increasing 
worldwide. The advantages over CT are not only 
limited to the lack of ionizing radiation, which is 
of particular interest for the assessment of lung 
disease in children (e.g., pneumonia, cystic fibro-
sis), pregnant patients, or in patients who require 
frequent follow-up examinations (e.g., immuno-
compromised patients with fever of unknown ori-
gin). Chest wall invasion by a tumor and 
mediastinal masses are traditional indications 
benefiting from the superior soft tissue contrast 
of MRI. Dynamic examinations to study respira-
tory mechanics and contrast-enhanced first pass 
perfusion imaging reach far beyond the scope of 
CT. High quality lung MRI can contribute signifi-
cantly to clinical decision-making in numerous 
pulmonary diseases from lung cancer over malig-
nant pleural mesothelioma, acute pulmonary 
embolism, pulmonary arterial hypertension, air-
ways disease such as cystic fibrosis to interstitial 

lung disease and pneumonia. In order to plan sur-
gery or radiotherapy, lung MRI may serve as “the 
ace up the sleeve,” e.g., for assessment of unclear 
pulmonary masses, for exclusion or confirmation 
of malignancy, or for separation of lung tumor 
and atelectasis. In whole body MRI for screening 
and staging thoracic MRI completes the study 
with full coverage of the lungs.

Given all potential benefits, MRI is still an 
under-utilized imaging modality for evaluating 
thoracic disorders—mainly because it is consid-
ered more complex than other modalities 
(Boiselle et al. 2013). Furthermore, professionals 
who are used to work with chest X-ray and CT 
may feel uncomfortable with the different image 
appearance and lower spatial resolution of lung 
MRI. It is therefore the major purpose of this 
book to familiarize the interested reader with the 
diagnostic scope of lung MRI and its potential 
benefits. In respect for the technology, the fol-
lowing chapter outlines the strategies to over-
come the challenges for lung MRI such as motion 
artifacts and low signal. It introduces a standard-
ized protocol concept which may be used as a 
“starter kit” by any interested reader of this book 
based on already available or easy to implement 
sequences packages (Biederer et al. 2012). 
Further strategies beyond this basic concept are 
introduced throughout the dedicated chapters of 
this book and can be added to this protocol tree 
according to the advanced users growing experi-
ence and expertise in the field.

2  Proton-MRI of the Lung: 
The Challenge

One major problem in imaging thoracic organs is 
the continuous motion of all components induced 
by heart pulsation and respiratory motion. Both 
are most prominent in the lower and anterior sec-
tions of the chest where classical T1- and 
T2-weighted spin-echo and fast spin-echo tech-
niques therefore yield poor image quality. More 
specific problems are encountered, if MRI is 
applied to imaging of the lung parenchyma. MRI 
uses the subtle resonant signal that can be 
obtained from hydrogen nuclei (protons) of water 

J. Biederer
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or organic substances when they are brought into 
a strong magnet and excited by precise radio fre-
quency pulses. Since the lungs have an a priori 
low proton density with about 800 g of tissue and 
blood distributed over a volume of 4–6 L, signal 
intensity is extremely low compared to other 
parts of the body (Albertin 1996; Wild et al. 
2012). Further, local field inhomogeneities due to 
susceptibility artifacts at tissue-air or liquid-air 
interfaces of the alveoli result in rapid dephasing 
of the low signal with extremely short T2* (Su 
et al. 1995). Therefore, the lungs usually appear 
without any visible signal on most clinical MR 
images. For diagnostic use, this is not necessarily 
a problem, since all pathologies with higher pro-
ton density and therefore higher signal appear 
with a strong inherent contrast against the black 
background of aerated lung tissue. With recent 
improvements in image quality, only very small 
lesions or fine reticulations of lung tissue might 
be missed, in particular if motion artifacts are not 
sufficiently suppressed (Wild et al. 2012).

3  Strategies for Motion 
Compensation

For most protocols with reasonably high spatial 
resolution, image acquisition times of MRI are 
still too long to cover the lungs and heart in free 
breathing without motion artifacts. Therefore, 
technical solutions for gating have a long tradi-
tion in chest imaging. Principally, the problems 
encountered in motion compensation for lung 
imaging are well known from MRI of the heart. 
By “gating,” image data are split into multiple 
short sections that fit into a predefined phase of 
the respiratory or cardiac cycle. Retrospective 
gating uses continuously sampled image data 
that are correlated, grouped, or reordered by 
means of a simultaneously acquired respiratory 
or cardiac signal. Motion corrected images result 
from using only a part of heavily oversampled 
data that were acquired within a desired phase 
of the respiratory curve (Remmert et al. 2007). 
“Triggering” as a sub-entity of prospective gat-
ing describes the active start of MR data acqui-
sition after detection of a physiologic event (an 

R-wave or signal from a respiratory monitor-
ing device) (Lutterbey et al. 2005). However, 
independent of the method of physiologic sig-
nal acquisition, any triggering or gating multi-
plies acquisition times while the compensation 
of motion artifacts usually remains incomplete 
(Biederer et al. 2010). In general, higher respi-
ration frequencies are appreciated to reduce the 
prolongation of examination times. This facili-
tates respiration-triggered imaging in pediatric 
patients, in particular in very small children, 
who are too young to comply with respiration 
commands or even have to be examined in seda-
tion (Biederer et al. 2012; Wielpütz et al. 2013).

An appropriate respiratory signal can be 
obtained with a simple pneumatic belt or a com-
pressible cushion placed at the upper abdomen or 
the chest of the patient. The pressure changes due 
to compression and decompression of the device 
are directly registered by the MR scanner. The 
ideal position of such a device depends on the 
individual respiratory pattern of the patient at rest. 
The trigger signal is usually set to expiration, usu-
ally the longest and most reproducible phase of the 
respiratory cycle (Biederer et al. 2002a; Both et al. 
2005). End-expiration is principally most favorable 
for imaging lung parenchyma, since proton density 
and lung signal intensity increase with deflation. 
However, appropriate instructions of the patient 
how to comply with gating are still the key to high 
image quality without respiratory motion artifacts.

Navigator sequences replace the respiration 
belt by continuous real-time image acquisition 
from a small volume at the top of the diaphragm. 
The images are evaluated electronically for 
movements of the diaphragm and trigger settings 
can be applied interactively by the operator. As a 
disadvantage, respiratory motion is not tracked 
during the acquisition of the diagnostic images 
when the navigator has to be suppressed. For 
uninterrupted control of the breathing maneu-
vers, a respiratory belt or similar mechanic 
devices can be used on addition, if needed. The 
same navigator-technique can be used to adjust 
several slice blocks of a multi-breath-hold acqui-
sition in case of variable respiratory levels.

As the straightforward further development of 
navigator triggering, advanced approaches use 

General Requirements of MRI of the Lung and Suggested Standard Protocol
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the inherent periodic changes of the not spatially 
encoded k-space center (DC) signal of the MR 
image data themselves. This signal correlates to 
the respiratory cycle during continuous image 
acquisition. Just like an external signal, this 
“intrinsic” signal can be used for retrospective 
gating of continuously acquired image data. 
Based on this approach, Weick et al. suggested a 
motion-compensated 3D gradient echo sequence 
with intrinsic gating (Weick et al. 2013). The 
combination of intrinsic triggering with a radial 
acquisition scheme further increases robustness 
to motion artifacts. This approach was suggested 
for perfusion imaging of solid lung lesions and 
motion compensated MRI in integrated MRI-
PET hybrid systems (Lin et al. 2008; Bauman 
and Bieri 2016; Rank et al. 2016).

Principally, additional control for cardiac pul-
sation artifacts can be achieved with either ECG 
monitoring or peripheral pulse oximetry—but 
only at the expense of even longer examination 
times. Therefore, simultaneous double-triggering 
or gating for respiration and cardiac pulsation is 
usually not favorable and not generally recom-
mended (Leutner and Schild 2001). In conclu-
sion, simply scaling up the sequence packages 
from cardiac MRI does not lead to a lean protocol 
for lung imaging (Wild et al. 2012).

For practical use, the easiest and fastest way to 
overcome respiratory motion is therefore to use 
breath-hold techniques with full anatomic cover-
age (ideally the whole thorax) within a single 
20 s breath-hold—and to ignore cardiac action. 
This is facilitated by the broad introduction of 
parallel imaging techniques, which has signifi-
cantly reduced examination times and facilitates 
full volume coverage of the chest (Heidemann 
et al. 2003). Parallel imaging uses arrangements 
of multiple coils to acquire additional informa-
tion along the phase encoding direction. K-space 
data are partially reconstructed from spatial 
information, which originates from differences in 
the signal intensities depending on the distance 
of a location to the individual coils. The result is 
a substantial improvement in image acquisition 
speed, usually two- or threefold. Current 1.5 T or 
3 T scanners with parallel imaging capabilities 
allow for the acquisition of a 3D-data sets of the 

whole chest with voxel sizes down to 
1.6 × 1.6 × 4 mm or isotropic voxels of 
2 × 2 × 2 mm within one breath-hold. For the 
lung, acceleration factors of 2–3 are reasonable, 
more than 3 can so far not be recommended.

If acquisition time still exceeds this limit or if 
a patient cannot hold his breath for 20 s, the 
examination can be split into blocks that are 
acquired within several breath-holds. However, 
splitting the acquisition introduces additional 
artifacts if the level of the breath-holds is not 
reproducible (Biederer et al. 2001). Furthermore, 
either rotating sets of phase encoding bars 
(PROPELLER or BLADE (Pipe 1999; Deng 
et al. 2006)) or radial K-space acquisition 
(Bauman and Bieri 2016) provides inherent 
motion compensation of images and contribute to 
the robustness of lung MRI image quality. 
Rotating phase encoding has already become 
broadly available while radial acquisition 
sequences and self-navigating approaches are 
currently being implemented for routine use. 
Therefore, respiratory motion artifacts are no 
more an issue in most patients and further 
improvement is expected.

Fast image acquisition schemes also contrib-
ute to the compensation of cardiac pulsation, i.e., 
very fast single shot techniques such as fast spin-
echo imaging using partial Fourier acquisition 
(e.g., T2-HASTE), fast steady-state gradient 
echo imaging (SS-GRE, TrueFISP), or very short 
echo times (e.g., ultrafast turbo-spin-echo UTSE) 
(Leutner et al. 1999). This type of sequences can 
also be used to acquire sets of single shot images 
without any instructions to the patient—a helpful 
approach in noncompliant individuals. Fast spin-
echo imaging using partial Fourier acquisition 
techniques (e.g., T2-HASTE) or axial steady-
state gradient echo imaging (SS-GRE, TrueFISP) 
can be acquired with a slice overlap of, e.g., 50% 
during free breathing for pseudo-cine visualiza-
tion of respiratory motion and cardiac action. The 
SS-GRE series is particularly attractive for this 
purpose, since its T1/T2-weighted contrast dis-
plays blood bright with good contrast against 
thrombotic material. It yields basic information 
on pulmonary motion during the respiratory 
cycle as well as on size, shape, and patency of the 

J. Biederer
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central pulmonary vessels. Thus, it can be used as 
a fast technique to exclude massive acute pulmo-
nary embolism even in noncompliant patients 
during free breathing (Kluge et al. 2005).

Fast low angle shot gradient echo and 
T1-weighted 3D gradient echo (e.g., Volume 
Interpolated Breath-hold Examination (VIBE)) 
also tend to be quite robust to cardiac motion, 
even without cardiac triggering or gating. Their 
image quality largely depends on the breath-hold 
capability and compliance of the patient more 
than the compensation for cardiac motion. 
Sometimes, readout-frequencies or their multi-
ples appear to synchronize with heart action so 
that a “pseudo-gating” results in very sharp delin-
eation of the heart. To our knowledge, this has 
not been further investigated so far, but it might 
be a useful approach to achieve more robustness 
of the gradient echo sequences against cardiac 
pulsation. The suggestions for a standard proto-
col in this chapter appreciate these benefits and 
use breath-hold sequences with acceptable 
robustness against cardiac pulsation but without 
cardiac triggering to keep within an acceptable 
time frame for clinical routine. To be compatible 
with state-of-the-art clinical scanners, all proto-
cols are based on broadly available technology. 
Upcoming improvements such as radial acquisi-
tion schemes or intrinsic gating can be easily 
implemented by adding or replacing protocol 
components, once available.

4  Strategies for Imaging Lung 
Parenchyma Disease

In respect to MR imaging, diseases of the lung 
can be divided into two groups: diseases which 
increase proton density (“plus pathology”) and 
diseases which reduce proton density of the lung 
(“minus pathology”). Any increase in lung pro-
ton density due to solid lesions or infiltration with 
liquids—fortunately the vast majority of cases—
is easy to detect with MRI, in particular against 
the dark background of the healthy aerated lung 
parenchyma. This implies that the visualization 
of the lung parenchyma itself is clinically not too 
important for morphologic imaging of lung dis-

ease—except for the few entities which produce 
“minus pathology.” These are mainly overinfla-
tion due to air trapping, emphysema, or pneumo-
thorax. These conditions can be only visualized, 
if intact lung structure and pathologic lesions 
have a different signal. This can be achieved with 
contrast-enhanced perfusion imaging or ventila-
tion studies with hyperpolarized gases—while 
the first can be addressed within a standard proto-
col suggestion, the latter remains to be reserved 
for specialized centers.

The key plus-pathologies in clinical lung 
imaging are solid lesions inside the lung (nodules 
or masses as found in metastatic lung disease or 
primary lung cancer) or increased density of the 
lung parenchyma itself (i.e., intra-alveolar or 
interstitial fluid accumulation as found in pneu-
monia). For any new imaging method it has to be 
proven that these situations are diagnosed cor-
rectly with reasonable sensitivity and specificity.

For lung nodules, MRI has been proven to 
yield a higher sensitivity than plain chest X-rays, 
but it does not yet match CT. Depending on the 
water content, nodules can be detected either 
on fast T1-weighted 3D-gradient echo images 
(VIBE), T2-weighted single shot partial Fourier 
acquisition spin echo images (HASTE) or inver-
sion recovery series (TIRM). Schäfer et al. have 
shown a similar detection rate of small pulmonary 
nodule of T1- and T2-weighted sequences, but 
the number of false positives was lower with fast 
T1-weighted gradient echo sequences (Schäfer 
et al. 2005). The sensitivity for lung nodules 
larger than 4 mm ranges between 80 and 90% 
and reaches 100% for lesions larger than 8 mm. 
Overall, it appears realistic to assume a thresh-
old size of 3–4 mm for lung nodule detection 
with MRI, given that conditions are optimal (i.e., 
patient can keep a breath-hold for 20 s or perfect 
gating/triggering) (Biederer et al. 2003; Both 
et al. 2005; Schroeder et al. 2005; Bruegel et al. 
2007; Fink et al. 2007). Exceptions are calcified 
nodules which appear black. Thus, lung MRI can-
not be recommended for staging chondrosarcoma 
or other entities with calcified metastases. Tools 
for lung nodule detection and computer-aided 
lung nodule volumetry for MRI are under investi-
gation, but so far not commercially available.

General Requirements of MRI of the Lung and Suggested Standard Protocol
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Unfortunately, accumulation of fluid inside 
the lung such as in pneumonia appears with only 
low signal on T1-GRE images. Experimental 
results show that the signal intensity of fluid 
inside lung tissue on T1-GRE is much too low 
to be of diagnostic use (Biederer et al. 2002b). 
Lung infiltration, e.g., due to pneumonia, can 
instead be readily detected on T2-weighted 
images as well as on TrueFISP and T2-TIRM 
(Fink et al. 2007). It is therefore commonly 
accepted to add T2-weighted sequences for the 
evaluation of pulmonary infiltrates. Fast 
T2-weighted single shot imaging techniques can 
be performed with partial Fourier acquisition 
(e.g., HASTE) or ultra-short TE (UTSE). A 
dark blood preparation pulse may be favorable 
for particular purposes such as imaging of the 
mediastinum. As an alternative to breath-hold 
imaging, fast T2-weighted spin-echo sequences 
with respiratory triggering have produced rea-
sonable results (Leutner and Schild 2001; 
Biederer et al. 2002a).

5  Suggestions for a Lean 
Standard Protocol

The following suggestions for a lung imaging 
protocol are derived from MR sequence com-
ponents of current standard installations and 
based on parallel acquisition techniques as they 
are nowadays available at most sites. This facil-
itates to achieve full anatomic coverage of the 
chest within one breath-hold for most parts of 
the protocol and reduces respiratory motion 
artifacts. Some parts of the protocol are still 
acquired with multiple breath-hold acquisitions 
and if parallel imaging techniques are not avail-
able, the full protocol can be readily changed to 
multi-breath-hold acquisitions. In this case 
some overlap is recommended to avoid loss of 
information between different breath-holds and 
slice blocks. In practice, it has been shown to be 
helpful to use a common basic protocol trunk 
for the majority of expected clinical scenarios 
and to extend this for specific questions such as 

the staging of malignancy, evaluation of pulmo-
nary vessels and perfusion, etc. (Biederer et al. 
2012). Besides this, short dedicated programs 
for emergency conditions, such as acute pulmo-
nary embolism, are warranted. Examination 
time for the standard procedure should not 
exceed 15 min plus 5–10 min for protocol 
extensions. Solutions for typical scenarios such 
as patients not being able to hold their breath or 
young children should be available (fast real-
time imaging, triggered sequences). Table 1 
outlines the general protocol concepts for dif-
ferent groups of clinical indications (Biederer 
et al. 2012). Table 2 gives an overview over the 
available sequences and imaging parameters 
including the acronyms of compatible 
sequences from different vendors (Biederer 
et al. 2012).

Generally, the fields of view (FOVs) would be 
adjusted to the size of the patient (e.g., 450–
500 mm in coronal and approximately 400 mm in 
transverse acquisitions) with matrices of 256–
384 pixels (for triggered fast spin echo series up 
to 512) resulting in pixel sizes smaller than 
1.8 × 1.8 mm. Slice thicknesses for the 2D acqui-
sitions would range from 4 to 6 mm (Biederer 
et al. 2012). 3D GRE for lung morphology in 
transverse and coronal orientation would use 
slice thicknesses of 4 mm or less, pulmonary 
angiography in coronal orientation 2 mm or less 
(Biederer et al. 2004).

The preparation for the examination includes 
instruction of the patient for the breathing 
maneuvers and selection of a phased array body 
coil for thoracic imaging. The application of a 
respiratory belt is optional and ECG is not 
required on a routine basis unless cardiac imag-
ing sequences are planned, e.g., in case of tumor 
infiltration into the pericardium or large vessels 
of the mediastinum.

The basic imaging protocol starts with a gradi-
ent echo localizer in inspiration to plan the study. 
The first sequences are acquired in breath-hold, 
usually starting with the coronal T2-HASTE 
(Fig. 1) followed by the transverse T1-3D-GRE 
(VIBE) (Fig. 2, Table 1). As defined above, these 
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sequences cover infiltrative disease and solid 
lung pathology, respectively. The fast 
T2-weighted single shot images provide high sig-
nal and good lesion-to-background contrast but 
due to partial Fourier acquisition and long echo 
trains the delineation of structures is slightly 
blurred. The overall signal of the T1-weighted 
3D-GRE images is lower, but sharpness is 
improved due to a higher spatial resolution. If 
needed, the signal of the lung parenchyma with 
this type of sequence can be enhanced with i.v. 
application of Gd-based contrast material (see 
below for protocol variations). Both sequences 
usually do not show a visible signal of healthy 
lung tissue, unless infiltrates, atelectasis, or solid 
lesions are present.

A coronal T1/T2-weighted, free breathing 
SS-GRE sequence (TrueFISP) is acquired next 
(Fig. 3a). This allows the patient to recover from 
the first set of breath-hold maneuvers. Signal 
intensity of the SS-GRE images is intermediate, 
but basic information on pulmonary motion dur-
ing the respiratory cycle and on cardiac action are 
generated within a very short time. This part of 

the protocol also allows for an exclusion of rele-
vant pulmonary embolism due to a bright signal 
of the lung vessels with a good contrast against 
hypointense thrombotic material. The signal of 
healthy lung parenchyma on SS-GRE images is 
low, but still significantly higher than on the first 
sequences of the protocol.

Finally, two sets of multi-breath-hold images 
are acquired. First, a motion-compensated inver-
sion recovery (IR) or fat signal suppressed 
T2-weighted image series in transverse orientation 
(Fig. 4). These images contribute significantly to 
the detection of mediastinal lymph nodes and 
edematous bone lesions while healthy lung paren-
chyma signal appears completely black. Then, the 
same type of sequence but without fat signal sup-
pression is used for a coronal, multi-breath-hold 
acquisition. This T2-weighted fast spin echo series 
in high spatial resolution improves the depiction of 
masses with chest-wall invasion and mediastinal 
lesions. In case of pulmonary masses the higher 
spatial resolution and improved soft tissue contrast 
compared to the initial T2-weighted images con-
tribute to lesion characterization.

This basic protocol can be concluded after a 
total room time of approximately 15 min. 
Specific variations of the protocol and addi-
tional series as extensions to this protocol are 
added depending on the indication, i.e., post i.v. 
contrast scans.

Fig. 2 T1-weighted volumetric interpolated 3D gradient 
echo sequence (VIBE, transverse acquisition in breath-
hold, healthy, 30-year-old male subject)

Fig. 1 T2-weighted single shot partial Fourier (T2 
HASTE, coronal acquisition in breath-hold, healthy, 
30-year-old male subject)

J. Biederer
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6  Specific Variations 
of the Protocol

6.1  Respiratory Mechanics

For the further evaluation of respiratory mechan-
ics and diaphragmatic motion, the dynamic 
SS-GRE series can be acquired in a single slice 

mode (Fig. 3b). The series is focused on the struc-
ture of interest, e.g., the highest elevation of the 
diaphragmatic dome or an intrapulmonary lesion 
to be acquired with a temporal resolution of three 
to ten images per second, depending on the per-
formance of the MR scanner (Plathow et al. 2006). 
Otherwise the parameters are identical to the third 
acquisition. The patient is instructed to breathe 
deeply in and out just like during a lung function 
test, so-called forced expiratory volume in 1 s 
(FEV1)-maneuver. This short part of the protocol 
appreciates the potential of time-resolved MR 
image series to visualize functional aspects, i.e., 
on diaphragmatic function, as a significant advan-
tage compared to CT.

6.2  Lung Tumors/Thoracic Masses

For the assessment of lung malignancy or other 
thoracic masses, the protocol should be extended 
by transverse and coronal T1-weighted 3D GRE 
acquisitions, each acquired in a single breath-
hold. These post-contrast scans improve the 

a b

Fig. 3 T1/T2-weighted steady-state gradient echo 
sequence (TrueFISP), (a) coronal acquisition in free 
breathing to cover the whole chest in a semi-dynamic 
acquisition, (b) coronal acquisition in forced respiratory 

maneuver to study respiratory mechanics. The FEV1-
maneuver includes maximum ins- and expiration and 
requires good interaction with the operator (healthy, 
30-year-old male subject)

Fig. 4 Inversion recovery fast spin echo sequence (TIRM, 
STIR, transverse acquisition in breath-hold, healthy, 
30-year-old male subject)

General Requirements of MRI of the Lung and Suggested Standard Protocol
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diagnostic yield of the study by clearer depiction 
of vessels, hilar structures, and pleural enhance-
ment. Parenchymal disease and solid pathologies 
are also enhanced. Thus, a study to exclude pul-
monary malignancies, e.g., for staging purposes, 
should usually comprise contrast-enhanced series, 
preferably with a fat-saturated 3D-GRE sequence. 
Contrast enhancement is also recommended in 
case of pleural processes (empyema, abscess, 
metastatic spread of carcinoma, mesothelioma) 
for the further evaluation of solid masses as well 
as functional imaging or  angiography (Biederer 
et al. 2004). Since the so far listed sequences only 
include a 3D-GRE sequence without fat saturation, 
it might be favorable to acquire an additional fat-
saturated scan before i.v. contrast administration 
to allow for a direct comparison of contrast uptake. 
The other sequence parameters are identical with 
the initial non-contrast-enhanced acquisition.

Significant differences of the available para-
magnetic contrast agents in respect to image 
quality have not been shown so far. For simple 
post-contrast imaging, reasonable results are 
achieved with a manual i.v.-injection of a con-
trast agent containing 0.1–0.2 mmol Gadolinium 
per kg body weight. Lung perfusion imaging 
with time resolved contrast-enhanced magnetic 
resonance angiography is preferably done with a 
power injector.

Further options to extend the standard proto-
col are T1- and T2-weighted SE or FSE sequences 
with respiratory triggering (or gating; Fig. 5). 
Traditionally, T1-weighted images are recom-
mended for the detection of lymph nodes and 
tumor infiltration into the chest wall, but since 
T2-weighted sequences additionally contribute to 
the evaluation of lung parenchyma pathology and 
provide equal information about the chest wall 
and mediastinum, they are the method of choice 
to conclude the study, if desired.

At the current state of development, we would 
not yet suggest diffusion-weighted imaging 
(DWI) as a mandatory component of a general 
protocol. Basically, DWI serves for whole-body 
staging of lung cancer, including mediastinal 
metastases (Kim et al. 2015). DWI’s contribution 
to lung nodule detection is limited due to low 
spatial resolution. Regier et al. found a sensitivity 

of 44% for lung nodules of 5 mm, which increased 
to 97% at 10 mm (threshold size around 6 mm) 
(Regier et al. 2011). Koyama et al. demonstrated 
a lower nodule detection rate with DWI com-
pared to IR-T2-weighted images (Koyama et al. 
2010). For the assessment of pulmonary malig-
nancy with DWI, a meta-analysis of 10 studies 
including 545 patients revealed a pooled sensitiv-
ity of 84% and a pooled specificity of 84%. In 
patients with high pretest probabilities, DWI 
enabled the confirmation of malignant pulmo-
nary lesions. In patients with low pretest proba-
bilities, DWI enabled the exclusion of malignant 
pulmonary lesions (Wu et al. 2013). However, the 
applied protocols vary widely and DWI cannot 
yet be considered as robust, highly standardized, 
and simple technique for clinical use (Kim et al. 
2015). In the author’s own experience, DWI 
helps to delineate lesions adjacent to the pleura, 
assess mediastinal extension, and may serve as a 
“second reader” for detection of small nodules 
(Biederer et al. 2012). We therefore suggest 
including DWI as an optional sequence of the 
lung tumor protocol.

Fig. 5 Respiration-triggered T2-weighted fast spin echo 
sequence (T2-TSE, coronal acquisition in free breathing, 
healthy, 30-year-old male subject)

J. Biederer



13

6.3  Lung Vessel Disorders

Irregularities of pulmonary perfusion and dis-
eases of the lung vessels are among the most 
common clinical scenarios to be addressed with 
MRI. Our suggestion for MRI of lung vessel dis-
ease therefore comprises two variations of 
T1-weighted ultra-short TR and TE contrast-
enhanced three-dimensional gradient echo 
sequences for breath-hold magnetic resonance 
angiography (MRA): a dynamic series with high 
temporal resolution for first pass perfusion stud-
ies of the lung parenchyma (this can be only 
achieved on the cost of a lower spatial resolution) 
and an angiogram with high spatial resolution 
(resulting in lower temporal resolution). Further 
technical aspects and recommendations for 
image post-processing of first pass contrast-
enhanced lung parenchyma perfusion imaging 
and pulmonary MR angiography are addressed in 
the dedicated chapters in this book.

6.3.1  Temporally Resolved Perfusion 
Imaging

For multiphasic lung perfusion imaging, the scan 
time for each 3D data set should be reduced to 
less than 5 s (Fink et al. 2004). This can be 
achieved by most clinical MR scanners with par-
allel imaging capability. For lower performance 
systems, 2D perfusion MRI may still be favor-
able to provide optimum temporal resolution 
(Levin et al. 2001), but anatomic coverage and 
spatial resolution in the z-axis are usually not 
acceptable for clinical applications. The easiest 
approach to perfusion studies is to start contrast 
injection and the MR sequence simultaneously 
without bolus timing. Arterial-venous discrimi-
nation is improved by high temporal resolution 
and the study is robust to motion artifacts even in 
patients with severe respiratory disease and lim-
ited breath-hold capability. For documentation 
and viewing, contrast-enhanced 3D perfusion 
MRI is usually processed by subtraction of mask 
image data acquired before contrast bolus arrival 
(Fig. 6). Since the acquisition time and diagnos-
tic yield completely cover the information pro-
vided by a test bolus, the dynamic perfusion 
series may be used to calculate bolus timing for 

the following high spatial resolution angiogram 
(Biederer et al. 2012). Disadvantages compared 
to the test bolus method are the additional time 
needed for image post-processing and the slightly 
higher amount of contrast medium. To synchro-
nize bolus profiles with the angiogram, injection 
speed and the volume of the bolus plus sodium 
chloride chaser (at least 20 mL sodium chloride) 
should be equal. A highly performant image 
reconstruction system and a power injector are 
prerequisites for this approach.

6.3.2  High Resolution Pulmonary 
Angiography

The pulmonary arteriogram is acquired with a 
minimum relaxation time (TR) of less than 5 ms 
and an echo time (TE) of less than 2 ms and with 
a high spatial resolution (typically a voxel size of 
1.2 × 1.0 × 1.6 mm requiring a breath-hold of 
20–30 s). The short TR allows for short breath-
hold acquisitions and the short TE minimizes 
background signal and susceptibility artifacts. 
The ability of the patient to hold the breath is cru-
cial for image quality. Full anatomic coverage is 

Fig. 6 T1-weighted 4D contrast-enhanced first pass per-
fusion study (T1-weighted 3D-GRE with echo sharing, 
TWIST, subtracted image, coronal acquisition in breath-
hold, healthy, 30-year-old male subject)

General Requirements of MRI of the Lung and Suggested Standard Protocol
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achieved with image acquisition in coronal orien-
tation and a single injection of contrast (0.1–
0.2 mmol/kg flow rates between 2 and 5 mL/s, 
minimum 20 mL saline flush administered by an 
automatic power injector) is sufficient. Vascular 
signal intensity is determined by the gadolinium 
concentration at the time of central k-space 
acquisition; thus the scan delay should be indi-
vidually adjusted using a care bolus procedure or 
a test bolus examination. Ideally this is achieved 
with a first pass perfusion study as described 
above. One of the most frequent clinical prob-
lems to be addressed with MRA and perfusion 
imaging is the exclusion of pulmonary embolism 
in young women with or without potential preg-
nancy. For this particular purpose, it appears 
favorable to adjust the center of the k-space to 
maximum parenchymal perfusion (approx. 2 s 
later than central pulmonary artery peak con-
trast). The reconstructed MIP provides a very 
illustrative image of the lung parenchyma (see 
the example in Fig. 7). Image subtractions, multi-
planar reformations (MPR), and maximum inten-
sity projections (MIP) are the standard tools for 
viewing and documentation of the results.

6.4  Mediastinum

The mediastinum contains the heart and the large 
vessels, the trachea, the esophagus, neural struc-
tures as well as lymphatic tissues and the thoracic 
duct. Anatomically the mediastinum is tradition-
ally divided into three compartments even though 
there is no physical barrier between them. These 
are the anterior, middle, and posterior mediasti-
num, mainly defined by the organs of the middle 
part like the heart and large vessels (Strollo et al. 
1997a, b). The typical indications for cross-sec-
tional imaging of the mediastinum are masses 
originating from the present structures. While size 
and position of a tumor can be assessed with MRI 
as well as with CT, both modalities contribute to 
the characterization of tumors, e.g., with the 
detection of fat or calcifications inside a teratoma. 
For this purpose, it can be recommended to use a 
Dixon technique for fat saturation of 3D GRE to 
produce in phase- and out of phase-images (chem-
ical shift imaging), just as it is applied to assess 
the fat content of lung lesions (hamartoma) 
(Hochhegger et al. 2012). In this case, CT has a 
higher sensitivity for small calcifications. Usually, 
CT is acquired with the administration of contrast 
media to obtain a sufficient contrast between ves-
sels and soft tissues while most mediastinal 
masses can be readily identified on non-enhanced 
MRI due to its inherent and excellent soft tissue 
contrast (Landwehr et al. 1999). Observations on 
MRI such as a central hypointensity in enlarged 
mediastinal lymph nodes in sarcoidosis (dark 
lymph node sign) can be of specific clinical value 
(Chung et al. 2013). However, for the assessment 
of unclear masses, the administration of a para-
magnetic contrast agent provides more insights 
into tumor composition and differentiation.

Basically, the mediastinum is fully covered 
with the above made suggestions for lung imag-
ing within this chapter. Identification and classifi-
cation of mediastinal processes is possible by 
using unsaturated and fat-saturated non-enhanced 
3D gradient echo sequences and repeating the 
latter after contrast administration. With an in-
plane resolution of 1.6 mm even very small 
lymph nodes can be detected. It is imperative 
however to apply fat saturation to contrast-

Fig. 7 T1-weighted 3D contrast-enhanced MRA (MIP 
reconstruction, healthy 24-year-old female subject, clini-
cal study to exclude pulmonary embolism)

J. Biederer
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enhanced images, otherwise enhanced lymph 
nodes do not show within the surrounding fatty 
tissue. The T2-weighted inversion recovery 
images (TIRM) or fat saturated T2-weighted 
images of the protocol are well appreciated for 
the visualization of mediastinal lymph nodes 
(Ohno et al. 2004). STIR sequences are highly 
sensitive for the detection of lymph nodes with 
bright contrast against mediastinal fat and might 
be even more sensitive for the detection and clas-
sification of lung cancer and mediastinal metasta-
ses than DWI (Koyama et al. 2010). DWI, as 
recommended for whole body staging of lung 
cancer, also covers mediastinal metastases, but a 
clear advantage of DWI over other MRI proto-
cols has not been confirmed so far (Hasegawa 
et al. 2008; Pauls et al. 2012). A recent meta-
analysis by Wu et al. (2012), based on 19 studies 
with a total of 2845 pathologically proven cases, 
confirmed an equal pooled sensitivity of DWI 
(72%) compared to PET/CT (75%; P = 0.09). 
The optional DWI sequence in the protocol sug-
gestions of this chapter would be therefore rec-
ommended for mediastinal imaging.

However, beyond the suggested standards, 
specific protocols are appreciated, if the clinical 
scenario is directly related to the mediastinum 
and its structures. A quick method for scanning 
mediastinal masses is a black blood prepared 
partial Fourier fast spin echo sequence (HASTE) 
(Hintze et al. 2006). Non-enhanced MRI benefits 
from black blood techniques, which reduce flow 
artifacts. It allows for the identification of vessel 
walls and better differentiation to lymph nodes, 
but is used on the cost of signal intensity. The 
disadvantages of all available breath-hold tech-
niques are their limited spatial resolution and 
their only partially T1- or T2-weighted contrast. 
For the chest wall and the mediastinum, clear T1- 
and T2-contrast can be very helpful, in particular 
for the characterization of mediastinal masses. 
Conventional spin-echo and fast spin-echo imag-
ing require acquisition times of a couple of min-
utes so that cardiac and respiratory motion have 
to be compensated for, i.e., with triggering or 
gating. Since respiratory motion usually plays 
a minor role, in particular while imaging the 
upper mediastinum, the benefits of respiration-

triggered sequences are limited and do not pay 
off for the significantly higher acquisition times. 
Conventional ECG-triggered T1-weighted spin 
echo and T2-weighted fast spin echo sequences 
provide excellent detail of structures close to 
the heart. Depiction of lymph nodes on both 
sequences is equal. Appropriate sequences are 
available on any standard scanner. Thus, they 
were not specifically adapted for the purposes 
of our protocol suggestions. However, an excel-
lent visualization of both, mediastinal lymph 
nodes and lung parenchyma, is achieved with the 
optional respiration-triggered T2-weighted fast 
spin echo sequence of the protocol (Fig. 5).

6.5  Chest Wall and Apex

A typical indication for imaging the lung apices, 
the upper thoracic outlet, and the posterior chest 
wall is malignant infiltration of this region, e.g., a 
Pancoast tumor. The structures of interest are the 
large vessels, the cervico-brachial plexus, and the 
spine with the spinal cord. They can be examined 
without specific motion compensation, since 
motion artifacts are sparse with the given dis-
tance from the heart and diaphragm. Therefore 
appropriate protocols based on conventional spin 
echo and fast (turbo-) spin echo sequences are 
already available on most scanners (Shiotani 
et al. 2000). However, all diagnostic questions in 
this area are fully covered with our standard pro-
tocol suggestions for lung tumor imaging.

Towards the lower thoracic aperture, imaging 
the posterior chest wall remains easy while imag-
ing the anterior chest wall and the sternum 
becomes difficult due to respiratory motion. 
Using a conventional protocol approach, the solu-
tion is as easy as effective: The examination can 
be performed in prone position. This has been 
used on a routine basis for breast MRI for many 
years and it is extremely helpful to remember this 
simple trick when a study is planned for imaging 
any other component of this location, e.g., an 
unclear mass or destruction of the sternum. The 
fast breath-hold sequences of our suggested pro-
tocol, however, produce excellent images of the 
sternum even with the patient in supine position.

General Requirements of MRI of the Lung and Suggested Standard Protocol
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6.6  Pediatric Applications

The use of lung MRI is of particular interest for 
pediatric radiology. Besides ultrasound, which is 
particularly challenging in the lungs, lung MRI is 
the only imaging modality for the chest without 
radiation exposure. The limitations of the sug-
gested standard protocol in this chapter are two-
fold: The first is that breath-hold imaging requires 
a reasonable compliance of the patient. The authors 
have made good experience with children of 10 
years and older (Eichinger et al. 2006). Acceptable 
results were achieved even in younger children 
between 6 and 10 years—if the interaction with the 
patient was good; even with breath-hold tech-
niques. Single shot steady-state imaging (TrueFISP) 
has been successfully implemented for children of 
less than 6 years (Rupprecht et al. 2002). In smaller 
children, the fast breathing frequency is in favor of 
respiration-triggered sequences. Appropriate pro-
tocol modifications are suggested in Table 2. The 
second limitation refers to the T1-weighted 
3D-GRE (VIBE) acquisition, which suffers from 
low signal in small volumes and voxels, if the 
matrix is adapted to very small children.

7  Protocol Adaptions for 3 T 
and Below 1.5 T

The particular challenges of lung imaging with 
MR imply that imaging at 3 T might be unfavor-
able due to increasing susceptibility artifacts 
while a lower field strength, e.g., of 0.5 T, should 
achieve a relative increase in the signal intensity 
for the lung parenchyma compared to 1.5 T.

Practice shows that 3 T images obtained with 
the protocol suggestions for 1.5 T are of compa-
rable quality (Lutterbey et al. 2005; 2007; Regier 
et al. 2007). In observer preference studies the 
imaging characteristics of different pulse 
sequences used for lung MRI did not substan-

tially differ between 1.5 and 3 T (Fink et al. 2007; 
Fabel et al. 2009). At both field strengths 
T2-weighted partial Fourier single shot sequences 
(HASTE) showed the highest signal-to-back-
ground ratio for infiltrates and were rated best for 
the delineation of infiltrates. 3D gradient echo 
sequences (VIBE) achieved the highest signal-to-
background ratio for nodules and the best rating 
for the depiction of nodules at both field strengths. 
At 3 T, contrast and signal of gradient echo 
sequences improved slightly while steady-state 
gradient echo sequences suffered from increasing 
off-resonance artifacts. To study respiratory 
dynamics at 3 T, gradient echo sequences should 
be preferred to steady-state sequences. Image 
quality of inversion recovery sequences decreased 
minimally at 3 T. The respiration-triggered fast 
spin echo sequence was the preferred sequence 
for the visualization of the mediastinum at both 
field strengths. Thus, at present no specific advan-
tage can be seen in using high-field MR for scan-
ning the lungs, but the above given protocol 
suggestions can be readily transferred to 
3 T. However, the given advantages in 3D GRE 
imaging with higher lesion to background con-
trast and shortened scan times suggest to focus on 
this part of the protocol and on contrast-enhanced 
studies as well as angiographic studies when 
using 3 T scanners (Fig. 8, 9) (Dewes et al. 2016). 
Additional benefits of dedicated protocols spe-
cifically adapted to the requirements of lung MRI 
at 3 T have not been evaluated so far.

Principally, low-field scanners are economic 
and yield the advantages of open systems regard-
ing patient compliance, in particular for children. 
Unfortunately, the protocol recommendations for 
1.5 T systems cannot be transferred one by one. 
So far, T1-GRE and T2-FSE sequences have 
been successfully implemented on 0.5 T scanners 
(Schäfer et al. 2002; Abolmaali et al. 2004). Due 
to the lower gradient performance of the systems, 
2D gradient echo sequences were preferred to 3D 
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Fig. 8 Lung MRI at 3 T, 26-year-old female, clinical 
study for unclear chest pain: T2-weighted single shot par-
tial Fourier (T2 HASTE, coronal acquisition in breath-
hold, upper left), T2-weighted fast spin echo with rotating 
phase encoding (T2 BLADE, coronal acquisition in mul-

tiple breath-holds, upper right), T1-weighted volumetric 
interpolated 3D gradient echo sequence (VIBE, transverse 
acquisition in breath-hold) pre (bottom left) and post con-
trast (bottom right)

techniques. Steady-state gradient echo sequences 
with strong T1/T2-contrast producing high signal 
of solid and liquid pathology have been found to be 
particularly useful as well. The lower prevalence 
of susceptibility artifacts at lower field strength 
is in favor of steady-state imaging techniques. 
Also known as SS-FFE, TrueFISP or balanced 
steady-state acquisition with rewound gradi-

ent echo (BASG), they can be applied as 2D- or 
3D-multislice-acquisitions or as single thick-slice 
technique (Heussel et al. 2002). Comprehensive 
protocol suggestions as defined for 1.5 T have not 
been published for low field MRI scanners so far, 
but the general sequences parameters are avail-
able from the cited publications.

General Requirements of MRI of the Lung and Suggested Standard Protocol



18

References

Abolmaali ND, Schmitt J, Krauss S, Bretz F, Deimling M, 
Jacobi V, Vogl TJ (2004) MR imaging of lung paren-
chyma at 0.2 T: evaluation of imaging techniques, 
comparative study with chest radiography and interob-
server analysis. Eur Radiol 14:703–708

Albertin K (1996) Structural organization and quanti-
tative morphology of the lung. In: Cutillo AG (ed) 
Application of magnetic resonance to the study of 
lung; hrsg. v. Futura Pub. Co., Armonk, NY, pp 73–114

Bauman G, Bieri O (2016) Reversed half-echo stack-
of-stars TrueFISP (TrueSTAR). Magn Reson Med 
76:583–590

Biederer J, Graessner J, Heller M (2001) Magnetic reso-
nance imaging of the lung with a volumetric interpo-
lated 3D-gradient echo sequence. RöFo Fortschritte 
Auf Dem Geb Röntgenstrahlen Nukl 173:883–887

Biederer J, Reuter M, Both M, Muhle C, Grimm J, 
Graessner J, Heller M (2002a) Analysis of artefacts 
and detail resolution of lung MRI with breath-hold 
T1-weighted gradient-echo and T2-weighted fast spin-
echo sequences with respiratory triggering. Eur Radiol 
12:378–384

Biederer J, Busse I, Grimm J, Reuter M, Muhle C, Freitag 
S, Heller M (2002b) Sensitivity of MRI in  detecting 
alveolar infiltrates: experimental studies. RöFo 
Fortschritte Auf Dem Geb Röntgenstrahlen Nukl 
174:1033–1039

Fig. 9 Lung MRI at 3 T, same subject as in Fig. 8: 
T1-weighted volumetric interpolated 3D gradient echo 
sequence (VIBE, coronal acquisition in breath-hold) pre 

(top left) and post contrast (top right), T1-weighted 3D con-
trast-enhanced MRA as coronal acquisition in breath-hold, 
non-subtracted (bottom left) and subtracted (bottom right)

J. Biederer



19

Biederer J, Schoene A, Freitag S, Reuter M, Heller M 
(2003) Simulated pulmonary nodules implanted in a 
dedicated porcine chest phantom: sensitivity of MR 
imaging for detection. Radiology 227:475–483

Biederer J, Liess C, Charalambous N, Heller M (2004) 
Volumetric interpolated contrast-enhanced MRA for 
the diagnosis of pulmonary embolism in an ex vivo 
system. J Magn Reson Imaging 19:428–437

Biederer J, Hintze C, Fabel M, Dinkel J (2010) Magnetic 
resonance imaging and computed tomography of 
respiratory mechanics. J Magn Reson Imaging 
32:1388–1397

Biederer J, Beer M, Hirsch W, Wild J, Fabel M, Puderbach 
M, Beek EJR (2012) MRI of the lung (2/3). Why … 
when … how? Insights Imaging 3:355–371

Boiselle PM, Biederer J, Gefter WB, Lee EY (2013) 
Expert opinion: why is MRI still an under-utilized 
modality for evaluating thoracic disorders? J Thorac 
Imaging 28:137

Both M, Schultze J, Reuter M, Bewig B, Hubner R, Bobis 
I, Noth R, Heller M, Biederer J (2005) Fast T1- and 
T2-weighted pulmonary MR-imaging in patients with 
bronchial carcinoma. Eur J Radiol 53:478–488

Bruegel M, Gaa J, Woertler K, Ganter C, Waldt S, Hillerer 
C, Rummeny EJ (2007) MRI of the lung: value of 
different turbo spin-echo, single-shot turbo spin-
echo, and 3D gradient-echo pulse sequences for the 
 detection of pulmonary metastases. J Magn Reson 
Imaging 25:73–81

Chung JH, Cox CW, Forssen AV, Biederer J, Puderbach M, 
Lynch DA (2013) The dark lymph node sign on mag-
netic resonance imaging: a novel finding in patients 
with sarcoidosis. J Thorac Imaging 29:125–129

Deng J, Miller FH, Salem R, Omary RA, Larson AC 
(2006) Multishot diffusion-weighted PROPELLER 
magnetic resonance imaging of the abdomen. Investig 
Radiol 41:769–775

Dewes P, Frellesen C, Al-Butmeh F, Albrecht MH, Scholtz 
J-E, Metzger SC, Lehnert T, Vogl TJ, Wichmann 
JL (2016) Comparative evaluation of non-contrast 
CAIPIRINHA-VIBE 3T-MRI and multidetector CT 
for detection of pulmonary nodules: in vivo evaluation 
of diagnostic accuracy and image quality. Eur J Radiol 
85:193–198

Eichinger M, Puderbach M, Fink C, Gahr J, Ley S, 
Plathow C, Tuengerthal S, Zuna I, Müller F-M, 
Kauczor H-U (2006) Contrast-enhanced 3D MRI of 
lung perfusion in children with cystic fibrosis—initial 
results. Eur Radiol 16:2147–2152

Fabel M, Wintersperger BJ, Dietrich O, Eichinger M, 
Fink C, Puderbach M, Kauczor H-U, Schoenberg SO, 
Biederer J (2009) MRI of respiratory dynamics with 
2D steady-state free-precession and 2D gradient echo 
sequences at 1.5 and 3 Tesla: an observer preference 
study. Eur Radiol 19:391–399

Fink C, Puderbach M, Bock M, Lodemann K-P, Zuna 
I, Schmähl A, Delorme S, Kauczor H-U (2004) 
Regional lung perfusion: assessment with partially 
parallel three-dimensional MR imaging. Radiology 
231:175–184

Fink C, Puderbach M, Biederer J, Fabel M, Dietrich O, 
Kauczor H-U, Reiser MF, Schönberg SO (2007) Lung 
MRI at 1.5 and 3 Tesla: observer preference study and 
lesion contrast using five different pulse sequences. 
Investig Radiol 42:377–383

Hasegawa I, Boiselle PM, Kuwabara K, Sawafuji M, 
Sugiura H (2008) Mediastinal lymph nodes in patients 
with non-small cell lung cancer: preliminary experi-
ence with diffusion-weighted MR imaging. J Thorac 
Imaging 23:157–161

Heidemann RM, Griswold MA, Kiefer B, Nittka M, Wang 
J, Jellus V, Jakob PM (2003) Resolution enhancement 
in lung 1H imaging using parallel imaging methods. 
Magn Reson Med 49:391–394

Heussel CP, Sandner A, Voigtländer T, Heike M, Deimling 
M, Kuth R, Rupprecht T, Schreiber WG, Kauczor HU 
(2002) Prospective feasibility study of chest X-ray 
vs. thoracic MRI in breath-hold technique at an open 
low-field scanner. ROFO Fortschr Geb Rontgenstr 
Nuklearmed 174:854–861

Hintze C, Biederer J, Wenz HW, Eberhardt R, Kauczor 
HU (2006) MRI in staging of lung cancer. Radiology 
46:251–4, 256–9

Hochhegger B, Marchiori E, dos Reis DQ, Souza AS, 
Souza LS, Brum T, Irion KL (2012) Chemical-shift 
MRI of pulmonary hamartomas: initial experience 
using a modified technique to assess nodule fat. AJR 
Am J Roentgenol 199:W331–W334

Kim HS, Lee KS, Ohno Y, van Beek EJR, Biederer 
J (2015) PET/CT versus MRI for diagnosis, staging, 
and follow-up of lung cancer. J Magn Reson Imaging 
42:247–260

Kluge A, Gerriets T, Müller C, Ekinci O, Neumann T, 
Dill T, Bachmann G (2005) Thoracic real-time MRI: 
experience from 2200 examinations in acute and ill-
defined thoracic diseases. RöFo Fortschritte Auf Dem 
Geb Röntgenstrahlen Nukl 177:1513–1521

Koyama H, Ohno Y, Aoyama N, Onishi Y, Matsumoto 
K, Nogami M, Takenaka D, Nishio W, Ohbayashi 
C, Sugimura K (2010) Comparison of STIR turbo 
SE imaging and diffusion-weighted imaging of the 
lung: capability for detection and subtype classifi-
cation of pulmonary adenocarcinomas. Eur Radiol 
20:790–800

Landwehr P, Schulte O, Lackner K (1999) MR imaging 
of the chest: mediastinum and chest wall. Eur Radiol 
9:1737–1744

Leutner C, Schild H (2001) MRI of the lung parenchyma. 
RöFo Fortschritte Auf Dem Geb Röntgenstrahlen 
Nukl 173:168–175

Leutner C, Gieseke J, Lutterbey G, Kuhl CK, Flacke S, 
Glasmacher A, Theisen A, Wardelmann E, Grohe C, 
Schild HH (1999) MRT versus CT in the diagnosis of 
pneumonias: an evaluation of a T2-weighted ultrafast 
turbo-spin-echo sequence (UTSE). ROFO Fortschr 
Geb Rontgenstr Nuklearmed 170:449–456

Levin DL, Chen Q, Zhang M, Edelman RR, Hatabu H 
(2001) Evaluation of regional pulmonary perfusion 
using ultrafast magnetic resonance imaging. Magn 
Reson Med 46:166–171

General Requirements of MRI of the Lung and Suggested Standard Protocol



20

Lin W, Guo J, Rosen MA, Song HK (2008) Respiratory 
motion-compensated radial dynamic contrast-
enhanced (DCE)-MRI of chest and abdominal lesions. 
Magn Reson Med 60:1135–1146

Lutterbey G, Gieseke J, von Falkenhausen M, Morakkabati 
N, Schild H (2005) Lung MRI at 3.0 T: a comparison 
of helical CT and high-field MRI in the detection of 
diffuse lung disease. Eur Radiol 15:324–328

Lutterbey G, Grohé C, Gieseke J, von Falkenhausen M, 
Morakkabati N, Wattjes MP, Manka R, Trog D, Schild 
HH (2007) Initial experience with lung-MRI at 3.0T: 
comparison with CT and clinical data in the evalua-
tion of interstitial lung disease activity. Eur J Radiol 
61:256–261

Ohno Y, Hatabu H, Takenaka D, Higashino T, Watanabe H, 
Ohbayashi C, Yoshimura M, Satouchi M, Nishimura 
Y, Sugimura K (2004) Metastases in mediastinal and 
hilar lymph nodes in patients with non-small cell 
lung cancer: quantitative and qualitative assessment 
with STIR turbo spin-echo MR imaging. Radiology 
231:872–879

Pauls S, Schmidt SA, Juchems MS, Klass O, Luster M, 
Reske SN, Brambs H-J, Feuerlein S (2012) Diffusion-
weighted MR imaging in comparison to integrated 
[18F]-FDG PET/CT for N-staging in patients with lung 
cancer. Eur J Radiol 81:178–182

Pipe JG (1999) Motion correction with PROPELLER 
MRI: application to head motion and free-breathing 
cardiac imaging. Magn Reson Med 42:963–969

Plathow C, Hof H, Kuhn S, Puderbach M, Ley S, Biederer 
J, Claussen CD, Huber PE, Schaefer J, Tuengerthal 
S, Kauczor H-U (2006) Therapy monitoring using 
dynamic MRI: analysis of lung motion and intratho-
racic tumor mobility before and after radiotherapy. 
Eur Radiol 16:1942–1950

Rank CM, Heußer T, Buzan MTA, Wetscherek A, Freitag 
MT, Dinkel J, Kachelrieß M (2016) 4D respiratory 
motion-compensated image reconstruction of free-
breathing radial MR data with very high undersam-
pling. Magn Reson Med 77:1170–1183

Regier M, Kandel S, Kaul MG, Hoffmann B, Ittrich H, 
Bansmann PM, Kemper J, Nolte-Ernsting C, Heller 
M, Adam G, Biederer J (2007) Detection of small pul-
monary nodules in high-field MR at 3 T: evaluation of 
different pulse sequences using porcine lung explants. 
Eur Radiol 17:1341–1351

Regier M, Schwarz D, Henes FO, Groth M, Kooijman H, 
Begemann PG, Adam G (2011) Diffusion-weighted 
MR-imaging for the detection of pulmonary nodules 
at 1.5 Tesla: intraindividual comparison with multide-
tector computed tomography. J Med Imaging Radiat 
Oncol 55:266–274

Remmert G, Biederer J, Lohberger F, Fabel M, Hartmann 
GH (2007) Four-dimensional magnetic resonance 
imaging for the determination of tumour movement 
and its evaluation using a dynamic porcine lung phan-
tom. Phys Med Biol 52:N401–N415

Rupprecht T, Böwing B, Kuth R, Deimling M, Rascher W, 
Wagner M (2002) Steady-state free precession projec-

tion MRI as a potential alternative to the conventional 
chest X-ray in pediatric patients with suspected pneu-
monia. Eur Radiol 12:2752–2756

Schäfer JF, Vollmar J, Schick F, Seemann MD, Mehnert 
F, Vonthein R, Aebert H, Claussen CD (2002) 
Imaging diagnosis of solitary pulmonary nodules on 
an open low-field MRI system—comparison of two 
MR sequences with spiral CT. ROFO Fortschr Geb 
Rontgenstr Nuklearmed 174:1107–1114

Schäfer JF, Vollmar J, Schick F, Seemann MD, Kamm 
P, Erdtmann B, Claussen CD (2005) Detection of 
pulmonary nodules with breath-hold magnetic reso-
nance imaging in comparison with computed tomog-
raphy. ROFO Fortschr Geb Rontgenstr Nuklearmed 
177:41–49

Schroeder T, Ruehm SG, Debatin JF, Ladd ME, Barkhausen 
J, Goehde SC (2005) Detection of pulmonary nodules 
using a 2D HASTE MR sequence: comparison with 
MDCT. AJR Am J Roentgenol 185:979–984

Shiotani S, Sugimura K, Sugihara M, Kawamitsu H, 
Yamauchi M, Yoshida M, Kushima T, Kinoshita T, 
Endoh H, Nakayama H et al (2000) Diagnosis of chest 
wall invasion by lung cancer: useful criteria for exclu-
sion of the possibility of chest wall invasion with MR 
imaging. Radiat Med 18:283–290

Strollo DC, Rosado de Christenson ML, Jett JR (1997a) 
Primary mediastinal tumors. Part 1: tumors of the 
anterior mediastinum. Chest 112:511–522

Strollo DC, Rosado-de-Christenson ML, Jett JR (1997b) 
Primary mediastinal tumors: part II. Tumors of 
the middle and posterior mediastinum. Chest 112: 
1344–1357

Su S, Saunders JK, Smith IC (1995) Resolving anatomical 
details in lung parenchyma: theory and experiment for 
a structurally and magnetically inhomogeneous lung 
imaging model. Magn Reson Med 33:760–765

Weick S, Breuer FA, Ehses P, Völker M, Hintze C, 
Biederer J, Jakob PM (2013) DC-gated high resolution 
three-dimensional lung imaging during free-breathing. 
J Magn Reson Imaging 37:727–732

Wielpütz MO, Eichinger M, Puderbach M (2013) 
Magnetic resonance imaging of cystic fibrosis lung 
disease. J Thorac Imaging 28:151–159

Wild JM, Marshall H, Bock M, Schad LR, Jakob PM, 
Puderbach M, Molinari F, Van Beek EJR, Biederer 
J (2012) MRI of the lung (1/3): methods. Insights 
Imaging 3:345–353

Wu L-M, Xu J-R, Gu H-Y, Hua J, Chen J, Zhang W, 
Haacke EM, Hu J (2012) Preoperative mediastinal 
and hilar nodal staging with diffusion-weighted mag-
netic resonance imaging and fluorodeoxyglucose 
positron emission tomography/computed tomography 
in patients with non-small-cell lung cancer: which is 
better? J Surg Res 178:304–314

Wu L-M, Xu J-R, Hua J, Gu H-Y, Chen J, Haacke EM, 
Hu J (2013) Can diffusion-weighted imaging be used 
as a reliable sequence in the detection of malignant 
pulmonary nodules and masses? Magn Reson Imaging 
31:235–246

J. Biederer



21Med Radiol Diagn Imaging (2017)
DOI 10.1007/174_2017_57, © Springer International Publishing AG
Published Online: 03 May 2017

Noncontrast and Contrast-
Enhanced Pulmonary Magnetic 
Resonance Angiography

Mark L. Schiebler, Donald Benson, 
Tilman Schubert, and Christopher J. Francois

M.L. Schiebler, M.D. (*) • D. Benson, M.D., Ph.D. 
Department of Radiology, UW-Madison School of 
Medicine and Public Health, University of 
Wisconsin-Madison, Madison, WI, USA
e-mail: Mschiebler@uwhealth.org 

T. Schubert, M.D. 
Clinic of Radiology and Nuclear Medicine, Basel, 
University Hospital, Basel, Switzerland 

Department of Radiology, UW-Madison School of 
Medicine and Public Health, University of 
Wisconsin-Madison, Madison, WI, USA 

Contents

1     Introduction  22

2     Contrast-Enhanced Pulmonary MRA  22
2.1  Time-Resolved Imaging  24
2.2  Importance of Breath Holding  25
2.3  Navigator 3D Free Breathing bSSFP  

Pre- or Post-contrast MRA  26

3     Choice of MRA Contrast Agent  26

4     Dosing of Contrast Agents for Pulmonary 
MRA Exams  27

5     Safety of Gadolinium-Based Contrast 
Agents (GBCAs)  27

6     Noncontrast Pulmonary MRA  27
6.1  Black Blood Imaging  28
6.2  Phase Contrast MRA  29

7     MRA Artifacts: Causes and Solutions  30
7.1  Gibbs’ Truncation Artifact  30
7.2  Transient Interruption of the Bolus  31
7.3  Over-Ranging and Noise Enhancement 

in Parallel Imaging  32
7.4  Field of View Wrap  32
7.5  Fontan and Glenn Shunts  32

C.J. Francois, M.D. 
Department of Radiology, UW-Madison School of 
Medicine and Public Health, University of 
Wisconsin-Madison, Madison, WI, USA 

Department of Medicine, UW-Madison School of 
Medicine and Public Health, University of 
Wisconsin-Madison, Madison, WI, USA

8     Clinical Applications  32
8.1  MRA for the Primary Diagnosis of Acute 

Pulmonary Embolism: UW-Madison 
Experience  32

9     Patient Selection  33
9.1  Clinical Decision Rules  33
9.2  The Ideal Patient  33

10    MRA Efficacy for PE: the Good, the Bad, 
and the Ugly  34

10.1  MRA and MRV Methods  34

11    Post-processing  34

12    Recent Improvements of Pulmonary 
MRA  37

13    MRA Characteristics of Pulmonary 
Emboli  38

13.1  Direct Findings  38
13.2  Indirect Findings  42
13.3  Ancillary Findings  43

14    MRA Effectiveness for PE  44

Conclusion  46

 References  46

http://crossmark.crossref.org/dialog/?doi=10.1007/174_2017_57&domain=pdf
mailto:Mschiebler@uwhealth.org


22

Abstract

Single breath hold 3D contrast-enhanced pulmonary MRA should be con-
sidered an important part of the imaging toolbox for the assessment of dis-
eases affecting the pulmonary arteries. Some clinical sites are already using 
this method for the primary assessment of pulmonary embolism in younger 
patients. The advantages of CE-MRA over Computed Tomographic 
Angiography (CTA), in the assessment of the pulmonary vasculature, are: 
(1) lack of ionizing radiation, (2) time-resolved imaging for perfusion, and 
(3) lack of iodinated contrast material. Although artifacts can be a source of 
interpretive error, CE-MRA is a good alternative to CTA for patients with 
borderline renal function or iodinated contrast allergies. Free breathing 
CE-MRA methods using ultrashort time to echo pulse sequences, which 
can also show the lung parenchyma, will improve MRA even further.

1  Introduction

For most radiology departments the primary focus 
of vascular imaging of the lungs is for the evalua-
tion of pulmonary embolism (PE). There are a 
number of excellent review articles on this subject 
(Goldhaber and Bounameaux 2012; Stein et al. 
2011b; Tapson 2008; West 1986). The essential 
problem with this disorder of clotting that affects 
approximately 1/1000 in the normal population 
annually (Spencer et al. 2008), is that it can be a 
cause of sudden death. Many decisions need to be 
made by the clinician when dealing with the pos-
sible risk for venous thromboembolic (VTE) dis-
ease. The range of clinical issues begins with 
prevention and ends with surgical thromboembo-
lectomy. Finding the right balance for each patient 
on the scale of risks and benefits of treatment is 
critical for improving patient outcomes.

The wholesale introduction of CE-MRA has 
been limited for use in pulmonary angiography due 
to the accuracy, speed, and safety of multidetector 
computed tomographic angiography (CTA) (Remy-
Jardin et al. 2007, 1996; Tillie-Leblond et al. 2002). 
With the publication of the PIOPED III (Stein et al. 
2010, 2008) results showing that the sensitivity and 
specificity of MRA was 79% and 98%, respectively, 
when compared with CTA, it became clear that 
CE-MRA needed technical refinement before it 
would be ready for routine clinical use.

The reader should ask the following question: 
“Why bother with pulmonary CE-MRA for the 
diagnosis of PE when CTA is so good?” The 

answer for most of the world has been to “not 
bother” with MRA at all because it takes too long 
to do, it is of unproven benefit, and CTA is quick 
and accurate. In this chapter, we will show that 
MRA is worth the effort to master as one of the 
important imaging test choices for studying pul-
monary pathophysiology (Nagle et al. 2016; 
Schiebler et al. 2013). There have also been early 
reports that CTA exams are associated with an 
increase in the number of double-stranded DNA 
breaks in circulating lymphocytes (Popp et al. 
2016). There is no DNA damage after gadolin-
ium-based contrast-enhanced cardiovascular MR 
exams (Brand et al. 2015). Iodinated contrast 
material is associated with anaphylaxis and acute 
renal failure. Thus, the use of pulmonary MRA 
can improve patient safety by allowing for the use 
of a non-ionizing modality without iodinated 
contrast material for the study of the pulmonary 
vasculature (Nagle et al. 2016).

2  Contrast-Enhanced 
Pulmonary MRA

As of today, MRA of the pulmonary vasculature 
is best performed after contrast enhancement 
using a breath hold 3D gradient echo with time to 
repetition (TR) less than 6 ms and time to echo 
(TE) as short as possible to minimize the mag-
netic susceptibility effects of the lung. While 
there is the belief that any pulmonary arterial 
exam must have an arterial phase acquisition to 
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minimize the effects of venous contamination, 
we have not found this to be an essential compo-
nent for the detection of PE. The basis for a suc-
cessful clinical pulmonary MRA exam is a 
robust, reliable, and reproducible MRA tech-
nique. As proposed in 1999, the principal idea 
behind creating high quality MRA images 
requires centering the contrast agent bolus peak 
signal enhancement with the center of the k-space 
acquisition (Meaney and Prince 1999a, b). The 
use of elliptical centric readout takes advantage 
of this requirement by filling the center of k-space 
first. This allows the MRI technologist to track 
the bolus and start the scan when the artery of 
interest is maximally enhanced. Another 
approach is to use a timing bolus to determine the 
delay time needed for the scan acquisition. The 
scan is timed to begin at the exact time when the 
vessel in question shows peak enhancement with 
the test bolus. The disadvantage with using a test 
bolus is that it is not real time. Many issues can 
occur to limit the quality of those examinations 
that solely rely on a test bolus to determine when 
to start their MRA acquisition: (1) breath in with 
new influx of nonopacified blood (transient inter-
ruption of the bolus), (2) patient respiratory or 
bulk motion during the acquisition, (3) kinking of 
the vein or arm during the bolus injection of con-
trast. There are artifacts that can mimic throm-
bus. These result from improper timing of the 

scan. For instance, the effect of filling the center 
of k-space before the peak of the contrast agent 
bolus has been reached is the Maki artifact (Maki 
et al. 1996). In this situation, the contrast is not 
present during the acquisition of the center of 
k-space but is at the periphery. This causes a 
characteristic high signal intensity rim to the 
inner lumen of the vessels in the acquisition vol-
ume and may mimic thrombus.

The introduction of parallel imaging (Griswold 
et al. 2000) has allowed for the possibility of obtain-
ing 3D high resolution pulmonary MRA. Compared 
with conventional MRI k-space trajectories, parallel 
imaging techniques acquire only a fraction of the 
phase encoding lines. The missing information is 
reconstructed to a full field-of-view using the inher-
ent spatial encoding of the different receiver coils 
(Griswold et al. 2000). The amount of time savings 
(acceleration factor) is in the range of 2–4× shorter 
than when using conventional reconstruction meth-
ods (Blaimer et al. 2006; Breuer et al. 2005; Fink 
et al. 2003; Griswold et al. 2000). Because there is 
time that can be bought using the parallel imaging 
acceleration, we can use that to either simply reduce 
the total acquisition time or increase the spatial res-
olution to submillimeter isotropic resolution with-
out prolonging the acquisition time.

We have used our current protocol for pulmo-
nary MRA (Table 1) continuously since 2008 
(Nagle et al. 2016; Schiebler et al. 2013). We use 

Table 1 UW-Madison Basic MRA PE—5-min scan protocol description

MRI acquisition number Description Pulse sequence Scan length in minutes

1 Localizer Single shot Fast spin echo <1

2 Pre-contrast MRA T1 weighted Gradient echo <1

3 Post-contrast
MRA—Bolus phase

T1 weighted
Gradient echo

<1

4 Post-contrast
MRA—immediate post-contrast

T1 weighted
Gradient echo

<1

5 Post-contrast
Equilibrium phase
Lower flip angle

T1 weighted
Gradient echo

<1

(Extra) Free breathing salvage 
examination

4 average
No parallel imaging
3D T1 Weighted MRA

3

6 Post-contrast T1 fat saturated 
images of thorax

T1 weighted chemical fat 
saturation axial or 3D 
spoiled gradient recalled 
echo with fat saturation

<1

This has not changed in the last 8 years of use

Noncontrast and Contrast-Enhanced Pulmonary Magnetic Resonance Angiography
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it for other MRA exams as well such as thoraco-
abdominal aorta, renal arterial, and pelvic MRA 
exams using the same basic protocol with modi-
fications to the matrix, number of slices, and 
number of coil elements. The secret of high qual-
ity examinations with few nondiagnostic exami-
nations is experience, with repetition of the 
examination by the MR technologist staff 
(Fig. 1). Practice makes for better MRA chest 
examinations! Another technical component to 
this specific protocol is the use of elliptical 
 centric phase ordering to capture the peak con-
trast enhancement of the dextrophase at the very 
beginning of the k-space trajectory. Another fea-
ture is the use of a sagittal excitation slab to mini-
mize the wrap encountered from the shoulders 
and arms. This allows a smaller field of view to 
be chosen. The timing of the contrast bolus 
administration is also important. We have a slow 
infusion of contrast material that lasts over the 
entire bolus phase of acquisition (Nagle et al. 
2016). This limits the variation in enhancement 

for that early phase and prevents significant Maki 
artifacts (Maki et al. 1996) from occurring. We 
have also found that each patient will vary with 
respect to which one of the angiographic phases 
is the most diagnostic. Sometimes it is the bolus 
phase, while other times one of the delayed phase 
acquisitions is better. These software parameters 
and hardware configurations are now all rou-
tinely available on current MRI scanners. We do 
not currently use a perfusion sequence or time-
resolved MR angiography sequence for the rou-
tine evaluation of PE. This would potentially 
require a second injection and we have tried to 
keep the protocol short so that these emergency 
room patients can be squeezed into the very busy 
(already full) MRI clinical schedule.

2.1  Time-Resolved Imaging

Several studies used time-resolved strategies pul-
monary perfusion and time-resolved interpolated 
contrast kinetics (TRICKS), which is the major 
method that has made it into routine clinical prac-
tice (Fink et al. 2003, 2004; Nikolaou et al. 2005; 
Ohno et al. 2003). TRICKS is based on view 
sharing. In view sharing the central regions of 
k-space are updated more often than others lead-
ing to an effective shortening of the total acquisi-
tion time. In 1996, 3-dimensional view sharing 
for MRA (TRICKS) was introduced to visualize 
the transit of a contrast agent bolus (Korosec 
et al. 1996). This was initially spurred by the 
issue of differential flows in the legs in the setting 
of peripheral vascular disease. In TRICKS, the 
low frequency k-space data, which contributes 
most significantly to the image contrast, is sam-
pled more frequently than the high frequency 
k-space data, which contributes to resolution. 
The high frequency components of k-space are 
not sampled as frequently and need to be interpo-
lated between consecutive time frames (Frayne 
et al. 1996; Korosec et al. 1996). Many other 
combinations that can be used to acquire time-
resolved MRA are as follows: (A) non-Cartesian 
k-space sampling (e.g., spiral k-space sampling) 
and (B) spiral-TRICKS MRA with a spatial reso-
lution of 0.6 × 0.6 × 2 mm3 and a temporal reso-

Fig. 1 Normal contrast-enhanced MRA maximum inten-
sity projection at the equilibrium phase showing both the 
pulmonary arteries and the aorta and great vessels
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lution of approximately 2 s for pulmonary MRA 
(Du and Bydder 2007). Many other time-resolved 
MRA acquisition solutions have sprung from this 
k-space sampling strategy ever since (Carroll 
et al. 2000, 2001; Du et al. 2003, 2002). In the 
scenario of chest disease and pulmonary embo-
lism, time-resolved imaging can be performed as 
a perfusion like acquisition; however the price to 
be paid for higher temporal resolution is lower 
spatial resolution (Velikina et al. 2010). There are 
reconstruction solutions for this problem as well 
that involve compressed sensing and more exten-
sive view sharing methodologies that are appli-
cable in the cranial circulation (Chang et al. 
2015), but these cannot be used in the chest due 
to the confounding motion of the diaphragms and 
heart during the acquisition of the contrast bolus.

One of the interesting features of time-
resolved MRA in the chest is the determination 
of circulation time (Francois et al. 2003). This is 
the time it takes for the bolus to travel from the 
pulmonary artery to the aorta. This is measured 
by an ROI placed in the pulmonary trunk (PA) 
and Aorta (Ao) to help find the time of peak sig-
nal intensity (SI) (time = 0) after the bolus injec-
tion of contrast. The contrast needs to be the 
same iodine concentration or GBCA for all sub-
jects used in the study. The bolus must use a 
defined amount of contrast material at a defined 
rate from a catheter placed in the antecubital vein 
or another location that is standardized. The tran-
sit time is the time it takes for the bolus peak sig-
nal intensity to reach the ascending aorta (time 1) 
from the PA time 0 (Time1 − time0 = Transit 
time). There are many diseases that affect the cir-
culation time, but the most common cause is left 
heart dysfunction (Francois et al. 2003) Transit 
time is an underutilized metric in cardiopulmo-
nary imaging.

2.2  Importance of Breath Holding

For the preservation of pulmonary CE-MRA 
image quality, there is nothing more important 
than a proper breath hold. The problem of the 
dyspneic patient is of course the central issue of 
why pulmonary MRA has had such a difficult 

time gaining traction in the clinic. If they can 
hold their breath, they are less likely to have a 
symptomatic pulmonary embolism. On the other 
hand, those patients that the radiologist needs to 
study are not able to hold their breath. Without 
suspension of respiration, the amount of noise 
generated can make these 10–20 second MRA 
exams unreadable. Other strategies like free 
breathing acquisitions must be used if the patient 
is unable to hold their breath. Modification of the 
slice thickness—upward to a maximum of 
3 mm—will decrease the overall acquisition 
time. One can use a larger parallel imaging accel-
eration factor but the artifacts from the higher 
G-factor might impede image interpretation 
(Fig. 2). The patient is requested to hold his/her 
breath at maximum inspiration rather than at 
maximum expiration, and the administration of 
2–4 L of nasal cannula oxygen can also be added. 
The technologist can request the patient to hyper-
ventilate to decrease PaCO2 levels slightly by 
using the following strategy: breathe in, hold for 
5 s and then breathe out, breathe in and hold for 

Fig. 2 G-factor image degradation. This bothersome fea-
ture of parallel imaging propagates image noise into the 
center of the image. To limit wrap artifacts and G-factor 
noise increase the AP dimension of the acquisition 
volume
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5 s and breathe out, breathe in and hold your 
breath. Sometimes these additional strategies still 
do not work and a free breathing heavily aver-
aged examination can be tried, in particular after 
using an intravascular contrast agent (ferumoxy-
tol or gadofosveset trisodium).

The use of free breathing contrast-enhanced 
MRA methods for the examination of PE would 
be preferable to any current breath hold depen-
dent method when the patient is unable to hold 
his/her breath. This strategy is useful when there 
is a need to salvage a pulmonary MRA examina-
tion that is uninterpretable due to breathing arti-
facts. By turning off parallel imaging, opening up 
the field of view, increasing the phase acquisition 
matrix, decreasing the slice thickness, increasing 
the total number of acquisitions the imaging phy-
sician can make a trip down “memory lane” and 
use the methods that were in vogue in the 1990s 
for MRI of the chest and abdomen. While there 
will be motion unsharpness, these are highly 
readable exams and can be a good option in those 
select cases where no other breath hold option 
works.

With the recent introduction of a new pulse 
sequence for the lung that relies on an ultrashort 
time to echo (UTE) (Johnson et al. 2013), there 
will be a new chance for free breathing pulmo-
nary MRA. This limits the amount of dephasing 
that occurs from the differences in magnetic sus-
ceptibility between the protons of the lung paren-
chyma/vessels and air within the bronchi and 
alveoli. This pulse sequence can be a good choice 
for free breathing acquisitions. The utility of 
combining a free breathing acquisition with the 
UTE pulse sequence has recently been shown to 
successfully image subsegmental pulmonary 
emboli in an animal model (Bannas et al. 2016). 
They showed that efficacy of a free breathing 
UTE exam was significantly better than tradi-
tional MRA when an intravascular contrast agent 
was used (Bannas et al. 2016). Bauml et al. have 
reported on their preliminary results of using a 
UTE-free breathing strategy in patients being 
evaluated for PE (Bauml et al. 2016). They 
showed that the interobserver ICC was 0.60 for 
MRA (moderate agreement) and 0.78 for UTE 
(strong agreement). Total image quality scores 

were significantly better for the UTE exams 
(74.4) than for the routine MRA exams (62.9) 
(p-value −0.02) (Bauml et al. 2016). The reason 
for this is rather straightforward. The quality of 
an MRA exam relies on the patient’s ability to 
hold their breath, while the quality of the UTE-
free breathing exam relied on the regularity of the 
breathing, the summated diastolic cardiac cham-
ber position, and the absence of bulk motion by 
the subject. Patients evaluated for possible PE 
have a variable ability to hold their breath, hence 
the utility of the UTE exam.

2.3  Navigator 3D Free Breathing 
bSSFP Pre- or 
Post-contrast MRA

The 3D navigator methods (Wang et al. 1996) are 
excellent to track respiratory variation of the dia-
phragm to limit binning of cardiac data to those 
portions of the respiratory cycle that are quies-
cent (e.g., near end expiration). However, this 
method is harder to implement for the lung and 
pulmonary arteries. This is because the navigator 
is a separate saturation band that is used to track 
motion of the hemi-diaphragm. This works well 
for the heart when the band is over the liver, but 
this position will not work if the area of interest is 
the lungs, as that portion of the lung is saturated 
by the repeated application of the saturation 
band.

3  Choice of MRA Contrast 
Agent

Pulmonary MRA is an off-label use of gadolin-
ium-based contrast agents (GBCA) and feru-
moxytol. The MRA signal quality of single dose 
gadobenate dimeglumine was shown to be supe-
rior to double dose gadopentetate dimeglumine 
(Woodard et al. 2012). While any GBCA can be 
used, those formulations with higher relaxivity 
are preferred for MRA exams. With the concern 
for nephrogenic systemic fibrosis (NSF) and gad-
olinium deposition within the basal ganglia, the 
choice of formulations with more thermal stabil-
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ity is preferred (Grobner 2006; Suzuki et al. 
2010; Thomson et al. 2015). The use of gadofos-
veset trisodium (Ablavar™) is now problematic 
as the vendor will no longer be making and dis-
tributing this intravascular MRI contrast agent 
for use. This agent has been successfully used to 
determine the presence of both PE and deep 
venous thrombosis (Hansch et al. 2011; Pfeil 
et al. 2012). The only remaining MRA contrast 
agent that is completely intravascular is feru-
moxytol. Its use as an MRA contrast agent 
(1–4 mg/kg) is an off-label use of this product 
that is approved for intravenous administration in 
chronic kidney disease patients with refractory 
iron deficiency anemia. This is a nonstoichiomet-
ric superparamagnetic iron oxide coated with 
poly glucose sorbitol carboxymethylether with 
an overall size of 17–31 nm. The relaxivity of this 
agent is very high and can be exploited for both 
bright and dark blood imaging. The bright blood 
images rely on the T1 effects using a short 
TE. The black blood relies on the T2*/T2 short-
ening found at longer echo times with this agent. 
The FDA has recently issued a black box warning 
on the bolus infusion of this agent. It is most 
safely administered as a slow infusion diluted in 
saline outside of the scanner, and is used in the 
steady state of its pharmacokinetic distribution 
within the circulation. Ferumoxytol is contraindi-
cated in those patients with prior allergies or ana-
phylaxis, and the risks and benefits of its use in 
patients with known hemosiderosis/hemochro-
matosis should be carefully considered (Hope 
et al. 2015).

4  Dosing of Contrast Agents 
for Pulmonary MRA Exams

There is now an easy to use and free mobile app 
(GadCalc—University of Wisconsin) for deter-
mining the IV contrast dose of MR imaging 
agents. This mobile phone application also allows 
for easy access to the product’s FDA’s package 
insert (pdf). This reference can aid the MRI tech-
nologists in determining the correct dose in mil-
liliters for each one of the approved MRI contrast 
agents. It also covers the dosing for ferumoxytol. 

For pulmonary MRA with gadobenate dimeglu-
mine the standard dose we use is 0.15 mmol/kg 
diluted up to 30 ml with a 30 ml saline chase. For 
ferumoxytol, a dose of 1–3 mg/kg can be used 
diluted in 150 ml of saline and administered as a 
slow infusion over 15 min (10 ml/min).

5  Safety of Gadolinium-Based 
Contrast Agents (GBCAs)

Just when the “black cloud” of nephrogenic sys-
temic fibrosis (NSF) had begun to dissipate 
(Bruce et al. 2016; Haemel et al. 2011; Sadowski 
et al. 2007; Soulez et al. 2015), we must now deal 
with a new issue: Gadolinium deposition in the 
deep brain nuclei and the bony skeleton (Gd3+ is 
a calcium analogue) in both children and adults 
from the prior use of gadolinium-based contrast 
agents (GBCAs) (Huckle et al. 2016; Suzuki 
et al. 2010). This deposition is more significant 
for the linear agents than the macrocyclics. At 
this point, we do not know what the long-term 
effects of this deposition will be. While it is 
entirely possible that this will not prove to be a 
significant finding or have any lasting effects on 
our patients, we must be cognizant of the fact that 
this could potentially continue to affect them for 
many years. The current best evidence on this 
topic suggests that this is an interesting side 
effect of GBCA use, but it is not important at all 
for patient survival, morbidity, or normal brain 
function at the concentrations used clinically. 
One side note to this issue is that we must begin 
to rethink the use of GBCAs in normal volun-
teers, particularly those that are getting repeated 
doses of these agents.

6  Noncontrast Pulmonary MRA

Noncontrast MRA methods have a long history 
of use in the heart (bSSFP), but not the lungs. The 
reasons for the poor image quality of the lungs 
and pulmonary vasculature using bSSFP pulse 
sequences are multifactorial. First, the vessels in 
the lung are smaller than the cardiac chambers 
and the great vessels. Second, the pulmonary ves-
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sels move almost as much as the cardiac cham-
bers (particularly in the left upper lobe lingular 
segment), and cardiac gating has not traditionally 
been used. Lastly, there is a larger amount of 
magnetic susceptibility artifact present between 
the smaller pulmonary arteries/veins and the sur-
rounding lung/bronchi than is seen for the car-
diac chambers which is very deleterious for 
bSSFP imaging. A recent study by Heredia et al. 
(2012) compared the use of bSSFP MRA in preg-
nant patients to contrast-enhanced 3D gradient 
echo (3D-GRE) in young women (Heredia et al. 
2012) and found that in 21 subjects the central 
and lobar arteries were visible 100% of the time 
and the segmental arteries were seen in 90% of 
the cases. The lower image quality of the seg-
mental vessels was related to poor blood signal 
intensity and motion for both the noncontrast 
bSSFP MRA exam and the post-gadolinium 
MRA examination. Kalb et al. showed lower per-
formance for the bSSFP images when compared 
to perfusion imaging or post-contrast 3D MRA 
(Kalb et al. 2012). They found that the specificity 
for the detection of pulmonary emboli was 67% 
for triggered true FISP imaging and 73% for 3D 
GRE imaging. Certainly, bSSFP can evaluate the 
central pulmonary arteries, but for smaller ves-
sels the addition of contrast material is still 
needed.

Arterial spin labeling can work well in the 
abdomen where the arterial inflows are predict-
able from a superior to inferior direction (Bley 
et al. 2016; Miyazaki and Akahane 2012). While 
this approach has the potential to become useful 
in the evaluation of pulmonary arterial flow, it has 
had limited application in patients (Mai and Berr 
1999).

Time of flight methods for noncontrast MRA 
work very well in the head and neck. The arterial 
blood flow is usually from an inferior to superior 
direction and the organ stays still. The chest is 
nearly a polar opposite in its suitability for TOF 
angiography. There is nearly constant motion of 
either the heart or diaphragms. While breath 
holding can help with this, patients that are sick 
or have tachypnea from shortness of breath have 
a limited ability to quiet their breathing. In addi-
tion, the flow of blood in the chest is multidirec-

tional. The cardiopulmonary system is one of the 
more difficult locations for successful application 
of the noncontrast TOF MRA method. Edelman 
has introduced a noncontrast 2D time of flight 
MRA method for use that simply takes advantage 
of a number of recent advances (Edelman et al. 
1990). Quiescent-interval single shot (QISS) is 
such a method that began by simply using a 
bSSFP technique with cardiac gated acquisition 
to the maximal systolic inflow with the addition 
of saturation slabs. The contrast mechanism for 
the signal intensity found using this method is 
principally provided by the inflowing spins of 
fresh blood. The application of a saturation slab 
is the primary way to separate venous from arte-
rial flow. While this method works well for flow 
suppression in the head and lower extremities, it 
cannot be relied on for the chest. In the chest 
application of saturation of the pulmonary trunk 
can suppress the pulmonary arterial signal inten-
sity, while saturation of the left ventricle can sup-
press the aorta. The addition of an ASL method 
using disc excitation can also help to further 
select a discrete volume of blood for rephasing of 
spins.

6.1  Black Blood Imaging

The trouble with routine spin echo imaging for 
analysis of blood flow is that slow flow will be 
rephased and show up as confounding high signal 
intensity within the vessel lumen. To combat this 
issue for use in the study of arterial vessel wall 
and ventricular myocardial wall imaging, 
sequences to null all nonstationary spins were 
developed (Edelman et al. 1990). Later a double 
inversion recovery method was introduced for 
use in the coronary arteries (Fayad et al. 2000; 
Worthley et al. 2001). This pulse sequence is par-
ticularly robust with regard to the nulling of those 
intraluminal slow moving spins that can contami-
nate the juxta intimal region of black blood 
images. The primary application of this method 
was to help in the analysis of lipid plaque in the 
wall of the coronary arteries and aorta. It is also a 
mainstay of helping to null signal intensity in the 
right ventricle chamber for the analysis of the 

M.L. Schiebler et al.



29

right ventricular wall in the setting of arrhythmo-
genic right ventricular cardiomyopathy (ARVC). 
In principle, this method can be applied to the 
pulmonary arteries using a free breathing 3D 
approach with binning of the cardiac and respira-
tory cycles to limit the motion artifacts. Some 
sites use the high signal intensity of the pulmo-
nary arteries on routine fast spin echo images to 
act as an index of slow flow in the setting of 
chronic pulmonary arterial hypertension (Swift 
et al. 2014).

6.2  Phase Contrast MRA

The workhorse of velocity sensitized flow imag-
ing is the single slice, breath hold, cardiac gated 
cine 2D-phase contrast pulse sequence (Firmin 
et al. 1990, 1987; Klipstein et al. 1987; Nayler 
et al. 1986; Parsons et al. 1990; Rees et al. 1987). 
This is often used for the analysis of pulmonary 
arterial flows (main pulmonary arteries) and aor-
tic flows to calculate Qp/Qs. This analysis is criti-
cal in the setting of congenital heart disease for 
the evaluation of left to right shunts and pulmo-
nary valve insufficiency. All MR cardiovascular 
imaging sites use this methodology on a daily 
basis for flow quantification. Since flow encoded 
gradients must be applied in the positive and neg-
ative directions for each slice, the examination 
times are much longer for 3D phase contrast 
MRA. This method can work in those parts of the 
body that do not move at all (head and neck) and 
those that move a just a little (mesenteric arteries) 
(Wasser et al. 1996). However, for those areas in 
the body that move a lot, such as the chest, 3D 
phase contrast MRA sequences are challenging. 
In a new radial pattern of k-space sampling all 
lines of k-space traverse the center, but the over-
all volume of k-space is only partially sampled, 
for a 3D phase contrast pulse sequence that is 
called PC-VIPR (Phase Contrast—Vastly under-
sampled Isotropic-voxel Radial Projection imag-
ing) (Barger et al. 2002). Using this time-saving 
methodology the velocity-dependent phase in all 
three dimensions can be acquired from user-
defined velocity-encoding gradients in a reason-
able time period. These data can also be binned to 

the cardiac and respiratory cycles. These cardiac- 
and respiratory-gated 3D phase contrast studies 
are known by the moniker of 4D flow MRI. The 
reconstruction of PC-VIPR images is performed 
using non-Cartesian methods and requires a 
standalone workstation for post–processing 
(Markl et al. 2011). The vendors have now 
entered the market with smaller field of view 4D 
flow acquisitions that rely on Cartesian-based 
reconstruction methodology and these image 
reconstructions of 4D flow can be seen at the time 
of the exam. 4D flow MRI has been used in many 
parts of the body for the evaluation of flow rates, 
internal flow patterns within a vessel, wall sheer 
stress, vessel compliance, pulse wave velocity, 
pressure difference, and turbulent kinetic energy. 
While 4D flow methods are currently used for 
pulmonary arterial hypertension, its use for other 
diseases of the pulmonary arterial system has 
lagged (Barker et al. 2015; Chelu et al. 2016).

The signal-to-noise for 4D flow methodol-
ogy can be increased through the administra-
tion of an intravascular MRA contrast agent 
(Dyverfeldt et al. 2015; Markl et al. 2011). In 
the scenario of possible pulmonary embolism, 
the use of 4D flow has been limited. There are 
very slow flows involved and the resolution of 
the magnitude images is best for the larger ves-
sels of the pulmonary arteries and veins and is 
quite limited at this point for the segmental and 
subsegmental vasculature. The longer imaging 
times needed for 4D flow necessitates careful 
attention to the cardiac and respiratory cycles 
before reconstruction.

Computational fluid dynamics (CFD) is now 
being used commercially for the determination of 
coronary artery stenosis from coronary computed 
tomographic angiography images (Zarins et al. 
2013). The principle behind this work lies in the 
fact that as vessel stenosis increases, flow 
decreases and this can be determined by evaluat-
ing the contrast density within the vessel lumen. 
This methodology has also been applied to the 
pulmonary arterial system and a mathematical 
model of pulmonary embolism has been gener-
ated by Clark et al. (Burrowes et al. 2011). They 
found that proximal obstruction by pulmonary 
embolism does not explain the degree of pulmo-
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nary hypertension. They suggest that the combi-
nation of the lack of functional information, 
pulmonary vasoconstriction, and any peripheral 
clots are very important components leading to 
hypoxia (Burrowes et al. 2014; Clark et al. 2012, 
2014).

7  MRA Artifacts: Causes 
and Solutions

Without a clear understanding of what artifacts to 
expect, there will be incorrect interpretations of 
these exams.

7.1  Gibbs’ Truncation Artifact

The Gibbs’ truncation artifact is caused by the 
abrupt truncation of data at the edges of the sam-
pled region of k-space (Wood and Henkelman 
1985). These are formed when high-contrast 
(sharp) edges are present in the reconstructed 
image; this results in “ringing” adjacent to those 
sharp edges. When a vessel is approximately 
3–5 pixels in diameter, these “rings” can super-
impose in the exact center of the vessel, causing 
an appearance of a central filling defect (Fig. 3) 
(Bannas et al. 2014). On pulmonary MRA exams, 
these artifacts are seen in both the pulmonary 
arteries and veins. In addition, one helpful clue 
for their presence, versus a true pulmonary embo-
lism, is the presence of linear low signal intensity 

lines in the proximal larger vessel (Fig. 4) that 
summate to form the truncation artifact in the 
more distal vessel. Distinguishing a free floating 
centrally located embolus from the Gibbs’ trun-
cation artifact can be performed using a simple 
method as recently shown by Bannas et al. 
(2014). Their method is to divide the ROI signal 
intensity (SI) of the “presumed PE” by the aver-
age SI of four ROI from the surrounding enhanced 
pulmonary artery lumen(ROI SI PE/average ROI 
of lumen enhancement). If this value is found to 
be greater than or equal to 50%, then a PE is pres-
ent. Values lower than 50% suggest that this 
region is a truncation artifact (Fig. 4). There is a 
confounding issue that also needs to be consid-
ered and that is the centrally located PE that is 
dissolving from thrombolytic therapy. These 
emboli can imbibe gadolinium-based contrast 
material and be of intermediate signal intensity. 
Another imaging feature of central PE that can be 
helpful is the observation that those vessels with 
a PE floating in them can be dilated when com-
pared to their accompanying bronchi. This is due 
to vasodilation of the vessel (autoregulation) in 
response to the decrease in flow. If the PE was 
occlusive before the imaging exam, there may 
also be an area of hemorrhage in the pulmonary 
parenchyma that is fed by the vessel in question.

Bronchi of a certain size can also show this 
artifact (a reverse Gibbs’) as a central area of 
high signal intensity on the post-contrast-
enhanced images only. These are only seen on the 
post-contrast MRA because after contrast the 
bronchial wall enhances. It is the bright signal 
intensity of the wall that in turn causes the forma-
tion of the rippling in image space from the 
Fourier transform to form this high signal inten-
sity dot, which is the reverse of the low signal 
intensity seen in the spinal cord and normal pul-
monary vessels (of a defined size). Interestingly 
enough there is a second reverse Gibbs’ artifact 
found in PE of a certain size. This is cause by the 
abrupt transition between the bright contrast-
enhanced lumen of the vessel and the black low 
signal intensity of the outer surface of the clot. 
We have termed this the “bright central dot.” This 
is one of the direct findings of PE that helps to 
distinguish it from a Gibbs’ artifact on MRA 
exams (Fig. 5).

Fig. 3 Central filling defect in the interlobar artery 
(arrow). Gibbs’ truncation artifact in the left lower lobe 
pulmonary artery (dashed arrow)
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7.2  Transient Interruption 
of the Bolus

This is a very interesting artifact for both CTA 
and MRA exams. One must understand pulmo-
nary physiology and the influence of intratho-
racic pressure on the flow of blood into the right 
atrium to appreciate how this is created. This 
issue is related to the simple fact that if the patient 
breathes in during the injection of contrast mate-
rial there will be the sudden influx of unopacified 
blood from the IVC that will prevent contrast 
enhancement of the pulmonary arteries (Wittram 
2003; Wittram and Yoo 2007). The sine qua non 
imaging appearance of this artifact is as follows: 
(1) contrast material in the superior vena cava, 
(2) very little opacification of the pulmonary 
arteries, and (3) opacification of the pulmonary 
veins, left heart and aorta. There is in effect a hia-
tus of contrast material due to the breath in as 
prescribed by the technologist for the patient 
prior to the initiation of scanning. This may occur 
in the bolus phase images but is not relevant for 
the equilibrium phase exam. This issue can be 
prevented by simply having the patient breathe 

a b c

Fig. 4 (a) The low signal artifact is seen remote from the cen-
ter of a vessel (white arrows) and summates to form the cen-
tral truncation artifact that can mimic a pulmonary embolism. 
Yellow arrow is a pulmonary embolism in the left lower lobe 
pulmonary artery. (b) Gibbs’ truncation artifact (enhanced by 
a gray circle and outlined with a blue rim). (c) Bannas’ 
method for the determination of pulmonary embolus versus 

clot by measuring region of interest of the central vessel and 
comparing that measurement to the surrounding lumen. In 
this example the center measures 1260 signal intensity units 
and the lumen measures 1886 signal intensity units for a ratio 
of (1260/1886 = 67%). Since this is greater than 50%, this 
area is most consistent with a truncation artifact. Pulmonary 
emboli will typically have a ratio of less than 50%

Fig. 5 Pulmonary embolism (PE) with reverse Gibbs’ 
artifact is shown by the dashed arrows. This is a direct 
sign of pulmonary embolism and is a way to distinguish 
PE from Gibbs’ truncation artifact
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quietly and then stop breathing (or to have the 
patient hold his/her breath at end expiration). 
These methods will prevent the sudden decrease 
in intrapulmonary pressure. Most patients with 
PE will have difficulty holding their breath at end 
expiration for the length of an MRA exam.

7.3  Over-Ranging and Noise 
Enhancement in Parallel 
Imaging

There is aliasing that is produced from the unders-
ampling of k-space that is used for parallel imag-
ing (Deshmane et al. 2012). Sense reconstruction 
relies on the aliased images for reconstruction and 
the GRAPPA type reconstruction relies on recon-
structing the missing data in k-space. Residual 
aliasing can be identified as ghosts inside or out-
side the object being imaged. On the other hand 
noise enhancement makes the image appear grainy 
and is often nonuniform (Deshmane et al. 2012).

7.4  Field of View Wrap

One of the more problematic issues with pulmo-
nary MRA is wrap from the arms down by the 
patient’s sides folding over into the field of view. 
While a larger field of view (FOV) can be 
employed to prevent this problem, this strategy 
will prolong the acquisition time. In most pulmo-
nary MRA exams, there is some wrap from the 
undersampling of k-space. The use of sagittal slice 
excitation or having the patient hold their arms 
over their heads can help to limit this problem.

7.5  Fontan and Glenn Shunts

The post-surgical venous connections of the 
Glenn and Fontan shunts can mimic pulmonary 
embolism on those acquisitions acquired during 
the pulmonary arterial bolus (dextrophase). This 
can be very confusing and is an issue for CTA, 
MRA, and nuclear medicine ventilation/perfu-
sion exams (Chow et al. 2001). When one of the 
pulmonary arteries receives blood primarily from 
one of the vena cavas after Glenn or Fontan sur-

gery, there is the likelihood that injection of con-
trast material will only go into that caval 
connection’s corresponding pulmonary artery. 
These cases look like a large PE in one of the 
main pulmonary arteries, but on the delayed 
images, these fill in normally. Some centers are 
working to model these flow patterns with com-
putational fluid dynamics, 4D flow and 3D print-
ing. The flow modeling of these patient’s 
venous-pulmonary arterial connections can help 
to plan the surgical revision of these shunts. It is 
well known that when there is poor mixing of the 
IVC blood with the SVC blood small peripheral 
arteriovenous malformations develop in the lung 
(Ashrafian and Swan 2002).

8  Clinical Applications

8.1  MRA for the Primary 
Diagnosis of Acute Pulmonary 
Embolism: UW-Madison 
Experience

We started doing MRA for the primary diagnosis 
of pulmonary embolism from the Emergency 
Department (Fig. 6) after the success visualizing 
the artery of Adamkiewicz with MRA (Bley et al. 
2010). This method was modified and relied on 

Fig. 6 MRA of a PE (red arrows), and a perfusion defect is 
also shown by the white arrow in the right upper lobe (Case 
courtesy of Dr. J. Paul Finn, UCLA Medical Center)
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the availability of a 2D autocalibration method 
(ARC) for the center of k-space filling that was 
adapted to 3D MRA acquisitions (Brau et al. 
2008; Lum et al. 2009). Table 1 shows the basic 
protocol description with special attention to the 
amount of time it takes to scan the patient. This 
protocol has less than 5 min of acquisition time 
needed which allows these studies to be added 
onto the busy MRI clinical schedule from the 
emergency department. Please note that in rare 
instances the patient may not be able to cooperate 
at all for breath hold acquisitions. In those cases, 
a free breathing strategy can be helpful to salvage 
the examination. In less than 1% of the cases, 
there is a complete failure and a follow-up CTA 
or nuclear medicine ventilation/perfusion exami-
nation needed. From our recent experience, MRA 
is best suited for stable patients with a low to 
intermediate risk of pulmonary embolism.

9  Patient Selection

9.1  Clinical Decision Rules

The routine use of clinical decision rules 
(CDRs) is important to limit the amount of 
overutilization of imaging testing for the diag-
nosis of PE (Rybicki et al. 2016). The use of the 
Wells’ score, Geneva rule, or revised Geneva 

rule can be helpful to control the desire to 
image all chest pain and improve the rate of 
positive cases. Lucassen et al. have performed a 
meta-analysis on the efficacy of various pre-
imaging CDRs for the prediction of pulmonary 
embolism (Lucassen et al. 2011). They found 
the following performance: (1) Wells’ rule with 
a cutoff value <2, sensitivity 0.84; specificity 
0.58, (2) Wells cutoff value ≤4, sensitivity 
0.60; specificity 0.80, (3) the Geneva rule, sen-
sitivity 0.84; specificity 0.50, and (4) the revised 
Geneva rule, sensitivity 0.91; specificity 0.37 
(Lucassen et al. 2011). This group also repeated 
this study using a prospective cohort and found 
that the simplified Wells’ rule with a cutoff 
value of 96% sensitive and 49% specific for the 
diagnosis of PE (Hendriksen et al. 2015). The 
problem with CDRs is that there is still at least 
a 2% incidence of PE found on CTA in patients 
that are considered to be of low risk (Dentali 
et al. 2006).

9.2  The Ideal Patient

The ideal patient for pulmonary MRA is younger 
than 50 years old, able to hold his/her breath for 
more than 13 s and to follow verbal commands 
(Table 2). The short-term follow-up of younger 
patients with known pulmonary embolism on 

Table 2 Optimal patient selection for CE-MRA versus CTA for the primary diagnosis of pulmonary embolism depends 
on patient age, ability to cooperate, and the renal function

Patient presentation CE-MRA CTA

Young female
(<30 years of age)

Yes Ok

Pediatric Patients Yes Ok

Known PE follow-up Yes Ok

Renal failure not on dialysis 
(30 < eGFR < 60)

Yes (ferumoxytol or gadobenate 
dimeglumine)

No

Renal failure on dialysis Yes—ferumoxytol Yes

Pregnancy Perhaps—ferumoxytol or non-CE-MRA Yes

Very dyspneic Ok—heavily averaged exam Yes

Allergy to Iodinated contrast material Yes Ok—needs premedication

Anaphylaxis to Iodinated contrast 
material

Yes Not recommended

Pacemaker and implantable 
defibrillators

Ok—needs to be turned off by cardiology Yes

CTEPH Yes Yes

The utility of MRA and CTA is demonstrated in this table for various patient scenarios
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prior CTA is also a good indication for the use of 
pulmonary MRA (Kluge et al. 2005; Stein et al. 
2016). This helps to minimize the potential 
effects of medical radiation induced malignancy 
(Brenner 2014). For patients with renal failure or 
borderline renal function CE-MRA can also be 
considered as an alternative to CTA. The use of a 
GBCA in patients with compromised renal func-
tion has recently been shown to be safe, without 
evidence for the induction of nephrogenic fibro-
sis (Soulez et al. 2015). The use of ferumoxytol 
can also be helpful in these instances (Hope et al. 
2015). For those patients that have an iodinated 
contrast allergy, CE-MRA and NM V/Q scanning 
should be considered to be suitable alternatives to 
premedication of the patient prior to a CTA 
(Ersoy et al. 2007).

10  MRA Efficacy for PE: 
the Good, the Bad, 
and the Ugly

Twenty-five years ago contrast-enhanced pulmo-
nary magnetic resonance angiography (CE-MRA) 
was found to be a promising new research modal-
ity for the detection of PE (Grist et al. 1993; 
Meaney and Prince 1999a, b; Meaney et al. 1997; 
Schiebler et al. 1993). Since then a number of 
investigators have worked tirelessly to determine 
whether or not this modality could achieve a sim-
ilar sensitivity and specificity as other recognized 
imaging studies for this clotting disorder (Table 3) 
(Blum et al. 2005; Ersoy et al. 2007; Gefter et al. 
1993, 1995; Grist et al. 1993; Gupta et al. 1999; 
Kluge et al. 2006a, b, c; Meaney et al. 1997; 
Ohno et al. 2004; Oudkerk et al. 2002; Pleszewski 
et al. 2006; Revel et al. 2012; Schiebler et al. 
1993; Stein et al. 2010; Goodman et al. 2000). 
After the fine work by Martine Remy-Jardin and 
colleagues CTA was established as the new gold 
standard imaging test for the presence of pulmo-
nary embolism (Remy-Jardin et al. 1996) Mayo 
et al. 1997) and used to evaluate the efficacy of 
each incremental gain in MRA methodologies 

for the primary diagnosis of PE. The largest, best, 
and probably the last funded efficacy study com-
paring MRA to CTA for PE was PIOPED III 
(Stein et al. 2010). This prospective study com-
pared MRA exams performed after a CTA exam 
in patients with possible pulmonary embolism. 
This showed that MRA was difficult to perform 
well with an aggregate technical failure rate of 
25% (range of 11–51%). The technical success 
rate at expert academic centers in the PIOPED 
network was 50%, and the sensitivity of MRA for 
PE was modest (80%). On the positive side, the 
PIOPED investigators did find a very high speci-
ficity (99%) (Table 4).

10.1  MRA and MRV Methods

Pulmonary MRA can easily be performed at 
either 1.5 T or 3 T. The image quality is better at 
3 T; however the motion artifacts are also more 
significant. If the patient is dyspneic, there are a 
series of interventions that are available to ensure 
good image quality (see above). MRV can be used 
to reliably quantify the amount of deep venous 
thrombus (DVT) (Mani et al. 2015). Thus, MRV 
is able to quantify the response of DVT to throm-
bolytic agents and long-term anticoagulation.

11  Post-processing

Subtraction of pre- and post-pulmonary MRA 
images is not recommended, as there is too much 
misregistration between breath hold acquisitions 
and the pre-contrast mask to allow for any mean-
ingful subtraction image. Maximum intensity 
projection images (MIP) and multiplanar recon-
structions (MPR) are helpful supplements of the 
MRA images. Volume rendering (VR) can also 
be useful for demonstration purposes and scien-
tific presentations. This is particularly true if a 
vascular malformation is being shown to an audi-
ence, as the VR images are most similar to 
 standard angiography.
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Table 3 Patient-based efficacy of MRA for acute pulmonary embolism: use of CTA as the gold standard for the 
 determination of test accuracy, sensitivity, specificity, PPV, and NPV

Publication Test

Total 
patients
(% 
diagnostic)

Accuracy%
(TP + TN/total)
(95%; C.I.)
[prevalence]

Sensitivity%
(TP/TP + FN)
[95%; C.I.]

Specificity%
(TN/TN + FP)
[95%; C.I.]

PPV%
(TP/TP + FP)
[95%; C.I.]

NPV%
(TN/
TN + FN)
[95%; 
C.I.]

Grist et al. 
(1993)

MRA 14 78%
(11/14)
[42%]

100%
(6/6)

63%
(5/8)

66%
(6/9)

100%
(5/5)

Schiebler 
et al. (1993)

MRA 18
(100%)

–
–
[77%]

85% – – –

Kalb et al. 
(2012)

MRA 22 55% 95%

FISP 22 67% 100%

3D GRE 22 73% 100%

All 3 22 84% 100%

Stein et al. 
(2010)

MRA 371
(75%)

93%
(260/279)
[28%]

78%
(59/76)
[67–86]

99%
(201/203)
[96–100]

97%
(59/61)
[91–98]

92%
(201/218)
[82–97]

Stein et al. 
(2010)

MRA and 
MRV

370
[48%]

94%
(166/176)
[28%]

92%
(65/71)
[83–97]

96%
(101/105)
[91–99]

94%
(65/69)
[74–98]

94%
(101/107)
[92–99]

Revel et al. 
(2012)

MRA 274
[72%]

92%
(182/198)
[37.5%]

84.5%
(71/84)
[75–91]

99.1%
(111/112)
[95–100]

98.6%
(71/72)
[93–100]

89.5%
(111/124)
[83–94]

Kluge et al. 
(2006c)

MRA 62
87%

94%
(51/54)
[30%]

81%
(13/16)

100%
(38/38)

100%
(13/13)

93%
(38/41)

Ersoy et al. 
(2007)

MRA 27
100%

96%
(26/27)
[15.4%]

100%
(4/4)

95%
(22/23)

80%
(4/5)

100%
22/22

Pleszewski 
et al. (2006)

MRA 48
100%

95%
(46/48)
[23%]

82%
(9/11)

100%
(37/37)

100%
(9/9)

95%
(37/39)

Blum et al. 
(2005)

MRA 89
100%

77%
(69/89)
[71%]

71%
(44/62)
(60–82)

92%
(25/27)
(82–100)

96%
(44/46)
(90–100)

58%
(25/43)
(42–72)

Ohno et al. 
(2004)

MRA 48
100%

94%
45/48
[25%]

92%
11/12

94%
34/36

85%
11/13

97%
34/35

Meaney 
et al. (1997)

MRA 30 100%
(30/30)
[26%]

100%
(8/8)

95%
(21/22)

89%
(8/9)

100%
(21/21)

Oudkerk 
et al. (2002)

MRA 128
92%

91%
[30%]

77%
[61–90]

98
[92–100]

93%
[78–99]

91%
[83–96]

Gupta et al. 
(1999)

MRA 36 92%
(33/36)
[36.1%]

85%
(11/13)
[64–98]

96%
(22/23)
[85–100]

92%
(11/12)
[74–100]

92%
(22/24)
[83–100]

Zhang et al. 
(2013)

MRA 27
100%

100%
(27/27)
[89%]

100%
(24/24)

100%
(3/3)

100%
(24/24)

100%
(3/3)
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Table 4 Direct comparison of PIOPED III and UW-Madison Methodologies, protocols, and results

Study parameter PIOPED III UW-Madison experience

Protocol implementation date May 1, 2007 April 1, 2008

Efficacy trial Yes No

Effectiveness trial No Yes

Prospective multicenter Yes No

Randomized No No

Multiple readers of MRA after 
index study reached consensus

Yes No

MRA was index study No Yes

MRA results determined patient 
treatment

No Yes

MR venography Sometimes (194/371) No

Central readers (at least 2) Yes No

Range of reader MRA experience 
(years)

unknown 5–30 years

Reference tests used for the 
determination of test efficacy

CTA; Normal V/Q lung scan;
Low probability V/Q lung scan; 
Low clinical probability
Wells criteria, and negative venous 
ultrasound
Negative pulmonary DSA

Not applicable

Outcome variable used Not applicable All-cause mortality, minor or major 
hemorrhage, venous thromboembolism

Follow-up period 3 months ( Telephone call)
6 months (Telephone call if eGFR 
60–90)

6 months Electronic medical record 
review

Number of cases analyzed 371 675

Number lost to follow-up or 
excluded

Not applicable 58

Number of cases included 371 617

CTA reference test (+) 102 Not applicable

CTA reference test (−) 166 Not applicable

No CTA performed 8 Not applicable

Percentage of (+) PE exams 28% (104/371)a 8.2% (46/617)

Death over 6 months F/U No recorded adverse eventsb 16

Technically limited exams 24.8% (92/371) 7.5% (54/617)

Sensitivity 45–100 93.8%

Specificity 95–100 100%

Positive predictive value 96.6% 100%

Negative predictive value 92.2% 99.4%

MRA methods

Field strength (T) 1.5 and 3.0 1.5

Hardware vendors Multiple Single

Field of view 40 (fixed) 18–45 (to fit the patient)

Slice acquisition plane Coronal Sagittal

Interpolated resolution (mm3)
(2 × zero filling of k-space)

SI 0.5 × RL 0.7 × AP 1.5 SI 0.7 × RL 0.7 × AP 1.0

Number of slices 44 (88) 140–160

Number of signal averages One One

(continued)
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12  Recent Improvements 
of Pulmonary MRA

In the PIOPED III trial, MRA still fell short of 
meeting any of the critical efficacy goals that would 
have ensured meaningful adoption of this new 
technology, despite many efforts. However, since 
the closure of PIOPED III the MRA acquisition 
methods have improved substantially. There have 
been changes in the use of multi-coil technology, 
parallel imaging, bolus strategies, injection rates 
and duration, use of autocalibration of k-space 
strategy (Brau et al. 2008), and the use of a combi-
nation of pulse sequences for the total exam. 
Table 4 highlights the similarities and differences 
between the current UW-Madison and PIOPED III 
methods. Thus, a modern strategy does not just rely 
on a single acquisition in the dextroarterial bolus 
phase (Brau et al. 2008; Ohno et al. 2004). In addi-
tion, physician experience level, familiarity with 

MRA artifacts, technologist training, and making 
pulmonary MRA a frequently performed examina-
tion help to improve the technical success rate for 
this study (Nagle et al. 2016). While CE-MRA of 
the pulmonary arteries is not a perfect test, we have 
learned from our experience and the shortcomings 
of the PIOPED III trial to make this test work 
effectively.

In a prospective efficacy trial the combination 
of MRA, MR perfusion, and 3D gradient echo 
imaging pulse sequences was shown to improve 
the sensitivity and specificity of MRI for the detec-
tion of PE (Kalb et al. 2012). Using CTA as the 
gold standard for comparison of test efficacy, they 
found a sensitivity of 55% for MRA, 67% for trig-
gered true FISP, and 73% for 3D GRE MRI. The 
combination of all three pulse sequences improved 
the sensitivity to 84% (Kalb et al. 2012). Ohno 
et al. (2010) also used perfusion MRA to help with 
the diagnosis of PE (Ohno et al. 2010). They also 

Table 4 (continued)

Study parameter PIOPED III UW-Madison experience

Contrast agent and dose (mmol/kg) Gadobenate dimeglumine 
(Multihance™) 0.1–0.2

Gadobenate dimeglumine
(Multihance™) 0.1

Minimum eGFR (ml/min) 60 none

Test bolus Yes (1–2 ml) No

Real time bolus tracking No Yes

Bolus injection rate (ml/s) 2 1.5

Normal saline flush (ml) 15 30

Contrast dilution No Bring up to a total volume of 30 ml 
with normal saline

Type of Pulse sequence 3D gradient recalled echo 3D T1 weighted fat saturated spoiled 
gradient recalled echo

Time to repetition (TR) ≤6.6 ms 2.9 ms

Time to echo (TE) ≤2.3 ms 1.0 ms

Number of surface coils 6–12 8

Parallel imaging factor Varied depending on size of patient 3.6

MRA acquisitions Six Three

Flip angle for primary and delay # 
1 MRA

20–35° 28°

Flip angle for delay # 2 MRA 20–35° 15° (lower)

Bandwidth (kHz/pixel) ±38–150 ±88

Breath hold length (s) 14–22 15–21

Respiratory phase Full inspiration variable
aThis was an enriched population of subjects and not a sequential enrollment of all qualifying patients. In other words 
this was not a real world accrual of patients with symptoms suspicious for pulmonary embolism
bAn important shortfall in the methodologyused for PIOPED III was the lack of attention to the all-cause mortality at 
six months for their subject population
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generated estimates of pulmonary blood flow 
(PBF), pulmonary blood volume (PBV), and mean 
transit time (MMT) maps from the perfusion MRA 
data; they found that the pulmonary blood volume 
was the most accurate parameter for determining 
patient outcomes (Ohno et al. 2010). This is an 
interesting result in that the lung perfused blood 
volume is a proxy for how much gas exchange is 
still available after pulmonary embolism. It takes 
into account the amount of diseased lung as well 
as that portion of the pulmonary arterial circula-
tion that is still patent. This measure was of more 
importance than any of obstruction indices and 
was more closely related to survival than the RV/
LV index (Ohno et al. 2010).

13  MRA Characteristics 
of Pulmonary Emboli

13.1  Direct Findings

The direct findings of pulmonary embolism at 
MRA are very similar to what one would expect 
from a contrast-enhanced cross-sectional imag-
ing exam (Table 5). Our experience mirrors that 
of the extensive CTA literature in this area and 
extends knowledge regarding these direct find-
ings based on the multiparametric features of 
MRA exams (Kluge et al. 2006b, c, 2004; 

Wittram et al. 2004). These direct findings are 
as follows: The most obvious of these findings 
is visualization of the (A) occlusive PE— these 
present as low signal intensity clot completely 
obstructing the pulmonary artery (the average 
clot to vessel signal intensity ratio is 0.26 ± 0.23 
S.D.) (Fig. 7). In 60 of our positive MRA PE 
studies we found totally occlusive clots in 33% 
of the cases (20/60 occlusive clot); these occlu-
sive clots are a cause of the well-known angio-
graphic finding of (B) vessel “cutoff” seen on 
the MIP images of the MRA (11/60 vessel cut-
off); the embolus may also be nonocclusive and 
be either centrally located or (C) eccentrically 
located PE with respect to the vessel centerline 
(40/60 nonocclusive clot) (Fig. 8). Only on 
MRI is the finding of two low signal intensity 
lumens side-by-side, named the (D) double 
bronchus sign (20/60 cases of the double bron-
chus sign) (Fig. 9). The double bronchus sign is 
caused by the low signal intensity clot com-
pletely obstructing a pulmonary artery that is 
always next to a bronchus, which is also of low 
signal intensity; (E) chronic clots/webs from 
CTEPH tend to be more eccentrically located 
as a rule, but some patients with a  single PE can 
also have this configuration as the clot resolves 
(Fig. 8b); (F) the bright central dot is a reverse 
Gibbs’ truncation artifact in the center of 
emboli of a certain size. Gibbs’ artifact in a ves-

Table 5 Comparison of the direct findings of pulmonary embolism found at CTA and MRA and the underlying mecha-
nism responsible for their imaging appearances

Mechanism for imaging appearance CTA MRA

Filling defect within the pulmonary 
artery after contrast enhancement

Nonocclusive filling defect Nonocclusive filling defect

Vessel completely obstructed and 
amputated on angiographic projection 
images

Vessel cutoff Vessel cutoff not visible if vessel 
too small

Methemoglobin in PE Not applicable High signal intensity T1 of PE

Obstructing PE with its adjacent 
bronchus

Not named “Double bronchus” sign

Imbibition of Contrast by dissolving 
clot

Webs Web and the “Chameleon” clot

Gibbs’ truncation artifact Not applicable High signal intensity dot within 
clot

Chronic clot with eccentric effacement 
of pulmonary artery wall after contrast 
enhancement

Pulmonary artery wall irregularity Pulmonary artery wall irregularity
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sel without PE will not have a bright dot cen-
trally, so this is one of the key distinguishing 
features between an embolus and the Gibbs’ 
artifact (Fig. 10). On occasion there are (G) 
higher signal intensity emboli seen; we have 
termed these “Chameleon Clots.” These are 
defined by the fact that these PE become of 
higher signal intensity on the post-contrast 
MRA images than would normally be expected 

for an embolus. We suspect that the reason for 
this is that there are different ages of emboli 
within the pulmonary  arterial tree. As pulmo-
nary emboli age they tend to fragment, get 
smaller and eccentric, and as the webs of fibrin 
are surrounded by the contrast agent. These 
types of PE at MRA may not show the 50% loss 
of signal intensity that is found with PE using 
the Bannas method, because they have lost their 

a b

Fig. 7 (a) Occlusive PE are shown in the right upper and-
interlobar arteries (white arrows) and their corresponding 
perfusion defects (yellow  arrows). (b) Perfusion defects 

in the right lower and left lower lobes from pulmonary 
embolism (arrows)

a b

Fig. 8 (a) Nonocclusive PE shown in the left lower lobe 
(yellow arrow) and the Gibbs’ truncation (ringing) artifact 
is shown in the aorta (white arrow). (b) Chronic pulmo-

nary embolism web (white arrow) in the right lower lobe 
pulmonary artery
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normal low signal intensity due to the imbibi-
tion of GBCA. As the clot lyses, there are more 
spaces for contrast to enter it. This is only seen 
in the follow-up CE-MRAs of patients on anti-
coagulation for known VTE. The end stage of 
this process is a web. These chameleon clots 
may be indistinguishable from Gibbs’ artifact 
at MRA. In these cases, a CTA is needed to 
solve the problem. Another feature of PE on 
MRA exams is that occasionally the PE has a 
(H) high T1 weighted signal intensity 
embolus (Fig. 11) on the pre-contrast MRA T1 
weighted images. This is because there is 
enough methemoglobin to shorten the T1 
(Gomori and Grossman 1988) of the embolus 
and observed on the pre-contrast examination. 
While the high T1 signal intensity from methe-
moglobin within the clot is better seen in the 
head, occasionally it can also be seen in the 
body as well, and may be occasionally seen on 
the pre-contrast MRA exams used for field of 
view calibration (5/60 high T1W signal inten-
sity clot). Multiparametric MRI of ex vivo 
human clots and emboli (Vidmar et al. 2015) 
exhibits some unique apparent diffusion coeffi-
cient (ADC) T1, T2, and T2* features of 
thrombi as they age. Of interest for the radiolo-
gist is that the ADC and T2 are sufficiently dif-
ferent for the red cell and platelet rich portions 
of the thrombus compared to the fibrin rich por-
tion of thrombi. These could potentially be 
used in vivo for characterization of clot age. 
Not all emboli are related to thrombi. As Bach 
et al. have shown man made materials can be 
filtered out by the lungs as well and sometimes 
be mistaken for pulmonary embolism (Bach et 
al. 2013).

13.1.1  Direct Binding of Fibrin 
by Molecular Imaging Agents

A novel agent (64Cu-FBP8) that binds fibrin can 
also be chemically bound to gadolinium or a 
radioactive isotope (Blasi et al. 2014, 2015a, b; 
Oliveira et al. 2015; Overoye-Chan et al. 2008). 
It is now undergoing testing in animals and will 
soon have a human trial started. The interesting 
feature of this agent is being able to identify 
areas of active fibrin formation and chronic 
fibrin in clots. The resolution of this agent (how 

a

Fig. 9 Double bronchus sign is shown in this spoiled gra-
dient echo image of an occlusive PE in the right lower 
lobe pulmonary artery (dashed arrow) and in the right 
interlobar bronchus (solid arrow). This is a direct sign of 
PE on MRA. (a) Right lung

Fig. 10 Bright central dot seen in reverse Gibbs’ trunca-
tion artifact of pulmonary embolism
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small of a clot can be found) depends on the 
tracer used, its activity/relaxivity, and the inher-
ent detector sensitivity/resolution of the imag-
ing device employed to image it. Recently, with 
the introduction of PET/MR instruments for 
humans use, the simultaneous MRI and PET 
imaging of pulmonary emboli and their reser-
voir in the systemic venous system has now 
become possible (Uppal et al. 2011). Non-
invasive real-time imaging of the effectiveness 
of thrombolytic therapy may also be possible 
using this technology. It may be interesting to 
use such imaging biomarkers for the personal-
ization of thrombolytic and anticoagulation 
therapy.

13.1.2  Pitfalls and Mimics in the MRA 
Diagnosis of PE

It is more difficult to find pulmonary emboli on 
MRA exams than on CTA examinations because 
the perceptual event has a lower intrinsic signal 
for the observer to find. In the case of an occlu-
sive embolus, there is low signal intensity throm-
bus filling the pulmonary arterial lumen 
surrounded by lung that is of a similar degree of 
low signal intensity. We have termed this situa-
tion as a “black on black” event (Table 6). There 
is nothing to see but the absence of where a ves-
sel should be. Therefore, the first pitfall is simply 

that the vessel involved is too small to find/
observe because it is occluded. Hence the prob-
lem of why MRA exams have lower sensitivity 
for PE, particularly in the subsegmental vessels 
(Stein et al. 2010).

There are also mimics of pulmonary embo-
lism at MRA (Table 6). The most common MRA 
pitfall is the central vessel low signal intensity 
from the Gibbs’ truncation artifact (Bannas et al. 
2014). This is differentiated from a true embolus 
by its location and signal intensity. Another 
common pitfall is “transient interruption of the 
bolus.” Breathing just before the exam suddenly 
lowers the intrathoracic pressure and causes a 
rapid inflow of unopacified blood from the infe-
rior vena cava that destroys the opacification of 
the pulmonary arteries coming from the superior 
vena cava (upper extremity injection). Primary 
and secondary malignancy can also cause intra-
luminal defects seen at MRA (Attina et al. 
2013). These may be suspected in the appropri-
ate clinical scenario. Primary pulmonary artery 
sarcoma is rare, often centrally located, has a 
frond-like interface with the lumen, may invade 
the pulmonary artery wall, and will not improve 
after thrombolytic therapy or anticoagulation 
(Attina et al. 2013). Secondary malignancies can 
 embolize to the lung and be a cause of intrapul-
monary arterial metastatic disease. While this can 

a

Fig. 11 (a) High T1W signal of pulmonary embolism in the left lower lobe (white arrow), (b) confirmed on the 
CE-MRA images
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occur with any malignancy, renal cell cancer is 
the most common (Restrepo et al. 2012).

13.2  Indirect Findings

There are a number of secondary imaging find-
ings that are associated with pulmonary embo-
lism that are well known from the CTA literature 
and some additional findings that are only found 
on MRA exams (He et al. 2006), In our own 
experience of 60 MRA (+) of pulmonary embo-
lism we found the following distribution of indi-
rect findings: (a) perfusion defect in 71% (43/60). 
There is also the issue of (b) 20/60 pulmonary 
venous stasis. This finding is related to differen-
tial venous return in the lobes affected by PE 
wherein the transit time is increased when com-
pared with the normal adjacent vein. The signal 
intensity of the vein in the affected lobe will be 
either higher or lower than its adjacent venous 
comparison. This difference is dependent on 

when the peak of the bolus reaches each one of 
the veins. Frequently, for the first time point of 
the MRA exam (bolus phase), this finding is 
reflected as an increase in the signal intensity of 
those lobes with PE that have diminished flow in 
and out of them. We have also found (c) 15/60 
high T2W signal intensity pulmonary infarctions 
and (d) (13/60) pleural effusions. (e) The wall of 
the vessel has also been observed to enhance 
after contrast (8/60) or (f) the parietal pleura 
(6/60). A few cases (g) (6/60) exhibit atelectasis, 
and rarely we have found (h) (3/60) enhancing 
pleural effusions.

13.2.1  Follow-Up of Known Pulmonary 
Embolism

One of the unsung uses of pulmonary MRA is in 
the follow-up of known pulmonary embolism 
(Kluge et al. 2005). Skeptics of using MRA as a 
first-line test should be willing to try this imaging 
exam lacking ionizing radiation for follow-up of 
known disease under treatment to determine if 

Table 6 The pitfalls in interpretation of pulmonary emboli are discussed along with their underlying etiology

CTA MRA

Poor bolus Variable density Variable signal intensity

Fontan shunt baffle Complete lack of contrast within one 
of the pulmonary arteries

Complete lack of contrast within one 
of the pulmonary arteries

Incomplete mixing Right ventricle will have a 
variegated appearance

Right ventricle may have a 
variegated appearance but this is 
uncommon given the 15+ s 
acquisitions

Transient interruption of the bolus 
during inspiration

Normal contrast in SVC and aorta 
but very little in the pulmonary 
arteries

Normal contrast in SVC and aorta 
but very little in the pulmonary 
arteries

Gibbs’ truncation artifact Not applicable Very common area of central low 
signal intensity with the lower lobe 
arteries

Volume averaging Can cause low density within a 
subsegmental vessel

Less of an issue given the three 
separate acquisitions

Motion artifact Common problem in the left lower 
lobe adjacent to the heart

Smoothing of the pulmonary arteries 
adjacent to the heart without a 
significant limitation for 
interpretation

Primary pulmonary artery sarcoma Large irregular intra-arterial mass 
with multiple fronds of tissue that 
does not resolve after thrombolytic 
therapy and is PET (+)

Large irregular intra-arterial mass 
with enhancement and ADC 
different from thrombus

Intrapulmonary hematogenous 
spread of metastatic disease

Can be indistinguishable from PE Can be indistinguishable from PE
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the emboli are smaller or if new emboli have 
occurred. In a review of 600 patients with CTA 
evidence of PE, at least one follow-up exam was 
performed in 141 of 600 patients (23.5 %), with 
two follow-up exams in 1 year found in 40/600 
(6.7%) (Stein et al. 2016). Since a number of 
these cases were in young women, they conclude 
that the use of alternative imaging modalities 
would be useful for young women with known 
pulmonary embolism (Todua et al. 2016).

13.3  Ancillary Findings

One of the concerns regarding the use of pulmo-
nary MRA as a primary examination for non-
STEMI chest pain is that this modality will not be 
able to find the cause of pain as well as CTA 
(Richman et al. 2004), particularly if the cause is 
related to a primary pulmonary parenchymal pro-
cess (Stein et al. 2011a; Wittram et al. 2004). 
While it is true that the traditional MRA pulse 
sequences using gradient echo imaging do not 
show lung parenchymal detail well, the full pro-
tocol for an MRA chest also includes Fast Spin 
Echo pulse sequences as well as post-gadolinium 
fat-subtracted pulse sequences that can be 
employed to troubleshoot any contemporaneous 
lung pathology. In addition, the use of contrast 
enhancement means that inflammation and can-
cer will be nicely shown on the MRA pulse 
sequences as high signal intensity regions within 
the lung parenchyma. Our own experience with 
ancillary findings when using pulmonary MRA 
as a primary imaging modality for the diagnosis 
of pulmonary embolism confirms that almost all 
critical tissues in the chest are well evaluated 
with MRI; these include the following: mediasti-
nal compartments, lymphadenopathy, bone 
pathology, thoracic spinal cord, lung masses, 
pneumonia, pulmonary infarcts, areas of 
decreased pulmonary perfusion, cardiac chamber 
enlargement, pericardial effusion, pericarditis, 
pleural effusions, atelectasis, pleural-based and 
chest wall masses, liver masses and cysts, renal 
masses and pyelonephritis, splenic masses, adre-
nal masses, gallstones, cholecystitis, sternal 

osteomyelitis, rib fractures, costochondritis 
(Figs. 12, 13, and 14) (Richman et al. 2004; 
Schiebler et al. 2016b). We have found that the 
percentage of actionable findings reported on 
final MRA examinations of the chest was similar 
to the percentage reported for CTA in the same 
clinical scenario (Richman et al. 2004; Schiebler 
et al. 2016b). One of the added benefits of MRA 
of the chest, with respect to ancillary findings, is 
the larger craniocaudal field of view than 
CTA. This allows for more coverage of the upper 

Fig. 12 Right pleural effusion (yellow arrow), nonocclu-
sive embolus (white arrow), and the right middle lobe 
medial segment paired bronchus (dashed white arrow) 
adjacent to its pulmonary artery (dashed yellow arrow)

Fig. 13 Pericarditis (white arrow) is shown on this fat 
saturated spoiled gradient echo image. The visceral and 
parietal (arrow) pericardial surfaces are enhancing in this 
individual with malignancy
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abdomen and the cervicothoracic junction with 
MRA; thus any pathologies involving those areas 
are also included as part of the exam. This is par-
ticularly helpful in the situation of venous cathe-
ter related fibrin sheaths and acquired upper 
extremity thrombosis which is not well identified 
on routine CTA.

The Achilles heel for MRA of the chest is col-
lections of air. We have found that small pneu-
mothoraces and/or a pneumomediastinum can be 
difficult to observe if the radiologist is not spe-
cifically looking for these pathologies (Fig. 15). 
The lung parenchyma is of low signal intensity 
as are the pneumothoraces and areas of pneumo-
mediastinum. Often these are on the chest x-ray 
performed before the MRA, and thus are not an 
issue for patient care. Sometimes however these 
are found on follow-up CTA examinations. The 
presence of emphysematous blebs, paraseptal 
emphysema, and centrilobular emphysema is 
difficult to observe on standard MRA exams. 
There is likely a role for MRI using ultrashort 
time to echo (UTE) imaging for these disorders 
(Johnson et al. 2013; Ohno et al. 2014; Roach 
et al. 2016).

14  MRA Effectiveness for PE

In our studies of MRA test effectiveness for PE, 
the outcome metric used was interval venous 
thromboembolism (VTE). This follow-up metric 
has been used for years in the CTA and nuclear 
medicine literature for ventilation/perfusion scans 
to show test effectiveness in this specific clinical 
setting. These CTA effectiveness studies (Table 7) 
show that on average the likelihood for an interval 
VTE, after a negative CTA, is about 1% (Ferretti 
et al. 1997; Garg et al. 1999; Goodman 2000; 
Lomis et al. 1999; Mayo et al. 1997; Nilsson et al. 
2002; Ost et al. 2001; Tillie-Leblond et al. 2002; 
van Belle et al. 2006). In addition to evaluating for 
venous thromboembolism as the outcome metric, 
some studies have also used the presence of all-
cause mortality, hemorrhage requiring transfusion 
of at least 2 units of packed cells and/or signifi-
cant bleeding requiring hospitalization. We have 
recently reported our experience in 563 patients 
(Schiebler et al. 2016a) and show that there are 
very good outcomes, as good as those for CTA, 
using pulmonary MRA as a primary test for the 
diagnosis of PE.

The confounding issue of the excellent patient 
outcomes (test effectiveness) found in patients 
after the primary use of MRA for the detection 

Fig. 14 Pulmonary infarct shown as high signal intensity 
debris in the lung parenchyma surrounding a pulmonary 
embolus (arrow). Note the enhancing parietal pleural sur-
face (yellow arrow). The irritation of the parietal pleura by 
the hemorrhage of the pulmonary infarct is what initiates 
the symptom of chest pain for a patient presenting with 
pulmonary embolism

Fig. 15 Pneumomediastinum on coronal contrast-
enhanced MRA is of low signal intensity and mimics fluid 
in the pericardial space
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of PE is difficult to explain because the known 
efficacy for MRA is so much lower than CTA 
(Schiebler et al. 2016a, 2013; Stein et al. 2010; 
Li et al. 2016). This is essentially a “performance 
gap” wherein the outcomes are better than would 
have initially been expected based solely on the 
sensitivity and specificity of MRA for the pri-
mary detection of PE, and simply it might be too 
early to make any informed judgment about this 
issue. In addition, MRA might be preferentially 
used in younger persons that are healthier than 
the CTA population for this disorder. Also, the 
presence of subsegmental PE (SSPE) emboli, 
which are difficult to find at MRA, may have 
little to no importance. In other words, these 
SSPE are not clinically significant, particularly 
for those with good cardiopulmonary reserve 
and normal underlying lung function. Perhaps 
CTA is finding too much disease. This is the con-
cept of “over-diagnosis” wherein a test, in this 
case CTA, is finding PE that does not merit treat-
ment, as the treatment has not affected the death 
rate from the disease (Burge et al. 2008; Sheh 
et al. 2012). However, a retrospective multi-
center study demonstrated that any PE, even a 
small SSPE, is as problematic as larger PE and 
was found to have the same incidence of adverse 
events during follow-up (den Exter et al. 2013). 

Otherwise, CTA exams may be “overcalling the 
presence of PE” by up to 50% (Hutchinson et al. 
2015). Consensus reads by thoracic radiologists 
found most cases of erroneous PE diagnosis in 
the smaller vessels and that these errors were 
related to beam hardening artifact, motion, and 
volume averaging. Obviously, the current MRA 
protocol with better gradients, longer injection 
times, shorter time to echo, 3D acquisition strat-
egy with autocalibration of the center of k-space 
(Brau et al. 2008), and near isotropic voxels is 
much more powerful than the one used in 
PIOPED III (see Table 4). As such, the leap in 
image quality could help to explain this perfor-
mance gap and possibly a better efficacy of 3D 
MRA than was found in PIOPED III (Zhang 
et al. 2013). Overall, a multicenter prospective 
randomized trial comparing MRA and CTA for 
an age, sex, and Wells’ score matched case con-
trol study is warranted to show whether this test 
can be safely used for the primary diagnosis/
exclusion of PE.

The old adage is that, “all politics are local.” 
In the translation of any new imaging method 
from the bench to the clinic there need to be 
champions (“cheerleaders”) in radiology and 
clinical medicine to help jump start the program. 
There is also the need to explore the local 

Table 7 Meta-analysis of MRA for the diagnosis of acute pulmonary embolism—combining both efficacy and effec-
tiveness studies (Zhou et al. 2015)

Sub-study classifier Number of publications
Sensitivity

95% CI
Specificity

95% CI

High quality studies 3 studies 96%
(85–100%)

96%
(86–100%)

Low quality studies 10 studies 72%
(67–77%)

79%
(76–82%)

Publication date <2004 5 studies 90%
(80–90%)

92%
(85–97%)

Publication date 2004–2009 5 studies 82%
(73–88%)

96%
(91–98%)

Publication date ≥2010 3 studies 67%
(60–73%)

72%
(67–76%)

Gadopentetate dimeglumine 3 studies 95%
(84–99%)

98%
(91–100%)

Gadodiamide 2 studies 74%
(62–83%)

94%
(83–99%)

Gadodiamide hydrate 1 study 92%
(N.A.)

94%
(N.A.)
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 reimbursement for pulmonary MRA. Currently 
in the USA a pulmonary MRA for PE is not cov-
ered, whereas MR of the chest with contrast for 
other chest-related pathologies is, e.g., pleural 
effusion, pericardial effusion, pneumonia, medi-
astinal mass, and lung cancer. The reader is also 
referred to a recently published road map for suc-
cessfully starting a pulmonary MRA program 
(Nagle et al. 2016).

 Conclusion

We have demonstrated that pulmonary MRA 
is indeed a safe alternative test for the primary 
diagnosis of clinically significant pulmonary 
embolism. Radiologists should be comfort-
able knowing that the current hardware/soft-
ware configurations of all MRI vendors are 
more than sufficient to perform this exam in 
almost all of their patients. In the specific situ-
ation of pulmonary MRA for acute PE, we 
started by comparing MRA to concurrent 
CTA and then evolved to using pulmonary 
MRA as an alternative to CTA for young 
women and those patients with iodinated con-
trast allergies. While our experience is very 
strong on the performance of MRA at one site, 
how this translates to implementation at mul-
tiple new sites, with the expected variation in 
reader experience, remains to be determined. 
The reason this book chapter is so detailed is 
that we want you, the reader, to be successful 
in performing and interpreting these exams for 
your patients.
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MR Perfusion in the Lung
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Abstract

Perfusion is the blood flow of an organ at the cap-
illary level. It is closely related to the blood sup-
ply of the lung and moreover to lung function. 
It is altered in various diseases of the lung such 
as pulmonary hypertension or cystic fibrosis, 
etc. Therefore, perfusion is an important func-
tional parameter in the diagnosis of pulmonary 
diseases, and quantitative values are required to 
study physiology and pathophysiology of vari-
ous lung diseases as well as to monitor treatment 
response. The most popular and clinically estab-
lished approach to measure the pulmonary per-
fusion using MRI is based on three-dimensional 
time-resolved contrast-enhanced T1-weighted 
sequences. The rapid acquisition of perfusion 
images facilitates the tracking of the first pass 
of a contrast agent through the lung paren-
chyma. Based on this information, it is possible 
to quantify perfusion in the entire lung using 
the indicator dilution theory. Quantification is 
challenging due to potential extravasation of the 
contrast agent during the first pass as well as the 
nonlinear relationship between the concentra-
tion of the contrast agent and signal intensity. 
Some of these challenges can be addressed by a 
dual-bolus technique. Alternatively, pulmonary 
perfusion can be assessed using contrast agent-
free approaches such as arterial spin labeling 
or Fourier decomposition MRI. Application of 
these techniques can especially benefit patients 
for whom the contrast agent administration is 
contraindicated.
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1  Introduction

Perfusion is the blood flow of an organ at the cap-
illary level, i.e., it is the amount of arterial blood 
delivered to a tissue in a certain time period. The 
unit of perfusion is mL min−1 100 g−1 or, more 
commonly in lung perfusion imaging, mL min−1 
100 mL−1.

Perfusion is closely related to the supply of 
organs and moreover to the function of the organ 
and can be altered in various diseases of the lung 
such as pulmonary hypertension, chronic obstruc-
tive pulmonary disease (COPD), or cystic fibro-
sis (CF). Not only can lung perfusion alterations 
occur directly due to diseases affecting pulmo-
nary blood supply but also indirectly by hypoxic 
vasoconstriction, a reaction to alveolar hypoxia, 
which leads to a shifting of blood to better venti-
lated lung regions. Therefore, perfusion is an 
important functional parameter in diagnosis of 
pulmonary diseases. Currently, the standard clin-
ical tool for the assessment of perfusion is still 
99m-technetium-labeled macroaggregated albu-
min scintigraphy or single-photon emission com-
puted tomography (SPECT). The nuclear 
medicine modalities, however, are limited by 
poor spatial resolution and by the use of radioac-
tive substances. MRI has proven to be a promis-
ing alternative providing morphological and 
functional information. First experiments in rats 
using a spin echo sequence after the administra-
tion of contrast agent had already shown the 
potential of pulmonary perfusion MRI in an 
experimental setup (Berthezene et al. 1992). As a 
result of the advancing development of MR scan-
ners, Hatabu et al. (1996) were able to visualize 
the signal enhancement during the first pass of a 
contrast agent through the lungs in humans by 
utilizing a two-dimensional T1-weighted gradi-
ent echo sequence with short echo time (TE). In 
the last decade, investigation of three-dimen-
sional (3D) pulmonary perfusion by time-
resolved or dynamic contrast-enhanced (DCE) 
MRI with acceptable temporal resolution and 
volume coverage has been proposed (Fink et al. 
2004a, 2005a; Nikolaou et al. 2004; Ohno et al. 
2004) and became available on most clinical MR 
scanners today.

The rapid acquisition of perfusion images 
facilitates the tracking of the first pass of a gado-
linium-based contrast agent through the lung 
parenchyma. Based on this information, it is pos-
sible to quantify perfusion in 2D (Hatabu et al. 
1999; Levin et al. 2001) or in 3D (Fink et al. 
2004b; Nikolaou et al. 2004; Ohno et al. 2004). 
The latter allows for the investigation of perfu-
sion changes in lung diseases affecting the entire 
lung. Quantitative values of perfusion may be 
particularly useful in studying physiology and 
pathophysiology as well as to monitor treatment 
response (Wielpütz et al. 2014).

Despite the fact that the gadolinium-based 
contrast agents are generally well tolerated 
by the majority of subjects, its intravenous 
 administration causes patient discomfort as well 
as additional complications for the clinical setup. 
In a limited subset of patients, the use of contrast 
agents may cause a risk of acute allergic reac-
tions and severe complications such as nephro-
genic systemic fibrosis in patients with impaired 
renal function or lead to accumulation of gad-
olinium in various tissues (Rogosnitzky and 
Branch 2016). Administration of contrast agents 
should also be carefully considered in neonates, 
infants, pregnant women, or patients requiring 
frequent follow-up. For these reasons, noninva-
sive and contrast agent-free techniques such as 
arterial spin labeling (ASL) or Fourier decom-
position (FD) MRI have gained much attention 
in the recent years (Hopkins et al. 2005; Bauman 
et al. 2009).

2  Technical Challenges

MRI of the lung is challenging in general, but to 
obtain functional information is even more com-
plex than to perform mere morphological images. 
Reasons are on the one hand the large gas-filled 
space with only a small percentage of paren-
chyma, on the other hand respiratory and cardiac 
motion.

Conventional MRI is based on the measure-
ment of the macroscopic magnetization of pro-
tons within the defined volume. Air is virtually 
invisible to MRI but represents the majority of 
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the lung volume. The percentage of parenchyma 
with a proton density sufficient to be detected by 
MRI is rather small (ca. 20–30 %). Additionally, 
the large area of air-tissue interfaces – the lung 
surface has an area of approximately 140 m2 
(Thews 1997) – leads to strong susceptibility gra-
dients, which makes use of fast acquisition tech-
niques like echo planar imaging virtually 
impossible. Furthermore, the T2* of the lung is 
very short, only in the range of 1.0–2.5 ms (Pracht 
et al. 2005). The signal-to-noise ratio (SNR) is 
therefore low compared to other organs as a result 
of the low proton density and the rapid decay of 
the measured signal. However, due to recent 
advances in MR technology, pulmonary MRI has 
significantly improved. Specifically, rapid short 
TE pulse sequences with optimized k-space sam-
pling schemes combined with multichannel 
phased-array coils for parallel imaging have 
shown great promise to overcome the limitations 
of standard imaging methods.

Furthermore, when performing DCE-MRI 
perfusion scans, it is important to take into 
account the respiration-induced proton density 
variations, which cause a modulation of the MR 
signal. The most common solution for these 
problems is to acquire the perfusion images using 
optimized fast sampling schemes within one 
breath hold (Attenberger et al. 2009). The acqui-
sition time of perfusion measurements using such 
a breath-hold technique is limited to a maximum 
of 20–25 s depending on the subject’s constitu-
tion but is often much shorter in patients with 
impaired ventilation. In addition, the high pulmo-
nary blood flow, which leads to short transit times 
through the lungs and potentially also to inflow 
artifacts in the feeding arteries, has to be taken 
into account. Thus, fast acquisition techniques 
are required in DCE-MRI to measure the contrast 
agent bolus properly when the blood flow is high. 
Furthermore, artifacts due to cardiac motion can 
alter perfusion information in the region of the 
heart since usually no ECG triggering is used for 
lung perfusion MRI to achieve the required high 
temporal resolution.

In contrast to DCE-MRI, contrast agent-free 
techniques benefit especially from using rapid 
balanced steady-state free precession or spin 

echo-based imaging techniques, which in general 
provide much higher native signal intensity from 
the blood pool in the lung than the gradient echo-
based sequences.

3  Measurement Techniques

Several MRI techniques have been described to 
measure the pulmonary perfusion: The clinically 
most established and increasingly popular tech-
nique is DCE-MRI, which uses contrast media to 
measure the regional blood flow at the capillary 
level. It is relatively easy to use and provides a 
good contrast-to-noise ratio (CNR) but cannot be 
repeated arbitrarily, or used if the administration of 
contrast agent is contraindicated. Thus, alternative 
imaging methods which do not rely on the admin-
istration of an intravenous contrast agent have 
received much attention. One of them is ASL 
MRI, which utilizes the water protons of the blood 
as an endogenous, freely diffusible tracer by label-
ing the spins with dedicated radio-frequency 
pulses. The evolution of the spin labeling is then 
measured in the lung parenchyma to assess infor-
mation about perfusion (Mai and Berr 1999). In 
the recent years, an alternative method to study 
lung function, the Fourier decomposition (FD) 
MRI, has been introduced (Bauman et al. 2009). 
This noninvasive technique allows for the simulta-
neous assessment of both the regional perfusion 
and ventilation-related information of the lung.

3.1  Dynamic Contrast-Enhanced 
Perfusion Imaging

DCE-MRI is based on the tracking of the signal 
change due to the first passage of a contrast media 
bolus through the lung capillaries (Fig. 1). It is 
therefore referred to as the “bolus-tracking” or 
“first pass” technique. Originally the bolus-track-
ing technique was introduced for perfusion imag-
ing of the brain (Rosen et al. 1990) and later 
adapted for the lungs by Hatabu et al. (1996). In 
pulmonary perfusion MRI, the tracking is per-
formed using dynamic T1-weighted pulse 
sequences during the intravenous injection of a 
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contrast agent with a high flow rate between 3 
and 5 mL/s to achieve a compact and high bolus 
profile. A high temporal resolution of about 1.5 s 
is required for an adequate acquisition of the 
bolus due to the high injection rates and the short 
contrast agent transit times through the lungs of 
approximately of 3–4 s (Fishman 1963).

Typical pulse sequences used for DCE-MRI in 
the lungs are fast spoiled gradient echo tech-
niques like fast low-angle shot (FLASH) or turbo 
FLASH. Both should be applied with short echo 
times below 1 ms due to the low T2* of 1.0–
2.5 ms in lung parenchyma (Pracht et al. 2005) to 
achieve sufficient CNR. Nowadays, most lung 
DCE-MRI studies are performed using 3D tech-
niques to acquire images of the entire chest since 
the whole lung is affected in the majority of pul-
monary diseases. Very short repetition times are 
therefore used to achieve the temporal resolution 
required to track the short signal change induced 
by the contrast agent. Present parallel imaging 
techniques like SENSE (Pruessmann et al. 1999) 
or GRAPPA (Griswold et al. 2002) allow for a 
reduction of k-space lines and thus for shorter 
acquisition times per image. These techniques 
can also be used to improve the spatial resolution 
when further improvement of the acquisition 
time is not required. Furthermore, the amount of 
k-space data can be reduced by acquiring only 
the central part of the k-space, i.e., the part that 
determines the image contrast, with high tempo-
ral resolution and updating the outer parts at a 
lower rate. This “view-sharing” technique was 
originally developed for contrast-enhanced MR 
angiography by Korosec et al. (1996). Different 
variants of the view-sharing technique are cur-
rently used in clinical routine and known as time-
resolved echo-shared angiographic technique 
(TREAT), time-resolved imaging of contrast 

kinetics (TRICKS) (Fink et al. 2005b, c), or time-
resolved angiography with interleaved stochastic 
trajectories (TWIST) (Lim et al. 2008). When 
combined with parallel imaging, these imaging 
techniques offer a very good spatial resolution of 
about 1.5 × 1.5 mm2 with 5 mm slice thickness at 
the acquisition rate of about 1 s. An example for 
a clinical 3D perfusion sequence is given in Table 1. 
Only recently, 3D radial ultrashort echo time 
(UTE) MRI was applied for simultaneous acqui-
sition of a high-resolution isotropic structural 
dataset and a DCE dataset for the lung perfusion 
assessment (Bell et al. 2015). The main advan-
tage of this technique is improved native SNR in 
the lung tissue due to extremely short echo times 
and its inherent robustness against motion and 
pulsation artifacts. However, significant radial 
undersampling is required to achieve sufficient 

Fig. 1 First pass of a contrast agent through a central lung 
slice of a patient with chronic obstructive disease. The 
image acquisition was performed with a time-resolved 3D 
gradient echo pulse sequences with view sharing and 

 parallel imaging (Images courtesy of Gregor Sommer, 
MD, Clinic of Radiology and Nuclear Medicine, 
University of Basel Hospital, Basel, Switzerland)

Table 1 Example for a time-resolved 3D perfusion pulse 
sequence

Name

T1-weighted 3D spoiled 
gradient echo technique with 
view sharing and parallel 
imaging

Field strength 1.5 T

Orientation Coronal

No. of slices 40

No. of acquisitions 25–35

Flip angle/echo time/
repetition time

25°/0.81 ms/2.04 ms

Bandwidth 1116 Hz

Voxel size 1.6 × 1.6 × 5.5 mm3

FOV 500 × 500 mm2

Matrix 224 × 320

Acquisition time 0.8 s

Parallel imaging 
technique 
(acceleration factor)

2

Respiratory phase Inspiration
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temporal resolution when using 3D UTE scans. 
Thus, it is beneficial to employ the high level of 
sparsity of DCE-MRI data in the spatial-temporal 
domain and apply an iterative reconstruction 
approach for improved quantification of perfu-
sion parameters (Bauman et al. 2015).

In general, the use of 3D pulse sequences is 
done on the cost of a lower temporal resolution 
compared to 2D techniques with acquisition 
times in the range of milliseconds. The applica-
tion of simple view-sharing methods in 3D acqui-
sitions may lead to temporal interpolation 
artifacts in the presence of rapid signal changes 
caused by high blood flow. Hence, the temporal 
resolution is particularly important for perfusion 
quantification, where an exact tracking of the 
bolus is crucial. Nevertheless, a sufficient CNR 
has to be maintained and should be balanced 
against temporal resolution (Ingrisch et al. 2010).

3.2  Arterial Spin Labeling

Besides contrast-enhanced perfusion MRI, ASL 
has been proposed as a method for the assess-
ment of lung perfusion with MRI. In contrast to 
DCE-MRI, no intravenous contrast agent admin-
istration is necessary, but the water protons of the 
blood are labeled with dedicated inversion pulses 
and used as an endogenous tracer. Usually, a con-
trol and a tag image are acquired and then sub-
tracted to suppress the static background. The 
labeling can either be done in a continuous or 
pulsed mode, where the pulsed techniques allow 
for the quantification of perfusion mostly based 
on the general kinetic model of Buxton et al. 
(1998). Several acquisitions are often required in 
ASL to achieve a sufficiently high SNR which 
makes it particularly difficult in lung perfusion 
imaging. Initial experiments were successfully 
performed by Mai and Berr (1999), and more 
recently, ASL techniques were used to determine 
the heterogeneity of lung perfusion (Hopkins 
et al. 2005) and to quantify perfusion imaging 
(Bolar et al. 2006).

However, ASL is usually not used in routine 
lung diagnostics for several reasons. A major 
drawback apart from generally low signal is the 

subtraction of two images which makes the tech-
nique particularly sensitive to respiratory and 
cardiac motion (Mai and Berr 1999), especially 
when several acquisitions are necessary. ECG 
and cardiac triggering can reduce these artifacts 
but without omitting them totally. Single-shot 
ASL techniques do not require separate control 
images and might overcome these limitations 
also allowing for quantitative measurements 
within a single breath hold (Bolar et al. 2006; 
Pracht et al. 2006, Fischer et al. 2008). For the 
reasons mentioned above, the ASL-based tech-
niques are currently limited to study lung physi-
ology (Hopkins and Prisk 2010) and rarely 
applied in clinical studies, e.g., in a group of CF 
patients (Schraml et al. 2012).

3.3  Fourier Decomposition

An alternative, noninvasive method to study lung 
function called Fourier decomposition (FD) MRI 
has been introduced in recent years (Bauman 
et al. 2009). FD MRI allows for simultaneous 
assessment of regional pulmonary perfusion, 
blood arrival time, and ventilation-related infor-
mation without the need for the administration 
of an intravenous or inhaled contrast agent. A 
current implementation of this approach uti-
lizes ultrafast balanced steady-state free pre-
cession (uf-bSSFP) imaging (Bieri 2013) for 
 time-resolved free-breathing acquisitions of 2D 
lung datasets. Neither ECG nor any respiratory 
triggering method is required during the scan. 
The technique takes advantage from variations of 
regional MR signal intensity in the lung paren-
chyma caused by respiratory and cardiac cycles. 
In inspiration the regional lung volume increases 
while the signal intensity decreases. The opposite 
takes place during expiration. Thus, the signal 
intensity in the lung is determined by the phase 
of the respiratory cycle and can be scaled linearly 
in the tidal volume breathing region. The signal 
intensity in the lung parenchyma is also modu-
lated by the cardiac cycle. Fresh unsaturated 
blood entering the slice being imaged increases 
the regional signal intensity. Both physiological 
cycles correspond to different frequencies and 
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can be spectrally retrieved in the time-resolved 
dataset. However, prior to further post-process-
ing, the acquired datasets are subject to nonrigid 
image registration for the compensation of respi-
ratory motion. Subsequently, pixel-wise spectral 
analysis is performed on the motion-corrected 
data using fast Fourier transform, or more robust 
and stable methods such as matrix pencil decom-
position (Bauman and Bieri 2016) to identify fre-
quency components of the physiological cycles. 
The amplitudes and phases of the respiratory 
and cardiac signal modulations are used to gen-
erate ventilation-weighted, perfusion-weighted, 
and blood inflow time maps (Bauman and Bieri 
2016).

FD MRI has been primarily developed for 
1.5 T clinical MR scanners. Very short repetition 
time of uf-bSSFP imaging mitigates the so-called 
banding artifacts and improves SNR in the lung. 
The image acquisition is usually performed at the 
in-plane spatial resolution of 2.8 × 2.8–
3.5 × 3.5 mm2 with 10–15 mm slice thickness and 
temporal resolution of about 3–4 images per sec-
ond. The whole lung volume can be covered in 
less than 10 min using a sequential multi-slice 
acquisition. Since the banding artifacts caused by 
the off-resonance effects at 3 T can negatively 
affect the image quality of bSSFP sequences, an 
acquisition based on gradient echo sequence was 
proposed by Schönfeld et al. (2015).

Quantification approaches for of the perfu-
sion- and ventilation-weighted FD MRI have 
been recently presented by Kjørstad et al. (2014). 
However, clinical studies validating the quantita-
tive FD MRI still need to be conducted. Figure 2 

shows example maps generated from the data 
acquired in a healthy volunteer.

The technique was validated in animal experi-
ments against well-established modalities includ-
ing SPECT, DCE-MRI, and hyperpolarized 
helium-3 MRI (Bauman et al. 2011, Bauman 
et al. 2013a). The first clinical data on FD MRI 
were obtained in patients with different pulmo-
nary diseases (Bauman et al. 2013b, Capaldi 
et al. 2015; Schönfeld et al. 2015; Sommer et al. 
2013). An example of functional maps obtained 
in CF patients is shown in Fig. 3.

4  Image Processing of DCE-
MRI Data

The investigation of contrast-enhanced perfusion 
datasets requires usually post-processing of the 
acquired images to achieve either a better visual-
ization of perfusion or to obtain quantitative per-
fusion parameters.

The idea of most visualization methods is to 
condense the information of the time-resolved 
3D images. The reading of several hundred 
images is very time consuming and requires an 
experienced radiologist. Additionally, the visual 
presentation of the diagnostic findings to non-
radiologists is difficult. Therefore, perfusion-
weighted subtraction images are useful and can 
be generated on most MR scanners (Fig. 4). A 
pre-contrast image is subtracted from a dedicated 
contrast-enhanced image, typically with the one 
exhibiting maximum lung signal enhancement. 
The choice of the images is often done by choos-
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Fig. 2 Fractional ventilation, perfusion, and blood arrival time maps obtained using FD MRI in a healthy volunteer
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ing the eligible image frames from signal-time 
curves generated from a drawn region of interest 
(ROI) (Fink et al. 2004a). However, this approach 
has some drawbacks. Usually an additional 
 investigation of a selection of original images has 

to be carried out. Furthermore, the choice of the 
images to be processed is observer-dependent 
and not always reproducible, particularly when a 
ROI analysis is performed. A suboptimal 
 selection might mask regions of impaired perfu-

a b c
FD MRI FD MRI FD MRI

DCE MRIDCE MRI DCE MRI

Fig. 3 Examples showing perfusion-weighted FD MRI 
and perfusion DCE-MRI at corresponding section loca-
tions obtained in three CF patients: (a) 4-year-old male, 

(b) 5-year-old male, and (c) 23-year-old female. Regions 
with perfusion defects were indicated with arrows (From 
Bauman et al. (2013b) with permission)

Fig. 4 Perfusion-weighted subtraction image (right) of a 
patient with chronic obstructive pulmonary disease. The 
image is generated by subtracting a pre-contrast image 
(left) from the image with the signal maximum (middle) 

and shows multiple patchy perfusion defects, particularly 
in the left lung. (Original images courtesy of Gregor 
Sommer, MD, Clinic of Radiology and Nuclear Medicine, 
University of Basel Hospital, Basel, Switzerland)
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sion in the subtraction images. Moreover, the 
temporal information is lost, although this is of 
utmost importance in diseases with inhomoge-
neous and delayed perfusion.

A possible solution is to compute qualitative 
and/or quantitative parameters. Common prac-
tice is to generate parameter images in which the 
pixel-wise computed parameters are displayed as 
color-coded overlays (Fig. 5). These parameter 
images can be generated automatically on the 
MR scanners of most manufacturers. Usually the 
following parameters are calculated: the maxi-
mum signal enhancement or peak, the bolus 
arrival time, the time to peak, and the mean  transit 
time. Some recent scanner software has also the 
option to compute quantitative parameters as 
described in Sect. 4.1. The advantage compared 
to subtraction images is the consideration of the 
temporal information. For instance, delayed per-
fusion cannot be masked by the choice of a sub-
optimal ROI (Risse et al. 2011). Recently, the 
implementation of an algorithm for a 3D visual-
ization of functional perfusion parameters for 
better anatomic orientation and an improved rep-
resentation of perfusion changes was presented 
to fully exploit the volumetric information 
(Kuder et al. 2008). The perfusion parameters 
calculated from 3D MR datasets were visualized 
in different cutting planes using a specially 
adapted interpolation algorithm as well as 3D 
volume rendering (Fig. 6). This might be helpful 
for the investigation of the exact localization and 
dimensions of abnormal perfusion by using the 
additional two cutting planes, e.g., for the plan-

ning of surgical therapy of lung emphysema or 
tumors. Furthermore, 3D parametric perfusion 
visualization might be used for radiation therapy 
planning to limit radiation dose to healthy per-
fused lung.

4.1  Perfusion Quantification 
in DCE-MRI

Beside the visual and qualitative analysis of the 
perfusion images, quantitative analysis can be 
desirable for the estimation of regional lung 
 function for monitoring purposes or as an end-
point in interventional trials to assess treatment 
effects.

The pioneering work in the area of lung perfu-
sion quantification was done by the group of 
Robert Edelman (Chen et al. 1999; Hatabu et al. 
1999; Stock et al. 1999). Levin et al. (2001) pre-
sented an approach to lung perfusion quantifica-
tion using the so-called “gamma variate” function 
on a pixel-by-pixel basis in healthy volunteers. In 
more recent studies, quantification of pulmonary 
perfusion is mostly done based on the indicator 
dilution theory (Meier and Zierler 1954) modified 
for the use with MRI (Fink et al. 2004b, 2005a, b; 
Ohno et al. 2004, 2007). Initially, an arterial input 
function (AIF) is defined in the feeding artery, i.e., 
the large pulmonary artery in case of the lung. The 
quantification is either done for the mean signal-
time course of a defined region or for each pixel of 
the lung. Assuming a linear relationship between 
the measured MR signal and the contrast agent 

Fig. 5 Color-coded 
parameter maps of a 
patient. Maximum 
signal enhancement or 
peak map on the left. 
Time-to-peak map on 
the right
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concentration, the signal can be converted to a 
relative concentration by

 
C t k

S t S

S
( ) = ( ) - 0

0

,
 

(1)

where S(t) is the signal-time course, S0 the 
mean signal before the arrival of contrast agent 
(the baseline), and k an unknown constant 
depending on the specific tissue characteristics, 

parameters of the pulse sequence, the contrast 
agent, and the inspiration level. The inspiration 
level affects the density of the lung parenchyma 
and must therefore be constant during the mea-
surement (Fink et al. 2005a).

If the amount of contrast agent extravasating 
during the first pass through the lung is negligi-
ble, the measurement volume can be described 
by the convolution integral

Fig. 6 3D volume rendering of the regional pulmonary blood flow in a patient with acute pulmonary embolism (arrows) 
(From Kuder et al. (2008) with permission)
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where ⊗ denotes the convolution. Ca(t) is the 
concentration-time course of the AIF, PBF the 
regional blood flow, and R(t) the amount of con-
trast agent remaining in the measurement volume 
at time point t (Fig. 7). The pulmonary blood 
flow is therefore the initial height of R(t0) or the 
maximum of R(t) in case of a delay between Ca(t) 

and C(t) and can be assessed by the deconvolu-
tion of the measured Ca(t) and C(t).

The regional blood volume may generally be 
calculated by
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However, the difference in the hematocrit of 
the large pulmonary artery and the lung paren-
chyma should be corrected by the additional fac-
tor cH = (1 − hG)/(1 − hC) (Brix et al. 1997), where 
hG is the hematocrit of the artery and hC of the 
capillaries.

According to the central volume theorem 
(Zierler 1962), the mean transit time (MTT), the 
mean time a tracer particle needs to pass through 
the measurement volume, is

 
MTT PBV= = ( ) ( )

∞
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(4)

A problem in quantification arises from Eq. 
(2) or actually from the discrete form of Eq. (2)
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as used in MRI. The solution starts to oscil-
late, i.e., generate meaningless results, when 
solved directly by, e.g., Fourier transformation in 
the presence of noise. Therefore, regularization 
tools are needed for the calculation of R(t). A 
simple tool is the truncated singular value decom-
position (tSVD), which provides stable solutions 
in the presence of noise as shown in brain perfu-
sion MRI (Østergaard et al. 1996). tSVD was 
successfully used in several lung perfusion stud-
ies (Fink et al. 2004a, b, 2005a, b; Ohno et al. 
2004). However, the application of a fixed thresh-
old with very variable noise levels and tissue 
characteristics as in lung perfusion MRI will lead 
to a suboptimal regularization of Eq. (5). 
Alternatives like the Tikhonov regularization 

with a modified L-curve criterion are proposed 
for perfusion MRI, which estimates the optimal 
level of regularization automatically (Sourbron 
et al. 2004). This method has performed best in 
the presence of highly heterogeneous CNR ratios 
in a study by Salehi Ravesh et al. (2013) in which 
four algebraic deconvolution/regularization 
methods were evaluated using simulations and 
human lung data.

The administration of contrast agents is mostly 
done at doses up to 0.1 mmol/kg body weight to 
achieve a sufficient CNR for diagnosis of perfu-
sion defects. Similar to quantitative perfusion 
MRI in other body regions, e.g., cardiac perfu-
sion MRI, linearity between local tissue contrast 
agent concentrations and the MR signal intensity, 
especially in the central pulmonary arteries, is a 
prerequisite. However, the most commonly used 
pulse sequence FLASH has only a limited range 
of linearity for low contrast agent concentrations, 
whereas signal saturation occurs for higher con-
centrations (Fig. 8).

Nikolaou et al. (2004) found a dose of 
0.05 mmol/kg body weight as appropriate for 
their lung perfusion protocol. In another study, 
Ohno et al. (2007) investigated bolus injection 
protocols with constant bolus volumes of 5 mL 
but different contrast agent concentrations as a 
function of the subject’s body weight and com-
pared the perfusion parameters to perfusion 
SPECT measurements. Based on their results, a 
concentration of 0.3 mmol/mL Gd-DTPA was 
recommended for patients with a body weight 
<70 kg and a concentration of 0.5 mmol/mL for 
patients with ≥70 kg body weight. This is in 
accordance with a study in a porcine model using 

Fig. 7 Schematic representation of Eq. (2). The arterial 
input function Ca(t) is measured in the large pulmonary 
artery, in the tissue response C(t) in a region of interest in 

the lung parenchyma, or for each pixel in the lungs. The 
residual function R(t) can be determined by the deconvo-
lution of Ca(t) and C(t)
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Gd-enhanced MRI and computed tomography to 
estimate the contrast agent concentration in vivo 
(Puderbach et al. 2008), which showed that the 
linear range was exceeded in the pulmonary 
artery already at a concentration of 0.5 mmol/mL 
in three out of five measurements.

The total dose of contrast agent may not be 
reduced arbitrarily because of the resulting low 
CNR of the lung parenchyma, particularly in 
low-perfused regions. As a consequence, the AIF 
signal is often saturated due to the high contrast 
agent concentration in the pulmonary artery lead-
ing to an overestimation of perfusion parameters. 
Signal saturation might even occur in well-per-
fused healthy tissue for high administered doses 
(Risse et al. 2006). Therefore, a dual-bolus 
approach to T1-weighted perfusion MRI was 
introduced, first to cardiac imaging (Christian 
et al. 2004; Köstler et al. 2004) and subsequently 
also to lung perfusion MRI (Risse et al. 2006, 
Oechsner et al. 2009). In addition to the “normal” 
contrast agent bolus, a prebolus with a low dose 
to achieve linearity is administered before the 
normal clinical dose. This prebolus is only used 
for the determination of the AIF in the large pul-
monary artery, whereas the dataset acquired dur-
ing the administration of the higher “clinical” 
dose yields the tissue signal. Admittedly, the pre-
bolus cannot be used directly since the dose dif-

ferences between AIF and lung parenchyma 
would appear as an underestimation of the AIF 
signal, i.e., the calculation of perfusion parame-
ters would yield too low values. Thus, assuming 
a linear and time-invariant system, the AIF bolus 
is calculated from the prebolus according to the 
dose of the second “high-dose” bolus. In brief, 
the new AIF Ca(t) is constructed by adding up the 
prebolus volume Vp until the volume of the cor-
responding second bolus V is reached. To take 
into account not only the volumes but also the 
kinetics, the prebolus is shifted by its injection 
duration τ during the construction process 
(Köstler et al. 2004)

 

C t C t q
q

V V

p

p

a ( ) = +( )
=
å

0

/

t
 

(6)

The construction of the AIF is also described 
in Fig. 9. The new AIF can then be used to calcu-
late the regional perfusion parameters without 
the influence of saturation effects in the arterial 
input leading to more reliable perfusion quantifi-
cation even when high clinical doses are needed. 
However, the application of a dual-bolus tech-
nique is more complicated, and the complete 
washout of the contrast agent is required before 
the second bolus is administered. Furthermore, 
keeping to the linear relationship between con-

Fig. 8 Simulated 
normalized signal of a 3D 
FLASH sequence for 
different contrast agent 
concentrations. The 
nonlinear behavior for 
higher concentrations can 
be clearly seen
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trast agent concentration and MR signal for both 
measurements is still crucial. Veldhoen et al. 
(2016) provided recommendations for feasible 
doses for three commonly used contrast agents 
when using a dual-bolus approach.

Despite these efforts to improve quantifica-
tion methods, quantitative lung perfusion MRI 
in the clinic remains challenging due to the lack 
of standardization and widely accepted segmen-
tation and analysis software. Hence, most clini-
cal applications are restricted to visual 
assessments using scoring systems such as the 
morpho-functional MRI score by Eichinger 
et al. (2012) or to single center studies using 
bespoken in-house analysis software. Only 
recently, Hueper et al. (2013) reported a multi-
center study investigating lung perfusion in 
COPD patients and controls with acceptable 
intra- and interobserver coefficients of variation 
below 10 %. In contrast, Ley-Zaporozhan et al. 
(2011) found good reproducibility of perfusion 
parameters but a strong interobserver depen-
dence. This may result from differences in 
delineating and positioning of ROIs as auto-
matic segmentation approaches were not used; 
for instance, the inclusion of large blood vessels 
can lead to a significant overestimation of quan-
titative perfusion parameters (Risse et al. 2009). 
Ingrisch et al. (2010) proposed a simple semiau-
tomatic segmentation algorithm that uses infor-
mation from the AIF and cross correlation 
analysis to identify lung tissue and to exclude 
large blood vessels at the same time. In general, 

the repeatability and reproducibility of quantita-
tive lung DCE-MRI would benefit from auto-
mated segmentation algorithms and an increased 
level of standardization.
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Key Points

Hyperpolarised gas imaging has opened up 
the possibility of direct imaging of pulmo-
nary ventilation by MRI. The use of hyperpo-
larised helium-3 (3He) gas for MRI of the 
lung has been pioneered by a number of 
groups worldwide. Due to the enormous 
progress in the fields of hyperpolarisation 
technology, administration of hyperpolarised 
3He, MR hardware, and MR pulse sequences, 
translation into the clinical arena has been 
accomplished. This chapter gives an over-
view of the technical methods for hyperpola-
rised 3He MRI for human lung imaging, 
focusing on gas polarisation methods, MR 
physics, hardware and software consider-
ations, safety considerations for inhaled 3He, 
and pulse sequence design for probing sev-
eral aspects of lung physiology and anatomy. 
Where possible, the methods will be high-
lighted with reference to the literature and 
illustrated with clinical examples of images 
from the authors’ home group. We conclude 
the chapter with an appraisal of how 3He 
methods can be translated to the more clini-
cally scalable gas isotope 129Xe and provide 
preliminary evidence of how the MRI tech-
niques compare between the two gases, in 
order to lead into the following chapter on 
hyperpolarised 129Xe techniques.
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1  Introduction

It is now around 30 years since the first images of 
hyperpolarised (HP) helium-3 (3He) gas in human 
lungs were acquired (Middleton et al. 1995; Ebert 
et al. 1996; MacFall et al. 1996). In that time, gas 
polarisation techniques and MRI methodology 
have developed such that HP gas MRI can now 
provide images of gas ventilation of unsurpassed 
quality, and simultaneous sensitivity to various 
aspects of lung physiology in a wide range of 
human lung diseases. Despite the obvious potential 
for these images to shed new light on lung function, 
the technique has still to find general acceptance in 
the clinical mainstream for a variety of reasons. 
These include advances in other techniques such as 
CT and pulmonary function testing that are already 
well established and accepted in the chest radiol-
ogy and physiology communities, limited accessi-
bility to the necessary technology for polarising 
and imaging 3He and perhaps most importantly, the 
clear-cut identification of clinical applications that 
will positively benefit from the technology.

Several comprehensive reviews have been writ-
ten to date on both the physics of gas polarisation 
and non-clinical applications of HP gas NMR 
(Goodson 2002; Oros and Shah 2004) and the 
growing number of applications in biomedical sci-
ence and clinical radiology (Möller et al. 2002; van 
Beek et al. 2004; Fain et al. 2007; Walkup and 
Woods 2014). It is fair to say that 3He has made 
more impact to date than 129Xe in human lung 
imaging applications, with numerous clinical 
research exams having been performed at over ten 
sites worldwide using whole-body MRI scanners 
in a wide range of chest diseases, including asthma 
(Altes et al. 2001; Samee et al. 2003; Tzeng et al. 
2009); cystic fibrosis (Donnelly et al. 1999; 
Koumellis et al. 2005; Bannier et al. 2010); emphy-
sema/COPD (Kauczor et al. 1996; Saam et al. 
2000; Salerno et al. 2002; Stavngaard et al. 2005; 
Swift et al. 2005; Parraga et al. 2007; van Beek 
et al. 2009); lung transplantation (Gast et al. 2002); 
lung cancer (Ireland et al. 2007); and pulmonary 
embolism (Altes et al. 2005). However, there are 
global concerns over the longevity of 3He supplies, 
since 3He has a negligible natural abundance and is 
predominantly derived as a by-product of the 
nuclear industry. In recent years, significant efforts 

to improve 129Xe polarisation levels (Hersman et al. 
2008; Nikolaou et al. 2013; Norquay et al. 2013) 
have facilitated high quality human lung imaging 
with 129Xe (Mugler and Altes 2013; He et al. 2014; 
Stewart et al. 2015), and preliminary comparisons 
of the sensitivity of the two gases to different lung 
pathologies (Kirby et al. 2012b; Svenningsen et al. 
2013) suggest that similar functional information 
can be obtained with 129Xe.

2  Physical, Chemical, 
and Medical Properties 
of 3He and Gas Polarisation

3He gas is a monatomic radio-stable isotope of the 
inert gas helium, with a very low natural abundance 
on earth (0.000137% of natural abundant helium), 
and is mostly derived from beta decay of the 
tritium nucleus in the nuclear industry. From an 
MRI perspective, the spin 1/2 of the 3He atom 
coupled with its relatively high gyromagnetic ratio 
(γ3He = 32.3 MHz/T) makes it very sensitive to 
NMR techniques. 3He is a highly diffusive gas due 
to its low atomic weight, having a self-diffusion 
coefficient of 2 cm2/s, which is reduced to around 
0.9 cm2/s in air. The 3He diffusion coefficient can 
be measured with NMR, and, when introduced 
into a porous medium whose walls inhibit free 
diffusion, the 3He apparent diffusion coefficient 
(ADC) exhibits a dependence upon the surrounding 
microstructure. This feature can be used to probe 
alveolar length scales in the lungs. As an inert gas, 
the NMR T1 relaxation time of 3He is potentially 
very long and can approach the dipole–dipole 
limit of days providing the gas is stored in a 
magnetically homogeneous environment. 
However, when in the presence of paramagnetic 
molecular oxygen, the T1 of 3He reduces in direct 
proportionality to the inverse of the oxygen 
concentration (Saam et al. 1995), leading to values 
of the order of tens of seconds in the lungs. 3He 
can be detected by NMR in the gaseous state using 
conventional Boltzmann thermal polarisation 
arising from the Zeeman effect, however, the low 
spin density of the gaseous state makes the signal 
too weak for in vivo MRI. The 3He nuclear spin 
polarisation can, however, be increased by using 
an alternative mechanism.

J.M. Wild et al.
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3  Polarising the 3He Nuclear 
Spin by Optical Pumping

Laser optical pumping with circularly polarised 
light at selective wavelengths can be used to drive 
the electronic spins of certain atoms into non-
Boltzmann energy level distributions. This phe-
nomenon was first discovered over 50 years ago 
(Kastler 1950) and since then it has been used to 
transfer electronic spin polarisation to nuclear spin 
systems by the process of spin exchange (Walker 
and Happer 1997). In optical pumping, the laser 
photons are wavelength-matched to a chosen 
electronic orbital transition of the atomic system. 
For polarisation of noble gas nuclei, this system 
is generally the orbital energy levels of an alkali 
metal atom such as rubidium or the electron levels 
of meta-stable atoms of 3He. The laser photons are 
circularly polarised with respect to the direction of 
an external B0 field using a λ/4 optical polariser. 
The B0 field produces a Zeeman splitting in the 
orbital energies, and subject to the angular momen-
tum selection rules for transitions between avail-
able orbital levels and their Zeeman sub-levels, a 
net exchange of angular momentum between the 
spin polarised photons and the electronic system 
can be made, resulting in a non-Boltzmann occu-
pancy of selected electronic Zeeman states. Having 
established a hyper-populated electron Zeeman 
sub-level, spin polarisation is then transferred to 
the nuclear Zeeman system of the spin 1/2 noble 
gas atom of interest, e.g. 3He or 129Xe; the overall 
process is thus called spin exchange optical pump-
ing (SEOP). The mechanism of spin polarisation 
exchange is the Fermi contact hyperfine interac-
tion that relies on an overlap of the 2S1/2 electron 
wave function with the noble gas nucleus. This 
interaction predominantly takes place, in the case 
of 3He SEOP, during binary collisions between 3He 
and alkali metal atoms in the vapour state. In the 
case of 129Xe SEOP the spin polarisation exchange 
process may involve the temporary formation of 
an intermediate van der Waal’s molecule with N2 
gas in the optical pumping cell. The rate of spin 
polarisation transfer is influenced by a number of 
physical factors inside the optical pumping cell, 
which include gas pressure, vapour pressure of the 
alkali metal, incident photon flux, gas tempera-
ture, and propensity for formation of  intermediate 

molecules. A fundamental limiting factor is the 
electron-nuclear cross section, i.e. the probability 
of interaction, σ, which is larger for 129Xe-Rb than 
for 3He-Rb, leading to longer SEOP polarisation 
“spin-up times” for 3He. The implementation of 
SEOP was pioneered and refined by the Happer 
group at Princeton (Walker and Happer 1997), 
and led to the design of a prototype commercial 
SEOP polariser with the formation of the Magnetic 
Imaging Technologies Inc. (MITI) company. The 
patents for this design were subsequently bought 
by Nycomed-Amersham and then GE Healthcare, 
and despite phase II clinical trials, the device was 
never properly commercialised. Recently, the 
company Polarean Inc. acquired these patents and 
established dedicated sales of polarisation systems. 
However, at the time of writing there exists some 
uncertainty over future routes to commercialisation 
of SEOP for 3He MRI, a fact which is hampered by 
the rapid decline in 3He availability. From a practi-
cal perspective, the prototype 3He MITI polariser 
uses a 60-W FAP laser at 795 nm and is capable of 
polarising approximately 1 L of 3He to a polarisa-
tion of 25–40% in a total spin-up time period of 
around 25 h (5× spin-up time constant of approxi-
mately 5 h). This system provides sufficient HP 
3He gas to perform 3–4 in vivo imaging exams 
only, and hence large throughput clinical research 
studies would require either multiple systems, or a 
single system with higher volume polarisation rate. 
High power lasers with narrowed optics (Babcock 
et al. 2005; Zhu et al. 2005) provide more effec-
tive transfer of the polarised photon beam energy 
to the alkali metal electron spin transition and are 
now routinely enabling high polarisation levels of 
3He with SEOP. Fig. 1a shows a prototype MITI 
polariser retrofitted with a 125-W solid-fibre laser 
diode array, currently in use at the University of 
Sheffield.

3He can also be polarised by the alternative 
method of meta-stability exchange optical pump-
ing (MEOP) (Colegrove et al. 1963) whereby the 
paired electrons in the 3He ground state 11S0 are 
excited to the meta-stable 23S1 state by means of a 
weak RF discharge. Thereafter optical pumping 
of the 23S1 → 23P0 transition can take place with 
circularly polarised photons at λ = 1,083 nm and 
nuclear spin polarisation is built up through colli-
sions of the meta-stable 3He atoms in the low 
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pressure optical pumping cell. The process of 
meta-stable spin exchange is faster than colli-
sional spin exchange during SEOP, however, 
because of the low pressure regime required for 
optimal polarisation build-up efficiency, the vol-
ume of polarised 3He gas must be compressed 
upon extraction from the optical pumping cell for 
in vivo use. It is fair to say that the MEOP process 
is more demanding than SEOP in terms of reliable 
extraction of large volumes of polarised gas for 
in vivo MRI, despite its higher polarisation effi-
ciency. The Mainz meta-stable 3He polariser and 
compressor (Fig. 1b) was originally built for pro-
duction of HP 3He for neutron spin filter work; 
however, it is now around 20 years since the group 
first obtained polarised gas for in vivo MRI with 
the prototype system (Ebert et al. 1996).

4  Storage, Transfer, and NMR 
of HP Species: 
The Importance of T1

Having polarised the 3He nucleus, it is vital that the 
polarisation is preserved in transit from the polar-
iser to the NMR magnet. This journey may involve 
taking the polarised nuclear system from one B0 to 
another through inhomogeneous field gradients. In 
noble gas optical pumping, the polarising fields are 
typically very weak (B0 ~ 2 mT) whereas the NMR 
system may have a B0 of several T. Therefore, pre-
cautions need to be taken to prevent a non-adiabatic 
field change. Typically, the Zeeman polarisation is 

preserved in a “holding” B0 field (which can be 
weak; the Earth’s field may suffice for short jour-
neys) to ensure the sample is not taken through a 
zero field condition (i.e. field direction change). In 
the context of a hyperpolarised nuclear spin ensem-
ble, the adiabatic condition has the meaning that 
when an external factor such as the B0 is changed 
the population of the Zeeman levels remains 
unchanged (i.e. no transitions are induced).

The T1 of the hyperpolarised nuclear spin sam-
ple depends strongly upon the physical environ-
ment. For example, pure 3He gas has minimal 
spin–lattice interactions and has a T1 governed by 
the dipole–dipole interaction, which is extremely 
long (>700 h at 1 atm pressure (Newbury et al. 
1993)). This opens up the possibility of transport-
ing the polarised gas large distances from polarisa-
tion source to NMR site. In the early 2000s, the 
Mainz group polarised and delivered gas to more 
than ten sites worldwide by road and air, and have 
been extremely supportive of the development of 
clinical applications of 3He MRI (Wild et al. 
2002b). By comparison, these T1s are much greater 
than the half-life of fluorodeoxyglucose (FDG) 
used in PET (110 min), a technique that is per-
formed routinely by external delivery in hospitals 
without access to on-site cyclotrons.

During optical pumping, a practical limit on 
3He T1 is imposed by the microscopic field per-
turbations experienced by 3He nuclei during col-
lisional contact with magnetic impurities in the 
walls of the optical pumping and storage cells, 
although T1s > 100 h can be obtained by coating 

a b

Fig. 1 (a) MITI prototype 3He polariser in Sheffield ret-
rofitted with a 125-W laser diode array at 795 nm. (b) The 
Mainz group meta-stable 3He polariser and compressor 

(image courtesy of Professor Werner Heil and Professor 
Ernst Otten)
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the cells with metallic films (Heil et al. 1995). In 
addition, Brownian diffusion of HP gas in the 
presence of macroscopic B0 field gradients will 
reduce the T1 (Schearer and Walters 1965). 
Furthermore, mixing with a paramagnetic gas 
such as oxygen will radically reduce the T1 (Saam 
et al. 1995), such that the T1 of 3He in air is ~20 s. 
Nevertheless, as discussed later, this effect can be 
utilised as a means of probing lung oxygenation 
(Deninger et al. 1999).

5  In Vivo Administration of 3He

Polarised 3He is typically mixed with a larger 
volume of nitrogen prior to delivery to the subject 
for inhalation either by manual means from a 
sealed plastic bag or by an automated respirator 
device. The volume of 3He used directly affects 
the signal to noise ratio (SNR) of the acquired 
images; in our experience, with gas polarised to 
~25%, ~150 ml of 3He typically provides suffi-
cient SNR for a complete imaging sequence at 
1.5 T. To put the raw material costs into perspec-
tive, this volume of 3He currently would cost 
approximately 120 USD, as of our most recent 
quote in early 2015. One possibility to improve 
the cost efficacy and hence clinical viability of 
the technique is to scavenge the exhaled gas. 
Since helium is insoluble in the blood, around 
90% of the inhaled gas is exhaled within about 
ten breaths making recycling, e.g. by cryogenic 
separation of 3He from exhaled air (Salhi et al. 
2012), a potentially cheap and viable option.

The most crucial factor to consider during 
breath-hold imaging exams is patient safety. In 
Sheffield, subjects have always been imaged with 
full vital signs monitoring throughout the MRI 
protocol. Blood oxygen saturation levels often 
decrease slightly towards the end of a long breath-
hold (20 s), however, these levels rarely fall below 
90% (Lutey et al. 2008), and this decrease can 
typically be pre-empted by pre-washing the lungs 
with a high concentration of oxygen in patients 
without signs of emphysema. This procedure can, 
however, degrade the SNR of the images by virtue 
of the T1 shortening effect of oxygen as introduced 
above. In a study which compared patients’ vital 
signs when 3He gas was delivered as an anoxic 1-L 
dose from a bag or as a bolus chased by room air 

via a respirator device, it was observed that the lat-
ter mode of delivery prevented the blood O2 satu-
ration from falling (Woodhouse et al. 2006).

Typically, the pulse rate also starts to rise 
towards the end of the breath-hold exam, as might 
be expected, nevertheless these effects are rap-
idly reversible. No lasting adverse effects have 
been found in our experience in Sheffield (with 
around 300 subjects). In similar experience pub-
lished by the University of Virginia (with 528 
subjects over a 7 year period), mild respiratory 
adverse events were reported in only 6% of the 
subjects, and one severe adverse event possibly 
related to the inhalation procedure was reported 
in a patient with atypical asthma who had an 
uncontrolled cough after inhalation (Altes et al. 
2007). This data is also in agreement with obser-
vations in 100 subjects at the University of 
Washington (Lutey et al. 2008). From a regula-
tory perspective, 3He is classed as an investiga-
tional medicinal product in Europe and the 
USA. However, in early 2015, the Sheffield 
group received a regulatory licence from the UK 
Medicines and Healthcare products Regulatory 
Agency (MHRA) to manufacture the gas as a 
routine diagnostic agent for lung MRI.

6  MRI Hardware 
Considerations for HP 3He

6.1  B0 Field Strength

The polarisation of 3He is independent of the static 
magnetic field (B0) of the MRI magnet and as such 
there is scope for high SNR imaging at low field 
strengths (Durand et al. 2002; Owers-Bradley et al. 
2003; Salerno et al. 2005; Tsai et al. 2008); indeed 
both 3He and 1H MRI of lungs may benefit from 
lesser magnetic susceptibility artefacts than are 
found at clinical imaging field strengths of 1.5 T 
(Müller et al. 2001). Some theoretical discussion has 
taken place as to the optimum theoretical field 
strength for HP gas imaging (Parra-Robles et al. 
2005); the answer is still very much dependent on 
the size of the object which dictates the electromag-
netic field regime for RF coil coupling to the sample 
and the associated noise regime. Although interest-
ing from a technical and theoretical point of view, 
this optimum B0 has yet to be fully experimentally 
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proven (Dominguez-Viqueira et al. 2011) and from 
a practical point of view it is fair to say that high 
quality 3He images are routinely acquired at 1.5 T at 
a number of groups (Diaz et al. 2008; Fain et al. 
2008; de Lange et al. 2009; van Beek et al. 2009). 
Low field imaging of HP gas represents a cheap 
solution and allows the possibility of probing the 
physiological effects of posture with magnets ori-
ented in an upright position (Tsai et al. 2008); how-
ever, the larger commercial MRI vendors are pushing 
their multi-nuclear imaging efforts on to higher field 
systems (1.5 T and above) and results at 3 T from 
Sheffield and the Robarts Institute, Canada (Parraga 
et al. 2008) in particular are encouraging, despite the 
increased B0 inhomogeneity and associated suscep-
tibility artefacts (Deppe et al. 2009) (see Fig. 2).

6.2  Radio-Frequency Hardware

Although non-proton imaging is possible on 
commercial MRI spectrometers, none of the 
major vendors offer a complete integrated 
hardware solution for 3He MRI. Thus, the 
interested party either has to build their own 
transmit-receive switches and transmit-receive 
coils or purchase them from a third party ven-
dor. Transceiver coils for HP gas MRI need to 
be large enough to cover the FOV of the  
adult lungs and airways (approximately 
40 × 40 × 25 cm3) without subject discomfort. 
Furthermore, the coils must be able to func-
tion safely and efficiently, often within the 
confines of a clinical whole-body scanner, 
which has limited bore access. Most whole-
body MR systems are fitted with integrated 
proton body transmit coils and therefore reso-
nant coupling between these volume resona-
tors and the HP gas coil needs to be considered 
in the design process. Other design constraints 
include portability and minimisation of scan-
ner dead time due to hardware changes 
between 1H and HP nuclei imaging exams. 
From an application perspective, HP gas MRI 
is very sensitive to flip angle by virtue of the 
non-renewable polarisation (see Sect. 7.1); 
thus, the transmit coil must provide a uniform 
flip angle across the whole of the lungs for a 
range of transmit powers. A large volume res-
onator such as an insert birdcage provides a 
good solution to these requirements (De 
Zanche et al. 2008).

A close fitting transmit-receive coil 
(Fig. 3a) will invariably have a poorer B1 spa-
tial homogeneity but more power efficiency 
than a birdcage coil, which can cause prob-
lems with broadband RF amplifiers. A solu-
tion may be to use a volume birdcage coil with 
a dedicated 3He receiver array, as shown in 
Fig. 3b (Deppe et al. 2011b). This not only 
offers increased sensitivity, but also opens up 
the opportunity for parallel receiver imaging 
with 3He for acceleration of image acquisition 
(Lee et al. 2006).
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Fig. 2 (a, b) 3He lung ventilation images acquired at 
1.5 T and 3 T, respectively, with arrows highlighting sus-
ceptibility artefacts (Deppe et al. 2009). (c, d) T2* maps 
and histograms obtained at 1.5 T and 3 T, respectively
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7  3He Imaging Pulse Sequence 
Considerations

Having delivered the HP 3He to the MRI system 
and administered to the subject, the T1 rapidly 
decreases due to exposure to residual oxygen in 
the lungs (Saam et al. 1995), leading to T1 s of the 
order of tens of seconds. For hyperpolarised 
media, T1 is the time constant of “recovery” to 
thermal (Boltzmann) equilibrium polarisation, 
and thus acts as a time constant of “decay” of the 
induced polarisation. Thus, the in vivo acquisi-
tion window for a HP 3He pulse sequence is gen-
erally short and is constrained by the subject’s 
breath-holding capability in addition to T1 decay; 
for sick patients a breath-hold duration of less 
than 15 s is usually well tolerated (Woodhouse 
et al. 2006). The remaining challenge is effective 
use of the finite 3He polarisation for high SNR 
MRI, since upon excitation the 3He magnetisa-
tion returns to thermal equilibrium.

Pulse sequence optimisation should also take 
into account the fact that the lungs are a magneti-
cally inhomogeneous medium with a 9 ppm differ-
ence in susceptibility between the parenchyma and 

airspaces, creating microscopic (sub-pixel) field 
gradients. As such, susceptibility artefacts may be 
misdiagnosed as impaired ventilation (Wild et al. 
2003a; Deppe et al. 2009). Moreover, the high dif-
fusivity of 3He poses a potential problem in that 
the imaging gradients act to dephase the transverse 
magnetisation of moving 3He spins.

7.1  Polarisation Usage

For a spoiled gradient echo (SPGR) sequence built 
up with a series of n = 1 to N RF pulses of constant 
flip angle (CFA) α, the transverse magnetisation of 
a HP gas during a breath-hold acquisition decays as:

 
M n M a a t T pOxy

n( ) = ( ) ( ) 0

1

1 2sin cos exp /
–
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where T1 depends on the regional oxygen par-
tial pressure, pO2, which itself changes during the 
breath-hold (Deninger et al. 1999). This polarisa-
tion depletion from view to view using a SPGR 
sequence imposes a k-space filter on the data in 
the phase encoding dimension (Wild et al. 2002a) 
which can cause blurring or signal attenuation. 
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Fig. 3 (a) Transmit-
receive vest RF coil for 
3He lung MRI (Clinical 
MR Solutions, Brookfield, 
WI), and (c) associated flip 
angle map. (b) Custom 
birdcage quadrature 
transmit-receive body coil 
(De Zanche et al. 2008) 
with 32-channel receiver 
array (Deppe et al. 2011b) 
for 3He. (d) Flip angle map 
for the birdcage coil
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As such the choice of phase encoding trajectory 
is closely related to the flip angle used.

For a Cartesian (spin-warp) SPGR sequence 
with constant flip angle, a centric encoding order 
will provide higher SNR at the expense of blur-
ring in the image, whilst a sequential ordering will 
result in lower SNR in the images whilst preserv-
ing the fine structure. A partial-Fourier acquisi-
tion which exploits the phase conjugate symmetry 
in the higher spatial frequencies represents a com-
promise that relies on less RF pulses for sequen-
tial ordering. As the number of RF views is 
reduced either by partial-Fourier methods (Wild 
et al. 2002a), parallel imaging with receive coil 
arrays (Lee et al. 2006), or radial under-sampling 
(Wild et al. 2003b; Holmes et al. 2008) or inter-
leaved-spiral acquisitions (Salerno et al. 2001), 
the flip angle can be increased in order to utilise 
all the available polarisation. This provides the 
interesting possibility with HP gas MRI of image 
SNR that is independent of the number of RF 
encoding steps (N) (Mugler and Brookeman 
2005), in contrast to the familiar SNR∝√N rela-
tion for conventional thermally polarised MRI.

A variable flip angle (VFA) approach can also be 
used in SPGR imaging with HP gases (Zhao et al. 
1996); here the flip angle is increased from view to 
view to maintain a constant transverse magnetisa-
tion thus minimise the k-space filtering effect. The 
flip angle for the nth RF pulse is given by:

 
a n N n( ) = ( )



tan /– –1 1

 
(2)

The VFA approach potentially presents the opti-
mum strategy for SPGR imaging of 3He; however, 

the idealised constant magnetisation profile can 
diverge if there is slight mis-calibration in the RF 
transmit amplitude. Similarly, in 2D SPGR imaging 
the distribution of flip angles across the 2D slice 
profile (Wild et al. 2002a) can cause similar prob-
lems of divergence (Deppe et al. 2010). An alterna-
tive to spoiling the precious transverse magnetisation 
from view to view is to recycle it using steady state 
(Mugler et al. 2002; Wild et al. 2006), EPI (Saam 
et al. 1999) or CPMG (Durand et al. 2002) -based 
refocusing strategies. All of these approaches allow 
potentially increased SNR by using a higher excita-
tion flip angle and subsequently refocusing residual 
transverse magnetisation with the finite longitudinal 
magnetisation. Of these approaches, steady state 
free precession (SSFP) acquisitions have been uti-
lised most extensively for high SNR imaging with 
hyperpolarised 3He (Fig. 4) (Wild et al. 2006; Qing 
et al. 2015). The flip angle across the slice profile is 
better preserved in SSFP compared with SPGR 
acquisitions (Deppe et al. 2010), and furthermore, 
variable flip angles can be employed with SSFP to 
enable further improvements in image quality 
(Deppe and Wild 2012).

However, any sequence that employs refocus-
ing is constrained by the effect of diffusion atten-
uation of the transverse magnetisation which can 
be considerable for 3He in the lungs. The diffu-
sion related signal loss is quantified by the signal 
attenuation at the centre of the readout echo 
according to the expression exp (−b(τ)D), where:
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Fig. 4 2D coronal (a) 
SPGR and (b) SSFP images 
of HP 3He in the lungs of a 
healthy volunteer, acquired 
at 1.5 T
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is the time-dependent b-value derived from 
the time integral of the imaging gradient. 

k t G t dt
t

( ) = ( )¢ ¢òg
0

 is the k-space encoding vec-

tor, and G is the time varying imaging gradient 
waveform.

In light of potential diffusion related signal 
losses, short echo time imaging, e.g. with radial 
and spiral sequences which start to sample the 
centre of k-space at TE ~ 0, can provide SNR 
advantages. This is most beneficial when imag-
ing with small FOVs (Driehuys et al. 2007) or 
where gas diffusion is considerable such as in 
the upper airways (Wild et al. 2004). The same 
constraint of diffusion dephasing imposed by 
the imaging gradients applies to EPI sequences, 
and as such, limits the achievable echo train 
length and spatial resolution (Saam et al. 1999). 
Nevertheless, single shot EPI provides an 
attractive means of rapidly tracking gas flow 
dynamics and has been used more recently to 
estimate global lung ventilation volume with 
time during exhalation (Teh et al. 2007). 
Diffusion dephasing also limits the minimum 
achievable slice thickness in 2D imaging; when 
striving for high resolution images a 3D 
sequence is less prone to this source of attenua-
tion in the slice direction and can yield higher 
image SNR for a given spatial resolution (Wild 
et al. 2004). A secondary effect in 2D imaging 
is the mixing of gas polarisation by diffusion of 
gas between the slice being excited and the 
adjacent slice. This effect is mitigated by keep-
ing the sequence TR to a minimum and acquir-
ing slices in an interleaved fashion. This slice 
mixing effect can be quantified by the expres-
sion below which describes the dissipation of 
the slice profile f(z) with time due to diffusion 
with a Gaussian distribution:
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This process of slice mixing can in fact be 
used to measure long-range diffusion coefficients 
(Fichele et al. 2005) and is discussed later.

8  Physiological and Anatomical 
Sensitivity with HP 3He

The remainder of the chapter will focus on how 
3He MR images can be used to probe lung func-
tion. The emphasis of the following sections is on 
how to sensitise MR pulse sequences to different 
aspects of lung physiology and microstructure, 
and how to quantify the results with image pro-
cessing techniques.

8.1  Ventilation Imaging

The obvious and most common use for HP 3He 
images is to visualise lung ventilation distribution 
and homogeneity. For this purpose, high resolution 
images at breath-hold are needed and 2D multi-
slice and 3D SPGR and SSFP sequences with 
Cartesian encoding routinely provide good lung 
coverage at voxel resolutions of around 4 mm3. 
Ventilation homogeneity can be expressed qualita-
tively with radiological scoring procedures 
(Kauczor et al. 1997; Donnelly et al. 1999; Altes 
et al. 2001; Gast et al. 2002; Stavngaard et al. 2005; 
van Beek et al. 2007). The degree of ventilation 
heterogeneity can potentially be further quantified 
by texture analysis (Tustison et al. 2010), and lacu-
narity scoring methods that were initially used in 
CT. A more direct quantitative approach is evalua-
tion of regional ventilation volumes (Woodhouse 
et al. 2005). 1H lung images add additional infor-
mation on the potentially viable ventilated volume 
and can be used in tandem with the 3He MRI venti-
lation images to calculate an index of percentage 
ventilated volume (VV%). A 3D imaging sequence 
(Wild et al. 2004) with its contiguous data format 
allows direct calculation of regional lung volume, 
with the added ability to reformat images in any 
orientation, as shown in Fig. 5.

The ventilated volume can also be expressed by 
the reciprocal measure; the ventilation defect per-
centage (VDP), i.e. the percentage volume of unven-
tilated lung (where VV% + VDP = 100%), as a 
quantitative metric of lung ventilation. Lung ventila-
tion volume from 3He MRI has been shown to cor-
relate both with spirometry in normal and smokers 
(Woodhouse et al. 2005), and patients with chronic 
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obstructive pulmonary disease (Mathew et al. 2011) 
and cystic fibrosis (Kirby et al. 2011b). Since the 
images supply spatially resolved data, it is a shame 
to sacrifice the regional ventilation sensitivity by 
summing up all ventilated pixels into a global index 
of ventilated volume. Techniques which evaluate 
changes in ventilation heterogeneity on a voxel-wise 
basis show promise in this respect (Tzeng et al. 
2009), and there are a number of methods routinely 
used in CT that could possibly be adapted for this 
purpose in future (Evans et al. 2008).

The non-invasive nature of hyperpolarised 3He 
MRI makes it well suited to longitudinal exami-
nations of disease progression (Kirby et al. 2010) 
and assessment of response to treatment (Samee 
et al. 2003; Woodhouse et al. 2009; Kirby et al. 
2011a). For these applications, the baseline 
repeatability of the ventilation imaging is of great 
importance; this depends upon the respiratory 
manoeuvre and distribution of ventilation defects, 
which has been shown to change with time and 
posture in healthy subjects (Mata et al. 2008). 
3He images obtained pre- and post-administration 
of a bronchodilator in a subject with asthma are 
shown in Fig. 6, along with a “treatment response” 
map of the improvement in ventilation.

8.2  Dynamic Imaging

HP gas MRI is not constrained by saturation recov-
ery of the signal and as such it is possible to acquire 
images at very short TRs and high SNR. This opens 
up the possibility of imaging gas flow dynamics, 
wash-in and wash-out, and other time resolved pro-
cesses such as air trapping, which occur over time 

scales of the order of milliseconds. Work to date in 
humans has largely focused on using very rapid 
time resolved 2D acquisitions with partial-Fourier 
Cartesian SPGR (Schreiber et al. 2000), spiral 

a b c

Fig. 5 Three-dimensional 3He ventilation images formatted into (a) coronal, (b) sagittal, and (c) axial slices, acquired 
from a 9-year-old child with cystic fibrosis
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Fig. 6 2D SPGR 3He ventilation images acquired in a 
subject with asthma, (a) pre- and (b) post-administration of 
a bronchodilator. (c) Map of the response to bronchodilator 
treatment, presented as the fractional change in ventilation 
between the two images, overlaid by a 3D render of the 
thoracic cavity
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(Salerno et al. 2001) and radial (Wild et al. 2003b; 
Holmes et al. 2008) sequences; an example of the 
latter is shown in Fig. 7. The non-Cartesian meth-
ods oversample the centre of k-space and can be 
readily adapted to sliding window reconstruction 
and thus seem to be particularly effective for 2D 
dynamic imaging. These sequences provide a 2D 
planar view of the lungs with very fast temporal 
resolution and have been used to elucidate rates of 
gas flow in the major airways and periphery on a 
voxel-wise basis (Gast et al. 2003; Koumellis et al. 
2005). By modulating the flip angle used with 
respect to the rate of inhalation, the time series of 
images can be weighted according to gas flow rate 
in order to delineate the major airways where gas 
flux is highest (Tooker et al. 2003).

Dynamic imaging sequences can potentially 
be run directly after a volumetric breath-hold 
exam in order to investigate the gas clearance rate 
(Holmes et al. 2007). In addition, these  acquisition 
techniques allow for the possibility of assessing 
pulmonary mechanics including shear motion 
and strain, during inhalation (Cai et al. 2009). 
With the advent of faster volumetric imaging 
sequences that use compressed sensing under-
sampling (Ajraoui et al. 2010) and parallel imag-
ing (Deppe et al. 2011b) techniques (see Sect. 9), 
the possibility also exists for high temporal reso-
lution 3D imaging of ventilation.

An alternative approach to imaging the rapid 
influx of HP gas during inspiration is to monitor the 
slower multiple-breath wash-in of signal in a fashion 
similar to that used in nuclear medicine ventilation 
studies. In this approach the regional fractional ven-
tilation – i.e. the volume of gas turned over per 
breath – can be derived (Deninger et al. 2002b; 
Emami et al. 2010; Hamedani et al. 2016) as a quan-

titative index of regional gas ventilation. More 
recently, these techniques have been adapted to 
monitor 3He gas wash-out dynamics over several 
breathing cycles in order to quantify fractional venti-
lation (Deppe et al. 2011a; Horn et al. 2014) (Fig. 8).

A final dynamic imaging approach involves 
exploiting the phase contrast (PC) sensitivity to 
steady flow provided by MRI. Work in this field 
has adapted methods developed for phase contrast 
MR angiography to enable mapping of gas flow 
profiles and turbulence in the upper airways (de 
Rochefort et al. 2006; Collier and Wild 2015) (see 
Fig. 9). Recently, these techniques have been 
employed to probe the effect of the heartbeat on gas 
flow dynamics in the lungs (Collier et al. 2015).

8.3  Measurement of Regional 
Oxygen Uptake

As described in Sect. 7.1 (see Eq. (1)), the T1 decay 
of HP 3He is strongly affected by the effect of mix-
ing with oxygen in the air. The dependence of the 
3He T1 on oxygen concentration was quantified by 
Saam et al. (1995); the longitudinal relaxation rate 
(1/T1) is given by GO t pO t

2 2( ) = ( ) / x , where the 
coefficient ξ was determined empirically as 
2.61 bars at 310 K. This pO2 dependence of the 3He 
T1 was subsequently used by Deninger et al. (1999) 
for in vivo quantification of pO2 in breath-hold 
experiments on pigs and humans. Under breath-
hold conditions, the HP 3He image signal intensity, 
An, in a time series of n images acquired with N RF 
pulses per image, can be derived from Eq. (1) as:
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Fig. 7 Selected time frames from a dynamic time series of 3He images acquired with a 2D radial sequence (Wild et al. 
2003b) in a patient with severe COPD
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Thus, by acquiring a time series of images with 
different inter-image delay times (tn), the RF 
depletion and T1(pO2) effects can be separated to 
give an estimate of the regional pO2(t). This 
method relies on the assumption that oxygen 
uptake in the human lung can be approximated by 
a linear rate constant (R), such that pO2(t) = p0–Rt, 
(where p0 = pO2(t = 0)); this could represent a short 
time scale approximation to the exponential 
behaviour reported in rat lungs by 3He T1 measure-
ments (Cieślar et al. 2007). Practically, in vivo 

experiments use thick slice 2D images (whole 
lung projections) acquired with two sets of weight-
ings – either different flip angles or different inter-
image delays. This dual scan approach is 3He 
intensive and prone to registration and breath-hold 
irreproducibility, as such single breath-hold ver-
sions of the method have been proposed (Deninger 
et al. 2002a; Fischer et al. 2004). For accurate fit-
ting of the decay curve, high image SNR is impor-
tant whilst the spatial resolution of the images is 
less paramount. Furthermore, the effect of inter-
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Fig. 9 (a) Time series of 3He gas velocity maps in the trachea during steady breathing through a flowmeter (Collier and 
Wild 2015). (b) Flowmeter recordings at the mouth (red stars represent flow estimates derived from the MR images)
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Fig. 8 (a) Time series of 3He ventilation images acquired 
from a healthy volunteer during a multiple-breath wash-
out imaging experiment (Horn et al. 2016). (b) Fractional 
ventilation map derived from the time series of images in 
(a). (c) Lung volume derived from flow measurements at 

the mouth during the multiple-breath wash-out acquisition. 
The first two images in (a) are acquired in one breath-hold 
to calibrate for RF and T1 decay between acquisitions, and 
hence normalise subsequent acquisitions such that decay 
in signal can be attributed to gas wash-out only
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slice diffusion of gas during the significant inter-
image delay time (up to 7 s) can introduce 
erroneous decay rates which can be circumvented 
by using a 3D imaging sequence (Wild et al. 2005) 
(Fig. 10). However, the major limitation of this 
technique to date is diffusional mixing of HP 3He 
gas and consequent collateral ventilation in 
emphysematous lungs (Marshall et al. 2012).

8.4  Diffusion Measurement

One of the most powerful and proven aspects of 
HP 3He MRI is its sensitivity to gas diffusion 
(random Brownian motion of the atoms). In air 
(at standard temperature and pressure conditions) 
the diffusion coefficient (D) of 3He is on the order 
of 0.88 cm2/s (Liner and Weissman 1972), and it 
can travel root-mean-square distances of milli-
meters over the timescale of milliseconds, as cal-
culated from the solution to the 1D diffusion 
equation x Dt= 2 . For example, in an MR 

experimental time frame of 5 ms, 3He gas atoms 
can travel a root-mean-squared (RMS) distance 
of ≈1 mm. Considering the smallest confining 
structure in the lungs to be an alveolus, which is 
approximately 0.3 mm in diameter, gas atoms 
can encounter the tissue walls multiple times dur-
ing a MR sequence repetition time (TR), which is 
typically ~5 ms. The confinement by the alveolar 
walls leads to a “restriction” in gas diffusion and 
hence the measured apparent diffusion coeffi-
cient (ADC) is much smaller in healthy lungs 
than that of diffusion in free-space. Diffusion-
weighted MRI measurements reveal that the 3He 
ADC is between 0.1 cm2/s and 0.2 cm2/s in 
healthy lungs (Saam et al. 2000; Salerno et al. 
2002; Swift et al. 2005; Fain et al. 2006), in com-
parison to the free diffusion coefficient in room 
air of 0.88 cm2/s. The restricted diffusion process 
in healthy lungs (and emphysematous lungs 
wherein the diffusion restriction is altered by tis-
sue destruction) is depicted in the schematic in 
Fig. 11.
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Fig. 10 (a) Time course of images from one slice of a 3D single scan pO2 imaging acquisition (Wild et al. 2005), and 
(b) the calculated pO2 map
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Low ADC ~ 0.2 cm2/s

Emphysema
High ADC ≤ 0.9 cm2/s

Fig. 11 Schematic of a 
healthy and an 
emphysematous alveolar 
sac and the effect on 
diffusion path length
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8.4.1  Measuring Diffusion: Time-
Length Scale Dependence

As discussed earlier, diffusion acts to attenuate 
irreversibly the MR signal whenever a magnetic 
field gradient is present. Hence, MRI sequences 
can be used to measure diffusion by using pulsed 
or static gradients after the application of the 
excitation RF pulse. These methods stem from 
the seminal work of Carr and Purcell (1954) and 
Stejskal and Tanner (1965). For HP 3He, the most 
commonly employed method is the pulsed-gradi-
ent-spin-echo (PGSE) technique. It is easily 
implemented, robust, and most importantly, it 
can be incorporated into fast sequences that can 
be performed within a breath-hold. The standard 
PGSE method utilises two pulsed gradients sepa-
rated by a time Δ, and a 180° refocusing pulse, 
all situated after the slice-selection gradient and 
usually before the phase encode step of the 
sequence. The same diffusion measurement can 
also be made without the 180° refocusing pulse; 
instead by modifying the polarity of the two gra-
dient pulses, as shown in Fig. 12. However, this 
essentially limits experiments to short values of 
Δ, since T2* causes signal attenuation. 
Furthermore, the refocusing pulse can mitigate 

some of the measurement errors introduced due 
to superposition of background gradients.

The simplified PGSE diffusion-weighted SPGR 
sequence block, as typically used for HP gases, is 
depicted in Fig. 12. The diffusion b-values are 
computed from Eq. (3), and for the PGSE sequence 
in Fig. 12, b-values can be expressed in terms of the 
gradient waveform parameters:
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where γ is the gyromagnetic ratio, G is the 
applied field gradient, ∆ is the diffusion time, δ is 
the pulse duration, and τ is the ramp time. The 
ADC is subsequently evaluated by an exponen-
tial fit to the expression exp (−b·ADC). This 
sequence is best run in an interleaved mode 
where the acquisition of each line of k-space is 
repeated at different diffusion weightings: the 
first interleave typically has no diffusion weight-
ing (b = 0), while the subsequent interleaves 
incorporate bipolar gradient waveforms of differ-

Interleaved Gradient-Echo Sequence with Diffusion Encoding
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Fig. 12 Diffusion-weighted spoiled gradient echo (SPGR) sequence, based on the PGSE sequence, typically used for 
measuring 3He ADC
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ent non-zero b. Interleaving in this fashion 
ensures a reduced sensitivity to motion artefacts 
and greatly reduces any flip angle and T1 relax-
ation bias in the resulting ADC measurement. 
However, it is crucial that each interleave has the 
same time-to-echo (TE) and repetition time (TR).

Various investigations into diffusion in the 
human lungs have been performed using varia-
tions of the PGSE sequence shown in Fig. 12. 
The first reported measurements of 3He diffusion 
were by Mugler et al. (1998) at a field strength of 
1.5 T, using a bipolar gradient waveform with 
four b-values of 0.4, 0.8, 1.2, and 1.6 s/cm2. ADC 
values were calculated on a pixel-by-pixel basis 
using a linear, least-squares fit to yield a single 
average ADC value for all four b-values. The 
overall mean ADC value over all healthy volun-
teers was found to be 0.25 cm2/s, almost a factor 
of four times smaller than the unrestricted diffu-
sion coefficient of 3He in air.

A more comprehensive study, using 11 
healthy volunteers and 5 patients with severe 
emphysema, was performed by Saam et al. 
(2000). Here, diffusion was encoded using 

only two b-values: for the healthy volunteers 
the values were b = 0 s/cm2, and b = 2.75 s/cm2, 
whilst for the emphysema patients a lower sec-
ond b-value of 1.375 s/cm2 was selected. 
Diffusion in both cases was encoded with a 
relatively long diffusion time of 7.5 ms. The 
results from the healthy volunteers yielded an 
average ADC value of 0.20 cm2/s, whereas the 
ADC values from the emphysema patients 
were greatly elevated, with an average of 
0.50 cm2/s. The results clearly demonstrated 
that destruction of the lung tissue led to higher 
ADC values, closer to the  unrestricted diffu-
sion coefficient of 3He (see Fig. 13). Following 
this study, Salerno et al. (2002) conducted a 
study in sixteen healthy volunteers, and eleven 
patients suffering from emphysema, using 
identical encoding methods to those of Mugler 
et al. (1998). The ADC average was found to 
be 0.23 cm2/s for healthy volunteers, and 
0.45 cm2/s for the patients with emphysema. 
In addition, the ADC values were compared to 
spirometry measurements taken before each 
scan. The ADC values were found to correlate 
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significantly with the forced expiratory vol-
ume in 1 s (FEV1), which is of great impor-
tance given that spirometry is routinely used 
to assess disease severity. Several groups have 
since used PGSE sequences such as these to 
elucidate early emphysematous changes in 
smokers (Swift et al. 2005; Fain et al. 2006), 
bronchodilator effects in severe COPD (Kirby 
et al. 2012a), growth of alveoli with age (Fain 
et al. 2005), postural and anatomical gradients 
within the lung (Fichele et al. 2004c), and sub-
tle changes in asthma (Wang et al. 2008). In 
addition, preliminary evidence of ADC change 
in patients with radiation induced lung injury 
(Mathew et al. 2010) and in transplanted lungs 
of patients with pulmonary fibrosis (Bink 
et al. 2007) is promising for wider applica-
tions of the technique. Importantly, 3He ADC 
results have been shown to match well with 
the alveolar dimensions measured from histo-
logical sections in experiments made in ani-
mal (Peces-Barba et al. 2003) and human 
lungs (Woods et al. 2006).

The mean ADC value is clearly an indicator 
of alveolar size and hence disease severity in the 
case of emphysema; however, the diffusion 
regime of measurement of gases in the alveolar 
microstructure imposes a dependence of the 
ADC upon the diffusion weighting gradient 
strengths and timings (Fichele et al. 2004b). This 
sequence timing dependence of the ADC means 
that care should be taken when making a direct 
comparison of ADC results from different sites 
made with sequences with different diffusion 
weightings.

8.4.2  Theoretical Models of Gas 
Diffusion

Whilst the calculation of ADC assumes that gas 
diffusion is associated with a Gaussian distribu-
tion of phases (c.f. Eq. (4)), leading to a mono-
exponential decay of MR signal, the diffusion 
regime of 3He gas in the lungs results in a non-
Gaussian phase dispersion and non-mono-expo-
nential signal decay. This effect is experimentally 
seen in the dependence of the ADC upon the dif-
fusion weighting gradient strengths and timings 
(Fichele et al. 2004b), and is caused by the numer-

ous airways with different sizes and orientations 
with respect to the diffusion sensitising gradient 
contained within one voxel. These different diffu-
sion regimes result in differences of apparent dif-
fusion rates, which are not fully compensated by 
motional averaging for the relatively short diffu-
sion times used in typical 3He diffusion-weighted 
MR measurements (Parra-Robles and Wild 2012). 
The heterogeneity of the apparent diffusivity is 
further increased by localised diffusion effects 
(Hurlimann et al. 1995) caused by strong gradi-
ents at structural edges (Parra-Robles et al. 
2010a), as well as effects related to the airway 
connectivity (e.g. branching) (Parra-Robles and 
Wild 2012) and background susceptibility gradi-
ents (Parra-Robles et al. 2012).

The dependence of the observed 3He signal on 
these factors of the local diffusion regime causes 
difficulties when extracting quantitative informa-
tion about lung microstructure from in vivo diffu-
sion-weighted MR imaging. Much work has been 
performed in modelling the effect of restricted dif-
fusion of 3He inside analytical/geometrical 
(Yablonskiy et al. 2002; Conradi et al. 2004; 
Grebenkov et al. 2007; Sukstanskii and Yablonskiy 
2008) and numerical (Fichele et al. 2004a, b) 
m odels of lung microstructure. However, to date, 
only cylindrical geometrical models (Yablonskiy 
et al. 2002; Sukstanskii and Yablonskiy 2008), 
stretched exponential models (Parra-Robles et al. 
2014), and q-space transforms (Shanbhag et al. 
2006) have been used to provide estimates of alve-
olar length scales in vivo from 3He gas diffusion 
measurements. A fundamental requirement for the 
application of each of these models is that multiple 
(>2) high b-value diffusion measurements are 
acquired to sufficiently sample the non-mono-
exponential diffusion signal.

The first in vivo measurements of alveolar geo-
metrical parameters were reported by Yablonskiy 
et al. (2002), using an analytical model of respira-
tory airways as infinitely long cylinders, based 
upon the Weibel model of acinar geometry 
(Fig. 14a). Multiple b-value diffusion-weighted 
MR measurements were used to estimate alveolar 
duct diameters from a model of anisotropic diffu-
sion in healthy subjects and patients with emphy-
sema. This cylindrical geometrical model was 

J.M. Wild et al.



85

subsequently updated (Sukstanskii and Yablonskiy 
2008) to permit the evaluation of parameters of 
lung morphometry (including mean linear inter-
cept (Lm), surface-area-to-volume ratio (S/V), and 
density of alveoli (Na)) from the model parameters 
of alveolar radius (R) and alveolar depth (h).

Lm measurements derived from 3He diffusion 
MRI analysed with this cylindrical geometrical 
model have been found to be strongly correlated 
with histological measurements of Lm in speci-
mens of healthy and emphysematous lungs 
(Yablonskiy et al. 2009). Various groups have 
since used this model to study changes in lung 
microstructure associated with smoking-related 
early emphysema (Quirk et al. 2011; Paulin et al. 
2015), age (Quirk et al. 2016), lung inflation 
(Hajari et al. 2012), and adult lung growth 
(Butler et al. 2012).

An alternative theoretical model of 3He diffu-
sion signal behaviour in the lungs is the stretched 
exponential model (Grebenkov and Guillot 2006; 
Parra-Robles et al. 2014). This model does not 
require any assumptions about the lung geometry 
to derive in vivo estimates of alveolar length 
scales. In the stretched exponential model, the 
measured macroscopic (voxel) signal can be rep-
resented as the superposition of signals with dif-
ferent apparent diffusivities D:

 

S

S
p D e dDb

D
bD

0 0

0

= ( )ò -

 
(7)

where S0 is the signal when b = 0, Sb is the sig-
nal when b is non-zero, and D0 is the free diffu-
sion coefficient of 3He in air. The continuous 
summation of exponential decay functions mod-
ulated by the probability density function p(D) 
can be represented with a stretched exponential 
function such that:
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where DDC is the distributed diffusion coef-
ficient and α is a heterogeneity index that 
describes the amount of deviation from mono-
exponential signal decay behaviour (Berberan-
Santos et al. 2005; Parra-Robles et al. 2010b). 
Recently, it was demonstrated that DDC and α 
values were significantly different in healthy sub-
jects and patients with COPD, and that α values 
were independent of diffusion time and lung 
inflation size (Parra-Robles et al. 2013).

A probability distribution of diffusion length 
scales (p(LD)) can be determined from p(D) by 
using the diffusion equation, LD = (2DΔ)½ (i.e. the 
root-mean-squared displacement, where Δ is the 
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Fig. 14 (a) Geometric model of alveolar ducts used in the 
cylinder model. Each duct consists of infinitely repeating 
alveolar segments that are described by alveolar radii (R) 
and alveolar depth (h) and effective alveolar diameter (L) 

(Parra-Robles et al. 2012). (b) Example of healthy subject 
and COPD patient parametric maps of R, h, and mean lin-
ear intercept (Lm) derived from the cylindrical geometric 
model
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diffusion time). The p(LD) distribution is a mea-
sure of the distribution of microscopic dimensions 
of the airways (i.e. the diffusion-restricting 
boundaries) contained within a given voxel, and 
the shape of the distribution is similar to that of 
intercept length measured in histological studies. 
The p(LD) distribution can thus be used to derive a 
mean diffusion length scale (LmD), analogous to 
the histological mean linear intercept. The first 
in vivo LmD values were reported in a population 
of asthmatic subjects, and LmD was shown to sig-
nificantly correlate with %-predicted functional 
residual capacity (FRC) measurements from spi-
rometry, in addition to CT density (Parra-Robles 
et al. 2014). With the implementation of com-
pressed sensing acquisition for scan time reduc-
tion (see Sect. 9.2), 3D whole lung LmD maps 
have been recently acquired in a single breath-
hold from healthy subjects and patients with 
COPD (Chan et al. 2016). Examples of stretched 
exponential model data is presented in Fig. 15.

Global spectroscopic measurements of HP gas 
diffusion can also provide an alternative means to 
obtain lung microstructural information. At the 
expense of spatial information, diffusion-
weighted spectroscopy experiments offer shorter 
acquisition times and require less hyperpolarised 
3He gas than the imaging-based methods dis-
cussed above, and therefore may be ideally suited 

for longitudinal monitoring of paediatric patients. 
Multiple b-value diffusion-weighted spectros-
copy data can be analysed using q-space theory 
(Callaghan et al. 1988) to derive displacement 
probability profiles and root-mean-square dis-
placements (Xrms) (Shanbhag et al. 2006). 
Shanbhag et al. (2006) used a bi-Gaussian model 
to derive narrow (Xrms1) and broad (Xrms2) root-
mean-square displacements in healthy children 
and adults, and COPD patients. Xrms1 and Xrms2 
correspond to two different diffusion length 
scales in the lung, and both values correlated well 
with age and conventional ADC measurements, 
suggesting that these MR spectroscopy-derived 
displacements may be similarly sensitive to 
changes in lung microstructure. Recently, 
O’Halloran et al. (2010) further developed the 
hyperpolarised 3He MR q-space imaging tech-
nique to obtain 3D spatially resolved Xrms maps in 
a healthy volunteer using an under-sampled 
radial stack-of-stars acquisition.

8.4.3  Long Time Scale Diffusion
As discussed earlier, the dependence of the HP 
gas diffusion MR signal on the PGSE sequence 
timing indicates that with longer diffusion times 
it is possible to probe longer diffusion length 
scales in the lungs, associated with inter-acinar 
connectivity and disease processes that lead to 
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different gas mixing and wash-out times. The 
problem with extending the diffusion time Δ to 
the order of tens of milliseconds needed to probe 
longer length scales is that T2* decay (T2* ≈ 25 ms 
for 3He in the lungs at 1.5 T (Salerno et al. 2005)) 
can significantly attenuate the MR signal before 
application of the second gradient pulse. To 
address this, the diffusion-encoded magnetisa-
tion can be stored in the longitudinal direction 
(with a flip back RF pulse of the opposite phase 
to the excitation pulse, i.e. as in stimulated echo 
sequence), such that the longer T1 (~20 s) allows 
longer diffusion times, and the magnetisation can 
then be read out with a third pulse with the same 
phase as the original excitation pulse.

Various manifestations of pulse sequences for 
measurement of long time scale diffusion have 
been proposed (Owers-Bradley et al. 2003; 
Woods et al. 2004; Fichele et al. 2005; Wang 
et al. 2006); in each case, the reported ADC val-
ues were approximately an order of magnitude 
less than those measured with PGSE, which 
indicates that long time scale diffusion experi-
ments measure gas mixing by diffusion through 
inter-acinar connectivity over a much longer 
length scale than in conventional short time scale 
experiments (Conradi et al. 2008). Whether this 
method is more or less sensitive than the short 
time scale measurements to different aspects of 
lung microstructure in healthy and diseased 
lungs remains to be fully investigated, although 
preliminary comparisons have shown differ-
ences in sensitivity (Wang et al. 2008).

9  Future Perspectives: 
Accelerated HP 3He Lung MRI

All the above applications of HP 3He lung MRI, 
despite their clinical potential, are fundamentally 
limited by both the non-renewable polarisation 
(T1 ~ 20 s and RF-induced) and feasible patient 
breath-hold times (~15 s). As such, HP gas MRI is 
a prime candidate for k-space under-sampling 
schemes that permit the number of RF excita-
tions, and thus the total scan time to be reduced. 
However, as in conventional 1H MRI, violation of 
the Nyquist sampling criterion introduces aliasing 

artefacts in the reconstructed images that must be 
minimised by specialised techniques. In particu-
lar, compressed sensing (CS) and parallel imaging 
(PI) strategies have considerable potential for 
accelerated HP gas lung MRI, and form the focus 
of this section.

9.1  Parallel Imaging

The concept of PI relies on utilising the sensitiv-
ity profiles of multiple receiver coils as prior 
knowledge to reduce the number of RF pulses 
required to reconstruct an image and therefore 
reduce acquisition time. PI with HP gases is not 
constrained by the typical SNR trade-off in PI of 
thermally polarised nuclei when the number of 
RF pulses is reduced, because the HP gas signal 
per excitation can be increased by using larger 
flip angles (Lee et al. 2006). Thus, PI is an attrac-
tive option for HP gas lung imaging applications. 
To date, PI reconstruction with HP 3He has typi-
cally been done either in the image domain with 
SENSE (Pruessmann et al. 1999) or in the k-space 
domain with GRAPPA (Griswold et al. 2002).

Teh et al. (2006) demonstrated in vivo acqui-
sition of HP 3He images with PI using a simulta-
neous slice excitation approach to reduce the 
number of RF pulses required to acquire a full 
image volume. This technique differs from con-
ventional PI in that it does not require the use of 
multiple-channel receiver arrays to reduce 
acquisition time. The first in vivo 3He lung 
images acquired with a multiple-channel 
receiver array coil were presented by Lee et al. 
(2006). A 2-channel transmit and 24-channel 
receive 3He phased-array system and SENSE 
reconstruction was shown to maintain 3He lung 
image SNR at reduction factors of 2 and 4. 
Larger receiver arrays comprising 32-channels 
(Meise et al. 2010) and up to 128-channels (Lee 
et al. 2008) have also been developed for high 
SNR parallel imaging with 3He. Deppe et al. 
(2011b) further improved 3He lung image qual-
ity by combining an asymmetric birdcage trans-
mit coil with a 32-channel receiver array to 
maintain a homogeneous B1 transmit field across 
the thorax (Fig. 16).
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Very few applications of PI for HP gases out-
side of conventional 3He ventilation imaging 
have been reported. Meise et al. (2010) demon-
strated the first morphologic lung images using a 
32-channel array coil with GRAPPA reconstruc-
tion. SNR enhancement allowed ADC maps to 
be calculated from images acquired at a higher 
spatial resolution (1.37 × 1.37 mm2) than with a 
standard transmit-receive coil. In a recent study 
comparing fully sampled and under-sampled 
multiple b-value diffusion data acquired with an 
8-channel receive coil (Chang et al. 2015), quan-
titative lung morphometry measurements were 
shown to be largely preserved with GRAPPA 
reconstruction, highlighting the potential of PI 
for acceleration of multiple b-value DW-MRI 

acquisitions. Other PI studies with HP 3He have 
demonstrated accelerated acquisition of maps of 
the B1-field (Santoro et al. 2011), fractional ven-
tilation (Emami et al. 2013), and partial oxygen 
pressure (Kadlecek et al. 2013).

9.2  Compressed Sensing

CS is an alternative acceleration technique that 
exploits the inherent sparsity of MR images to 
reconstruct images from under-sampled 
k-space data (Lustig et al. 2007). In contrast to 
PI, CS does not require the use of multiple-
channel RF coils, facilitating translation of the 
technique across different sites and scanners. 
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Fig. 16 SNR maps acquired from a healthy volunteer 
using a flexible 32-channel receive array and asymmetric 
birdcage transmit coil (Deppe et al. 2011b). (a) Images 
acquired with the birdcage coil in transmit and receive 
mode; (b) images acquired with the birdcage in transmit 

mode and the receive array, fully sampled (i.e. accelera-
tion factor, R = 1); (c) images acquired as in (b) but with 
fourfold under-sampling (R = 4). Mean and standard devi-
ation of SNR in the lungs are given for each SNR map
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Three requirements must be satisfied to ensure 
good CS image reconstruction: (1) image data 
must be sparse in either the image domain or a 
transform domain; (2) k-space must be under-
sampled randomly with variable-density 
schemes to ensure that associated artefacts 
produced during reconstruction are incoherent/
noise-like and can be smoothed by the CS 
algorithm; (3) a non-linear reconstruction 
method must be used to enforce sparsity and 
data fidelity.

The feasibility of acquisition and reconstruction 
of HP 3He lung MR ventilation images with CS was 
first investigated by Ajraoui et al. (2010). 
Retrospective under-sampling and reconstruction of 
fully sampled 2D and 3D 3He ventilation images, 
and subsequent prospective acquisition of under-
sampled images, showed that approximately two-
fold reductions in scan time could be achieved in 3He 
ventilation imaging without compromising image 
quality (Fig. 17a, b). In the same work, prospective 
under-sampled 2D 3He diffusion-weighted MRI 
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Fig. 17 (a) Effects of retrospective under-sampling on an 
example slice from a 2D 3He ventilation imaging acquisi-
tion (AF = acceleration factor) (Ajraoui et al. 2010); (b) 
corresponding difference images between fully sampled 

and under-sampled CS images. (c) Effects of retrospective 
under-sampling on an example slice from a 3D 3He diffu-
sion-weighted MR acquisition (Chan et al. 2016); (d) cor-
responding whole lung ADC histograms for each AF
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data reconstructed using CS demonstrated good 
preservation of quantitative ADC information.

The reduction in acquisition time offered by CS 
has allowed isotropic resolution 3He and 1H lung 
MR images to be acquired in the same breath-hold 
(Qing et al. 2015). Furthermore, the acquisition of 
1H structural images as prior knowledge for use in 
the CS reconstruction was shown to reduce error 
in the reconstruction of 3He ventilation images 
(Ajraoui et al. 2013). CS techniques have also 
been implemented to enable high temporal resolu-
tion gas flow measurements in the upper airways 
with phase contrast velocimetry (Collier and Wild 
2015). Further HP 3He studies have incorporated 
CS to permit acquisition of additional functional 
or structural data within a single breath-hold, such 
as 2D multi-interleaved 3He MRI data for map-
ping of ADC, T2*, and B1 (Ajraoui et al. 2012), 
and 3D multiple b-value diffusion-weighted MRI 
data for whole lung morphometry mapping (Chan 
et al. 2016) (Fig. 17c, d).

 Conclusion

The development of several key methods for 
lung MRI with hyperpolarised 3He has facili-
tated clinical translation of the technique to 
evaluate multiple aspects of lung function in a 
number of pulmonary disorders. However, 
whilst HP 3He is arguably a highly sensitive 
and powerful gas isotope for lung MR appli-
cations, its rapidly declining availability has 
somewhat limited its widespread clinical 
application. In recent years, there has been 
significant evidence of a steady transition in 
the field from using 3He to 129Xe for both 
physics and engineering development work, 
and clinical investigations. Despite the 
approximately three-fold inferior MR sensi-
tivity of 129Xe, preliminary comparisons of the 
two techniques suggest that equivalent func-
tional and structural information can be 
obtained with the two nuclei (Kirby et al. 
2012b; Svenningsen et al. 2013; Kirby et al. 
2014) (Fig. 18). 129Xe also possesses several 
advantageous properties to probe additional 
aspects of lung function that cannot be inves-
tigated with 3He (Mugler and Altes 2013), as 
discussed in the following chapter of this 

book. In Sheffield, we believe that there is still 
life in HP 3He lung MRI for certain research 
questions alongside the more clinically viable 
129Xe, and in fact, complementary functional 
information can be obtained by using the two 
hyperpolarised gas nuclei in tandem (Wild 
et al. 2013; Rao and Wild 2016).
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Fig. 18 Comparison of 3D SSFP 3He and 129Xe ventila-
tion images of the lungs of (a) a healthy never-smoker, (b) 
a “healthy” smoker, (c) a patient with asthma, and (d) a 
patient with COPD. The slice thickness and spatial resolu-
tion for acquisitions (a, b) were identical, whilst 3He 
images in (c, d) were acquired with half the slice thick-
ness of the corresponding 129Xe images and reconstructed 
to mimic the equivalent slice thickness
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1  Introduction

Pulmonary imaging is the least evolved branch of 
proton MRI, primarily due to the low volume 
fraction of tissue in the lung; only ~20% of the 

volume contains tissue or blood while the remain-
der is filled with air. By comparison, most of the 
volume in other organs is hydrogen. Another 
source of the inherently weak MR signal in the 
lungs is the extremely large area of the tissue-gas 
interface. The 3 ppm difference in magnetic sus-
ceptibility between tissue and air causes an alter-
ation of the local magnetic field resulting in very 
short signal coherence times. Despite having lim-
ited SNR, several promising techniques have 
been developed (Edelman et al. 1996; Mai et al. 
2001; Hatabu et al. 2001; Jakob et al. 2004; Detre 
et al. 1994; Hopkins and Prisk 2010; Deimling 
et al. 2008; Bauman et al. 2009). These tech-
niques work better at low magnetic fields (such 
as 1.5 T) because of the air/tissue susceptibility 
issue. This may be problematic for the future as 
the overall drive for clinical imaging is in the 
direction of higher field strengths. In preclinical 
small animal imaging, Kuethe et al. (2007) used 
1.89 T field strength system to produce lung 
images approaching the quality of CT.

An ideal technique for pulmonary imaging 
would enable independent imaging of gaseous 
and tissue regions of the lung to allow for inde-
pendent evaluation of overall ventilation and per-
fusion, their distributions, and be sensitive to 
early changes in the structure and/or function of 
the lungs, at the same time avoiding exposure to 
radiation, and having a short half-life for rapid 
repeat measurements, if necessary. Hyperpolarized 
Xenon (HPXe) MRI may satisfy most of these 
criteria: (i) NMR techniques  inherently lack 
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 exposure to an ionizing radiation; HPXe’s relax-
ation time ranges from seconds to hours depend-
ing on the holding field strength and temperature 
(frozen HPXe has a much longer T1 than gaseous 
or liquid Xe) making possible repeat measure-
ments using a batch of previously polarized gas; 
(ii) because the Xe nucleus has a large electron 
cloud, it is sensitive to the composition of its sur-
roundings, exhibiting a significant chemical shift 
(~200 ppm) between Xe in a gaseous state and 
dissolved in a soft tissue, fat, and blood. However, 
there are also significant shortcomings in this 
approach, such as the necessity for preparing the 
hyperpolarized gas separately using spin exchange 
optical pumping, which, in turn, requires a rela-
tively expensive and complicated apparatus, a Xe 
polarizer; polarizing large quantities of Xe to a 
high degree for human imaging can be challeng-
ing; and relatively short coherence times, i.e., T2, 
inherent to pulmonary proton MRI still hold for 
Xe imaging of the lungs. Nevertheless, the large 
200 ppm chemical shift between gaseous and dis-
solved phases of Xe allows for the unique possi-
bility of measuring both these phases separately 
and simultaneously. There is also a smaller but 
sufficient chemical shift between the two dis-
solved phases of Xe, tissue and blood, that allows 
quantitation of each of these dissolved phase 
components. These attributes of HPXe MRI make 
it possible to gather simultaneous information 
about early structural and functional changes in 
the lungs.

Despite the challenges and shortcomings of 
the technology over the last two decades, interest 
has been maintained, primarily because only with 
HPXe can one obtain in vivo parameters describ-
ing important aspects of pulmonary structure and 
function affecting gas exchange. Further, because 
it is a noninvasive approach, in preclinical imag-
ing, it can remedy many issues associated with 
methods that rely on tissue fixation as different 
fixation approaches can never duplicate in vivo 
physiology. Moreover, in clinical imaging, there 
is a significant need for better noninvasive diag-
nostic tools as pulmonary disease is a major pub-
lic health issue. For example, chronic obstructive 
pulmonary disease, COPD, is the fourth leading 
cause of death in the world and the only major 

disease that is still on the rise (American Lung 
Association 2010). Current pulmonary function 
tests (PFTs) provide measurements such as 
forced expiratory volume in 1 s (FEV1), but lack 
disease specificity as they are not a measure of a 
specific pathology, but rather, of how the lung 
functions as a whole. Carbon monoxide diffusing 
capacity, DLCO, while specifically measuring gas 
exchange, is a global rather than regional mea-
surement and can be highly variable due to a 
dependence on blood volume. Computed tomog-
raphy, CT, is the current imaging modality of 
choice for the lungs as it provides very high spa-
tial resolution maps of lung density. The fact that 
CT uses ionizing radiation, however, is a signifi-
cant issue. Since CT quantifies local tissue den-
sity but does not measure lung function, it can 
lack specificity. For example, consider a patient 
that has a combination of functional problems 
corresponding to emphysema as well as fibrosis. 
Emphysema, which involves loss of septal tissue, 
and fibrosis have opposite effects on tissue den-
sity and thus may be undetected with CT. HPXe, 
however, can separately evaluate alveolar surface 
area that is lost in emphysema as well as fibrosis 
through a functional measurement of time-
dependent diffusion of Xe from alveolar gas 
spaces into the septal tissue.

HPXe MRI could significantly contribute to 
both preclinical and clinical pulmonary imaging 
capabilities. Pulmonary HPXe MRI allows obser-
vation of separate peaks for inhaled Xe in a gas-
eous state (referred to as 0 ppm), and at least two 
separate peaks for dissolved states: one for Xe 
dissolved into tissue and blood plasma (at 
197 ppm relative to the gas peak) and another for 
Xe in erythrocytes (at 217 ppm relative to the gas 
peak). Time-dependent measurements of the 
 septal uptake offers a unique opportunity to non-
invasively monitor gas exchange. Several mathe-
matical models of Xe septal uptake have been 
developed to quantify subcomponents of gas 
exchange. In vivo data provided quantitative esti-
mates of fundamental pulmonary parameters, 
such as the alveolar surface area per unit volume 
(S/V), the total thickness of the septal tissue (h), 
the thickness of the gas to blood barrier (d), and 
blood transit time through gas exchange region 
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(t). Widespread effort is underway to extend this 
unique and very promising approach to regional 
measurements (Månsson et al. 2003; Driehuys 
et al. 2006; Ruppert et al. 2004; Chang 2013; 
Stewart et al. 2014).

Another important feature of HPXe is that the 
intrinsic decay of the magnetization depends on 
the local oxygen concentration, similar to condi-
tions in 3He-MRI. The decay of the longitudinal 
magnetization is exponential, with the time con-
stant denoted as T1. In the presence of O2, T1 
drops from hours to seconds. This sensitivity has 
been exploited (initially in HPHe and then in 
HPXe) to map pulmonary partial pressure of 
oxygen in vivo using the inverse relationship of 
pAO2 as a function of T1 (Deninger et al. 2000). 
This, in turn, can be interpreted as a measure of 
the regional mismatch between ventilation and 
perfusion. This is true as although the relation-
ship between pAO2 and local V/Q is complex, it is 
known, and typically displayed as in the Rahn/
Fenn O2/CO2 diagram (Rahn 1964). For example, 
regions with high V/Q have abnormally high 
pAO2 (such as a region with a pulmonary embolus 
(PE)); regions with low V/Q have abnormally 
low pAO2 (such as in poorly ventilated units in 
COPD or in ventilation defects in asthma).

2  Polarizer

As part of an NIH funded grant, Dr. Samuel Patz 
created a consortium of scientists from Southern 
Illinois University at Carbondale (SIUC), 
Vanderbilt University, Harvard University, and 
our group at Brigham and Women’s Hospital. 
The main goal of the consortium is to develop a 
low-cost open-source alternative to the commer-
cially available polarizers that is capable of pro-
ducing sufficient amounts of Xe for human 
studies. Our lab houses the first prototype polar-
izer, Xenon polarizatioN Automated (XeNA), 
built by the collaboration (Nikolaou et al. 2013, 
2014). XeNA is largely based on existing designs 
and technologies. The polarization is achieved 
via spin-exchange optical pumping (SEOP), 
whereby the spins of unpaired electrons of an 
alkali metal vapor (in this case Rb) is polarized 

via optical pumping with circularly polarized 
light. This polarization is then transferred to the 
Xe nucleus by means of hyperfine interaction 
during Rb vapor Xe gas collisions. XeNA runs in 
a batch mode in a high-pressure mode (2000 Torr) 
with high Xe partial pressure (200–1800 Torr 
range) in a half liter glass cell. Having a Xe-rich 
mixture in the cell allows skipping the cryo-col-
lection step used by most other polarizers. Since 
cryo-collection also aided in preventing Rb leak-
age into the tedlar bag where hyperpolarized Xe 
is collected, we use an alternative method, a 
Teflon filter in the transfer line, with XeNA, to 
filter out the Rb. XeNA is modular and portable 
(Fig. 1a); it uses an open-source design and spe-
cial care was taken to use off-the-shelf compo-
nents whenever possible to allow for easy 
reproduction of the apparatus. It is largely auto-
mated: an open-source microcontroller (Arduino 
Mega 2560) controls all time-dependent opera-
tions driven by sensor measurements, such as 
vacuuming and filling the cell with the desired 
xenon-nitrogen mixture and evacuating the gas 
transfer lines and the tedlar bag for transfer of 
hyperpolarized gas, etc. Various controller out-
puts activate external devices via TTL level 
logic, such as shutting down the laser power sup-
ply unit if the door of the black box containing 
the laser is opened or triggering the low-field 
NMR spectrometer (Kea2, Magritek, Wellington, 
New Zealand) to run a NMR pulse sequence to 
evaluate Xe polarization. Additionally, the 
microcontroller interacts with a computer GUI 
through commands sent over the built-in USB-
serial interface; all programmed gas manifold 
load/transfer sequences are stored on the micro-
controller board’s memory. The GUI itself is 
designed and programmed in open-source soft-
ware (processing.org). The GUI also allows one 
to manually operate the polarizer: the gas mani-
fold with active valves is depicted on the GUI 
with a manual control option also available for 
each valve. The GUI’s schematic of the plumb-
ing makes manual operation of the polarizer 
more intuitive (Fig. 1b). Finally, XeNA is also 
equipped with a high-resolution near-IR spec-
trometer (Ocean Optics HR2000+) that detects 
transmitted laser photons. The low-field NMR 
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 spectrometer is used to detect nuclear spin-
polarization of 129Xe using a small surface coil 
(approximately 1.5 in. O.D., tuned to 62 kHz). 
Xe polarization is calibrated by comparison to 
the signal from a thermal proton phantom of 
identical geometry.

During an approximately 20-min run, slightly 
more than 600 mL of HPXe is polarized to 
approximately 25–30%. XeNA can achieve 129Xe 
nuclear spin polarization values (PXe) of approx-
imately 90%, 57%, 50%, and 30% for Xe load-
ings of approximately 300, 500, 760, and 
1570 Torr, respectively (Nikolaou et al. 2013). 
Furthermore, little polarization loss is suffered 
during cell cool-down and gas transfer from the 
device to tedlar bags. There is a 30-min overhead 
for the subsequent run: the system needs to cool 
down; a new batch of the gas mixture needs to be 
loaded into the cell for a new polarization process 

to commence. In parallel with the polarization 
process, a tedlar bag attached to the system is 
vacuumed and prepared to receive the polarized 
gas, taking about 20 min. We observed very long 
(about 6 h) spin-lattice relaxation times of gas-
eous HPXe in a tedlar bag in the center (uniform 
region) of a 3 T MRI scanner allowing for prepa-
ration of several samples of HPXe before the 
human imaging session.

To preserve the gas polarization during trans-
port from the polarizer lab to the imaging suite, 
we built a transport box. It contains a set of three 
battery-powered solenoids, together producing a 
16 Gauss magnetic field uniform over the region 
where the bag is placed. HPXe relaxation times 
are longer at higher fields. We measured the T1 
relaxation time of the hyperpolarized gas within 
our transport box as approximately 30 min, 
which is more than adequate to allow transport 

a b

Fig. 1 Open-source polarizer, XeNA, located in our labo-
ratory. (a) The chassis holding the black box on top, 
shown here with the side open, containing the polarizing 
hardware, while the gas panel, vacuuming systems and 
gas tanks are on the lower left-hand side of the chassis. On 

the right, we have temperature and pressure gauges, a 
laser power supply and its chiller, a NMR spectrometer 
and a microcontroller that orchestrates all automated pro-
tocols. (b) GUI controlling valves and protocols on the 
polarizer
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to the scanner, a distance <100 m. It takes less 
than 5 min from the moment the gas is trans-
ferred into the bag to the moment the bag is 
placed inside the uniform region of an MRI 
scanner. The transport box is brought to the stray 
field region of the MRI scanner, the tedlar bag is 
taken out of the transport box and brought to the 
subject inside the scanner where it is then used 
for hyperpolarized Xe MRI. As noted above, 
long decay times of almost 6 h were observed for 
tedlar bags containing HP 129Xe when placed in 
the central homogeneous field region of a clini-
cal 3 T scanner.

3  HPXe Inhalation Protocol

With the development of the new polarizer, we 
also obtained a new FDA IND for this polarizer 
(FDA IND #116,662). Based on our previous 
experience and experience of other research 
groups working with HPXe MRI (Lutey et al. 
2008; Shukla et al. 2012; Driehuys et al. 2012; 
Patz et al. 2008), we changed the breathing proto-
col: 800 mL of anoxic gas (Xe and nitrogen) is 
produced and available for inhalation. The Xe 
content can vary from 20 to 80% by volume. To 
standardize the inhalation process, participating 
subjects are directed to inhale to total lung capac-
ity (TLC) and exhale to functional residual 
capacity. They then inhale the hyperpolarized gas 
mixture from a tedlar bag followed by a breath-
hold of a maximum of 16 s. We perform baseline 
measurements of heart and respiratory rates, 
blood pressure, and blood oxygen saturation 
(SpO2). We repeat these measurements 5 min 
post breath-hold. A physician is present in the 
MR room, continuously monitoring the subject 
during the breath-hold and observing the SpO2.

4  In Vivo Spectroscopy

Xenon’s wide chemical shift allows for separate 
measurements of gaseous and dissolved states, 
and the Xe uptake by the tissue and blood mimics 
the oxygen uptake in the lungs. During the last 20 

years, there has been significant interest in devel-
oping a theoretical framework to describe the Xe 
uptake (Abdeen et al. 2006; Månsson et al. 2003; 
Driehuys et al. 2006; Ruppert et al. 2004; Chang 
2013). In 2002, Butler et al. (2002) developed the 
first analytical model describing a simplified case 
of Xe diffusion in a porous medium. They 
assumed semi-infinite geometry in which diffu-
sion times are kept sufficiently short that dis-
solved Xe does not reach the other phase change 
boundary. Small Xe-soluble porous polymer 
granulate phantoms with varying pore sizes rang-
ing from 20 to 250 μm (Porex Corp., Atlanta, 
GA) were used to measure the surface area per 
unit gas volume (not the Euclidean volume of the 
sample) using NMR and the results were corre-
lated with the mean linear intercept measured via 
confocal microscopy. We developed the chemical 
shift saturation recovery (CSSR) NMR technique 
by which a frequency-selective RF pulse is 
applied at Xe dissolved state frequencies to 
quench the signal rising from those frequencies, 
thereby essentially creating initial conditions 
such that at time t = 0, the dissolved-state magne-
tization MD(t = 0) is zero, while the gas state ini-
tial magnetization MG(t = 0) is essentially 
unaffected by this RF pulse. After some time tdiff, 
a fraction F(tdiff) = MD(tdiff)/MG(t = 0) of the ini-
tial gaseous Xe magnetization diffuses into the 
solid. The measured dissolved and gaseous sig-
nals (SD and SG) can be analytically described 
as:
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where the ratio of the sines accounts for flip angle 
differences experienced by gaseous and dissolved 
states, λ is the partition coefficient, D is the dis-
solved Xe diffusivity, S is the alveolar surface 
area, and V is the gaseous Xe volume. Note that if 
there are unventilated regions of the lung, they 
will not contribute to both signals.

Although this simplified semi-infinite slab 
model does not describe the real alveolar septum 
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with finite thickness, nevertheless, it is applicable 
to in vivo measurements so long as Xe molecules 
entering the dissolved state from opposite ends of 
the realistic tissue-blood-tissue slab do not meet. 
As the alveolar septa containing tissue and blood 
can be extremely thin—less than a micron—the 
diffusion times at which this model is applicable 
are very short, less than a millisecond. Generally, 
we cannot make measurements for such short 
times because of hardware limitations, so a DC 
offset term was added to account for these very 
thin regions that are saturated with Xe early on and 
add a constant contribution independent of the dif-
fusion time used for a particular measurement.

A more realistic approach has to account for 
the finite thickness of the tissue-blood-tissue slab 
(Fig. 2a). We applied the well-known solution to 
the 1D diffusion equation with periodic boundary 
conditions to our geometry and initial conditions 
in the absence of a blood flow. In order to incor-
porate the blood flow into the model, we made 
three simplifying assumptions about the Xe 
uptake by the blood and the blood flow (Patz 
et al. 2011):
 1. Xenon dissolves directly into the blood, skip-

ping the parenchymal layer separating blood 
from gas (Fig. 2b).

 2. Diffusion is strictly orthogonal to the direc-
tion of the blood flow.

 3. Plug flow describes the blood flow.
Within the time interval [0 t], allowed for diffu-

sion, a segment of the blood that was just upstream 
of the gas exchange region (GER) prior to the start 
of diffusion (region R1, see Fig. 2c) will make its 
way into the GER. If the diffusion time t is greater 
than the time τ it takes blood to exit the gas 
exchange region (t ≥ τ), then at time t, R1 will 
occupy the whole GER. For shorter times, how-
ever, there will be another segment R2 that will 
spend the entire time from 0 to t inside the GER.

Finally, at time 0, the space between R2 and 
the right edge of the GER (Fig. 2c) will contain 
R3, a segment that will completely exit the GER 
at time t. If v is the velocity of the blood flow, 
then both R1 and R3 are length vt, and hence, 

@ 30ms @ 150ms @ 750ms

0

t = 0

R1 R1R2 R2R3 R3 Flow

GER

t > 0

h–d
h

d

0 ppm 0

0 h–d hd

197 197217+197a

b

c

Fig. 2 A schematic of the simple geometry considered in 
the CSSR model. (a) The gas, tissue, and blood compart-
ments used in modeling xenon septal uptake. (b) Cross-
sectional depiction of the xenon uptake by the tissue/
blood at different diffusion times. (c) Position of three 
spatially distinct regions of blood flow, labeled R1, R2, 
and R3 at time t = 0 and t > 0. The distance the blood 
travels in time t is Δx = vt. Blood in regions R1 and R3 
experience gas exchange for only a fraction of the time t, 
whereas region R2 experiences gas exchange for the 
entire time t. Note that blood in region R1 on the left and 
in region R3 on the right correspond to blood in the pul-
monary arterioles and venules and are therefore both 
located physically within the lung. Since we observe Xe 
within the lung, Xe diffusing into the blood within the gas 
exchange region and afterwards traveling downstream 
into the venules is observed as part of the xenon septal 
uptake data. Reproduced from Muradyan et al. (2012) 
with permission from The Royal Society of Chemistry
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R1 + R2 is of the same length as R2 + R3, and 
both are equal to the total length of GER.

Since the entire R2 is involved in the diffu-
sion between 0 and t, for this portion, the frac-
tion of the septal thickness containing Xe (the 
distance of Xe’s diffusion into the segment) will 
be uniform over its length. The fraction of the 
alveolar surface area associated with R2 is 
(τ − t)/τ, where τ is the capillary transit time. By 
contrast, some parts of R1 and R3, respectively, 
move in and out of the GER, causing the frac-
tions of septal thickness containing Xe to change 
along their lengths. In this case, the average 
fractions must be calculated by integrating sep-
tal thickness over the diffusion time. The frac-
tion of the surface associated with both R1 and 
R3 is t/τ. By combining the three contributions, 
the total fraction of Xe is calculated. The result-
ing expression, describing the Xe uptake from 
alveoli, is as follows:
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As noted earlier, the term F0 is due to very thin 
portions of the gas-blood barrier that are saturated 
before the shortest diffusion time. However, there 
is another mechanism that would result in such an 
offset: if the quenching of the dissolved state sig-
nal is not ideal, there will be a residual dissolved 
state signal to offset the measurements.

We used this model to fit the data previously 
collected on a 0.2 T scanner: 13 different diffusion 
times ranging from 17 ms to 1 s were used to 
obtain a Xe uptake curve. A sample curve from a 
healthy nonsmoking volunteer is presented in 
Fig. 3. Data were acquired at three different lung 
volumes for healthy nonsmokers, at a single vol-
ume for two subjects with COPD, and two subjects 
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Data

Fit w/o flow

S/V Regime
Saturation Capacity - ILD/IPF

×10-3
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ff)
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Effect of
Blood Flow
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Fig. 3 Example of F(t) data plotted versus t. The data 
here are for a subject with COPD Gold Stage 1. Also 
shown is the fit to the theoretical expression in Eq. (2) 
(blue curve). Using the fitted parameters S/V and h 
obtained for the blue curve, but setting τ → ∞, a separate 

curve was plotted (red curve) that shows the behavior for 
no blood flow. Note that the dissolved state data were cor-
rected for T1 decay during the diffusion time t. Reproduced 
from Muradyan et al. (2012) with permission from The 
Royal Society of Chemistry
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with interstitial lung disease. To enable inter-sub-
ject comparison, lung volumes (LV) were normal-
ized to their respective total lung capacities 
(TLC). In the fitting routine, we used literature 

values for l = = ´ -0 1 3 10 6
2

. .and D cm
s

 The S/V, 

h, and τ values are summarized in Fig. 4. Despite 

the use of such a simplified analytical model, the 
values for the parenchymal thickness are remark-
ably similar to those measured with histology on 

fixed lungs (Coxson et al. 1999). Further, for 
blood transit time we measured τ ≈ 1.5 s, very 
close to the range of the values (mean 1.6 s, 
median 1.2 s, with a wide spread) reported in the 
literature (Hogg et al. 1994). Our surface area per 
unit volume measurements, on the other hand, are 
nearly 40% lower than the reported values 
(Coxson et al. 1999) obtained using histology on 
fixed lungs, possibly also explained by the lower 
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Fig. 4 Results of data 
analysis for (a) S/V, (b) 
h, and (c) τ as a function 
of lung volume 
normalized to TLC. The 
results shown are for 
four healthy nonsmoker 
subjects (Healthy NS), 
two subjects with mild 
ILD, and two subjects 
with COPD, one with 
mild and one with mild/
moderate disease. 
Reproduced from 
Muradyan et al. (2012) 
with permission from 
The Royal Society of 
Chemistry
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bound on our diffusion time window being too 
long so that the thinner sections of septal tissue 
between capillaries may have already been satu-
rated. The S/V values of the subjects with ILD fall 
within the range of values for healthy subjects, 
consistent with a lack of parenchymally destruc-
tive disease; their h values are 36 and 97% larger 
than the mean value of the healthy volunteers at 
TLC, consistent with laying down of excess con-
nective tissue and increased interstitial fluid in 
progressive fibrotic diseases. For COPD subjects, 
on the other hand, one would expect to observe 
loss of tissue due to the emphysema, which would 
result in a decreased S/V. For the two subjects we 
studied, we observed a striking loss compared to 
volunteers (more than by a factor of three!) of S/V 
measured near functional residual capacity, while 
there was no significant deviation from healthy 
volunteers for h. Values for the capillary transit 
time as a function of normalized lung volume are 
fairly constant but exhibited relatively high vari-
ability. We observed no  significant difference in 
transit times for ILD patients and healthy sub-
jects; for COPD subjects, the  values of τ were 
somewhat reduced, but remained within the range 
observed in the healthy volunteers.

Although morphometric measurements on the 
fixed lungs demonstrated that S/V decreases as LV 
increases—most probably it is a power function 
between S and V—the details of the functional 
dependence remain obscure. Moreover, there are 
really no means for making such measurements in 
live humans, and one can argue that CSSR with 
hyperpolarized Xe is uniquely poised to address 
such a question. We used CSSR to perform simul-
taneous measurements of the Xe uptake at a single 
exchange time and the lung volume at which a par-
ticular spectrum was taken. To change the lung vol-
ume, we asked the subjects to inhale HPXe and air 
to total lung capacity, and wait for the NMR 
sequence to begin. Then the subject exhaled from 
TLC to residual volume in approximately 8 s as the 
NMR data were collected. A MR safe spirometer, 
triggered by the spectrometer, was used to measure 
the exhaled volume simultaneous with NMR data 
collection. We measured F versus LV for two diffu-
sion times, 20 and 323 ms. The data and their fit to 
a power-law F = F0 + cVα (Fig. 5). For both, tdiff of 
20 and 323 ms, α = −1.86, R2 = 0.99 and 0.97, 
respectively. Unfortunately, we cannot translate the 
values of F to S/V values because due to the offset 
F0, it requires several time points to evaluate the 
slope of F versus tdiff .
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Fig. 5 Examples of F(t) 
versus lung volume V 
acquired at a fixed 
diffusion time. Data are 
from a healthy, male 
subject, 32 years old, 
who exhaled from TLC 
to close to RV. Two 
different diffusion times 
(20 and 323 ms) were 
measured. Reproduced 
from Patz et al. (2008) 
with permission
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5  In Vivo Imaging

5.1  Ventilation Maps

When, upon an inhalation and a breath-hold of 
HPXe, an MRI is acquired, the resulting image is 
essentially a map of the ventilation distribution 
in vivo. Only the regions where Xe has reached 
will be visible on the image; the signal intensity 
in a pixel is proportional to the number of Xe 
molecules in the corresponding voxel. We used 
such maps to address the basic physiology ques-
tion of whether closing volume in healthy young 
adults is due to frank airway closure or to flow 
limitation of patent airways.

Closing volume (CV) is traditionally measured 
using a single-breath nitrogen washout test during 
which a volunteer expires to residual volume (RV), 
then inspires from RV with 100% oxygen to total 
lung capacity (TLC). Then, while the subject 
slowly exhales, the concentration of expired nitro-
gen is plotted against the volume over the expira-
tion. An examination of the plateau and the 
presence of a sharp change in slope of [N2] versus 
lung volume on this plot allow CV to be deter-
mined. CV is defined as the lung volume (relative 
to RV) at which this change in slope occurs. This 
change in slope is interpreted as reflecting the 
abrupt onset of asynchronous emptying of lung 
units with different specific ventilations (and 
hence different N2 concentrations) due to either 
frank airway closure or flow limitation on the prior 
exhalation. It is traditionally thought that if the 
mechanism responsible for this change is frank 
airway closure, and if these airways do not reopen 
on a subsequent inspiration, absorption atelectasis, 
shunt, and hypoxemia will result. In such a case, 
substantial ventilatory inhomogeneities and patch-
iness would be revealed in the HPXe MRI, associ-
ated with the sequential reopening of units and the 
continued presence of closed units. On the other 
hand, if “closure” on the prior exhalation is associ-
ated with patent but flow-limited airways, then the 
fact that they remain open would preclude, on the 
subsequent inspiration, any marked degree of 
inhomogeneity.

In most fit, healthy young individuals, this 
is not physiologically significant for two rea-
sons: lung volume generally stays above clos-
ing volume and even if it dips below CV, the 
resulting ventilation-perfusion (V/Q) mis-
match is managed with regional vasoconstric-
tion, and any residual gas exchange effect is 
minor. However, in those older than approxi-
mately 30 years, CV increases almost linearly 
with age (Bode et al. 1976) and after approxi-
mately 45 years of age approaches FRC. In 
young healthy adults, CV is close to RV, which 
makes it difficult to measure. We studied two 
young elite divers who were capable of achiev-
ing lung volumes below RV through glosso-
pharyngeal exsufflation (Muradyan et al. 
2010). This maneuver is performed by sequen-
tially using laryngeal and glossopharyngeal 
muscles to lower mouth pressure below gas 
pressure in the lungs, followed by a transient 
opening of the glottis, thus extracting air out 
of the lungs into the pharynx. Performed 
repeatedly, this exsufflation maneuver can 
lower lung volumes by a few hundred millili-
ters below RV (RV is defined as the lowest 
lung volume that can be attained using the 
expiratory muscles, with mouth and glottis 
open). Each of the subjects performed two 
breath-holds for HPXe MRI at different lung 
volumes. Figure 6 shows the ventilation maps 
observed at nearly RV and close to FRC for 
these subjects. As shown on the maps, there 
are several regions in the lower lung volume 
maps that have no Xe signal, i.e., that stayed 
unventilated upon inhalation of a small vol-
ume of gas, while the same regions were ven-
tilated when more gas was inhaled. This 
suggests that the mechanism behind the CV is 
frank airway closure and not flow limitation in 
otherwise open airways. To further appreciate 
the degree of heterogeneity in ventilation at 
such low volumes, we also studied two age 
matching healthy volunteers and two older 
healthy volunteers. They inhaled approxi-
mately 1 L of Xe gas from RV, reaching lung 
volumes close to their FRCs; even in older 
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volunteers, for whom it was expected that CV 
would be greater than RV, following inhalation 
of approximately 1 L of gas, the ventilation 
maps were less patchy than the divers’ maps 
(Fig. 7). Eight years later, we imaged one of 
the older volunteers who had participated in 
the study with the divers (Control 3). Figure 8 
shows the ventilation distribution in this sub-

ject following inhalation of 0.8 L of gas after 
exhaling to RV (twice) and FRC. As can be 
seen from comparison of the maps in Figs. 7c 
and 8, there was a significant increase in het-
erogeneity after 8 years if Xe was inhaled 
from RV, which largely disappeared when 
inhalation was from FRC, consistent with CV 
approaching FRC in older adults.

TLC

Diver 1, sub-RV + 0.9L

Diver 2, sub-RV + 0.4L Diver 2, sub-RV + 0.9L

Diver 1, sub-RV + 1.3L

a b

c dTLC

Min Max

RV
RVGE

TLC

RV
RVGE

TLC

RV
RVGE

RV
RVGE

Fig. 6 Ventilation maps from two divers. Subjects per-
formed glossopharyngeal exsufflation (GE) to reach 
sub-RV (RVGE), after which they inhaled a Xe gas mix-
ture. Here the vertical bars on the sides of the ventila-
tion maps provide information about the lung and 
inhaled gas volumes. The black horizontal lines show 
RV and RVGE with respect to total lung capacity (TLC), 
while the bottom of the green region represents the 
lung volume at which the divers started inhalation of 
the Xe gas mixture. The top of the green region shows 
the lung volume (again, with respect to TLC) at which 
the breath-hold was done and data acquired. (a) Diver 

1 (28 yo) following inhalation of 0.9 L from sub-RV. 
(b) Diver 1, 1.3 L from sub-RV. (c) Diver 2 (28 yo), 
0.4 L from sub-RV. (d) Diver 2, 0.9 L from sub-
RV. Note especially the regions remaining closed in (c) 
(arrows), and significant patchiness at both lung vol-
umes in (a) and (c). The background color (gray) of 
the images shows the regions where no xenon signal 
was detected. Dark blue corresponds to minimum sig-
nal, while dark red represents the maximum signal 
measured. Reproduced from Muradyan et al. (2010) 
with permission
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5.2  Direct Measurement of Xenon 
Uptake: Three-Point Dixon 
Approach

Regional maps of the parameters obtainable by 
the CSSR technique would be a welcome addi-
tion to pulmonary diagnostic tests. However, due 
to the low tissue density (only approximately 
20% of the lung volume is tissue) and low solu-
bility of Xe into the blood (the partition coeffi-
cient is approximately 0.1) only 2% of the Xe 
ends up in the dissolved state, thus limiting direct 
imaging of the dissolved state. Nevertheless, 
there is a strong effort by many groups involved 

in HPXe MRI research to obtain such maps 
(Cleveland et al. 2010; Mugler et al. 2010; 
Kaushik et al. 2013; Qing et al. 2014b). As 
described earlier, in CSSR, we quenched the dis-
solved Xe signal by applying a 90° pulse at a dis-
solved state frequency, then allowed for the gas to 
diffuse into the tissue for some time tdiff, which 
was then followed by an application of another 
90° pulse and data acquisition. Here we com-
bined the CSSR method with the Dixon method 
to map gas and dissolved state signals simultane-
ously during a short breath-hold in two healthy 
volunteers at approximately 40 and 70% of 
TLC. The three-point Dixon technique was 

TLC

Control 1, RV + 1.3L

Control 3, RV + 1.3L Control 4, RV + 1.0L

Control 2, RV + 1.3L

RV

TLC

RV

TLC

RV

TLC

RV

Min Max

a b

c d

Fig. 7 Ventilation maps from controls. Subjects exhaled 
to RV, then inhaled a Xe gas mixture to reach lung vol-
umes near FRC. The bars on the sides of the ventilation 
maps provide information about the lung volumes and 
inhaled gas amounts. The black horizontal line shows RV 
with respect to TLC, while the bottom of the green region 
represents the lung volume at which the controls started 
inhalation of Xe gas mixture (in these cases it coincided 

with RV). The top of the green region shows the lung 
volume (with respect to TLC) at which the breath-hold 
was done and data acquired. (a) Control 1 (31 yo), fol-
lowing inhalation of 1.3 L from RV. (b) Control 2 (31 yo), 
1.3 L from RV. (c) Control 3 (55 yo), 1.3 L from RV. (d) 
Control 4 (56 yo), 1 L from RV. Color scheme is same as 
in Fig. 6. Reproduced from Muradyan et al. (2010) with 
permission
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 chosen as it allows for correction of possible field 
nonuniformity in the measurement region. The 
measurements were performed at 0.2 T magnetic 
field strength; the difference between gaseous 
and dissolved state Xe resonance frequencies was 
Δν = 485 Hz. We collected three coronal projec-
tion images with three echo times such that the 
dissolved and gaseous states were in “parallel,” 
“anti-parallel,” and “parallel again” phases, i.e., 
values for TE were:

 
T T n TE n E E, ,= + -( )0 1 ·D

 
(5)

where n is the number of the image to be col-

lected with TE, n echo time, DTE = 1
2Dn , and TE, 

0 is the minimum echo time we could reach. We 
used a 90° flip angle centered at the dissolved 
state signal, which tipped the gas state signal 
with only 2° RF pulse. By collecting interleaved 
images, we avoided relaxation effects. In one of 
the volunteers, we repeated the experiments 

twice to check the reproducibility of the 
measurements.

Because the dissolved phase Xe signal was 
very low, we used phased reconstruction to avoid 
noise rectification during image reconstruction. 
The first and third images (both had gas and dis-
solved state signals in phase) were used to obtain 
time-dependent phase accumulated during the 
time ΔTE, which is then used to phase-correct 
the second image. The sum of the first and second 
images provided dissolved state images, while 
their difference provided the gas state image. In 
order to calculate the fractional gas transport, F, 
we calculated a ratio of these two images. 
However, the dissolved and gas state images had 
shifted positions with respect to each other due to 
the chemical shift experienced by the off-reso-
nance phase (in this case, the gas phase was off-
resonance). We corrected for this shift by 
transferring the images into the time domain, per-

Inhalation from RV Inhalation from RVInhalation from FRC

Fig. 8 Ventilation maps from control 3 (Fig. 7c), inhaling 
800 mL of xenon gas mixture from RV (right and left col-
umns) and FRC (center column). These data were taken 8 
years after the data in Fig. 7c. As can be appreciated from 

the maps, if inhalation started from RV (below CV), there 
are reproducible patches of unventilated regions, which 
disappear if inhalation is started from FRC
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forming a time-dependent phase-correction for 
data points during the acquisition time and then 
transferred back to the image domain. This cor-
rected the shift in the off-resonance image, which 
was then used to calculate F(tdiff) maps. A set of 
sample images and F-maps for each lung volume 

is presented in Fig. 9a, b. Unfortunately, we col-
lected images for only a single diffusion time 
point during a breath-hold, and could not trans-
late measured F values to S/V maps because of 
the unknown offset F0. Despite the relatively low 
SNR of the images (average SNR for gas and dis-
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Fig. 9 Sample data from a subject at two different lung 
volumes. (a) Data at higher lung volume (~70% TLC); 
Reproduced from Muradyan et al. (2012) with permission 
from The Royal Society of Chemistry. (b) Data at ~FRC; 
(c) Mean and standard deviations for three data sets we 

collected in two healthy volunteers. As expected, the 
higher lung volume shows more homogeneous distribu-
tion of the gas exchange. Also, F(t) values at higher LV 
are lower than those at lower LV
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solved state images were 20.5, 10.9, and 17.4, 6.5 
for 40% and 70% TLC, respectively), we were 
able to obtain F-maps for both subjects at two 
lung volumes. Features to note are: for both sub-
jects, the distribution of F at a higher LV is more 
uniform than that of lower LV; the mean values of 
F at lower LV are greater than those at a higher 
LV for both subjects; the mean values of F from 
two measurements are in good agreement for 
both lung volumes (see Fig. 9c for details).

5.3  Indirect Measurement 
of Xenon Uptake—SB-XTC

We are using a modified version of Xe transfer 
contrast technique (Ruppert et al. 2000), in 
which all necessary calibration information is 
collected during a single breath-hold, the so-
called single breath Xe transfer contrast 
(SB-XTC) technique, to map fractional gas 
transport in vivo (Patz et al. 2007). Briefly, XTC 
allows for measurement of Xe septal uptake by 
measuring the loss of gas phase magnetization 
following repeated saturations of the dissolved 
phase. Each saturation allows Xe transport from 
gas to dissolved phase during a time tdiff. 
SB-XTC is designed as follows. The Xe gas sig-
nal is measured prior to (image I1) and follow-
ing (image I2), the XTC sequence with RF 
pulses applied at the dissolved phase frequency 
(+205 ppm relative to the gas phase). In addition 
to the measured loss of signal between images I1 
and I2 due to Xe septal uptake, there are other 
loss mechanisms including: (1) T1 relaxation in 
the lungs; (2) application of small flip angle RF 
pulses to collect the gas phase images; and (3) 
the effect of the XTC saturation pulses on the 
gas phase (although they are applied at 
+205 ppm, one needs to account for their tail at 
the Larmor frequency, possibly exciting the gas 
phase). To account for these contributions, a 
third image (I3) is collected following applica-
tion of an identical XTC sequence, except that 
the RF pulses are at −205 ppm. This procedure 
corrects for all relaxation contributions other 
than septal uptake of Xe, yielding an unbiased 
estimate of F(tdiff). To account for the RF flip 
angle spatial distribution, a fourth image (I4) is 

acquired immediately following image I3. The 
ratio I2/I1 is used to map the fractional Xe uptake 
F(tdiff); I3/I2 is used to correct for the above con-
founding contributions, and I4/I3 is used to map 
the distribution of the B1 field. Details of the 
SB-XTC technique and our implementation in 
human subjects can be found in reference 
(Muradyan et al. 2012).

We studied the fractional depolarization F as a 
function of lung volume in eight healthy subjects 
for a wide range of lung volumes, from 18 to 
82% of TLC. We observed an increase in the 
value of <F> with the decrease of the lung vol-
ume (Fig. 10a). We separated the physiological 
heterogeneity of the lung from the overall mea-
sured heterogeneity and observed a reduction of 
physiological heterogeneity with the lung vol-
ume decrease (Fig. 10b).

With SB-XTC, we also studied two nonsmok-
ers, nine smokers (with a smoking history rang-
ing between 1.5 and 33 pack years (PY)) and 
three nonsmokers, who have experienced heavy 
second hand exposure to smoke (approximately 
13–22 years of more than 10 h of daily exposure). 
We measured their average fractional gas trans-
port <F> as a function of smoking history or 
exposure. As can be appreciated from Fig. 11, in 
almost all smokers (except the smoker with the 
longest smoking history, 33 PY), we observed 
elevated <F> at both low and high lung volumes. 
Similarly, high values of <F> were observed in 
second hand smokers, suggestive of ongoing 
inflammation in the lungs. The lower value of 
<F> in the subject with 33 PY smoking history 
may be due to the interplay between inflamma-
tion that results in an increase of the measured 
septal thickness and lung tissue/capillary bed 
destruction, which lowers <F>. Interestingly, the 
subjects with second hand exposure exhibited an 
increase in <F> almost identical to that seen in 
active smokers.

We further extended the technique to 3D 
in vivo measurements for three diffusion times 
(20, 44, 66 ms) short enough to maintain the 
validity of the semi-infinite slab model. We used 
the Xe uptake model valid for short diffusion 
times to fit the data and obtain regional S/V in 
healthy subjects (Fig. 12). It should be noted 
that in order to utilize the analytical CSSR 
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Fig. 10 Volume dependence of the mean fractional gas 
transport <F(t)> (a) and physiological heterogeneity σPhysiol 
(b), both plotted on a Log-Log scale. To enable inter-sub-
ject comparison, the lung volumes are normalized to TLC 
of each subject. <F(t)> from all subjects is in good agree-
ment within the error, which is represented here by the 

contribution of the noise to the width of the fractional gas 
transport distribution. In most cases the largest contribu-
tion to the width of <F(t)> distribution comes from the 
physiological heterogeneity. Each human subject is indi-
cated as “HS” followed by a number. Reproduced from 
Muradyan et al. (2012) with permission
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Fig. 11 Mean 
Fractional transport <F> 
versus smoking history 
at two lung volumes. 
Purple and red data 
points (triangles) are 
from two second hand 
smokers. Interestingly, 
the effect of second 
hand smoke is similar to 
that of active smoking. 
Reproduced from 
Muradyan et al. (2012) 
with permission from 
The Royal Society of 
Chemistry
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framework to calculate morphological parame-
ters of the lung such as S/V, h, and τ, it is neces-
sary to use saturation pulses in XTC-type 
experiments and not inversion pulses, as was 
originally proposed (Ruppert et al. 2000). 
Additionally, we demonstrated the importance 
of the proper estimation of the fractional depo-
larization at higher fields, as it is necessary to 
account for B1 distribution.

5.4  Mapping the Partial Pressure 
of Alveolar Oxygen 
with SB-XTC

Mismatches in the ventilation/perfusion ratio 
(V/Q) in the lung are the hallmark of a wide spec-
trum of pulmonary diseases including COPD, 
asthma, interstitial diseases, and pulmonary 
embolism (PE). The consequences of V/Q mis-
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Fig. 12 (a) Map of S/V in units of inverse cm calculated 
from a pixel-wise fit to the semi-infinite slab model. The 
global mean value for S/V is 89 ± 30 cm−1 (mean ± stan-
dard deviation). The data are collected at RV + 260 mL 
gas, resulting in near 40% of TLC for this subject. (b) 

Representative voxel-wise fits of F to the short-time 
model from four different voxels measured at three diffu-
sion times demonstrating the quality of the fit. Reproduced 
from Muradyan et al. (2012) with permission from The 
Royal Society of Chemistry
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matches are important both in diagnosis and in 
patient management. V/Q heterogeneity is a 
major factor in impaired gas exchange: region-
ally low V/Q ratios (e.g., COPD) lead to locally 
low alveolar oxygen tension (pAO2) and systemic 
hypoxia; high V/Q ratios (e.g., in PE) lead to 
wasted ventilation, locally high pAO2, and con-
tribute to pulmonary hypertension.

The basic technique for measuring pAO2 utiliz-
ing the oxygen-dependent T1 relaxation rate of 
3He was introduced more than 15 years ago. 
Deninger et al. (2002) showed that the only sig-
nificant source of relaxation other than oxygen 
was due to the RF pulses used to interrogate the 
HPG signal. This can be quantified through a 
series of images, collected such that there is no 
extra delay between the first two images, mini-
mizing the magnetization decay due to O2, 
thereby quantifying the reduction in magnetiza-
tion due to the RF pulses and permitting a calcu-
lation of the direct effect of O2. Development has 
continued in both 3D technique or through 
sophisticated interleaved multi-slice approaches, 
correcting for confounding effects such as the 
high diffusivity of He (Deninger et al. 1999; Wild 
et al. 2005; Yu et al. 2008, 2009; Miller et al. 
2010; Marshall et al. 2013). In contrast to 3He, 
129Xe is naturally available and inexpensive, has a 
significant solubility in tissue, and therefore, is 
subject not only to local pAO2, but also to local 
perfusion. Ignoring septal uptake of Xe leads to a 
systematic bias such that the estimates of local 
pAO2 are artifactually high. We implemented a 
correction to this bias by explicitly taking into 
account Xe uptake in tissue and blood.

At the theoretical level, the measureable quan-
tity is the longitudinal magnetization decay time 
constant T1. This time constant is proportional to 
the harmonic mean of three characteristic times: 
the decay associated with the interrogatory RF 
pulses, the decay associated with wall interac-
tions, and the decay associated with O2. The lat-
ter is driven by the intermolecular dipolar 
coupling between the electron spin of oxygen 
and nuclear spin of a noble gas (Jameson et al. 
1988; Saam et al. 1995). The first of these is 
directly measureable; the second is known from 
experimentation to be sufficiently long that it can 

be ignored; the third has a known field/frequency 
dependence (Saam et al. 1995). The relation 
between the measured T1 and pAO2 is thus given 
by:
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where T is the temperature and ω is the Larmor 
frequency; ξ and f are, in general, temperature 
dependent.

Earlier, we reported on local measurements of 
a quantity we called the “pAO2-equivalent” as 
part of measurements with the single breath Xe 
transfer contrast (SB-XTC) technique without 
accounting for Xe uptake (Patz et al. 2007). We 
assumed the saturation RF pulses at −205 ppm 
had a negligible effect on the gas phase signal 
and, because Xe septal uptake is estimated as 
approximately 2% of the gas phase signal during 
the time interval between images 2 and 3, we 
neglected it as well. As a result, the T1 values 
were underestimated and pAO2 values were over-
estimated: the mean pAO2-equivalent in 17 
healthy volunteers was estimated to be 165 Torr. 
In this study, we highlighted the complications 
with pAO2 data interpretations when measured 
with Xe, and, in particular, that ignoring Xe 
uptake and nonoptimal pulse sequences leads to 
a systematic overestimation in pAO2. After 
accounting for the extra RF depletion effect, we 
calculated a mean pAO2-equivalent of 
127 ± 17 Torr (mean ± standard deviation) of the 
same data, a significant change from 165 Torr. 
These mean values agreed with other pAO2 mea-
surements with HPXe, but are still higher than 
expected in healthy volunteers: in all of our 
experiments, the subjects inhaled 21% oxygen 
and we expected an initial pAO2 of ~approxi-
mately 100 Torr (Weibel 1984).

To account for Xe uptake during the measure-
ment, we used SB-XTC and CSSR data from the 
same subject to calculate pAO2 after correcting 
for Xe uptake. With CSSR, we demonstrated that 
for diffusion times more than approximately 
100 ms, the tissue is saturated with Xe and the 
assumption of linear bulk blood flow is supported 
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by the in vivo data (Patz et al. 2011; Chang et al. 
2014; Stewart et al. 2014). Figure 13a shows a 
simulated Xe uptake curve using the mean values 
of the surface area per unit volume available for 
gas exchange, tissue thickness, and pulmonary 
blood transit time measured on healthy volun-
teers (based on data from Patz et al. (2011)). For 
times greater than 100 ms, the Xe uptake curve is 

linear with time and it can be used to extrapolate 
and estimate the amount of Xe lost during the 
measurement of pAO2.

We used the Xe uptake curve to estimate that 
in a healthy subject, approximately 2.5–3% of Xe 
was taken away from the pulmonary region by 
the blood (for some of the volunteers, we mea-
sured the uptake curves; for the remainder, we 
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Fig. 13 (a) Simulated 
Xe uptake curve based 
on the mean values of 
surface area per unit 
volume, thickness of the 
gas-blood barrier, and 
blood transit time. This 
curve is used to estimate 
the linearity region 
where pAO2 
measurements can be 
performed. (b) Sample 
pAO2 map from a 
volunteer, calculated 
from SB-XTC data. The 
volunteer inhaled HPXe 
gas mixture containing 
21% O2. Mean pAO2 of 
127 Torr is calculated 
before accounting for 
Xe uptake. Subject’s 
CSSR data at the same 
lung volume provided 
amount of xenon uptake 
to obtain unbiased mean 
pAO2 of 97 Torr
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used an averaged curve to predict the amount of 
the Xe loss, Fig. 13a). When the uptake loss was 
accounted for, the unbiased mean pAO2 in all sub-
jects was 102 ± 14 Torr, which was in agreement 
with the expected value (Fig. 13b).

The ability to measure local alveolar pAO2 has 
long been one of the holy grails of pulmonary 
physiology. Any pulmonary disease necessarily 
affects local ventilation, perfusion, or both, and 
as the local pAO2 is the product of a complicated 
interplay of the local ventilation and perfusion, it 
will reflect the mismatch between the two. 
Therefore, local pAO2 is definitely a clinically 
important parameter and can inform the evalua-
tion of regional V/Q mismatch in pulmonary 
disease.

6  Recent Studies with HPXe 
MRI in Adult and Pediatric 
Patients

There have been several studies in patients with 
various pulmonary diseases published over the 
last couple of years. Most of them included only 
a small number of patients, but provided enough 
information to warrant a larger scale study.

Ebner et al. (2017) studied 20 patients with 
asthma and 10 healthy volunteers (10 young 
patients with 5 age-matched controls, and 10 
older patients with 5 age-matched controls). 
They obtained 3D ventilation maps and calcu-
lated ventilation defect percentage (VDP) in all 
subjects. They observed significant difference in 
VDP (p = 0.031) between young patient 
(8.4 ± 3.2%) and matching control (5.6 ± 1.7%) 
groups, while in the older subjects the observed 
difference was not significant (16.8 ± 10.3% in 
patients versus 11.6 ± 6.6% in controls, p = 0.13). 
They also reported a moderate correlation 
between VDP and some PFT results (FEV1%, 
FEF25–75%, RV/TLC). However, more notably, 
they demonstrated that the spread between repeat 
measurements of VDP was significantly nar-
rower compared to that in FEV1 measurements: 
with Bland-Altman analysis they obtained a bias 
± standard deviation of −0.88 ± 1.52 for VDP 
and −0.33 ± 7.18 for FEV1.

Qing et al. (2014a) have obtained Xe uptake in 
45 subjects: 23 healthy, 13 with COPD, and 9 
with asthma, using both spectroscopic CSSR and 
3D dissolved phase imaging approaches. In 
CSSR they separated signal from Xe dissolved 
into the tissue and plasma (TP) from the signal 
from Xe dissolved into red blood cells (RBC), 
and reported the ratio of RBC/TP; they also 
obtained alveolar septal thickness (ST). While 
for the COPD cohort they observed RBC/TP 
ratios below the average values for the controls, 
the same ratio in subjects with asthma was either 
significantly higher or significantly lower (each 
two standard deviations removed), with the mean 
value not significantly different from the con-
trols’ mean value. ST in COPD subjects was sig-
nificantly higher than that in controls.

For 3D dissolved phase imaging they used 
radial interleaved acquisition to obtain maps of 
Xe signal distributions in gas (G) phase, dis-
solved into TP, and dissolved into RBC. For the 
COPD cohort, all measured ratios (TP/G, RBC/G, 
and RBC/TP) were lowered compared to those in 
healthy volunteers, while between asthmatic sub-
jects these ratios varied drastically. In ten of the 
subjects they also obtained the diffusing capacity 
of the lung for carbon monoxide (DLCO); in this 
subset of the subjects they observed a high cor-
relation between RBC/G and DLCO (R = 0.91).

Stewart et al. (2016) used CSSR to assess the 
reproducibility of the spectroscopic functional 
measurements of pulmonary parameters, alveolar 
septal thickness (ST) and surface area per unit 
volume available for gas exchange (S/V). They 
studied five controls on 3 separate days; three of 
the controls were also studied at three different 
lung volumes. They reported that S/V decreased 
with increase in lung volume, which agrees with 
our previous observations, however they also 
reported lower ST values at higher lung volume; 
our previous measurements did not show a sig-
nificant difference in ST at different lung vol-
umes (Patz et al. 2011). They also studied five 
COPD patients and nine age-matched controls on 
three occasions to evaluate the reproducibility of 
the measurement: the mean coefficient of varia-
tion (CV) of ST was 3.9 ± 1.9% in controls and 
6.0 ± 4.5% in COPD patients, similar to CV 
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 values for DLCO measurements. For S/V mea-
surements, the mean CV was 14.1 ± 8.0% in vol-
unteers and 18.0 ± 19.3% in patients.

Ouriadov et al. (2014) used diffusion weighted 
HPXe imaging to obtain unrestricted Xe diffu-
sion coefficient, which they then used to esti-
mate alveolar oxygen partial pressure (pAO2) in 
four controls and four COPD patients. They 
reported significantly higher (p < 0.04) free dif-
fusion constant values in COPD subjects 
(0.14 ± 0.03 cm2/s) compared to the never-
smoker controls (0.12 ± 0.02 cm2/s); COPD sub-
jects also had higher pAO2 values compared to 
the controls (18 ± 3% vs. 15 ± 3%, p < 0.01).

Stewart et al. (2014) used CSSR to quantify 
changes in Xe signal dissolved into TP and RBC 
in four patients with idiopathic pulmonary fibro-
sis (IPF), four patients with systemic sclerosis 
(SS), and ten healthy volunteers. They observed a 
reduced Xe uptake into the pulmonary capillaries 
in both patient groups; IPF patients also had sig-
nificant thickening of the septal wall. Additionally, 
they reported a good correlation between ST 
measured with CSSR and DLCO percent pre-
dicted values (R = −0.91, p < 0.001).

Kaushik et al. (2014) obtained HPXe spectra 
in 11 controls and 6 IPF patients to evaluate the 
differences in the Xe uptake. They reported a 
more than threefold lower RBC/TP ratio in IPF 
subjects compared to healthy volunteers; this 
was due to 52% reduction in RBC signal and 
58% increase in TP signal. They also reported 
that the RBC/TP ratio showed a strong correla-
tion with the subjects’ DLCO (r = 0.89, 
p < 0.0001).

Thomen et al. (2016) published the first HPXe 
MRI study report in pediatric subjects. They 
imaged 11 healthy controls (age 6–16 years) and 
11 patients with cystic fibrosis (CF) (age 8–16 
years) and evaluated the ventilation defect per-
centage in each group. They observed a signifi-
cantly higher VDP for CF subjects (18.3 ± 8.6%) 
compared to controls (6.4 ± 2.8%). Even for a 
subset of CF patients with normal FEV1 (>85%, 
with mean FEV1 = 103.1 ± 12.3% comparable to 
controls’ FEV1 = 100.3 ± 8.5%), the difference 
in VDP values (15.4 ± 6.3%) was statistically 
significant (p < 0.002).

Above is just a small subset of the studies 
done in different patient groups, meant to demon-
strate the utility of HPXe MRI for aiding clinical 
diagnosis and evaluating treatment efficiency. 
Still, even based on the studies listed here one 
can argue that HPXe offers unique capabilities 
for noninvasive radiation-free pulmonary struc-
tural and functional assessment.

7  Safety of HPXe Human 
Studies in Children 
and Adults

An extensive body of work over the past couple 
of decades shows that 15–40 s periods of breath-
hold after the inhalation of 1 L of hyperpolarized 
inert gases are tolerated well by most healthy as 
well as diseased subjects; over 1000 subjects 
have inhaled polarized 3He or 129Xe with no 
adverse effects other than “dry mouth”- and 
“dizziness”-related symptoms that are resolved 
spontaneously upon breathing room air again. 
“Dry mouth”-related symptoms result from the 
fact the gas is produced without water vapor that 
is always present in room air, while “dizziness” is 
due to xenon’s anesthetic effect.

In our laboratory, we have performed nearly 
500 breath-holds for practice breath-holds and 
HPXe MRI tests. According to our old protocol 
(Patz et al. 2007), we have instructed the subjects 
to fully inhale and exhale three times, and then 
administered up to 2 L of Xe with addition of O2 
and air, so that the gas mixture prepared for inha-
lation contained 21% of O2 and no more than 
70% Xe, while the resulting concentration of Xe 
in the lungs did not exceed 35%. We adminis-
tered up to eight breath-holds per subject per 
study, separated by 10 min. We measured their 
baseline SpO2, blood pressure (BP), heart rate 
(HR), and respiratory rate (RR) and recorded 
their electrocardiographs (ECG). During the 
breath-hold (up to 40 s long for healthy and 20 s 
for diseased patient) we continuously monitored 
their SpO2 and HR and recorded nadir SpO2. 
Over these breath-holds we have observed no 
adverse events in any of the subjects. None of the 
subjects withdrew from the study. No significant 
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changes were observed in the vital signs in either 
healthy volunteers or patients. Most of the sub-
jects reported experiencing some degree of dizzi-
ness that subsided within a minute of breathing 
room air.

Lutey et al. (2008) conducted a study that 
involved 100 subjects from five distinct groups: 
20 healthy subjects, 35 heavy smokers (more than 
30 pack/years) who are otherwise healthy, 7 
asthma, 1 lung cancer, and 37 lung volume 
 reduction surgery (27 participated before and 10 
after the surgery, 12 of these 37 patients were on 
supplemental oxygen) patients. Their criteria 
excluded subjects who had or were suspected to 
have cardiac or cerebrovascular disease and ane-
mia and those who were or might had been preg-
nant. Their protocol required subjects to exhale to 
FRC, and then inhale from a bag containing 300–
500 mL of 3He mixed with 0–2700 mL of N2 gas. 
The first 23 subjects were administered up to 3 L 
of asphyxiant gas, while for the following 77 sub-
jects a standard inhaled dose of 1 L (300–500 mL 
of which was hyperpolarized 3He) was adapted. 
All breath-holds were limited to 15 s. At the base-
line they measured the subject’s HR, BP, RR, and 
SpO2 and reviewed his/her ECG. These parame-
ters were reassessed immediately after the imag-
ing session was completed, and any symptoms 
were addressed. The HR and SpO2 were continu-
ously monitored during the breath-hold, and SpO2 
nadir and times of its occurrence and return to 
baseline with respect to breath-hold commence-
ment were recorded. All subjects were contacted 
the following day for a 24-h follow-up. For the 
216 runs that they reported no clinically important 
effects of 3He breath-holds on vital signs, nadir 
SpO2 of 4%, nadir SpO2 during a breath-hold over 
95% in 28% of the runs, in the range 90–94% in 
56% of the runs, below 85–89% in 14% of the 
cases and 81–84% in 2% of the cases. All returned 
to the baseline within 2 min. Based on the results 
they concluded that SpO2 should be continuously 
monitored during the breath-hold, and careful 
screening should be implemented to exclude sub-
jects with conditions in which even a transient 
drop of SpO2 to ~80% would be inadvisable.

Shukla et al. (2012) presented data on 136 
anoxic inhalations of 500 mL of hyperpolarized 

Xe mixed in 500 mL of helium buffer gas from 
33 healthy and diseased subjects (12 healthy sub-
jects, 7 with asthma, 10 with COPD, 3 with cystic 
fibrosis, and 1 with radiation-induced lung 
injury). The subjects requiring day- or night-time 
supplementary oxygen were included in the 
study. The only exclusion criterion was baseline 
supine SpO2 < 90% while on supplemental oxy-
gen. At the baseline they recorded BP, HR, RR, 
and SpO2. HR and SpO2 were continually moni-
tored during the breath-holds. They defined 
Adverse Event (AE) as any unfavorable and 
unintended symptom temporarily associated with 
the use of Xe, whether or not it was considered 
related to the gas or expected based on its known 
properties. Subjects were continually monitored 
for AEs, and asked to report any AEs experienced 
within 24 h of the last breath-hold. AEs were 
evaluated by a qualified pulmonologist as mild 
(awareness of the sigh or symptom, but easily tol-
erated), moderate (discomfort enough to cause 
interference with usual activity), or severe (inca-
pacitating with inability to perform usual activ-
ity); AEs were also judged by a qualified 
pulmonologist as not related, possibly related, 
and related to Xe gas inhalation. Hypoxic AEs 
were defined as a reduction from baseline SpO2 
of more than 5% that had not quickly resolved 
after Xe inhalation.

There were no serious or severe AEs reported, 
none of the subjects withdrew from the study. 
They reported a total of two mild AEs in 136 
breath-holds (less than 1.5%) by one COPD sub-
ject and one with asthma. One (head ache 7 h after 
the last inhalation) was considered not related to 
the inhalation, while the other (light-headedness) 
was judged possibly related to Xe breath-hold. 
This symptom subsided within 2 min.

While there were no hypoxic AEs reported, 
there was small change in SpO2 during the breath-
hold compared to the baseline (baseline 
SpO2 = 97.9 ± 1.3%, breath-hold SpO2 = 96 ± 2.9%), 
which was judged clinically insignificant. No sig-
nificant differences in handling Xe inhalations 
were observed between healthy and diseased 
subjects.

In another report Driehuys et al. (Virgincar 
et al. 2012) studied the safety and tolerability 
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of xenon breath-holds in healthy volunteers 
and patients. Their subject pool consisted of 24 
healthy volunteers, 10 patients with COPD 
(GOLD stage I–III), and 10 age-matched con-
trols. According to their protocol, the subjects 
were instructed to fully inhale and exhale twice 
and then administered 1 L of 100% Xe without 
adding of O2. They administered up to four 1 L 
xenon inhalations per study. At the baseline 
they measured HR, RR, BP, and ECG and per-
formed neurologic and neurobehavioral exami-
nations. During a breath-hold they continuously 
monitored subjects’ SpO2 and three-lead 
ECG. Within 10 min following the breath-hold 
they measured HR, RR, BP, and SpO2 six times 
and conducted another brief neurological 
examination. These were followed by similar 
measurements at 1-h post breath-hold and 24-h 
follow-up visit, during which all vitals, ECG, 
neurologic and neurobehavioral examination 
and a limited physical examination were per-
formed. Moreover, at the screening and 24-h 
follow-up clinical laboratory tests (Serum 
Biochemistry and Hematology) were obtained 
to assess the biochemical effect of dissolved 
Xe on the blood chemistry.

They defined an adverse event as any unin-
tended symptom temporally associated with Xe, 
which was classified by the medical personnel as 
mild (tolerable), moderate (interferes with nor-
mal activity), or severe (incapacitating). Further, 
hypoxic adverse event was defined as a drop in 
SpO2 of over 5% that did not resolve in 1 min 
after the breath-hold.

All subjects tolerated the xenon inhalations 
well; none of them withdrew from the study; no 
serious adverse events were recorded; no signifi-
cant changes in vital signs were observed follow-
ing the breath-holds and up to 24 h after the 
inhalation, none of the subjects exhibited any 
change in serum biochemistry or hematology 
values. Most subjects (40 of 44) experienced 
mild, transient symptoms, related to the known 
anesthetic properties of xenon (most commonly 
dizziness), which resolved without clinical inter-
vention in less than 2 min. Two subjects (one 
healthy, one age-matched control) experienced 
four moderate adverse events.

They concluded that inhalation of hyperpolar-
ized 129Xe is well tolerated in healthy subjects 
and in those with mild or moderate COPD. The 
exclusion of O2 from the gas mixture has a sig-
nificant effect on the resulting image quality, 
while having very little effect on the safety and 
tolerability of the inhalation by the subjects. This 
study showed that SpO2 after inhalation and 
breath-hold changed by less than 1%, and that 
inhalation of Xe has no biochemical effect on 
blood chemistry.

And, lastly, Walkup et al. (2016) evaluated 
feasibility, tolerability, and safety of pediatric 
HPXe MRI in healthy volunteers and children 
with cystic fibrosis. They enrolled 17 healthy vol-
unteers (age 6–16 years) and 11 children with 
clinically diagnosed CF (age 8–16 years). Their 
inclusion criterion was the ability to hold their 
breaths for 16 s for all children; the exclusion cri-
teria were a history of poorly controlled asthma, 
history of heart defect, use of an asthma rescue 
inhaler more than twice within the last month, 
symptoms of respiratory or sinus infection a 
week prior to Xe study, baseline SpO2 < 95%, 
positive pregnancy test, and standard MRI exclu-
sions. A registered nurse or a physician oversaw 
all Xe inhalations. They obtained subjects’ base-
line HR and SpO2, and monitored them for 2 min 
following the inhalation. They recorded nadir 
SpO2, its duration, as well as the HR at that 
instance. Immediately after the inhalation, with 
the child still in the scanner, the gas administrator 
asked the child to describe any dizziness, light-
headedness, numbness, or euphoria that he/she 
might have experienced during the inhalation. A 
maximum of three inhalations were performed 
per child, with at least 2-min delays between the 
runs for the children to rest and breath room air. 
They assessed adverse events during and up to 
30th day post imaging (via day 1 and day 30 fol-
low-up phone call). First five of the volunteers 
were given HPXe volume equal to 1/12th of their 
predicted TLC. No adverse events were reported; 
thus, the rest of the healthy volunteers and all CF 
subjects inhaled volume of HPXe equal to 1/6th 
of their TLC, with a maximum dose of 1 L.

Baseline SpO2 was measured at 98.5 ± 1.2% 
and 97.3 ± 1.6% for control and CF subjects, 
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respectively; their nadir values were significantly 
reduced to 93.9 ± 4.0% (p ≤ 0.001) and 89.9 ± 9.8% 
(p < 0.02), correspondingly; 2 min post inhalation 
the SpO2 values for the control group were lower 
compared to the baseline (97.5 ± 1.7%, p = 0.02), 
while for the CF group the values returned to the 
baseline (97.3 ± 1.8%, p = 1.0).

No central nervous system effects were reported 
by those children who inhaled lower dose of HPXe 
(1/12 of TLC). While all children receiving larger 
dose of HPXe (1/6 of TLC) reported some degree 
of tingling, dizziness, and euphoria, all deemed 
mild and consistent with the expected effects of Xe 
inhalations; all side effects resolved spontaneously 
within 30 s after breathing room air for 2 min.

Four adverse events were reported, none deter-
mined to be related to the study: on day 1 after the 
study, one control subject ate his/her food too 
quickly and vomited, but the child had reported his-
tory of such behavior; on day 30 there were reported 
a cough from one of the CF subjects, influenza B 
from another CF subject, and an upper respiratory 
tract infection from yet another CF subject.

All these studies indicate that Xe is a well-
tolerated and safe contrast agent for pulmonary 
structural and functional imaging. This is even 
more important for pediatric patients, as there are 
very limited options for noninvasive, radiation-
free imaging for children.
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Key Points
Fluorinated-gas MRI for ventilation imaging is 
an alternative approach to hyperpolarized-gas 
MRI using 3He or 129Xe, which may have the 
potential to be translated into clinical routine in 
the future. Although in general the contrast-to-
noise ratio is less in fluorinated-gas MRI than 
that achieved with hyperpolarized gases, fluori-
nated-gas MRI has the advantage of compara-
tively simple technical requirements: An MRI 
system with multinuclear imaging capabilities 
and a dedicated fluorine-19 (19F) MRI coil is 
required. Manufactured fluorinated gases do not 
need a complex preparatory treatment on site 
before their use in patients and their signal-
enhancing capabilities do not show a rapid decay. 
This makes their application less demanding for 
the local infrastructure and also reduces costs. 
These gases have not been approved as contrast 
agents for routine clinical ventilation MR imag-
ing in most countries yet, which is the only major 
drawback to date.

1  Introduction

Already in the early stages of clinical MRI, the 
potential application of fluorinated-gas tracers 
for visualization of lung ventilation was recog-
nized, when Rinck et al. performed 19F gas MRI 
in dogs in 1984 (Rinck et al. 1984a, b). However, 
it took until the late 1990s when fluorinated-gas 
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tracers regained interest in the MR community. 
First, the feasibility and several methods of 19F 
MRI were shown in animal and ex vivo studies. 
Signal-to-noise ratio (SNR) improvements were 
achieved by hardware and pulse sequence opti-
mization using different fluorinated gases. After 
first human use in 2008 by Wolf et al. (Wolf et al. 
2008), 19F MRI has been performed in COPD, 
asthma, CF, and lung transplant patients (Couch 
et al. 2013; Halaweish et al. 2013; Soher et al. 
2015; Gutberlet et al. 2016).

2  Principle of 19F MRI 
of Fluorinated Gases

2.1  Fluorinated Gases

19F is the only isotope of fluorine naturally occur-
ring in abundance. Due to the high gyromagnetic 
ratio and short relaxation times of fluorinated 
gases, it is well suited for MRI applications. 
Negligible endogenous fluorine in the human 
body facilitates reliable application of 19F con-
trast media without any notable interfering back-

ground signal. Lung MRI can be performed  
with different fluorinated gases like sulfur  
hexafluoride (SF6), hexafluoroethane (C2F6), tet-
rafluoromethane (CF4), octafluoropropane or  
perfluoropropane (C3F8), and octafluorobutane 
(C4F8) (Table 1). All these gases are nontoxic and 
chemically inert and have a low solubility in 
water and blood. Therefore, they have no sys-
temic side effects and only visualize the respira-
tory tract. However, these gases have significantly 
higher molecular weight than air, which, how-
ever, has insufficient magnetic properties for MR 
imaging. Molecular weight and viscosity influ-
ence the spatiotemporal distribution of different 
fluorinated gases in the lung and have to be con-
sidered for regional lung ventilation imaging 
with fluorinated gases.

Fluorinated gases are extremely potent green-
house gases (Nations 1998); thus recycling of the 
gases has to be discussed if it is upscaled for clin-
ical routine use. SF6 (Sonovue®) and C3F8 
(Optison®) are already in medical use as ultra-
sound agents (Lindner 2004). SF6 is also rou-
tinely used in multiple inert gas washout tests 
(Wagner 2012; Stahl et al. 2016).

Table 1 Properties of gases relevant for pulmonary MRI

Gas
Chemical 
structure

Molecular 
weight

Density (kg/
m3) @ 
288 K, 
1.013 bar

Viscosity 
(μPa s) @ 
273 K

Solubility in 
water (mg/L) 
@ 288 K, 
1.013 bar

Larmor 
frequency 
(MHz) @ 
1.5 T

T1 (ms) @ 
1.5 T, 
293 K

Self-
diffusion 
coefficient 
(cm2/s) @ 
288 K, 
1.013 bar

SF6 F

S

F

FF

FF

146.1 6.27 14.2 41 59.8103 1.8 0.033 
(Ruiz-
Cabello 
et al. 
2005)

CF4 F

F

F FC

88.0 3.72 16.1 20 59.8031 1.9 N.a.

C2F6 F3C CF3 138.0 5.83 13.6 N.a. 59.8017 7.8 0.033 
(Chang 
and 
Conradi 
2006)

C3F8

F3C CF3C

F

F

188.0 8.17 12.5 5.7 59.8906 
(Couch 
et al. 
2014)
59.8877

18.0 
(Chang 
and 
Conradi 
2006)

0.023 
(Chang 
and 
Conradi 
2006)
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2.2  SNR Considerations

Because of the lower spin density and increased 
diffusivity, intrapulmonary gas tracers provide 
three orders of magnitude lower MR signal when 
compared to that of solid tissue or fluids. At 
1.5 T, the fluorinated gases used in lung MRI 
have a short longitudinal relaxation time T1 rang-
ing from a few milliseconds for SF6 (1.7 ms) up 
to 42 ms for C4F8 at atmospheric pressure and 
room temperature (Table 1) (Chang and Conradi 
2006; Conradi et al. 2006).

The SNR of gas MRI can be optimized by sig-
nificantly enhancing the level of nuclear polariza-
tion (i.e., hyperpolarized 3He or 129Xe), or 
alternatively by using extensive spatial and tempo-
ral signal averaging. For example, increasing typi-
cal voxel dimensions of proton MRI (1 × 1 × 5 mm3) 
to acceptable voxel dimensions for intrapulmonary 
gas MRI (5 × 5 × 20 mm3) results in an SNR 
improvement of 5 × 5 × 4 = 100 times if all other 
imaging parameters are kept fixed.

Additionally, due to the short T1 time of fluori-
nated gases the signal recovers very fast after 
radio frequency (RF) excitation and therefore 
facilitates signal acquisition at very short repeti-
tion times TR compared to typical proton 
MRI. Comparing the T1 of 19F atoms in SF6 

(1.6 ms) with T1 of protons in blood (1400 ms) 
shows that TR could in theory be reduced by a 
factor of 1400 ms/1.6 ms = 875 without losing 
signal intensity from saturation of the magnetiza-
tion due to excessive radio frequency pulsing. 
Accordingly, the faster data acquisition can be 
used for signal averaging (SNR improvement by 
a factor of 875 30» ).

The combination of increasing voxel dimensions 
and signal averaging due to shorter TR is sufficient 
to obtain reasonable SNR from intrapulmonary flu-
orinated gases: the total SNR improvement at scan 
times similar to that required for 1H MRI of blood 
can be more than a factor of 100 × 30 = 3000. This 
is sufficient to compensate for the three orders of 
magnitude lower spin density of gases when com-
pared with that of solid tissue or fluids.

The T1 relaxation time determines not only the 
optimum TR but also the required echo time and, 
hence, imaging bandwidth. Shorter TR allows 
more efficient signal averaging and reduces the 
possible TE but also increases the minimal imag-
ing bandwidth and correspondingly decreases the 
readout time per echo. Adequate sequence 
parameters for optimal SNR depend on the T1 
and T2 relaxation times of the fluorinated gas. For 
gases with T1/T2 of about 1 ms like CF4 or SF6, it 
is more SNR efficient to shorten TE in order to 

Gas
Chemical 
structure

Molecular 
weight

Density (kg/
m3) @ 
288 K, 
1.013 bar

Viscosity 
(μPa s) @ 
273 K

Solubility in 
water (mg/L) 
@ 288 K, 
1.013 bar

Larmor 
frequency 
(MHz) @ 
1.5 T

T1 (ms) @ 
1.5 T, 
293 K

Self-
diffusion 
coefficient 
(cm2/s) @ 
288 K, 
1.013 bar

C4F8 F2C

F2C

CF2

CF2

200.0 8.82 10.9 140 59.8988 47.0 N.a.

3He 3.0 0.13 20.0 1.2 48.6509 1.8 
(Salerno 
et al. 
2001)

129Xe 129.0 5.90 23.2 755 17.6655 0.06 
(Salerno 
et al. 
2001)

N2 28.0 1.19 16.6 20

O2 32.0 1.35 19.1 39

CO2 44.0 1.87 13.7 2000

Table 1 (continued)
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reduce signal loss by T2 relaxation than decreas-
ing imaging bandwidth to increase the readout 
period. Contrarily, because of the slower signal 
decay for gases with T1/T2 of several milliseconds 
such as C2F6, C3F8, and C4F8, better SNR is 
obtained at lower bandwidth and higher TE.

Additionally, the different fluorinated gases 
contain multiple 19F atoms per gas molecule and 
thus per mol/L as opposed to purely 19F gas, which 
therefore increases the SNR. Exclusively, C3F8 
resonates at two different frequencies separated 
by about 48 ppm (Couch et al. 2014) (Table 1). 
However, no systematic study comparing the 
SNR of the different fluorinated-gas tracers has 
been published so far. For fluorinated gases with 
short T1, the short TE required for optimal SNR 
may be demanding for MR systems. Therefore, 
gases with longer T1 might be favored for applica-
tion in pulmonary MRI on a broader scale.

Different pulse sequence types have been tested 
for optimal SNR of 19F gas MRI. Since T T2 2/ *  of 
19F intrapulmonary gas tracers is relatively short, 
different methods to shorten TE were tested such as 
asymmetric echoes, ultrashort echo time (UTE) 
imaging, and non-slice selective excitation with 2D 
projection of a 3D volume (Schreiber et al. 2000, 
2001; Couch et al. 2013; Ouriadov et al. 2015; 
Tibiletti et al. 2016). In ex vivo imaging, Conradi 
et al. found that spin-echo imaging is superior to 
gradient echo imaging due to dephasing effects 
across large voxels (Conradi et al. 2006). However, 

the use of spin-echo imaging in human subjects 
may exceed the maximum specific absorption rate 
(SAR) limit. Further SNR improvements may be 
achieved at higher field strengths, which has not 
been studied systematically yet.

19F MRI requires dedicated transmit and 
receive coils, which have to be optimized for the 
low SNR and for a large FOV due to the size of 
the lung. While in transmission mode a large coil 
delivers a more homogeneous B1 field, in receive 
mode a close-fitting coil provides a better 
SNR. Corresponding to the fact that the main 
challenge of 19F gas MRI is the low SNR, using 
close-fitting flexible vestlike transmit/receive 
coils in 19F gas MRI significantly improved image 
quality compared to typically used birdcage coils 
(Couch et al. 2013). Combination of a birdcage 
transmit coil and a separate surface receive coil 
could additionally improve image quality of 19F 
gas MRI (Fig. 1) (Charles et al. 2015b). 
Diagnostic lung MRI requires both 19F gas MRI 
for visualization of regional lung ventilation and 
1H MRI for morphologic and additional func-
tional lung imaging. The close resonance fre-
quencies of 19F and 1H give the opportunity to use 
19F coils in off-resonance mode or for human 
scanners to use the integrated 1H body coil but of 
course at slightly lower image quality. Due to the 
close resonance frequencies of 19F and 1H, design 
of dual-tuned coils is complex but technically 
feasible (Maunder et al. 2016).

Fig. 1 Custom-built 
transmit birdcage coil 
and 16-channel 
phased-array receive coil 
for 19F MRI at 1.5 T at 
Hannover Medical 
School

M. Gutberlet and J. Vogel-Claussen
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Because of high costs for 3He, low throughput of 
approximately 1–2 L/h of hyperpolarized gas with 
current hyperpolarizers, and considering the anes-
thetic effect of xenon at higher dosages, pulmonary 
hyperpolarized-gas MRI is typically applied with 
about a maximum of 1 L of gas in a single breath 
hold depending on body size (Table 2). Another 
advantage is that paramagnetic oxygen results in 
substantial decay of polarization and subsequent 
signal loss in pulmonary hyperpolarized-gas MRI 
(Saam et al. 1995), and fluorinated gases can be 
mixed with oxygen without any remarkable signal 
loss. Therefore, 19F gas MRI can be performed over 
several minutes while continuously breathing a nor-
moxic gas mixture of fluorinated gas, allowing for 
dynamic studies of ventilation.

A comprehensive review of pulmonary gas 
MRI describing the properties, applications but 
also drawbacks of hyperpolarized-gas tracers and 
thermally polarized fluorinated gases can be 
found in several articles (Halaweish et al. 2013; 
Wolters et al. 2013; Couch et al. 2014; Kruger 
et al. 2016; Ebner et al. 2017).

3  Applications of Fluorinated-
Gas Imaging

First studies of 19F gas MRI were performed in 
animals and in ex vivo settings. In addition to 
static gas imaging, different methods of 19F gas 
MRI were developed providing quantitative 

parameters, which may serve as new biomark-
ers of regional lung ventilation. 19F gas MRI 
has been shown to be feasible and safe in 
humans and its first applications in different 
lung pathologies show promise to add new 
diagnostic value in mapping of regional lung 
ventilation.

3.1  Static Imaging

In 1998, static 19F gas imaging of rat lungs at 
1.9 T while breathing continuously normoxic 
C2F6 gas tracer resulted in a mean SNR of 8 with 
an acquisition time of more than 4 h (Kuethe 
et al. 1998). After pulse sequence and hardware 
optimization the required acquisition time for 
sufficient SNR could be significantly reduced 
which is essential for human use. Schreiber et al. 
obtained 3D images of the whole lung in a breath 
hold of 49 s in a pig by using RF pulses with 
short duration (e.g., non-slice selective hard 
pulses with 3D readout of the whole lung) and 
using asymmetric readouts to shorten the TE 
(Schreiber et al. 2000, 2001).

The SNR could be improved by a factor of 
two when imaging in breath hold after continu-
ous breathing of 5 L of normoxic C3F8 compared 
to a single breath of 1 L of the gas mixture 
(Couch et al. 2013). This indicates that the gas 
does not instantaneously diffuse into the periph-
eral lung parenchyma and equilibrium gas  

Table 2 Parameters of pulmonary MRI using different gas tracers (modified from Ebner et al. (2017))

3He 129Xe 19F

Costs Very high High Average

Supply Low Good Good

Polarization 30–40% 10–40% 5 ppm (@1.5 T)

Volume required (L) 0.25–1.0 0.25–1.0 1.0–25

Scan length (s) 5–10 5–10 5–20

Breath hold + + +/Free breathing

Nominal resolution (mm3) 3 × 3 × 10 3 × 3 × 10 6 × 6 × 15

Ventilation + + +

Lung parenchyma − + −
Blood − + −
Gas exchange − + −
Microstructure + + +

Perfusion − + −

Fluorinated-Gas MRI
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concentration forms only after several breaths 
of the gas mixture. Charles et al. reduced the 
required scan time for static 3D MRI of the 19F 
gas-filled lung to a 6-s breath hold at sufficient 
SNR by using dedicated hardware and parallel 
imaging, i.e., a Helmholtz transmit coil and a 
separate surface multichannel receive coil 
instead of a combined transmit and receive vol-
ume coil (Charles et al. 2015b).

3.2  Dynamic Imaging

Quantitative evaluation of regional lung ventila-
tion by using static intrapulmonary gas MRI may 
be challenging. Typically, using image segmenta-
tion, quantitative parameters like ventilated vol-
ume (VV), ventilation defect volume (VDV), and 
ventilation defect percentage (VDP) can be 
derived (Kirby et al. 2012). However, the gas sig-
nal may be affected by B1-field inhomogeneity 
and by the receiver sensitivity if additional sur-
face receive coils are used.

When changing from breathing room air or pure 
oxygen to breathing continuously a normoxic fluo-
rinated gas mixture, an equilibrium gas concentra-
tion forms after several breaths. The time constant 
for this wash-in phase allows for quantification of 
regional lung ventilation. Correspondingly, the 
washout time can be measured when switching 
from breathing fluorinated gas to room air or pure 
oxygen. Thus extending results from static imaging 
(basically dichotomous readout, ventilated vs. non-
ventilated lung), regional lung ventilation can be 
quantified by the wash-in/washout time in units of 
seconds or by the number of breathing cycles or by 
fractional ventilation (Gutberlet et al. 2016).

First, Schreiber et al. measured wash-in and 
washout times of SF6 in a machine-ventilated pig 
with sufficient temporal resolution of 9.1 s using 
non-slice selective excitation without spatial 
encoding in slice direction resulting in a 2D projec-
tion of the 3D lung volume (Schreiber et al. 2000, 
2001). Wolf et al. could achieve a temporal resolu-
tion of less than 1 s by using C2F6 instead and by 
optimizing the acquisition bandwidth (Wolf et al. 
2006). Using this technique, high-frequency oscil-
latory ventilation, which potentially improves  

conventional ventilation, was visualized (Wolf 
et al. 2010). Using dynamic 19F gas MRI in rats, 
Ouriadov et al. found washout constants compara-
ble to 3He and 129Xe MRI (Ouriadov et al. 2015). In 
a rat model of fibrosis and inflammation, fractional 
ventilation derived by dynamic fluorinated-gas 
MRI was reduced compared to the control group 
(Couch et al. 2016). Using parallel imaging and a 
free breathing washout MRI protocol, Gutberlet 
et al. reported a strong linear correlation of 19F 
washout parameters and FEV1 in a cohort of 
COPD patients (Gutberlet et al. 2016).

3.3  Ventilation/Perfusion (V/Q) 
Imaging

Kuethe et al. could show that intrapulmonary 19F 
gas can be used to determine regional V/Q ratio 
in the lung (Kuethe et al. 2000). The fluorinated 
gas concentration in the lung depends not only 
on gas transport, i.e., regional ventilation, but 
also on the removal of oxygen due to diffusion 
and perfusion. When a gas mixture of oxygen 
and fluorinated gas with a high fraction of oxy-
gen is inhaled, the concentration of the fluori-
nated gas is substantially increased in obstructed 
alveoli compared to normally ventilated alveoli 
and therefore 19F gas MRI is sensitive to reduced 
V/Q ratios in comparison to normal V/Q ratios. 
Two different techniques using 19F gas to deter-
mine V/Q ratios were proposed: (1) 19F gas imag-
ing is performed at high oxygen concentration 
(e.g., 75% O2 and 25% fluorinated gas) where 
the 19F MR signal is very sensitive to changes of 
V/Q ratios. Additionally, at a low oxygen con-
centration and correspondingly high fluorinated 
gas concentration (e.g., 21% O2 and 79% fluori-
nated gas), where the 19F MR signal shows nearly 
no dependency on changes of V/Q ratios, 19F gas 
MRI is used to normalize for other sources of 
MR signal variations like B1 field inhomogene-
ities (Kuethe et al. 2000). (2) Alternatively, 
because the T1 and T2 relaxation times of fluori-
nated gases are proportional to its concentration, 
V/Q ratio was measured with a single 19F gas 
scan, by measuring T1 at high oxygen concentra-
tion (70%) (Adolphi and Kuethe 2008).

M. Gutberlet and J. Vogel-Claussen
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The dependency of the fluorinated gas con-
centration on V/Q ratios is strong for low values 
of V/Q (approximately in the range of 
0.01 ≤ V/Q ≤ 1) and becomes weak for increased 
ratios of V/Q > 1. Therefore, this method is suit-
able to detect V/Q mismatch due to obstructed 
ventilation but not due to perfusion defects like 
pulmonary embolism. The usefulness of this 
technique to detect lung obstruction was verified 
in a rat model: Adolphi et al. used inversion 
recovery imaging to determine T1 (Adolphi and 
Kuethe 2008). However, the narrow range of T1 
depending on the 19F gas concentration (SF6: 0.7–
1.3 ms; C2F6: 4–8 ms) (Chang and Conradi 2006) 
is challenging due to sequence timing, limited 
SAR, and long scan times of about 1 h and 
requires very accurate determination of the T1 
values.

Terekhov et al. showed the feasibility of T1 
mapping of intrapulmonary 19F gas using the 
variable flip angle method (Terekhov et al. 2007). 
Since this method is less SAR intensive and can 
be performed within 1 min, this seems to be an 
interesting alternative to inversion recovery 
imaging to determine regional 19F intrapulmo-
nary gas concentrations.

3.4  Diffusion Imaging

Similar to hyperpolarized-gas imaging, restricted 
diffusion of fluorinated gas can be measured to 
probe the lung’s microstructure. Two factors 
complicate the measurement of the apparent dif-
fusion coefficient (ADC) of a fluorinated gas in 
the lung: (1) Because of the higher molecular 
weight of fluorinated gases compared with 3He, 
diffusion is much slower; that is, diffusion gradi-
ents need to be stronger and/or longer. (2) The 
short T1 and T2 relaxation times limit the maxi-
mum TE to achieve a reasonable SNR and there-
fore limit the duration of the diffusion gradients 
and, thus, the achievable diffusion weighting. 
Despite these complications, the feasibility to 
measure the ADC of 19F gases in the lung was 
shown in several in vivo rat studies and in a study 
of excised human lungs, respectively (Jacob et al. 
2005; Pérez-Sánchez et al. 2005; Ruiz-Cabello 

et al. 2005; Conradi et al. 2006; Carrero-González 
et al. 2013). In the latter study, a reduction of the 
free diffusivity of C2F6 gas (ADC0 = 0.033 cm2/s) 
to 0.018 cm2/s was found in normal lung tissue, 
while in emphysematous lungs the diffusivity 
was almost equal to that of freely diffusing C2F6 
gas (0.031 cm2/s) (Table 1). In elastase-treated 
rats, serving as a model for lung emphysema, 
Carrero-Gonzalez et al. found an increased ADC 
compared to the control group (Carrero-González 
et al. 2013).

Using a diffusion model, lung microstructure 
parameters can be derived from intrapulmonary 
gas diffusion MRI. With the maximum diffusion 
weighting achievable with the available animal 
and human MR scanners, surface-to-volume ratio 
of the lung can be derived with this model. 
However, this method additionally requires cor-
rection of the local free diffusivity, which is pro-
portional to the regional 19F gas concentration 
(Chang and Conradi 2006). Since the latter is 
proportional to the T1 and T2 time of the fluori-
nated gas, additional mapping of the relaxation 
constants, e.g., with the variable flip angle 
method described above (Terekhov et al. 2007), 
can be used to determine the gas concentration.

3.5  Clinical Translation

Under conditions of a controlled clinical investi-
gation and with approval of the local ethics com-
mittee, Wolf et al. provided the first images in a 
healthy human volunteer after inspiration of four 
breaths of a mixture of 78% SF6 gas and 22% 
oxygen (Wolf et al. 2008). Since the fluorinated 
gases have significantly higher molecular weight 
than the respiratory gases, it was unclear how it 
distributes in the lung and whether inhalation of 
gas mixtures of fluorinated gases and oxygen 
may induce hypoxia. Therefore, monitoring of 
respiration and other physiological parameters 
like ECG, oxygen saturation, inspiratory/expira-
tory O2 and CO2 levels (in the mouthpiece/breath-
ing mask), and respiratory frequency is essential 
to guarantee its safe use in humans (Halaweish 
and Charles 2014). In our institution, during the 
whole scan time, a physician supervises the MR 
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scan, who can switch immediately to pure oxy-
gen in case of hypoxia or patient discomfort. In 
accordance to the experience by Charles et al. no 
significant impact of multiple breaths of nor-
moxic C3F8 gas mixture on patient condition was 
found in healthy volunteers and patients with 
chronic lung disease in our experiments (Charles 
et al. 2015a).

An MRI conditional apparatus is required for 
continuous breathing of oxygen/fluorinated gas 
mixture consisting of gas reservoirs, tubing, 
valves, filters for multiuse of the apparatus, and 
monitoring system. Dead space and resistance of 
the apparatus to airflow while breathing have to 
be minimized to ensure its safety. Because of the 
higher molecular weight of the fluorinated gas 
than room air, the exhaled gas has to be collected 
in a bag. If 19F gas MRI will be translated to clini-
cal use, recycling of these extremely potent 
greenhouse gases has to be considered.

First studies of intrapulmonary fluorinated-gas 
MRI using C3F8 have shown its feasibility in human 
use and provided promising results for its diagnos-
tic value in patients with chronic obstructive lung 
disease (COPD) (Couch et al. 2013; Halaweish 
et al. 2013; Gutberlet et al. 2016). Using optimized 
pulse sequences and hardware, sufficient SNR in 
the range of 10–30 was obtained both in healthy 
subjects and in patients with lung diseases such as 
asthma and COPD and in lung transplant patients 

with typical acquisition times of 15 s in breath hold 
(Halaweish et al. 2013) (Fig. 2). Using a birdcage 
transmit coil and a separate receive coil, compara-
ble SNR was achieved with a breath hold of about 
6 s (Charles et al. 2015b). In a pilot study of 11 
healthy nonsmokers, 2 asthmatics, 3 patients after 
lung transplantation, and 12 COPD patients, visu-
ally, the gas distribution over the lung was found to 
be very homogeneous in healthy subjects. In con-
trast, in asthmatics and COPD patients the gas 
seemed to be distributed more heterogeneously and 
ventilation defects were detected (Halaweish et al. 
2013). Comparing 19F gas MRI with hyperpolar-
ized 3He imaging in five healthy volunteers, despite 
its worse image quality with respect to SNR and 
spatial resolution, no statistically significant differ-
ence in the detection of ventilation defects was 
found (Couch et al. 2015). Dynamic multi-breath 
19F gas MRI of the whole lung in 3D has been 
shown to be feasible in humans. Charles et al. 
acquired wash-in and washout of 19F gas in 15-s 
breath holds alternating to several breaths 
(Halaweish et al. 2013; Soher et al. 2015) (Fig. 2). 
Alternatively, using parallel imaging, 19F dynamics 
were measured in free breathing with a scan time of 
2 s per 3D block in healthy volunteers and COPD 
patients (Gutberlet et al. 2016) (Fig. 3). A signifi-
cantly delayed wash-in and washout was found in 
COPD, asthma, and lung transplant patients (Soher 
et al. 2015; Gutberlet et al. 2016) (Fig. 4).

Fig. 2 A healthy volunteer (forced expiratory volume in 
1 s in % predicted (FEV1%pred) = 101%) (first row) and a 
COPD patient (FEV1%pred = 64%) (second row) at 1.5 T 
with morphologic 1H MRI (first column) and 19F gas MRI 

(second–sixth column) in 16-s breath holds with a spatial 
resolution of 7.8 × 7.8 × 20 mm3 after several breaths of a 
gas mixture of 79% C3F8 and 21% O2

M. Gutberlet and J. Vogel-Claussen
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Fig. 3 19F gas washout MRI in free breathing. The 19F gas 
signal averaged over a region of interest in the lung (black 
dots in (a)) is sorted according to the respiratory phase 

(blue and red dots in (a)). The corresponding washout 
dynamics of a healthy volunteer is shown in inspiration 
and expiration for one exemplary slice of 3D MRI (b)

Fig. 4 A healthy volunteer (first row) and a COPD patient 
(second row) examined with 19F gas washout MRI in free 
breathing. Shown is 1H MRI (first column), 19F gas MRI 
directly before starting the 19F gas washout (second col-
umn), washout time maps in units of seconds (twash-out, third 

column), in number of breaths (nwash-out, fourth column) 
and as fractional ventilation (FVwash-out, fifth column). 
Median of twash-out, nwash-out, and FVwash-out of the whole lung 
and FEV1pred from spirometry are given
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 Conclusion

Through recent advances in MRI scanner 
technology and coil design most of the mea-
surement techniques available with hyperpo-
larized gases may also become available with 
fluorinated gases without the need for polar-
ization at comparatively lower cost and with 
sufficient signal to obtain clinically relevant 
functional information on regional ventilation 
dynamics throughout the lung parenchyma. 
This makes this technique a promising new 
diagnostic tool in the future for patients with 
lung disease.

References

Adolphi NL, Kuethe DO (2008) Quantitative mapping of 
ventilation-perfusion ratios in lungs by 19F MR imag-
ing of T1 of inert fluorinated gases. Magn Reson Med 
59:739–746. doi:10.1002/mrm.21579

Carrero-González L, Kaulisch T, Stiller D (2013) In vivo 
diffusion-weighted MRI using perfluorinated gases: 
ADC comparison between healthy and elastase-
treated rat lungs. Magn Reson Med 70:1761–1764. 
doi:10.1002/mrm.24627

Chang YV, Conradi MS (2006) Relaxation and diffusion 
of perfluorocarbon gas mixtures with oxygen for lung 
MRI. J Magn Reson 181:191–198. doi:10.1016/j.
jmr.2006.04.003

Charles C, Moon RE, Macintyre NR, et al (2015a) 
Cardio-respiratory tolerability of perfluoropropane-
enhanced MRI of pulmonary ventilation. In: American 
Thoracic Society International conference abstracts, 
pp A3509–A3509

Charles HC, Jones RW, Halaweish AF, Ainslie MD 
(2015b) Parallel imaging for short breath hold times in 
perfluorinated gas imaging of the lung. In: Proceedings 
of International Society for Magnetic Resonance in 
Medicine, p 3984

Conradi MS, Saam BT, Yablonskiy DA, Woods JC (2006) 
Hyperpolarized 3He and perfluorocarbon gas diffu-
sion MRI of lungs. Prog Nucl Magn Reson Spectrosc 
48:63–83. doi:10.1016/j.pnmrs.2005.12.001

Couch MJ, Ball IK, Li T, et al (2015) Comparing pulmo-
nary MRI using inert fluorinated gases and hyperpolar-
ized 3He: is 19F MRI good enough? In: Proceedings 
of International Society for Magnetic Resonance in 
Medicine, p 1501

Couch MJ, Ball IK, Li T et al (2014) Inert fluorinated 
gas MRI: a new pulmonary imaging modality. NMR 
Biomed 27:1525–1534. doi:10.1002/nbm.3165

Couch MJ, Ball IK, Li T et al (2013) Pulmonary ultrashort 
echo time 19F MR imaging with inhaled fluorinated gas 
mixtures in healthy volunteers: feasibility. Radiology 
269:903–909. doi:10.1148/radiol.13130609

Couch MJ, Fox MS, Viel C et al (2016) Fractional venti-
lation mapping using inert fluorinated gas MRI in rat 
models of inflammation and fibrosis. NMR Biomed 
29:545–552. doi:10.1002/nbm.3493

Ebner L, Kammerman J, Driehuys B et al (2017) The role 
of hyperpolarized 129xenon in MR imaging of pulmo-
nary function. Eur J Radiol 86:343–352. doi:10.1016/j.
ejrad.2016.09.015

Gutberlet M, Kaireit T, Voskrebenzev A, et al (2016) 
Real-time dynamic fluorinated gas MRI in free breath-
ing for mapping of regional lung ventilation in patients 
with COPD and healthy volunteers using a 16 channel 
receive coil at 1.5T. In: Proceedings of International 
Society for Magnetic Resonance in Medicine, p 1140

Halaweish AF, Charles HC (2014) Physiorack: an inte-
grated MRI safe/conditional, gas delivery, respiratory 
gating, and subject monitoring solution for structural 
and functional assessments of pulmonary function. 
J Magn Reson Imaging 39:735–741. doi:10.1002/
jmri.24219

Halaweish AF, Moon RE, Foster WM et al (2013) 
Perfluoropropane gas as a magnetic resonance lung 
imaging contrast agent in humans. Chest 144:1300–
1310. doi:10.1378/chest.12-2597

Jacob RE, Chang YV, Choong CK et al (2005) 19F 
MR imaging of ventilation and diffusion in excised 
lungs. Magn Reson Med 54:577–585. doi:10.1002/
mrm.20632

Kirby M, Heydarian M, Svenningsen S et al (2012) 
Hyperpolarized 3He magnetic resonance functional 
imaging semiautomated segmentation. Acad Radiol 
19:141–152. doi:10.1016/j.acra.2011.10.007

Kruger SJ, Nagle SK, Couch MJ et al (2016) Functional 
imaging of the lungs with gas agents. J Magn Reson 
Imaging 43:295–315. doi:10.1002/jmri.25002

Kuethe DO, Caprihan A, Fukushima E, Waggoner 
RA (1998) Imaging lungs using inert fluorinated 
gases. Magn Reson Med 39:85–88. doi:10.1002/
mrm.1910390114

Kuethe DO, Caprihan A, Gach HM et al (2000) Imaging 
obstructed ventilation with NMR using inert fluori-
nated gases. J Appl Physiol 88:2279–2286

Lindner JR (2004) Microbubbles in medical imaging: cur-
rent applications and future directions. Nat Rev Drug 
Discov 3:527–532. doi:10.1038/nrd1417

Maunder A, Rao M, Robb F, Wild J (2016) RF coil design 
for multi-nuclear lung MRI of 19F fluorinated gases 
and 1H using MEMS. In: Proceedings of International 
Society for Magnetic Resonance in Medicine, p 3504

Nations U (1998) Kyoto Protocol to the United Nations 
Framework Convention on Climte Change. http://
unfccc.int/resource/docs/convkp/kpeng.pdf. Accessed 
21 Mar 2017

Ouriadov AV, Fox MS, Couch MJ et al (2015) In vivo 
regional ventilation mapping using fluorinated gas 
MRI with an x-centric FGRE method. Magn Reson 
Med 74:550–557. doi:10.1002/mrm.25406

Pérez-Sánchez JM, Pérez De Alejo R, Rodríguez I et al 
(2005) In vivo diffusion weighted 19F MRI using SF6. 
Magn Reson Med 54:460–463. doi:10.1002/mrm.20569

M. Gutberlet and J. Vogel-Claussen

https://doi.org/10.1002/mrm.21579
https://doi.org/10.1002/mrm.24627
https://doi.org/10.1016/j.jmr.2006.04.003
https://doi.org/10.1016/j.jmr.2006.04.003
https://doi.org/10.1016/j.pnmrs.2005.12.001
https://doi.org/10.1002/nbm.3165
https://doi.org/10.1148/radiol.13130609
https://doi.org/10.1002/nbm.3493
https://doi.org/10.1016/j.ejrad.2016.09.015
https://doi.org/10.1016/j.ejrad.2016.09.015
https://doi.org/10.1002/jmri.24219
https://doi.org/10.1002/jmri.24219
https://doi.org/10.1378/chest.12-2597
https://doi.org/10.1002/mrm.20632
https://doi.org/10.1002/mrm.20632
https://doi.org/10.1016/j.acra.2011.10.007
https://doi.org/10.1002/jmri.25002
https://doi.org/10.1002/mrm.1910390114
https://doi.org/10.1002/mrm.1910390114
https://doi.org/10.1038/nrd1417
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://unfccc.int/resource/docs/convkp/kpeng.pdf
https://doi.org/10.1002/mrm.25406
https://doi.org/10.1002/mrm.20569


135

Rinck PA, Petersen SB, Heidelberger E, et al (1984a) 
NMR ventilation imaging of the lungs using perfluo-
rinated gases. In: Proceedings of International Society 
for Magnetic Resonance in Medicine, p 237

Rinck PA, Petersen SB, Lauterbur PC (1984b) NMR-
Imaging von fluorhaltigen Substanzen: 19Fluor-
Ventilations- und Perfusionsdarstellungen. Fortschr 
Röntgenstr 140:239–243

Ruiz-Cabello J, Pérez-Sánchez JM, Pérez De Alejo R 
et al (2005) Diffusion-weighted 19F-MRI of lung 
periphery: influence of pressure and air-SF6 composi-
tion on apparent diffusion coefficients. Respir Physiol 
Neurobiol 148:43–56. doi:10.1016/j.resp.2005.04.007

Saam B, Happer W, Middleton H (1995) Nuclear relax-
ation of He3 in the presence of O2. Phys Rev A 
52:862–865. doi:10.1103/PhysRevA.52.862

Salerno M, Altes TA, Mugler JP et al (2001) 
Hyperpolarized noble gas MR imaging of the lung: 
potential clinical applications. Eur J Radiol 40:33–44

Schreiber WG, Eberle B, Laukemper-Ostendorf S et al 
(2001) Dynamic 19F-MRI of pulmonary ventilation 
using sulfur hexafluoride (SF6) gas. Magn Reson Med 
45:605–613. doi:10.1002/mrm.1082

Schreiber WG, Markstaller K, Weiler N et al (2000) F-MRT 
der Lungenventilation in – Atemanhaltetechnik mit-
tels SF -Gas. Fortschr Röntgenstr 172:500–503

Soher BJ, Halaweish AF, Charles HC (2015) Modeling 
of the spatio-temporal distribution of pulmonary ven-
tilation via perfluoropropane gas enhanced MRI. In: 
Proceedings of International Society for Magnetic 
Resonance in Medicine, p 4006

Stahl M, Wielpütz MO, Graeber SY, et al (2016) 
Comparison of lung clearance index and magnetic 
resonance imaging for assessment of lung disease 

in children with cystic fibrosis. Am J Respir Crit 
Care Med rccm.201604-0893OC. doi: 10.1164/
rccm.201604-0893OC

Terekhov M, Wolf U, Scholz A, Schreiber WG (2007) 
Rapid in-vivo MRI measurement of fluorinated 
gas concentration in lungs using T1 – mapping. In: 
Proceedings of International Society for Magnetic 
Resonance in Medicine, p 1336

Tibiletti M, Tschechne M, Bianchi A, et al (2016) 
Ventilation imaging with sulfur hexafluoride in free-
breathing mice: initial experience. In: Proceedings 
of International Society for Magnetic Resonance in 
Medicine, p 2912

Wagner PD (2012) The multiple inert gas elimination 
technique (MIGET). In: Applied physiology in inten-
sive care medicine 1: physiological notes – techni-
cal notes – seminal studies in intensive care, 3rd ed, 
pp 35–42

Wolf U, Scholz A, Heussel CP et al (2006) Subsecond flu-
orine-19 MRI of the lung. Magn Reson Med 55:948–
951. doi:10.1002/mrm.20859

Wolf U, Scholz A, Terekhov M, et al (2008) Fluorine-19 
MRI of the lung: first human experiment. In: 
Proceedings of International Society for Magnetic 
Resonance in Medicine, p 3207

Wolf U, Scholz A, Terekhov M et al (2010) Visualization 
of inert gas wash-out during high-frequency oscilla-
tory ventilation using fluorine-19 MRI. Magn Reson 
Med 64:1479–1483. doi:10.1002/mrm.22528

Wolters M, Mohades ÞSG, Hackeng TM et al (2013) 
Clinical perspectives of hybrid proton-fluorine mag-
netic resonance imaging and spectroscopy. Invest 
Radiol 48:341–350

Fluorinated-Gas MRI

https://doi.org/10.1016/j.resp.2005.04.007
https://doi.org/10.1103/PhysRevA.52.862
https://doi.org/10.1002/mrm.1082
https://doi.org/10.1164/rccm.201604-0893OC
https://doi.org/10.1164/rccm.201604-0893OC
https://doi.org/10.1002/mrm.20859
https://doi.org/10.1002/mrm.22528


137Med Radiol Diagn Imaging (2016)
DOI 10.1007/174_2016_80, © Springer International Publishing Switzerland
Published Online: 17 December 2016

Proton MRI Based Ventilation 
Imaging: Oxygen-Enhanced Lung 
MRI and Alternative Approaches

Olaf Dietrich

Abstract

The direct visual assessment of the lung 
parenchyma and of lung ventilation using pro-
ton MRI is considerably more difficult than 
MRI of most other organs due to the very low 
signal intensity of the lung parenchyma. The 
low signal intensity is caused by the low aver-
age proton density and the short T2

* relaxation 
time of lung tissue.

Several methods for proton MRI based 
ventilation measurements have been proposed 
to overcome these difficulties. Currently, 
the most established technique is oxygen-
enhanced MRI of the lung, employing inhaled 
molecular oxygen as a T1-reducing contrast 
agent, which enhances the signal of the pro-
tons in the lung. Clinical applications of oxy-
gen-enhanced lung MRI have been assessed 
in a relatively large number of studies. Main 
advantages of oxygen-enhanced MRI are the 
general availability of oxygen and the rela-
tive safety of oxygen administration. Potential 
limitations of oxygen-enhanced lung MRI are 
the relatively low signal enhancement cor-
responding to a T1 reduction of about 10 %, 
and the complex contrast mechanism with 
contributions from ventilation, perfusion, and 
oxygen-diffusion properties of the lung tissue.

Newer emerging techniques such as Fourier 
decomposition pulmonary MRI based on non-
enhanced dynamic MR acquisitions appear 
to be a promising tool for ventilation assess-
ment that may be clinically available in the 
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near future. Other proposed techniques such 
as imaging after administration of aerosolized 
gadolinium contrast agents or after infusion of 
water-in-perfluorocarbon emulsions into the 
lung require still considerably more research 
before they might become applicable in clini-
cal MR imaging.

1  Introduction

Magnetic resonance proton imaging of the human 
lung is considerably more difficult than proton 
MRI of most other organs or tissues due to respi-
ratory and cardiac motion as well as the very low 
signal intensity of the lung parenchyma in acqui-
sitions with most available pulse sequences.1 The 
low signal intensity is caused by the low average 
proton density and the short T2

* relaxation time of 
lung tissue. Both properties are a consequence of 
the heterogeneous microstructure of the lung 
parenchyma, which consists mainly of micro-
scopic air-filled alveoli with a large interface 
between air spaces and tissue or blood. Hence, 
the physical density (and consequently the proton 
density) of the lung tissue is very low and, in 
addition, large local variations of susceptibility 
occur within small spatial scales. These suscepti-
bility variations influence the homogeneity of the 
static magnetic field and, thus, the Larmor fre-
quencies of the protons within a single image 
voxel, which leads to substantially reduced T2

* 
relaxation times of, for example, 1–2 ms at a field 
strength of 1.5 T and of values below 1 ms at 3 T 
(Zapp et al. 2016). A direct visual assessment of 
the lung parenchyma is therefore generally diffi-
cult with conventional proton MRI (Kauczor and 
Kreitner 1999; Kruger et al. 2016).

Several techniques have been proposed to 
overcome these limitations of proton MRI of the 
lung and to improve the visualization either of 

1 This introduction and the subsequent subsection on oxy-
gen-enhanced lung MRI are modified and extensively 
updated from Chap. 38 “Oxygen-enhanced Imaging of the 
Lung” of the book “Parallel Imaging in Clinical MR 
Applications” (Dietrich 2007b).

the lung parenchyma or of inhaled gas in order to 
directly depict pulmonary ventilation. Direct visual-
ization of the inhaled gas is possible with hyperpo-
larized noble gases such as helium-3 or xenon-129 
and is described in detail in Chaps. 4 and 5 of this 
book, respectively. An alternative approach is based 
on fluorine-19 MRI of inert fluorinated gases and is 
discussed in Chap. 6 of this book. All these tech-
niques require a certain amount of additional hard-
ware – at least specifically adapted radio frequency 
(RF) equipment (such as RF transmit and receive 
coils tuned to the Larmor frequency of the used 
helium, xenon, or fluorine nuclei) and, for MRI of 
hyperpolarized noble gases, also complex and 
expensive hardware devices to prepare the hyperpo-
larized state of the gases.

Alternative approaches are based on the visu-
alization of the optimized or enhanced proton 
signal of the lung tissue, that is, ventilation is 
measured indirectly in contrast to the direct visu-
alization of the inhaled gases mentioned above. 
Several different methods have been proposed 
that will be described in detail below:
• Oxygen-enhanced lung MRI (Edelman et al. 

1996; Chen et al. 1998; Löffler et al. 2000) 
exploiting the T1-shortening effect of inhaled 
molecular oxygen (O2)

• Nonenhanced ventilation measurements based 
on signal changes (Zapke et al. 2006; Topf 
et al. 2006; Marcus et al. 2007) in dynamic 
MR acquisitions during respiration

• Tissue-displacement tracking (Voorhees et al. 
2005) in dynamic MR acquisitions during 
respiration

• Nonenhanced ventilation measurements based 
on Fourier decomposition pulmonary MRI 
(Bauman et al. 2009),

• Contrast-enhanced lung MRI using inhaled 
aerosols of gadolinium-based contrast agents 
(Berthezene et al. 1992; Suga et al. 2002a; 
Haage et al. 2005),

• Contrast-enhanced lung MRI using the admin-
istration of water-in-perfluorocarbon emul-
sions (Huang et al. 2002, 2004).
An obvious advantage of these techniques is 

that standard RF equipment available for conven-
tional proton MRI can be used. However, the 
contrast is generally lower than that in direct 
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visualization of ventilation, and the interpretation 
of the measured signal is more difficult due to the 
indirect nature of these imaging approaches.

Of these proton MRI approaches, oxygen-
enhanced imaging of the lung is by far the most 
established technique with a large number of pub-
lished technical and clinical studies. Consequently, 
the main focus of the following sections lies on 
oxygen-enhanced lung MRI including the introduc-
tion of its physiological and technical basis, details 
of implementation such as multislice acquisition 
techniques as well as triggering schemes, and dis-
cussion of the specific advantages and applications 
of parallel imaging techniques. The alternative pro-
ton MRI approaches for pulmonary ventilation 
MRI (and, in particular, Fourier decomposition pul-
monary MRI) are subsequently presented in Sect. 3.

2  Oxygen-Enhanced Lung MRI

2.1  Contrast Mechanism 
and Physiology

Molecular oxygen (O2) is a paramagnetic gas, 
that is, O2 molecules act similar as miniature 
magnets and can be oriented by an external mag-
netic field such that a field-amplifying magneti-
zation is induced. The volume magnetic 
susceptibility2 of gaseous O2 is 1.79 ppm corre-
sponding to a molar magnetic susceptibility of 
43.0 × 10–9 m³/mol; in contrast, many other gases 
including, for example, hydrogen, nitrogen, car-
bon dioxide, methane, and the noble gases are 
diamagnetic with considerably lower molar sus-
ceptibilities between –0.02 × 10–9 and –0.6 × 10–

9 m³/mol (Lide 2005). Inhaled molecular oxygen 
was first suggested in 1996 by Edelman et al. as 
a paramagnetic contrast agent for in vivo proton 
MRI of the lung; effects of O2 in excised lung 
tissue of rats were already demonstrated in 1992 
by Goodrich et al. (1992)

2 All magnetic susceptibilities are given at normal tem-
perature (20 °C) and pressure (1 atm, 1013.25 hPa), and in 
SI units, i.e., multiplied by 4π when converted from cgs 
units.

The underlying contrast mechanism of molec-
ular oxygen is similar to the one of gadolinium-
based contrast agents (although of a substantially 
smaller magnitude): the longitudinal relaxation 
time constant (T1) of the protons in the tissue is 
shortened depending on the O2 concentration due 
to the paramagnetism of the O2 molecule. The 
measured absolute T1 values of lung tissue vary 
to a certain degree in different publications, and 
oxygen-induced relative T1 reductions between 7 
and 14 % were observed in healthy subjects after 
inhalation of pure oxygen (Table 1). This effec-
tive reduction results from differently changed T1 
values of all protons that contribute to the voxel 
signal, that is, it is averaged over all kinds of tis-
sue such as blood, blood vessels, alveolar cells, 
and connective tissue within each single voxel. 
The weighting of these different compartments 
can be influenced, for example, by choosing dif-
ferent echo times as demonstrated by Triphan 
et al. (2015b); generally, shorter T1 values of the 
lung (presumably associated with extravascular 
pulmonary tissue components) are observed at 
ultrashort echo times (70 μs) than at longer echo 
times. The most important contribution to oxy-
gen-induced T1 changes, however, is caused by 
the increased concentration of dissolved molecu-
lar oxygen in the capillary blood of the lung. 
Hence, oxygen-based lung imaging has been 
described to provide combined information about 
three physiological parameters (Edelman et al. 
1996; Löffler et al. 2000):
• The inhaled oxygen must reach the lung area 

under consideration; thus, sufficient ventila-
tion of the area is a necessary precondition for 
oxygen-induced reduction of T1 relaxation.

• In addition, fresh capillary blood must be sup-
plied, in which the oxygen can be dissolved; 
lung perfusion therefore is a second require-
ment for the observation of reduced T1 
values.

• Finally, the transition of the oxygen from the 
alveoli into the capillaries of the lung, that is, 
molecular oxygen diffusion, is required for 
signal enhancement.
Thus, oxygen-enhanced lung MRI can be 

regarded as imaging of “lung function” under-
stood as the combination of these three parame-
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ters. With respect to the contribution of perfusion 
in oxygen-enhanced lung MRI, a result by Ley 
et al. (2007) is noteworthy. The authors demon-
strated that lung perfusion is influenced by the 
inhaled oxygen concentration: significantly 
increased perfusion was found during inhalation 
of oxygen compared to inhalation of room air. 
Similarly, Nogami et al. (2007) showed that oxy-
gen inhalation modulated cardiac blood flow 
parameters. In contrast, Arai et al. (2009) found 
no significant differences of blood flow between 
hypoxia, normoxia, and mild hyperoxia. Looking 
at the opposite causality, Lee et al. (2013) dem-
onstrated in rabbits that changing the pulmonary 
blood flow had only little effect on the oxygen-
induced signal enhancement. The consequences 
of these observations effect on oxygen-enhanced 
lung MRI have not yet been fully evaluated.

As an alternative to T1-based oxygen-enhanced 
proton MRI, the measurement of the oxygen-
induced reduction of the transverse T2

* relaxation 
time constant was proposed by Pracht et al. 
(2005). This technique is based on the T2

* reduc-
tion of the lung parenchyma signal by about 10 % 
due to inhalation of pure oxygen compared to 

inhalation of room air. Typical T2
* relaxation 

times of the lung parenchyma are short and range 
from 1.4 to about 2.0 ms in different studies at a 
field strength of 1.5 T; at lower field strengths, T2

* 
is considerably longer with values of, for exam-
ple, about 10 ms at 0.2 T, but again the oxygen-
induced shortening of T2

* is about 10 % (cf. Table 2). 
The measurement of this effect is more difficult 
than that for T1-based experiments and prone to 
systematic errors because of the very short T2

* 
relaxation times. This approach, however, might 
be useful to determine ventilation properties with 
reduced contributions of perfusion and diffusion 
effects (Pracht et al. 2005). A new (but related) 
approach for oxygen-enhanced lung MRI was 
recently proposed by Carinci et al. (2016): Based 
on an asymmetric spin-echo preparation, the 
spectral line broadening within the lung tissue is 
measured and demonstrated to significantly 
increase from a mean value of 1.48 ppm (under 
room air conditions) to 1.69 ppm (i.e., by about 
14 %) under inhalation of pure oxygen.

Different approaches and technical solutions 
for the administration of oxygen during MRI are 
available and have been compared. Molinari 

Table 1 T1 relaxation time constants of lung tissue

B0 (T) T1 (ms) breathing room air T1 (ms) breathing pure oxygen T1 reduction (%)

Edelman et al. (1996) 1.5 913 837 9.3

Chen et al. (1998) 1.5 1352 1183 12.5

Stock et al. (1999) 1.5 904 790 12.6

0.2 632 586 7.3

Löffler et al. (2000) 1.5 1219 1074 11.9

Nakagawa et al. (2001) 1.5 1147 1070 6.7

Jakob et al. (2001) 1.5 1249 1141 8.6

Mai et al. (2002) 1.5 1399 1207 13.7

Jakob et al. (2004)a 1.5 1298 1160 10.6

Dietrich et al. (2006b) 3.0 1281 1102 14.0

Molinari et al. (2008) 1.5 1110 1016 8.5

Beer et al. (2009) 0.2 686 631 8.0

Renne et al. (2015b)b 1.5 1173 1038 11.5

Renne et al. (2015c) 1.5 1250 1093 12.6

Triphan et al. (2015a), 
expiration

1.5 1027 922 10.2

Triphan et al. (2015a), 
inspiration

1.5 1017 923 9.3

aT1 relaxation times calculated from T1(0) and OTF
bIn patients after lung transplantation with bronchiolitis obliterans syndrome level 0
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et al. (2008) compared a closed (tightly fitting) 
oxygen delivery system and a clinically available 
nontight standard face mask; they did not find 
relevant differences between the results with both 
systems. In contrast, Renne et al. (2015c) found 
higher oxygen-induced T1 shortening and lower 
variability with a full, closed face mask than with 
a nontight standard face mask. An integrated 
solution for gas delivery, respiratory gating, and 
subject monitoring was described and evaluated 
recently by Halaweish and Charles (2014).

2.2  MRI Pulse Sequences

Several pulse sequences can be employed for 
oxygen-enhanced T1-weighted lung MRI, pro-
vided the following prerequisites are fulfilled:
• The pulse sequences must provide sufficient 

T1 weighting to be sensitive to the oxygen-
induced T1 shortening. This is usually achieved 
by a magnetization preparation with an inver-
sion pulse (180° pulse, inversion recovery 
technique). Typical inversion times between 
the 180° pulse and the readout are either about 
700–900 ms (Edelman et al. 1996; Stock et al. 
1999; Ohno et al. 2001, 2008b, 2011, 2012a, 
b, 2014a, b; Vaninbroukx et al. 2003; Naish 
et al. 2005) or about 1100–1300 ms (Löffler 
et al. 2000; Müller et al. 2002; Mai et al. 2003; 
Dietrich et al. 2005, 2010; Thieme et al. 2011; 
Maxien et al. 2012; Morgan et al. 2014).

• Fast data acquisition is recommendable to 
reduce motion artifacts caused by cardiac 
motion, blood flow, and respiration. Single-shot 

sequences (with complete data acquisition after 
a single excitation) and very fast gradient-echo 
sequences have successfully been employed in 
order to avoid motion-related effects.

• The pulse sequences should be insensitive to 
variations of susceptibility and to short T2

* 
relaxation times; this requirement excludes 
echoplanar imaging techniques or gradient-
echo sequences with intermediate or longer 
echo times.
A pulse sequence with the listed properties that 

has frequently been employed for oxygen-
enhanced lung MRI is, for example, the single-shot 
turbo spin-echo sequence with centrically reor-
dered k-space sampling, which is also known as 
RARE (rapid acquisition with relaxation enhance-
ment) sequence (Chen et al. 1998; Stock et al. 
1999; Löffler et al. 2000; Müller et al. 2002; 
Vaninbroukx et al. 2003; Morgan et al. 2014; 
Zhang et al. 2015). A similar sequence with even 
shorter acquisition time is the half Fourier-acquired 
single-shot turbo spin-echo (HASTE) sequence 
(Edelman et al. 1996; Ohno et al. 2001, 2011, 
2012a, b, 2014a, b; Nakagawa et al. 2001; Mai 
et al. 2003; Dietrich et al. 2005; Thieme et al. 2011; 
Maxien et al. 2012). Ohno et al. (2004) confirmed 
that the signal-to-noise ratio of HASTE sequences 
improves if the shortest possible interecho spacing, 
that is, the shortest readout time, is used.

An alternative to single-shot turbo spin-echo 
sequences are fast spoiled gradient-echo (or field-
echo) sequences with short (below about 2 ms) or 
ultrashort (below about 0.5 ms) echo times. 
Snapshot-FLASH sequences with very short echo 
times below 2 ms have been used for oxygen-

Table 2 T2* relaxation time constants of lung tissue

B0 (T)
T2

* (ms) breathing 
room air

T2
* (ms) breathing 

pure oxygen T2
* reduction (%)

Pracht et al. (2005), right lung 1.5 1.84 1.64 10.9

Pracht et al. (2005), upper left lung 1.5 1.88 1.50 20.2

Beer et al. (2009) 0.2 10.7 9.6 10.3

Oechsner et al. (2009) 0.2 10.6 9.5 10.4

Triphan et al. (2015a), expiration 1.5 1.47 1.36 7.5

Triphan et al. (2015a), inspiration 1.5 1.45 1.33 8.3

Hemberger et al. (2015), expirationa 1.5 2.10 1.89 10.0

Hemberger et al. (2015), inspirationa 1.5 1.98 1.76 8.9
aIn a coronal posterior slice
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enhanced lung MRI; these sequences are particu-
larly suited for the measurement of quantitative T1 
maps of the lung (Jakob et al. 2001; Arnold et al. 
2007; Molinari et al. 2008; Kershaw et al. 2010; 
Renne et al. 2015a, b, c; Jobst et al. 2015). 
Ultrashort echo time (UTE) acquisitions for oxy-
gen-enhanced lung MRI were performed first in 
small animals (Togao et al. 2011; Zurek et al. 2014, 
2016) and recently also in humans (Kruger et al. 
2014; Hemberger et al. 2015; Triphan et al. 2015a) 
with echo times between 70 and 80 μs. These UTE 
techniques are particularly useful for T2*-based 
oxygen-enhanced lung MRI and for mapping of 
the very short T2* relaxation times. Finally, oxygen 
MRI of the lung at low fields below 0.5 T has also 
been performed with fast steady-state free preces-
sion (SSFP) techniques such as the True FISP 
sequence (Müller et al. 2001).

The listed pulse sequences are typically com-
bined with an inversion recovery preparation to 
achieve sufficient T1 weighting. Puderbach et al. 
(2007) demonstrated that the chosen inversion pulse 
type may influence the assessment of oxygen 
enhancement. T1-weighted saturation recovery mea-
surements instead of inversion recovery measure-
ments can be utilized for oxygen-enhanced lung 
MRI as well. The dynamic signal range of saturation 
recovery experiments is only half as large as that of 
inversion recovery experiments; consequently, the 
contrast-to-noise ratio of oxygen-induced signal 
changes is smaller as well. On the other hand, the 
saturation preparation is generally more robust than 
inversion preparation, particularly in the presence of 
B1 inhomogeneities. Thus, especially at higher field 
strengths such as 3 T, saturation recovery measure-
ments may be advantageous compared to inversion 
recovery measurements (Dietrich et al. 2006b). In 
addition, imaging time can be reduced with satura-
tion recovery techniques, since no longitudinal 
relaxation is required between readout and the fol-
lowing preparation (Naish et al. 2005).

2.3  Acquisition Paradigms 
and Data Evaluation

Several approaches for the acquisition and quali-
tative or quantitative data evaluation of oxygen-
enhanced lung MRI have been proposed. They 

can be divided into techniques based on the 
 T1-weighted signal time course and those based 
on quantitative T1 mapping results.

2.3.1  Signal-Intensity Based 
Techniques

A straightforward technique for the visualization 
of the ventilated lung tissue is based on difference 
images: Difference maps of T1-weighted images 
acquired during the inhalation of oxygen on the 
one hand and of room air on the other hand show 
the lung parenchyma hyperintense relative to the 
surrounding tissue due to the change of longitudi-
nal relaxation after O2 inhalation. Typically, a 
block paradigm is used for data acquisition con-
sisting of alternating blocks with inhalation of 
room air and oxygen as illustrated in Fig. 1. The 
acquisition of several repetitions is required, since 
both the expected signal difference and the signal-
to-noise ratio of the lung tissue are relatively 
small. Thus, averaging of, for example, 20–40 
times repeated acquisitions breathing oxygen and 
of a similar number of acquisitions breathing 
room air is used to increase the signal-to-noise 
ratio of the resulting difference maps.

The signal difference, ΔS, between the pixel-
wise averaged oxygen-enhanced signal SO2 and 
the averaged room air signal Sroom air can be either 
visualized directly (Chen et al. 1998; Stock et al. 
1999; Mai et al. 2000; Nakagawa et al. 2001):

 DS S S= -O room air2
 

or as relative difference, ΔSrelative (or relative 
enhancement ratio, RER) after pixelwise normal-
ization to the room air signal (Edelman et al. 
1996; Müller et al. 2002; Ohno et al. 2002; 
Dietrich et al. 2005; Arnold et al. 2007; 
Hemberger et al. 2015):

 

DS RER
S S

Srelative
O room air

room air

= =
-
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Calculating absolute or relative difference 
maps is a straightforward way to visualize lung 
function and can be performed on most MRI sys-
tems without additional postprocessing software. 
To calculate these difference maps, however, it 
must be taken into consideration that a certain 
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time interval is required after switching the gas 
supply from air to oxygen (and vice versa) until 
T1 (and, hence, the T1-weighted signal intensity) 
reaches a steady-state value as demonstrated in 
Fig. 1. This process is described by an exponen-
tial change with time constants between 23 and 
83 s in healthy volunteers (Arnold et al. 2004; 
Naish et al. 2005; Dietrich et al. 2010).

The interval of intermediate signals between 
the steady states could be avoided by waiting a 
few minutes after switching the gas supply before 
the data acquisition is being continued (Mai et al. 
2003). However, Müller et al. (2002) demon-
strated that the slope of the signal increase cor-
relates well with other clinical parameters. 
Hence, it appears useful to acquire data continu-
ously to measure the intermediate signal dynam-
ics as well and, thus, to be able to determine both 
the difference image and the time constants or 
slopes of the signal change. When calculating 
relative or absolute difference maps from such 
continuously acquired data, a certain number of 
acquisitions within each block of the paradigm 

should be discarded after switching the gas sup-
ply to avoid systematically decreased differences. 
For example, in a paradigm of 4 × 20 respiratory-
triggered acquisitions, an optimized ratio of sig-
nal difference and statistical error was found if 
about five to eight acquisitions were discarded 
(Dietrich et al. 2006a).

To assess pixelwise the dynamics of oxygen 
wash-in and wash-out, it was shown that a piece-
wise exponential model function provides a bet-
ter signal fit (quantified by the Akaike information 
criterion) than rectangular or piecewise linear 
model functions (Dietrich et al. 2010). Thus, 
from an oxygen-enhanced acquisition with 
repeated blocks of room air inhalation and oxy-
gen inhalation, the (exponential) time constants 
τin for oxygen wash-in and τout for oxygen wash-
out can be quantified as additional ventilation-
associated parameters.

As an alternative to the evaluation of the abso-
lute or relative difference of T1-weighted images, 
it was proposed by Mai et al. (2003) to compute 
the cross-correlation between the time-response 
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signal
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difference image
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Fig. 1 (a, b) Block paradigm for oxygen-enhanced lung 
MRI. (a) Data acquisition: T1-weighted images are con-
tinuously acquired in four blocks with 4 × 20 repetitions; 
in blocks 1 and 3, room air is supplied; in blocks 2 and 4, 
pure oxygen. The T1-weighted signal varies relatively 
slowly after switching the gas supply and reaches expo-
nentially its new steady state. Thus, several repetitions 
should be discarded before calculating the pixel-by-pixel 

mean value of each block. (b) The relative signal increase 
(or relative enhancement ratio) is calculated as the differ-
ence of the averaged images in blocks 2 and 4 on the one 
hand and 1 and 3 on the other hand, normalized to the 
averaged room air image. The lung parenchyma and the 
spleen appear hyperintense in the difference map (Figure 
reprinted with permission of Springer from: Dietrich 
(2007b))
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function of each pixel in a series of T1-weighted 
acquisitions and the input function representing 
the paradigm of alternating room air and oxygen 
administration. Based on this approach, Molinari 
et al. (2007) have introduced the fraction of oxy-
gen-activated pixels (OAP%), that is, the number 
of pixels with a correlation coefficient greater 
than 0.5 divided by the total number of pixels in 
the considered region of interest, to compare 
acquisitions of, for example, healthy volunteers 
and patients. Improved cross-correlation results, 
that is, higher median cross-correlation coeffi-
cients, can be obtained if a piecewise exponential 
function is used as input function instead of a 
simpler (rectangular) box function (Dietrich et al. 
2010). Combining the correlation-based analysis 
with a dynamic oxygen wash-in and wash-out 
model, Sá et al. (2010, 2014) estimated the spe-
cific ventilation from the oxygen-modulated sig-
nal time course.

2.3.2  T1 Relaxation Time-Based 
Methods

In addition to the above-mentioned intensity-based 
evaluation strategies, which use the T1-weighted 
signal modulation due to oxygen inhalation, post-
processing of oxygen-enhanced MRI can also be 
performed based on relaxometry techniques, that 
is, on T1 (or T2

*) mapping. These T1 (or T2
*) maps of 

the lungs can be computed from appropriate acqui-
sitions during the inhalation of room air and of pure 
oxygen, respectively. The influence of oxygen can 
now be displayed in difference maps showing the 
reduction of relaxation time (or the increase of the 
relaxation rates R1 = 1/T1 and R2

* = 1/T2
*) due to 

oxygen inhalation. These differences can be dis-
played as absolute differences (Oechsner et al. 
2009; Hemberger et al. 2015) or relative differ-
ences (Beer et al. 2009; Triphan et al. 2015a).

The change of the relaxation rates in the lung 
parenchyma between room air and oxygen inha-
lation can also be used to estimate the partial 
pressure ΔPO2 of oxygen dissolved in blood 
plasma (and tissue water):
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where r1 = 2.49 × 10–4s–1mmHg–1 is the longitudi-
nal relaxivity of O2 in water (Zaharchuk et al. 
2006; Kershaw et al. 2010; Morgan et al. 2014; 
Zhang et al. 2015). With this value for the relax-
ivity, typical changes of the relaxation rate of 
about 0.1 s–1 in healthy subjects correspond to 
oxygen partial pressures of about 400 mmHg. 
Similarly, as for the T1-weighted signal, wash-in 
and wash-out time constants can also be deter-
mined from the time course of R1 or of the partial 
pressure DPO2

 (Kershaw et al. 2010; Morgan 
et al. 2014; Zhang et al. 2015).

Instead of the alternating administration of 
room air and pure oxygen, such quantitative mea-
surements can also be performed at more than 
two different concentrations of oxygen, for 
example, at 21 % (room air), 40 %, 60 %, 80 %, 
and 100 %. Based on quantitative T1 measure-
ments at these different O2 levels, the oxygen 
transfer function (OTF) can be determined as 
illustrated in Fig. 2 (Jakob et al. 2004). The OTF 
describes the change of relaxation rate R1 = 1/T1 
in lung tissue depending on the concentration of 
oxygen, CO2, in the administered gas, that is, it is 
similarly defined as the relaxivity of oxygen but 
does not require the measurement of the actual 
tissue concentration (in units of mmol/L) of oxy-
gen. The OTF is expressed in units of s–1 (%O2)–1, 
and the change of T1 is described by
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Typical OTF values of healthy lung tissue range 
from 0.9 × 10–3 s–1(%O2)–1 to 1.5 × 10–3 s–1(%O2)–1 
(Jakob et al. 2004; Renne et al. 2015a, b, c), which 
is consistent with a change of 1/T1 by about 0.1 s–1 
when increasing the O2 concentration by 79 % 
(from 21 % at room air to 100 %). Similarly, T2* at 
different concentrations of oxygen can be mea-
sured and exhibits an approximately linear behav-
ior with a slope in the order of 500 × 10–3 s–1(%O2)–1 
at 1.5 T (Triphan et al. 2015a).

To accelerate the acquisition of the required T1 
maps for OTF measurements, a technique pro-
posed by Arnold et al. (2007) can be used. T1 can 
be estimated for different concentrations of 
 oxygen based on a single T1 map measured dur-
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ing inhalation of room air, and on T1-weighted 
images acquired for all other oxygen concentra-
tions. In contrast to almost all other studies 
 evaluating oxygen-enhanced lung MRI, Arnold 
et al. (2007) used carbogen (i.e., 95 % oxygen, 
5 % carbon dioxide) instead of pure oxygen as 
T1-reducing contrast agent, because carbogen is 
thought to be advantageous as a breathing gas 
during radiation therapy of patients with non-
small-cell lung cancer.

2.4  Advanced Acquisition 
Techniques

Almost all studies using oxygen-enhanced MRI 
have been performed at a field strength of 1.5 T or 
at low-field systems with, for example, 0.2 T. Only 
a single study by Thieme et al. (2011) demon-
strated the feasibility of oxygen-enhanced MRI 
(using an inversion recovery HASTE sequence) at 
a field strength of 3 T, but the obtained oxygen-
induced signal enhancement was more heteroge-
neous and slightly lower than that in the same 
subjects at 1.5 T. Consequently, the technical 
development of oxygen-enhanced MRI is still 
focusing on acquisition improvements at 1.5 T, as 
illustrated in the subsequent sections.

2.4.1  Multislice Imaging
Oxygen-enhanced MRI of the lung is based 
on T1-weighting sequences such as single-shot 
turbo spin-echo techniques or ultrafast gra-
dient-echo techniques. Both sequence types 
require an additional T1-sensitizing magneti-
zation preparation that is usually realized as 
an inversion pulse. This 180° RF pulse (as well 
as the refocusing RF pulses of the turbo spin-
echo sequence) can be implemented either as 
slice-selective pulses that influence only the 
spins in a two-dimensional section or as non-
selective pulses that invert all spins within the 
RF coil (Takenaka et al. 2011). Interleaved 
multislice acquisitions with the same inver-
sion time for all slices can only be performed 
with slice-selective inversion and refocusing 
pulses.

Most oxygen-enhanced imaging studies have 
been performed with nonselective inversion or 
refocusing pulses (Jakob et al. 2001; Nakagawa 
et al. 2001; Mai et al. 2003; Molinari et al. 2007; 
Zhang et al. 2015), such that an interleaved inver-
sion and acquisition of multiple slices is not pos-
sible. Hence, either single-slice imaging was 
used or the total duration of acquisition had to be 
prolonged to acquire several slices in successive 
imaging experiments.
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Fig. 2 (a, b) Measurement of the oxygen transfer func-
tion (OTF). (a) T1 maps of a 30-year-old healthy female 
volunteer breathing different oxygen concentrations, 
CO2

. (b) A linear relationship between the oxygen con-
centration, CO2

, and the longitudinal relaxation rate, R1, 
in the whole right lung. The fitted OTF and extrapolated 

relaxation time without oxygen, T1(0), were 
(0.12±0.00)×10−2 s−1(%O2)−1 and 1449 ± 2 ms, respec-
tively, with an excellent correlation coefficient (R) of 1 
(Reprinted with permission of John Wiley and Sons from: 
Jakob et al. (2004))

Proton MRI Based Ventilation Imaging: Oxygen-Enhanced Lung MRI and Alternative Approaches



146

The acquisition time of multiple slices can 
be decreased by employing slice-selective RF 
pulses and interleaving inversion preparation 
and image data readout, that is, the inversion 
time, TI, between inversion and readout of a 
single slice is used to invert one or several more 
slices as demonstrated in Fig. 3. A potential 
disadvantage of using slice-selective inversion 
can be an increased sensitivity to perfusion 
effects: the signal within the slice will be influ-
enced by inflowing noninverted spins from out-
side the slice. To minimize this effect, the 
thickness of the inverted slice can be increased, 
for example, by a factor of 2, relative to the 
thickness of the image slice.

It has been demonstrated in a comparison of 
nonselective inversion and slice-selective inver-
sion with doubled inversion slice thickness that 
similar results can be obtained with both tech-
niques (Dietrich et al. 2005). The T1-weighted 
images and calculated maps of relative signal 
increase showed some differences with respect 
to the signal within the pulmonary vessels. 
However, the signal increase in the large pul-
monary vessels is less important for evaluation 
of the lung function than the signal distribution 
in the lung parenchyma which was similar for 
both techniques.

2.4.2  ECG and Respiratory Triggering, 
Motion Correction

Reliable triggering is particularly important for 
MRI of the lung because of the high level of 
motion in the thorax due to pulsatile blood flow, 
cardiac motion, and respiration. Vaninbroukx 
et al. (2003) as well as Molinari et al. (2006) dem-
onstrated that oxygen-enhanced MRI of the lung 
benefits from both ECG triggering and respiratory 
triggering in comparison to MRI without trigger-
ing. ECG triggering helps to acquire all repetitions 
in identical cardiac phases and to avoid motion 
artifacts due to acquisition during the systolic 
phase. Even more important is respiratory trigger-
ing to acquire all repetitions with identical posi-
tions of the diaphragm, since the signal intensity 
of the lung parenchyma depends substantially on 
the respiratory phase (Mai et al. 2000; Bankier 
et al. 2004). The signal intensity typically varies 
by at least 50 % due to the change of proton den-
sity during respiration, and this signal variation 
is superimposed on the oxygen-induced signal 
increase. Different techniques for respiratory trig-
gering have been applied including the frequently 
used pneumatic respiratory belts, pneumotacho-
graphic triggering (Molinari et al. 2006), or navi-
gator techniques (Molinari et al. 2007). It appears 
advantageous to choose end-expiration for image 

a

b

180º pulse

RF

RF

TI TI TI

t

t

TR

TI TI

TR TR

TI

TR

TR TR

180º pulses

HASTE readout

HASTE readouts

Single-slice inversion recovery HASTE sequence

Multi-slice inversion recovery HASTE sequence

Fig. 3 (a) Three repetitions of a single-slice inversion 
recovery HASTE sequence. Only a single slice is 
acquired; the inversion (180°) pulse as well as the refocus-
ing pulses may be nonselective. (b) Three repetitions of a 
multislice inversion recovery HASTE sequence. Six slices 

(shown in different colors) are acquired; inversion (180°) 
pulses and readouts are interleaved. All 180° RF pulses 
must be slice-selective (Figure reprinted with permission 
of Springer from: Dietrich (2007b))
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acquisition to obtain the maximal lung signal and 
a more uniform diaphragm position than that after 
repeated inspirations (Losert et al. 2002).

The preceding considerations motivate the com-
bined application of ECG and respiratory trigger-
ing in fast T1-weighting pulse sequences to facilitate 
robust oxygen-enhanced MRI of the lung in clini-
cal routine. However, ECG and respiratory trigger-
ing in combination with a multislice inversion 
recovery single-shot turbo spin-echo sequence 
requires a complex trigger scheme to move the data 
readout into the diastolic phase. A possible trigger 
and sequence scheme, which has been evaluated by 
Dietrich et al. (2005), is shown in Fig. 4; the acqui-
sition is respiratory-triggered to start in end-expira-
tion, and an additional short delay, TD, is calculated 
from the ECG signal such that the actual data read-
out takes place in the diastolic cardiac phase. Since 
the acquisition of all six slices cannot be fitted into 
a single RR interval, the readout is divided into two 
parts with three HASTE readouts.

In addition to respiratory triggering, Molinari 
et al. (2012) demonstrated that the image quality 
of oxygen-enhanced MRI can be further improved 
by fully automatic nonrigid image registration; 
the mean coefficients of variation of the oxygen 
enhancement maps decreased by about 11 % 
after image registration.

2.4.3  Parallel Imaging
Parallel imaging, which has been developed since 
the mid-1990s with the aim to accelerate image 
acquisition (Sodickson and Manning 1997; 

Pruessmann et al. 1999; Griswold et al. 2002; 
Larkman and Nunes 2007; Schoenberg et al. 
2007), has been an important innovation in 
MRI. The basic idea of parallel imaging is to 
employ several independent receiver coil ele-
ments in parallel to reduce the number of required 
phase-encoding steps for a given image matrix 
size by decreasing the sampling density in 
k-space, that is, by k-space undersampling. 
Parallel imaging has been demonstrated to 
 provide several advantages for single-shot MRI 
in general (Griswold et al. 1999; Dietrich 2007a) 
and, in particular, for single-shot MRI of the lung 
(Heidemann et al. 2003; Eibel 2007) due to 
shorter echo trains, shorter echo times, and 
reduced blurring.

For oxygen-enhanced MRI of the lung with the 
ECG-triggered and respiratory-triggered mul-
tislice sequence shown in Fig. 4, parallel imaging 
exhibits specific advantages as a consequence of 
the shorter turbo spin-echo readout. Using paral-
lel imaging with an acceleration factor of 2, 
Dietrich et al. (2005) showed that the number of 
echoes required for the acquisition of a 128 × 128 
matrix with a HASTE sequence could be reduced 
from 72 to 36; thus, the total readout time 
decreased from 214 ms/slice to 115 ms/slice (for 
an echo spacing of 2.7 ms) including the time for 
signal excitation and spoiler gradients. As a con-
sequence of the shorter total readout time, the 
number of interleaved slices with inversion recov-
ery preparation acquired during end-expiration 
could be increased to six or more in contrast to 

TI = 1300 ms
TI = 1300 ms

TI = 1300 ms
TI = 1300 ms

Required duration of
end-expiration (  3200 ms)˜

RF

3 3

2

1

4 4

5

ECG

RSP
TD – 458 ms TDRR interval – 800 ms

Fig. 4 Inversion recovery HASTE sequence with 
respiratory (RSP) and ECG triggering. (1) Sequence 
starts in end-expiration. (2) After the next R wave, the 
delay TD is inserted, and (3) the slice-selective inver-
sion pulses for 2 × 3 slices are applied. (4) The delay TD 

has been  calculated from the current heart rate such 
that all six HASTE readouts lie in the diastole. (5) The 
sequence is repeated in the next respiratory cycle 
(Figure reprinted with permission of Springer from: 
Dietrich (2007b))
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only four slices without parallel imaging. The 
average required end-expiration time per repeti-
tion (cf. Fig. 4) to acquire six slices without 
motion artifacts could be significantly reduced 
from 4112 ms without parallel imaging to 2727 ms 
with parallel imaging (Dietrich et al. 2005), result-
ing in considerably increased robustness of the 
sequence against respiratory motion artifacts. The 
synergistic effects of parallel imaging and oxy-
gen-enhanced multislice MRI of the lung are dis-
cussed in much more detail in publications by 
Dietrich et al. (2005) and Dietrich (2007b).

Examples of oxygen-enhanced lung MRI in 
six coronal slices of a healthy volunteer are 
shown in Fig. 5. These data were acquired with 
the T1-weighted respiratory-triggered and ECG-
triggered inversion recovery multislice HASTE 
sequence described above. The echo time was 11 
ms with GRAPPA parallel imaging (Griswold 
et al. 2002).

2.5  Clinical Applications

Oxygen-enhanced lung imaging has been evalu-
ated in several studies demonstrating a good cor-
relation between MRI parameters and 
conventional methods of lung diagnostics such as 
evaluation of the diffusion capacity of carbon 

monoxide (DLCO), the forced expiratory volume 
in 1 s (FEV1), or results of ventilation scintigra-
phy. Ohno et al. (2001, 2002) examined patients 
with lung cancer and with lung emphysema and 
demonstrated a good correlation of the maximum 
signal enhancement in oxygen-enhanced MRI on 
the one hand and FEV1 and DLCO on the other 
hand. The same group described that oxygen-
enhanced MRI could be used to successfully pre-
dict the postoperative FEV1 in patients with 
bronchogenic carcinoma (Ohno et al. 2005). 
Nakagawa et al. (2001) demonstrated in patients 
with pulmonary embolism that oxygen-enhanced 
MRI did not show any ventilation defects in 
agreement with ventilation scintigraphy; in these 
patients, ventilation contrast appears to dominate 
over the perfusion-based and diffusion-based 
contributions. A study by Müller et al. (2002) in 
patients with various pulmonary diseases showed 
a good correlation between the signal slope after 
switching the gas supply to pure oxygen and the 
DLCO. Jakob et al. (2004) found in patients with 
cystic fibrosis that the oxygen transfer function 
correlates well with affected lung areas charac-
terized by perfusion defects. A study in 33 
patients with pulmonary hypertension demon-
strated good sensitivity of oxygen-enhanced MRI 
for detecting ventilation defects when compared 
to ventilation scintigraphy (Maxien et al. 2012).
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Fig. 5 (a, b) Parameter maps displaying the oxygen-
induced relative signal increase in a healthy volunteer 
acquired with parallel imaging. The complete parameter 
maps (a) demonstrate that oxygen-induced signal 
enhancement is observed predominantly in the lung, in the 

large cardiopulmonary vessels, in the spleen, and in the 
cardiac ventricles. The same data is shown inserted in the 
T1-weighted acquisition (b) after manual segmentation of 
the lungs (Figure (modified) reprinted with permission of 
Springer from: Dietrich (2007b))
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Oxygen-enhanced MRI and thin-section com-
puted tomography (CT) were correlated or com-
pared in several studies by Ohno et al. (2008a, b, 
2011, 2012a, b, 2014a, b). In patients with smok-
ing-related chronic obstructive pulmonary dis-
ease (COPD), signal enhancement and wash-in 
time in dynamic oxygen-enhanced MRI were 
demonstrated to have potential for pulmonary 
functional loss assessment (Ohno et al. 2008a, b, 
2012a). In asthmatics, the same group found oxy-
gen-enhanced MRI to be as effective as CT for 
the assessment of pulmonary functional loss and 
classification of the clinical stage (Ohno et al. 
2011); effects of treatment could be assessed by 
signal enhancement and, particularly, by wash-in 
time analysis of oxygen-enhanced MRI in good 
correlation with FEV1 results (Ohno et al. 2014a). 
In patients who were examined before lung-vol-
ume reduction surgery, oxygen-enhanced MRI 
could be demonstrated to be comparably reliable 
as thin-section CT with respect to clinical out-
come measurements (Ohno et al. 2012b). In a 
study in patients with connective tissue disease, 
oxygen-enhanced MRI was also shown to be as 
useful as thin-section CT for disease severity 
assessment (Ohno et al. 2014b).

In a study by Molinari et al. (2007), a signifi-
cantly smaller fraction of oxygen-activated pixels 
(OAP%) was found in patients with interstitial 
lung diseases than in healthy volunteers. Two 
recent studies evaluated oxygen-enhanced MRI 
for the assessment of COPD: Jobst et al. (2015) 
determined the oxygen-induced T1 shortening in 
20 COPD patients and concluded that this param-
eter correlates with lung perfusion deficits and 
with the severity of COPD (cf. Fig. 6); Morgan 
et al. (2014) found that oxygen-enhanced MRI 
parameters (based on T1 measurements and on 
wash-out dynamics) showed the response to 
treatment (in 40 COPD patients) with a β2-
antagonist and with inhaled corticosteroids. A 
study in 10 asthmatic patients also assessed T1 
values and dynamic parameters (oxygen wash-in/
wash-out time constants) and demonstrated sen-
sitivity to the severity of disease as well as good 
reproducibility and intraobserver agreement 
(Zhang et al. 2015); cf. Fig. 7. In another study in 
asthmatic patients, oxygen-enhanced MRI was 

shown to visualize and quantify the regional 
allergic reactions after segmental endobronchial 
allergen challenge (Renne et al. 2015a). Finally, 
Renne et al. (2015b) demonstrated that the oxy-
gen transfer function may be used as an early 
marker for detecting chronic lung allograft dys-
function in a study that included 76 recipients of 
double lung allografts.

3  Alternative Approaches

3.1  Non-contrast-Enhanced 
Dynamic Lung Imaging

Although the signal of lung tissue in non-con-
trast-enhanced proton MRI is very low as 
described in Sec. 1, it is still possible to employ 
this signal directly to assess ventilation proper-
ties of the lung. One approach to deduce ventila-
tion information from non-contrast-enhanced 
lung MRI is based on the evaluation of a series of 
dynamic lung images acquired during the respi-
ratory cycle (Rupprecht et al. 2003; Topf et al. 
2004, 2005, 2006; Zapke et al. 2006; Voorhees 
et al. 2005; Marcus et al. 2007). These images are 
acquired with temporal resolutions between 119 
ms (Marcus et al. 2007) and 2 s (Topf et al. 2005, 
2006). Typically, only a single slice is acquired to 
optimize the temporal resolution.

Different MR imaging techniques have been 
proposed to obtain a sufficiently strong signal of 
the native lung tissue. For instance, it has been 
suggested to use MRI systems with low field 
strengths of, for example, 0.2 T (Wagner et al. 
2001; Rupprecht et al. 2002; Abolmaali et al. 
2004). In spite of the generally lower signal-to-
noise ratio (SNR) at low field strengths, the rela-
tive signal of the lung tissue is increased because 
of the substantially reduced susceptibility effects, 
which are proportional to the field strength. 
Balanced SSFP sequences such as the True FISP 
sequence are particularly suited for lung MRI at 
0.2 T because of their high SNR efficiency. At 
higher field strengths, single-shot fast spin-echo 
techniques such as the HASTE sequence with 
relatively short echo times are generally preferred 
for visualization of the lung tissue.
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Rupprecht et al. (2003) proposed that infor-
mation about the pulmonary ventilation can be 
deduced directly from regional variations of the 
MR signal intensity during the respiratory cycle. 
In their study, the ratio of the volume of inhaled 
air (Vair) and the volume of lung parenchyma 

(Vtissue) in expiration was calculated from the sig-
nal during inspiration, Sinsp, expiration, Sexp, as 
well as the noise signal, Snoise, as

 

V

V

S S

S S
air

tissue

insp

noise

=
-

-
exp

exp

.
 

a

b

c

T1 T1O2 Perfusion

Fig. 6 Comparison of T1 and perfusion characteristics. 
Normal T1 mapping at room air (left), T1 mapping after 
100 % O2 (middle), and DCE lung perfusion (right) (zonal 
scores = 0 each) of a 29-year-old healthy proband (a). 
Fifty-nine-year-old patient with GOLD stage II showing 
minor T1 abnormalities at room air (score = 1), normal 
ΔT1 after 100 % O2 (score = 0), and minor perfusion 
abnormalities (score = 1) of the middle and lower lung 

zones (area between white arrows), reflecting lung areas 
with intact ventilation and simultaneous perfusion impair-
ment (b). Severe T1 abnormalities at room air, abnormal 
ΔT1 after 100 % O2 and perfusion abnormalities (score = 
2 each) affecting the entire lung of a 75-year-old patient 
with GOLD stage II (c) (Figure reprinted (CC BY license) 
from: Jobst et al. (2015))
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More generalized, this ratio can also be deter-
mined for every time, t, of the respiratory cycle, 
based on the lung signal, S(t), at time t:
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This quantitative approach has been evaluated in 
volunteers and patients using a True FISP sequence 
at 0.2 T (Rupprecht et al. 2003; Topf et al. 2004; 
Zapke et al. 2006) and with a HASTE sequence at 
1.5 T (Topf et al. 2005, 2006). A good correlation 
was found between lung ventilation determined by 
MRI and the vital capacity derived from conven-
tional pulmonary function test as shown in Fig. 8 
(Zapke et al. 2006). This method, however, is com-
plicated by the fact that lung tissue is moving sig-
nificantly during the respiratory cycle. Hence, a 
substantial amount of postprocessing is required to 
(nonrigidly) register all images acquired during the 
respiratory cycle to a reference image (Zapke et al. 
2006) before evaluating the variation of MR signal 
intensity. A related approach which correlates the 
signal intensity and the lung area during the respira-
tory cycle (Bankier et al. 2004) was suggested by 
Marcus et al. (2007).

Instead of evaluating the time dependence of 
the MR signal intensity during the respiratory 
cycle, ventilation information can also be 
deduced from direct monitoring of the spatial 
displacement of lung tissue. Two different 
approaches for tissue displacement mapping 
have been suggested: motion tracking after a grid 
preparation using SPAMM tagging of the lung 
(Chen et al. 2001; Napadow et al. 2001; Voorhees 
et al. 2005) and direct tracking of the lung tissue 
analyzing the motion of vessels and other hyper-
intense structures (Gee et al. 2003; Sundaram and 
Gee 2005). Only a few results based on these 
techniques have been published; however, 
Voorhees et al. (2005) demonstrated a good 
agreement of the regional lung volume change 
derived from the directly segmented volume and 
from the volume that was calculated using the 
regional tissue displacement measurements.

More MRI studies have been performed that 
evaluate only global spirometric properties of the 
lung such as static or dynamic lung volumes 
(Eichinger et al. 2007). These techniques for 
non-contrast-enhanced lung imaging and MR 
spirometry-based ventilation measurements are 
discussed in Chap. 8 of this book.
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Fig. 7 Dynamic oxygen-enhanced MRI parameter maps 
from a severe asthmatic participant (female, 19 years old, 
FEV1% predicted = 64 %) from the scan (V1) and rescan 
(V2). (a–c) Maps of ΔPO2max, τup_l and τdown_l from the first 

scan, respectively. (d–f) Maps of ΔPO2max, τup_l and τdown_l 
from the second scan, respectively. The enhancing fraction 
is 82 % in the first scan and 67 % in the second scan (Figure 
reprinted (CC BY license) from: Zhang et al. (2015))
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3.2  Fourier Decomposition 
Pulmonary MRI

The underlying idea of exploiting pulmonary sig-
nal variations during respiration is also the basis 
for an emerging technique known as “Fourier 
decomposition” pulmonary MRI, which was first 
proposed in 2009 by Bauman et al. For Fourier 
decomposition pulmonary MRI, dynamically 
acquired images of the lung (e.g., using a fast 2D 
True FISP pulse sequence) are first nonrigidly 
registered (as described above), preserving the 
respiration-induced signal variations of each 
voxel. Then, this signal time course is analyzed 
pixelwise by a one-dimensional temporal Fourier 
transform, which enables to separate fast (i.e., 
high-frequency) signal variations due to pulsatile 
blood flow and slower (low-frequency) signal 
variations due to respiratory lung motion within 
each pixel. After choosing the appropriate fre-
quency ranges, the area under the respiratory 
(and the cardiac) peaks of the Fourier power 
spectrum is calculated and used as signal inten-
sity of a ventilation (and perfusion) map, respec-
tively. The calculation of ventilation and 
perfusion data with the Fourier decomposition 
approach is illustrated in Fig. 9. The initial part of 
a simulated signal time course of a typical lung 
tissue pixel is shown in Fig. 9a. The total signal 
(blue) contains contributions from respiration 

(green) with respiratory cycle durations between 
6.4 and 6.7 s, and from pulsatile blood flow (red) 
with heart rates 66.8 and 68.2 bpm; a low level of 
image noise is added as well. The Fourier trans-
form of this signal is shown in Fig. 9b, in which 
the peaks due to respiration are highlighted in 
green (with a principal frequency of about 1/(6.5 
s) ≈ 0.16 s–1, and higher harmonics at multiples 
of this frequency) and a separate (red) peak cor-
responding to the pulsatile blood flow at about 
68/60 s ≈ 1.13 s–1.

Examples of resulting ventilation and perfusion 
maps from three healthy volunteers are shown in 
Fig. 10 (Bauman et al. 2009); the separation of 
ventilation and perfusion components is particu-
larly obvious in the aorta, which shows bright sig-
nal only on the perfusion maps (b, d, f). Typical 
acquisition strategies for Fourier decomposition 
MRI (at a field strength of 1.5 T) are based on fast 
balanced SSFP pulse sequences (such as the True 
FISP sequence), with TRs of 1.5–1.9 ms to acquire 
a single coronal slice of the lung with a thickness 
of 12–15 mm at a matrix size between 128 × 128 
and 256 × 256 pixels; the data acquisition is usu-
ally accelerated by parallel imaging with reduction 
factors of 2–3. With these sequences, temporal 
resolutions of 250–300ms/image (i.e., about 3–4 
images/s) can be achieved. The total measurement 
durations for one slice range from about 30 s 
(Kjørstadt et al. 2014) over 60 s (Bauman et al. 
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Fig. 8 (a–c) Non-contrast-enhanced dynamic lung MRI. 
(a) MR ventilation image of a patient with normal pulmo-
nary function test. (b) Ventilation graphs that show the 
ventilation (i.e., the ratio of the volume of inhaled air, Vair, 
and the volume of lung parenchyma, Vtissue) in 50 images 
for each rectangular region shown in a during the respira-
tory cycles. The 50 measurements span a total of 1 min. 
Ventilation measurements: Right: upper field (turquoise) 

0.64 mL/cm3; middle field (violet) 0.68 mL/cm3; lower 
field (brown) 0.65 mL/cm3. Left: upper field (yellow) 
0.67 mL/cm3; middle field (pink) 0.68 mL/cm3; lower field 
(blue) 0.62 mL/cm3. (c) Correlation of MR ventilation and 
vital capacity measured by conventional pulmonary func-
tion test (r = 0.8; p ≤ 0.001, black lines: regression line 
and 95 % confidence interval) (Figure reprinted (CC BY 
license) from Zapke et al. (2006)))
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2009) to 2 min (Capaldi et al. 2015), resulting in 
series of about 100–500 images, respectively. 
Multiple slices can be acquired sequentially 
increasing the total acquisition duration (Bauman 
et al. 2013). As an alternative to fast SSFP 
sequences, fast spoiled gradient-echo sequences 
were applied in a few studies (Fischer et al. 2014; 
Voskrebenzev et al. 2015).

In a subsequent study, Bauman and colleagues 
demonstrated the qualitative agreement of 
Fourier decomposition results on the one hand 
and of ventilation and perfusion SPECT acquisi-
tions on the other hand in the porcine lung 
(Bauman et al. 2011). In a second study in pigs, 
they validated Fourier decomposition MRI for 
different pulmonary pathologies with hyperpo-
larized helium-3 and dynamic contrast-enhanced 
MRI (Bauman et al. 2013). They also found a 

high reproducibility of the Fourier decomposi-
tion results in healthy volunteers (Lederlin et al. 
2013). Recently, Bauman et al. (2016) demon-
strated that the performance of Fourier decompo-
sition pulmonary MRI can be improved with an 
ultrafast SSFP sequence (TE/TR = 0.67/1.46 ms) 
compared to a conventional SSFP sequence (TE/
TR = 0.87/1.9 ms) and by postprocessing with a 
technique known as matrix pencil decomposition 
(Bauman and Bieri 2016). To improve the separa-
tion of ventilation and perfusion information in 
Fourier decomposition MRI, Wujcicki et al. 
(2015) proposed a new subject-adaptive algo-
rithm for filter design, which was shown to 
reduce the amount of mutual information in per-
fusion and ventilation maps.

A first study comparing ventilation results of 
Fourier decomposition MRI and hyperpolarized 

a

b

Fig. 9 (a, b) Basic principle of Fourier decomposition 
pulmonary MRI. (a) A simulated MR signal time course 
of lung tissue (blue) with signal variations due to respira-
tion (green) with a cycle duration of 6.4–6.7 s and due to 
pulsatile blood flow (red) with a heart frequency of 66.8–

68.2 bpm. (b) Frequency spectrum (obtained by Fourier 
analysis from the signal time course in (a)) containing the 
low-frequency contributions of respiration (green) and 
pulsatile blood flow (red)

Proton MRI Based Ventilation Imaging: Oxygen-Enhanced Lung MRI and Alternative Approaches



154

a b

c d

e f

Fig. 10 (a–f) Qualitative ventilation-weighted (a, c, e) 
and perfusion-weighted (b, d, f) images in coronal view 
from three healthy subjects obtained using the Fourier 

decomposition approach (Figure reprinted with permis-
sion of John Wiley and Sons from: Bauman et al. (2009))
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helium-3 MRI in 26 patients with COPD or bron-
chiectasis was published by Capaldi et al. (2015); 
they found a significant correlation (r = 0.88; 
p < 0.01) of ventilation defect percent values in 
COPD patients between both techniques, but no 
significant correlations in subjects with bronchiec-
tasis. Another patient study in 15 patients with lung 
cancer demonstrated the feasibility to calculate 
ventilation–perfusion (V/Q) values from Fourier 
decomposition MRI (Kjørstad et al. 2015); how-
ever, the approach showed only limited robustness, 
which required the exclusion of 5 out of 15 patients.

While the original Fourier decomposition 
approach results in purely qualitative ventilation 
maps, Kjørstad et al. (2014) have proposed and vali-
dated an approach to quantify lung ventilation based 
on Fourier decomposition. With this technique, they 
obtained mean minute ventilation values of about 
700 mL/min for the evaluated 2D slice in a study in 
10 healthy volunteers. In a second study of the same 
group, an improved signal-to-noise ratio of Fourier 
decomposition MRI was demonstrated with a vari-
able flip-angle SSFP sequence in comparison to a 
conventional SSFP sequence with constant flip 
angle (Corteville et al. 2015). Another technical 
modification of the original SSFP-based Fourier 
decomposition method was proposed by Fischer 
et al. (2014) as “SElf-gated Non-Contrast-Enhanced 
FUnctional Lung imgaing” (SENCEFUL), which is 
based on a FLASH acquisition with quasirandom 
phase encoding and self-gating using an addition-
ally acquired nonphase-encoded signal; images in 
different respiratory and cardiac states can be retro-
spectively reconstructed with this technique and 
postprocessed with Fourier decomposition tech-
niques. To improve the reproducibility of fractional 
ventilation results obtained by Fourier decomposi-
tion MRI, Voskrebenzev et al. (2015) proposed to 
include the tidal volume in the postprocessing of 
ventilation data.

3.3  Aerosolized Gadolinium-
Based Contrast Agents

Already in 1987, Montgomery et al. (1987) pro-
posed to administer an aerosolized gadolinium-
based contrast agent to decrease the T1 relaxation 

time and to enhance the signal of extravascular 
water in the lungs; first MR experiments were 
performed in excised lung tissue of rats, demon-
strating a significant decrease of T1. Berthezène 
et al. (1992) used a T1-weighting spin-echo 
sequence (TR≈250 ms, TE=6 ms) and measured 
an MRI signal increase by more than 70 % in rats 
in vivo after inhalation of an aerosolized gado-
linium contrast agent for 5 min. More animal 
studies were performed in the following years, 
investigating safety aspects (Berthezène et al. 
1993), modified gadolinium formulations 
(Misselwitz et al. 1997), MRI in larger animals 
such as domestic pigs (Haage et al. 2000) and 
dogs (Suga et al. 2002a), the signal enhancement 
behavior of various gadolinium-containing con-
trast agents (Haage et al. 2001b, 2002), and 
improved delivery devices for the administration 
of the gadolinium-DTPA aerosol (Haage et al. 
2001a; Suga et al. 2002b). The used aerosols had 
mean particle sizes between 0.2 and 5.0 μm, and 
the original contrast agent concentration before 
aerosolization ranged between 100 and 500 
mmol/L. In these studies, Haage and coworkers 
applied a respiratory-gated T1-weighting two-
dimensional multislice fast spin-echo sequence 
with repetition times between 141 and 199 ms 
and an echo time of 8.5 ms for dynamic lung 
imaging. Suga and coworkers acquired T1-
weighted data with a fast three-dimensional 
spoiled gradient-echo sequence with repetition 
time of 3.5 ms and an echo time of 0.9 ms. An 
alternative measurement approach is described 
by Price et al. (2004, 2005), who propose a sin-
gle-point imaging sequence for signal detection; 
this technique has the advantage to be very insen-
sitive to susceptibility effects and short T2

* relax-
ation times in lung tissue.

The application of aerosolized gadolinium 
contrast agents in animals with functional impair-
ments of the lung was demonstrated by Suga 
et al. (2002a, b, 2003) and by Ogasawara et al. 
(2004); MRI was performed in dogs with acute 
airway obstruction with a balloon catheter and 
after pulmonary arterial embolization with enbu-
crilate. Areas of acute airway obstruction showed 
matched perfusion and aerosol deposit defects, 
while small areas affected by embolization 
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showed only perfusion defects but normal aero-
sol images. The clearance of a gadolinium-based 
aerosol in bleomycin-injured dog lungs was 
investigated by Suga et al. (2003). They found a 
heterogeneously reduced aerosol deposition in 
the affected lungs as well as a significantly 
decreased clearance half-time. Sood et al. (2008, 
2010, 2012) used aerosolized gadolinium con-
trast agents to assess general aerosol delivery 
with different ventilation systems (e.g., of prosta-
glandins in neonates) in pig models as well as in 
a lung phantom. Two recent studies in mice 
(Bianchi et al. 2013) and spontaneously breath-
ing rats (Wang et al. 2016) demonstrated the fea-
sibility of ultrashort echo-time (UTE) sequences 
with echo times of 276 and 400 μs for the visual-
ization of Gd-DOTA based aerosol deposition in 
the lungs.

The first applications of lung ventilation MRI 
with aerosolized gadolinium chelates in human 
volunteers were described by Haage et al. (2003, 
2005). An average signal enhancement of about 
35 % was observed after 10 min inhalation of the 
gadolinium-DTPA aerosol; data was acquired 
with a T1-weighting fast spin-echo sequence as 
described above. Examinations in 15 healthy vol-
unteers were performed without any procedure-
related complications or acute or delayed allergic 
reactions to the aerosolized contrast medium. 
The examination was followed by an 18-month 
observation period to exclude any delayed side 
effects such as pulmonary inflammations. No fur-
ther studies are published until now about the 
application of gadolinium aerosols in human vol-
unteers or in patients.

3.4  Water-In-Perfluorocarbon 
Emulsions

A further approach for proton MRI ventilation 
measurements is based on the infusion of a water-
in-perfluorocarbon emulsion into the lung 
(Huang et al. 2002, 2004). Perfluorocarbon com-
pounds have been used for liquid ventilation 
since the 1960s (Lowe 1987), exploiting the 
excellent solubility of O2 and CO2 in these sub-
stances. Fluorine-19 perfluorocarbon has been 

utilized in fluorine-19 MRI for lung visualization 
(cf. Chap. 6 of this book); however, no signal is 
emitted by these substances in proton MRI 
because of the lack of protons in perfluorocar-
bons. To employ perfluorocarbon-based liquid 
ventilation in proton MRI, Huang et al. (2002) 
proposed to use water-in-perfluorocarbon emul-
sions that can provide both a fluorine-19 and a 
proton MRI signal. After infusion of the water-
in-perfluorocarbon emulsion into rat lungs, a sub-
stantial signal enhancement can be observed in 
proton MRI using, for example, a spin-echo 
sequence with a repetition time of 900 ms and an 
echo time of 6 ms. Huang et al. (2002) also per-
formed diffusion-weighted proton MRI and 
found apparent diffusion coefficients (ADCs) of 
about 1 × 10–3 mm²/s in healthy lungs in contrast 
to substantially increased ADCs of about 3 × 10–3 
mm²/s in injured lungs with induced pulmonary 
edema. The latter results are in parallel to diffu-
sion measurements based on helium-3 lung MRI 
(cf. Chap. 4 of this book).

In a second study performed in mice, Huang 
et al. (2004) measured the T2

* relaxation time in 
lung tissue after infusion of a water-in-perfluoro-
carbon emulsion. Using a multi-echo spin-echo 
sequence with echo times between 5 and 120 ms, 
they found T2

* values between 25 and 35 ms for a 
sufficiently high administered infusion dose. 
Thus, T2

* is substantially increased compared to 
the relaxation times of typically less than 5 ms 
without infusion of the water-in-perfluorocarbon 
emulsion. This observation is explained by the 
considerably reduced susceptibility variation in 
lung tissue after filling of the air spaces with the 
liquid emulsion.

No further studies about applications of water-
in-perfluorocarbon emulsions in animals or 
humans have been published yet.

 Conclusions

Several methods for proton MRI based ventila-
tion measurements are available. Currently, the 
most established technique is oxygen-
enhanced MRI of the lung, employing inhaled 
molecular oxygen as a T1-reducing contrast 
agent, which enhances the signal of the pro-
tons in the lung. The main advantages of 
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 oxygen-enhanced MRI are the general availabil-
ity of oxygen in every clinical environment and 
the relative safety of oxygen administration in 
volunteers or patients. A large number of publi-
cations describe the application of oxygen-
enhanced lung MRI in patients with several 
different lung pathologies. Technically, a certain 
amount of hardware is required to administer 
alternately room air and oxygen (pure or in sev-
eral different concentrations) via a mask or a 
mouthpiece to the examined subject in the scan-
ner. Disadvantages of oxygen-enhanced lung 
MRI are the relatively low signal enhancement 
corresponding to the T1 reduction of about 10 %, 
and the complex contrast mechanism with con-
tributions from ventilation, perfusion, and oxy-
gen-diffusion properties of the lung tissue.

A second, newer approach for proton MRI 
of lung ventilation is based on the evaluation 
of a sequence of dynamic MR images acquired 
during the respiratory cycle without any addi-
tional exogenous contrast enhancement. The 
obvious advantage of this technique is that no 
additional hardware is required which reduces 
costs and increases patient comfort during the 
examination. However, the proposed tech-
niques are based on complex postprocessing 
including sophisticated nonrigid image regis-
tration, which is not generally available as 
standard postprocessing tools on MRI scan-
ners or PACS workstations. The number of 
publications that evaluate this new promising 
approach is now increasing, particularly, since 
Fourier decomposition pulmonary MRI was 
proposed in 2009 by Bauman et al. More clini-
cal studies are still required to establish this 
technique for use in routine imaging.

Other available techniques for ventilation 
MRI are imaging after administration of aero-
solized gadolinium contrast agents or water-
in-perfluorocarbon emulsions into the lung. 
The former technique, however, involves 
complex and expensive hardware devices to 
prepare and administer the contrast agent 
aerosol; a further disadvantage is that the 
inhalation of gadolinium-based contrast 
agents is still controversial and not yet 
 thoroughly evaluated in humans. Until now, 

no studies with aerosolized gadolinium con-
trast agents have been conducted in patients. 
Even less data are available on proton MRI 
during (partial) liquid ventilation employing 
water-in-perfluorocarbon emulsions, which 
has yet been tested only in small rodents.

In conclusion, proton-based ventilation 
MR imaging of the lungs is clinically feasible 
and well established with oxygen-enhanced 
MRI. Newer techniques based on nonen-
hanced dynamic MR acquisitions appear to be 
a promising and emerging tool for ventilation 
assessment that may be available in the near 
future. Other proposed techniques require still 
considerably more research before they might 
be applicable in clinical MR imaging.
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Abstract

Insights into the global and local pathophysi-
ology of respiratory motion, e.g., in patients 
with chronic obstructive lung disease (COPD), 
are increasingly appreciated in clinical imag-
ing and research. Dynamic MRI accelerated 
by parallel imaging and echo sharing reaches 
temporal resolutions of up to ten images per 
second in single plane acquisitions or one vol-
ume per second in time-resolved 3D imaging. 
Recently developed, externally, navigator- or 
self-navigated sequences allow for oversam-
pling of image data during free breathing and 
retrospective reconstruction of high resolution 
data sets for different phases of the respiratory 
cycle. Dynamic MRI allows for repeated and 
prolonged measurements without radiation 
exposure to analyze respiratory motion of the 
lung, the diaphragm, and the chest wall in 
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healthy subjects as well as patients. The anal-
ysis of respiratory motion has direct clinical 
impact for adaptive radiotherapy of moving 
organs like the lung or the liver. This has moti-
vated the development of dynamic volume 
lung imaging with computed tomography 
(4D-CT) or MRI (4D-MRI). Both, 4D-CT and 
4D-MRI, are principally capable of capturing 
respiratory motion. Additional morpho-func-
tional imaging capacities of MRI and the radi-
ation exposure involved with 4D-CT give 
good reasons to prefer dynamic MRI for this 
purpose. Near-isotropic imaging can be used 
to assess general and local respiratory mechan-
ics of the lung as well as tumor displacement 
for adaptive radiotherapy. Dedicated systems 
with integrated MRI into the radiotherapy 
equipment are under development or already 
being installed. Beyond applications for radia-
tion therapy, recent work has shown that 
4D-MRI can be used to analyze regional lung 
ventilation without hyperpolarized gases or 
oxygen enhancement. This could be a valu-
able adjunct to classical spirometry giving 
deeper insights into local lung ventilation in 
healthy subjects and in patients opening the 
perspective for a broad spectrum of clinical 
applications.

1  Introduction

The continuous development of fast acquisition 
techniques has substantially increased the capaci-
ties of MRI for time-resolved large volume imag-
ing. Most prominent fields are cardiac and 
abdominal imaging, for which MRI has become 
well recognized. Less known are the capacities of 
fast MRI to study respiratory mechanics and pul-
monary motion. Respiratory mechanics include 
passive and active components. The passive com-
ponents are the bones, ligaments, and articula-
tions of the thoracic cage. The active components 
are the several muscle groups carrying out vol-
ume changes. This system is also called the respi-
ratory pump. Of all respiratory muscles, the 
diaphragm effects most of the volume change. 

Other muscles with minor contributions to lung 
volume are the external and internal intercostal 
muscles with in- and expiratory action, and the 
so-called auxiliary muscles (mainly the scalene 
and sternocleidomastoid muscles), which can 
contribute to respiratory action if needed, but 
have other primary functions. The forces gener-
ated by the respiratory pump are transmitted to 
the lungs through the pleural space, which 
reduces friction and allows the lung to deform 
freely. Pulmonary motion follows these forces 
and further depends on the elastic and resistant 
properties of the lung tissue. Diseases can affect 
any one of these components, by example in sco-
liosis the rib cage can be deformed in a way that 
limits its response to muscular contraction, 
phrenic paresis immobilizes the affected hemi-
diaphragm, inflammation of the pleural space can 
lead to increased friction or immobilization 
through scarring, and various diseases of the lung 
can increase or reduce its compliance through 
alteration of the tissues elasticity or increasing 
flow resistance in the airways (D’Angelo 1998).

To date, routine clinical assessment of the 
respiratory system has to rely mainly on indirect 
lung function tests like spirometry and plethys-
mography. These do not directly measure the 
motion of the lung, but the resulting gas flow at 
the level of the mouth (spirometry) or overall tho-
racic and abdominal volume changes (plethys-
mography). Consequently, these measurements 
do not provide any regional function indices. 
Since regional deficits are compensated for by 
healthy parts in other regions of the lung, these 
global lung function tests are insensitive to local-
ized disease or early manifestations of a diffuse 
disease (Plathow et al. 2004).

With fluoroscopy and ultrasound it has been 
possible to directly observe and measure the 
motion of the hemithorax or single lung for a 
period of time. However, quantification of 
regional volume changes with these methods is 
difficult. Cross-sectional imaging with CT and 
MRI instead is principally capable of monitoring 
and quantifying regional volume changes 
(Biederer et al. 2010). Radiation exposure 
involved with 4D-CT and additional morpho-
functional imaging capacities of MRI give good 
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reasons to prefer dynamic MRI for this purpose. 
Moreover, depending on the acquisition tech-
nique, dynamic 4D-CT images are usually retro-
spectively composed from several respiratory 
cycles and are thus not a “real-time” technique. 
This averages out any inter-cycle variability and 
represents only measurement of an average 
motion. Dynamic MRI is far more sensitive to 
capture individual inter-cycle variability. This 
was one of the major motivations to develop 
radiotherapy systems with integrated MRI equip-
ment (Lagendijk et al. 2014). This chapter is thus 
intended to give an overview of the application of 
MRI for the analysis of respiratory mechanics, 
i.e., the movement of the wall of the thoracic cav-
ity and the motion of pulmonary tissue.

1.1  Technical Concepts

There are essentially two different approaches to 
imaging of respiratory motion. The static 
approach uses standard imaging sequences at 
breath hold to obtain images at two or more dif-
ferent respiratory positions/lung volumes. This 
approach relies on the same imaging techniques 
as described for morphological imaging in the 
other chapters. It has the advantage of providing 
anatomical detail usable for further analysis like 
the application of registration algorithms. As a 
drawback, the lung is allowed to come to a state 

of uniform stress and pressure distribution during 
breath hold (usually patients perform a Valsalva’s 
maneuver when breath-holding, which cannot be 
controlled for easily). Local differences in move-
ment speed, caused, e.g., by airway stenosis, or 
hysteresis cannot be detected.

The second approach uses fast imaging to cap-
ture images during free breathing in real time. 
Unfortunately, in MRI, gains in speed are always 
paid with a reduction in detail. During quiet 
breathing, respiratory rates are around 12 cycles 
per minute (5 s per respiratory cycle) and normal 
respiratory excursion of the diaphragmatic dome 
is about 1.5 cm. Thus, the maximum speed of the 
diaphragm is about 0.94 cm/s. Therefore, to avoid 
motion smear, imaging times should be well 
below 1 s for imaging of quiet breathing (Biederer 
et al. 2010).

Dynamic MRI in single plane (2D + t) uses 
fast 2D-GRE (Gradient-echo-) and SSFP (steady 
state free precession-) sequences with a temporal 
resolution of approximately three to ten images 
per second (Fig. 1). This is achieved with parallel 
imaging (GRAPPA, SENSE) and is superior to 
4D-CT, where temporal resolution depends on 
the rotation speed of the system. Typical param-
eters for a dynamic 2D-GRE sequence (acro-
nyms: FLASH, Siemens; SPGR, General 
Electric; T1-FFE, Philips) and a dynamic SSFP 
sequence (acronyms: trueFISP, Siemens; 
FIESTA, General Electric; balanced FFE, 

Residual volume Vital capacity

Fig. 1 Selected images from a sagittal 2D FLASH series 
of the right lung. The original series had a temporal reso-
lution of 8.5 images per second and contained 13 images 

for inspiration from residual volume to vital capacity. The 
limited regional information inside the lung stems from 
the pulmonary blood vessels

Dynamic MRI of Respiratory Mechanics and Pulmonary Motion
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Philips) with parallel imaging using an accelera-
tion factor of 2 are listed in Table 1 (Fabel et al. 
2009). While fast 2D-GRE sequences have the 
advantage of higher temporal resolution (Fig. 1), 
SSFP sequences offer a higher signal from the 
blood vessels that provide the main spatial infor-
mation in dynamic lung MRI and may be used 
for segmentation landmarks (Plathow et al. 
2005b). 2D + t imaging with MRI has the capac-
ity to observe the motion of lung and chest wall 
over more than one respiratory cycle. Instructed 
and forced breathing maneuvers can be per-
formed in real time with free choice of imaging 
planes (Swift et al. 2007).

For 1.5 and 3 T systems, acceleration factors 
of 2–3 are recommended. At 1.5 T, the modified 
SSFP sequence with parallel imaging achieved a 
superior spatial resolution to the GRE sequence 
(with equal temporal resolution). In experimental 
work at 3 T, contrast-to-noise ratios for the GRE 
sequence improved while the SSFP sequence was 
impaired by increasing flow artifacts and field 
inhomogeneities. It is therefore suggested to use 
SSFP sequences on 1.5 T and GRE sequences on 
3 T systems (Fabel et al. 2009).

Dynamic MRI of the total lung volume 
(3D + t = 4D) is usually realized with very fast 
3D-GRE or SSFP sequences. Echo sharing and 
parallel imaging allow to use a primary matrix of 
128 × 128 pixel and a voxel size of approximately 
4 mm in all dimensions at up to two volumes per 
second (Fig. 2) (Biederer et al. 2009). Typical 
parameters are listed in Table 1. As discussed 
above, imaging times of less than 1 s per volume 
are necessary to capture lung motion at normal 
respiration frequencies. However, the trade-off 

between imaging speed and spatial resolution 
results in inferior image quality of very fast 4D 
series. As a workaround, very slow controlled 
breathing helped to obtain reasonably good results 
for dynamic 3D studies (Plathow et al. 2005a). 
Still, image quality and detail resolution of 3D + t-
MRI are inferior to 2D + t. Signal to noise in the 
normal lung is low when these sequences (origi-
nally designed for contrast-enhanced angiogra-
phy) are used without contrast. The delineation of 
fast moving structures necessarily remains blurry 
during the rapid phases of the respiratory cycle.

A simple approach to combine the advantages 
of 2D + t and 3D + t imaging are retrospectively 
gated 4D-MRI with 2D-GRE sequences using 
redundant acquisitions of 2D-GRE sequences 
that are retrospectively sorted by respiratory 
phase by an external trigger signal, e.g., a respira-
tion belt. Compared to “real-time” 4D acquisi-
tions, image quality and detail resolution are 
improved. Remmert et al. achieved a pixel size of 
2.7 × 2.7 mm at 10 mm slice thickness (typical 
parameters are TR = 3.4 ms, TE = 1.5 ms, acqui-
sition time per image = 160 ms, flip angle = 10°, 
band width 980 Hz/pixel, FOV 400 mm, matrix 
128 × 128, pixel-size 3.1 × 3.1 mm, slice thick-
ness 10 mm) (Remmert et al. 2007). Due to the 
short acquisition time of each single slice, motion 
artifacts were markedly reduced in comparison to 
dynamic volume acquisitions.

A very recent development is self-navigated 
MRI. Typically, this technology is based on 
3D-GRE sequences with radial K-space acquisi-
tion and highly redundant acquisition of data. 
The signal obtained in the central K-space varies 
throughout the respiratory cycle and is used to 

Table 1 Imaging parameters for dynamic MRI

Sequ. type FOV (mm) Matrix ST (mm) TR (ms) TE (ms) FA BW (Hz/px) Pat
Temp. 
res. (im/s)

2D-SS-GRE 
(TrueFISP)

400 159 × 256 10 37.7 1.7 65° 977 2 3

2D-GRE 
(FLASH)

500 98 × 128 15 2.49 1.03 5° 980 2 10

3D-GRE 
(FLASH)

450 128 × 128 8 1.38 0.5 10° 1500 4 2

Image parameters for sequences typically used for dynamic MRI. The acronyms stated are for Siemens scanners, acro-
nyms for other manufacturers can be found in the text
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group or bin data for respiratory phases. 3D 
images can then be reconstructed for each bin/
respiratory phase. Additional features such as 
auto-focusing, 3D image correlation, K-space 
weighted image contrast, and principal compo-
nent analysis contribute to improvement of image 
quality (Lin et al. 2008; Weick et al. 2013). Since 
images are obtained during free breathing, image 
quality can be optimized with very long acquisi-
tions (Fig. 3a, b). If 4D-MRI is recorded over a 
longer period of time, it covers the individual 
range of changes in respiration depth and fre-
quency (Blackall et al. 2006). Dinkel et al. 
showed with 4D-MRI, how the individual motion 
pattern of lung tumors may vary in patients with 
diaphragmatic palsy (Dinkel et al. 2009). This 
included lateral components of tumor motion up 
to displacement of the mass in the opposite of the 

expected direction due to unilateral palsy. It was 
concluded that 4D-MRI over several respiratory 
cycles may provide valuable additional informa-
tion for radiotherapy planning.

A major obstacle for the implementation of 
4D-MRI in clinical practice is the lack of appro-
priate tools for 4D-viewing and interpretation in 
most current medical image viewing software 
packages. Some workstations are capable of 4D 
image display incorporating basic MPR as well 
as volume rendering functionality. The overlay of 
a metric crosshair grid may be useful to follow 
the displacement of structures throughout the 
respiratory cycle. Unless comfortable software 
solutions become more broadly available, suc-
cessful implementation of 4D imaging technol-
ogy outside academic centers will remain 
exceptional (Biederer et al. 2010).

Residual volume Vital capacity

Fig. 2 Selected images from a sagittal 3D FLASH series 
with a temporal resolution of one image per second with 
3D reconstruction of the lung by automatic segmentation. 
At this temporal resolution mostly noise is visible inside 

the lung. Nevertheless, the images are well suited for anal-
ysis of the thoracic configuration and lung volumetry, e.g., 
through automatic segmentation

Dynamic MRI of Respiratory Mechanics and Pulmonary Motion
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1.2  Magnetic Resonance 
Compatible Spirometry

Spirometry and plethysmography are the gold 
standard techniques for lung function testing. 
Diagnostic parameters derived from MRI mea-
surements will have to be compared to these tech-

niques. But both spirometry and plethysmography 
are characterized by high intrapersonal variability 
(Miller et al. 2005). Therefore, imaging and lung 
function tests should be acquired simultaneously. 
Unfortunately, most spirometers are made with at 
least some metal parts or contain electronic com-
ponents and are therefore unsuitable for use inside 

a

b c

d

Fig. 3 (a) MPR of self-navigated GRE images. The 3D 
data were acquired in free breathing during 5 min. Pictures 
are reconstructed in expiratory phase with a 1.5 mm3 iso-
tropic resolution. (b) The images show a sagittal slice of 

the right lung in a 4D-MRI dataset. (b) and (c) show a 
slice in end-expiration and end-inspiration phases, respec-
tively. (c) shows a central part of each slice for each of the 
20 retrospectively reconstructed phases
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the MRI suite. To overcome these obstacles, com-
mercially available spirometers can be adapted 
successfully for MR compatibility with some 
modifications. Two approaches have been 
reported so far (Kondo et al. 2000; Eichinger et al. 
2007). Both worked with spirometers using pneu-
motachographs. These make subjects breath 
through a small air flow resistance. The resistance 
causes a pressure drop which changes linearly 
with the air flow and is measured by an electronic 
component. To ensure MR compatibility, metal 
parts are replaced by plastic substitutes and the 
pressure sensitive electronics are mounted outside 
the scanner cabin and connected by pressure 
transducing plastic tubes. Such modifications can 
be made without affecting the measurement preci-
sion of the spirometer (Eichinger et al. 2007). 
Naturally, the spirometric measurements obtained 
during MRI differ from measurements obtained 
under standard conditions. The supine position as 
well as the use of surface coils reduces air flow 
during maximal respiratory maneuvers (Meysman 
and Vincken 1998; Eichinger et al. 2007). One 
problem for comparative analysis of spirometry 
with MRI measurements is the missing temporal 
synchronization of the measurements that are 
acquired with two different computer systems. 
Kondo et al. (2005) solved this by recording the 
scanner noise on the spirometry system and using 
the increase in noise during image for temporal 
matching. Another solution would be to synchro-
nize the system timers of the spirometer and the 
MRI scanner to the same network time server, so 
that the time information in the image header and 
spirometry record can be used directly.

2  Respiratory Mechanics

MRI is an ideal tool for analysis of the motion of 
diaphragm and thoracic wall. The low signal of 
lung tissue leads to an excellent contrast to the 
surrounding high signal soft tissue structures. 
Thus, the combined action of the different com-
ponents of the respiratory pump can be visual-
ized and the functional principle analyzed.

Generally speaking, published research can be 
divided in two categories. The first analyzes the 
movement of individual components (lung, dia-

phragm, and rib cage) for better understanding of 
their individual action. The second approach 
attempts to calculate the lung volume changes by 
segmentation of measurement of surrogate mark-
ers on the acquired images.

Imaging techniques are basically the same for 
both approaches, as always the whole thorax (in the 
case of 2D dynamic MRI one slice through the tho-
rax) is imaged. The differences between the studies 
lie in the measurements and analysis on the images. 
The images can then be subjected to a qualitative 
analysis, and in many cases, meaningful informa-
tion can be derived, e.g., a phrenic paresis is imme-
diately evident from two images in inspiration and 
expiration. But for differentiation of severity of a 
disease or for detection of small abnormalities, 
quantitative measures are necessary. As the field of 
research is still rather new and only a limited num-
ber of publications exist, no standards for imaging 
procedures, the location of measurements, and the 
analysis of measurements have emerged. This lim-
its the comparability of results from different stud-
ies, but it appears to be only a matter of time for 
clinical meaningful measures and applicable mea-
surement methods to emerge.

2.1  Movement of the Diaphragm

The diaphragm is the biggest respiratory muscle 
and by itself responsible for most of the volume 
changes during quiet and to a somewhat lesser 
degree during forced respiration. It is a flat muscle 
sheet with a central tendinous component. By its 
muscular insertions it can be divided in two com-
ponents. The muscular fibers of the crural part 
arise from the first three lumbar vertebral bodies 
and the medial and lateral arcuate ligaments. The 
costal part inserts on the inner surfaces of the 
lower six ribs. During quiet breathing, a consider-
able fraction of the diaphragm is opposed to the 
inner rib cage and thus forms the cylindrical “area 
of apposition” which is capped by the diaphrag-
matic dome (Mead et al. 1986). As it is normally 
hidden inside the body, the exact area distribution 
between the apposition zone and the diaphrag-
matic dome and the three-dimensional configura-
tion are difficult to measure. Tomographic 
imaging has been a breakthrough in this respect.
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2.1.1  Static Imaging
Several groups used static MRI at different respi-
ratory volumes to gain further insight into the 
function of the diaphragm. Images were acquired 
during breath hold with relaxed diaphragm in sag-
ittal and coronal orientation. On each of the result-
ing images, the diaphragmatic contour was traced. 
The combined tracings form a wireframe repre-
sentation of the diaphragmatic contour (Fig. 4). 
From this, changes in diaphragmatic length 
(Table 2), area (Table 3), and curvature can be 
derived and correlated to the respective changes 
in lung volumes. According to these results, the 
Laplace law is applicable to at least the posterior 
part of the diaphragmatic dome. As the Laplace 

law links the pressure across a surface with the 
surface’s curvature and the pressure gradient 
across the surface, this allows the calculation of 
the diaphragmatic tension from its curvature and 
the transdiaphragmatic pressure (Paiva et al. 
1992). Further results confirm the remarkable 
ability of diaphragmatic fibers to shorten up to 
55% during contraction (Gauthier et al. 1994; 
Cluzel et al. 2000). This ability allows the dia-
phragm to effect the respiratory volume changes 
descending like a piston in a cylinder. While the 
diaphragmatic dome does change in form with 
anteroposterior widening, flattening, and dorsal 
rotation, the effect of these changes on transdia-
phragmatic pressure are small. Consequently, the 
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Fig. 4 Wireframe reconstructions of the diaphragm at 
residual volume (a), functional residual capacity (b), FRC 
plus one-half inspiratory capacity (c), and vital capacity 
(d). Dashed lines show the lower costal margin, dotted 

lines the upper limit of the zone of apposition. The 3D 
axis indicates spatial orientation and scaling with line 
length of 50 mm. Reprinted with permission of the 
American Physiological Society (Gauthier et al. 1994)
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diaphragmatic action is described with the term of 
a widening piston in a widening cylinder, which 
means that volume changes through diaphrag-
matic action are nearly linearly related to dia-
phragmatic muscle fiber length (Gauthier et al. 
1994). These conclusions depend on the assump-
tion that the apposition zone does not entirely dis-
appear even at total lung capacity. This is 
controversial as the location of the diaphragmatic 
costal attachment can only be derived indirectly 
and Cluzel et al. found the apposition zone to dis-
appear at TLC (Cluzel et al. 2000). Thus, at least 
at volumes near TLC, the above results might not 
be entirely valid. As a further limitation, the 
results are based on imaging of the relaxed dia-
phragm. Thus, its form should be considerably 
influenced by the adjacent structures. The config-
uration during contraction, i.e., inspiration, might 
differ considerably. Also, the configuration will 
be different when not in the supine position, as 
described further on.

2.1.2  Dynamic Imaging
During most of the respiratory cycle, the dia-
phragm is in motion, either actively contract-
ing during inspiration or passively expanding 
during expiration. To truly understand its 
mode of function in contributing to lung vol-
ume changes, static analysis as described 
above is not ideal. While dynamic 3D + t MRI 
is not yet fast enough to allow comparable 
experimental designs, dynamic 2D + t MRI 
offers the necessary speed. The sacrifice of 
spatial coverage can be compensated for by 
acquiring several sagittal image series at dif-
ferent lateral positions. Under the assumption 
that diaphragmatic motion is more or less con-
stant during quiet respiration, these measure-
ments show that the craniocaudal displacement 
of the diaphragm in supine position is not 
evenly distributed. The diaphragmatic excur-
sion increases from anterior to posterior and at 
each anteroposterior position from medially to 

Table 3 Areas of the whole diaphragm, the appositional part, the diaphragmatic dome and the diaphragmatic muscle 
surface (diaphragmatic area minus central tendon area) as measured by Cluzel et al. (2000)

RV FRC TLC

Total diaphragmatic area 1128 ± 129 997 ± 93 584 ± 89

Apposition area 757 ± 121 597 ± 91 0 or close to 0

Diaphragmatic dome area 371 ± 28 399 ± 27 584 ± 89

Diaphragmatic muscle surface area 985 ± 129 854 ± 93 441 ± 98

Percentage decrease Reference 13 ± 8 55 ± 11

RV residual volume, FRC functional residual capacity, TLC total lung capacity

Table 2 Diaphragmatic 
lengths as a whole and 
separately for its appositional 
part (part that is directly 
apposed to the thoracic wall) 
and the diaphragmatic zone 
(apposed to the lung) at 
different lung volumes as 
measured by Cluzel et al. 
(2000)

RV FRC TLC

Diaphragm

    Coronal 507 ± 72 485 ± 77 365 ± 79

    Sagittal left 330 ± 15 301 ± 17 208 ± 12

    Sagittal right 368 ± 20 354 ± 22 228 ± 23

Appositional zone

    Coronal 254 ± 17 221 ± 35 0 or close to 0

    Sagittal left 163 ± 16 127 ± 21 0 or close to 0

    Sagittal right 196 ± 11 161 ± 25 0 or close to 0

Diaphragmatic zone

    Coronal 253 ± 69 264 ± 64 365 ± 79

    Sagittal left 167 ± 13 174 ± 15 208 ± 12

    Sagittal right 173 ± 17 194 ± 8 228 ± 23

RV residual volume, FRC functional residual capacity, TLC total lung capacity
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laterally (Fig. 5). Using dynamic 2D-MRI in 
coronal orientation it is possible to directly 
compare the movement of the left and right 
hemidiaphragm. Apparently the two sides can 
move  synchronously or one side can move 
slightly ahead of the other. The respective pat-
tern can also change from inspiration to expi-
ration. There is some discussion whether one 
hemidiaphragm moves more than the other 
one (see Table 4 for excursion data). Kiryu 
et al. (2006) found a larger excursion on the 
right and attributes the different findings of 
earlier studies to the averaging effect of the 
respective lower temporal resolution (Gierada 
et al. 1995; Unal et al. 2000; Takazakura et al. 
2004; Craighero et al. 2005; Kiryu et al. 2006).

The results discussed so far are all based on 
imaging in the supine position. As postural 
changes have an effect on intraabdominal pres-
sure, diaphragmatic motion should differ in the 
upright position. In a study conducted in a verti-
cal MRI, diaphragmatic excursion was 1–2 cm 
less than in the supine position. Differences were 
more pronounced in the posterior diaphragm. 
This reduces the difference of excursion between 
anterior and posterior diaphragm from maxi-
mally 51–38 mm. This effect could be explained 
by the steeper anteroposterior abdominal pres-
sure gradient in the supine position. The posterior 
diaphragm is consequently pushed more crani-
ally. This has the side effect that the force-tension 
characteristic of the diaphragm is improved 
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Fig. 5 Excursion of the diaphragm 
relative to its maximal excursion. 
The three lines represent the motion 
at three different anteroposterior 
positions, the middle line (D) was 
measured at the diaphragmatic 
dome, the top line (P) in the middle 
between D and the posterior 
costophrenic angle, the lower line 
(A) in the middle between D and the 
anterior costophrenic angle. 
Numbers on the horizontal axis 
indicate different lateral positions: 
Midline (4), 2 cm to the right (3) 
and left (5) of midline, middle of 
right (2) and left (6) hemithorax, 
positions 1 and 7 are in the middle 
between 3 and 5 and the lateral 
chest wall, respectively. Reprinted 
with permission of RSNA (Gierada 
et al. 1995)

Table 4 Excursion of left and right 
hemidiaphragm at different body 
positions

n Body position Right (cm) Left (cm)

Gierada et al. (1995) 10 Supine 4.4 ± 1.3 4.2 ± 0.9

Ünal et al. (2000) 15 Supine 6.0 5.0

Takazakura et al. (2004) 10 Sitting 8 ± 2.3 8 ± 2.4

Supine 9.2 ± 2.1 10.3 ± 2

Kiryu et al. (2006) 8 Supine 8.9 ± 1 7.5 ± 1.1

Prone 9.3 ± 0.3 8.1 ± 0.6

Right lateral 9.1 ± 0.9 7.7 ± 1.1

Left lateral 8.4 ± 1.2 8.2 ± 1.2
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through increased muscle fiber length 
(Takazakura et al. 2004). The same effect can be 
observed when changing from supine to prone 
and either lateral decubitus position. The respec-
tive dependent diaphragm lies more cranially and 
starts to move later in inspiration and earlier in 
expiration (Kiryu et al. 2006).

2.2  Chest Wall Movement

Under physiologic conditions, the chest wall con-
tributes less to lung volume changes than the dia-
phragm. Nevertheless, imaging of respiratory 
mechanics has to account for this significant compo-
nent of the respiratory pump. MRI with its high con-
trast between air filled lung and adjacent thoracic 
wall is an ideal instrument to quantitatively analyze 
chest wall movement. As in diaphragmatic imaging, 
dynamic analysis requires high temporal resolutions 
and consequently, time-resolved 2D imaging is the 
method of choice in most of the studies.

Under normal conditions, both sides of the 
thorax move synchronously and have the equal 
maximal excursions (Suga et al. 1999). 
Differences are found between the upper and 
lower chest wall, which do not seem to move as a 
single functional unit. While the anteroposterior 
movement of the upper thorax is linearly related 
to lung volume changes, the lower thorax is 
poorly synchronized to lung volumes (Kondo 
et al. 2000). It is possible to deduct the respective 
contributions to lung volume changes. In com-
parison to diaphragmatic displacements, the 
anteroposterior thoracic expansion contributes 
only two-fifth to lung volume changes. The con-
tribution of transverse expansion of the thorax 
again is only half of the latter (Kondo et al. 2000). 
These patterns have primarily been found in 
healthy young subjects but a later study with 
elderly healthy subjects found no significant dif-
ferences between age groups (Kondo et al. 2005).

2.3  Volumetry

Comparison of dynamic MRI measurements to 
standard lung function tests has received a lot of 
interest in scientific work. As dynamic MRI 

makes it possible to image single lungs and to 
some degree even distinguish lung lobes, a good 
agreement of MRI measures to spirometry could 
pave the way to regional lung function testing on 
a split lung or even lobar basis.

Many studies used 3D imaging of the thorax to 
determine the volume of the low signal lung tis-
sue. With this approach the temporal resolution is 
limited by the measurement time of the MRI. The 
fastest measurements of 3D images of the lung 
reported take about 1 s per volume (Plathow et al. 
2005a). This is not sufficient to measure lung vol-
umes during tidal breathing at normal respiratory 
frequencies. In intentionally slow breathing, con-
tinuous volume measurements with 3D-MRI cor-
relate well to spirometric measurements (Gierada 
et al. 1998; Plathow et al. 2005a). Alternatively, 
i.e., to achieve higher temporal resolution, 2D 
imaging can be used. The area of the lung in sagit-
tal and transversal sections is well correlated to 
spirometric lung volume (r > 0.8) (Kondo et al. 
2000). From 2D imaging in different orientations, 
diameter measurements can be used to calculate 
lung volumes using a geometrical model of the 
lung. This has been reported to provide volume 
measurements with a high correlation to spiro-
metric measurements (Plathow et al. 2004). The 
forced expiratory volume in the first second 
(FEV1) is a standard test for assessment of 
obstructive lung disease. In this maneuver, the 
subject is asked to expire as fast as possible from 
maximal inspiration. The volume expired during 
the first second of this maneuver is measured. To 
derive this measure from dynamic MRI, only very 
fast imaging techniques are applicable. Swift 
et al. (2007) used 2D spoiled gradient echo 
sequence to image the thorax in coronal and sagit-
tal orientation with a temporal resolution of five to 
ten images per second (Swift et al. 2007). From 
these images, volumes were calculated with an 
elliptical model, the long and short axis measured 
on the sagittal and coronal image. They found a 
very high correlation to spirometric for FEV1 and 
FVC (correlation coefficients of 0.95 and 0.83, 
respectively).

These results indicate that static and dynamic 
volume measurements with MRI are feasible 
with adequate precision. Therefore, volume mea-
surements of single lungs should give meaningful 
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results. Table 5 shows the MRI-derived volumes 
of single lungs found in different studies. All 
found a significant difference between both lungs 
with the right lung having slightly higher volume. 
This agrees well with anatomical data and can 
easily be explained by the volume taken up by the 
heart on the left (Mead et al. 1986).

Measurements of thoracic diameters on 
dynamic MRI of single lungs also show good 
correlation (correlation coefficients above 0.85 
for anteroposterior, craniocaudal, and lateral tho-
racic diameters) to spirometrically measured VC 
and FEV1%. Even though the spirometric data 
available for comparison are global, the high cor-
relation indicates the validity of measurements 
on single lungs. Further results, gained by insert-
ing diameter measurements in a more compli-
cated geometric model as the one used by Swift 
et al. (2007), show that craniocaudal movement 
contributes most and lateral expansion less to 
lung volume changes which is in good agreement 
with other physiological studies (Plathow et al. 
2004; Swift et al. 2007).

The results described so far are based on the 
diameter differences between only two images of 
the multitude of images acquired (e.g., the images 
with highest and lowest position of the diaphragm 
for VC or the image acquired 1 s after the highest 
diaphragm position for FEV1). With a 
 simultaneous spirometric measurement using an 
MRI-compatible spirometer, the volume changes 
occurring between the acquisitions of two images 
(approx. 120 ms) can be compared to the corre-
sponding dynamic MRI measurements. This is 
illustrated in Fig. 6a, where the volume changes 
calculated from 2D-MRI of the right lung are 
plotted together with simultaneously measured 

spirometric volume changes. From such 2D-MRI 
measurements realistic flow volume curves of 
single lungs can be derived as shown in Fig. 6b.

The normalized craniocaudal diameter 
changes for each hemithorax are highly corre-
lated to normalized spirometric volumes (corre-
lation coefficient of 0.93). The surrogate for 
FEV1% calculated from MRI measurements was 
also highly correlated to spirometric FEV1% for 
each hemithorax (correlation coefficient of 0.71) 
(Tetzlaff et al. 2008).

When comparing lung volume measured with 
MRI to spirometrically measured volumes it is 
important to keep in mind that the former usually 
contains also volume occupied by the lung tissue 
and blood content. From MRI volumetry at maxi-
mal inspiration combined with plethysmographic 
measurement of TLC this volume can be calcu-
lated to be around 840 mL (Qanadli et al. 1999) 
which is in good agreement with indicator dilu-
tion studies that found the blood volume in 
healthy subjects to be about 250 mL (Dock et al. 
1961) and the tissue volume about 600 mL 
(Cander and Forster 1959).

In all MRI measurements, post-processing is 
needed to extract the volumes or volume surro-
gates from the images. The post-processing tech-
niques range from manual (O’Callaghan et al. 
1987; Chapman et al. 1990; Plathow et al. 2004) 
to semiautomatic (Tetzlaff et al. 2008). Even 
though the post-processing method very likely 
influences the precision of measurements, this 
error is rarely evaluated. That time savings from 
semiautomatic measurement comes at a cost was 
recently shown for the measurement of thoracic 
diameters. This could be accelerated by a factor 
of four compared to manual measurements and 

Table 5 Volume distribution between left and right lung

Publication Collective Phase Sample size Left Right

Chapman et al. (1990) Infants (2–10 months) Mid-tidal 9 47.2% 52.8%

Qanadli et al. (1999) Young adults (24–32 years) Insp 15 48% 52%

Exp 15 45% 55%

VC 15 49.7% 50.3%

Plathow et al. (2005a) Young adults (19–35 years) VC 20 45% 55%
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Fig. 6 (a) Normalized 
volume-time curves 
from spirometric 
measurement and 
calculated from 2D-MRI 
(product of 
anteroposterior and 
craniocaudal diameter) 
(b) Flow-volume curve 
calculated from the same 
data as used in (a). The 
curve derived from 
2D-MRI closely follows 
the course of the 
spirometric curve and 
only fails to exactly 
reproduce the sharp 
downturn at the 
beginning of the 
measurement
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the agreement with manual measurement was 
reduced by about 3 mm, the side length of a sin-
gle voxel in the study (Tetzlaff et al. 2008).

Semiautomatic measurement of lung area 
from 2D-time-resolved MRI shows an even bet-
ter agreement to simultaneously acquired spi-
rometry with mean correlation coefficients >0.97. 
This post-processing method proved fast enough 
for application in a clinical context and possibly 
provides increased sensitivity for lung functional 
measurement of inhomogeneously distributed 
lung disease (Tetzlaff et al. 2010).

3  Pulmonary Motion

3.1  Displacement of Lung 
Parenchyma

The quantification of parenchymal lung motion is 
the most challenging, but at the same time the 
most promising field of investigation in dynamic 
MRI of the lung. While the low signal of aerated 
lung tissue facilitates the measurement of chest 
wall or diaphragm motion, registration of tissue 
motion itself requires the detection of recogniz-
able landmarks throughout the lung parenchyma. 
In currently available sequences for dynamic 
MRI, the central vessels mainly provide suffi-

cient signal as landmarks. Towards the periphery, 
the vessel contrast to lung tissue rapidly decreases 
and the number of useful landmarks is low.

A promising approach to the imaging of pul-
monary motion lies in creating landmarks by 
MRI grid-tagging. Grid-tagging has been previ-
ously used to assess the motion and deformation 
of myocardial tissue. Using an ultra-short-TE fast 
low-angle shot pulse sequence it has been applied 
for assessment of pulmonary mechanics with 
limited success. The critical point is the rapid sig-
nal decay with short T2* times in lung tissue. 
Nevertheless, it has been shown that a rectangu-
lar grid of saturation stripes can still be identified 
approximately 1000 ms after its application. 
Using 2D-MRI with a temporal resolution of up 
to eight images per second allows imaging of 
pulmonary tissue motion over the short time span 
of at least 1 s (Chen et al. 2001). From these 
images, the 2D tissue strain tensor (represented 
by a 2 × 2 matrix) can be calculated (Fig. 7). 
From its elements, measures to quantitatively 
describe lung deformation can be derived. The 
trace of the vector (sum of the diagonal elements) 
can be considered to be a generalized direction-
independent strain magnitude. In coronal images 
of healthy volunteers, this was maximal at the 
base and apex of the lung, with lower values at 
the hilum where the large bronchi and vessels 

Fig. 7 Quantitative evaluation of the lung deformation in 
coronal plane during forced inspiration by grid-tagging 
MRI. The left image shows mesh triangular elements fit-

ted to the tagging grid for calculation of the strain tensor 
that is visualized in the image on the right (reprinted with 
permission of John Wiley & Sons, Inc. (Chen et al. 2001))
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reduced the lung elasticity. The directional domi-
nance of shear could also be calculated and 
showed that the craniocaudally oriented strain 
was predominant at the apex and base of the lung. 
In the middle lung field, strain was more laterally 
oriented. On sagittal images, the maximum tissue 
expansion occurred at the apex and was greater 
posteriorly than anteriorly (Napadow et al. 2001). 
The imaging sequence was further improved to 
allow for continuous measurement through 
repeated grid application. In extension to the 
work described above the authors were able to 
calculate the regional air flow rate and volumetric 
strain, and to derive volume time and flow-vol-
ume curves for the upper, middle, and lower lung 
zones (Voorhees et al. 2005). These results indi-
cate the potential to considerably improve lung 
function diagnostics in the future with dynamic 
MRI. However, clinical applications have not 
been reported so far.

Alternatively to relying on native 1H-MRI 
signal of lung tissue, dynamic multinuclear MRI 
with hyperpolarized (HP) inert noble gas iso-
topes, i.e., He-3 and Xe-129, can make gridding 
of lung parenchyma more efficient. HP gases act 
as positive contrast agents that distribute rapidly 
in the airspaces of the lungs. 2D + t and 3D + t 
MRI are applied to study lung ventilation dynam-
ics with frame rates in the order of 5–10 ms (Wild 
et al. 2003; Cai et al. 2009). Grid-tagging of the 
bright lung signal with the HP gases allows fol-
lowing local respiratory mechanics, giving new 
insights into the biomechanics of the healthy and 
diseased lung. However, the potential role for 
clinical imaging is questionable due to logistic 
concerns, cost, and availability of the He-3 gas 
and the need for additional equipment.

Alternative methods of assessing regional 
lung tissue motion are deformable registration 
algorithms. These match series of images by 
deforming them in order to achieve congruence 
of structural image information. Unfortunately, 
the limited signal of pulmonary tissue only 
implies the relative absence of such structural 
information. On the other hand, the registration 
approach is not dependent on a specific imaging 
sequence and could make a more general applica-
tion of motion detection possible. Registration 
techniques have been applied to 2D-MRI with 

only a small error of the registration process in 
comparison to landmarks defined by experts. 
Naturally, the landmarks were set according to 
the present structural information, namely, the 
central vessel structures. The performance in the 
peripheral lung tissue was not accessible to eval-
uation. In general, the available algorithms can 
quantify lung motion where it would be also vis-
ible for a human observer. At contrast levels 
below visibility, the algorithms also fail (Gee 
et al. 2003). In a following study, the same group 
investigated healthy volunteers and mice 
(Sundaram and Gee 2005). Motion detection 
worked well over the diaphragm and hilar ves-
sels, but performance was worse in the periphery. 
Further improvements of the technology can be 
anticipated with improvement of sequence tech-
niques with higher signal even in the periphery of 
the lung.

3.2  Regional Volume Change

Based on the experience with the analysis of lung 
parenchyma displacement with registration algo-
rithms, recent investigations have been focused 
on the quantification of regional lung ventilation 
as a function of local lung volume change calcu-
lated from dynamic MRI. Most of these studies 
on regional lung volume changes are based on 
the assumption that an analysis of the regional 
patterns of movement of the lung tissue is related 
to lung ventilation and might contribute to the 
assessment of the type and severity of pulmonary 
diseases with impairment of the elasticity of the 
lung tissue (i.e., lung fibrosis, Fig. 8).

The basic requirement for the analysis of the 
movement patterns and the recognition of patho-
logical changes is a time-resolved image acquisi-
tion or reconstruction that represents lung 
parenchyma and its respiratory-dependent move-
ments with reasonably high signal. A 2D or 3D 
balanced SSFP sequence with very short TE is 
presently the best choice for this purpose. 
Retrospective 4D resorting techniques could be 
used as an alternative.

Only recently, Kolb et al. created an atlas-
derived reference system in which the regional 
lung tissue motion can be quantified using a 
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shape model-based segmentation and registration 
workflow (Kolb et al. 2016). The model-based 
temporal registration of the lung surfaces in 
4D-MRI was compared with that of 4D-CT 
images. A ventilation analysis was performed on 
4D MR images of patients with lung fibrosis. The 
ventilation maps were superimposed on static CT 
images and visually correlated well with the CT 
patho-morphology (Fig. 9). Similar to spirome-
try, flow-volume diagrams for individual lung 
lobes can be calculated for the regional analysis 

of the respiration. In addition, a visualization of 
the regional ventilation can be extracted from the 
data, which shows the local expansion of the tis-
sue during breathing.

In first feasibility studies, the methodology 
was used in healthy subjects, then in patients with 
a known impairment of lung structure, e.g., 
restrictive ventilation disorder in the case of lung 
fibrosis. This technique has the potential to pro-
vide new diagnostic information on the regional 
parenchymal movement of healthy and diseased 
lungs during the respiratory cycle. Further stud-
ies will be necessary to elaborate the diagnostic 
value of this method.

4  Applications in Lung Disease

Since lung emphysema is a very common chronic 
pulmonary disease with typically severe impair-
ment of respiratory mechanics and on the other 
hand available treatment options, this was one of 
the first conditions to be investigated with 
dynamic MRI of the lungs. In severe emphysema, 
dynamic MRI shows the diaphragm flattened and 
with reduced and irregular movement. 
Occasionally an asynchronous movement was 
seen between the hemidiaphragms. The minimum 
craniocaudal dimensions of the lung in expiration 
are significantly increased compared to normal 
subjects and correlate well with residual lung vol-

Fig. 8 The image visualizes the result of a deformable 
image registration during breathing cycle as 3D arrows, 
pointing from locations in an end-expiration image to 
their corresponding locations in the depicted end-inspira-
tion image. The image registration was initialized with a 
prediction of the surface motion

Fig. 9 Ray-casting visualization of regional volume increases in three respiration phases. The lung surfaces in which 
the volumes have been calculated are delineated as a wire frame
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ume (%RV). The maximum craniocaudal dimen-
sion of the lung was found to correlate well with 
total lung capacity (TLC%) and is not signifi-
cantly changed in emphysema patients (Iwasawa 
et al. 2011). Effects of therapy (e.g., lung volume 
reduction surgery) can be documented by an 
increase in craniocaudal motion of the diaphragm 
in the operated hemithorax. The effect can even 
be observed in the contralateral hemithorax. The 
results from dynamic MRI correlated well with 
improved scores on the Fletcher dyspnea scale 
(Suga et al. 1999). For the lateral and anteroposte-
rior thoracic dimension, similar findings were 
reported (Gierada et al. 1998; Iwasawa et al. 
2002). Therefore, emphysema is a good example 
of how dynamic MRI can contribute to monitor-
ing the effects of therapy for disorders of respira-
tory mechanics. Consequently, the suggestions 
for a standard protocol include a simplified 
approach with SSFP images to be acquired during 
free breathing to implement the capacity of lung 
MRI with 2D + t imaging in routine imaging 
(Chapter “General Requirements of MRI of the 
Lung and Suggested Standard Protocol”). 
Impairments of diaphragmatic function due to 
tumor invasion into the mediastinum with phrenic 
nerve palsy could be easily detected (Fig. 10).

Adolescent idiopathic scoliosis is another 
condition, in which patients suffer from insuffi-
cient respiratory function due to a dysfunctional 
respiratory pump. Compared to normal subjects, 
2D dynamic MRI shows how the anteroposterior 

thoracic movement in these patients is limited 
(Kotani et al. 2004). The diaphragm is elevated in 
inspiration just as in expiration but the amplitude 
of its motion is unchanged when compared to 
healthy subjects. After surgery, dynamic MRI 
shows an improvement in the amplitude of tho-
racic expansion and an increase in diaphragmatic 
movement (Chu et al. 2006, 2007).

Pompe’s disease is a progressive metabolic 
myopathy with involvement of respiratory mus-
cles leading to progressive pulmonary dysfunc-
tion, particularly in supine position. Diaphragmatic 
weakness is considered to be the most important 
component. Using static spirometer-controlled 
MRI scans during maximum inspiration and expi-
ration, striking  dysfunction of the diaphragm up 
to a lacking displacement was diagnosed in 
Pompe patients. Patients had a significant smaller 
cranial-caudal length ratio than volunteers 
(p < 0.001), indicating diaphragmatic weakness. 
These cranial-caudal length ratios correlated 
strongly with forced vital capacity in supine posi-
tion (r = 0.88) and postural drop (r = 0.89) (Wens 
et al. 2015; Mogalle et al. 2016).

4.1  Applications in Radiotherapy

A large field for dynamic MRI are applications in 
radiotherapy. Dynamic MRI can be used either to 
monitor side effects of therapy or as a sophisti-
cated tool for planning adaptive therapy.

Fig. 10 Three images from a dynamic SSFP (TrueFISP) 
image series acquisition in a patient with left central 
tumor. A line is placed in the vicinity of the diaphragm in 

order to facilitate the visualization of the left hemidia-
phragmatic paralysis
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One example of monitoring side effects was a 
study that compared lung motion before and after 
radiotherapy for lung cancer with 2D dynamic 
MRI. It could be shown that craniocaudal lung 
motion in the irradiated hemithorax was reduced 
after radiotherapy. In contrast to this, global lung 
function tests showed no significant difference to 
measurements obtained before radiotherapy. This 
result is a good example how dynamic MRI can 
be used to detect functional pulmonary changes 
with higher sensitivity than spirometric measure-
ments (Plathow et al. 2006).

The main scientific focus in dynamic MRI for 
radiotherapy lies in planning therapy of moving 
objects such as the lungs or the liver. Conservative 
radiotherapy plans account for the displacement 
of a target structure by extending the planning tar-
get volume. This includes all volumes of healthy 
surrounding tissues that pass the planned target 
volume during the breathing cycle (Keall et al. 
2006). The safety margins are estimated from a 
population of lung tumor patients but cannot be 
defined individually: A large inter-individual vari-
ability of motion patterns and the overall displace-
ment of lung tumors—even paradox displacement 
against the expected directions during in- and 
expiration—have been documented (Dinkel et al. 
2009). An ideal task for 4D-MRI within the radio-
oncology workflow would be to analyze individ-
ual motion patterns and to select patients for 
motion adapted radiotherapy in the first line.

One step further in the application of 4D imag-
ing in the workflow for motion adapted radiother-
apy would be to monitor changes in displacement, 
motion pattern, and lesion size in real time during 
therapy (inter-fractional changes) at the linear 
accelerator prior to each radiation fraction (Cai 
et al. 2008). This would account for the multiple 
factors that may change lung ventilation and 
motion between treatment sessions: pleural effu-
sion, lung collapse, pericardial effusion, changes 
in heart function and size, changes in tumor size, 
phrenic nerve paralysis, radiation fibrosis in the 
lung, interval pneumonia, and obstructive disease. 
Each of these can change the tumor position 
within the chest quite rapidly, in particular for 
peripheral lung lesions rather than for mediastinal 
masses. Nowadays, dedicated systems use either 

an integrated X-ray unit or the therapeutic beam 
itself (Dietrich et al. 2006). This approach could 
be improved with on-board real-time-MRI using 
the recently developed, integrated Linac-MRI 
scanners (Lagendijk et al. 2014).

A more sophisticated application would be 
directly planning MRI-guided adaptive radio-
therapy. To minimize the volume of irradiated 
healthy tissue and to maximize the tumor dose, 
tailored treatment plans would incorporate 
detailed information of the individual breathing 
cycle of each patient. Full 4D imaging-based 
radiotherapy planning (4D-RT) is not yet clini-
cally practiced. Validated, standardized planning 
tools, including deformable image registration, 
multiple target contouring, adaptive dose calcula-
tion, and motion control delivery mechanism are 
missing. Ideally, dynamic real-time planning and 
iterative modification of any treatment port in the 
chest would be implemented at the linear accel-
erator itself. Tumor motion could be accounted 
for with either gating the beam to the respiratory 
phases in which the tumor is inside the target vol-
ume or tracking of the moving target with the 
beam (Keall et al. 2006).

Nevertheless, uncertainties in spatial encoding 
are a major point of critique in the discussion of 
MRI for radiotherapy planning. The quality of 
spatial encoding depends on the quality of the 
system and can be severely impaired by local 
inhomogeneities of the magnetic field. Stents 
within the bronchi or other metallic objects can 
add to local field distortions (Chen et al. 2006). 
Careful compensation of spatial distortion using 
the 3D-distortion correction of images with indi-
vidual correction factors for the particular MR 
scanner and optimized shimming are warranted 
(Biederer et al. 2010; Torfeh et al. 2016). Limited 
temporal resolution of dynamic volume acquisi-
tions with 4D-MRI (in their current implementa-
tion) may lead to an overestimation of tumor size 
as the mass is volume averaged into many voxels 
during motion (Biederer et al. 2009). Furthermore, 
while CT produces radiation transmission data 
for therapy planning, estimating transmission 
data from MRI can be difficult (Dowling et al. 
2015). Proton- or particle therapy based on spot 
scanning, in which precision will be considerably 
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affected by respiratory motion, is yet another 
upcoming challenge and warrants a further devel-
opment of 4D imaging technology (Saito et al. 
2009). For quick reference, Table 6 gives an over-
view of the advantages and disadvantages of 
4D-CT and 4D-MRI for planning motion adapted 
radiotherapy (Biederer et al. 2010).

In summary, the great potential of dynamic 
MRI for clinical use whether for radiotherapy or 
other clinical fields is not yet fully recognized. In 
the near future, both will profit substantially from 
the rapid technical development and intense 
research on the upcoming new indications.
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Key Points
Pulmonary hypertension (PH) is a disease group 
that includes a wide variety of entities leading to 
an increased pulmonary arterial pressure. This 
chapter describes the basic mechanisms that lead 
to PH and the possibilities of MRI in diagnosing 
different aspects. A MR imaging protocol is pro-
vided making MRI a comprehensive modality for 
the classification of the underlying disease and 
assessment of hemodynamics.

1  Introduction

Pulmonary hypertension (PH) is characterized by 
an elevation of the arterial pressure and vascular 
resistance within the pulmonary circulation. 
Precapillary PH has to be differentiated from 
postcapillary PH (Rosenkranz 2007). In patients 
with postcapillary PH, diseases of the left heart 
(atrial, ventricular, valvular) cause pulmonary 
venous congestion, which in turn leads to an ele-
vation of pulmonary capillary pressure (PCP) 
and pulmonary arterial pressure (PAP). In con-
trast, precapillary PH is characterized by an iso-
lated elevation of PAP with normal PCP and 
accounts for the majority of patients referred to 
tertiary pulmonary hypertension centers. Since in 
this setting the pulmonary hypertensive state is 
limited to the arterial component of the pulmo-
nary vasculature, pulmonary arterial hyperten-
sion (PAH) is distinguished from other forms of 
PH. The most important consequence of PAH is 

S. Ley, M.D. (*) 
Chirurgisches Klinikum München Süd, Diagnostic 
and Interventional Radiology, Munich, Germany 

Institute of Clinical Radiology, Ludwig-Maximilians 
University Hospital Munich, Munich, Germany
e-mail: ley@gmx.de 

K.-F. Kreitner, M.D. 
Department Diagnostic and Interventional Radiology, 
Johannes Gutenberg-University Mainz, 
Langenbeckstrasse 1, 55131 Mainz, Germany
e-mail: kreitner@radiologie.klinik.uni-mainz.de

http://crossmark.crossref.org/dialog/?doi=10.1007/174_2017_78&domain=pdf
mailto:ley@gmx.de
mailto:kreitner@radiologie.klinik.uni-mainz.de


186

chronic overload of the right heart (cor pulmo-
nale) which ultimately leads to right heart failure 
and is thus responsible for the poor prognosis of 
patients with severe PAH. Based on invasive 
measurements by right heart catheterization, 
PAH is defined as an elevation of the mean pul-
monary arterial pressure (PAPm) above 25 mmHg 
at rest and/or above 30 mmHg during exercise in 
the setting of normal or reduced cardiac output 
and normal PCP. Pulmonary vascular resistance 
(PVR) is elevated above 3 mmHg/L/min (Wood 
units).

In 1998, the WHO (Evian) classification 
system of PH was proposed, which sought to 
categorize different forms of pulmonary 
hypertension (PH) according to similarities in 
pathophysiological mechanisms, clinical pre-
sentation, and therapeutic options. Since then 
several world symposia have been held, the 
most recent 2013 in Nice, France (Simonneau 
et al. 2013). The most recent classification is 
summarized in Table 1.

Patients suffering from PH often present with 
nonspecific symptoms, namely shortness of 
breath on minimal physical exertion, fatigue, 
chest pain, and fainting. Therefore, correct diag-
nosis is often made late in the course of the dis-
ease when prognosis is poor and treatment 
options are limited (Tuder et al. 2007).

The incidence of IPAH is approximately 2–3 
persons per one million per year (f:m = 1.7–3:1) 
(Taichman and Mandel 2007). It is a genetic dis-
order with a familial accumulation. For acquired 
(“secondary”) forms of PH which are a common 
complication of many different disease entities 
only some examples are given: 50% of patients 
with chronic hypoxemia, such as in chronic 
obstructive pulmonary disease (COPD), develop 
PH. COPD is the third most frequent cause of 
death worldwide, mostly related to late complica-
tions, such as PH. Of patients with scleroderma, 
40% develop PH. There are more than 500,000 
cases of acute pulmonary embolism per year in 
the United States with subsequent obstruction of 
the pulmonary arterial vascular bed. 
Approximately 3–10% of these patients will 
develop a chronic and fatal late form called 
chronic thromboembolic pulmonary  hypertension 

(CTEPH) (Fernandes et al. 2016). So, overall, 
recent registries suggest an incidence of PH of at 
least five per million inhabitants per year 
(Delcroix et al. 2016).

Naturally, different types of PH require differ-
ent treatment regimens, making a precise catego-
rization mandatory. The diagnostic workup of 
these patients needs to differentiate between the 
different causes of PH (McLaughlin et al. 2015). 
This includes, besides patient history and labora-
tory findings, the assessment of cardiac function, 
lung function, pulmonary blood pressures, and 
pulmonary vasculature. Thus, the actual diagnos-
tic pathway includes a broad spectrum of exami-
nations, mainly echocardiography, invasive right 
heart catheterization, and ventilation/perfusion 
scintigraphy.

Table 1 Classification of pulmonary hypertension 
according to the 5th world conference on pulmonary 
hypertension (Simonneau et al. 2013)

1. Pulmonary arterial hypertension (PAH)
  1.1 Idiopathic PAH—cause unknown
  1.2 Heritable PAH with subgroups—genetic 

background
  1.3 Drug and toxin induced
  1.4 Associated with connective tissue disease, HIV 

infection, portal hypertension, congenital heart 
disease, schistosomiasis

  1′ Pulmonary veno-occlusive disease and/or 
pulmonary capillary hemangiomatosis

  1″ Persistent pulmonary hypertension of the 
newborn (PPHN)

2. Pulmonary hypertension with left heart disease
  Left-sided ventricular or atrial heart disease, 

left-sided valvular heart disease, congenital/
acquired left heart inflow/outflow tract obstruction 
and congenital cardiomyopathies

3.  Pulmonary hypertension associated with lung 
disease and/or hypoxemia

  COPD, interstitial lung disease, sleep-disordered 
breathing, alveolar hypo-ventilation disorders, 
chronic exposure to high altitude, developmental 
abnormalities

4.  Pulmonary hypertension due to chronic 
thrombotic and/or embolic disease (CTEPH)

  Thromboembolic obstruction of the proximal/distal 
pulmonary arteries; non-thrombotic pulmonary 
embolism (tumor, parasites, foreign material)

5.  Pulmonary hypertension with unclear 
multifactorial mechanisms

  Hemotologic disorders, systemic disorders, 
metabolic disorders, others
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Magnetic resonance imaging (MRI) has 
emerged as a versatile diagnostic tool allowing 
for combined morphological evaluation of the 
lung parenchyma and pulmonary arteries, and 
cardiac function (Ley and Kauczor 2008; 
Nagendran and Michelakis 2007; Kreitner 2014; 
Swift et al. 2014a). The diagnostic capabilities in 
the context of PH are described in detail in the 
following paragraphs. A basic MR imaging pro-
tocol is given in Table 2.

2  Lung Parenchyma

Pulmonary hypertension (PH) associated with 
respiratory systemic disorders is a distinct group 
in the categorization of PH. It is evolving as an 
important factor that can adversely affect progno-
sis and outcome in chronic lung disease (Presberg 
and Dincer 2003). Especially chronic obstructive 
pulmonary disease (COPD) and idiopathic pul-
monary fibrosis (IPF) are associated with intimal 
thickening or medial smooth muscle cell hyper-
trophy leading to mild to moderate PH (Tuder 
et al. 2007; Wright et al. 2005; Ryu et al. 2007). 
The most common cause is COPD; PH occurs in 
approximately 5% of patients with severe emphy-
sema. In a series with 215 patients with severe 
COPD, moderate (9.8%) or severe (3.7%) PH 
was found more frequently than observed before 
(Thabut et al. 2005). In advanced COPD, therapy 
directed at controlling the pulmonary artery pres-
sure has been recommended. Many patients with 
COPD and severe PH have an additional cause of 

pulmonary pressure elevation, such as left ven-
tricular disease, pulmonary embolism, or sleep 
apnea syndrome; these conditions should be 
ruled out routinely, as they may be treatable 
(Chaouat et al. 2008).

Evaluation of the lung parenchyma using MRI 
is not yet common but possible even in severe 
COPD patients with reduced parenchymal struc-
ture (Ley-Zaporozhan et al. 2007, 2008, 2010; 
Jobst et al. 2015).

Iwasawa et al. 2007 reported that lung signal 
change measured by MRI correlates with airflow 
obstruction in COPD patients.

Idiopathic pulmonary fibrosis (IPF) is a dis-
ease of unknown etiology associated with pro-
gressive parenchymal fibrosis. Little is known 
about PH in IPF but several retrospective analy-
ses indicate that PH in IPF may be frequent 
(Cuttica 2016). In a large trial in patients await-
ing lung transplantation due to IPF, it was found 
that PH affects approximately 45% of these 
patients; however, severe PH was relatively infre-
quent. Typical lung parenchymal changes due to 
fibrosis can be nicely visualized by MRI (Primack 
et al. 1994; Jung et al. 2000; Altes et al. 2007). 
The detailed description of the possibilities of 
MRI in the detection and characterization of lung 
parenchymal changes can be found in the respec-
tive chapters.

3  Macro- and Microvasculature

3.1  Pulmonary Hypertension

The exact processes that initiate the pathological 
changes seen in PAH are still unknown even if we 
now understand more and more of the mecha-
nisms involved. It is recognized that PAH has a 
multifactorial pathobiology that involves various 
biochemical pathways and cell types (Tuder et al. 
2007). The imaging hallmark in PH is vasocon-
striction predominantly on a subsegmental level. 
The increased vascular resistance leads to dilation 
of the central pulmonary arteries (Perloff et al. 
2003). Thus, a vascular pruning towards the lung 
periphery can be seen and the subpleural space is 
often spared (Chatterjee et al. 2002). An  additional 

Table 2 Proposed MR imaging protocol for imaging 
patients with suspected pulmonary hypertension

Rationale Sequences

Morphology I Half-Fourier acquisition 
single-shot turbo spin echo tra & 
cor, 3D volume isotropic turbo 
spin echo acquisition tra

Function 
(perfusion)

FLASH 3D (time resolved), 
0.1 mmol/kg BW

Morphology II 3D volume isotropic turbo spin 
echo acquisition tra & cor

Function (cardiac) Cine of the right ventricle, flow

Vasculature FLASH 3D (high spatial 
resolution), 0.1 mmol Gd/kg BW
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finding of hypoxic pulmonary  hypertension is an 
increase in vasomotor tone (Shimoda et al. 2000). 
The peripheral vascular bed is the location where 
current pharmaceutical approaches are aiming at. 
First, the vasomotor tone should be decreased and 
second, vascular remodeling should be stopped or 
even reversed. Therefore, visualization and quan-
tification of blood flow in the most peripheral 
zone is crucial for treatment monitoring or even 
human drug trials in patients suffering from 
PH. The overall possibilities for assessment of the 
pulmonary blood flow in different diseases lead-
ing to PH, including a detailed technical descrip-
tion, are summarized elsewhere (Kreitner 2014; 
Ley 2015; Freed et al. 2016).

In an early study analyzing the MRA features 
of PH the most obvious finding was an abnormal 
proximal-to-distal tapering of all vessels being 
present (Bergin et al. 1997). Collateral blood sup-
ply, via bronchial arteries to the lung parenchyma 
was only observed in 1 out of 10 patients. 
Compared to healthy volunteers, the central pul-
monary arteries were significantly enlarged. In a 
more recent study using parallel MR imaging 
techniques, the predominant MR angiographic 
findings were proximal-to-distal tapering and a 
tortuous course of the pulmonary arteries towards 
the periphery (Fig. 1) (Ley et al. 2005). In this 

series, no dilated bronchial arteries were found in 
PAH patients. Further technical developments will 
allow for more detailed evaluation of the pulmo-
nary vasculature as demonstrated in a recent study 
where a spatial resolution of 1 mm isotropic data-
sets was achieved in a 20-s breath-hold (3-T MRI, 
dedicated 32 channel chest coil) (Nael et al. 2007).

As PH predominantly affects the small vessels, 
detailed analysis of pulmonary perfusion is the 
most promising technique. 3D MRI pulmonary 
perfusion in patients suffering from PH (except 
CTPEH) showed a predominantly peripheral, dif-
fuse reduction of pulmonary perfusion (=patchy 
pattern) (80% of pulmonary lobes) and 20% of the 
lobes showed a normal perfusion (Ley et al. 2005). 
One advantage of MR perfusion measurements is 
the ability of absolute quantification, as demon-
strated in an initial study with 40 PH patients 
(Ohno et al. 2004). In larger populations, quantita-
tive perfusion analysis showed a marked reduction 
in pulmonary blood flow and an increase in mean 
transit time (Ohno et al. 2007; Ley et al. 2007a).

Seventy-nine patients with PAH were exam-
ined with contrast enhanced perfusion MRI and 
followed up for clinical outcome. MR perfusion 
transit times predicted mortality in patients with 
PAH and were closely associated with clinical 
gold standards CI and PVRI (Swift et al. 2014b).

a b

Fig. 1 Patient suffering from PAH. Two years before this 
MRI examination an invasive pressure measurement 
revealed a mean pulmonary arterial pressure of 56 mmHg. 
(a) MR angiography (50 mm MIP) shows the dilated main 
and central pulmonary arteries and the tortuous course 

towards the periphery. However, all segmental arteries are 
visible. (b) MR perfusion (10 mm MIP) shows a massive 
reduction of pulmonary perfusion with a patchy pattern. 
No lobar perfusion defects can be found
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3.2  Chronic Thromboembolic 
Pulmonary Hypertension

The main contributor of CTEPH is the obstruc-
tion of the large pulmonary arteries by acute and 
recurrent pulmonary emboli, and organization of 
these blood clots (Lang 2015). Up to now, the 
exact pathological pathways of the development 
of CTEPH are not yet fully understood: in more 
than 50% of cases, patients with CTEPH lack a 
documented history of prior deep venous throm-
bosis (DVT) or PE. Thus, other conditions may 
be relevant for the onset of the disease. It has 
been suggested that a primary arteriopathy and an 
endothelial dysfunction may lead to in-situ 
(local) thrombosis in the lung, and that this could 
contribute to a subsequent failure of thrombus 
resolution—the thrombotic hypothesis. 
Furthermore, in some cases, a pulmonary arteri-
opathy could be the initial pathology, and throm-
boembolic events may occur as clinical sequelae 
rather than as the initiating factor (McNeil and 
Dunning 2007). Additionally, small-vessel 
hypertensive arteriopathy, similar to that seen in 
other forms of pulmonary hypertension (PH), 
develops in small unobstructed vessels.

In the THESEE study, in which scintigraphy 
perfusion lung scans were performed in 157 
patients 8 days and 3 months after acute PE, a 
residual obstruction after 3 months was found in 
66% of patients, and 10% of patients showed no 
resolution at all (Wartski and Collignon 2000). In 
a CTA series including 62 patients, at follow-up 
13% of patients presented with only partial or no 
thrombus resolution despite adequate anticoagu-
lation therapy (Remy-Jardin et al. 2007). Based 
on these data, it can be understood that Pengo 
et al. found a cumulative incidence of symptom-
atic CTEPH of 3.8% after 2 years in patients with 
an acute episode of pulmonary embolism (Pengo 
et al. 2004).

The combination of a high diagnostic sensitiv-
ity together with a radiation-free technique makes 
perfusion MRI the optimal tool for monitoring of 
thrombus resolution during anticoagulation ther-
apy (Kluge et al. 2005). In a follow-up study, 33 
patients with acute PE were examined with pul-
monary perfusion MRI initially and 1 week later. 

A subgroup of eight patients also underwent a 
second follow-up examination. Between both 
examinations, pulmonary perfusion changed 
noticeably, i.e., the time-to-peak enhancement 
decreased, and the peak enhancement of affected 
areas increased (Kluge et al. 2005).

In CTEPH, the thromboembolic material fol-
lows an aberrant path of organization and recana-
lization—instead of thrombolysis—leading to 
characteristic abnormalities such as intraluminal 
webs and bands, pouch-like endings of arteries, 
irregularities of the arterial wall, and stenotic 
lesions (Fig. 2) (Kreitner 2014; Wirth et al. 2014; 
Gopalan et al. 2016). This aberrant path of 
obstruction and reopening occurs in repeated 
cycles over many years. Patients become symp-
tomatic if approximately 60% of the total diam-
eter of the pulmonary arterial bed is obstructed. 
This obstruction leads to an increase in pulmo-
nary arterial pressure and vascular resistance 
with subsequent cor pulmonale ending in right 
heart failure with a corresponding 5-year-survival 
of only 30%.

The primary treatment of CTEPH is surgical 
pulmonary endarterectomy (PEA), which leads 
to a permanent improvement of the pulmonary 
hemodynamics (Jenkins et al. 2016). The techni-
cal feasibility and success of surgery mainly 
depend on the localization of the thromboem-
bolic material: surgical accessibility is given if 
the organized thrombi are not located distal to 
the lobar arteries or to the origin of the segmen-
tal vessels in order to develop a safe dissection 
plane for endarterectomy (de Perrot 2016). 
Between 10 and 50% of referred patients may 
not be considered eligible for this procedure 
either because of inaccessible distal thromboem-
bolism or due to other serious comorbidities 
(Peacock et al. 2006). In these subjects, PAH-
specific drug treatment can reduce the symptoms 
(Charalampopoulos et al. 2016). More recently, 
the possibility of percutaneous transluminal pul-
monary angioplasty has been developed to either 
be used combined with PEA or alone (Stricker 
2016). Lung (or heart-lung) transplantation can 
also be considered in selected cases where PEA 
is not indicated, or when significant pulmonary 
hypertension persists following PEA.
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Especially for diagnosis and follow-up of 
CTEPH patients MRI is well suited (Ley 2015; 
Gopalan et al. 2016). However, there are only few 
studies available exploring the usefulness of con-
trast-enhanced-(CE-) MRA in the diagnostic 
workup of CTEPH. In a study with 34 patients, 
depiction of typical findings for CTEPH could be 
done using CE-MRA (Kreitner et al. 2004). This 
comprised the detection of wall-adherent thrombo-
embolic material in the central parts of the pulmo-
nary arteries down to the segmental level, 
intraluminal webs and bands, abnormal proximal-

to-distal tapering, and abrupt vessel cutoffs (Fig. 2). 
A thorough analysis of source images and the cre-
ation of multiplanar reformations were most 
important for the exact assessment of the morpho-
logical findings. Maximum intensity projections on 
the other hand provided an  overview and an impres-
sion of the arterial vascular tree that was compara-
ble to those provided by the DSA images. 
Compared with selective DSA, pulmonary 
CE-MRA depicted all patent vessel segments down 
to the level of segmental arteries (533/533 vessel 
segments). For subsegmental arteries, DSA 

a

b d

c

Fig. 2 Thirty-two-year-old female CTEPH patient with 
the characteristic angiographic findings: intraluminal 
webs and bands, abrupt vessels cutoffs, and abnormal 
proximal-to-distal tapering. (a) Maximum intensity pro-
jection (MIP) reconstruction of preoperative ce-MRA 
(TR/TE = 3.34/1.23 ms; flip angle = 25°, iPAT-factor = 2, 

GRAPPA algorithm). (b, c) Multiplanar reconstructions 
demonstrate intraluminal webs and bands in the pulmo-
nary arteries (arrows). (d) Postoperatively, there is a 
nearly complete normalization of pulmonary arterial vas-
culature in the right lung and a reopening of many seg-
mental pulmonary arteries in the left
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 significantly detected more patent vessel segments 
than MRA (733 vs. 681). MRA was superior to 
DSA in delineating the exact central beginning of 
the thromboembolic material. In all cases, the most 
proximal site as assessed by MRA corresponded to 
the beginning of the dissection procedure during 
PEA. However, as all patients suffered from 
CTEPH and were candidates for surgery, there was 
no statement regarding the ability of CE-MRA in 
the differentiation of other causes of pulmonary 
hypertension. Postoperatively, CE-MRA enabled 
the delineation of reopened segmental arteries and 
a decrease in the diameter of the central pulmonary 
arteries. A complete normalization of pulmonary 
arterial vasculature was not documented in any of 
the cases. This was confirmed in a recent study in 
20 patients applying MR perfusion before and after 
PEA (Schoenfeld et al. 2016). After adjustment for 
cardiac output only a significant increase of perfu-
sion was measured in the lower lobes.

CE-MRA of the PA in coronal orientation can 
be acquired in approximately 15–20 s which is 
tolerated by most of the CTEPH patients. In a 
series of 15 patients with CTEPH the diagnostic 
accuracy of coronal MRA was compared to a 
sagittal approach with two separate datasets. 
Sagittal CE-MRA provided a higher resolution 
and shorter acquisition time (Fig. 3). It proved to 
be superior in all assessed criteria like image 
quality, vessel coverage, depiction of patent 
peripheral arteries, and pathological findings 
compared to coronal MRA, especially on a seg-
mental level (Oberholzer et al. 2004).

In a study on 29 patients with either CTEPH or 
primary pulmonary hypertension (PPH), CE-MRA 
(1.0 × 0.7 × 1.6 mm3) was compared with DSA and/
or CT angiography (Nikolaou et al. 2005). CE-MRA 
had sensitivities between 83% and 86% for the 
detection of complete vessel obstructions and free-
floating thrombi, and sensitivities between 50% and 

a b

Fig. 3 Sagittal data sets of right (a) and left (b) pulmo-
nary arteries. MIP reconstructions of preoperative ce-
MRA ((TR/TE = 3.34/1.24 ms; flip angle = 25°, 

iPAT-factor = 2, GRAPPA algorithm), acquisition 
time = 13 s, 10 mL of gadobutrol). Complete coverage of 
the pulmonary arterial vasculature
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71% for the depiction of older and/or organized 
thrombi, webs and bands. The specificities ranged 
between 73% and 95% for non-obstructing findings, 
and from 91% to 96% for occluding findings, 
respectively. CE-MRA enabled correct differentia-
tion of PPH and CTEPH in 24 of 29 patients (83%). 
As in acute PE, pulmonary perfusion MRI should be 
performed for identification of the typical wedge-
shaped perfusion defects (Nikolaou et al. 2005). 
Perfusion defects were classified either as patchy 
and/or diffuse (indicative of PPH) or segmental and/
or circumscribed (indicative of CTEPH). Compared 
with perfusion scintigraphy as the standard of refer-
ence, MRI had an overall sensitivity of 77% in 
detecting perfusion defects on a per-patient basis. 
Compared with the final diagnosis, MR perfusion 
enabled a correct diagnosis of PPH or CTEPH in 20 
(69%) of 29 patients. The combined interpretation of 
MR perfusion and CE-MRA led to a correct diagno-
sis of PPH or CTEPH in 26 (90%) of 29 patients 
when compared with the final reference diagnosis 
(combination of perfusion scintigraphy with DSA or 
CT angiography). In another study, MR perfusion 
was used to differentiate patients with idiopathic 
pulmonary arterial hypertension (IPAH), CTEPH, 
and healthy volunteers (Ley et al. 2005). Based on a 
per-segment analysis, patients with PPH showed a 
patchy and/or diffuse reduction of perfusion in 71 
(79%) of 90 segments, a normal finding in 18 (20%) 
of 90 segments, and one focal defect (1%). Patients 
with CTEPH showed focal perfusion defects in 47 
(52%), an absent segmental perfusion in 23 (26%), 
and a normal perfusion in 20 (22%) of 90 segments. 
On a per-patient basis, there was no difficulty in dif-
ferentiating the two pathologic entities and in depict-
ing the healthy volunteers. Semiquantitative analysis 
showed that healthy volunteers demonstrated a sig-
nificantly shorter transit time than patients with 
IPAH and CTEPH (14 ± 1 s vs. 22 ± 4 s and 
25 ± 11 s, respectively). No difference was found 
between both patient populations.

A study comparing the capability of MR perfu-
sion compared to scintigraphy was performed in 132 
patients (Rajaram et al. 2013). Seventy-eight patients 
were diagnosed as having CTEPH. Lung perfusion 
MR correctly identified 76 patients as having 
CTEPH with an overall sensitivity of 97%, specific-
ity 92%, positive predictive value 95%, and negative 
predictive value 96% compared with perfusion scin-
tigraphy (sensitivity 96%, specificity 90%).

3.3  Systemic Blood Supply 
to the Lungs 
(Bronchosystemic Shunt)

Beside the pulmonary arteries, the lung paren-
chyma is maintained by bronchial arteries—the 
direct systemic arterial blood supply of the air-
ways and lung parenchyma (Carvalho et al. 
2007; Sopko and Smith 2011). The bronchial 
arteries arise from the aorta, with a high level of 
variability, and drain into the pulmonary veins 
(Baile et al. 1985; Hartmann et al. 2007). In 
pathological conditions even arteries from the 
celiac trunk and intercostal arteries can supply to 
the lung parenchyma (Remy-Jardin et al. 2004). 
Normally they only contribute to nutrition sup-
ply and do not take part in gas exchange. During 
baseline condition, they have a maximum diam-
eter of 1.5 mm and are rarely seen on helical CT 
(Kauczor et al. 1994a). In special pathologic 
conditions (e.g., occlusion of one main pulmo-
nary artery), they also participate in blood oxy-
genation—up to 25% of bronchial circulation 
can do so (Robertson et al. 1984). In CTEPH, the 
flow through the bronchial arteries increases and 
they become visible on helical CT angiography 
due to dilatation of the vessels (Fig. 4). Another 
important finding is that dilated bronchial arter-
ies are positively correlated with a lower mortal-
ity rate after pulmonary thromboendarterectomy 
(Kauczor et al. 1994b). Perloff et al. (2003) eval-
uated patients with Eisenmenger syndrome and 
patients with PPH. There was no  bronchosystemic 
shunt seen in patients with Eisenmenger syn-
drome, but in PPH. Dilated bronchial arteries 
are also found in patients with inflammatory 
 bronchial arterial disease (like asthma and cystic 
fibrosis), being a major cause of hemoptysis 
(Flume et al. 2010; Green et al. 2006).

Up to now, direct visualization of the bron-
chial arteries was a domain of CT. Due to 
improved spatial resolution of MRA it is possible 
to visualize them also with MRI. Functional 
assessment of the shunt volume was performed 
by MRI in patients suffering from CTEPH (Ley 
et al. 2002). The shunt volume, calculated by 
phase-contrast flow measurements in the pulmo-
nary arteries and ascending aorta, correlated well 
(r = 0.86) with the cross-sectional area of the 
bronchial arteries, measured on CTA.
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4  Functional Assessment

4.1  Morphology

The enlargement of the central pulmonary arter-
ies can be used as an indirect sign to estimate the 
increase of the pressure, although this is just a 
rough estimation as the individual pressure is 
heavily dependent on the cardiac condition. In a 
study of 32 patients with PH a diameter of the 
main pulmonary artery above 28.6 mm readily 
predicted the presence of pulmonary hyperten-
sion (Kuriyama et al. 1984). A diameter of 
29 mm or greater has a sensitivity of 87% and 
specificity of 89% for the diagnosis of PH. If this 
finding is associated with a segmental artery-to-
bronchus ratio greater than one in three or more 
pulmonary lobes, the specificity for the diagnosis 
of PH rises to 100% (Bugnone et al. 2002).

4.2  Flow and Pulsatility 
of Pulmonary Arteries

Phase-contrast measurements of flow and veloc-
ity can be regarded as a link between macro- and 
microcirculation. They enable the determination 
of cardiac output of the right and left ventricles 
with low inter- and intraobserver variability and 
can be performed selectively in the right and left 
pulmonary arteries (Gatehouse et al. 2010). 
Furthermore, they allow for a flow-profile 

 analysis that could be the basis for an estimation 
of mean pulmonary arterial pressure (PAPm) and 
pulmonary vascular resistance (PVR). In an ani-
mal model of pulmonary hypertension (pigs with 
infusion of thromboxane A2) the acceleration 
time showed the highest linear correlation with 
invasively measured PAPm (r2 = 0.75) (Abolmaali 
et al. 2007). By multiple linear regression analy-
sis, the estimate of PAPm was further increased 
by taking the maximum of mean velocities into 
account (r = 0.897). In another animal study, sys-
tolic pressure measurements in the main pulmo-
nary artery showed good linear correlation with 
average flow per minute (r = 0.66), peak velocity 
(r = 0.66), and average velocity (r = 0.62) (Ley 
et al. 2008).

The pressure wave velocity, determined by 
phase-contrast flow measurements, correlated 
well with invasively determined mean pressure in 
the main pulmonary artery (r = 0.82) in 15 PH 
patients (Laffon et al. 2001). However, calcula-
tion of the pressure wave velocity is not yet an 
established parameter for pressure estimation. 
Flow measurements allow for discrimination of 
volunteers and patients with PH (Ley et al. 
2007b). The patients showed a significantly 
reduced peak velocity (cm/s) and pulmonary 
blood flow (L/min). In this group of PH patients, 
no relevant bronchosystemic shunting was found. 
In a large study on 59 patients of whom 42 
patients had PAH, the average velocity showed 
the best correlation with PAPm (r = −0.73) and 

Fig. 4 Sixty-seven-
year-old male patient 
with CTEPH. Coronary 
MPR shows a good 
delineation of dilated 
bronchial arteries 
(arrows) supplying the 
parenchyma of both 
lungs. Note wall-
adherent 
thromboembolic 
material in the left 
pulmonary artery 
(asterisk)
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sPAP (r = −0.76). Average velocity (cutoff 
value = 11.7 cm/s) revealed PAH with a sensitiv-
ity of 92.9% (39 of 42) and a specificity of 82.4% 
(14 of 17) (Sanz et al. 2007).

Pulmonary artery stiffness is increased in the 
presence of PH and correlates with invasive PA 
pressures (capacitance to PAPm: r = −0.75). 
Reduced PA pulsatility (<40%) detected the pres-
ence of PH at rest with a sensitivity of 93% and a 
specificity of 63% (Sanz et al. 2009).

Before treatment of PH can be initiated, the 
individuals’ response to the application of 
vasodilators has to be tested. This is usually 
performed during invasive right heart catheter-
ization with direct pressure measurements 
(Rosenkranz 2007). The mean pulmonary 
artery distensibility was used as a noninvasive 
marker of acute vasodilator responsiveness in 
IPAH patients (Jardim et al. 2007). The pulmo-
nary artery distensibility was significantly 
higher in responders to treatment. A receiver 
operating characteristic curve analysis has 
shown that 10% distensibility was able to dif-
ferentiate responders from nonresponders with 
100% sensitivity and 56% specificity.

In CTEPH patients, a good correlation 
between maximum peak velocity in the pulmo-
nary arteries and PAPm was found; however, the 
maximum peak velocity did not enable a reliable 
estimation of PAPm (Kreitner et al. 2004). This 
was mainly due to the limited temporal resolution 
of 110 ms. In the meantime, phase-contrast 
sequences with a temporal resolution between 10 
and 12 ms were implemented for better assess-
ment of pulmonary arterial flow (Abolmaali et al. 
2004).

A recent study investigated 19 patients with 
CTEPH using a 1.5 T MR system with simultane-
ous invasive pressure measurements (Kreitner et al. 
2013). A temporal resolution for phase-contrast 
flow measurements of 10 ms was achieved with an 
acquisition time of approx. 9 min. A linear combi-
nation equation was used to calculate PAPm 
(mPAP_cal): mPAP_cal = 69.446 − (0.521 × abso-
lute acceleration time) − (0.570 × maximum of 
mean velocities) + (1.507 × volume of accelera-
tion) + (0.002 × maximum flow acceleration). 
There was a statistically significant equivalence of 

mPAP_cal and simultaneously measured mPAP 
with a fit of 0.892. Therefore, high temporal resolu-
tion phase-contrast flow measurements may be 
used for noninvasive estimation of mPAP.

A new imaging technique is called 4D phase-
contrast flow (4D PC) allowing for visualiza-
tion and analysis of complex flow pattern 
(Reiter et al. 2016). Acquisition of a volume of 
4D flow data requires approx. 10 min with time 
resolution below 50 ms and spatial resolution in 
the order of 2.5 × 2.5 × 2.5 mm3. These data can 
be further postprocessed with vectorial flow 
presentation.

Employing 4D PC imaging the presence of a 
vortex of blood flow along the main PA in PH 
was found, which was not detected in patients 
with normal PAPm (Reiter et al. 2015). The typi-
cal rotation direction of the vortex is forward 
flow at the anterior side of the main PA and back-
ward flow at its posterior side (Reiter et al. 2016).

The duration of vortical blood flow along the 
mPA relative to the cardiac interval (t vortex) 
turned out to be clearly linked to PAPm (Reiter 
et al. 2016). A proposed segmented linear model 
increasing from t vortex = 0% (below 
PAPm = 16 mmHg) linearly with a slope of 
1.59% per mmHg. This model allowed for an 
accurate estimation of PAPm with a standard 
deviation of 3.9 mmHg, regardless of the PH 
group. Moreover, the model-based cutoff value 
for 25 mmHg (t vortex = 14.3%) revealed a high 
diagnostic accuracy for identifying PH (sensitiv-
ity/specificity, 97%/96%).

Another parameter suitable for estimating the 
pressure is the wall shear stress (Schafer et al. 
2016). Wall shear stress is defined as the tangen-
tial force per unit area that is exerted by blood 
flow to the surface of the vessel. In-plane main PA 
wall shear stress showed strong inverse correla-
tions with multiple hemodynamic indices, includ-
ing pulmonary resistance (ρ = −0.74, P < 0.001), 
mean pulmonary pressure (rho = −0.64, 
P = 0.006), and elastance (ρ = −0.70, P < 0.001) 
(Schafer et al. 2016).

In CTEPH patients the net forward volume in 
the pulmonary artery was significantly lower 
than that in the aorta (Kreitner et al. 2004). This 
flow difference can be explained by the 
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 bronchosystemic shunt volume that is caused by 
dilatation of bronchial arteries that originate 
from the aorta and supply the lung parenchyma. 
In a former study performed on a subset of 
CTEPH patients, there was a significant correla-
tion between the cross-sectional area of bron-
chial arteries as determined by helical CT and 
the shunt volume between the systemic arterial 
and pulmonary venous circulation as deter-
mined by MR phase-contrast flow measure-
ments (Ley et al. 2002). After surgery, there was 
a complete resolution of this bronchosystemic 
shunt volume.

4.3  Evaluation of the Right 
Ventricle and the 
Interventricular Septum

With increasing severity of PH, there is progressive 
right ventricular myocardial hypertrophy, dilatation 
of the right ventricle and atrium, and a reduction in 
right ventricular contractility. Moreover, changes in 
right ventricular relaxation time are observed (Caso 
et al. 2001). As the right ventricular systolic pres-
sure approaches that of the left ventricle, a paradox-
ical systolic motion of the interventricular septum is 
observed (Fig. 5). However, the progress of right 

a c

b d

Fig. 5 Patient suffering from PAH. Four chamber view of 
the patient shows a dilated right ventricle with myocardial 
hypertrophy in the diastolic phase (a) and bowing of the 
interventricular septum towards the left ventricle (para-

doxical septal movement) in the systole (b). Short axis 
view during diastole (c) and systole (d) even better illus-
trates the paradoxical septal movement
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ventricular dysfunction may vary considerably in 
time, probably dependent on the duration of the 
underlying disease and the ability of the right ven-
tricle to adapt to the increased afterload.

Cine MR imaging is an accepted reference 
standard for the assessment of global and regional 
left and right ventricular function (Alfakih et al. 
2003; Kunz et al. 2005). Furthermore, MRI has 
shown to be more independent of the experience 
of the examining physician or technician 
(Pattynama et al. 1995).

MRI datasets allow for a detailed geometric 
analysis of the interventricular septal curvature 
(Moses and Axel 2004). In 37 patients with pul-
monary hypertension, systolic PAP higher than 
67 mmHg may be expected when leftward curva-
ture of the interventricular septum is observed 
(Roeleveld et al. 2005). The left ventricular cav-
ity deformation (expressed as the septal-to-free 
wall curvature ratio) was assessed in 46 PH 
patients (systolic PAP > 46 mmHg). A direct lin-
ear correlation between the pressure rise in the 
right ventricle during systole and the curvature 
ratio was observed (r = 0.85, P < 0.001) 
(Dellegrottaglie et al. 2007).

Sixty-four successive, unselected, treatment 
naive patients with suspected pulmonary hyper-
tension were studied using cardiac MR and RHC 
(Swift et al. 2013). A strong correlation between 
PAPm and MR-estimated PAPm was demon-
strated (R2 = 0.67) based on the equation: cardiac 
MR-predicted PAPm = −4.6 + (interventricular 
septal angle × 0.23) + (ventricular mass 
index × 16.3).

Cine imaging in CTEPH patients typically 
reveals a hypertrophy and dilatation of the right 
ventricle, a reduced right ventricular ejection 
fraction without substantial impairment of left 
ventricular interventricular septum (Kreitner 
et al. 2007). After successful PEA, there is a sig-
nificant improvement or normalization of the 
right ventricular ejection fraction with the inter-
ventricular septum returning to a normal move-
ment in most cases (Kreitner et al. 2004). The 
increased vascular resistance in CTEPH patients 
goes along with a decreased ejection fraction: the 
right ventricular ejection fraction showed a good 
negative correlation with the PAPm. However, 

analogous to the maximum peak velocity in the 
same study, a precise estimation of PAPm was 
not possible. Interestingly, the differences 
between the pre- and postoperative results of the 
right ventricular ejection fraction and PAPm 
showed the best correlation (r = 0.8, slope = 0.98).

Another study examined 17 patients with 
CTEPH, before and at 4 months after PEA using 
Cine-MRI and invasive pressure measurements. 
After PEA pulmonary hemodynamics improved, 
and right and left ventricular volumes and left-
ward ventricular septal bowing normalized; right 
ventricular mass decreased significantly 
(P < 0.0005), but did not completely normalize. 
The change in total pulmonary resistance corre-
lated with the change in right ventricular ejection 
fraction, right ventricular mass, and leftward ven-
tricular septal bowing (Reesink et al. 2007).

In a study on 20 patients before and after PEA 
the PAPm determined by RHC decreased from 
46 to 24 mmHg (Schoenfeld et al. 2016). The RV 
ejection fraction increased significantly from 
30% to 52% and the RV mass/BSA decreased 
from 41.7 g/m2 to 34 g/m2 within 2 weeks.

At present, cine and phase-contrast MR imag-
ing enable a reliable assessment of the functional 
improvement of the CTEPH patient after techni-
cally successful (Kreitner et al. 2004).
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Key Points
The spectrum of the congenital vascular mal-
formations includes abnormalities of the pul-
monary arterial system, partial or total abnormal 
pulmonary venous return, and anomalies of the 
aorta. Acquired diseases of the pulmonary ves-
sels, other than thromboembolic diseases, are 
either primary tumors of the vessels or exter-
nal compression. The following sections are 
 organized accordingly—covering congenital 
vascular malformations, arteriovenous malfor-
mations, and other diseases of the pulmonary 
vasculature.

With increasing experience and development 
of new surgical techniques more and more com-
plex forms of congenital cardiovascular diseases 
can be corrected. All surgical approaches signifi-
cantly benefit from detailed three-dimensional 
(3D) presentation of the complex anatomy, which 
can be acquired using MRI.

1  Imaging of Congenital Heart 
Disease

The heterogeneity of anatomy, age, surgical pro-
cedure, and institutional management protocols 
contradicts development of clear imaging guide-
lines (Bhat and Sahn 2004).

Echocardiography is the primary examina-
tion in neonates, infants, and young children, 
and therefore the most frequently used noninva-
sive technique to examine cardiac  morphology 
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and function. In older patients, particularly 
those with complex or surgically corrected 
(congenital) malformations, information 
acquired with transthoracic echocardiography 
may not be satisfactory. Scar and bone or lung 
tissue and chest deformations interfere with 
small acoustic windows. Transesophageal 
echocardiography obviously provides a better 
field of view in adults, especially since biplanar 
probes have become available. Still, echocar-
diography is often not sufficient in imaging of 
the pulmonary arteries and remains to be user 
dependent.

Conventional digital catheter angiography 
(DA) has long been the gold standard for the 
evaluation of cardiac anatomy and function. 
Additionally, it is the only method to determine 
pulmonary vascular pressure and oxygen satura-
tion. However, DA is invasive and has a consider-
able complication rate, and requires the use of 
ionizing radiation and intra-arterial administra-
tion of iodinated contrast media (Hoeper et al. 
2006).

Due to fast acquisition of high-spatial-reso-
lution images, allowing for 3D post-process-
ing, MDCT is actually a very common imaging 
modality. However, the lack of hemodynamic 
measurements, application of radiation, and 
iodinated contrast media makes it an unfavor-
able imaging technique for pediatric patients 
as it is known that children are more sensitive 
to the effects of ionizing radiation than adults 
are.

With the technical development of magnetic 
resonance imaging (MRI) this technique has 
increasingly been used for noninvasive assess-
ment of the pulmonary vasculature (Eichhorn 
et al. 2004; Simonetti and Cook 2006). As the 
pulmonary arteries are rarely affected alone, it 
is important to examine the heart, pulmonary, 
and systemic vasculature in the first workup 
with a focus on the vascular diameters for sur-
gical connectivity. If only the pulmonary arter-
ies are affected, then contrast-enhanced 
techniques are well suited for sufficient imag-
ing. If the placement of a conduit is consid-
ered, the most important task for imaging is to 

preoperatively provide accurate luminal diam-
eters in order to determine the prospective size 
of the conduits. Postoperatively conduit steno-
sis or insufficiency has to be ruled out fre-
quently. In case of slow and/or turbulent flow, 
contrast-enhanced imaging may be quite diffi-
cult as the contrast material might not fill the 
vascular lumen homogenously. The visualiza-
tion of all the vascular pathologies in complex 
congenital heart disease (CHD) is still a chal-
lenge for CT and MRI. In these cases, the con-
trast bolus is often diluted due to intracardial 
or extracardial shunts with mixing of non-con-
trast-enhanced blood. Severe imaging artifacts 
can occur in CT and MRI after surgical and 
interventional procedures due to metal artifacts 
originating from conduits with valves, coil 
material, or stents from former interventions 
(Maintz et al. 2003).

Today, cardiovascular MRI is most often 
performed using 1.5 T scanners due to the opti-
mized coil and sequence technology (Naganawa 
et al. 2004). The increased specific absorption 
rate at high-field MRI (3 T) is still a challenge 
for imaging using the standard steady-state 
free precession techniques (Gilmore et al. 
2004).

MRI in children younger than 5 years usu-
ally requires some form of sedation to tolerate 
the examination. Subsequently, free breathing 
techniques are necessary with increasing 
examination times. To acquire sharp images of 
the pulmonary vasculature single-shot tech-
niques like half-Fourier single-shot turbo-spin-
echo (HASTE) or steady-state free-precession 
(SSFP) sequences are utilized (Fig. 1) (Weiss 
et al. 2005). Combining those with a saturation 
pulse, the vessels are dark and can be well 
delineated. However, they can still be hazy and 
the saturation is not perfect in case of turbulent 
flow. Turbo-spin-echo (TSE) sequences are 
also fast imaging techniques with sharp delin-
eation of the vessels (Weiss et al. 2005). For 
reduction of blurriness, averaging of the 
sequences (e.g., three averages) may be prefer-
able. Usual acquisition times for a three times 
averaged TSE sequence of the thorax are 
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3 min. Using spin-echo sequences the internal 
vascular diameter is underestimated compared 
to DA. In a phantom study an underestimation 
of 10–20% of linear dimensions was found 
(Holmqvist et al. 2001).

Another possible solution for visualization of 
the vasculature is the use of time-resolved MR 
angiography techniques. The spatial resolution is 
reduced (1.4 × 1.4 × 2.0 mm3) to increase tempo-
ral resolution (6 s per 3D dataset) (Fink et al. 
2003). Thus, motion artifacts are minimized and 
a separation of arteries and veins can be achieved. 
Also, due to the time-resolved approach contrast 
media timing is not necessary.

The low body weight (b.w.) of children makes 
it necessary to apply 0.2 mmol/kg b.w. of a 0.5 M 
contrast media (Macgowan et al. 2005). However, 
for evaluation of subtle stenoses time-resolved 
MR angiography may not be sufficient. In a study 
including children from 2 days to 5 years the 
delineation of the vascular lumen was therefore 
further increased by injection of 0.2 mmol/kg 
b.w. of a 1 M contrast media (Fries et al. 2005). 
However, the use of this contrast agent (e.g., 
gadobenate dimeglumine (Gd-BOPTA)) in chil-
dren is off-label and requires special permission 
(Grist and Thornton 2005).

Especially in children with unknown CHD 
time-resolved MR angiography also allows for 
characterization of the pulmonary perfusion due 
to the time course of contrast enhancement in the 
lung parenchyma (i.e., pulmonary arterial or sys-
temic) (Boll et al. 2005).

In patients compliant in performing a breath-
hold, acquisition of high spatial resolution angi-
ography datasets (1.2 × 1.0 × 1.6 mm3) can be 
performed (Ley et al. 2005). Using this tech-
nique, even subtle variations in luminal diameters 
can be assessed.

A volume interpolated breath-hold tech-
nique (VIBE) (breath-hold preferred, averag-
ing possible) allows for high-spatial-resolution 
T1-weighted imaging. After contrast media 
injection it can be used to demonstrate the rela-
tionship between airways and the pulmonary 
vasculature (Biederer et al. 2003). This tech-
nique was already successfully combined with 
cardiac and respiratory gating and used in non-
contrast-enhanced coronary arterial imaging in 
adults (Jhooti et al. 2000). Due to double gat-
ing this technique may be promising for pedi-
atric imaging.

Another technique, also adapted from coro-
nary imaging, is a free-breathing 3D double-slab 

a b

Fig. 1 Steady-state free-precession (SSFP) sequence (a) 
compared with a T1 GRE (VIBE) (b) acquired in coronal 
orientation. Images show a persistent left vena cava supe-

rior (arrow). Note the good inherent vascular signal of the 
SSFP technique. These fast acquisition techniques allow 
for a rapid evaluation of vascular pathologies
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fast imaging with steady-precession MR angiog-
raphy (3D FISP MRA) (Sorensen et al. 2004; 
Sorensen et al. 2005). The resolution with a voxel 
size of 1.25 × 1.25 × 1.25 mm3 enables excellent 
diagnosis even in infants with vascular rings and 
slings (Greil et al. 2005).

Major aortopulmonary collateral arteries 
(MAPCA) can also be visualized by MRA but 
only if these arteries are markedly dilated 
(Boechat et al. 2005).

The creation of multiplanar reformats is nec-
essary to accurately assess the vascular diameter 
after surgery (Sorensen et al. 2005). After arterial 
switch operation (ASO) for complete transposi-
tion of the great arteries in some cases narrowing 
of pulmonary arteries is associated with oval ves-
sel diameters. In these patients special attention 
should be focused on the central part of the pul-
monary arteries and MPRs have to be performed. 
Conventional angiography should only be per-
formed when intervention is planned (Weiss et al. 
2005).

Besides good visualization of the vasculature, 
MRI is capable of assessing the blood flow through 
arteries and veins by phase-contrast flow measure-
ments (Roman et al. 2005; Gatehouse et al. 2005). 
This enables quantification of shunt volumes and 
can also be used to identify stenosis by an increased 
peak velocity. The pressure gradient across a ste-
nosis can be calculated with the modified Bernoulli 
equation (Varaprasathan et al. 2002). However, 
quantitative pressure estimates of the pulmonary 
arterial system are still not possible using 
MRI. Therefore invasive pressure measurements 
are still mandatory (Nakanishi 2005).

A basic MRI examination protocol should 
include a contrast-enhanced angiography and 
techniques for non-contrast-enhanced visualiza-
tion of the pulmonary vasculature. The FOV 
should cover the entire thorax of the patient to 
include secondary anomalies not suspected 
before. Overall, MRI enables good visualization 
of the pulmonary vasculature with and without 
contrast media. It is capable of acquiring func-
tional cardiac information or blood flow distribu-
tion to the pulmonary and systemic circulation. 
As the main drawback, rather long examination 
times and the use of sedatives are to be  mentioned. 

A typical MR examination protocol is the follow-
ing suggested MRI protocol for pediatric patients 
with proven or suggested congenital vascular dis-
ease (taken from (Ley et al. 2007 #2690)) (note 
that these techniques are aimed for optimal visu-
alization of the pulmonary arteries and include 
no functional cardiac information; functional 
sequences may be added at the expense of addi-
tional examination time):
• Localizer
• HASTE coronal dark blood (ECG and respira-

tory gated)
• HASTE transversal dark blood (ECG and 

respiratory gated)
• T1 TSE transversal dark blood (ECG gated, 

breath-hold, or three averages)
• T1 TSE coronal dark blood (ECG gated, 

breath-hold, or three averages)
• Time-resolved angiography (4 s per 3D 

dataset)
• Postcontrast T1 VIBE (breath-hold or three 

averages)
• 3D true fast imaging with steady-state preces-

sion (TrueFISP) coronal or transversal with 
ECG and respiratory gating (1.0 × 1.0 × 1.0 mm3)

• Phase-contrast flow measurements (pulmo-
nary trunk, right and left pulmonary artery, 
and ascending aorta)
Recent advances in rapid MR imaging have 

enabled fully MR-guided intravascular interven-
tions in closed-bore clinical whole-body MR 
scanners (Sequeiros et al. 2005). Dedicated active 
catheters and fast imaging sequences with auto-
matic slice positioning in combination with a 
dedicated user interface for intravascular proce-
dures are a mandatory prerequisite for safe appli-
cation of the technique (Bock et al. 2006). First 
reports in animal models demonstrate the possi-
bility of placing, i.e., Amplatzer septal occlud-
ers® under MRI guidance (Rickers et al. 2003). 
MRI guidance of percutaneous transluminal bal-
loon angioplasty (PTCA) of aortic coarctation 
was shown as a suitable alternative to conven-
tional fluoroscopy for catheter-based treatment in 
a pilot study with patients (Krueger et al. 2006).

Coils, stents, occluders, and clips lead to enor-
mous artifacts making it sometimes impossible to 
perform MRI. After catheter interventional 
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 therapy for patent ductus arteriosus left pulmo-
nary arterial stenosis may occur. Therefore, 
MDCT using a low-dose protocol should be per-
formed to rule out pulmonary stenosis. Because 
of artifacts echocardiography often does not pro-
vide enough information in this particular condi-
tion. DA should only be considered if a pressure 
measurement is necessary.

2  Congenital Pulmonary 
Vascular Diseases

Congenital heart disease (CHD) is the collective 
term for congenital malformations affecting the 
heart, pulmonary arteries, and aorta. Most cases 
of CHD are thought to be multifactorial and a 
result from a combination of genetic predisposi-
tion and environmental stimulus. Due to the com-
plex nature of CHD single numbers for uniform 
types of malformations affecting the pulmonary 
arteries are not known. In general, CHD occurs in 
0.5–0.8% of live births, indicating that about 
1.5 million children are born with a cardiac mal-
formation worldwide each year (Hoffman 1995). 
The spectrum of anatomic malformations is 
reaching from relatively simple to very complex 

entities. About 2–3 out of 1000 newborn infants 
will become symptomatic with heart disease in 
the first year of life. Nowadays the diagnosis is 
most often established within the first month 
(Bernstein 2004).

2.1  Congenital Pulmonary 
Arterial Disorders

2.1.1  Stenosis of the Pulmonary 
Valve, the Pulmonary Artery, 
and Its Branches

The most common right ventricular outflow 
obstruction is isolated pulmonary stenosis, 
which accounts for 7–10% of all CHD. Stenosis 
may occur anywhere along the major branches 
of the pulmonary arteries and ranges from mild 
to severe and from circumscript to extensive 
forms (Fig. 2). Frequently, these anomalies are 
associated with other types of CHD, including 
tetralogy of Fallot (TOF), ventricular septal 
defect (VSD), and atrial septal defect (ASD). 
Moderate stenosis of the pulmonary arteries can 
be treated with repeated balloon angioplasty. In 
case of severe stenosis or hypoplasia of the pul-
monary artery (Fig. 3), surgical interposition of 

a b

Fig. 2 Stenosis of the right pulmonary artery in a 12-year-
old girl. Images were acquired using an ECG-gated and 
respiratory-triggered 3D steady-state free-precession 
technique (SSFP) with isotropic 1 mm spatial resolution. 

Primary image acquisition was axial (a); however the 
datasets allow for any reformation, like sagittal (b). The 
arrow points at the subsequent stenosis of the left main 
bronchi
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d

e

b

Fig. 3 Example presents a patient with a hypoplastic left 
pulmonary artery. (a) Is an image acquired by using an 
ECG-gated and respiratory-triggered 3D steady-state 
free-precession technique (SSFP) with isotropic 1 mm 
spatial resolution. Note the difference in size between the 
right (normal) and hypoplastic left pulmonary artery. (b) 
Is a high-spatial-resolution contrast-enhanced MR angi-

ography showing furthermore the difference in blood dis-
tribution between both lungs. (c) Another patient with an 
aplasia of the right pulmonary artery as shown by the 3D 
SSFP technique. The contrast-enhanced time-resolved (d, 
e) angiographic images nicely depict the lack of perfusion 
of the right lung as well as a smaller pulmonary volume of 
the right side
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patch material or a conduit becomes necessary. 
After this procedure stenosis may occur at any 
structure within or in the neighborhood of the 
central pulmonary artery or the conduit. 
Therefore, visualization of the internal lumen of 
the conduit, its wall structure, and the anasto-
mosis to the left and right pulmonary artery is 
important in the follow-up.

Circumscript malformations of the pulmo-
nary artery and its post-interventional course 
can be visualized well using high-resolution 
MRA. Additional information about valve 
regurgitation can be obtained by MR phase-
contrast imaging (Gatehouse et al. 2005). In a 
large study on 28 infants aged younger than 3 
months with CHD mainly affecting the PA or 
RVOT, MRA proved to be in consensus with 
DA. However, in this study, a high dose of con-
trast media of 0.4–0.5 mmol/kg/b.w. was 
applied and scanning was performed in sus-
pended mechanical ventilation. However, no 
adverse contrast media effects were found, and 
the pulmonary vessels were sharply delineated 
(Prakash et al. 2007).

2.1.2  Pulmonary Sling (Origin 
of the Left Pulmonary Artery 
from the Right Pulmonary 
Artery)

The left pulmonary artery arises aberrantly 
from the right pulmonary artery and runs 
behind the trachea and esophagus to the left 
side (Fig. 4) (Berdon 2000). This situation 
leads to either an acute and severe airway com-
pression (infants) or signs of chronic obstruc-
tive lung disease or asthma (childhood and 
young adults). In a large series the prevalence 
of a pulmonary sling was 1 in 17,000 (186,213 
school-aged children were examined) (Yu et al. 
2008). Surgical correction is performed with 
attachment of the left pulmonary artery to the 
pulmonary trunk ventrally to the aorta. Imaging 
needs to display the pulmonary arterial anat-
omy as well as the relationship to the airways. 
MR imaging in ten patients (aged 6 months to 

11 years) with clinically suspected ring or sling 
malformation (three of them with pulmonary 
sling) was able to demonstrate the topographic 
relation to the adjacent soft-tissue structures 
(esophagus, trachea, or bronchi). MR findings 
were confirmed surgically (Eichhorn et al. 
2004).

2.1.3  Anomalous Origin of One 
Pulmonary Artery

In this rare malformation one pulmonary 
artery originates abnormally from the aorta 
leading to an unbalanced blood flow and uni-
lateral pulmonary hypertension (Kutsche and 
Van Mierop 1988). Mainly the right pulmonary 
artery shows an anomalous origin (82%). 
Surgical intervention includes resection of the 
abnormal pulmonary artery and anastomosis 
with the pulmonary trunk using a small con-
duit. In order to achieve sufficient growth of 
the pulmonary vessels, conduits need to be 
replaced once or twice during childhood and 
adolescence. MRI is well suited for pre- and 
postoperative evaluation (Kim et al. 1995).

2.1.4  Tetralogy of Fallot or 
Pulmonary Atresia with VSD or 
Hypoplastic Pulmonary Artery

In these situations blood flow through the pul-
monary valve or artery is highly diminished or 
even absent, leading to severe cyanosis. 
Tetralogy of Fallot (TOF) is the most common 
type of cyanotic CHD with an incidence of 356 
per million live births (Dorfman and Geva 
2006). The degree of right ventricular outflow 
tract (RVOT) obstruction varies from mild to 
complete obstruction. Pulmonary blood flow is 
dependent on a patent ductus arteriosus (PDA) 
or collateral vessels (MAPCA) (Fig. 5). In 
order to obtain sufficient pulmonary blood flow 
and vessel growth of the pulmonary arteries, a 
stable aortopulmonary connection needs to be 
established. Later, further operations are usu-
ally necessary to palliate the malformation. The 
so-called Blalock–Taussig procedure was first 
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Fig. 4 Pulmonary sling. (a) Presents the coronal angio-
graphic dataset with the left pulmonary artery (PA) origi-
nating from the right PA. The left PA encircles the trachea 
during its course through the mediastinum. This can also 
be demonstrated without contrast media (b) using an 
ECG-gated and respiratory-triggered 3D steady-state 
free-precession technique. MRI allows for functional 
assessment of the effect on the trachea. (c) Shows one 

frame from a steady-state free-precession cine sequence 
without tracheal compression. (d) Shows a patient after 
surgical correction of a pulmonary sling. However, the 
reinsertion of the left pulmonary artery was too far distally 
with subsequent compression of the left main bronchus 
(arrow). The same is shown in the sagittal reformated 
image (e). (f) Shows the contrast-enhanced MRA with 
nearly the same anatomy as in (a)
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 successfully performed in 1944. The right or 
left subclavian artery and the ipsilateral pulmo-
nary artery were connected in cyanotic patients 
with TOF (Blalock and Taussig 1945). 
Nowadays, this operation is not performed 
often as only one pulmonary artery will be suf-
ficiently perfused. Central aortopulmonary 
shunts or a direct connection of the hypoplastic 
pulmonary trunk to the aorta is preferred as it 
leads to a balanced growth of both pulmonary 
arteries (Duncan et al. 2003).

Preoperative assessment of the vascular 
structures (pulmonary arteries, aorta, and col-
laterals) is possible with MRI but requires 
relatively long scan times for complete ana-
tomical coverage, and small vessels (<2 mm) 
may not be detected. Still DA is preferred in 
most centers because of the potential risk of a 
cyanotic spell and the necessity of high-qual-
ity coronary imaging in very small infants. 
However, one study showed the excellent 
capabilities of MRI in ten patients in whom 
the central pulmonary arteries had not been 
visualized at DA, and showed that  angiography 

had failed to demonstrate the main pulmonary 
artery in seven cases, the proximal left pulmo-
nary artery in two cases, and the entire pulmo-
nary arterial tree in one case (Choe et al. 
1998). At follow-up growth of the pulmonary 
arteries can be evaluated excellently using 
MRI, and MRI should be preferred over 
MDCT. The time of re-intervention may be 
determined without serial DA or CTA.

Collateral vessels arising from the aortic 
arch (MAPCA) are mostly found in TOF or 
pulmonary atresia with VSD and with hypo-
plastic pulmonary artery. Lung perfusion is 
partly established by these systemic vessels. 
Surgeons are especially interested if these ves-
sels are suitable for connection to the pulmo-
nary arteries or if they provide an unbalanced, 
high-pressure blood flow situation, leading to 
pulmonary hypertension (Eisemenger’s reac-
tion). Compared with DA, MRA has been 
shown to be highly accurate in depicting all 
sources of pulmonary blood supply in patients 
with complex pulmonary stenosis or atresia, 
including infants with multiple small aorto-
pulmonary collaterals (Geva et al. 2002).

2.1.5  Pulmonary Sequestration
Pulmonary sequestration is a multifocal malfor-
mation, which is defined as a segment of lung 
parenchyma that is separated from the tracheo-
bronchial tree and is supplied with blood from a 
systemic rather than a pulmonary artery. The 
blood supply usually comes from the descend-
ing thoracic aorta, but in about 20% of cases, it 
comes from the upper abdominal aorta, celiac 
artery, or splenic artery (Konen et al. 2003). 
Surgical procedures include ligation of the 
afferent vessels and/or resection of the pulmo-
nary malformation.

In these malformations, MDCT is superior 
to most other techniques, providing excellent 
information of both the vessels supporting the 
malformation (arterial and venous) and espe-
cially the structure of the lung parenchyma 
inside the malformation. Visualization of the 
lung parenchyma is challenging using MRI, 
however being an essential part of the 
diagnosis.

Fig. 5 Presentation of a large open ductus arteriosus 
botalli in a newborn with a time-of-flight acquisition. 
Time-resolved contrast-enhanced MR angiography pres-
ents the vascular anatomy. The arrow points at the patent 
ductus arteriosus botalli
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2.1.6  Single-Ventricle Morphology
In single-ventricle morphology of the heart (tri-
cuspid atresia, double-inlet left ventricle) cavity 
volume increases as a consequence of the exces-
sive volume load associated with parallel pulmo-
nary and systemic circulations (Gewillig 2005). 
The Glenn procedure (hemi-Fontan) was con-
ceived as a means of accomplishing early reduc-
tion of the volume load of the single ventricle, in 
anticipation of eventual completion with a 
Fontan-like operation. The Glenn procedure 
includes association of the superior vena(e) 
cava(e) (SVC) with the branch pulmonary arter-
ies, augmentation of the central pulmonary arter-
ies, occlusion of the inflow of the SVC into the 
right atrium, and elimination of other sources of 
pulmonary blood flow (like patent ductus arterio-
sus). Other cardiac malformations have to be cor-
rected at the same time, or at least before a 
Fontan-like operation. This may include atrial 
septectomy, relief of aortic arch obstruction, 
repair or revision of anomalous pulmonary 
venous connection, and other procedures (Jacobs 
and Pourmoghadam 2003).

During total cavopulmonary connection 
(TCPC), the inferior vena cava (IVC) is con-
nected to one pulmonary artery using an extra- or 
intracardiac conduit (Fig. 6) (Ohye and Bove 
2001). Throughout the different surgical stages 
visualization and quantification of the caval con-
nections to the pulmonary arteries are essential. 
Due to the complex and slow flow pattern con-
trast-enhanced imaging can be difficult in ruling 
out stenosis. Time-resolved MRA techniques 
describe the main blood flow direction and visu-
alize pulmonary blood distribution. In addition, 
information of function of the single ventricle 
can be obtained. Still DA is performed, mainly 
because exact estimation of pulmonary pressure 
is mandatory before Glenn procedure or TCPC.

2.1.7  Transposition of the Great 
Arteries (TGA)

Transposition of the great arteries (TGA) accounts 
for approximately 5% of all CHD. In this anom-
aly, the aorta arises from the right ventricle and 
the pulmonary artery from the left ventricle, while 
the systemic and pulmonary veins return nor-
mally. In contrast to the normal situation, where 

a

b

c

Fig. 6 Female patient with a functional single ventricle after 
a TCPC. A large patch was built running at the right lateral 
side of the heart (a, arrow). The superior vena cava was con-
nected directly to the pulmonary arteries (b, dotted arrow). 
(c) Shows the conventional angiographic image of the infe-
rior “vein” being connected to the pulmonary arteries
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the aorta is posterior to the pulmonary artery, the 
aorta is anterior and to the right of the pulmonary 
artery in de-transposition of the great arteries. 
Since the original report from Jatene and col-
leagues in 1976 the arterial switch operation 
(ASO) has become the procedure of choice for 
neonates with complete transposition of the great 
arteries. The operation involves dividing the aorta 
and pulmonary artery just above the sinuses and 
re-anastomosing them in their correct anatomic 
positions. The coronary arteries need to be 
removed from the former aortic root along with a 
button of aortic wall and reimplanted into the so-
called neoaorta (former pulmonary root). 
Although anatomic correction is achieved, there is 
still concern about the mid- and long-term out-
come of these patients. Postoperatively there are 
three major problems requiring cardiac imaging 
(Losay et al. 2001). The first is the detection of 
coronary pathology, leading to myocardial dys-
function of both ventricles. The second is the aor-
tic root dilation, leading to aortic regurgitation. 
The third and most frequent problem is the post-
operative supravalvular pulmonary stenosis. In 
most cases there is a stenosis of one or both pul-
monary branches as they take their way around 
the ascending aorta. This region cannot be visual-
ized sufficiently by echocardiography, and there-
fore supplementary imaging is necessary. 
Assessment of the systemic right ventricular func-
tion is a key point in the follow-up of patients with 
TGA. Ejection fraction determined by cine-MRI 
of the right ventricle correlates well with echocar-
diography in these patients (Salehian et al. 2004). 
Furthermore, MRI allows for excellent 3D visual-
ization of the central and peripheral pulmonary 
vasculature after correction of TGA and is there-
fore the modality of choice for follow-up (Fig. 7) 
(Weiss et al. 2005). In the case of severe pulmo-
nary stenosis, additional DA is needed to measure 
pressure gradients across the stenosis (Gutberlet 
et al. 2000).

2.2  Congenital Pulmonary Venous 
Disorders

Generally there are a total of four pulmonary 
veins (PVs), with one pair of veins opening into 

the left atrium on each side. Anomalous pulmo-
nary venous drainage may be partial or complete 
resulting in different levels of magnitude of left-
to-right shunts. Young patients are usually 
asymptomatic; dyspnea on exertion becomes 
increasingly common in the third and fourth 
decades of live.

The complete form, known as total anomalous 
pulmonary venous connection (TAPVC), is com-
patible with life only in patients with a coexisting 
ASD or patent foramen ovale (Stein 2007). Three 
main types are distinguished, in descending order 
of frequency:
• Supracardiac type: The anomalous PVs unite 

posterior to the atria and drain into a left 
ascending vessel that opens into a persistent 
superior vena cava. The blood then enters the 
right atrium by way of the left innominate vein 
and right superior vena cava (Fig. 8).

• Intracardiac type: The anomalous PVs unite to 
form a short vessel that opens into the coro-
nary sinus.

• Infracardiac type: The anomalous PVs drain 
into the portal vein, hepatic vein, left gastric 
vein, directly into the inferior vena cava, 
directly into the right atrium, or into the right 
atrium by way of a collecting vessel.
In partial anomalous pulmonary venous connec-

tion (PAPVC) some of the PVs are not connected to 

Fig. 7 Example of the anatomy following surgical correc-
tion of TGA. This volume-rendered image shows the anat-
omy with the ventral position of the main pulmonary artery 
and the dorsal ascending aorta. The right and left pulmo-
nary arteries run anterior of the aorta to the periphery
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the right atrium (RA), and in few cases only a single 
vein communicates with that chamber. Evidence of 
right ventricular overload with no apparent intracar-
diac shunt should prompt a search for PAPVC. In 

the most common configuration, the right superior 
pulmonary vein opens into the superior vena cava or 
RA. A special form is the scimitar syndrome, with a 
hypoplastic right lung and partial or total anoma-
lous drainage of the right pulmonary vein into the 
inferior vena cava (Fig. 9) (Holt et al. 2004).

The relative frequency of PAPVC is approxi-
mately 0.6% of all congenital anomalies, while 
TAPVC accounts for 0.4% (Moos 2001). 
Anomalous pulmonary venous drainage imposes 
a volume overload on the pulmonary circulation 
with subsequent volume loading and dilatation of 
the left ventricle. PAPVC is usually asymptom-
atic and is often detected incidentally.

If a clinical concern for PAPVC cannot be 
resolved by echocardiography with confidence, 
then MRI is the most appropriate additional test. 
PVs are generally adequately visualized in axial 
T1-weighted SE sequences. Adding thin-slice 
acquisitions or a dynamic GE sequence with bright-
blood vascular imaging may also be beneficial in 
patients with more complex vascular anatomy.

Several studies assessing the accuracy and 
utility of contrast-enhanced 3D MRA have shown 
a high level of agreement between findings on 
MRA compared with surgical inspection and 
DA. For preoperative planning 3D MIP recon-
structions are valuable as they clearly define the 

a b

Fig. 9 MRA of a female 
patient with a scimitar 
vein. The venous blood 
of the right lung drains 
into this collecting vein, 
which is connected to 
the inferior vena cava. 
This results in a shunt 
volume of 55% (as 
proven by MR flow 
measurements and 
during invasive 
measurements). (a) 
Gives the coronal 10 mm 
MIP and (b) is a sagittal 
reformat (20 mm MIP)

Fig. 8 Fourteen-year-old boy with palpations during 
exercise. At echocardiography a turbulent flow profile in 
the SVC was detected. Contrast-enhanced 3D MRA 
(oblique coronal subvolume maximal intensity projec-
tion) demonstrates the partially anomalous pulmonary 
venous connection of the left upper pulmonary vein 
(arrow) to the left innominate vein
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course of the PVs. MRA was uniformly more 
accurate than transthoracic and transesophageal 
echocardiography. MR studies often diagnosed 
previously unknown PAPVC or added new clini-
cally important information regarding PAPVC 
anatomy (Kivelitz et al. 1999; Greil et al. 2002; 
Prasad et al. 2004; Wald and Powell 2006). The 
shunt volume can be quantified by performing 
flow measurements in the ascending aorta and 
pulmonary trunk. It is worth noting that in 
patients with PAPVC, systemic blood flow/pul-
monary blood flow (Qp/Qs) ratio measurements 
by oximetry in the catheterization laboratory are 
inherently inaccurate because of the difficulty in 
obtaining a reliable, representative mixed sys-
temic venous saturation.

2.3  Pulmonary Arteriovenous 
Malformations

Pulmonary arteriovenous malformations 
(PAVMs) result from fistula formation between 
the pulmonary arteries and veins. Blood flow 
bypasses the pulmonary capillary bed, giving rise 
to a functional right-to-left shunt. The prevalence 
of PAVM is approximately 2–3 per 100,000 pop-
ulation. The great majority of PAVMs (80%) are 
congenital. Within this group, PAVMs are present 
in 47–80% of patients with autosomal dominant 
Osler-Weber-Rendu syndrome (hereditary hem-
orrhagic telangiectasia) (Khurshid and Downie 
2002). Other cases are not referable to a specific 
syndrome, although a genetic link to the 9q3 
chromosome has been suggested.

Acquired AV shunts may have various causes 
like trauma, infection, metastatic carcinoma, 
mitral stenosis, and hepatic cirrhosis. AV shunts 
may develop due to metastatic involvement of the 
lung parenchyma. This possibility should be con-
sidered in patients who develop sudden hemopty-
sis after successful chemotherapy (Choi et al. 
2003).

A large, long-term follow-up study docu-
mented the superiority of cross-sectional imaging 
modalities over DA. CTA (incremental and sin-
gle-slice spiral CT) achieved a detection rate of 
98% of all PAVMs, while angiography 
detected only 60% (Remy et al. 1992). In a study 

 comparing DA and MRA, MRA could correctly 
define the location of the PAVMs in 16 of 16 
cases. The parent vessel and the size of the feed-
ing vessel could be accurately determined in 14 
of 16 cases. In two cases the feeding vessels were 
not contained in the slice package (Mohrs et al. 
2002). This limitation no longer exists in the cur-
rent generation of scanners, and both cross-sec-
tional modalities may be considered equivalent in 
the evaluation of PAVMs.

3  Acquired Pulmonary Venous 
Disorders

In the absence of congenital anomalies, there is 
rarely an indication for diagnostic imaging of 
the pulmonary veins. The most frequent indica-
tion at present is pre- and postinterventional 
imaging of the pulmonary veins before and after 
radiofrequency ablation. Atrial fibrillation is the 
most common cardiac arrhythmia, with a preva-
lence of approximately 5% in persons over 
65 years of age (Falk 2001). Percutaneous cath-
eter ablation using radiofrequency or cryoabla-
tion is a minimally invasive procedure for 
destroying arrhythmogenic foci. Because the 
origin of the pulmonary vein slightly varies due 
to the rotation of the left atrium during embry-
onic development, preinterventional imaging is 
recommended (also to exclude previously unde-
tected normal variants or anomalous origin). 3D 
imaging is useful for planning the optimum size 
of the catheter balloon. The most frequent com-
plication of catheter ablation (prevalence of 
1.5–42%) is stenosis of the pulmonary veins. 
Other possible complications are thrombosis or 
dissection. Pulmonary vein stenosis develops 
during the first few days after the procedure, as 
initial tissue swelling is followed by the devel-
opment of fibrotic changes. Clinical manifesta-
tions are progressive dyspnea, orthopnea, 
nonproductive cough, infection, and hemoptysis 
(Ghaye et al. 2003). Time-resolved angio-
graphic techniques with adequate in-plane reso-
lution should be used to achieve optimum timing 
of the contrast bolus for pulmonary vein imag-
ing (Rahmani and White 2008). Optimum bolus 
timing varies in different patients (and in 
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 different PV segments), especially in the pres-
ence of pulmonary vein stenosis. After contrast 
media application MRI can be used for therapy 
control by using late-enhancement imaging 
techniques. This allows for the precise localiza-
tion of the scar tissue and the relationship to the 
orifice of the PV (Peters et al. 2007).

4  Tumors of the Pulmonary 
Vessels

4.1  Central Pulmonary Arteries: 
Leiomyosarcoma

Leiomyosarcoma is the most frequent tumor 
of the pulmonary arteries and veins (pulmo-
nary artery sarcomas (PAS) and pulmonary 
vein sarcomas (PVS)). It arises from the 
smooth muscle cells of the media (Mayer 
et al. 2007). Completely intravascular leio-
myosarcomas are usually nodular, polypoid 
tumors that are fixed to the inner vessel wall. 
Intraluminal tumor growth expands the vessel 
diameter, and intracardiac tumor extension 
may occur. Besides leiomyosarcoma, the 
 differential diagnosis of intrathoracic sarco-
mas should include angiosarcoma, rhabdo-
myosarcoma, and sarcomatoid variant of 
mesothelioma.

Primary PAS affect both sexes equally and 
occur at a slightly earlier average age (50 years) 
than the venous forms. The incidence ratio of 
PAS to PVS is approximately 20:1. Only 17 cases 
(mean age at radiologic diagnosis was 48 years) 
of PVS have been described in the literature.

PAS most commonly involve the main pul-
monary artery trunk and may spread from 
there toward the peripheral arterial branches 
or may extend back into the right ventricle. 
Tumor growth may be completely extravascu-
lar (62%), completely intravascular (5%), or 
both extra- and intravascular (33%) (Kreft 
et al. 2004). Other studies indicate that 
approximately 50% of PAS are intravascular 
when diagnosed. The remaining half under-
goes transmural spread into the lung paren-
chyma (Fasse et al. 1999). The clinical 

manifestations of PAS are nonspecific and 
may include dyspnea, chest pain, cough, 
hemoptysis, and signs of right heart failure. 
Because these tumors are often intraluminal, 
they may embolize and cause peripheral 
infarctions, producing clinical symptoms sim-
ilar to those of acute or chronic recurrent pul-
monary embolism. PVS are generally larger 
than PAS are. They remain asymptomatic 
until their growth interferes with pulmonary 
venous return. The most frequent clinical 
manifestations are dyspnea, hemoptysis, 
cough, chest pain, and weight loss. PVS have 
a tendency to spread into the left atrium (Yi 
2004). PAS appears on CT and MR images as 
a convex intraluminal mass that usually begins 
in the pulmonary trunk and spreads in a 
peripheral or occasionally central fashion. 
Both primary and metastatic tumors of the 
pulmonary arteries may cause intraluminal 
filling defects that are similar in appearance 
to chronic recurrent pulmonary emboli.

The tumors may be inhomogeneous as a 
result of hemorrhage, necrosis, or different tis-
sue components. Thrombi may adhere to intra-
luminal tumor components and may in turn be 
infiltrated by tumor (Kauczor et al. 1994). 
Thus, delayed T1-weighted images after con-
trast administration are an essential part of the 
MRI protocol. Tumor enlargement over time 
may lead to vascular expansion with complete 
obliteration of the lumen. A convex shape of 
the filling defect does not support a diagnosis 
of chronic pulmonary embolism. Contrast 
enhancement on MRI is another indicator of 
intravascular tumor growth. Delayed imaging 
after contrast administration shows a highly 
variable degree of tumor enhancement, which 
is an important differentiating feature from 
chronic thromboembolic pulmonary hyperten-
sion (CTEPH) (Kaminaga et al. 2003).

The treatment of choice is complete tumor 
resection based on an early preoperative diag-
nosis. Modern surgical techniques can be used 
to reconstruct the vascular defect with pros-
thetic material. Even if curative treatment is 
not an option, it appears that palliative surgery 
can significantly prolong patient survival.
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4.2  Peripheral Pulmonary 
Arteries: Pulmonary Capillary 
Hemangioma

Most cases of pulmonary capillary hemangioma 
(PCH) involve bilateral disease with an unknown 
cause. Capillaries proliferate into the alveolar 
septa and other structures such as bronchial walls, 
pleura, and regional lymph nodes. Extrathoracic 
growth or metastases have not been described. 
The disease is most prevalent in the third and 
fourth decades, with a range from 6 to 71 years, 
and affects males and females equally. Life 
expectancy after symptom onset is 2–12 years in 
untreated cases.

Typical clinical manifestations are progressive 
shortness of breath, pleuritic chest pain, and fre-
quent hemoptysis, often prompting a misdiagno-
sis of chronic thromboembolic pulmonary 
hypertension. With the progression of disease, 
patients develop clinical signs of cor pulmonale 
with elevated pulmonary artery pressures but 
normal pulmonary capillary wedge pressures on 
right-heart catheterization.

To date, CT is the only cross-sectional imag-
ing modality that has been investigated in the 
literature. The principal CT findings are 
enlarged pulmonary arteries and numerous 
small, bilateral, ill-defined densities (Eltorky 
et al. 1994). Compared with idiopathic pulmo-
nary artery hypertension, perfusion scanning 
shows increased perfusion in the hemangioma-
tous tissue and decreased perfusion in occluded 
vessels, resulting in an inhomogeneous perfu-
sion pattern.

The only curative treatment is bilateral lung 
transplantation, for which patients must be 
selected at a very early stage.

5  Anomalies of the Thoracic 
Aorta

5.1  Aortic Coarctation

The most frequent systemic arterial anomaly (up 
to 1 in 3000–4000 live births) affects the thoracic 
aorta in the early descending part with narrowing 

of the aorta, so-called aortic coarctation. 
Coarctation of the aorta can range from mild to 
severe, and might not be detected until adulthood, 
depending on the degree of stenosis. The narrow-
ing of the aorta is traditionally classified based on 
the anatomic relationship to the arterial duct or 
ligament: proximal to (preductal or infantile) or at 
the level or distal (postductal or adult form) of the 
arterial duct (Eichhorn 2007 #3180). However, as 
the clinical symptoms depend on the degree of 
stenosis even many preductal lesions are only 
detected during adulthood; thus this concept is 
now regarded as too simplistic (Kau 2007 #4667). 
Most often a short stenotic segment is seen being 
only some mm long. The less frequently seen type 
is the hypoplastic stenosis which is a long-seg-
ment stenosis, usually associated with a hypopla-
sia of the aortic arch (Ulmer 2012 #4518) (Singh 
2015 #4664). Patients with aortic coarctation 
have frequently associated cardiac malforma-
tions, in up to 80% a bicuspid aortic valve and 
approx. 20% a ventricular septal defect (Tanous 
2009 #4091). Coarctation is associated with 
Turner syndrome. Most patients become clini-
cally evident during childhood with hypertension 
in the upper extremities, low or unobtainable arte-
rial blood pressure in the lower extremities, and 
cardiac murmurs. The mean age of diagnosis is 
9 years. If it remains unnoticed the adult form of 
coarctation develops. Treatment of coarctation 
can be done surgically or by interventional bal-
loon angioplasty (Torok 2015 #4666) (Schneider 
2016 #4665). As a complication of a surgical 
repair in infancy a re-coarctation or aneurysm for-
mation can occur (Tanous 2009 #4091).

For diagnostic purposes in childhood echo-
cardiography is the primary imaging modality. 
For exact measurement of the degree of the ste-
nosis and treatment planning MRI or CT imag-
ing is used. As the patients are rather young 
with a normal life expectancy the radiation 
burden should be kept to a minimum, thus 
favoring the use of MRI. Current MR tech-
niques allow for an excellent visualization by 
contrast-enhanced MRA and acquisition of 
flow-relevant parameters (Darabian 2013 
#4521) (Fig. 10). By combination of the mor-
phological and flow variables, MRI showed 
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excellent sensitivity (95%) and good specific-
ity (82%) for assessment of the severity of aor-
tic coarctation (Nielsen 2005 #2089). More 
recently MR techniques have been developed 
allowing for a non-contrast-enhanced visual-
ization of the vasculature. These techniques 
are applied with ECG and respiratory gating 
and show excellent agreement with other tech-
niques (Ley-Zaporozhan 2007 #3130) (Amano 
2008 #3443). In a pediatric study with patients 
suffering from aortic coarctation an excellent 
agreement (r = 0.96) was found for this 
3D-FISP MR angiography and invasive 
catheterization.

5.2  Patent Ductus Arteriosus

During the fetal period the arterial duct ensures 
a continuous blood flow between the proximal 
descending aorta and the pulmonary arteries. 
Usually this connection closes soon after birth 
(in a full-term infant within 48 h after birth). If 

the ductus arteriosus remains patent (patent 
ductus arteriosus—PDA) a left-to-right shunt 
is present (Fig. 5). This leads to a volume over-
load of the pulmonary arterial system and of 
the left ventricle. Depending on the shunt vol-
ume an early left heart insufficiency can occur. 
Small shunt volumes remain asymptomatic and 
may be detected incidentally in adults 
(Eichhorn 2007 #3180). If a relevant defect 
remains undetected an Eisenmenger’s syn-
drome can develop. Usually, a clinically 
 relevant shunt is detected in early childhood by 
a cardiac murmur and subsequent echocardiog-
raphy. A further evaluation using CT or MR is 
not required.

5.3  Aortic Vascular Rings 
and Slings

During the embryologic development the aorta 
and aortic arch is doubled. During gestation 
the vascular system fuses and partly becomes 

a b

Fig. 10 Five-month-old female patient with aortic coarc-
tation, approx. 50% stenosis. (a) Shows a 3D non-con-
trast-enhanced respiratory- and cardiac-gated MR 
angiography displaying the aortic configuration accu-
rately. The arrow points out the aortic coarctation. (b) 

Shows the contrast-enhanced MR angiography. Given the 
small venous access only a slow injection speed could be 
used. Furthermore, the patient was examined in sedation, 
without intubation. Therefore, image quality is slightly 
degraded due to breathing artifacts
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atretic. Especially the right fourth primitive 
aortic arch disappears producing the normal 
left-sided aortic arch. In some cases the right 
part of the aorta persists while the left part dis-
appears forming a right-sided aortic arch (Kau 
2007 #4667) (Cina 2004 #4668) (Fig. 11). 
This condition is seen in approx. 0.05–0.1% of 

radiological series. Normally, a right-sided 
aortic arch will be asymptomatic.

If both primitive aortic arches persist (to a 
varying degree) a double-aortic arch is formed 
passing to either side of the esophagus and tra-
chea and reunites to form the descending aorta 
(Kau 2007 #4667) (Fig. 12). Most commonly, 
one arch is dominant, whereas the other may 
be of small caliber or just represented by a 
fibrous band.

In both settings, more frequently if a double-
aortic arch is present, symptoms are related to 
compression of mediastinal structures such as 
the trachea or the esophagus. In adulthood, 
symptoms are more often the result of early ath-
erosclerotic changes of the anomalous vessels, 
dissection, or aneurysmal dilatation with com-
pression of surrounding structures causing dys-
phagia, dyspnea, stridor, wheezing, cough, 
choking spells, recurrent pneumonia, obstructive 
emphysema, or chest pain (Cina 2004 #4668).

Fig. 11 Two-year-old girl with a right-sided aortic arch 
(long arrow). The short arrow shows the left-sided bra-
chiocephalic trunk

a b

c d

Fig. 12 Young patient with a double-aortic arch. (a, b) 
Show the right and left sides of the aortic arch (arrows), 
respectively. (c, d) Shows a dark-blood T2w-TSE image 
of the aortic configuration (arrows point to the right and 

left aortic arch). Note that this morphological image 
provides a better insight into the mediastinal structures 
that are encircled than the contrast-enhanced MR 
angiography
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Especially of note is the development of a tra-
cheomalacia, which persists even if the vascular 
or fibrotic ring is surgically relieved. MDCT and 
MR are well-established imaging techniques for 
visualization of the vasculature and relationship 
between vessels and other mediastinal structures, 
especially the trachea (Simoneaux 1995 #4524) 
(Berdon 2000 #2439) (Sebening 2000 #2904). 
Depending on the institutional setting these 
examinations are performed in intubated patients, 
which subsequently make an evaluation of a 
potential tracheomalacia impossible. CT allows 
for an easier 3D reconstruction of the dataset, 
which is a crucial issue for the cardiothoracic sur-
geon. However (to limit radiation exposure) CT 
is limited to static images while MR images can 
be acquired dynamically (i.e., by axial CINE 
acquisitions) to demonstrate the pulsatile and 
respiratory effects on the mediastinal structures.

6  Extravascular Disorders

The most frequent extravascular disorder affect-
ing the PA is mediastinal tumor spread with com-
pression or infiltration of the PA and/or 
PV. Studies have documented the value of MRI in 
the detection and evaluation of mediastinal and 
arterial invasion by bronchial carcinoma. This 
information is critical in planning the resection of 
the carcinoma. When vascular invasion is pres-
ent, a heart-lung machine has to be used during 
the operation and a suitable vascular interposi-
tion graft available. The long-term survival rate is 
significantly reduced in patients with pulmonary 
vascular invasion (Chunwei et al. 2003; Ohno 
et al. 2001). The lung parenchyma should also be 
evaluated during preoperative staging; thus, a CT 
is most often performed despite the high diagnos-
tic quality of MRI.

The presence of aneurysms in the setting of 
Behçet disease or Hughes-Stovin syndrome 
(Kindermann et al. 2003; Oliver et al. 1997) and 
involvement by vasculitis are relatively rare indi-
cations for imaging of the pulmonary vessels. 
The primary cross-sectional imaging study in 
these cases is still CT, whose capabilities have 
been greatly augmented by the advent of multide-

tector technology. MRA should be considered in 
cases where CT is contraindicated due to renal 
failure or thyroid dysfunction, and should be 
avoided in young patients.
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Asthma

David G. Mummy, Wei Zha, Ronald L. Sorkness, 
and Sean B. Fain

Abstract

Asthma is a disease with significant clinical 
impact and growing incidence, particularly in 
children. It is characterized by a complex 
interplay of environmental and genetic factors 
that affect airway structure and function, lead-
ing to recurrent and spatially heterogeneous 
airway obstruction. Conventional methods for 
evaluating lung function using spirometry and 
plethysmography are neither capable of 
assessing regional obstruction nor the regional 
dynamics of airway obstruction. MRI meth-
ods that exploit gas contrast agents have 
emerged as an attractive approach for evaluat-
ing heterogeneity and mechanisms of airway 
obstruction in the asthmatic lung without 
requiring ionizing radiation. Specific gas 
agents that show promise include hyperpolar-
ized gases, oxygen enhancement, and fluori-
nated gases. Hyperpolarized (HP) helium-3 
(3He) and xenon-129 (129Xe) MRI techniques 
in particular have enabled visualization of the 
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airspaces of the lungs, including the large air-
ways and lung parenchyma, during breath- 
held and dynamic respiratory maneuvers. This 
method has been applied to study disease pro-
gression, response to therapy, and asthma phe-
notypes. Diffusion-weighted MRI may be 
used to measure the dimensions of small air-
ways and alveolar microstructure, allowing 
for the determination of structural changes 
associated with disease progression. Ultrashort 
echo time (UTE) MRI, an emerging tech-
nique, allows for rapid 3D acquisition of lung 
images at a resolution approaching that of 
CT. Patterns of poor ventilation observed on 
HP MRI identify regions of obstruction that 
may reflect underlying structural changes in 
the airway such as remodeling or chronic 
inflammation. HP MRI has also been used in 
conjunction with CT to perform image-guided 
sampling of airways leading to areas of poor 
ventilation in the lung, enabling the develop-
ment of biomarkers of disease. These multi-
modality comparisons between CT and HP 
MRI may help evaluate regional structure-
function relationships to assess causal mecha-
nisms of disease and response to therapy and 
potentially to develop new disease phenotypes 
associated with clinical outcomes and health-
care utilization.

Glossary of Acronyms

%DLCO Percent predicted diffusing capacity of 
the lung for carbon monoxide

ACOS Asthma-COPD overlap syndrome
ADC Apparent diffusion coefficient
BAL Bronchoalveolar lavage
BT Bronchial thermoplasty
CF Cystic fibrosis
COPD Chronic obstructive pulmonary disease
DWI Diffusion-weighted imaging
FEV1 Forced expiratory volume in 1 s
FID Free induction decay
FLASH Fast low-angle shot
FRC Functional residual capacity
FSE Fast spin echo
FVC Forced vital capacity

GRE Gradient-recalled echo
HP Hyperpolarized
IOS Impulse oscillometry
IPF Idiopathic pulmonary fibrosis
MDCT Multi-detector computed tomography
OE Oxygen enhanced
OTF Oxygen transfer function
PET Positron emission tomography
PFT Pulmonary function test
PSE Percent signal enhancement
qCT Quantitative CT
RF Radio frequency
RV Residual volume
SEOP Spin-exchange optical pumping
SNR Signal-to-noise ratio
SPECT Single-photon emission computed 

tomography
SSFSE Single shot fast spin echo
SV Specific Ventilation
TLC Total lung capacity
UTE Ultrashort echo time
V/Q Ventilation/perfusion
VDP Ventilation defect percent
Xrms Chi root-mean-square acinar dimension

Key Points

Asthma is characterized by recurrent air-
way obstruction and has a significant and 
increasing clinical impact worldwide. 
Since conventional methods of evaluating 
lung function cannot assess spatial patterns 
and regional dynamics of airway obstruc-
tion, MRI methods that exploit gas contrast 
agents, including hyperpolarized (HP) 
helium-3 and xenon-129, oxygen enhance-
ment, and fluorinated gases, are an attrac-
tive approach for evaluating airway 
obstruction without the use of ionizing 
radiation. HP gas MRI techniques enable 
visualization of the airspaces of the lungs 
and have been most extensively applied to 
study asthma, including severity, therapy 
response, and disease phenotypes. 
Diffusion-weighted imaging with HP gas 
MRI is capable of measuring the dimen-
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1  Introduction

This chapter describes the application of MR 
imaging of lung function to the study of asthma. 
Asthma affects millions of people worldwide, 
and trends indicate increasing incidence, partic-
ularly among children. The first section of the 
chapter focuses on a general overview of asthma 
as a disease, characterizes the obstructive physi-
ology involved in asthma, and describes its clini-
cal presentation. This section includes the 
rationale for imaging in asthma specifically as a 
useful tool to advance our understanding of the 
basic phenotypes of this disease and for charac-
terizing regional heterogeneity in the lungs. 
Subsequent sections are dedicated to the role of 
different gas agents used for both breath-held 
and dynamic MRI of ventilation, including 
hyperpolarized (3He and 129Xe), oxygen-
enhanced, and fluorinated gases. These tech-
niques also serve to advance our current 
understanding of the physiologic meaning of 
observed “ventilation defects.” While the empha-
sis is on the role of hyperpolarized (HP) gases, 
resurgent methods using oxygen- enhanced and 
fluorinated gas are included given their potential. 
Approaches to the measurement and quantifica-
tion of ventilation defects observed in asthma are 

reviewed, with a focus on the use of ventilation 
images to explore mechanisms of airway closure 
and disease progression and to target and evalu-
ate regional disease and response to therapy. 
Diffusion-weighted MRI with HP gas is given 
treatment, with emphasis on its potential to 
investigate lung microstructure and small 
 airways disease in asthma. The next sections 
present preliminary clinical results derived from 
the use of these techniques, including studies of 
asthma phenotypes and clinical correlates of 
ventilation heterogeneity. The final sections are 
dedicated to emerging techniques likely to 
impact the study of asthma using MRI, espe-
cially the growing role of ultrashort echo time 
(UTE) MRI, 3D radial imaging, and the ongoing 
transition from HP 3He to HP 129Xe MRI.

2  Background

Asthma is a significant cause of disease, disabil-
ity, and healthcare utilization. It is estimated that 
over 600 million people worldwide are affected 
by some form of the disease (To et al. 2012). 
There are over seven million asthmatic children 
in the United States alone, and prevalence is 
increasing (Akinbami et al. 2012). In addition to 
the substantial strain this imposes on the health-
care system, asthma disease burden results in 
millions of school- and work-days lost each year 
(Akinbami et al. 2012).

Asthma is an obstructive airways disease 
characterized by chronic inflammation of the air-
ways, resulting in obstruction of airflow and 
symptoms of wheezing, chest tightness, cough, 
and overall difficulty breathing. These symptoms 
are often reversible, but persistent airway limita-
tion may also occur. Acute episodes of airway 
obstruction may be triggered by stimuli such as 
respiratory viral infections, exposure to aller-
gens, or exercise, which are superimposed on an 
underlying chronic inflammatory process that 
renders the airways hyperresponsive to perturba-
tions that in normal airways would evoke a negli-
gible response. The etiology of the disease is 
recognized as a complex combination of genetic 
and environmental risk factors. Differing patterns 

sions of the small airways that are a locus 
of ventilation heterogeneity in asthma. 
Both oxygen-enhanced and fluorinated gas 
MRI are less well developed in asthma, but 
may hold promise for broader dissemina-
tion. Ultra-short echo time (UTE) MRI, is 
also an emerging technique, capable of 
volumetric lung images at a resolution 
approaching that of CT. Ultimately, HP gas 
MRI in conjunction with CT or UTE MRI 
may be used to perform image-guided sam-
pling or therapy of airways associated with 
areas of poor ventilation in the lung. A 
regional evaluation of the relationships 
between structure and function remains a 
promising approach for understanding and 
phenotyping asthma for new therapies.
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of asthma (e.g., inception, lability, responsive-
ness to treatment, severity) likely represent dif-
ferences in underlying airway pathophysiology, 
but definitions of distinct asthma phenotypes 
suitable for guiding treatment remain elusive 
(Lotvall et al. 2011). Structural remodeling likely 
has a role in driving the obstructive physiology. 
This remodeling includes wall thickening stem-
ming from a combination of subepithelial and 
smooth muscle thickening and an increase in the 
mucus-producing structures (goblet cells and 
submucosal glands), as illustrated in Fig. 1. 
Moreover, there is a wide spectrum of severity in 
patients with asthma and considerable debate as 
to the relative roles of the environmental and 
remodeling factors in determining disease 
severity.

This uncertainty is in part due to the indirect 
nature of the information used to study asthma 
thus far. Much of what is known about asthma, 
and obstructive lung diseases in general, was 

gleaned from careful studies using whole-lung 
measurements of airflow (i.e., spirometry), lung 
volume (i.e., plethysmography) (Levitzky 
2013; Evans and Scanlon 2003), and direct 
bronchoscopic assessment (Jarjour et al. 2012). 
Spirometry shows that obstructive lung dis-
eases including asthma and chronic obstructive 
pulmonary disease (COPD) are characterized 
by a reduction in forced expiratory volume at 
1 s (FEV1), forced vital capacity (FVC; an indi-
cator of the air trapping component of obstruc-
tion), and the FEV1/FVC ratio (an indicator of 
the airflow limitation component of obstruc-
tion) (Evans and Scanlon 2003). However, spi-
rometry is relatively nonspecific for 
distinguishing asthma from COPD, and sub-
stantial overlap is common. Generally, COPD 
refers to a spectrum of obstructive lung diseases 
including chronic bronchitis, emphysema, and 
asthmatic bronchitis (Petty 2003), as opposed 
to typical asthma, which is largely  characterized 

Normal

Severe

Mild/
Moderate

Fig. 1 Pathophysiological processes governing airway 
injury and remodeling in asthma. Basal membrane thick-
ening and smooth muscle hypertrophy and hyperreactivity 
are believed to occur due to chronic injury and airway 
remodeling. In particular, wall thickening in the  epithelium 

(Epi) and lamina reticulata (LR) has been shown to be 
associated with severe asthma on histology (panels in 
right column) and using CT imaging (Adapted from 
Shifren et al. (2012) with permission)
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by more reversible obstruction. However, air-
way remodeling may lead to a nonreversible 
component in asthma as well as chronic reduc-
tion in FEV1/FVC ratio and persistent airflow 
limitation (Sorkness et al. 2008). Bronchoscopic 
assessment and postmortem histology support 
the existence of airway remodeling as a signifi-
cant component of more severe asthma (James 
et al. 2009; Jarjour et al. 2012). In several stud-
ies, more severe asthma is associated with 
decreased FVC and increased residual lung vol-
ume (RV) that also suggest increased air trap-
ping at low lung volumes (Sorkness et al. 2008; 
Brown et al. 2006).

Conventionally, lung obstruction is assessed 
using spirometry and plethysmography (Levitzky 
2013; Evans and Scanlon 2003), global measure-
ments commonly referred to collectively as “pul-
monary function tests” or PFTs (Fig. 2). PFTs are 
derived from respiratory maneuvers designed to 
measure fixed lung volumes and dynamic airflow 
curves (Winn et al. 2003). Both FEV1 and FEV1/
FVC (Levitzky 2013) are reduced in asthma 
because the large and small airways in the lungs 
have increased resistance to airflow due to nar-
rowing and collapse, limiting both the total vol-
ume of air exhaled and the rate of exhaled airflow. 
Plethysmography, using Boyle’s law and a “body 
box” (Levitzky 2013), is less commonly used 
than spirometry but is capable of measuring 

absolute lung volumes, including the total lung 
capacity (TLC), functional residual capacity 
(FRC), and RV. Both FRC and RV are typically 
increased in asthma due to hyperinflation and air 
trapping, respectively (Sorkness et al. 2008).

Impulse oscillometry (IOS) is another impor-
tant global method for characterizing heterogene-
ity in the biomechanical properties of the airways. 
IOS has also been a useful correlate in imaging 
studies and has shown potential for characteriz-
ing early disease changes and heterogeneity of 
disease as it relates to mechanical properties of 
the airways, especially in pediatric asthma 
(Rabinovitch et al. 2014; Guilbert et al. 2014b).

Conventional PFTs are inexpensive and 
widely accessible and are standardized to refer-
ence values for different populations, gender, 
and body size (Hankinson et al. 1999; Quanjer 
et al. 2012). Standardization makes it possible to 
make general comparisons of disease severity 
across different populations in order to screen 
and monitor disease progression. Spirometry 
and plethysmography cannot explore the regional 
mechanics of airway obstruction, however, and 
direct bronchoscopic assessment is invasive and 
can only sample very limited regional structure 
(Benayoun et al. 2003). Therefore, imaging 
methods are well positioned for in vivo studies 
of regional heterogeneity and dynamics of air-
way obstruction in asthma. This has led to the 

Forced expiration maneuver

FEV1

Time

FVC

Volume

0 s 1 s

Fig. 2 Global lung function can be assessed using pulmo-
nary function tests such as spirometry and plethysmogra-
phy. The time-volume curves shown here illustrate the 
decrease in forced expiratory volume in 1 s (FEV1) and 

forced vital capacity (FVC) in asthma subjects vs. healthy 
subjects, suggesting airway obstruction to flow. However, 
these whole-lung methods do not provide the regional spec-
ificity that may be obtained via imaging
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increasing role of multiple detector computed 
tomography (MDCT) and functional lung imag-
ing using MRI. In asthma, most of this work has 
focused on imaging of gas ventilation of the 
lungs, principally with HP 3He (though increas-
ingly with HP 129Xe), but oxygen-enhanced and 
fluorinated gas MRI are likely to find increased 
applications as well.

2.1  Role of Imaging in Asthma

The clinical standard of care for diagnosis of lung 
disease in general is MDCT. While MDCT pro-
vides high contrast and resolution in the airways 
and lung parenchyma, it cannot readily assess 
lung function. Typically, a high CT radiation 
dose is associated with regional ventilation and 
perfusion studies of lung function. This raises 
challenges for the study of asthma in particular, 
which often involves pediatric subjects 
(Miglioretti et al. 2013) and the need for longitu-
dinal and interventional studies requiring 
repeated imaging exams (Hurwitz et al. 2007). 
However, MDCT remains important as a tool for 
understanding airway and parenchymal structure 
in asthma. For example, the application of MDCT 
provides direct measurement of structures in the 
central airways (Fig. 3) such as wall thickening, 
airway lumen narrowing and closure, and mucus 
plugging associated with increased asthma sever-
ity (Aysola et al. 2008), often measured in con-

junction with various respiratory maneuvers such 
as deep inspiration (Brown et al. 2000). 
Quantitative CT (qCT) measures (Lynch and 
Al-Qaisi 2013) of airway morphology and lung 
parenchymal density in multi-center trials sug-
gest that structural remodeling of the central air-
ways drives some aspects of the obstructive 
physiology, especially for severe asthma, where 
wall thickness and air trapping measures corre-
late to more severe outcomes (Aysola et al. 2008; 
Busacker et al. 2009; Gupta et al. 2015). Despite 
such advances in the noninvasive imaging of lung 
structure using qCT, the functional consequences 
of airway remodeling and the spatial and tempo-
ral dynamics of airway obstruction in asthma 
remain only partially characterized. Moreover, 
safety concerns raise significant question as to 
the viability of both X-ray CT (given the risk of 
ionizing radiation dose (Mayo 2008)) and inva-
sive bronchoscopy in pediatric populations and in 
the longitudinal studies necessary for a compre-
hensive study of asthma phenotypes and disease 
progression.

The primary clinical approaches for evaluat-
ing ventilatory patterns in the lungs are single- 
photon emission computed tomography (SPECT) 
and nuclear scintigraphy with inhaled technegas, 
i.e., technetium (Tc)-99m-labeled aerosol or 
133Xe (Howarth et al. 1999; Newman et al. 2003). 
However, these conventional nuclear imaging 
methods remain limited in resolution, coverage, 
and signal-to-noise ratio (SNR). Nuclear imaging 

Fig. 3 Inspiratory (left) and expiratory (right) CT of the 
central airways in a subject with asthma. A case of airway 
collapse is indicated by changes in the airway lumen indi-

cated (yellow arrow). Airway collapse is one mechanism 
driving obstruction and air trapping at lower lung vol-
umes, functional reserve capacity (FRC) in this case

D.G. Mummy et al.
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methods are challenged to depict the heterogene-
ity and dynamics of airway obstruction in asthma 
due to reduced spatial and temporal resolution. 
Nonetheless, 13N2 gas positron emission tomog-
raphy (PET) has been successfully applied to the 
study of asthma in the research setting (Vidal 
Melo et al. 2003) but with limited spatial cover-
age and a requirement for extended breath-hold 
times.

MRI is well positioned for longitudinal inves-
tigations of in vivo heterogeneity and dynamics 
of airway obstruction in asthma. The low sensi-
tivity of PFTs has driven pulmonary clinicians 
and radiologists to seek more sensitive regional 
measures of asthma. A niche exists for MRI 
applications of functional lung imaging that can 
exploit the modality’s three-dimensional (3D) 
and time-resolved imaging capabilities while 
providing sufficient contrast resolution in the 
airways and lung parenchyma. In general, visu-
alization of the airspaces of the large airways 
and parenchyma using functional lung MRI in 
asthma is similar in concept to nuclear imaging 
with inhaled 133Xe gas, but with superior SNR 
and 3D coverage, and without the use of ionizing 
radiation. Consequently, there has been signifi-
cant interest and activity in MRI techniques, 
especially in HP 3He (and also 129Xe) MRI, 
among the pulmonary research community, 
including its use in several large-scale longitudi-
nal clinical research studies (Jarjour et al. 2012; 
Bel et al. 2011).

3  Characterization 
of the Asthmatic Lung 
with MRI

3.1  Functional Lung Imaging 
with MRI

Various gas agents are used to produce contrast 
in the ventilated lungs using MRI (Fig. 4 and 
Table 1). These include oxygen, fluorinated 
gases (typically sulfur hexafluoride (SF6) and 
hexafluoroethane (C2F6)), and hyperpolarized 
gases (3He and 129Xe). Protocols, methodology, 
and analysis approaches used for each gas are 

described with some detail in other chapters in 
this book and below. Both HP 3He and 129Xe are 
dependent on polarizer and multinuclear tech-
nology that is not widely available (Fain et al. 
2010), and gas shortages, limited accessibility, 
and high cost of these gases have hampered the 
dissemination of these techniques until recently. 
In response to these disadvantages, other gas 
agents used in functional lung imaging have 
become resurgent. These include oxygen-
enhanced (Edelman et al. 1996) and fluorinated 
gas MRI (Kuethe et al. 1998) methods that have 
emerged as possible alternatives, with lower-cost 
profiles and potential for wider accessibility than 
HP gases (Table 1). Both of these alternative 
gases are described in terms of their basic imple-
mentation and their potential application to the 
study of asthma.

3.2  Hyperpolarized Gas Imaging

Clinical research applications of HP 3He MRI 
have been demonstrated in childhood asthma 
(Cadman et al. 2013; Altes et al. 2016), severe 
asthma (Jarjour et al. 2012; Bel et al. 2011), and 
exercise-induced asthma (Kruger et al. 2014b). 
However, the gases involved are expensive, 
require hardware modifications to the typical 
clinical MRI to enable multinuclear imaging 
(similar to those needed for fluorinated gases), 
and require a polarizer system. The basics of 
hyperpolarized gas preparation have already been 
described elsewhere, and either metastability 
(Gentile et al. 2000) or SEOP (Walker and 
Happer 1997) methods can be used. The patient 
or research subject is generally imaged in the 
supine position; consequently, gradients in venti-
lation and alveolar size are expected from ante-
rior to posterior due to gravity dependence. 
Minimizing the duration of the study mitigates 
the development of posterior atelectasis, which is 
not a problem for typical exam times of 30 min or 
less. Both 2D multi-slice and 3D spoiled gradient- 
recalled echo (GRE) pulse sequences are rou-
tinely used for breath-held and dynamic MRI in 
clinical research (Table 2). Spin density images 
of ventilation during a breath-hold have been 
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most commonly used to date for the study of 
asthma because of ease of implementation and 
repeatability across different visits and collaborat-
ing institutions (Niles et al. 2013; Mathew et al. 
2008). HP gases have a unique ability to measure 
the regional dimensions of lung microstructures 
during a single breath-hold. For example, diffu-
sion-weighted imaging (DWI) can quantitatively 
measure change in small airway and alveolar 
microstructures due to aging and disease (Salerno 
et al. 2002; Yablonskiy et al. 2002; Fain et al. 
2005), especially in emphysema due to tissue 
loss caused by smoking (Fain et al. 2006) or α-1-
antitrypsin deficiency (Salerno et al. 2002).

3.2.1  Image Analysis Methods
The development of more objective quantitative 
measures of the severity and extent of ventilation 
defects is critical to the advance of HP MRI 
 technology. The most common metric currently in 
use is the ventilation defect percent (VDP), which 
is calculated by summing the defect volume over a 
given region of the lung and then normalizing to 
the total regional lung volume (Woodhouse et al. 

2005; Pike et al. 2015). Proton MRI is generally 
used in conjunction with this method to segment 
the lung volume. VDP is commonly reported as a 
whole-lung metric but is also used over subregions 
of the lung to provide a quantitative measure of 
both defect extent and spatial heterogeneity. 
Multiple investigators have independently con-
verged on the use of VDP as a biomarker of the 
severity of obstruction, which has prompted recent, 
more coordinated efforts to develop automated 
methods of defect segmentation (Tustison et al. 
2011; He et al. 2014). These pipelines include 
steps to exclude the pulmonary vascular structure 
using the vesselness filter (Frangi et al. 1999) and 
intensity correction of the gas images (Tustison 
et al. 2010). Recent methods have integrated these 
approaches with an adaptive k-means clustering 
algorithm for segmenting ventilation defects, 
allowing for rapid, reproducible calculation of 
VDP (Zha et al. 2016). These semiautomated 
approaches typically require supervised segmenta-
tion of the lung volume, but otherwise use auto-
mated classifiers to define four clusters of signal 
intensity (Fig. 5). The lowest signal intensity 

Fig. 4 Representative images of the four main gas agents 
used in ventilation-weighted MRI: helium-3, xenon-129, 
oxygen-enhanced (OE) and perfluorinated gas (PF). The 
PF image is adapted from (Kruger et al. 2016). In the OE 

contrast image, enhancement extends beyond the lung 
parenchyma and includes the blood pool as indicated by 
the enhancement in the aorta (arrow)

D.G. Mummy et al.
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 pixels (or a fraction thereof) are classified as venti-
lation defects. More sophisticated analyses have 
recently incorporated measurements of higher 
intensity pixels that may reflect more highly 
inflated lung regions stemming from ventilation 
heterogeneity. Although early in development, it is 
reasonable to assume that a more complete picture 
of both low and high ventilated regions will better 
 capture the regional picture of ventilation hetero-
geneity in asthma.

3.2.2  Applications to Asthma
HP gas MRI has a distinct advantage in its ability 
to perform repeated breath-held images of venti-
lation, and it has uniquely shown the natural 
dynamics of ventilation defects over intervals of 
weeks (Niles et al. 2013), months, and years (de 
Lange et al. 2009; Svenningsen et al. 2014a). The 
visualization of elements of airway dynamics and 
heterogeneity over short time intervals can also 
be achieved using interventions such as breath- 
hold maneuvers, or before and after airway inter-
ventions. For example, HP 3He MRI can be 
performed during breath-hold before and after 

bronchodilation (Fig. 6), exercise (Fig. 7), metha-
choline challenge (Samee et al. 2003; Kruger 
et al. 2014b; Niles et al. 2013), or deep breathing 
maneuvers (Sani et al. 2008; Black et al. 2004) to 
assess airway response. The VDP and similar 
measures of ventilation on HP 3He MRI have 
been variously correlated with spirometric mea-
sures of both FEV1 and FEV1/FVC percent 
 predicted (PP), with degree and significance of 
the correlation differing among study popula-
tions (Kruger et al. 2014b; Svenningsen et al. 
2014b; Zha et al. 2016). HP gas MRI is also use-
ful in validating more accessible surrogate bio-
markers of obstructive physiology, such as serum 
markers (Johansson et al. 2013a) including von 
Willebrand factor and P-selectin. Regional 
assessment of defect volume allows cross-modal-
ity comparisons with abnormalities and airway 
morphology on MDCT and with localized mea-
surements performed via bronchoscopy, as will 
be discussed later in this chapter.

Breath-held images acquired at a fixed lung 
volume (approximately 1 L above FRC) are only 
measuring a short snapshot of the temporally 

a b c

d e f

Fig. 5 Typical examples of segmented defects and the 
corresponding ventilation maps at middle slices of three 
subjects on HP 3He MRI. The segmented defects for a 
normal subject (a), mild-to-moderate asthma (b), and 
severe asthma (c) are outlined with color-coding by lung 
lobe: right upper lobe (RUL) in green, right middle lobe 
(RML) in yellow, right lower lobe (RLL) in cyan, left 

upper lobe (LUL) in magenta, and left lower lobe (LLL) in 
red. In the second row, the corresponding semiquantitative 
ventilation maps (d, e, f) contain four ventilation levels: 
the ventilation defect region (VDR) in red, low-ventilated 
region (LVR) in orange, moderately ventilated region 
(MVR) in green, and highly ventilated region (HVR) in 
blue
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 complex evolution of airway obstruction in asthma 
during the respiratory cycle. A more complete 
study of this obstruction would ideally capture the 
dynamic components of the disease that have been 
shown to depend on airway size, lung volume, and 
respiratory effort (Mead et al. 1967, 1970; Sa et al. 
2014). Temporally resolved imaging of gas flow 
and kinetics is possible with HP gas MRI, and sev-
eral acquisition methods have shown early prom-
ise. MRI in combination with inspiratory or forced 
expiratory maneuvers can capture regional 
obstruction within a single respiratory cycle. 
Spiral (Salerno et al. 2001) and projection acquisi-
tion (Wild et al. 2003) trajectories have been used 
to accelerate temporal and spatial resolution for 
assessing inspiratory obstruction in cystic fibrosis 
(CF) patients (Koumellis et al. 2005) and COPD 
patients (Salerno et al. 2001). Specific to asthma, 
forced exhalation with dynamic HP 3He MRI has 
shown a retained signal intensity that correlates 
well with air trapping on MDCT and residual vol-
ume measurements that correlate with plethys-

mography (Holmes et al. 2008, 2009). Most 
recently, this technique has been used to explore 
temporal dynamics of HP 3He gas during a single 
breath-hold (Hahn et al. 2016a).

However, the full realization of regional quan-
titative ventilation maps faces significant techni-
cal challenges, principally due to inconsistent 
lung volume over the duration of the gas wash-in 
and washout. Several mechanical ventilation 
techniques (Hamedani et al. 2016) or coached 
breath-hold methods (Horn et al. 2014) have 
shown promise, but more technical advances in 
the area of constrained reconstruction (Holmes 
et al. 2009; Collier and Wild 2015) and simulta-
neous anatomic and gas imaging (Wild et al. 
2013) are necessary to perform dynamic respira-
tory maneuvers and fractional ventilation studies 
robustly within a clinical setting.

Diffusion-weighted HP gas MRI is a potential 
noninvasive probe for investigating small airway 
disease in asthma. The capability to measure 
small airway and alveolar structures at the scale 

Fig. 6 Ventilation defects observed on HP 3He MRI before 
and after administration of albuterol, an inhaled broncho-
dilator. In subject A (top row), a ventilation defect observed 
pre-bronchodilator (left column) appears refractory to the 

bronchodilator, as it is still present in the post- 
bronchodilator image (right column). In subject B, how-
ever, multiple ventilation defects (white arrows) exhibit 
substantial reduction in extent following treatment
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of 10–100 microns is a currently underappreci-
ated advantage for the study of asthma, a disease 
in which small airways disease is known to be a 
major, but difficult to study, component. However, 
using just two b-values to determine the apparent 
diffusion coefficient (ADC), the method com-
monly used to investigate emphysema, has been 
less useful in asthma, likely due to the complex-
ity of small airways disease. In asthma, air trap-
ping, hyperinflation, and small airway narrowing 
may be occurring simultaneously. Interestingly, 
children with asthma were found to have 
restricted gas diffusion compared to healthy sub-
jects, consistent with smaller bronchioles and 
alveolar spaces (Cadman et al. 2013). Further 
refinement of these measures – especially to 
address the simultaneous conditions of small air-
way narrowing and gas trapping – requires more 

realistic models of the acinar (gas exchange) 
units of the lungs similar to that by Sukstanskii 
and Yablonskiy (2012) and demonstrated recently 
in healthy aging (Quirk et al. 2016). Such 
approaches show promise for illuminating the 
microstructural airway and alveolar changes 
associated with asthma disease progression.

3.3  Oxygen-Enhanced Imaging

Oxygen-enhanced (OE) T1 mapping techniques 
(Chen et al. 1998; Hatabu et al. 2001) enable 
assessment of ventilation patterns in chronic 
obstructive pulmonary disease (Ohno et al. 
2008a), and specific ventilation patterns have 
been assessed using dynamic wash-in and wash-
out methods (Sa et al. 2010b). Oxygen is widely 

a

b

Fig. 7 Repeated HP 3He MRI in exercise-induced asthma 
showing two separate visits 1 week apart in the same 
patient in rows A and B. Columns correspond to pre- 
challenge (baseline), 10 min. after exercise challenge 

(post-challenge) on a treadmill, and 45 min after chal-
lenge (recovery), respectively. Red arrows indicate defects 
that recur in the same regional pattern (From reference 
Niles 2013; used with permission)
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available in the clinic, including in most MRI 
suites, and does not require specialized hardware 
or modifications to clinical scanners (Table 1). 
While this technique has shown strong correla-
tions with other functional lung imaging methods 
and PFTs in numerous studies of obstructive lung 
disease, studies in asthma are presently limited. 
Although promising, further investigation of the 
reproducibility of quantitative measures of venti-
lation derived from OE MRI is needed (Kruger 
et al. 2016). Typically, OE is performed using a 
dual acquisition: one during inhalation of 21% O2 
(normoxic) and the other during inhalation of 
100% O2. Most researchers allow 1–2 min 
between changes in fractions of inhaled O2 to 
avoid transient effects. The change in T1 between 
these two scans is widely considered to be pre-
dominantly ventilated weighted. Both respiratory 
(Vaninbroukx et al. 2003) and cardiac triggering 
have been implemented successfully for 2D OE 
MRI (Dietrich et al. 2005; Molinari et al. 2007). 
Typically, non-rebreather face masks are used 
with a constant flow of oxygen at 15 L/min 
(Renne et al. 2015; Molinari et al. 2008).

OE MRI shows promise for providing a more 
quantitative evaluation of ventilation than is cur-
rently possible with direct imaging of gas con-
trast agents such as HP and fluorinated gases. The 
most promising aspect of OE MRI in asthma is 
its ability to capture wash-in and washout kinet-
ics of oxygen. Dynamic 2D OE MRI images 
were obtained by averaging single-shot fast spin 
echo (SSFSE) images over a moving temporal 
averaging window and calculating percent signal 
enhancement (PSE) relative to baseline. Recent 
works by Ohno et al. (2008b, 2002) with dynamic 
OE MRI found a correlation of PSE with the per-
cent predicted diffusing capacity of the lung for 
carbon monoxide (%DLCO). Oxygen wash-in 
time was also shown to correlate inversely with 
%DLCO and FEV1. In one implementation, 
dynamic OE MRI has also been used to measure 
regional specific ventilation (SV) (Sa et al. 2014). 
In this method, oxygen is cycled between wash-
 in and washout by switching from normoxic to 
100% oxygen and back again several times. 
Fitting the time course of wash-in as a means of 
estimating SV has the advantage of being inde-

pendent of the absolute level of enhancement, 
avoiding the ambiguity inherent in the use of 
oxygen-enhanced contrast due to mixing of gas 
ventilation and blood perfusion. A similar 3D 
approach has been developed to measure time 
constants of oxygen wash-in and washout as 
regional measures of obstruction in asthma 
(Naish et al. 2005). A basic limitation of OE MRI 
is that it does not provide diffusion-weighted 
contrast within the physical lung airspaces.

3.3.1  Applications to Asthma
The ready availability of oxygen and the freedom 
from dedicated multinuclear imaging hardware 
make OE MRI a promising research tool with 
high potential for clinical research applications in 
asthma. The technique has shown strong correla-
tions with other reference standards for pulmo-
nary function such as PFT, CT, %DLCO, 
scintigraphy, and HP 3He MRI. Using dynamic 
OE MRI, the oxygen wash-in slope was found to 
inversely correlate with %DLCO in smoking-
related COPD (Ohno et al. 2008b) and in idio-
pathic pulmonary fibrosis (IPF) (Müller et al. 
2002). Before OE MRI can move into routine 
clinical use, however, further work in improving 
SNR and time efficiency, quantitative analysis, 
and reproducibility of the various OE MRI met-
rics is needed.

3.4  Fluorinated Gas Imaging

Fluorinated gases are an attractive choice as a 
contrast agent because the 19F isotope is 100% 
naturally abundant, with a high gyromagnetic 
ratio approximately equal to that of 1H (Ruiz- 
Cabello et al. 2011). Though fluorinated gases 
themselves are relatively inexpensive, dedicated 
multinuclear transmit and receive radio fre-
quency (RF) coils are required. Thus, fluorinated 
gases fall somewhere between oxygen and HP 
gases on the scale of cost and technical complex-
ity (Table 1). While modeling of fluorinated gas 
kinetics has not been fully realized, technical 
advances in image acquisition and engineering 
have made dynamic imaging of gas wash-in and 
washout feasible. Respiratory-controlled breath-
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ing (Halaweish and Charles 2014) is used to 
enable both dynamic imaging and multiple breath 
wash-in to improve SNR for normoxic steady- 
state breath-hold imaging. The short T1 recovery 
time of fluorinated gases combined with the use 
of equilibrium phase polarization allows for 
repeated acquisitions over short temporal win-
dows. Therefore, fluorinated gases are well suited 
for dynamic imaging of ventilation. For dynamic 
imaging applications, fast low-flip angle GRE 
sequences with non-Cartesian readout trajecto-
ries and frequent sampling of the central region 
of k-space are used. The first feasibility study of 
dynamic fluorinated gas MRI was done in a pig 
model by Schreiber et al. (2001), who measured 
SF6 washout time constants and demonstrated an 
inverse correlation between washout time and 
tidal volume. In a rat study comparing SF6 and 
C3F8 for the purpose of mapping regional frac-
tional ventilation, Ouriadov et al. (2014) showed 
that while SF6 baseline images had superior SNR, 
both gases yielded similar values for fractional 
ventilation. Moreover, a gravitational depen-
dence of fractional ventilation was observed, in 
good agreement with previous results using 
nuclear imaging, HP MRI, and OE MRI (Kruger 
2013; Kruger et al. 2013; Sa et al. 2010a; 
Petersson et al. 2007).

Diffusion-weighted imaging of fluorinated 
gases within the lung airspaces is feasible. To 
mitigate rapid T2 and T2* decay, radial free 
induction decay (FID) sequences with short TE 
are most commonly employed for DWI with 
19F. The first example was a 2005 study in which 
Perez-Sanchez et al. (2005) measured an average 
ADC of SF6 in five rats as 2.22 · 10−6 m/s2. The 
expected anisotropy of diffusion was in agree-
ment with previous studies (Chen et al. 1999; 
Yablonskiy et al. 2002). Interestingly, ADC mea-
sured at FRC was not significantly different from 
the ADC measured at TLC. This result differed 
from previous 3He results that showed that ADC 
increased with lung inflation volume (Chen et al. 
2000).

3.4.1  Applications to Asthma
Fluorinated gas MRI techniques have only 
recently experienced a resurgence and have not 

been extensively applied to the study of asthma, 
although feasibility has been shown (Halaweish 
et al. 2013). Fluorinated gas MRI has the poten-
tial for providing information similar to that pro-
vided by HP gases but without the complexity 
and cost required to site and operate a polarizer 
system.

3.5  Multimodality Airway 
Assessment

Combining functional images of ventilation with 
other measures of lung disease is a potentially 
powerful approach to characterizing mechanisms 
of airway obstruction in asthma. For example, it 
is possible to establish spatial relationships 
between regional measures of ventilation and 
overlapping biomarkers of airway inflammation 
and morphology using either a structural imaging 
modality such as MDCT or direct bronchoscopic 
assessment. Such approaches provide a means of 
characterizing localized disease mechanisms of 
observed regional obstruction.

Thus far, cross-modality studies in asthma use 
functional images of ventilation from MRI to 
guide localized quantitative measures of airway 
inflammation and remodeling. MDCT can be reg-
istered with hyperpolarized gas MR images to 
associate quantitative measures of the central air-
ways and lung parenchyma with regional ventila-
tion patterns. Refinement of lobar anatomy further 
enables measurements of VDP at the sublobar 
level (Thomen et al. 2015). Preliminary work has 
indicated that regional measures of airway wall 
thickness and area measured on CT are associated 
with local VDP, indicating that airway remodel-
ing is a possible mechanism underlying ventila-
tion defects observed on HP MRI (Svenningsen 
et al. 2014b; Mummy et al. 2016). In addition, 
lobar mucus plugging scores determined from CT 
have been positively associated with lobar VDP 
(Dunican et al. 2016), indicating that submucosal 
gland hypersecretion or goblet cell hyperplasia 
may be another such obstructive mechanism. This 
approach is not limited to imaging- based bio-
markers. Analysis of bronchoalveolar lavage 
(BAL) fluid from bronchoscopic sampling of sites 
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of ventilation defect has shown increased levels of 
granulocytes relative to well-ventilated control 
sites when performed both retrospectively (Fain 
et al. 2008) and prospectively (Mummy et al. 
2015), as illustrated in Fig. 8.

4  Initial Clinical Results

The vast majority of clinical research studies 
have been performed using HP gas MRI in 
asthma (Fain et al. 2008; Tzeng et al. 2009; Niles 
et al. 2013; de Lange et al. 2006; Kruger et al. 
2014b; Altes et al. 2001; Samee et al. 2003) but 
also in COPD (Virgincar et al. 2013; Salerno 

et al. 2002; Kirby et al. 2010), with a growing 
number of recent studies also focusing on CF in 
children and adults (Kirby et al. 2011; Mentore 
et al. 2005; Paulin et al. 2015). Multiple small 
studies with HP 3He MRI in subjects with asthma 
have revealed regional ventilation heterogeneity 
that has changed the way in which clinicians and 
researchers view this disease. Relatively larger 
cross-sectional and longitudinal studies (de 
Lange et al. 2006, 2007, 2009) have revealed that 
up to half of ventilation defects persist in the 
same locations over time intervals of several days 
to a year (de Lange et al. 2007). The persistence 
of ventilation defects in these studies was inde-
pendent of asthma severity and medication use, 
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Fig. 8 Distribution of the longitudinal ventilation defect 
percent (VDP) at the sublobar (segmental) level can guide 
bronchoscopic sampling. Each lung segment is located 
spatially using CT and VDP is determined via HP 3He 
MRI. Defects are used as targets for bronchoscopy (top 
three candidates shown in red text in table). The most 

well-ventilated segments (blue text) are used as control 
sites. Image-guided bronchoscopy may be used to obtain 
lavage, brushings, and tissue biopsies. In a small popula-
tion of asthma subjects (N = 10), defected sites were 
found to have elevated levels of neutrophils vs. control 
sites (boxplot shown at right; p = 0.05)
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suggesting that persistent defects were refractory 
to therapy. Because defects are observed even in 
asymptomatic patients and involve both the cen-
tral and peripheral airways, conventional assump-
tions that asthma is predominantly a small 
airways disease have been challenged (Castro 
et al. 2011; Teague et al. 2014; Castro and Woods 
2013). Multiple longitudinal studies of defects in 
asthma have confirmed pioneering work by a 
group at the University of Virginia (de Lange 
et al. 2009) that demonstrated persistence of up 
to 50% of ventilation defects over months to 
years. This pattern of ventilation defects recur-
ring in the same locations (Fig. 6) has been con-
firmed in multiple studies (Niles et al. 2013; 
Svenningsen et al. 2014a). Emerging analysis 
tools for quantifying temporal patterns can iden-
tify fixed vs. reversible defects, with possible 
clinical consequences for identifying different 
processes of airway injury for local therapies and 
better phenotyping based on predominant 
mechanisms.

4.1  Imaging-Based Asthma 
Phenotypes

Asthma is likely the result of multiple distinct 
disease processes (Wenzel 2006) and multiple 
mechanistic phenotypes are currently undergoing 
investigation and refinement (Moore et al. 2007; 
Jarjour et al. 2012; Guilbert et al. 2014a). Several 
possible roles for HP MRI in the clinic include 
improved characterization of asthma phenotypes, 
visualization and testing of mechanisms underly-
ing regional heterogeneity, and the evaluation of 
response to asthma therapies. These applications 
all exploit the ability of HP MRI to safely obtain 
repeated image sets for longitudinal studies with-
out accumulating ionizing radiation dose. 
Interventions with methacholine (de Lange et al. 
2007; Sani et al. 2008) and exercise challenge 
(Niles et al. 2013) have been safely performed 
and can provide a unique window into the dynam-
ics of airway obstruction in asthma compared to 
normal subjects.

As described in the previous section, HP MRI 
also provides a means of multimodal assessment 

of regional structure-function relationships in 
asthmatic lungs, which may facilitate potentially 
valuable insights into the obstructive mecha-
nisms underlying ventilation defects, and the cre-
ation and refinement of disease phenotypes. The 
image-guided assessment of biomarkers of 
inflammatory response (Fig. 8) and obstruction 
(including BAL/tissue biopsy, mucus plugging, 
and airway wall thickness on CT) is providing 
insights into active disease processes at sites of 
ventilation defect. Simultaneous analysis of a 
suite of standardized image biomarkers could 
allow for ventilation defects to be scored on a 
rubric based on their etiology and extent. 
Predictive cluster-based approaches (Moore et al. 
2010) could then be used to refine asthma pheno-
types based on an observed distribution of defect 
scores. If these phenotypes are found to be asso-
ciated with clinical outcomes such as disease 
progression, propensity for exacerbation, or 
response to specific therapies, this approach 
could provide a strong motivation for the transla-
tion of HP gas as a clinical tool for guiding bio-
logic therapies (Hilvering and Pavord 2015).

4.2  Correlates of Ventilation 
Heterogeneity

Imaging, including both CT and HP gas MRI, 
has played an important role in identifying pos-
sible biomarkers of lung injury in asthma. 
Serum vascular markers of inflammation (von 
Willebrand factor) and structural remodeling 
(P-selectin) correlated to VDP and lung density 
in adult asthma (Johansson et al. 2013a). 
Similar findings in airway biopsy and bron-
choalveolar lavage derived from bronchoscopic 
assessment of airways proximal to ventilation 
defects found multiple inflammatory markers 
(Fain et al. 2008) as well as epithelial wall 
injury and thickening (Marozkina et al. 2015) 
suggesting airway injury and remodeling at 
these locations. Such use of image-guided 
bronchoscopy can investigate correlations 
between local regions of disease and more 
accessible biomarkers, such as sputum inflam-
matory markers. Both VDP and ADC- related 
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measures are also associated with differences in 
lung microstructure in asthma compared with 
controls (Wang et al. 2008) and with asthma 
risk factors in adults (Johansson et al. 2013b; 
Marozkina et al. 2014) and children (Cadman 
et al. 2013; Castro and Woods 2013).

Both pediatric and adult asthma remain chal-
lenging to phenotype in clinically meaningful 
ways, especially in efforts to screen for inflam-
matory phenotypes that can help to guide treat-
ment approach for exacerbation-prone patients. 
Several studies have associated image-based 
biomarkers with severe clinical outcomes to bet-
ter identify these patients. Air trapping mea-
sured on CT has been investigated in severe 
asthma and found to be associated with hospi-
talizations (Busacker et al. 2009), and more 
recently VDP has been associated with severe 
exacerbations requiring hospitalization in 
COPD (Kirby et al. 2014). Similar studies to 
determine the relationship between VDP and 
clinical outcomes in asthma remain an impor-
tant area of research with the goal of proving the 
clinical relevance of the longitudinal imaging 
capabilities of MRI.

The role of DWI in investigating the restricted 
diffusion of hyperpolarized helium within the 
lung airspaces has been more complicated in 
asthma than in COPD. Partly, small airways dis-
ease in asthma is complex and may not be uni-
versal in all forms of disease, a revelation due in 
part to advanced imaging techniques. Moreover, 
involvement of the alveoli – the main unit 
affected by emphysema – is probably minimal 
in pure asthma, although recent interest has 
focused on the asthma-COPD overlap syndrome 
(ACOS) suggesting another potential role for 
HP gas MRI (Gelb et al. 2016). Nonetheless, a 
handful of studies have found interesting asso-
ciations between asthma and increased restric-
tion – measured as smaller ADC (Wang et al. 
2008) and Xrms (Cadman et al. 2013) – at the 
scale of the alveoli and small airways. In 
Cadman et al. (2013), lung microstructure was 
found to be smaller in children aged 9 and 10 
with asthma compared to age-matched children 
without asthma (Fig. 9). This study also found 

that ventilation defect score was greater in 
asthma (Fig. 10) and in girls vs. boys, with the 
latter finding possibly presaging the known pre-
dominance of asthma in girls postpuberty 
(Thomas et al. 2015).

In many ways, however, these DWI results 
raise more questions than answers about the role 
of the lung development in obstructive physiol-
ogy. Multiple studies of pediatric lung develop-
ment have used DWI measures in an attempt to 
answer physiologic questions about the pro-
cesses of lung growth and development 
(Narayanan et al. 2012; Altes et al. 2006), 
including alveolarization (Narayanan et al. 
2013) vs. alveolar recruitment (Hajari et al. 
2012) as lung volume increases with age. Lung 
models of restricted diffusion that allow calcu-
lation of measureable histological features such 
as mean length and surface area to volume are in 
development (O’Halloran et al. 2010; Narayanan 
et al. 2012; Woods et al. 2006; Parra-Robles 
et al. 2010, 2012) and have been reviewed previ-
ously (Yablonskiy et al. 2014b). More refined 
models that account for terminal airway branch-
ing (Parra-Robles et al. 2012; Parra-Robles and 
Wild 2012) have stimulated healthy debate 
(Yablonskiy et al. 2014a; Parra-Robles and Wild 
2014b) and have challenged the field to develop 
more rigorous quantitative methods (Narayanan 
et al. 2014; Parra-Robles and Wild 2014a). 
Follow-up studies that are investigating age-
related changes in alveolar and small airway 
dimension in the same subjects postpuberty and 
in adult healthy normal and asthma subjects will 
help to clarify the clinical meaning of these 
observations (Fain et al. 2005; Quirk et al. 
2016).

4.3  Obstructive Mechanisms 
in Asthma

Improving our understanding of ventilation 
defects in asthma has been an important focus of 
the field. Several multimodality and dynamic 
imaging studies have enabled a more specific 
understanding of the underlying causes of 
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obstruction observed on ventilation-weighted 
MRI using gas agents. Cross-validation of 
 ventilation defects on HP 3He MRI with CT has 
continued to be an important area of research. 
Early work suggested substantial overlap between 
ventilation defects and air trapping (Fain et al. 

2008). More recent comparisons of dynamic ven-
tilation on CT confirm that ventilation defects are 
associated with reduced volumetric change 
between inspiratory and expiratory CT (Tahir 
et al. 2015). In dynamic HP 3He MRI studies, gas 
distribution during forced exhalation maneuvers 

a

b

c

Fig. 9 Example of the evaluation of small airway dimen-
sions using HP 3He MRI diffusion imaging. Xrms lung 
maps are shown for three subjects: (a) a healthy 10-year- 
old child, (b) a 9-year-old child with asthma, and (c) a 

10-year-old child who was not diagnosed with asthma at 
the time of imaging, but did experience a wheezing illness 
with rhinovirus infection during the first 3 years of life
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Fig. 10 HP 3He MRI in a 9-year-old asthmatic indicating 
defect regions (left, arrows) similar to those seen in adult 
asthma. Dynamic imaging of 3He gas wash-in and wash-
out shows delayed rates of wash-in (middle, arrows) and 

washout (right, arrows) near regions of ventilation defect 
(Far left image reformatted from Reference (Cadman 
et al. 2013) with permission)
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and over the duration of a fixed breath-hold has 
demonstrated gas trapping, delayed filling, and 
washout of both defect and hyperintense regions 
in asthma (Fig. 11). Importantly, even for a fixed 
breath-held lung volume, these rates of filling 
and washout differ in severe vs. mild-to-moder-
ate asthma, suggesting that regional compliance 
 differences driving redistribution of gas flow (the 
“pendelluft” effect) are associated with asthma 
severity.

Ventilation heterogeneity observed in asthma 
has been corroborated with other gas agents. In 
one recent study, the oxygen transfer function 
(OTF) was shown to decrease in asthmatics after 
allergen challenge and correlated with the per-
centage of eosinophils in bronchoalveolar 
lavage at the site of challenge (Renne et al. 
2014). As discussed previously, the OE signal 
reflects a longer time interval or “steady state” 
of ventilation rather than the snapshot of venti-
lation presented in most breath-held HP gas 
MRI images. Discrete ventilation defects simi-
lar to those on HP gas MRI are visualized in OE 
MR images, especially in instances of mucus 
plugging of central airways as is commonly the 
case in CF; however, obstruction in asthma is 
often partial, causing delayed rather than com-
plete absence of ventilation in effected regions. 
On OE MRI such regions result in a diminished 
signal enhancement rather than a discrete venti-
lation defect (Fig. 12). This speaks to the need 
to evaluate ventilation dynamically, especially 
in asthma, and several approaches for dynamic 
imaging with OE MRI have been explored as 
described previously. To this end, in a small 
study of mild/moderate and severe asthma, 
reduced oxygen wash-in time constants and 
mean peak enhancement were associated with 
greater severity (Zhang et al. 2015). In addition, 
using dynamic OE MRI, the oxygen wash-in 
slope was found to inversely correlate with 
%DLCO in smoking-related COPD (Ohno et al. 
2008b) and IPF (Müller et al. 2002).

Preliminary studies of ventilation with fluori-
nated gases in human subjects by Halaweish 
et al. (2013) also found that asthmatic subjects 
did not present with ventilation defects, but rather 
a more heterogeneous distribution of 19F signal 

than in healthy normal subjects. In this feasibility 
study, 28 subjects were imaged (eleven normal, 
two asthma, seven COPD, three transplant, one 
COPD/transplant, four emphysema) using 2D 
fast low-angle shot (FLASH) MRI with C3F8 to 
evaluate the suitability of 19F breath-hold MRI for 
characterization of disease. Normal subjects 
demonstrated the expected homogeneous distri-
bution of 19F gas, while diseased subjects showed 
heterogeneity patterns that varied based on 
disease.

4.4  Improved Regional Specificity 
of Therapy

The characterization of ventilation defects on a 
local scale may ultimately have its greatest 
impact as a means to guide treatment. For exam-
ple, bronchial thermoplasty (BT) has emerged 
as an effective treatment for severe persistent 
asthma that is unresponsive to conventional 
therapies (Wechsler et al. 2013; Cox et al. 2007) 
and quantification of regional ventilation using 
HP 3He MRI has been shown to be a feasible 
method of assessing changes in ventilation pat-
terns after the procedure (Thomen et al. 2015). 
In a small population of asthmatic subjects, ven-
tilation defects decreased as a function of time 
following BT. The advancement of methods for 
characterizing and identifying local sites of air-
way injury for treatment planning would poten-
tially minimize treatment time, cost, and 
possibly side effects by focusing therapy only at 
the airways where treatment will have the most 
impact.

Improved characterization of individual 
defects also enables locally guided broncho-
scopic assessment of disease mechanisms. This 
type of approach has been shown to be feasible 
as a prospective method to identify inflamma-
tory phenotypes of asthma (Mummy et al. 2015; 
Marozkina et al. 2014) and may ultimately help 
guide local therapy approaches. The ability to 
image pre- and post-intervention has similarly 
benefited studies of non-severe asthma pheno-
types such as exercise-induced bronchoconstric-
tion. Assessment of ventilation defects before 
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and after exercise challenge has allowed investi-
gation of ephemeral obstruction that only mani-
fests upon stress (Samee et al. 2003). In a 
blinded, placebo-controlled prospective study 
(Kruger et al. 2014b), prophylactic treatment 

with leukotriene receptor blockade was shown 
to mitigate regional airway hyperresponsiveness 
during exercise using the VDP as an outcome 
measure, which significantly decreased with 
treatment.

a

b

Fig. 11 Delayed wash-in and wash-out phenomena of 
HP 3He gas during fixed breath-hold MRI in healthy 
(female, 21-year-old), mild-to- moderate asthmatic (male, 
36-year-old), and severe asthmatic (male, 45-year-old) 
subjects. Color-coded maps indicate initial ventilation 
classification in the displayed coronal slices. (a) Regions 

of interest are circled, highlighting areas of initially poor 
ventilation (level 1 or 2), which fill to varying degrees fol-
lowing 7.5 s of breath-hold. (b) Same slices from the same 
subjects, instead highlighting regions of initial hyperin-
tensity (level 5) that alternatively wash out to varying 
degrees following breath-hold
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5  Emerging Techniques

5.1  Ultrashort Echo Time Imaging

Imaging without gas agents in the lungs is chal-
lenging due to the short T2* (<2 ms) properties 
(Hatabu et al. 1999; Stock et al. 1999) associated 
with the parenchymal microstructure, specifi-
cally air-tissue interfaces of the alveoli. Moreover, 
the low proton density of the lung tissue requires 
high SNR efficiency and signal averaging to pro-
vide whole-lung coverage within a breath-hold. 
However, conventional proton MRI has several 
advantages for imaging of lung disease in asthma 
given concerns about X-ray CT dose and the 
aforementioned advantages of relating structure 
and function.

UTE MRI techniques with 3D radial and cone 
trajectories have shown promise in addressing 
the challenges of pulmonary imaging in adults 
(Gibiino et al. 2015; Weick et al. 2013; Johnson 
et al. 2013; Dournes et al. 2015) and children 
(Hahn et al. 2016b; Higano et al. 2016). The 
advantages of the 3D radial UTE approach 
include full coverage of the chest and lungs at 
isotropic spatial resolution, approaching that typ-
ically obtained with CT, without requiring ioniz-

ing radiation. 3D radial UTE MRI to study 
asthma has been limited thus far, but several stud-
ies in other obstructive lung diseases show prom-
ise for the detection of central airway 
bronchiectasis and air trapping in CF (Roach 
et al. 2016). Recently Ma et al. (2015) have inves-
tigated local deformation changes between dif-
ferent lung inflation volumes with breath-held 
UTE as a measure of air trapping in COPD. UTE 
MRI has also shown promise for investigating 
neonatal lung diseases in free-breathing non- 
sedated infants (Hahn et al. 2016b) supporting 
the potential benefits of this modality in pediatric 
lung disease generally.

UTE with 3D radial acquisition has also shown 
important applications to improve pulmonary MRI 
using gas agents. Several studies have demon-
strated the feasibility of 3D isotropic OE MRI in 
healthy human subjects (Kruger et al. 2014a; 
Triphan et al. 2015), and this has been extended 
recently to the study of both CF and asthma (Fig. 
12). Similarly, by implementing a 3D radial UTE 
FID sequence, Couch et al. (2013) were able to 
perform volumetric ventilation imaging in a 15-s 
breath-hold of C3F8. Image quality was quite good, 
and a relatively homogeneous distribution of ven-
tilation was observed (Fig. 4). Importantly, SNR 

Fig. 12 Comparison of hyperpolarized (HP) 3He MR images 
(top) with OE MRI (bottom) acquired in the same healthy 
normal (left) asthma (middle) and cystic fibrosis (right) 
subjects. In-plane spatial resolution for HP 3He MRI is 

about 3 mm vs. 6 mm for OE MRI. Color bars are in arbi-
trary units for HP 3He and percent signal enhancement 
(PSE) for OE MRI
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increased by nearly a factor of two when 19F gas 
was allowed to wash into the lungs by controlled 
breathing of a mixture of O2 and C3F8 over several 
respiratory cycles prior to imaging. This observa-
tion supports the feasibility of dynamic imaging 
with the 3D UTE technique to assess fractional 
ventilation (defined as the ratio of fresh gas enter-
ing a volume “region” of the lung to the total end-
inspiratory volume of the region [Wagner 1979; 
Horn et al. 2014]).

5.2  Transition to 129Xe MRI

Global quantities of 3He are limited, leading to 
high cost (Cho 2009) (Table 1). This has motivated 
migration to the more widely available HP 129Xe 
gas (Woods 2013). The technical challenges of this 
migration have been made easier by advances in 
129Xe SEOP polarization (Ruset et al. 2006; 
Hersman et al. 2008). All the major types of con-
trast-weighting demonstrated for 3He MRI have 
now been replicated robustly with enriched HP 
129Xe (Kirby and Parraga 2013; Mugler and Altes 
2013) but are only now being applied systemati-
cally in studies of asthma. As of this writing, only 
a handful of studies in asthma using HP 129Xe MRI 
have been published (Svenningsen et al. 2013; 
Qing et al. 2014a). It should be noted that larger 
values for VDP are observed with 129Xe MRI than 
with 3He MRI in the same individual (Svenningsen 
et al. 2013). This bias is likely attributable to the 
difference in gas densities, although this remains a 
matter for further research.

There are also potentially important advan-
tages to the ability to investigate gas exchange by 
exploiting the solubility of xenon in tissues and 
red blood cells. The soluble “dissolved phase” 
fraction of 129Xe in blood and tissues is approxi-
mately 2% of the total signal after accounting for 
the lower density of lung tissue and blood. The 
dissolved phase of 129Xe has a different chemical 
shift frequency than the gas phase. Compartmental 
modeling of these components has advanced rel-
atively rapidly (Chang 2013). The recent intro-
duction of spectroscopic imaging methods with 
3D radial UTE has made it possible to study 
xenon exchange ratios in asthma and COPD 

(Qing et al. 2014a, b); thus, HP 129Xe MRI may 
provide a new functional marker of gas exchange 
in asthma in the near future.

6  Summary

Asthma is widespread and will continue to be a 
leading cause of respiratory disease worldwide. 
The gas agents described in this chapter under-
score the unique ability of pulmonary MRI to 
measure the functional consequences of asthma. 
While widespread adoption has been slow, func-
tional lung MRI is now poised for more wide-
spread use in the clinic as new and more costly 
biologic treatments become available for treating 
severe asthma that is refractory to conventional 
therapies. In fact, a “virtuous cycle” is now emerg-
ing for the use of functional lung MRI in severe 
and pediatric asthma, which still has significant 
unmet needs in terms of pharmaceutical develop-
ment, minimally invasive interventions, longitudi-
nal follow-up, and prognosis as patients age. The 
expansion of functional lung MRI using a wider 
array of gas agents will further benefit translation. 
Complementary approaches that use the tech-
nique best suited to the available hardware capa-
bilities of a given site will better support 
widespread adoption of pulmonary MRI within 
the clinical research community. Moreover, con-
tinued dissemination and advances in UTE MRI 
will support an emerging clinical role for com-
bined structure-function MRI.
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Key Points

MRI is becoming increasingly useful for 
imaging of lung structure and function, in 
terms of airway imaging, assessment of ven-
tilation, and evaluation of lung perfusion and 
right heart function. This modality is highly 
versatile and capable of generating a range 
of inherent and exogenously introduced con-
trast mechanisms while maintaining high 
resolution as well as incredible speed of data 
acquisition.

It is quite likely that MRI techniques will 
allow further evaluation of physiological and 
pathophysiological aspects of COPD, and this 
should ultimately lead to improved under-
standing and treatment of this complex hetero-
geneous disease.

1  Introduction

Chronic obstructive pulmonary disease (COPD) 
is the fourth most common cause of death among 
adults (Rabe et al. 2007). COPD is characterized 
by incompletely reversible (usually progressive) 
airflow limitation, which is associated with an 
abnormal inflammatory response of the lung to 
noxious particles or gases. It is caused by a mix-
ture of airway obstruction (obstructive bronchiol-
itis) and parenchymal destruction (emphysema), 
the relative contributions of which are variable 
(Rabe et al. 2007). Chronic bronchitis, or the 
presence of cough and sputum production for at 
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least 3 months in each of the 2 consecutive years, 
remains a clinically and epidemiologically useful 
diagnostic classifying term. Pulmonary emphy-
sema is a pathological term and is defined by 
the American Thoracic Society as an abnormal 
permanent enlargement of the air spaces distal 
to the terminal bronchioles, accompanied by the 
destruction of their walls. In a simplified way, 
obstructive airflow limitation leads to air trapping 
with subsequent hyperinflation of the airspaces, 
which combined with inflammatory lung injury 
leads to destruction of the lung parenchyma. For 
severity assessment of COPD lung function tests, 
such as forced expiration volume in 1 s (FEV1), 
FEV1/FVC (forced vital capacity) and diffus-
ing capacity for carbon monoxide (DLco) are 
used. However, pulmonary function tests only 
provide a global measure without any regional 
information and are not suitable for determina-
tion of structural abnormalities or for distin-
guishing the causes of air outflow obstruction. 
Although extremely useful in clinical practice 
and for global management of patients, pulmo-
nary function tests are known to be relatively 
insensitive to both early stages and small changes 
of manifest disease. Furthermore, pulmonary 
function tests are dependent upon the effort and 
compliance of the patient, and are difficult to be 
reliably performed in young children. Chronic 
hyperinflation impacts on diaphragmatic geom-
etry with subsequent dysfunction due to disso-
ciation of the breathing mechanics. The disease 
also affects the pulmonary arteries: intimal thick-
ening, smooth muscle hypertrophy, and inflam-
mation are described, which ultimately give rise 
to vascular remodeling (Szilasi et al. 2006). The 
direct vascular changes and hyperinflation lead 
to the precapillary type of pulmonary hyperten-
sion and pulmonary vascular flow disturbance 
(Rosenkranz 2007).

In contrast to pulmonary function tests, radio-
logical imaging techniques may be able to differ-
entiate the components of obstructive lung disease 
on a regional basis, with the possibility of detect-
ing early disease stages prior to the onset of symp-
toms. Computed tomography (CT) is the mainstay 
diagnostic modality in this field with emphasis on 
structural imaging of lung  parenchyma and 

 airways. Magnetic resonance imaging (MRI) has 
the potential to provide regional information 
about the lung without the use of ionizing radia-
tion, but is hampered by several challenges: the 
low amount of tissue relates to a small number of 
protons leading to low signal, countless air–tissue 
interfaces cause substantial susceptibility arti-
facts, and last but not least, respiratory and car-
diac motion. In several lung diseases, such as 
tumors, the amount of protons or the blood vol-
ume is actually increased and motion is reduced, 
which provides better pre-conditions for MRI. In 
obstructive pulmonary disease, however, there are 
no facilitating disease-related effects as there is 
loss of tissue and reduced blood volume due to 
hypoxic vasoconstriction and the degree of hyper-
inflation has a negative correlation with the MR 
signal. The depiction of the airways by MRI is 
certainly limited to the central bronchi. 
Fortunately, MRI has shown significant potential 
beyond the mere visualization of structure by pro-
viding comprehensive information about “func-
tion,” such as perfusion, hemodynamics, 
ventilation, and respiratory mechanics.

2  Parenchyma

The most frequently utilized sequences in MRI 
of COPD are acquired in a single breath-hold. 
The T2-weighted single-shot techniques with 
partial Fourier acquisition (HASTE) sequence in 
coronal and/or axial orientation allow for the 
depiction of pulmonary infiltrates, inflammatory 
bronchial wall thickening, and mucus collections 
(Figs. 1 and 2). T1-weighted 3D gradient echo 
sequences, such as volume-interpolated breath-
hold examination (VIBE), are suitable for the 
assessment of the mediastinum and common 
nodular lesions. The intravenous application of 
contrast material markedly improves the diag-
nostic yield of T1-weighted sequences by a 
clearer depiction of vessels, hilar structures, and 
solid pathologies. A major goal in inflammatory 
obstructive airway disease is to differentiate 
inflammation within the wall from muscular 
hypertrophy, edema, and mucus collection which 
cannot be achieved by CT, but can be addressed 
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by the use of T1- and T2-weighted images as well 
as contrast enhancement (Ley-Zaporozhan et al. 
2008). Different MRI sequences were com-
pared to CT for detection of the severity of 
emphysema and leading emphysema type on a 
lobar level. MRI matched the CT in only half 
of the cases: the sensitivity for emphysema sever-
ity was 44%, 48%, and 41%, and the leading 
type of emphysema was 68%, 55%, and 60% 
for  T2w-HASTE, T1w-VIBE, and T1w-ce-
VIBE, respectively (Ley-Zaporozhan et al. 2010). 
All sequences showed a similar diagnostic 

 performance;  however a combination of T2w-
HASTE and ce-VIBE was recommended. The 
method proved very reproducible in a group of 19 
patients, who were imaged on 2 consecutive 
days, resulting in a weighted kappa of 0.86, 
95%CI = 0.81–0.91 (Jobst et al. 2015a).

The extent of hyperinflation and hypoxic 
vasoconstriction is directly associated with the 
loss of signal (Bankier et al. 2004). While emphy-
sematous destruction can hardly be diagnosed by 
a loss of signal, it is much easier to detect hyper-
inflation just by the size or volume of the thorax. 

a

b

Fig. 1 Coronal CT reformats (a) and corresponding coro-
nal T2-weighted (HASTE) images (b): severe emphy-
sema with predominance of the right lower lobe on CT 

corresponds to a loss of MR signal (arrows) reflecting 
destruction of the parenchyma and rarefication of the pul-
monary vasculature

MRI of Chronic Obstructive Pulmonary Disease



258

In one of the first studies, it was shown that the 
change of parenchymal signal intensity measured 
by multiple inversion-recovery sequence with a 
HASTE acquisition at inspiration and expiration 
correlates with FEV1 (r = 0.508) and might war-
rant further studies as a predictor of airflow 
obstruction (Iwasawa et al. 2007).

Recently T1w VIBE was used in a few patients 
at different lung volumes (Pennati et al. 2014). 
After semiautomatic segmentation of lung paren-
chyma from the surrounding soft tissue, a 
deformable image registration algorithm was 
applied to follow the signal change between dif-
ferent inflation volumes, resulting in a map of 1H 
signal change. These maps can be used for 
regional investigation of lung function.

In the last couple of years measurement of the 
lung density using ultrashort TE sequences 
showed promising results. These sequences sig-
nificantly improve the pulmonary MR signal so 
that areas with less parenchyma can be visualized 
and quantified (Hoffman et al. 2016). In 15 
patients with COPD the mean signal intensity of 
one coronal central slice showed good correlation 
with the amount of density-based emphysema 
from CT (r = −0.71) (Ma et al. 2015). Another 

study on ten patients applied a 3D approach and 
defined emphysema at a threshold of <10% of 
mean thoracic soft-tissue signal to segment the 
lower signal regions from healthy lung. 
Emphysema amount measured on MRI and CT 
showed a high correlation (r2 = 0.79) (Roach 
et al. 2016). In a larger study population of 40 
smokers without COPD, UTE correlated with 
different clinical stages of COPD (Ohno et al. 
2011). UTE-MRI with a short interval measured 
in 60 smokers without and with different clinical 
stages of COPD showed moderate correlation 
with CT (r = 0.65) and FEV1/FVC% (r = 0.62), 
and good correlation with FEV1% (0.75) and 
DLCO% (r = 0.79) (Ohno et al. 2014).

More recently T1 mapping using snapshot fast 
low angle shot (FLASH) was investigated as a 
potential biomarker in COPD. T1 was signifi-
cantly shorter in 24 patients with COPD com-
pared to 12 age-matched healthy volunteers 
(Alamidi et al. 2016). In a group of 20 patients 
with COPD, a strong correlation (r = 0.81) was 
found between T1 abnormalities and MR perfu-
sion abnormalities using a zone-based approach 
(Fig. 3) (Jobst et al. 2015b).

3  Airways

Several pathological studies have shown that a 
major site of airway obstruction in patients with 
COPD is in airways smaller than 2 mm internal 
diameter (Hogg et al. 2004). The 2 mm airways 
are located between the 4th and the 14th genera-
tion of the tracheobronchial tree. Airflow limita-
tion is closely associated with the severity of 
luminal occlusion by inflammatory exudates and 
thickening of the airway walls due to remodeling. 
Severe peripheral airflow obstruction can also 
affect the proximal airways from subsegmental 
bronchi to the trachea.

For assessment of tracheal instability MR cine 
acquisitions during continuous respiration or 
forced expiration are recommended (Heussel 
et al. 2004). The depiction of airway dimensions 
and thickness of the airway walls by MRI under 
physiological conditions is limited to the central 
bronchi. For depiction of the bronchiectasis high 

Fig. 2 Coronal T2-weighted (HASTE) image shows the 
typical flattening of the diaphragm in emphysema
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spatial resolution is essential. By using a 3D 
VIBE with a voxel size of approximately 
0.9 × 0.88 × 2.5 mm3 a sensitivity of 79% and a 
specificity of 98% regarding the visual depiction 
of bronchiectasis were shown compared to CT 
(Biederer et al. 2003).

4  Respiratory Dynamics

Respiration is the result of the complex interac-
tion between chest wall and diaphragm motion, 
and it can be visualized by 2D or 3D dynamic 
MR techniques (Cluzel et al. 2000; Plathow 

a

T1 T1O2 Perfusion

b

c

Fig. 3 Comparison of T1 and perfusion characteristics: 
Normal T1 mapping at room air (left), T1 mapping after 
100% O2 (middle), and DCE lung perfusion (right) (zonal 
scores = 0 each) of a 29-year-old healthy volunteer (a). 
Fifty-nine-year-old patient with GOLD stage II showing 
minor T1 abnormalities at room air (score = 1), normal 
ΔT1 after 100% O2 (score = 0), and minor perfusion 
abnormalities (score = 1) of the middle and lower lung 

zones (area between white arrows), reflecting lung areas 
with intact ventilation and simultaneous perfusion impair-
ment (b). Severe T1 abnormalities at room air, abnormal 
ΔT1 after 100% O2, and perfusion abnormalities 
(score = 2 each) affecting the entire lung of a 75-year-old 
patient with GOLD stage II (c). Reprinted with permis-
sion from Jobst et al. (2015a, b)
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et al. 2004, 2005). For data acquisition time-
resolved techniques are used, which can be 
based on FLASH or trueFISP sequences. This 
allows for a high temporal resolution down to 
100 ms per frame.

Hyperinflation of the lung severely affects dia-
phragmatic geometry with subsequent reduction 
of the mechanical properties, while the effects on 
the mechanical advantage of the neck and rib 
cage muscles are less pronounced (Decramer 
1997). The common clinical measurements of 
COPD do not provide insights into how structural 
alterations in the lung lead to dysfunction in the 
breathing mechanics, although treatments such 
as lung volume reduction surgery (LVRS) are 
thought to improve lung function by facilitating 
breathing mechanics and increasing elastic recoil 
(Henderson et al. 2007).

In contrast to normal subjects with regular, 
synchronous diaphragm and chest wall motion, 
dynamic MRI in patients with emphysema fre-
quently showed reduced, irregular, or asynchro-
nous motion, with a significant decrease in the 
maximum amplitude and the length of apposi-
tion of the diaphragm (Suga et al. 1999). In some 
patients the ventral portion of the hemidia-
phragm moved downward at MRI while the dor-
sal part moved upward like a seesaw (Iwasawa 
et al. 2000). The paradoxical diaphragmatic 
motion correlated with hyperinflation, although 
severe hyperinflation tended to restrict both nor-
mal and paradoxical diaphragmatic motion 
(Iwasawa et al. 2002). Another study showed 
that the distribution of emphysema might have 
an influence on the diaphragmatic motion. The 
lower zone emphysema on CT correlated signifi-
cantly with diaphragmatic flattening and abnor-
mal chest wall motion evaluated with dynamic 
MRI whereas emphysema of the upper lung zone 
did not correlate with these parameters (Iwasawa 
et al. 2011). After LVRS, patients showed 
improvements in diaphragm and chest wall con-
figuration and mobility at MRI (Suga et al. 
1999). Ultrafast dynamic proton MRI was shown 
to be able to demonstrate the rapid volume 
changes observed during forced vital capacity 
maneuver (Fig. 4) and correlated closely with 
pulmonary function tests, but with the added 

advantage of providing regional information on 
changes in lung volumes during this procedure 
(Swift et al. 2007; Eichinger et al. 2007).

5  Ventilation

As sufficient gas exchange depends on matched 
perfusion and ventilation, assessment of regional 
ventilation is important for the diagnosis and 
evaluation of pulmonary emphysema. The most 
established method for imaging regional lung 
ventilation is nuclear medicine studies using 
krypton-81m (Kr-81m), xenon-133 (Xe-133), 
radiolabeled aerosol (Technegas), and techne-
tium-99m (Tc-99m)-labeled diethylentriamine-
pentaacetic acid (DTPA). The utility of nuclear 
medicine in pulmonary diseases has been well 
documented. However, these techniques are ham-
pered by low spatial and temporal resolution, and 
the necessity of inhalation of radioactive tracers. 
While 3D (SPECT) imaging requires approxi-
mately 20 min of imaging time, the diagnostic 
power of the technique is limited.

Although PFTs and nuclear medicine imag-
ing have been established as the most common 
and reliable pulmonary function techniques, 
other techniques such as contrast-enhanced pro-
ton and hyperpolarized noble gas MRI are strong 
contenders in the functional imaging race. They 
provide a rapid, high-resolution regional quanti-
fication of disease progress and onset without 
the need for ionizing radiation tracers.

MRI signal changes inherent to lung tissue 
expansion and contraction that occur during 
normal breathing could be exploited to gen-
erate ventilation and perfusion maps. Fourier 
decomposition of the 1H signal intensity 
caused by compression and expansion of the 
lung parenchyma and pulmonary blood flow 
can be used to evaluate pulmonary ventila-
tion and perfusion (Bauman et al. 2013). This 
method does not depend on inhaled gas or 
injected contrast agents. Despite these impor-
tant advantages, there have been no large clini-
cal COPD studies that have taken advantage of 
these novel pulmonary 1H MRI measurements 
(Coxson et al. 2014).
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5.1  Oxygen-Enhanced Imaging

Oxygen-enhanced MRI does not require special 
scanner hardware and is easy to use and the 

overall material costs are low in comparison 
with noble gas imaging. The main idea behind 
this technique is to utilize the paramagnetic 
properties of inhaled oxygen (O2) to obtain 
information regarding the pulmonary blood flow 

a

c d

b

Fig. 4 Coronal and sagittal MR images taken from a 
dynamic series acquired in a COPD patient during forced 
expiration reflecting maximum inspiration (a, c) and max-

imum expiration (b, d) shows motion of the diaphragm 
and thoracic wall (arrows)
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volume and integrity of the lung parenchyma. 
Several investigators reported that oxygen-
enhanced MRI could demonstrate regional ven-
tilation (Edelman et al. 1996; Loffler et al. 2000; 
Ohno et al. 2001). Only few studies have suc-
cessfully applied oxygen-enhanced MRI to 
patients with pulmonary diseases in a clinical 
setting. One of the reasons might be that the use 
of high oxygen concentrations (15 L/min) may 
not be without risk in patients with severe COPD 
and therefore vital parameters should be moni-
tored during the procedure.

In some basic measurements it was shown that 
the T1 of the lung parenchyma is significantly 
shorter in patients with emphysema than in vol-
unteers (Stadler et al. 2008). In a preliminary 
study an inhomogeneous and weak signal inten-
sity increase after application of oxygen was 
observed, compared to healthy volunteers (Muller 
et al. 2002). Ohno et al. demonstrated that 
regional changes in ventilation as observed in 
oxygen-enhanced MR reflected regional lung 
function. The maximum mean relative enhance-
ment ratio correlated with the diffusion capacity 
for carbon monoxide (r2 = 0.83), while the mean 
slope of relative enhancement was strongly cor-
related with the FEV1 (r2 = 0.74) and the maxi-
mum mean relative enhancement with the 
high-resolution CT emphysema score (r2 = 0.38) 
(Ohno et al. 2003). The simple administration of 
pure oxygen might induce the pulmonary arteries 
to dilate resulting in an increase of pulmonary 
blood volume and a consecutive increase in sig-
nal intensity (Ley et al. 2007).

This technique might be further refined by 
exploiting time-resolved acquisitions during oxy-
gen wash-in and washout. Mean wash-in time 
showed good correlation with FEV1/FVC% and 
FEV1% (r = −0.74) and moderate correlation 
with DLCO% (r = −0.57) in a cohort of 10 non-
smokers and 61 smokers without or with mild to 
severe COPD (Ohno et al. 2008a). Mean wash-in 
time was significantly different between non-
smokers (smallest) and COPD patients at risk of 
or with mild COPD, while moderate and severe 
stages of the disease were significantly different 
to all other subgroups. In a larger study  population 
of 160 smokers without and with mild to very 

severe COPD, similar good correlation was found 
between mean relative enhancement ratio and 
FEV1/FVC% (r = 0.68), FEV1% (r = 0.65), and 
moderate correlation with DLCO% (r = 0.61), all 
slightly better than correlation coefficients 
between quantitative CT and pulmonary function 
tests (Ohno et al. 2008b). These results were con-
firmed in another study in 187 smokers (Ohno 
et al. 2012). Pulmonary functional parameters 
and mean relative enhancement ratio for each 
clinical subgroup showed significant differences 
among each other, thus suggesting that oxygen-
enhanced MRI is effective for pulmonary func-
tional loss assessment and clinical stage 
classification of smoking-related COPD.

The feasibility of oxygen-enhanced MRI to 
detect a response to a single-dose bronchodilator 
therapy as well as 8-week treatment with a com-
bination of an inhaled corticosteroid and bron-
chodilator was tested in a recent study and 
demonstrated improvement of FEV1 and MRI 
ventilation parameters (Morgan et al. 2014).

5.2  Hyperpolarized Noble Gas 
Imaging

Over the past decade hyperpolarized noble gas 
MRI using 3Helium and 129Xenon was developed 
to improve imaging of pulmonary structure, ven-
tilation, dynamics, and oxygen uptake (Ley-
Zaporozhan and van Beek 2010). 3Helium 
became the most widely used gas for these stud-
ies as it provides higher signal-to-noise ratios 
than 129Xenon, due to its lower intrinsic gyromag-
netic ratio, and its confinement to the airways and 
airspaces without dissolving into the surrounding 
tissue and bloodstream (van Beek et al. 2004). 
Areas with ventilation defects caused by airway 
obstruction and emphysema represent the only 
limitation because they cannot be assessed due to 
lack of the tracer gas entering these areas. Thus, 
there is almost no information about these 
affected lung regions. Overall, the intrinsic high 
cost of these noble gases, need for laser-induced 
hyperpolarization hardware, and need for non-
proton imaging hardware and software remain 
the major drawbacks of this technology on its 
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way to broader clinical applications. The field of 
hyperpolarized noble gas imaging is currently 
undergoing some changes due to supply issues of 
3Helium, while development of 129Xenon is 
increasingly encouraging due to novel polarizer 
systems that offer higher levels of polarization 
with resultant better signal (Ley-Zaporozhan and 
van Beek 2010).

5.2.1  Static Ventilation
Airflow obstruction leads to a reduced level of 
3Helium in the distal lung regions allowing for 
sensitive detection of ventilation abnormalities 
(Figs. 5 and 6) (Kauczor et al. 1996). In healthy 
smokers with normal lung function even subtle 
ventilation defects were visualized demonstrating 
the high sensitivity of the technique (Guenther 
et al. 2000). Ventilation defects correlated well 
with the parenchymal destruction assessed by 

HRCT in patients with severe emphysema follow-
ing single-lung  transplantation (Gast et al. 2002). 
To date, the largest multicenter trial was per-
formed in three European centers analyzing 94 
subjects with COPD, α1-antitrypsin-deficiency 
patients, and healthy age-matched never-smokers 
(van Beek et al. 2009). The visually estimated 
non-ventilated lung volumes on 3He-MRI were 
compared to percentage of diseased lung on 
HRCT. Using PFT as a reference, regional analy-
sis of 3He-MRI and HRCT correctly categorized 
normal volunteers in 100% and 97%, COPD in 
42% and 69%, and α1-antitrypsin-deficiency 
patients in 69% and 85% of cases, respectively. 
Overall only a moderate agreement (kappa = 0.43) 
was found between 3He-MRI and HRCT. Direct 
comparison revealed that 23% of subjects with 
moderate/severe structural abnormalities had only 
mild ventilation defects.

a b c

Fig. 5 MR ventilation images using hyperpolarized 3Helium gas of a patient suffering from alpha1-antitrypsin defi-
ciency: good ventilation of the right upper lobe and large wedge-shaped ventilation defects in all remaining lung areas

a b c

Fig. 6 MR ventilation images using hyperpolarized 3Helium gas of a patient suffering from COPD: focal and wedge-
shaped ventilation defects in all parts of the lung
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The most common metric used in the early lit-
erature was the mean number of ventilation 
defects per slice without information about 
the size and regional distribution of the defect 
(Fain et al. 2010). By use of estimated lung 
boundaries the volume of ventilated lung areas 
on 3He-MRI correlated well with vital capacity 
(r = 0.9) and the amount of non-emphysematous 
volume on CT (r = 0.7) in patients with severe 
emphysema following single-lung transplanta-
tion (Zaporozhan et al. 2004). Today an estab-
lished approach is to calculate the ventilated lung 
volume and normalize it to total lung volume, 
resulting in percentage of lung volume ventilated 
or its derivate percentage volume of defect. These 
values are quantified by semiautomated segmen-
tation of 3He ventilation images and further regis-
tration to proton MR images for delineation of 
the lungs and defect boundaries. Repeatability 
and validity of this measure were shown in sev-
eral studies in several disease entities (Kruger 
et al. 2016). Using this approach in small-scale 
studies, a good correlation between ventilation 
defect percentage and FEV1% and FEV1/FVC 
was found by Kirby et al. (r = −0.84) (Kirby 
et al. 2012a) but only fair correlation by Mathew 
et al. (r = −0.58 and −0.54, respectively) (Mathew 
et al. 2011). Even more reproducible quantifica-
tion of percentage ventilation volume could be 
achieved by acquiring 3He ventilation images and 
anatomical proton images during the same single 
breath-hold (Horn et al. 2014).

The voxel intensity of the ventilation images 
can be further classified into clusters representing 
graduations of signal intensity from no signal, 
hypointense signal to hyperintense signal, and 
generating ventilation cluster maps (Kirby et al. 
2011). This in-depth distribution analysis might 
be of value for therapy monitoring. Advantages 
of this evaluation were shown in a small-scale 
study of patients with moderate to severe COPD, 
where 3He-MRI depicted significant improve-
ments in the regional gas distribution throughout 
the lung after bronchodilator therapy with and 
without clinically important changes in FEV1 
(Kirby et al. 2011). In a 2-year longitudinal study 
in patients with mild to moderate COPD, ventila-
tion defect percentage worsened significantly in 

the absence of significant decline in FEV1, sug-
gesting sensitivity of 3He-MRI for depicting dis-
ease progression (Kirby et al. 2010).

Given its greater availability and lower cost, 
129Xenon offers an alternative to 3He-MRI. The 
associated lower signal-to-nose ratio of 129Xenon 
images requires careful segmentation of the lung 
from background noise (Kaushik et al. 2011). The 
gas distribution at 129Xe-MRI was qualitatively 
more regionally heterogeneous and the ventilation 
defect percentage was significantly greater than 
that with 3He-MRI in patients with COPD but not 
in healthy volunteers, suggesting incomplete or 
delayed filling of lung regions (Kirby et al. 2012a). 
Lower diffusion coefficient and higher viscosity of 
xenon relative to helium may result in slower gas 
movement and filling into distal diseased lung 
regions. The ventilation defect percentage from 
129Xe-MRI showed a good correlation with FEV1% 
and FEV1/FVC in a small group of COPD patients 
and age-matched controls (r = −0.79 and 
r = −0.71, respectively) and also in a small group 
of COPD patients and healthy volunteers 
(r = −0.89 and r = −0.95, respectively) (Kirby 
et al. 2012a; Virgincar et al. 2013).

5.2.2  Dynamic
3He-MR imaging with high temporal resolution 
via ultrafast echo-planar (EPI), gradient-echo, 
and interleaved spiral sequences allows for the 
visualization and assessment of the various inspi-
ratory and expiratory phases of respiration. The 
instantaneous visualization of the bolus move-
ment leads to a direct evaluation of the regional 
distribution of ventilation throughout the lungs, 
which may be quantified using a regional assess-
ment (Lehmann et al. 2004). Evaluation of the 
overall usefulness of the technique has shown 
considerable airflow abnormalities in diseased 
lung states and normal respiration stages in nor-
mal lungs (Salerno et al. 2001; Wild et al. 2003). 
Normal respiration can be described by a rapid 
and homogenous distribution of the gas through-
out the lung, whereas in diseased lungs, the air-
flow is inhomogeneous due to factors such as 
airway blockages and reduced lung compliance, 
leading to interspersed ventilation defects 
(Fig. 7). The observed ventilation defects vary 
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Fig. 7 Dynamic MR ventilation images using hyperpo-
larized 3Helium gas from a COPD patient showing regions 
of ventilation obstruction in both lungs, particularly in the 
upper lobes, and a delayed emptying/depolarization of gas 

in the lower left lobe, which could be indicative of air 
trapping. Reprinted with permission from van Beek et al. 
(2004)
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from reduced inflow to air trapping as observed 
in the later phases of the respiratory cycle, which 
are more markedly visualized in subjects with 
CT-proven centrilobular emphysema (Wild et al. 
2003; Gierada et al. 2000; Gast et al. 2003).

Another recently used approach was to evalu-
ate delayed ventilation during the time course of 
breath-hold imaging by using time-resolved gra-
dient-echo sequence with 3D whole-lung cover-
age (Marshall et al. 2012). The influx of polarized 
gas into initially non-ventilated defects might 
represent collateral ventilation and slow filling of 
peripheral airspaces due to increased flow resis-
tance. Delayed filling was observed in eight of 
ten COPD patients.

5.2.3  3Helium Apparent Diffusion 
Coefficient (ADC)

The high diffusion coefficient of 3Helium gas 
makes it very suitable for the evaluation of the 
lung microstructure, connecting pores and path-
ways, leading to an overall assessment of the 
integrity and size of such structures. The ADC is 
a reflection of the restricted diffusion of 3Helium 
gas in a normal airway system due to the rela-
tively small size of airways in relation to the dif-
fusivity of the gas.

Similar to all other 3Helium techniques, the 
ADC is accomplished throughout one single 
breath-hold, where a series of images are acquired 
and evaluated on a pixel-by-pixel basis. The 
introduction of the additional gradients into the 
sequences allows the monitoring of diffusion 
through signal decay incurred by motion of the 
helium molecules, thus creating a map of diffu-
sion values representing the regional and global 
integrity of the lungs.

ADC maps of normal healthy volunteers have 
shown to be homogenous and uniform. On the 
other hand, in emphysematous subjects ADC 
maps were nonuniform and contained larger dif-
fusion values. This nonuniformity of the ADC 
values correlates well with the nature of the dis-
ease, where the degree and location of destruc-
tion vary throughout the lung (Salerno et al. 
2002; Ley et al. 2004a; Conradi et al. 2005). The 
ability to distinguish between normal and 
emphysematous lungs reflects the overall power 

of determining and quantifying airway enlarge-
ment along with tissue destruction. The mean 
ADC for emphysema patients (0.452 cm2/s) was 
found to be significantly larger (p < 0.002) than 
for normal volunteers (0.225 cm2/s) (Salerno 
et al. 2002). In other studies, mean ADC values 
of emphysema patients were as low as 0.24 cm2/s 
and as high as 0.55 cm2/s (Conradi et al. 2005; 
Swift et al. 2005; Diaz et al. 2009). This wide 
distribution of ADC values for the emphysema 
population can be attributed to the variability in 
airspace size and morphological alterations of 
the distal airspaces caused by the disease. Values 
for 129Xe-ADC are lower than 3He-ADC by an 
order of magnitude due to higher density of 
xenon gas (Kruger et al. 2016). 129Xe-ADC for 
emphysema patients (0.056 cm2/s) was signifi-
cantly different than for age-matched controls 
(0.043 cm2/s) and for healthy volunteers 
(0.036 cm2/s) (Kaushik et al. 2011).

Very high reproducibility of these ADC mea-
sures has been demonstrated—within 6% variation 
for consecutive scans at the same day (Morbach 
et al. 2005) and in another study with a correla-
tion of r2 > 0.9 for re-scanning on the same day as 
well as in a week interval (Mathew et al. 2008). In 
a small study combining 3He and 129Xe imaging 
in ten patients, mean 3He-ADC within the regions 
only assessed by helium gas was significantly 
greater than for lung regions assessed by both 
gases (0.503 cm2/s versus 0.470 cm2/s) (Kirby 
et al. 2013). 3He-ADC values showed a moder-
ate correlation with FEV1% (r = −0.6) (Swift 
et al. 2005) and good correlation with DLCO% 
(r = −0.82) (Diaz et al. 2009). 129Xe-ADC showed 
good to moderate correlation with FEV1%, FEV1/
FVC%, and DLCO% in COPD patients and age-
matched controls (r = −0.77) (Kaushik et al. 
2011) as well as in COPD and healthy volunteers 
(r = −0.67, r = −0.77 and r = −0.79, respectively) 
(Kirby et al. 2012a).

Mean ADC probably underestimates the 
amount of destroyed lung tissue, as ventilation 
defects prevent ADC measurements, and some of 
the most destroyed emphysematous lung areas 
therefore are excluded from the analysis.

In a small study investigating 3He-ADC before 
and after bronchodilator administration a signifi-
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cant decrease in ADC value was detected within 
the lung regions containing the 3He signal at both 
time points (Kirby et al. 2012b). No difference 
was found between ventilated areas before bron-
chodilator administration and newly ventilated 
lung regions after the bronchodilator administra-
tion, suggesting that these regions have a similar 
degree of the disease.

6  Pulmonary Perfusion

Perfusion and ventilation are normally in bal-
ance, with hypoxic vasoconstrictive response 
providing a method to optimize lung function. In 
patients with COPD, ventilation is impaired due 
to airway obstruction and parenchymal destruc-
tion, leading to perfusion being moved to better 
ventilated lung regions or shunting of blood 
(moving through the lungs without reaching a 
capillary bed for gas exchange) (Moonen et al. 
2005). The reduction of the pulmonary vascular 
bed is related to the severity of parenchymal 
destruction (Thabut et al. 2005); however the dis-
tribution of perfusion does not necessarily match 
parenchymal destruction (Sandek et al. 2002; 
Ley-Zaporozhan et al. 2007). Conventional 
radionuclide perfusion scintigraphy has been 
used to assess these abnormalities, but it has sub-
stantial limitations with respect to spatial and 
temporal resolution. A superior technique is 
SPECT, which is rarely used as it is rather time 
consuming and not routinely applied. 
Inflammation appears to play a critical role in the 

maintenance of the hypoxic vasoconstrictive 
response, and PET studies with endotoxin 
 challenge have shown that this response is shut 
off when inflammation and lung injury occur 
(Schuster and Marklin 1986; Gust et al. 1998).

The basic principle of contrast-enhanced per-
fusion MRI is a dynamic acquisition during and 
after an intravenous bolus injection of a paramag-
netic contrast agent. With the introduction of par-
allel imaging techniques, 3D perfusion imaging 
with a high spatial and temporal resolution as 
well as an improved anatomical coverage and 
z-axis resolution can be acquired (Ley et al. 
2004b; Fink et al. 2004, 2005). These data sets 
are also well suited for high-quality multiplanar 
reformats. Due to high spatial resolution, detailed 
analysis of pulmonary perfusion and precise ana-
tomical localization of the perfusion defects on a 
lobar and even segmental level can be performed 
(Fig. 8). Quantitative values for pulmonary per-
fusion can be obtained by applying the principles 
of indicator dilution techniques. The quantitative 
indices, such as mean transit time (MTT), pulmo-
nary blood volume (PBV), and blood flow (PBF), 
are derived from the time intensity curve, defined 
by the dynamic series of perfusion MR images.

MR perfusion allows for a high diagnostic 
accuracy in detecting perfusion abnormalities 
(Fink et al. 2004; Sergiacomi et al. 2003). 
Furthermore, MR perfusion ratios correlate well 
with radionuclide perfusion scintigraphy ratios 
(Ohno et al. 2004a; Molinari et al. 2006). Lobar 
and segmental analysis of the perfusion defects 
can be achieved. In patients with severe emphy-

a b c

Fig. 8 Coronal contrast-enhanced MR perfusion images of a COPD patient acquired during an inspiratory breath-hold 
showing subpleural distribution of perfusion defects
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sema there was a strong match between paren-
chymal destruction and reduction of perfusion; 
however the distribution patterns of emphysema 
and perfusion impairment were not necessarily 
in concordance (Ley-Zaporozhan et al. 2007). 
Here the severity score was higher on CT in 
16% of the lobes and on MRI in 5%. In other-
wise healthy smokers there were more MR per-
fusion defects than parenchymal abnormalities 
seen on CT, suggesting MR perfusion being a 
good approach to identify early evidence of 
COPD (Fan et al. 2013).

The perfusion abnormalities in COPD clearly 
differ from those caused by vascular obstruction. 
While wedge-shaped perfusion defects occur in 
embolic vascular obstruction, a low degree of con-
trast enhancement is generally found in patients 
with COPD/emphysema (Amundsen et al. 2002; 
Morino et al. 2006). Furthermore, the peak signal 
intensity is usually reduced. These features allow 
for easy visual differentiation. In patients with 
COPD, the quantitative evaluation of 3D perfu-
sion showed that the mean PBF, PBV, and MTT 
were significantly decreased, and these changes 
showed a very heterogeneous distribution (Ohno 
et al. 2004b). It was discussed that patients with 
emphysema have hypoxia as well as destruction 
of lung parenchyma and fewer alveolar capil-
laries. This causes increased pulmonary arterial 
resistance and, secondarily to adaptive processes, 
pulmonary hypertension and right ventricular dys-
function. Ultimately, this results in decreased pul-
monary blood flow in addition to heterogeneous 
perfusion and decreased PBV. MTT is determined 
by the ratio between PBV and PBF. The results 
suggested that MTT is significantly decreased, 
reflecting a larger degree of decrease in PBV 

compared with PBF, with concomitant increased 
heterogeneity of regional PBV. Obviously, accu-
rate quantitative measurements of such regional 
changes are important for improved understand-
ing of lung pathophysiology in COPD.

For visual assessment of the regional hetero-
geneity the area of perfusion impairment on 
color-coded maps covering 10–15 cm of the tho-
rax was compared with the same area of emphy-
sema on quantitative CT maps. Very good or 
good agreement was found in 9–10 of 14 patients 
(two readers) for PBF and in 11/14 patients (sim-
ilar for both readers) for PBV (Jang et al. 2008). 
The quantitative evaluation was performed in 
small peripheral ROIs on each slice for upper, 
middle, and lower areas of the lung. Here only 
moderate correlation was found between PBV 
and emphysema fraction on volumetric CT 
(r = −0.61) and FEV1/FVC (r = 0.69).

An association between the emphysema type 
on CT and MR perfusion pattern was analyzed at 
a segmental level in patients with severe emphy-
sema (Bryant et al. 2015). The centrilobular type 
of emphysema showed corresponding heteroge-
neous perfusion with focal defects in 70% 
(Fig. 9a), whereas panlobular emphysema pre-
sented with either homogeneous or heteroge-
neous absence of perfusion in 42% and 43%, 
respectively (Fig. 9b, c).

The repeatability and reproducibility of quan-
titative whole-lung perfusion in inspiration and 
expiration were analyzed in healthy volunteers 
by two observers (Ley-Zaporozhan et al. 2011). 
The intraobserver differences between the initial 
examination and follow-up after 24 h were not 
significantly different for PBV, MTT, and TTP 
for both observers. However, PBF showed a sig-

Fig. 9 (a) For the segments of the middle and lower lobes 
centrilobular emphysema was found to be the predomi-
nant type on CT, corresponding color-coded map of max. 
Peak enhancement of MR perfusion showed heteroge-
neous perfusion with defects as the predominant pattern. 
(b) The apical segment of both lungs showed centrilobular 
emphysema as the predominant type on CT (arrows), cor-
responding color-coded map of max. Peak enhancement 

of MR perfusion showed heterogeneous loss of perfusion 
as the predominant pattern. (c) For the segments of both 
lower lobes panlobular emphysema was found to be the 
predominant type on CT (arrows), corresponding color-
coded map of max. Peak enhancement of MR perfusion 
showed homogeneous loss of perfusion as the predomi-
nant pattern (arrows). Reprinted with permission from 
Bryant et al. (2015)
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nificant difference for both observers but only on 
inspiration. For interobserver evaluation, all 
parameters except inspiratory PBF were signifi-
cantly different (P < 0.0001). Thus, the quantita-
tive perfusion MRI showed reproducible results, 
but the evaluation is highly dependent on the 
observer and the quantitative analysis of the 
serial examinations should be performed by the 
same person.

In the largest study to date, the quantitative 
perfusion parameters were markedly reduced in 
mild COPD as well as in more severe stages com-
pared to healthy smokers; however evaluation 
was limited to one coronal slice (Hueper et al. 
2015). Thus, there is a need for fast, dedicated 
post-processing software for whole-lung assess-
ment, which is especially necessary in longitudi-
nal studies or screening trials for further 
investigation of perfusion as a possible imaging 
biomarker. A fully automatic method was 
recently introduced by Kohlmann et al. (2015). 
Similar to ventilation imaging, the lungs were 
segmented on the morphological MR images 
with higher spatial resolution and the segmenta-
tion was then transferred to the perfusion images 
via nonlinear registration. The automatic seg-
mentation took approximately 1 min and no user 
interaction was required, whereas the time for the 
manual segmentation ranged between 12 and 
25 min. The reproducibility of the quantitative 

analysis may also be improved by using auto-
matic instead of manual lung segmentation.

In a recent study evaluating perfusion dur-
ing acute exacerbation of COPD, two patient 
groups were identified—one presented with an 
improvement of quantitative perfusion param-
eters after clinical stabilization and another 
showed no response (Sergiacomi et al. 2014). 
This could assist in predicting early response to 
treatment, allowing more aggressive approaches 
in nonresponders.

7  Hemodynamics

Assessment of right ventricular function is 
important, as this is where the strain of perfusion 
obstruction and pulmonary hypertension eventu-
ally leads to the demise of the patient. MRI is 
able to assess right ventricular function through 
either phase-contrast flow measurements in the 
pulmonary trunk (Fig. 10) or short-axis cine 
acquisition of the right ventricle (Vonk-
Noordegraaf et al. 2005; Gatehouse et al. 2005). 
Thus, early changes of the complex geometry of 
the right ventricular wall and chamber volume 
can be accurately measured.

Although pulmonary hypertension and cor 
pulmonale are rather common sequelae of COPD, 
the direct mechanism remains unclear (Szilasi 

a b c

Fig. 10 Quantitative flow measurement of pulmonary 
blood flow. Magnitude (a) and velocity-encoded (b) 
image of the pulmonary trunk (arrow). Results of peak 

velocity over time (c) show the prolonged increase of 
velocity at the beginning of the systolic phase followed by 
an abnormal plateau during diastole
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et al. 2006). In COPD patients the pulmonary 
vessels show a reduced capacity for vessel dilata-
tion due to a defect in synthesis and/or release 
of nitric oxide. Prior to the onset of clinical 
symptoms patients exhibit signs of vascular 
bed obstruction and elevated pulmonary artery 
 pressure including main pulmonary artery dilata-
tion. Pulmonary hypertension is most often mild 
to moderate (mean pulmonary artery pressure in 
the range of 20–35 mm Hg), but it may worsen 
markedly during acute exacerbations, sleep, and 
exercise. Assessment of the pulmonary arterial 
pressure is necessary in COPD patients for at 
least two reasons: such patients have a poor prog-
nosis; and they need adequate treatment that 
might include pulmonary vasodilators.

It has been demonstrated by several studies 
that the level of pulmonary hypertension has a 
prognostic impact on COPD patients. In one of 
these studies, the 5-year survival rates were 50% 
in patients with mild (20–30 mm Hg), 30% in 
those with moderate to severe (30–50 mm Hg), 
and 0% in the small group (n = 15) of patients 
with very severe pulmonary hypertension 
(>50 mm Hg). Thus, severe pulmonary hyper-
tension carries a poor prognosis, and this has 
also been observed in COPD patients receiving 
long-term oxygen therapy (Weitzenblum and 
Chaouat 2005).

Initially, a rise in pulmonary blood pressure 
leads to pulmonary artery dilatation while right 
ventricular performance is usually maintained. 
Evaluation of the right ventricle and pulmonary 
blood flow by echocardiography is difficult in 
patients with emphysema as the acoustic win-
dow is limited. Therefore, MRI has been used 
for imaging the right ventricle, and a loose 
 correlation between increased right ventricular 
mass and severity of emphysema was demon-
strated (Boxt 1996).

In COPD patients with hypoxemia, increased 
right ventricular volumes, decreased right ven-
tricular function, and impaired left ventricular 
diastolic function were shown (Budev et al. 
2003). In a study by Vonk-Nordegraaf et al. the 
right ventricular mass and ejection fraction in 
25 clinically stable, normoxic COPD patients 

with emphysema were analyzed. The position of 
the heart appeared rotated and shifted to a more 
vertical position in the thoracic cavity due to 
hyperinflation of the lungs with an increase of 
the retrosternal space. The right ventricular wall 
mass was significantly higher (68 g) in the 
patient group compared to healthy volunteers 
(59 g). The right ventricular ejection fraction 
was unchanged (53%) (Vonk Noordegraaf et al. 
1997). In another study from the same group 
structural and functional cardiac changes in 
COPD patients with normal PaO2 and without 
signs of right ventricular failure were evaluated. 
Compared to healthy volunteers there were no 
indications of pulmonary hypertension. 
However, the end-systolic and end-diastolic vol-
umes of the right ventricle were significantly 
reduced (with normal ejection fraction), the 
right ventricular mass was significantly elevated 
while the left ventricular mass was within nor-
mal limits. The authors conclude that concentric 
right ventricular hypertrophy is the earliest sign 
of right ventricular pressure increase in patients 
with COPD. This structural adaptation of the 
heart initially does not alter right and left ven-
tricular systolic function (Vonk-Noordegraaf 
et al. 2005). As this is the only study so far in 
patients with mild emphysema no strong con-
clusions can be drawn from this first description 
of the early adaptation mechanisms of the right 
ventricle in patients with normoxemia or mild 
hypoxemia and the consequences of any struc-
tural changes on right and left ventricular 
function.
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Key Points

Proton MRI is able to depict the major changes 
in CF lung disease in a similar way to CT, 
albeit there will be shortcomings in the detec-
tion of more subtle or smaller abnormalities. 
Further studies are warranted to determine 
whether the additional structural detail pro-
vided by CT is necessary for the evaluation of 
the severity and progression of CF lung dis-
ease. At the same time, proton and hyperpo-
larized gas MRI provide a broad spectrum of 
additional functional information in CF lung 
diseases that is otherwise not available to 
patients and clinicians. The MRI techniques to 
be applied in CF lung disease are novel and 
further development and studies are required 
to fully implement and assess their potential 

http://crossmark.crossref.org/dialog/?doi=10.1007/174_2017_49&domain=pdf
mailto:SNagle@uwhealth.org


278

impact in CF. It is currently unknown whether 
the combination of functional and structural 
information from MRI will be more useful 
than 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 
disadvantages in elucidating the complex 
interrelation of lung structure and function.

1  Introduction

Cystic fibrosis (CF) is an autosomal recessive 
disorder caused by gene mutations of the long 
arm of chromosome 7. This gene codes for the 
cystic fibrosis transmembrane regulator-protein 
(CFTR), which functions as an anion channel in 
the cell membrane. The impaired CFTR func-
tion causes aberrations of volume and ion com-
position of airway surface fluid, leading to 
viscous secretions with the consequence of bac-
terial colonization, chronic lung infection, air-
way obstruction, and consecutive destruction of 
the lung parenchyma (Gibson et al. 2003). 
Despite improved understanding of the underly-
ing pathophysiology 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 
approaches 40 years (Stern et al. 2008; Beall 
2005). Although CF affects most body systems, 
the majority 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 function tests provide a global 
measure of airflow obstruction and/or restric-
tion, but provide no regional information 
about the lung function or information about 
lung structure. Although extremely useful, 
pulmonary function tests are known to be rela-
tively 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 CF lung disease. A decrease of Forced 
Expiratory Volume in 1 s (FEV1) was shown to 
be the most important prognostic factor for the 
course of the disease and the most significant 
predictor of mortality in a study of 673 patients 
with CF (Kerem et al. 1992). Over the last 
decade and particularly within the last 5 years, 
multiple breath washout techniques such as 
lung clearance index (LCI) have shown prom-
ise in overcoming the limitations of conven-
tional spirometry in mild disease and in very 
young patients. Several authors have published 
data showing that LCI is more sensitive than 
FEV1 to detect and grade lung disease in CF 
children (Lum et al. 2007; Aurora et al. 2005; 
Amin et al. 2010; Belessis et al. 2012; Hoo 
et al. 2012; Davies et al. 2013; Subbarao et al. 
2013; Stahl et al. 2014).

The standard radiological tools for monitoring 
of lung disease in CF patients are chest x-ray and 
thin-section computed tomography (CT), evalu-
ated using different scoring systems, e.g., the 
Chrispin-Norman Score (Chrispin and Norman 
1974) or Wisconsin Score (Weatherly et al. 1993) 
for chest x-ray and the Bhalla (Bhalla et al. 1991), 
Helbich (Helbich et al. 1999), or Brody (Brody 
et al. 2006) Scores 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. 2005). CT has been shown to be more sensi-
tive 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 scanning in CF, a major drawback 
remains the radiation exposure associated with 
CT (Brenner 2002; Frush et al. 2003; Huda and 
Vance 2007; Donadieu et al. 2007; O’Connell 
et al. 2012; Kuo et al. 2014). Even with more 
recent ultra-low-dose CT protocols involving 
model-based iterative reconstruction (de Jong 
et al. 2006; Loeve et al. 2009), there will continue 
to be resistance to the use of even small amounts 
of radiation in pediatric patient populations. 
Furthermore, in very young children and in those 
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with very mild disease, the sensitivity of existing 
CT scoring systems may be insufficient to detect 
subtle changes in disease (Thia et al. 2014). More 
sensitive manual scoring methods (Rosenow 
et al. 2015) or automated methods (DeBoer et al. 
2014) are being developed to address this short-
coming, but radiation safety concerns may ulti-
mately limit the utility of CT in CF lung disease 
for applications in which multiple CT scans in 
very young patients are required.

MRI of the chest was proposed as a potential 
imaging alternative in CF patients in the late 
1980s (Fiel et al. 1987). At that time, MRI 
 technology was not capable of producing compa-
rable results to CT (Carr et al. 1995). Early stud-
ies compared low field MRI and chest x-ray or 
CT (Abolmaali et al. 2002). Other studies com-
pared CT, chest x-ray, and proton MRI at 1.5 T 
(Puderbach et al. 2007a, b; Sileo et al. 2014; 
Renz et al. 2015; Tepper et al. 2016). However, 
the primary strength of MRI over CT, beyond its 
lack of ionizing radiation, is MRI’s ability to 
depict lung function (e.g., ventilation and perfu-
sion). Because cystic fibrosis affects the lungs 
very heterogeneously, the ability to depict the 
spatial distribution of functional abnormalities is 
a unique strength of MRI. Functional MRI tech-
niques 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) have been used 
to assess the functional impairment of the lung in 
cystic fibrosis. As recent techniques have 
improved the ability of MRI to show lung struc-
ture, the possibility of simultaneous assessment 
of lung structure and function using a single 
cross-sectional imaging modality is becoming a 
reality.

Currently, research with MRI in CF lung dis-
ease lags behind that with CT, at least partially 
due to the tremendous range of possible MRI 
approaches. In the following, we review the com-
mon functional and structural findings of CF lung 
disease and discuss some of the emerging MRI 
techniques that promise to further expand the 
utility of MRI for assessment of cystic fibrosis 
lung disease.

2  Functional Lung MR Imaging

MRI can provide functional assessment of pul-
monary hemodynamics and ventilation. 
Pulmonary perfusion imaging typically requires 
the administration of gadolinium-based intrave-
nous contrast. An inhaled contrast agent, either 
oxygen or a hyperpolarized noble gas, is required 
for MR lung ventilation imaging.

2.1  Pulmonary Perfusion

In CF, regional ventilatory defects cause changes 
in regional lung perfusion due to the reflex of 
hypoxic vasoconstriction or tissue destruction. A 
variety of MRI methods have been employed to 
assess lung perfusion, including methods that 
rely on the endogenous signal from blood (Mai 
and Berr 1999) and others that require the admin-
istration 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. 1) (Eichinger et al. 2006). More recent, 
larger studies support the utility of perfusion 
MRI in detecting treatment effect in young chil-
dren (Wielpütz et al. 2014; Stahl et al. 2017). 
Since the perfusion abnormalities in cystic fibro-
sis are likely to be matched to corresponding ven-
tilation defects, it is possible that perfusion MRI 
and ventilation MRI may serve as equivalent bio-
markers in this particular disease. In a study of 30 
CF patients, ten of whom returned for a repeat 
scan within 1–2 weeks, perfusion MRI and venti-
lation MRI obtained using hyperpolarized 3He 
gas performed similarly in differentiating a wide 
spectrum of CF disease severity, using FEV1 as a 
reference standard (Fig. 2) (Poranski et al. 2016). 
Since perfusion MRI is much more widely avail-
able than hyperpolarized gas ventilation MRI, 
this could enable more widespread incorporation 
of functional measures into MRI protocols for 
assessing CF lung disease and treatment response. 
By combining time-resolved perfusion MRI with 
a 3D radial ultrashort echo time acquisition, it is 
possible to simultaneously obtain both perfusion 
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and high resolution structural information during 
a single breath-hold (Bell et al. 2015a).

While it is numerically possible to calculate 
pulmonary blood flow (PBF), pulmonary blood 
volume (PBV), and mean transit time (MTT) 
maps from dynamic pulmonary perfusion datas-
ets, the fact that the signal intensity in the image 

is not linearly proportional to the concentration 
of gadolinium in the blood makes absolute quan-
tification very challenging (Puderbach et al. 
2008; Bell et al. 2015b). However, if only 
 qualitative detection and comparison of perfu-
sion defects, then relative PBF and PBV can be 
very useful. Indeed, in the CF literature, the 

a b

Fig. 1 (a) T2 weighted MR image of the patient shown in 
Fig. 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 inho-

mogeneous perfusion in the peripheral lower lobe zones. 
Reprinted with permission of the American Thoracic Society. 
Copyright (c) 2017 American Thoracic Society. (Altes et al. 
2007a). Proceedings of the American Thoracic Society is an 
official journal of the American Thoracic Society
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Fig. 2 Ventilation defects observed with hyperpolarized gas MRI (top row) are well matched to perfusion defects 
observed with dynamic contrast-enhanced perfusion MRI
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majority of analyses using perfusion MRI use a 
maximum intensity projection through the time 
dimension or subtracted images (peak enhance-
ment phase—pre-contrast phase) as the means 
for qualitatively identifying regions of relatively 
decreased perfusion.

2.2  Pulmonary Flow 
Measurements

Parenchymal destruction can lead to dilatation 
and flow augmentation of bronchial arteries. As 
bronchial arteries are part of the systemic circula-
tion, 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 pulmo-
nary arteries were found in ten CF patients as 
compared with 15 healthy volunteers, and this 
may represent early development of pulmonary 
hypertension in this patient group (Ley et al. 
2005). A more recent study of 16 CF patients and 
17 age- and sex-matched non-CF controls showed 
that aortopulmonary blood flow as measured 
using phase-contrast MRI was inversely corre-
lated with FEV1 (Fleck et al. 2013), and the 
authors suggest that this could serve as a sensitive 
marker for mild lung disease. In addition, pulmo-
nary hemorrhage is a known risk of cystic fibrosis 
and may be related to bleeding from bronchial 
arteries; therefore, increased bronchial relative to 
pulmonary artery flow may provide useful prog-
nostic information regarding the risk of subse-
quent pulmonary hemorrhage. However, the full 
clinical significance of the systemic arterial shunt 
volume is not yet known and direct comparison 
with the leading global biomarker for mild 
impairment of lung function, lung clearance 
index, has not yet been performed.

2.3  Oxygen-Enhanced MRI

Gaseous molecular oxygen is weakly paramag-
netic 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 pre-
liminary study of five CF patients and five healthy 
volunteers, the lungs of the CF patients had an 
inhomogeneous appearance following the inhala-
tion of high oxygen concentrations suggesting 
inhomogeneous lung ventilation (Jakob et al. 
2004). Since oxygen is quickly soluble in blood, 
the oxygen-enhanced MR images depict a combi-
nation of ventilation, diffusion, and perfusion 
(Keilholz et al. 2002). As with time-resolved per-
fusion imaging, it is possible to use 3D radial 
ultrashort echo time techniques to simultaneously 
acquire both structural and functional images 
using a single acquisition protocol (Kruger et al. 
2014). One of the difficulties with oxygen-
enhanced MRI in general is that there is a rela-
tively low difference in signal from the lung 
parenchyma with 21% versus 100% inspired oxy-
gen concentration. Furthermore, there is variabil-
ity in oxygen delivery through different face mask 
systems, with peak inspired oxygen concentration 
rarely reaching the nominal 100% target. This 
results in a relatively low signal-to-noise level in 
the resulting MR oxygen-enhanced images.

2.4  Hyperpolarized Gas MRI

Hyperpolarized 3He or 129Xe are gaseous MRI 
contrast agents that, when inhaled, provide a very 
high MR signal from the airspaces of the lung 
when using dedicated coil systems. 
Hyperpolarized gas 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 imaging (Eberle 
et al. 1999). In addition, 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 majority of studies investigating the use of 
hyperpolarized gas MRI in CF have used static spin 
density imaging. Static spin density imaging, often 
referred to as ventilation imaging, is performed 
during a breath-hold following the  inhalation of the 
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hyperpolarized gas (Altes et al. 2004). Well-
ventilated areas of the lung receive more 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 
hyperpolarized gas MRI has been successfully per-
formed in children as young as 4 years who were 
able to breath-hold (Altes et al. 2008).

The first report of hyperpolarized 3He MRI in 
CF found extensive abnormalities of ventilation 
on static spin density images in four subjects with 
moderate to severe pulmonary CF and abnormal 
FEV1% predicted (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 signifi-
cantly higher number of ventilation defects on 
3He MRI than the normal subjects (Mentore et al. 
2005). Even the four CF subjects with a normal 
FEV1% predicted had significantly higher venti-
lation defect score than the normal subjects, sug-
gesting hyperpolarized gas MRI may be more 
sensitive to ventilation abnormalities than spi-
rometry. Moderate correlations between the ven-
tilation defect score and spirometry were found 
(Fig. 3). In this study, eight of the CF patients 
underwent a therapeutic intervention first with 
nebulized albuterol followed by DNase and chest 
physical therapy. Repeated 3He MRI after ther-

apy showed changes in the ventilation defect 
score. Thus, this study demonstrated the feasibil-
ity of using hyperpolarized 3He MRI as an out-
come measure in the evaluation of airway 
clearance techniques. Another study of 18 chil-
dren with CF (age 5–17 years) confirmed that 
hyperpolarized 3He MRI can be performed by 
children with CF and found moderate to weak 
correlations between static spin density hyperpo-
larized 3He 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 3He 
MRI to ventilatory abnormalities than spirometry 
or chest x-ray. Another study compared static 
spin density 3He 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 correlations between hyper-
polarized 3He MRI and spirometry were stronger 
than those between CT and spirometry. Thus, this 
study suggests that hyperpolarized 3He MRI may 
represent a safe alternative to CT for the evalua-
tion of CF lung disease. Most recently, a pilot 
study of eight CF patients treated with ivacaftor 
demonstrated clear treatment effects on 3He MRI 
on an individual basis (Fig. 4) (Altes et al. 2007b).

Due to the limited availability of 3He, many 
research teams have been switching to the use of 
naturally occurring 129Xe. In a recent study of 11 
CF pediatric patients with mild disease and 11 
healthy controls, 129Xe MRI more effectively dis-

Normal
FEV1 130%

(%pred)

CF
109%

CF
63%

CF
35%

Fig. 3 Coronal hyperpolarized helium MR ventilation 
images from a normal subject and three different 
patients with CF. The CF patients have more ventilation 
defects than the normal subject, and the number of 
defects increases with worsening FEV1 (%predicted). 

Reprinted with permission of the American Thoracic 
Society. Copyright (c) 2017 American Thoracic Society. 
(Altes et al. 2007a). Proceedings of the American 
Thoracic Society is an official journal of the American 
Thoracic Society
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criminated CF from normal subjects than did FEV1 
and demonstrated ventilation defects even in 
 subjects with normal FEV1 (Thomen et al. 2017). 
Unlike 3He, 129Xe is soluble in blood. In fact, its 
resonance frequency is slightly different in gaseous 
and blood phases, which offers the intriguing 
potential of using it to separately image ventilation 
and perfusion following a single inhalation (Mugler 
and Altes 2013). While initially there was some 
concern about potential anesthetic effects of 129Xe 
in the pediatric population, recent literature sup-
ports the feasibility, safety, and tolerability of 129Xe 
in patients as young as 6 years (Walkup et al. 2016).

To date, little work has been done in CF evalu-
ating the other mechanisms of contrast possible 
with hyperpolarized gas MRI including dynamic 
ventilation (Koumellis et al. 2005), diffusion 
weighted, or oxygen sensitive imaging. Further, 
the special equipment required to perform hyper-
polarized gas MRI is both expensive and not yet 

widely available, and hyperpolarized gas as a MRI 
contrast agent has not yet been approved by the 
Food and Drug Administration, so use of this tech-
nique is currently limited to a relatively small 
number of academic medical centers. More details 
on 3He- and 129Xe-MRI are discussed in the respec-
tive chapters in this book. Novel techniques for 
combined ventilation and perfusion imaging with-
out application of exogenous contrast agents (e.g., 
Fourier Decomposition MRI) in the context of CF 
are also further explained in separate chapters.

3  Structural Changes of CF 
Lung Disease on Proton-MRI

In addition to visualization of lung function, it is 
possible using common proton-MRI sequences 
to visualize the structural changes of CF lung dis-
ease, including bronchial wall thickening, mucus 

a

b

c

Fig. 4 Following inhalation of the hyperpolarized gas, 
well-ventilated lung regions appear bright white, and 
poorly ventilated regions (termed “ventilation defects”) 
appear dark gray/black. (a) Baseline: ppFEV1: 62.2; 
TVDH: 51.7%; TVDC: 48.4%. (b) End of 4 weeks of iva-
caftor treatment: ppFEV1: 83.0; TVDH: 27.1%; TVDC: 

17.4%. (c) End of 2 weeks of placebo washout: ppFEV1: 
71.6; TVDH: 57.4%; TVDC: 40.9%. (ppFEV1 = percent 
predicted forced expiratory volume in 1 s; TVDH = Total 
Ventilation Defect by Human; TVDC = Total Ventilation 
Defect by Computer). Reprinted with permission of 

Elsevier. (Altes  2007b) 
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plugging, bronchiectasis, air fluid levels, 
 consolidation, and segmental/lobar destruction, 
albeit with lower spatial and temporal resolution 
than with CT (Puderbach et al. 2007a). It seems 
likely that the lower spatial and temporal resolu-
tion of MRI will mean that MRI is less sensitive 
than CT to specific imaging features such as dis-
tal bronchiectasis. However, this does not neces-
sarily mean that MRI will provide less useful 
information about CF since sensitivity to these 
imaging features may not be critical for the 
assessment of the overall burden of disease 
(Puderbach et al. 2007b). Indeed, some recent 
studies have shown that MRI methods approach 
the performance of CT (Teufel et al. 2012; Sileo 
et al. 2014; Renz et al. 2015; Tepper et al. 2016). 
Furthermore, recent improvements in ultrashort 
echo time MRI methods (Johnson et al. 2013; 
Dournes et al. 2016; Roach et al. 2016) have 

enabled much improved direct visualization of 
lung parenchyma and mosaic pattern in particu-
lar, further narrowing the gap between MRI and 
CT with respect to assessment of lung structure 
(Fig. 5) (Nagle et al. 2016).

3.1  Bronchial Wall Thickening

The visualization of bronchial wall thickening is 
dependent on bronchial size, bronchial wall thick-
ness, 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 using conven-
tional echo time methods. Emerging ultrashort echo 
time methods (TE < 0.1 ms) show promise in show-
ing smaller airways. This is in contrast to CT in 
which the 6th to 8th generation bronchi can be iden-

Fig. 5 Ultrashort echo time (TE < 0.1 ms) MRI of the 
lungs in cystic fibrosis clearly shows a mosaic pattern (*), 
likely to be air trapping based upon comparison with expi-
ratory CT images, much better than conventional echo 
time methods. Although the UTE MRI images have 
slightly lower in-plane spatial resolution than CT, the 
depiction of bronchiectasis and bronchial wall thickening 

(arrows) is comparable to CT. As with conventional echo 
time MRI methods, consolidation (ovals) is shown well 
against the dark lung background. These UTE images 
were acquired during 5 min of quiet breathing, using retro-
spective respiratory gating based on respiratory bellows. 
Details of the pulse sequence can be found in Johnson KM, 
et al., Magn Res Med 70(5):1241–1250 (2013)
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tified. However in CF patients, bronchial wall thick-
ening of small airways enhances their detectability 
by MRI so that small airways with thick walls can 
be visualized in the lung periphery (Fig. 6) 
(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 bron-
chial 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 bron-
chial wall contrast enhancement have been 
observed. In some lung regions, bronchi demon-
strate striking enhancement while in other regions 
weak contrast enhancement is observed. This phe-
nomenon may also be related to inflammatory 
activity within the bronchial wall, but further stud-

a b

Fig. 6 Transverse MR T2 weighted (HASTE) image 
(a) and corresponding CT image (b) of a 14-year-old 
female with CF. In both images bronchial wall thicken-
ing, bronchiectasis, peripheral mucus plugging, and 
dorsal consolidations are demonstrated. Reprinted with 

permission of the American Thoracic Society. 
Copyright (c) 2017 American Thoracic Society. (Altes 
et al. 2007a).  Proceedings of the American Thoracic 
Society is an official journal of the American Thoracic 
Society

a b

Fig. 7 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 having an air fluid level. Reprinted with permission of 
the American Thoracic Society. Copyright (c) 2017 
American Thoracic Society. (Altes et al. 2007a).  
Proceedings of the American Thoracic Society is an offi-
cial journal of the American Thoracic Society
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ies are required to improve our understanding of 
these phenomena (Fig. 7).

3.2  Mucus Plugging

Mucus plugging is well visualized by MRI due to 
the high T2 weighted signal of its fluid content 
(Fig. 6). Mucus plugging in central large bronchi 
and peripheral small bronchi can be visualized on 
MRI. In central mucus 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 inten-
sity 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 cannot be reliably distin-
guished 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 local-
ization 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, using the combination of 
T1 and T2 weighted and contrast-enhanced 
sequences, mucus and fresh blood may be distin-
guishable. Mucus usually has high T2 weighted 
and low T1 weighted signal, while fresh blood 
usually has low T2 weighted and T1 weighted 
signal. Whether or not this difference is consis-
tent enough to be used as a reliable differentiator 
remains to be seen.

3.3  Bronchiectasis

The MRI appearance of bronchiectasis is depen-
dent on bronchial level, bronchial diameter, wall 
thickness, wall signal, and the signal within the 
bronchial lumen. Central bronchiectasis is well 
visualized on MRI independent of wall thicken-
ing or wall signal because of the anatomically 
thicker wall of the central bronchi. Peripheral 

bronchi starting at the third to fourth generation 
are poorly visualized by MRI except when they 
are pathological with bronchial wall thickening 
and/or mucus plugging.

3.4  Air Fluid Levels

Air fluid levels are indicative of active infec-
tion and occur in saccular or varicose bronchi-
ectasis. Bronchial air fluid levels can be 
visualized by MRI because of the high T2 
weighted signal from the fluid. However, dis-
criminating between a bronchus with an air 
fluid level and one with a partial mucus plug or 
a severely thickened wall can be difficult. By 
evaluating the signal characteristics on T1 and 
T2 weighted, and contrast-enhanced sequences, 
air fluid levels can frequently be differentiated 
(Fig. 7).

3.5  Consolidation

Consolidation in CF is mainly caused by alveolar 
filling with inflammatory fluid. The visualization 
of consolidation in MRI is based on both the high 
T2 weighted signal from inflammatory fluid and 
the increased proton density of a consolidation 
compared with healthy lung tissue. Comparable 
to CT, MRI is able to visualize air broncho-
grams as low signal areas following the course 
of the bronchi within the consolidation (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 appear-
ance on MRI as CT.

3.6  Mosaic Pattern

On CT, a mosaic pattern of lung attenuation is a 
common finding in CF patients. This pattern can 
be observed on inspiratory scans as areas of rela-
tive hyperlucency, which can be due to air trap-
ping or regional hypoperfusion (mosaic 
perfusion). These two entities can be distin-
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guished on expiratory CT images since regions of 
air trapping will not change significantly in vol-
ume and thus change little in measured CT atten-
uation. Conversely, in areas of hypoperfusion 
without air trapping, the lung attenuation will 
increase with expiration.

On MRI, the phenomena of air trapping is not 
typically apparent because even normal lung 
parenchyma has a very low signal, and an 
increase of the air content does not cause a 
detectable decrease in lung parenchymal signal. 
However, two approaches offer potential to over-
come this limitation: direct measurement of T1 
relaxation times (Stadler et al. 2005) and ultra-
short echo time methods (Fig. 5). Ultrashort 
echo time methods in particular offer potential 
by increasing the signal of normal lung so that 
areas of decreased proton density due to air trap-
ping can be seen as dark areas surrounded by 
more dense normal lung. The previously 
described technique of time-resolved pulmonary 
perfusion MRI has the potential to directly show 
areas of mosaic perfusion (Fig. 1) (Eichinger 
et al. 2006).

4  Validation of MRI Biomarkers

Two major recent studies have taken important steps 
in validating MRI-based biomarkers of CF lung dis-
ease. Wielpütz et al. published in 2014 the results of 
a pivotal study showing the ability of MRI to depict 
structural and functional lung disease in CF as a way 
to both differentiate lung disease severity and also to 
show treatment effect following pulmonary exacer-
bation in very young patients 0–6 years of age 
(Wielpütz et al. 2014). Their study included 50 pedi-
atric subjects with CF and 26 controls. Using a 
hybrid scoring system simplified from the Brody CT 
score, eliminating air trapping and adding a func-
tional category for lung perfusion, they showed that 
abnormalities were seen even in very mild disease in 
young patients. Most importantly, they demon-
strated a clear treatment effect in those subjects 
recruited during a pulmonary exacerbation (n = 10) 
(Fig. 8). This study provided the first evidence in a 
moderate sized subject population of the potential 
utility of MRI as a biomarker in very young CF 

patients with mild lung diseaThe alternative leading 
contenders for lung disease biomarkers in very mild 
disease in young patients are LCI and CT. The sec-
ond major study demonstrating the potential utility 
of MRI was published by Stahl et al. in 2017 (Stahl 
et al. 2017). In this study, the same MRI approach 
used in the Wielputz 2014 study was compared with 
LCI in 122 CF patients age 0.2–21.1 years. Of these, 
97 were evaluated at their stable baseline state of 
health while 25 were evaluated before and after 
treatment for pulmonary exacerbation. While some 
of these subjects were also included in the earlier 
Wielputz 2014 study, no MRI exam was used in both 
studies. The results showed that both LCI and MRI 
were sensitive to mild lung disease and showed 
response to treatment. MRI has the additional bene-
fit of showing the spatial locations of the lung dis-
ease, which could enable more precise measurements 
on a regional basis.

5  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 sub-
jects and have been observational, simply describ-
ing the imaging findings of CF. One of the issues 
related to using imaging as an endpoint is that the 
images themselves are not an endpoint. Typically 
information about the disease in question has to be 
extracted from the images. With chest CT, a vari-
ety of scoring systems for CF have been proposed 
to do just this, reducing a large set of images to a 
single number or small set of numbers that charac-
terize the disease severity/activity. The develop-
ment of imaging-based  endpoints or scores for 
lung MRI in CF is in its infancy. First the salient 
imaging features must be determined and a 
method, based on either human scoring or com-
puter-based image analysis, must be devised for 
quantifying these features. For proton MRI, meth-
ods based on the CT scoring schemes could be 
developed. For the functional lung MRI tech-
niques, new analysis methods will need to be 
developed and specifically validated in CF. It has 
been proposed that to validate an endpoint or out-
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Fig. 8 The effect of treatment for pulmonary exacerbation is 
seen in a variety of structural and functional MRI tech-
niques, including T1-weighted, T2-weighted, and perfu-
sion-weighted methods. Reprinted with permission of the 

American Thoracic Society. Copyright (c) 2017 American 
Thoracic Society. (Wielputz et al. 2014). The American 
Journal of Respiratory and Critical Care Medicine is an 
official journal of the American Thoracic Society 
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come surrogate, it must be shown to be accurate, 
reproducible, feasible over time, biologically plau-
sible, reflect the severity of disease, improve 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 tri-
als are required to determine whether endpoints 
derived from any of the lung MRI methods dis-
cussed above possess the remainder of these 
characteristics.
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Abstract

Since the publication of the Radiologic 
Diagnostic Oncology Group Report (RDOG) 
in 1991, the clinical application of pulmonary 
magnetic resonance (MR) imaging to patients 
with lung cancer has been limited. MDCT has 
been much more widely available for staging 
of lung cancer in clinical situations. 
Traditionally, FDG-PET or PET/CT is the 
only modality that reveals biological glucose 
metabolism of lung cancer, and ventilation 
and/or perfusion scintigraphy is the only 
modality that demonstrates pulmonary func-
tion. However, recent advances of MR sys-
tems and utilization of contrast media make it 
possible to overcome the limitation of chest 
MR imaging. Therefore, in the last years, sev-
eral investigators have demonstrated the sig-
nificant comprehensive potential of MR 
imaging to substitute for MDCT and nuclear 
medicine examinations in lung cancer stag-
ing. Currently, MR imaging in lung cancer 
patients can be applied for (1) detection of 
pulmonary nodules, (2) characterization of 
solitary pulmonary nodules, and (3) assess-
ment of TNM classification in routine clinical 
practice. We believe that further basic studies, 
as well as clinical applications of newer 
MR techniques, will play an important role in 
the future management of patients with lung 
 cancer including MRI.
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1  Introduction

Lung cancer is the most common cause of cancer- 
related death in the Western world, Japan, and 
South Korea. Non-small cell lung carcinoma 
(NSCLC) accounts for approximately 80% of all 
lung cancers, with small cell lung carcinoma 
(SCLC) accounting for the remainder. Despite 
major efforts aimed at improving survival during 
recent years, survival remains dismal at 14% for 
all stages. Imaging techniques currently are essen-
tial for the diagnosis, staging, and follow- up of 

patients with lung cancer. The diagnosis of lung 
cancer has relied on findings on chest radiographs 
(CXRs) and detection of cells in sputum or biopsy 
specimens. Perhaps even more important, how-
ever, are specific findings on chest computed 
tomography (CT) and metabolic information on 
positron emission tomography with 2-[fluorine-
18]-fluoro-2-deoxy-d-glucose (FDG-PET) or 
FDG-PET co-registered or integrated with CT 
(co-registered or integrated FDG- PET/CT). 
Moreover, the staging and follow-up of lung can-
cer have relied more on CT, FDG-PET, and/or 
FDG-PET/CT than on chest radiography. The 
goal of diagnosis and management of pulmonary 
nodules is to bring promptly to surgery all patients 
with operable malignant nodules while avoiding 
unnecessary thoracotomy for patients with benign 
lesions. It is therefore of utmost importance to dif-
ferentiate malignant from benign nodules in the 
least invasive manner and to make as specific and 
accurate a diagnosis as possible. In addition, the 
preliminary goal of pre-therapeutic assessment of 
lung cancers is to avoid unnecessary surgery for 
patients with locally unresectable tumors and/or 
nodal or metastatic disease because the strongest 
prognostic indicator for survival in lung cancer is 
whether or not the tumor is resectable.

Currently, CT is considered to be the most 
widely applicable modality for evaluation of lung 
cancer, and a major breakthrough in CT technol-
ogy has been the introduction of multidetector- row 
CT (MDCT), in which detector rows are exposed 
simultaneously. The performance of MDCT com-
pared with single-detector CT is enhanced by a 
factor approximately equal to the number of rows. 
In addition, FDG-PET or PET/CT qualifies as 
another important innovation in lung cancer imag-
ing. Standard imaging techniques are based on dif-
ferences in the structure of tissues, whereas 
FDG-PET or PET/CT can show the enhanced glu-
cose metabolism of lung cancer cells. For these 
reasons, MR imaging has been utilized for only a 
few cases, such as superior sulcus (Pancoast’s) 
tumor, mediastinal invasion and chest wall inva-
sion since 1991, when the Radiologic Diagnostic 
Oncology Group (RDOG) reported no significant 
difference in the diagnostic capability of CT and 
conventional T1-weighted imaging for the staging 
of lung cancer except for mediastinal invasion 

Key Points

Since the publication of the Radiologic 
Diagnostic Oncology Group Report 
(RDOG) in 1991, the clinical application of 
pulmonary magnetic resonance (MR) 
imaging to patients with lung cancer has 
been limited. MDCT has been much more 
widely available for staging of lung cancer 
in clinical situations. Traditionally, FDG- 
PET or PET/CT is the only modality that 
reveals biological glucose metabolism of 
lung cancer, and ventilation and/or perfu-
sion scintigraphy is the only modality that 
demonstrates pulmonary function. 
However, recent advances of MR systems 
and utilization of contrast media make it 
possible to overcome the limitation of chest 
MR imaging. Therefore, in the last years, 
several investigators have demonstrated the 
significant comprehensive potential of MR 
imaging to substitute for MDCT and 
nuclear medicine examinations in lung 
cancer staging. Currently, MR imaging in 
lung cancer patients can be applied for (1) 
detection of pulmonary nodules, (2) char-
acterization of solitary pulmonary nodules, 
and (3) assessment of TNM classification 
in routine clinical practice. We believe that 
further basic studies, as well as clinical 
applications of newer MR techniques, will 
play an important role in the future man-
agement of patients with lung cancer 
including MRI.

Y. Ohno et al.



295

(Webb et al. 1991). However, recent advances in 
MR imaging techniques and utilization of contrast 
media have resulted in further improvement of the 
image quality and diagnostic capability of MR 
imaging for lung cancer patients.

In this chapter we describe the utility and 
capability of MR imaging for (1) detection of 
pulmonary nodules, (2) characterization and 
management of pulmonary nodules, and (3) 
assessment of tumor-node-metastasis (TNM) 
stages in lung cancer patients.

2  Detection of Pulmonary 
Nodules

A pulmonary nodule is radiologically defined as 
an intraparenchymal lung lesion that is less than 
30 mm in diameter and is not associated with atel-
ectasis or adenopathy (Tuddenham 1984). While 
one in 500 CXRs shows a lung nodule, 90% of 
these nodules are incidental radiological findings, 
detected accidentally on CXRs obtained for unre-
lated diagnostic workups. More than 150,000 
patients per year in the United States present their 
physicians with the diagnostic dilemma of a pul-
monary nodule. This number has increased even 
further due to incidental findings of lung nodules 
on chest CT (Tuddenham 1984). The devastating 
effect of lung cancer is directly associated with its 
delayed presentation. Patients with the best prog-
nosis are those with stage IA disease, although 
approximately one half of all lung cancers unfor-
tunately show extrathoracic spread at the time of 
diagnosis. Timely and accurate detection and 
diagnosis of the etiology of pulmonary nodules 
are therefore essential for making it possible for 
patients with malignancy to be cured.

Spiral CT or MDCT can be considered the 
current gold standard for the detection of lung 
nodules (Davis 1991; Costello 1994; Henschke 
et al. 2001; Schaefer-Prokop and Prokop 2002; 
Swensen et al. 2005; Bach et al. 2007). However, 
repeated follow-up CT examinations for detec-
tion of pulmonary metastases may be undesir-
able, especially for young patients, because of 
radiation exposure. Although radiation exposure 
is usually no major issue for cancer patients and 
low-dose CT techniques have been proved feasi-

ble to reduce the radiation dose, MR imaging 
does not require any ionizing radiation at all. It 
would therefore be helpful if MR imaging could 
be used for the detection of pulmonary nodules 
without administration of contrast media.

Several investigators have addressed this issue 
by using various sequences with 1.5 and 3.0 T 
scanners since 1997. However, patient-related 
motion artifacts, susceptibility artifacts from the 
lungs, and inferior spatial and temporal resolution 
as compared with those of CT reduce the quality 
of MR images of the lungs (Kersjes et al. 1997; 
Vogt et al. 2004; Schroeder et al. 2005; Luboldt 
et al. 2006; Bruegel et al. 2007; Regier et al. 2007; 
Yi et al. 2007). All these studies assessed the 
detection rate (sensitivity) for pulmonary nodules, 
mainly pulmonary metastases, which was verified 
by single helical CT or MDCT. The sensitivities 
for nodules equal to or less than 5 mm in diameter 
were reportedly less than 45%, although various 
sequences such as electrocardiograph (ECG)-
triggered proton density weighted (PDW) or 
T2-weighted turbo spin echo (SE), ECG-triggered 
PDW black-blood-prepared half-Fourier single-
shot turbo SE (HASTE), respiratory-triggered 
T2-weighted short-inversion-time inversion 
recovery (STIR) turbo SE, pre- and post-contrast- 
enhanced Volumetric interpolated breath-hold 
examination (VIBE), T2-weighted triple inver-
sion black blood turbo spin echo, etc. were tested 
with nodules equal to or more than 5 mm section 
thickness on 1.5 or 3.0 T scanners.

The detection rates or sensitivities of MR 
imaging using various sequences on 1.5 and 3.0 T 
systems have ranged from 36.0 to 96.0% (Kersjes 
et al. 1997; Vogt et al. 2004; Schroeder et al. 2005; 
Luboldt et al. 2006; Bruegel et al. 2007; Regier 
et al. 2007; Yi et al. 2007; Frericks et al. 2008; 
Koyama et al. 2008; Sommer et al. 2014). The 
study with 150 subjects considering as the large 
population to date compared CT and MR imaging 
on a 1.5 T system demonstrated that the overall 
detection rate of thin-section CT (97%) was supe-
rior to that of respiratory- triggered STIR turbo SE 
imaging (82.5%), although there were no signifi-
cant differences between the methods in the 
detection rate for all types of malignant nodules 
(Koyama et al. 2008). Therefore, the currently 
available MR technique should be considered as 
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capable of performing a complimentary function 
for intrathoracic metastasis detection, and radiol-
ogists need to carefully check the nodules on tho-
racic MR images of their oncology patients.

In addition, more recent study demonstrated 
that pulmonary thin-section MR imaging with 
ultrashort echo time (UTE) had almost similar 
capability for nodule detection as compared with 
standard- and low-dose thin-section CT in routine 
clinical practice (Ohno et al. 2016). Therefore, fur-
ther improvements of MR systems and sequences 
can be expected to enable pulmonary metastasis 
surveillance and/or lung cancer screening as well as 
morphological lung nodule characterization similar 
to CT on not only dedicated chest but also whole-
body MR imaging in the near future (Fig. 1).

3  Characterization 
and Management 
of Pulmonary Nodules or 
Masses on MR Imaging

Since the pulmonary nodule is one of the most 
common findings on chest radiographs and CT, it 
is important to differentiate malignant from 
benign nodules in the least invasive way and to 
make as specific and accurate a diagnosis as pos-
sible. Investigators have used CT, MR imaging, 
and FDG-PET or PET/CT to evaluate the radio-
logical features, relaxation time, blood supply, 
and metabolism of pulmonary nodules to differ-
entiate malignant from benign nodules with 
promising results (Table 1).

a b

c d

Fig. 1 A 71-year-old female with adenomatous hyper-
plasia in the right lower lobe. Thin-section CT indicates 
ground-glass attenuation in the right lower lobe (a). 
Black-blood T1-weighted turbo SE (b), T2-weighted 

turbo SE (c), and STIR turbo SE (d) images show a nod-
ule as, respectively, low, intermediate, and high signal 
intensity in the right lower lobe

Y. Ohno et al.
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3.1  Conventional T1-Weighted 
and T2-Weighted MRI 
Without and with Contrast 
Media

Characterization of the primary tumor on CT 
and MR imaging is based on the imaging fea-
tures of the nodule or mass itself and its relation-
ship to the pleura, chest wall, airways, and 
mediastinum, as well as its relative enhancement 
by contrast media. Historically, non-contrast-
enhanced MR imaging has shown limited poten-
tial for characterizing peripheral lung nodules 
and masses and identifying benign nature of 
nodules due to the low intrinsic signal intensity 
of the lung parenchyma, the relatively poor spa-
tial resolution, and patient-related motion arti-
facts (Caskey et al. 1990; Feuerstein et al. 1992; 
Kono et al. 1993; Kersjes et al. 1997; McLoud 
and Swenson 1999). In general, many pulmo-
nary nodules, including lung cancers, pulmonary 
metastases and low- grade malignancies such as 
carcinoids and lymphomas are demonstrated as 
low or intermediate signal intensities on 
T1-weighted images and as slightly high inten-
sity on T2-weighted images when SE or turbo 
SE sequences are used (Caskey et al. 1990; 
Feuerstein et al. 1992; Kono et al. 1993; Kersjes 
et al. 1997; McLoud and Swensen 1999) (Fig. 
2). Malignant pulmonary nodules less than 
30 mm in diameter usually do not show macro-
scopic necrosis (Caskey et al. 1990; Feuerstein 
et al. 1992; Kono et al. 1993; Kersjes et al. 1997; 
McLoud and Swensen 1999). Although enhance-
ment levels vary due to underlying microscopi-
cally determined pathologic conditions such as 
tumor angiogenesis, tumor interstitial spaces, 
the presence or absence of fibrosis, and scarring 
and necrosis within the tumor, malignant pulmo-
nary nodules show homogeneous enhancement 
but at a variety of levels on T1-weighted images 
after administration of contrast media (Caskey 
et al. 1990; Feuerstein et al. 1992; Kono et al. 
1993; Kersjes et al. 1997; McLoud and Swensen 
1999). Consequently, when using pre- and post-
contrast- enhanced conventional T1-weighted 
images and T2-weighted images, clinicians in 
routine clinical practice often face a diagnostic 

dilemma in distinguishing malignant from 
benign pulmonary nodules such as organizing 
pneumonia, benign tumors, and inflammatory 
nodules (Caskey et al. 1990; Feuerstein et al. 
1992; Kono et al. 1993; Kersjes et al. 1997; 
McLoud and Swensen 1999) (Figs. 2 and 3). It 
has therefore been suggested that enhancement 
patterns or blood supply evaluated with dynamic 
contrast-enhanced MR imaging may be helpful 
for diagnosis and management of pulmonary 
nodules (Kono et al. 1993, 2007; Kusumoto 
et al. 1994; Hittmair et al. 1995; Gückel et al. 
1996; Fujimoto et al. 2003; Ohno et al. 2002, 
2004a; Schaefer et al. 2004, 2006; Donmez et al. 
2007). However, it may be possible to diagnose 
several histological types of pulmonary nodules, 
such as bronchocele, tuberculoma, mucinous 
bronchoalveolar carcinoma (BAC), hamartoma, 
and aspergilloma, on pre- or post-contrast-
enhanced T1-weighted images and T2-weighted 
image according to their specific MR findings.

3.1.1  Bronchocele
Bronchial atresia is a common focal pulmonary 
lesion, which can be diagnosed by using non- 
contrast- enhanced T1- and T2-weighted 
images. Bronchial atresia is an uncommon 
anomaly characterized by focal obliteration of 
the bronchial lumen and the absence of com-
munication between lobar, segmental, or sub-
segmental bronchi and the central airway 
(Meng et al. 1978; Jederlinic et al. 1987; Finck 
and Milne 1988; Naidich et al. 1988; Bailey 
et al. 1990; Ko et al. 1998; Matsushima et al. 
2002). Mucus secreted within the patent air-
ways distal to the point of atresia accumulates 
in the form of a plug or bronchocele which 
appears as a pulmonary nodule or mass (Finck 
and Milne 1988; Naidich et al. 1988; Bailey 
et al. 1990; Ko et al. 1998; Matsushima et al. 
2002). The MR image of bronchoceles report-
edly appears as a branching lesion with high 
signal intensity on T1- and T2-weighted images 
due to the dilated mucus-filled bronchi and 
mucocele formation distal to the atelectatic 
segment (Finck and Milne 1988; Naidich et al. 
1988; Bailey et al. 1990; Ko et al. 1998; 
Matsushima et al. 2002) (Fig. 4).
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a b

c

e

d

Fig. 2 A 56-year-old female with adenocarcinoma in the 
right lower lobe. Thin-section CT shows a solid nodule in 
the right lower lobe (a). Black-blood T1-weighted turbo 
SE (b), T2-weighted turbo SE (c), and STIR turbo SE (d) 

images show nodule as, respectively, low, intermediate, 
and high signal intensity in the right lower lobe. Post- 
contrast black-blood T1-weighted turbo SE image (e) 
showed homogeneous enhancement of the nodule

3.1.2  Tuberculoma
Tuberculomas, observed as well-defined nodules 
located mainly in the upper lobes, may appear 
after primary or reactivated tuberculosis. 
Calcification occurs in about 20–30% of cases 

(Sochocky 1958). CT yields superior visualiza-
tion of the calcifications and characteristics of the 
nodules. In rare cases, areas of diminished attenu-
ation are seen, which represent caseous necrosis. 
The latter may be identified as tuberculoma, a 
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nodule with a relatively low signal intensity in 
comparison with that of other pulmonary nod-
ules on T2-weighted SE or turbo SE images 
(Sakai et al. 1992; Kono et al. 1993; Kusumoto 
et al. 1994; Parmar et al. 2000; Chung et al. 
2000; Schaefer et al. 2006). In addition, several 
investigators have reported on typical MR find-
ings of tuberculoma on post-contrast-enhanced 
T1-weighted images known as “thin-rim 

enhancement” sign (Sakai et al. 1992) (Fig. 5). 
Signal intensity at the center of tuberculomas is 
low or slightly enhanced, but the signal intensity 
of the fibrotic rim is markedly enhanced. These 
MR findings correspond well to those of patho-
logical specimens (Sakai et al. 1992; Kono et al. 
1993; Kusumoto et al. 1994; Parmar et al. 2000; 
Chung et al. 2000; Schaefer et al. 2006). Therefore, 
when tuberculoma is suspected or attempts are 

a b

c

e

d

Fig. 3 A 55-year-old male with cryptococcosis in the left 
lower lobe. Thin-section CT shows a solid nodule in the 
left lower lobe (a). Black-blood T1-weighted turbo SE 
(b), T2-weighted turbo SE (c), and STIR turbo SE (d) 

images show nodule as, respectively, low, intermediate, 
and high signal intensity in the left lower lobe. Post- 
contrast black-blood T1-weighted turbo SE image (e) 
showed homogeneous enhancement of nodule
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made to distinguish it noninvasively from malig-
nant nodules, pre- and post-contrast- enhanced 
conventional MR imaging may be the most suit-
able procedure because tuberculoma is one of the 
most well-known diseases that show intense FDG 
uptake and is difficult to distinguish from malig-
nant nodules when FDG-PET or PET/CT is used 
(Chang et al. 2006).

3.1.3  Mucinous Bronchoalveolar 
Carcinoma

Adenocarcinoma of the lung constitutes a histo-
logically and biologically heterogeneous group 
of tumors. Except for mucinous BAC, mucin pro-
duction is seldom a truly prominent characteristic 
of this adenocarcinoma, so that there are no sig-
nificant differences in the MR findings for 

 adenocarcinoma of the lung and other subtypes 
of lung cancer. Mucinous BAC occasionally 
presents as a solitary pulmonary nodule with low 
or no uptake of contrast media on conventional 
post-contrast- enhanced T1-weighted image and 
thus may be difficult to differentiate from other 
benign nodules such as tuberculoma. However, 
many mucinous BACs demonstrate one of two 
radiological patterns, consolidation or diffuse 
disease. The consolidation may be segmental or 
may involve an entire lobe and, with the excep-
tion of pulmonary vasculature, shows as high sig-
nal intensity on T2-weighted turbo SE images, 
which is known as “white lung sign” (Fig. 6). In 
addition, intratumoral vessels may be detected on 
contrast- enhanced T1-weighted images (Gaeta 
et al. 2000, 2001, 2002).

a b

c

d

Fig. 4 A 15-year-old female with bronchocele in the 
right upper lobe. Chest radiograph shows a mass in the 
right upper lung field (a). Contrast-enhanced CT shows a 
mass with water density in the right upper lobe (b). 
Conventional T1-weighted SE (c) and T2-weighted turbo 

SE (d) images show the mass as high intensity due to 
mucus-filled bronchi and formation of a mucocele distal 
to the atelectatic segment, which was diagnosed as a 
bronchocele
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a b

c d

e

f

Fig. 5 A 67-year-old male with tuberculoma in the left 
lower lobe. Thin-section CT shows a solid nodule in the 
left lower lobe (a). Contrast-enhanced CT indicates 
homogeneity but little enhancement within the nodule (b). 
Black-blood T1-weighted turbo SE (c) and T2-weighted 
turbo SE (d) images show the nodule as, respectively, low 
and intermediate signal intensities in the left lower lobe. 
Post-contrast black-blood T1-weighted turbo SE image 

(e) showed thin-rim enhancement, which was diagnosed 
as tuberculoma. Dynamic MR imaging (f) with ultrafast 
GRE technique (L to R: t = 0.0 s, t = 8.8 s, t = 16.5 s, and 
t = 25.4 s) showed a slightly enhancing nodule in the left 
lower lung field. The nodule is not enhanced in the lung 
parenchymal phase (t = 8.8 s) and slightly enhanced in the 
systemic circulation phase (t = 16.5 and 25.4 s) due to low 
blood supply from bronchial circulation
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3.1.4  Hamartoma
Pulmonary hamartomas, the third most common 
cause of solitary pulmonary nodules, are consid-
ered benign neoplasms that originate in fibrous 
connective tissue beneath the mucus membrane of 
the bronchial wall (Bateson 1973; Siegelman 
et al. 1986). A few investigators have reported on 
MR imaging of hamartomas. Sakai et al. (1994) 
found that all hamartomas appeared as a signal of 
intermediate intensity on T1-weighted SE images 
and as one of high intensity on T2-weighted SE 
images and four out of six hamartomas had a lob-
ulated appearance separated by septa on T1- or 
T2-weighted SE images. In addition, pulmonary 
hamartomas pathologically diagnosed as lipoma-
tous hamartoma sometimes show with high signal 
intensity on T1-weighted SE and T2-weighted 
turbo SE images (Yilmaz et al. 2004). Therefore, 
when these radiological findings are associated 

with a pulmonary nodule, the nodule can be sus-
pected of being a hamartoma, and the enhance-
ment pattern within the nodule should be evaluated 
on post-contrast-enhanced T1-weighted SE 
images, where the regions with less enhancement 
correspond to core cartilaginous tissue and septa 
and areas of marked contrast enhancement corre-
spond to branching cleft-like mesenchymal con-
nective tissue that dip into the cartilaginous core 
(Sakai et al. 1994) (Fig. 7).

3.1.5  Aspergilloma
Saprophytic aspergillosis (aspergilloma) is charac-
terized by Aspergillus infection without tissue 
invasion. It typically leads to conglomeration of 
intertwined fungal hyphae admixed with mucus 
and cellular debris within a pre-existing pulmonary 
cavity or ectatic bronchus (Gefter 1992; Aquino 
et al. 1994). A typical radiological finding of 

a b

c

Fig. 6 A 73-year-old male with mucinous bronchoalveo-
lar carcinoma (BAC) in the right middle and both lower 
lobes. Conventional CT shows ground-glass attenuation 
in the right middle and both lower lobes (a). Black-blood 

T1-weighted turbo SE (b) image shows mucinous BAC as 
low signal intensities. Black-blood T2-weighted turbo SE 
(c) image shows mucinous BAC with high signal intensi-
ties. These findings are known as “white lung sign”
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aspergilloma is a solid, round, or oval mass with 
soft-tissue opacity within a lung cavity. The mass 
is typically separated from the cavity wall by an 
airspace manifesting the so-called “air crescent” 
sign and is often associated with thickening of 
the wall and adjacent pleura (Gefter 1992; Park 
et al. 2007). The most common underlying 
causes are healed tuberculosis, bronchiectasis, 
bronchial cyst, and sarcoidosis. Other conditions 
that occasionally may be associated with asper-
gilloma include bronchogenic cyst, pulmonary 
sequestration, and pneumatoceles secondary to 
Pneumocystis carinii pneumonia in patients with 
acquired immunodeficiency syndrome.

The presence of a cavity within lung cancer 
is common and has been reported in 2–16% of 

cases (Felson and Wiot 1977). In general, lung 
cancer with a cavity typically shows a cavity 
wall with a thickness of more than 4 mm, spicu-
late or irregular inner and outer margins, 
enlarged lymph nodes, and a soft-tissue nodule 
or mass due to intracavitary tumorous mural 
regions associated with infiltration of the adja-
cent thoracic wall. In some cases, however, a 
lung cancer with a cavity may show a thin wall 
or “air crescent” sign on CXR or CT. It is there-
fore important to distinguish fungus ball from 
intracavitary tumorous mural regions by the “air 
crescent” sign in lung cancers with cavities, and 
pre- and post-contrast- enhanced conventional 
T1- and T2-weighted SE or turbo SE images are 
helpful for this purpose.

a b

c d

Fig. 7 A 54-year-old male with hamartoma in the left 
upper lobe. Conventional contrast-enhanced CT shows 
lobulated nodule in the left upper lobe (a). Black-blood 
T1-weighted turbo SE (b) and T2-weighted (c) images 
show a lobulated nodule as, respectively, low and high 

signal intensities in the left upper lobe. Post-contrast 
black-blood T1-weighted turbo SE (d) image shows less 
enhancement corresponding to core cartilaginous tissue, 
while areas of marked contrast enhancement correspond 
to cleft-like branching mesenchymal connective tissue
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Although a cavity may be present within lung 
cancer, a viable lung cancer evidenced as a cavity 
and/or intracavitary mass shows a typical signal 
intensity pattern on pre- and post-contrast- 
enhanced conventional T1- and T2-weighted SE 
or turbo SE images with as its characteristics a 
signal of low or intermediate intensity on pre- 
contrast- enhanced T1-weighted images, one of 
intermediate or high intensity on T2-weighted 
images, and one of high intensity due to intensive 
and homogeneous enhancement on post-contrast- 
enhanced T1-weighted images (Ma et al. 1985; 
van der Heide et al. 1985; Zinreich et al. 1988; 
Herold et al. 1989; Fujimoto et al. 1994; Blum 
et al. 1994) (Fig. 8). In aspergilloma cases, on the 
other hand, the signal intensity of the intracavi-
tary lesion is especially reduced on the 
T2-weighted SE or turbo SE image because of 
the presence of calcium, air, or ferromagnetic 
elements resulting from Aspergillus infection 
(Herold et al. 1989; Fujimoto et al. 1994; Blum 
et al. 1994) (Fig. 9). Because the presence of the 
ferromagnetic elements of iron, magnesium, and 
manganese is essential to the metabolism of 
amino acids by fungi, Fujimoto et al. (1994) have 
suggested that the reduction in signal intensity on 
T1-weighted images and the marked reduction 
on T2-weighted images are characteristics of 
aspergilloma as well as mycetomas and may be 
useful for differentiation of aspergilloma from 
intracavitary tumorous mural nodules.

3.2  New Non-Contrast-Enhanced 
MR Imaging of Pulmonary 
Nodules

To overcome limitations in differentiating benign 
from malignant nodules, STIR turbo SE imaging 
and diffusion-weighted imaging (DWI) were 
introduced in 2008 as more promising sequences 
than T2WI and pre- or post-CE T1WI for non-CE 
MR imaging for nodule assessment (Koyama 
et al. 2008; Mori et al. 2008). Koyama et al. dem-
onstrated that the quantitative capability of STIR 
turbo SE imaging was significantly better than 
non-CE T1WI or T2WI for differentiating malig-
nant from benign nodules, with sensitivity, speci-

ficity, and accuracy of 83.3%, 60.6%, and 74.5%, 
respectively (Koyama et al. 2008). DWI is usu-
ally assessed by the apparent diffusion coefficient 
(ADC), which evaluates the diffusivity of water 
molecules within tissue between 0 s/mm2 and a 
maximum b value ranging from 500 to 1000 s/
mm2 in routine clinical practice. According to 
this ADC evaluation, the quantitative and/or 
qualitative sensitivities and specificities of DWI 
in this setting have been reported as 70.0–88.9% 
for sensitivity and 61.1–97.0% for specificity 
(Mori et al. 2008; Satoh et al. 2008; Uto et al. 
2009). On the other hand, one study has sug-
gested the signal intensity ratio between lesion 
and spinal cord is more useful than ADC and 
used this ratio to determine that sensitivity, speci-
ficity, and accuracy of DWI were 83.3%, 90.0%, 
and 85.7%, respectively, and that the accuracy of 
this new parameter was significantly higher than 
that of ADC (50.0%) (Uto et al. 2009). It would 
therefore be better to use the abovementioned 
two non-CE MR techniques as routine clinical 
protocols non-CE-T1WI, T2WI, and CE-T1WI 
to improve differentiation capability between 
malignant and in addition to benign nodules on 
non-CE-MR examinations.

3.3  Dynamic Contrast-Enhanced 
MR Imaging of Pulmonary 
Nodules

Although in some cases benign or malignant focal 
lesions can be differentiated from others by using 
pre- and post-contrast-enhanced conventional T1- 
or T2-weighted SE or turbo SE imaging, signifi-
cant overlaps have been observed between benign 
and malignant lesions in routine clinical practice 
(Kono et al. 1993; Kusumoto et al. 1994). To over-
come this problem, dynamic contrast-enhanced 
MR imaging has been proposed as an alternative 
technique for diagnosis and/or management of pul-
monary nodules (Table 1). As a result of advances 
in MR systems and pulse sequences, there are now 
three major methods for dynamic MR imaging of 
the lung. Many investigators have proposed 
dynamic MR imaging be used for two-dimensional 
(2D) SE or turbo SE sequences or for various types 
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of 2D or three- dimensional (3D) gradient-echo 
(GRE) sequences and that enhancement patterns 
within nodules and/or parameters determined from 

signal intensity- time course curves be assessed 
visually. These curves represent first transit and/or 
recirculation and washout of contrast media in 

a b

c

e

d

Fig. 8 A 74-year-old male with squamous cell carcinoma 
in the left lower lobe. Thin-section CT (a) and sagittal 
reformat (b) show mass with irregularly thickened cavity 
wall in the left lower lobe. Black-blood T1-weighted 
turbo SE (c) and T2-weighted (d) images show mass with 

irregularly thickened cavity wall as, respectively, low and 
high signal intensities in the left lower lobe. Post-contrast 
black-blood T1-weighted turbo SE (e) image shows well- 
enhanced cavity wall corresponding to lung cancer
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5 min or more with repeated breath holding (Kono 
et al. 1993, 2007; Kusumoto et al. 1994; Hittmair 
et al. 1995; Gückel et al. 1996; Ohno et al. 2002, 
2004a; Fujimoto et al. 2003; Schaefer et al. 2004, 

2006; Donmez et al. 2007). Taking into account the 
inherent inhomogeneous composition of many 
intraindividual lung cancers and even within benign 
lesions such as central necrosis, only a dynamic 

a b

c

e

d

Fig. 9 A 60-year-old male with aspergilloma in the left 
upper lobe. Chest radiograph (a) shows “air crescent” sign 
in the left upper lung field. Conventional CT (b) shows 
fungus ball within cavity. Conventional T1-weighted SE 
(c) and T2-weighted turbo SE (d) images on coronal plane 

show intracavitary lesion as, respectively, low and very 
low signal intensities in the left upper lobe. Post-contrast 
T1-weighted SE image (e) shows well-enhanced cavity 
wall and no enhancement of intracavitary lesion
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contrast-enhanced 3D approach has the chance of 
depicting underlying histologies. This is important 
for the primary diagnosis as well as during follow 
up examinations to assure evaluation of the same 
region of interest again. Recently, dynamic con-
trast-enhanced MR perfusion imaging has been 
proposed for quantitative and qualitative assess-
ment of regional pulmonary perfusion abnormali-
ties by using 2D or 3D ultrafast GRE sequences 
with sharp bolus profiles (Hatabu et al. 1996, 1999; 
Amundsen et al. 1997, 2000; Levin et al. 2001; 
Matsuoka et al. 2001; Ohno et al. 2002, 2004c, 
2005, 2007a, b; Fink et al. 2004). This technique 
allows for directly assessing the first passage of 
contrast media within nodules in less than 35 s 
within a single breath hold and to evaluate blood 
supply to nodules from pulmonary and/or bron-
chial circulation (Ohno et al. 2002, 2004c). It 
should be noted though that the ideal acquisition of 
contrast- enhanced dynamic studies of tumor perfu-
sion should not be limited to the first pulmonary 
passage of the contrast agent. Tumors will be sup-
plied by systemic, bronchial arteries instead of pul-
monary arteries (Milne and Zerhouni 1987; Ohno 
et al. 2002, 2004c). In this case or due to inherent 
slow blood flow within a tumor an examination in 
a single breath hold might not be sufficient in 
detecting the full perfusion cycle of wash-in and 
wash-out (Ohno et al. 2002, 2004c). Examination 
of prolonged wash-out always reveals an underly-
ing reperfusion of pulmonary tissue by both pul-
monary and bronchial arteries. This circumstance 
has not been accounted for in the usual models for 
quantification of tissue perfusion so far.

Although there are various dynamic MR tech-
niques, reported sensitivities range from 94 to 
100%, specificities from 70 to 96%, and accura-
cies of more than 94% (Kono et al. 1993, 2007; 
Patz et al. 1993; Kusumoto et al. 1994; Hittmair 
et al. 1995; Gückel et al. 1996; Ohno et al. 2002, 
2004a; Fujimoto et al. 2003; Schaefer et al. 2004, 
2006; Donmez et al. 2007). These specificities 
and accuracies for dynamic MR imaging are 
superior to those reported for dynamic CT and 
almost equal to or superior to those for FDG-PET 
or PET/CT (Swensen et al. 1992, 1996, 2000; 
Dewan et al. 1993; Kono et al. 1993; Kusumoto 
et al. 1994; Hittmair et al. 1995; Yamashita et al. 

1995; Bury et al. 1996; Gückel et al. 1996; Zhang 
and Kono 1997; Ohno et al. 2002, 2004a; 
Fujimoto et al. 2003; Herder et al. 2004; Schaefer 
et al. 2004, 2006; Yi et al. 2004, 2006; Jeong 
et al. 2005; Joshi et al. 2005; Mori et al. 2005; 
Bryant and Cerfolio 2006; Christensen et al. 
2006; Donmez et al. 2007; Kim et al. 2007; Kono 
et al. 2007; Lee et al. 2007). Therefore, dynamic 
contrast-enhanced MR imaging may play a com-
plementary role in the diagnosis of pulmonary 
nodules assessed with FDG-PET or PET/
CT. Although these results are highly promising, 
further research in this field may be necessary in 
the light of recently published data regarding the 
MR signal dependency in perfusion studies on 
the contrast agent concentration. As quantifica-
tion of perfusion parameters is dependent on an 
almost linear relationship of signal to concentra-
tion great care has to be taken regarding the dos-
age and application of contrast agents (Puderbach 
et al. 2008).

Although differentiation of malignant from 
benign pulmonary nodules by means of dynamic 
MDCT, dynamic MRI, and PET or PET/CT with 
FDG has been tried in several studies, accurate 
separation of active infectious nodules from 
malignant neoplasms on the basis of dynamic CT 
and MR parameters and uptakes of FDG can be 
extremely difficult in view of the underlying 
pharmacokinetical, pathological, and biological 
properties of malignant neoplasms and active 
infectious nodules. In addition, when considering 
the management of pulmonary nodules in clinical 
practice, it may be helpful to differentiate pulmo-
nary nodules requiring further intervention and 
treatment (low- or high-grade malignant tumors 
and active infectious nodules) from pulmonary 
nodules requiring no further evaluation (benign 
tumors and chronic infectious nodules) rather 
than to differentiate between malignant nodules 
and other nodules. For this latter differentiation, 
ultrafast dynamic MR imaging can divide all 
nodules into the two categories (Figs. 5 and 10) 
(Ohno et al. 2002).

In addition, the results of several comparative 
studies of findings obtained with dynamic MR 
parameters and with immuno-histopathological 
examination of small peripheral lung cancers, the 
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former showed good correlation with tumor angio-
genesis (Fujimoto et al. 2003; Schaefer et al. 2006), 
and the potential for more accurate differentiation 
of subtypes of small peripheral adenocarcinomas 
than is possible with thin- section CT, or for prog-
nosis both before and after treatment (Fujimoto 
et al. 2003; Ohno et al. 2005; Schaefer et al. 2006).

In the last a few decades, the diagnostic perfor-
mance of these dynamic MR techniques for dis-
tinguishing malignant from benign nodules has 
been reported as comprising sensitivity ranging 
from 94 to 100%, specificity from 70 to 96%, and 
accuracy of more than 94% (Gückel et al. 1996; 
Ohno et al. 2002, 2004a, 2008a, 2014; Fujimoto 
et al. 2003; Schaefer et al. 2004; Kono et al. 2007; 
Cronin et al. 2008). In addition, a meta-analysis 
found that there were no significant differences in 

diagnostic performance among dynamic CE-CT, 
dynamic CE-MR imaging, FDG-PET, and single 
photon emission tomography (SPECT) (Cronin 
et al. 2008), although dynamic MR imaging with 
the 3D GRE sequence and ultrashort TE proved 
its superior diagnostic performance in a direct and 
prospective comparison study of dynamic CE-CT 
and co-registered FDG-PET/CT (Ohno et al. 
2008a). The use of dynamic MR imaging with the 
3D GRE sequence and ultrashort TE is therefore 
likely to be more effective than that of other 
methods and may lead to improved diagnostic 
performance of dynamic CE-MR imaging. In 
addition, this method has the potential to play a 
complementary or substitutional role in the char-
acterization of pulmonary nodules assessed with 
dynamic CE-CT, FDG-PET, and/or PET/CT.

a b

c

Fig. 10 A 57-year-old female with invasive adenocarci-
noma. Thin-section CT (a) and coronal reformat (b) show 
partly solid nodule in the right upper lobe. Dynamic MR 
imaging (c) with ultrafast GRE technique (L to R: 
t = 0.0 s, t = 8.8 s, t = 11.0 s, and t = 25.4 s) shows well-

enhanced nodule (arrow) in the right upper lung field. The 
nodule was not enhanced in the lung parenchymal phase 
(t = 8.8 s) and well enhanced in the systemic circulation 
phase (t = 11.0 and 25.4 s) due to enhanced blood supply 
from bronchial circulation
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Moreover, ultrafast 3D dynamic MR data can 
also be used for the prediction of postoperative 
lung function for NSCLC patients (Ohno et al. 
2004b, 2007b, 2011a, b). The semiquantitative 
regional perfusion obtained from ultrafast 
dynamic MR imaging shows good correlation 
with that assessed by perfusion  scintigraphy, with 
a reported limit of agreement of ± 6%, which is 
insignificant enough to make ultrafast dynamic 
MR imaging suitable for clinical purposes (Ohno 
et al. 2004b). Moreover, the prediction of postop-
erative lung function derived from dynamic MR 
imaging was more accurate than that derived from 
perfusion scintigraphy, single photon emission 
tomography (SPECT), SPECT fused with CT 
(SPECT/CT), or quantitatively and/or qualita-
tively assessed MDCT, which is predicted postop-
erative lung function from preoperative lung 
function and the number of lung segments in the 
total and resected lung evaluated by pulmonary 
surgeons, and the predictive accuracy is almost 
equal to that obtained with quantitatively assessed 
MDCT based on density-masked CT technique 
(Ohno et al. 2004b, 2007b, 2011a). Dynamic MR 
imaging may therefore be useful not only for the 
characterization of pulmonary nodules, but pre-
diction of postoperative lung function may also 
assist the management of pulmonary nodules, 
including determination of whether further inter-
vention and treatment and/or operability are indi-
cated for lung cancer patients.

4  Assessment of TNM Stages

The international TNM classification proposed by 
the International Union against Cancer (UICC) 
has been widely used in the investigation and 
treatment of lung cancer (Tables 2, 3, 4, and 5), 
and shows that survival rates have improved with 
more accurate staging and more accurate differen-
tiation between those patients who are candidates 
for surgical resection and those who are judged to 
be inoperable but would benefit from chemother-
apy, radiotherapy, or both (Sobin and Wittekind 
2002). Therefore, accurate radiological staging 
may affect the management as well as the progno-
sis of patients. However, only approximately one-
half of the TNM stages determined with CT 

systems in the past have agreed with operative 
staging, with patients being both under- and over-
staged (Lewis et al. 1990; Gdeedo et al. 1997).

Currently, newly developed MDCT systems, 
FDG-PET or PET/CT, are considered useful for 
precise assessment of tumor extent because of 
their multiplanar capability and for accurate diag-
nosis of metastatic lymph nodes by analyzing the 
glucose metabolism of cancer cells in lung cancer 
patients. However, since 1991 it has been sug-
gested that MR imaging, with its multiplanar 
capability and better contrast resolution of tumor 
and mediastinum or of tumor and chest wall or 
both than that of CT, may also be useful, but only 
for the assessment of mediastinal and chest wall 
invasions and determination of the short axis 
diameter of certain mediastinal lymph nodes 
(Webb et al. 1991). However, recent advance-
ments in MR systems, improved or newly devel-
oped pulse sequences and/or utilization of contrast 
media has resulted in improved diagnosis of TNM 
staging for lung cancer patients (Table 6).

4.1  MR Assessment of T 
Classification

T classification is the descriptor given to the pri-
mary tumor and its local extent (Sobin and 
Wittekind 2002). The definitions are given in 

Table 2 Stage according to Goldstraw et al. (2007)

TNM stage T factor N factor M factor

0 Tis N0 M0

IA T1a or T1b N0 M0

IB T2a N0 M0

IIA T1a, T1b and T2a N1 M0

T2b N0

IIB T2b N1 M0

T3 N0

IIIA T1a, T1b, T2a 
and T2b

N2 M0

T3 N1

T3 N2

T4 N0

T4 N1

IIIB T4 N2 M0

Any T N3

IV Any T Any N M1a or M1b
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Table 3. While the T factor is subdivided into 
four groups, the distinction between T3 and T4 
tumors is critical because it represents the divid-
ing line between conventional surgical and non-
surgical management for NSCLC patients 
(Armstrong 2000). It is therefore more important 
to distinguish T3 from T4 tumors than to differ-

entiate T1 and T2 tumors and determine nodal 
staging. For this reason, MR imaging may be 
helpful for assessment of mediastinal invasion, 
chest wall invasion, and distinguishing primary 
tumors from secondary changes such as atelecta-
sis or obstructive pneumonia, although it may be 
difficult to distinguish simple extension of the 
tumor into the mediastinal pleura or pericardium 
(T3) from actual invasion (T4).

4.1.1  Mediastinal Invasion
Many surgeons consider minimal invasion of 
mediastinal fat as resectable (Quint and Francis 
1999), so that clinicians want to know whether 
minimal mediastinal invasion (T3 disease) or 
actual invasion (T4 disease) has occurred before 
considering surgical resection. The accuracy of 
CT for evaluating hilar and mediastinal inva-

Table 3 T classification – primary tumor according to 
Goldstraw et al. (2007)

TX Primary tumor cannot be assessed or tumor 
proven by the presence of malignant cells in 
sputum or bronchial washings but not visualized 
by imaging or bronchoscopy

T0 No evidence of primary tumor

Tis Carcinoma in situ

T1 Tumor 3 cm or less in greatest dimension, 
surrounded by lung or visceral pleura, without 
bronchoscopic evidence of invasion more 
proximal than the lobar bronchus (i.e., not in the 
main bronchus)a

T1a: Tumor 2 cm or less in greatest dimension
T1b: Tumor more than 2 cm but 3 cm or less in 
greatest dimension

T2 Tumor more than 3 cm but 7 cm or less or tumor 
with any of the following features (T2 tumors 
with these features are classified T2a if 5 cm or 
less): involves main bronchus, 2 cm or more 
distal to the carina; invades visceral pleura (PL1 
or PL2); associated with atelectasis or 
obstructive pneumonitis that extends to the hilar 
region but does not involve the entire lung
T2a: Tumor more than 3 cm but 5 cm or less in 
greatest dimension
T2b: Tumor more than 5 cm but 7 cm or less in 
greatest dimension

T3 Tumor more than 7 cm or one that directly 
invades any of the following: parietal pleural 
(PL3), chest wall (including superior sulcus 
tumors), diaphragm, phrenic nerve, mediastinal 
pleura, parietal pericardium; or tumor in the 
main bronchus less than 2 cm distal to the 
carina1 but without involvement of the carina; 
or associated atelectasis or obstructive 
pneumonitis of the entire lung or separate tumor 
nodule(s) in the same lobe

T4 Tumor of any size that invades any of the 
following: mediastinum, heart, great vessels, 
trachea, recurrent laryngeal nerve, esophagus, 
vertebral body, carina, separate tumor nodule(s) 
in a different ipsilateral lobe

aThe uncommon superficial spreading tumor of any size 
with its invasive component limited to the bronchial wall, 
which may extend proximally to the main bronchus, is 
also classified as T1a

Table 4 N classification – regional lymph nodes accord-
ing Goldstraw et al. (2007)

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis in ipsilateral peribronchial and/or 
ipsilateral hilar lymph nodes and intrapulmonary 
lymph nodes, including involvement by direct 
extension

N2 Metastasis in ipsilateral mediastinal and/or 
subcarinal lymph node(s)

N3 Metastasis in contralateral mediastinal, 
contralateral hilar, ipsilateral or contralateral 
scalene, or supraclavicular lymph node(s)

Table 5 M classification – distant metastasis according 
Goldstraw et al. (2007)

MX Distant metastasis cannot be assessed

M0 No distant metastasis

M1 Distant metastasis
M1a: Separate tumor nodule(s) in a 
contralateral lobe, tumor with pleural nodules 
or malignant pleural (or pericardial) effusiona

M1b: Distant metastasis (in extrathoracic 
organs)

aMost pleural (and pericardial) effusions with lung cancer 
are due to tumor. In a few patients, however, multiple 
cytopathologic examinations of pleural (pericardial) fluid 
are negative for tumor, and the fluid is nonbloody and is 
not an exudate. Where these elements and clinical judg-
ment dictate that the effusion is not related to the tumor, 
the effusion should be excluded as a staging element, and 
the patient should be classified as M0

Y. Ohno et al.



313

Ta
b

le
 6

 
R

ec
om

m
en

de
d 

M
R

 p
ro

to
co

l f
or

 lu
ng

 c
an

ce
r 

st
ag

in
g

N
o.

R
ec

om
m

en
de

d 
se

qu
en

ce
T

R
 (

m
s)

T
E

 (
m

s)
FA

 (
°)

B
la

ck
-b

lo
od

 
T

I 
(m

s)
T

I 
(m

s)
M

at
ri

x
R

es
pi

ra
tio

n
Su

gg
es

tio
n

1
Pr

e-
co

nt
ra

st
- 

en
ha

nc
ed

 E
C

G
- 

ga
te

d 
T

1-
W

-S
E

 o
r 

T
SE

1 
<

R
-R

>
15

–2
5

N
/A

N
/A

N
/A

25
6 

×
 2

56
R

T
 o

r 
R

G
N

/A

Pr
e-

co
nt

ra
st

- 
en

ha
nc

ed
 E

C
G

- 
ga

te
d 

bl
ac

k-
bl

oo
d 

T
1-

W
-T

SE

1<
R

-R
>

8
N

/A
80

0–
10

00
N

/A
25

6 
×

 2
56

B
H

Pa
ra

lle
l i

m
ag

in
g 

sh
ou

ld
 b

e 
ap

pl
ie

d.
 

E
T

L
 s

ho
ul

d 
be

 
le

ss
 th

an
 2

0

Pr
e-

co
nt

ra
st

- 
en

ha
nc

ed
 3

D
 

T
1-

G
R

E
 (

V
IB

E
, 

T
T

H
R

IV
E

, Q
ui

ck
 

3D
, e

tc
.)

4
≤

2
15

N
/A

N
/A

25
6 

×
 2

56
B

H
Fa

t s
up

pr
es

si
on

 
te

ch
ni

qu
e 

sh
ou

ld
 

be
 a

pp
lie

d

2
E

C
G

- 
an

d 
re

sp
ir

at
or

y-
ga

te
d 

T
2-

W
-T

SE

2 
or

 3
 <

R
-R

>
90

–1
00

N
/A

N
/A

N
/A

25
6 

×
 2

56
R

T
 o

r 
R

G
E

T
L

 s
ho

ul
d 

be
 

le
ss

 th
an

 1
5

Pr
e-

co
nt

ra
st

- 
en

ha
nc

ed
 E

C
G

- 
ga

te
d 

bl
ac

k-
bl

oo
d 

T
2-

W
-T

SE

2 
or

 3
 <

R
-R

>
10

2
N

/A
20

00
–3

00
0

N
/A

25
6 

×
 2

56
B

H
Pa

ra
lle

l i
m

ag
in

g 
sh

ou
ld

 b
e 

ap
pl

ie
d.

 
E

T
L

 s
ho

ul
d 

be
 

le
ss

 th
an

 4
5

3
R

es
pi

ra
to

ry
-g

at
ed

 
ST

IR
 T

SE
U

p 
to

 r
es

pi
ra

to
ry

 
cy

cl
e

15
N

/A
N

/A
15

0–
24

0
25

6 
×

 2
56

R
G

E
T

L
 s

ho
ul

d 
be

 
le

ss
 th

an
 5

, i
f 

se
qu

en
tia

lly
 

re
or

de
re

d 
ph

as
e 

en
co

di
ng

 s
ch

em
e 

is
 u

se
d

E
C

G
-g

at
ed

 
bl

ac
k-

bl
oo

d 
ST

IR
 

T
SE

2<
R

-R
>

5
N

/A
10

00
–2

00
0

15
0–

24
0

25
6 

×
 2

56
B

H
Pa

ra
lle

l i
m

ag
in

g 
sh

ou
ld

 b
e 

ap
pl

ie
d.

 
E

T
L

 s
ho

ul
d 

be
 

le
ss

 th
an

 8

4
D

if
fu

si
on

-w
ei

gh
te

d 
im

ag
in

g 
by

 E
PI

∞
65

N
/A

N
/A

15
0–

24
0

25
6 

×
 2

56
Fr

ee
-b

re
at

h
N

um
be

r 
of

 
ex

ci
ta

tio
n 

sh
ou

ld
 

be
 e

qu
al

 to
 o

r 
m

or
e 

th
an

 6 (c
on

tin
ue

d)

Lung Cancer



314

N
o.

R
ec

om
m

en
de

d 
se

qu
en

ce
T

R
 (

m
s)

T
E

 (
m

s)
FA

 (
°)

B
la

ck
-b

lo
od

 
T

I 
(m

s)
T

I 
(m

s)
M

at
ri

x
R

es
pi

ra
tio

n
Su

gg
es

tio
n

5
E

C
G

-g
at

ed
 

co
nt

ra
st

-e
nh

an
ce

d 
M

R
 a

ng
io

gr
ap

hy

5.
7

1.
9

20
N

/A
25

6 
×

 1
28

–2
56

B
H

k-
Sp

ac
e 

se
gm

en
ta

tio
n 

sh
ou

ld
 

be
 a

da
pt

ed

D
yn

am
ic

 M
R

 
im

ag
es

 s
ho

ul
d 

be
 

ob
ta

in
ed

 e
ve

ry
 

1.
1 

s 
af

te
r 

co
nt

ra
st

 
m

ed
ia

 in
je

ct
io

n.
 

In
cr

ea
si

ng
 

te
m

po
ra

l 
re

so
lu

tio
n 

by
 

pa
ra

lle
l i

m
ag

in
g 

te
ch

ni
qu

e

T
im

e-
re

so
lv

ed
 

co
nt

ra
st

-e
nh

an
ce

d 
M

R
 a

ng
io

gr
ap

hy

4
1.

2
20

–3
0

N
/A

51
2 

×
 3

33
B

H
Te

m
po

ra
l r

es
ol

ut
io

n 
sh

ou
ld

 b
e 

le
ss

 th
an

 
4 

s

D
yn

am
ic

 M
R

 
im

ag
es

 s
ho

ul
d 

be
 

ob
ta

in
ed

 a
t 0

, 1
, 2

, 
3,

 4
, 5

, 6
, a

nd
 

8 
m

in
 a

ft
er

 
co

nt
ra

st
 m

ed
ia

 
in

je
ct

io
n

6
Po

st
-c

on
tr

as
t-

 
en

ha
nc

ed
 E

C
G

- 
ga

te
d 

T
1-

W
-S

E
 o

r 
T

SE

1 
<

R
-R

>
15

–2
5

N
/A

N
/A

N
/A

25
6 

×
 2

56
R

T
 o

r 
R

G
N

/A

Po
st

-c
on

tr
as

t-
 

en
ha

nc
ed

 E
C

G
- 

ga
te

d 
bl

ac
k-

bl
oo

d 
T

1-
W

-T
SE

1<
R

-R
>

8
N

/A
80

0–
10

00
N

/A
25

6 
×

 2
56

B
H

Pa
ra

lle
l i

m
ag

in
g 

sh
ou

ld
 b

e 
ap

pl
ie

d.
 

E
T

L
 s

ho
ul

d 
be

 
le

ss
 th

an
 2

0

Po
st

-c
on

tr
as

t-
 

en
ha

nc
ed

 3
D

 
T

1-
G

R
E

 (
V

IB
E

, 
T

T
H

R
IV

E
, Q

ui
ck

 
3D

, e
tc

.)

4
≤

2
15

N
/A

N
/A

25
6 

×
 2

56
B

H
Fa

t s
up

pr
es

si
on

 
te

ch
ni

qu
e 

sh
ou

ld
 

be
 a

pp
lie

d

SE
 s

pi
n 

ec
ho

, T
SE

 tu
rb

o 
sp

in
 e

ch
o,

 G
R

E
 g

ra
di

en
t-

ec
ho

, E
P

I 
ec

ho
 p

la
na

r 
im

ag
in

g,
 T

R
 r

ep
et

iti
on

 ti
m

e,
 T

E
 e

ch
o 

tim
e,

 F
A

 fl
ip

 a
ng

le
, R

T
 r

es
pi

ra
to

ry
 tr

ig
ge

r, 
R

G
 r

es
pi

ra
to

ry
-g

at
ed

, 
E

T
L

 e
ch

o 
tr

ai
n 

le
ng

th
, V

IB
E

 v
ol

um
et

ri
c 

in
te

rp
ol

at
ed

 b
re

at
h-

ho
ld

 e
xa

m
in

at
io

n,
 T

H
R

IV
E

 T
1 

hi
gh

 r
es

ol
ut

io
n 

is
ot

ro
pi

c 
vo

lu
m

e 
ex

am
in

at
io

n,
 Q

ui
ck

 3
D

 s
eg

m
en

te
d 

3D
 T

1-
w

ei
gh

te
d 

sp
oi

le
d 

gr
ad

ie
nt

-e
ch

o

Ta
b

le
 6

 
(c

on
tin

ue
d)

Y. Ohno et al.



315

sion of lung cancer has been investigated exten-
sively over the last decades. Sensitivity for 
assessment of mediastinal invasion by single 
detector computed tomography with or without 
the use of helical scanning ranged from 40 to 
84% and specificity from 57 to 94% (Baron 
et al. 1982; Martini et al. 1985; Quint et al. 
1987, 1995; Rendina et al. 1987; Glazer et al. 
1989; Herman et al. 1994; White et al. 1994; 
Takahashi et al. 1997).

The RDOG study compared CT with MR 
imaging for 170 patients with NSCLC, although 
only T1-weighted images obtained without the 
use of cardiac or respiratory gating techniques 
were assessed in this study (Webb et al. 1991). 
Although there was no significant difference 
between the sensitivity (63% and 56% for CT 
and MR imaging, respectively) and the specific-
ity (84% and 80%) for distinguishing between 
T3-T4 tumors and T1-T2 tumors in this study, 
the RDOG reported that 11 patients showed 
mediastinal invasion and that the superior con-
trast resolution of MR imaging conferred a slight 
but statistically significant advantage over CT 
for accurate diagnosis of mediastinal invasion. 
In addition, delineation of tumor invasion of 
pericardium (T3) or heart (T4) was superior on 
MR imaging compared with CT scan when the 
cardiac-gated T1-weighted sequence was used 
for improved avoidance of cardiac motion arti-
facts (White 1996). The normal pericardium has 
low signal intensity. Direct invasion of the car-
diac chambers is readily demonstrated on 
T1-weighted images, because blood flowing 
through the cardiac chambers is signal void, so 
that the tumor is conspicuous because of its 
higher signal intensity. However, the accuracy of 
minimal mediastinal invasion assessment by 
both CT scanning and MR imaging is limited 
because it depends on visualization of the tumor 
within the mediastinal fat (Wong et al. 1999). In 
contrast to the assessment of mediastinal inva-
sion, Mayr et al. (1987) found CT scanning to be 
more accurate than MR imaging in visualizing 
and assessing both normal and abnormal air-
ways. They evaluated 319 normal and 79 abnor-
mal bronchoscopically visualized bronchi. Their 
study found that CT scanning was accurate in all 

cases, whereas MR imaging correctly identified 
only 45% of normal bronchi and 72% of abnor-
mal bronchi (Magdeleinat et al. 2001). This dis-
crepancy can be attributed both to the higher 
spatial resolution of CT scanning and to the low 
intrinsic MR imaging signal of air. Therefore, 
the relationship of lung cancer to central endo-
bronchial extension is more accurately demon-
strated on CT scans.

Recent advancement in MR systems, 
improved pulse sequences, and utilization of 
contrast media have resulted in the introduction 
of new MR imaging techniques for assessment 
of mediastinal invasion of lung cancer. Contrast-
enhanced MR angiography has been used for 
assessment of cardiovascular or mediastinal 
invasions (Takahashi et al. 2000; Ohno et al. 
2001). Ohno et al. (2001) described a series of 
50 NSCLC patients with suspected mediastinal 
and hilar invasion of lung cancer visualized with 
contrast- enhanced CT scans, cardiac-gated MR 
imaging, and non-cardiac- and cardiac-gated 
contrast- enhanced MR angiographies (Fig. 11). 
In this study, sensitivity, specificity, and accu-
racy of contrast-enhanced MR angiography 
ranged from 78% to 90%, 73% to 87%, and 75% 
to 88%, respectively. These values were higher 
than those of contrast-enhanced single helical 
CT and conventional T1-weighted imaging 
(Ohno et al. 2001). Thus, contrast-enhanced MR 
angiography is thought to improve the diagnos-
tic capability of MR imaging for mediastinal and 
hilar invasion.

In 2005, another new technique, cine MR 
imaging obtained with a steady-state free preces-
sion (SSFP) sequence was introduced as useful 
for evaluation of cardiovascular invasion in 
patients with thoracic mass (Seo et al. 2005). In 
this study, as well as previous electron beam CT 
or traditional cine MR studies (Murata et al. 
1994; Sakai et al. 1997), the assessment of slid-
ing motions between thoracic masses and adja-
cent mediastinal structure demonstrated a very 
high diagnostic capability (sensitivity: 100%, 
specificity: 92.9%, accuracy: 94.4%) (Seo et al. 
2005). However, only 9 of 26 lung cancer patients 
were included in this study since the others had 
mediastinal tumors. Further investigation thus 

Lung Cancer



316

seems to be warranted to determine the actual 
diagnostic capability of cine MR imaging for 
mediastinal invasion in NSCLC patients.

MDCT is widely utilized for routine clinical 
practice, and it was found that thin-section multi-
planar reformatted (MPR) imaging from 
 thin- section volumetric MDCT data was useful 
for the evaluation of T classification due to its 
multiplanar capability (Higashino et al. 2005). 
Higashino et al. (2005) suggested that mediasti-

nal invasion that can be assessed from thin-sec-
tion coronal MPR images with 1 mm section 
thickness with greater sensitivity, specificity, and 
accuracy than can be achieved with routine 
MDCT with 5 mm section thickness and with 
slightly better specificity and accuracy than with 
thin-section axial MDCT with 1 mm section 
thickness. Although MR imaging is considered 
to show superior tissue contrast to that of MDCT, 
the similar multiplanar capability, faster scan 

a b

c

d

Fig. 11 A 68-year-old female with squamous cell carci-
noma in the left upper lobe. Contrast-enhanced thin- 
section CT (a) suggests invasion to pulmonary vein and 
mediastinum, while conventional T1-weighted image (b) 
on coronal plane suggests invasion to pulmonary artery 
and mediastinum. Contrast-enhanced MR angiography 
(c) clearly shows invasion to pulmonary artery and vein, 

but not mediastinal invasion due to visualization of medi-
astinal fat between pulmonary artery and pulmonary vein 
as a black area. Macroscopical finding of the resected left 
upper lobe (d) shows invasion to left pulmonary artery 
(arrow) and left superior pulmonary vein (large arrow), 
but not mediastinal invasion

Y. Ohno et al.
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time and better spatial resolution of thin-section 
MDCT may result in better assessment of medi-
astinal invasion in NSCLC patients than by previ-
ously described MR techniques (Fig. 12). Further 
investigations as well as comparative studies of 
thin-section MDCT and previously described or 
newly developed MR imaging techniques thus 
seem to be warranted to determine the actual 
 significance of MR imaging for assessment of 
mediastinal invasion in routine clinical practice.

4.1.2  Distinguishing Lung Cancer 
from Secondary Change

Distinguishing primary lung cancer from second-
ary change is important for assessment of tumor 
extent and the therapeutic effect of chemotherapy 
and/or radiotherapy. While the therapeutic effect 
of conservative therapy has been assessed by 
using World Health Organization (WHO) criteria 
or response evaluation criteria in solid tumors 
(RECIST) (World Health Organization 1979; 

a b

c
d

Fig. 12 A 61-year-old male with squamous cell carci-
noma in the right upper lobe. Contrast-enhanced CT (a) 
suggests mediastinal invasion, while contrast-enhanced 
coronal reformat (b) clearly demonstrates mediastinal 

invasion. Black-blood T1-weighted images on axial (c) 
and coronal (d) planes also clearly demonstrate invasion 
to superior venous cava and mediastinum

Lung Cancer
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Therasse et al. 2000), it would be difficult to use 
CXR or plain or contrast-enhanced CT to evalu-
ate tumor extent or therapeutic effect for cases 
with atelectasis or obstructive pneumonia.

MR imaging, on the other hand, has potential 
for distinguishing lung cancer from secondary 
change due to atelectasis or pneumonitis (Kono 
et al. 1993). In some cases, it can be difficult to 
distinguish lung cancer from post-obstructive 
atelectasis or pneumonitis because these second-
ary changes tend to be enhanced to a similar 
degree as the central tumor on contrast-enhanced 
CT scan. On T2-weighted MR imaging, however, 
post-obstructive atelectasis and pneumonitis 
often show higher signal intensity than does the 
central tumor. Bourgounin et al. (1991) evaluated 
the histological findings of obstructive pneumo-
nitis or atelectasis in patients who had undergone 
surgical resection of lung cancer and had been 
evaluated preoperatively with MR imaging. They 
found that cholesterol pneumonitis and mucus 
plugs displayed higher signal intensity than the 
tumor on T2-weighted images, while atelectasis 
and organizing pneumonitis were isointense to 
the tumor. Kono et al. (1993) described a series of 
27 patients with central lung cancer associated 
with atelectasis or obstructive pneumonitis (Fig. 
13). These patients were examined with post- 
contrast- enhanced T1-weighted MR imaging, 
and the central tumor could be differentiated 
from adjacent lung parenchymal disease in 23 out 
of 27 patients (85%). The tumor was of lower sig-
nal intensity than the adjacent lung disease in 18 
cases (67%) and of higher signal intensity in 5 
(18%). These differences in signal intensity 
between primary tumor and secondary change 
were considered to be due to the presence of 
invasion of pulmonary vasculatures. Therefore, 
the use of T2-weighted or post-contrast-enhanced 
T1-weighted images for assessment of tumor size 
and secondary change may be helpful for precise 
evaluation of tumor extent at the initial staging 
and for accurate prognosis for patients and 
assessment of therapeutic effect after conserva-
tive therapy and/or for comparative studies of 
standard and new chemo- and/or radiotherapy 
regimens (Ohno et al. 2000).

4.1.3  Chest Wall Invasion
Chest wall invasion used to be considered a con-
traindication for surgical excision of lung cancer, 
but recent surgical advances have made chest 
wall excision feasible for the treatment of locally 
aggressive lung cancer and giving patients a bet-
ter chance of survival (Magdeleinat et al. 2001). 
Preoperative visualization of chest wall invasion 
may therefore be helpful for surgical planning. 
On conventional CT scan, rib destruction is the 
only reliable sign of chest wall invasion since 
soft-tissue masses in the chest wall correlate sta-
tistically with chest wall invasion. However, they 
are not reliable indicators for an individual 
patient, so that focal chest pain may still be the 
most reliable indicator of chest wall invasion. In 
fact, the reliability of conventional CT assess-
ment of chest wall invasion in lung cancer 
patients varies widely with reported sensitivities 
ranging from 38 to 87% and specificities from 40 
to 90% (Quint and Francis 1999). In addition to 
the technique of inducing artificial pneumothorax 
described elsewhere (Watanabe et al. 1991; Yokoi 
et al. 1991), Murata et al. (1994) reported that 
dynamic expiratory multi-section CT reviewed as 
a cine loop was 100% accurate for identification 
of both chest wall and mediastinal invasion.

Another study has suggested that ultrasound 
(US) is an effective technique for diagnosis of 
chest wall invasion (Suzuki et al. 1993). In this 
study, 120 lung cancer patients were examined, 
in 19 of whom invasion was pathologically 
proved. Sensitivity, specificity, and accuracy of 
US were 100%, 98%, and 98%, respectively, 
while the corresponding values for conventional 
CT used in the same study were only 68%, 66%, 
and 67% (Suzuki et al. 1993).

Because of its multiplanar capability and better 
tissue contrast resolution compared to CT, MR 
imaging has also been advocated as effective for 
assessment of chest wall invasion (Rapoport et al. 
1988; Heelan et al. 1989; Webb et al. 1991; 
Padovani et al. 1993; Bonomo et al. 1996). 
Sagittal and coronal plane images are better than 
axial CT images for displaying the anatomical 
relationship between tumor and chest wall struc-
tures (Bonomo et al. 1996; Freundlich et al. 1996). 
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Fig. 13 A 59-year-old male with adenocarcinoma. Thin- 
section CT (a) shows atelectasis in the right middle and 
lower lobe. Contrast-enhanced thin-section CT (b) shows 
homogeneously enhanced atelectasis and pleural effusion, 
but the extent of the tumor cannot be determined. Black- 
blood T1-weighted (c) and T2-weighted (d) images show 

atelectasis and the tumor as, respectively, low and inter-
mediate signal intensity. Mediastinal invasion is sus-
pected, while pleural effusion is clearly seen. Post-contrast 
black-blood T1-weighted image (e) clearly shows lung 
cancer and secondary change (arrow)
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MR imaging shows infiltration or disruption of 
the normal extrapleural fat plane on T1-weighted 
images or parietal pleural signal hyperintensity 
on T2-weighted images (Fig. 14). In addition, 
when STIR turbo SE imaging is used for this pur-
pose, it can demonstrate lung cancer as high signal 
intensity within the suppressed signal intensities 
of chest wall structures, enabling clinicians to eas-
ily determine the tumor extent within chest wall 
(Fig. 14c). Moreover, Padovani et al. (1993) have 
suggested that the diagnostic yield can be further 
improved by intravenous administration of con-
trast media. In addition, superior sulcus or Pancoast 
tumors are good candidates for the demonstration 
of chest wall invasion on MR imaging. Since supe-
rior sulcus tumors occur in close proximity to the 
lung apex, their imaging has to include an evalua-
tion of the relationship between the tumor and the 

brachial plexus, subclavian artery and vein, and 
adjacent chest wall. The axial scan plane of a CT 
scan is suboptimal for examining the lung apex 
where superior sulcus tumors are located, while 
direct sagittal and coronal MR images are superior 
to CT for evaluating the local extent of disease in 
patients with superior sulcus tumors (Rapoport 
et al. 1988; Heelan et al. 1989; Webb et al. 1991; 
Padovani et al. 1993; Bonomo et al. 1996; 
Freundlich et al. 1996). Heelan et al. (1989) exam-
ined a series of 31 patients with superior sulcus 
tumors imaged with both CT and MR and found 
that MR imaging showed 94% correlation with 
surgical and clinical findings, whereas the CT 
scans had an accuracy of only 63% for evaluating 
tumor invasion through the superior sulcus.

Sakai et al. (1997) used dynamic cine MR 
imaging during breathing rather than static MR 

a b

c

Fig. 14 A 71-year-old male with adenocarcinoma in the 
right upper lobe. Contrast-enhanced thin-section CT (a) 
and conventional T1-weighted SE (b) images suggest 

chest wall invasion, but tumor extent cannot be clearly 
determined on either image. However, STIR turbo SE (c) 
image clearly shows chest wall invasion and tumor extent
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imaging for evaluating chest wall invasion in 
lung cancer patients. This study evaluated the 
movement of the tumor along the parietal pleura 
during the respiratory cycle displayed with a cine 
loop in a manner similar to dynamic expiratory 
multi-section CT (Murata et al. 1994). Where the 
tumor had invaded the chest wall, it was fixed to 
the chest wall, while without invasion, the tumor 
was seen to move freely along the parietal pleura. 
In this study, the sensitivity, specificity, and accu-
racy of dynamic cine MR imaging for the detec-
tion of chest wall invasion were 100%, 70%, and 
76%, respectively, and those of conventional CT 
and MR imaging were 80%, 65%, and 68% 
(Sakai et al. 1997). Of special significance is that 
the negative predictive value of dynamic cine MR 
imaging in this study was 100% without any need 
for ionizing radiation exposure. Dynamic cine 
MR imaging, when used in conjunction with 
static MR imaging, is therefore considered useful 
for further improvements of the assessment of 
chest wall invasion in lung cancer patients.

Currently, multiplanar capability, faster scan 
time and better spatial resolution of thin-section 
MDCT images may improve the diagnostic capa-
bility of CT for evaluation of chest wall invasion 
in NSCLC patients similar to that of mediastinal 
invasion. MR imaging is still considered to have 
superior tissue contrast compared with 
MDCT. Higashino et al. (2005) also reported that 
thin-section sagittal MPR imaging with 1 mm 
section thickness could significantly improve 
diagnostic accuracy for chest wall invasion in 
comparison with routine MDCT with 5 mm sec-
tion thickness and showed slightly better diag-
nostic capability than thin-section MDCT with 
1 mm section thickness. Therefore, further inves-
tigations as well as comparative studies of thin- 
section MDCT imaging and MR imaging used as 
described here, or of newly developed techniques 
will be needed to determine the actual signifi-
cance of MR imaging for assessment of chest 
wall invasion in routine clinical practice.

4.1.4  MR Assessment of Respiratory 
Tumor Motion

The general objective of radiotherapy is to achieve 
tumor control by depositing a lethal dose in the 

target volume including potential microscopic 
spread of cancer cells, while sparing surrounding 
organs and tissue as best as possible. Therefore, 
precise localization of the target volume is needed. 
Actually, the recent advances in radiotherapy, 
including intensity-modulated radiotherapy, adap-
tive radiotherapy, as well as image-guided radio-
therapy, allow for strong improvement of the 
accuracy of irradiation treatment. However, 
patient motion and especially respiratory motion 
has become a major obstacle for achieving high 
precision radiotherapy. Currently, in classic radio-
therapy for lung tumors, such motion is accounted 
for with a generic target volume expansion, not 
considering the individual patient breathing char-
acteristics and the mobility of the individual 
tumor. However, it has been widely recognized 
that the motion pattern of lung tumors and the 
breathing cycles vary greatly among patients. 
This empiric approach includes all surrounding 
healthy tissues that pass the planned target vol-
ume at any time of the breathing cycle to create a 
safety margin. Within this margin even the addi-
tional normal tissues will be irradiated unneces-
sarily, causing tissue damage or limiting the dose 
delivered to the target. Therefore it is attractive to 
define an individual treatment plan by limiting the 
irradiated volume to certain positions of the tumor 
on its path during respiration (gated technique) or 
to follow its respiratory movement (tracking tech-
niques) (Li et al. 2008). Hence, the ultimate objec-
tive for radiotherapy of moving targets is to 
localize precisely the target in space and time in 
order to achieve a higher dose to be applied to the 
target while the maximum dose to the normal tis-
sue is reduced, particularly for critical adjacent 
organs at risk. The better the delineation between 
target and normal tissue the lower the probability 
of complications and the higher the chance for 
tumor control eventually enhanced by the possi-
bility to even increase tumor control by delivering 
an additional radiation dose solely to the target. 
For dedicated treatment planning, respiratory- 
gated four-dimensional (4D) MRI could be used 
to exactly define tumor size and its three-dimen-
sional displacement during respiration in a single 
examination. The fourth dimension beyond the 
3D space is time, in which patient motion and the 
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change of the position of the tumor will be 
recorded. Ideally, 4D MRI would not only encode 
tumor and organ motion information but also pro-
vide time-resolved 3D data sets with reduced 
motion artifacts.

Numerous MR-based investigations of lung 
and tumor motion in the literature have been lim-
ited to examining the motion in a single plane or 
in a small number of orthogonal planes through 
the tumor. Two non-coplanar image views pro-
vided critical motion characterization, while the 
most significant displacement was in the cranial- 
caudal direction (Shimizu et al. 2000). For this 
purpose, the MR sequences derived from cardiac 
imaging have been adapted for respiratory motion 
analysis. These sequences were compared, dem-
onstrating that fast imaging with a free precession 
steady-state gradient-echo provided significantly 
higher SNR than any fast low-angle shot tech-
nique, while the latter had an advantage in higher 
temporal resolution.

The correlation between external fiducial mark-
ers (coils) and the internal organ motion was also 
studied using single-slice 4D MRI (Plathow et al. 
2005). The correlation coefficients in the three 
orthogonal directions for different breathing types 
(thoracic or abdominal) were about 0.8, similar in 
magnitude to 4D CT. This quantitative informa-
tion indicates that external fiducial markers might 
be satisfactory for predicting organ motion.

Volumetric 4D MR imaging was not possible 
before the recent introduction of multichannel 
parallel detection systems. Parallel acquisition 
improves the performance of MR imaging by over 
an order of magnitude compared to single- channel 
MR systems. The signal-to-noise ratio (SNR) is 
usually degraded when using multielement coils 
for multichannel imaging. Consequently, some of 
the gain in acceleration is sacrificed in order to 
maintain image quality. Compared with single-
slice imaging, which requires multiple slice direc-
tions to view the critical motions of the moving 
organ, the volumetric 4D technique catches the 
entire volume in a single acquisition. However, 
single-slice 4D MR imaging has a higher speed 
and can be used to study fast heart beating and 
forced breathing maneuvers. Further improve-
ment of 4D MR imaging may employ the view-
sharing technique using a variable sampling rate 

in k-space and shares elements between image 
sets, reducing the acquisition time by an appropri-
ate approximation. This technique, combined 
with parallel imaging, allows for volumetric 4D 
MR imaging in respiratory motion studies. Then 
the acquisition time could be below 0.7 s for a 3D 
torso image using a 1.5-T MRI scanner.

A study directly compared 4D CT, 4D MR 
imaging, and cone beam CT (CBCT) and demon-
strated that lesion sizes were exactly reproduced 
with 4D CT but overestimated on 4D MRI and 
CBCT with a larger variability due to limited tem-
poral and spatial resolution (Biederer et al. 2009). 
In addition, all 4D modalities underestimate 
lesion displacement (Biederer et al. 2009). In 
addition, another study demonstrated that this 
technique was considered as a promising tool to 
analyze complex breathing patterns in patients 
with lung tumors and to use in planning of radio-
therapy to account for individual tumor motion 
(Dinkel et al. 2009). Therefore, in the last decades, 
many investigators have assessed the influence of 
respiratory motion to radiation therapy as well as 
PET/MRI by 4D MR imaging as well as different 
motion correction methods (Dikaios et al. 2012, 
Tryggestad et al. 2013, Sawant et al. 2014, Dutta 
et al. 2015, Fayad et al. 2015, Stanescu and Jaffray 
2016). Therefore, this part would be better to be 
more and more important for future lung MR 
imaging, especially oncologic fields.

4.2  MR Assessment of N 
Classification

The descriptor N classification refers to the pres-
ence or absence of regional lymph node metasta-
ses (Sobin and Wittekind 2002). The definitions 
are given in Table 4. In the absence of distant 
metastasis, locoregional lymph node spread will 
determine therapy and prognosis. For patients 
without positive lymph nodes (N0 disease) or 
with only intrapulmonary or hilar lymph nodes 
(N1 disease), direct resection remains standard 
therapy. In case of positive ipsilateral mediastinal 
lymph nodes (N2 disease), chemotherapy com-
bined preoperatively with surgery or with con-
current or sequential radical radiotherapy is a 
legitimate choice (Martini et al. 1997; 
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Vansteenkiste et al. 1998). If patients have con-
tralateral mediastinal lymph node metastases (N3 
disease), however, they are generally rejected for 
surgery but will receive nonsurgical combination 
treatment.

CT has been the standard noninvasive modal-
ity for staging of lung cancer. Enlarged lymph 
nodes (i.e., with a short axis of more than 10 mm 
or a long axis of more than 15 mm) are consid-
ered to be metastatic. Although an increase in the 
size of mediastinal lymph nodes correlates with 
malignant involvement in patients with lung can-
cer, the sensitivity and specificity of this finding 
are not very high because lymph nodes can be 
enlarged due to infection or inflammation. In 
addition, small nodes can sometimes contain 
metastatic deposits. The RDOG reported that the 
sensitivity and specificity of CT for N classifica-
tion were only 52% and 69%, respectively (Webb 
et al. 1991), while the corresponding values from 
the Leuven Lung Cancer Group (LLCG) were 
69% and 71% (Dillemans et al. 1994). Due to the 
substantial limitation of CT for depicting medias-
tinal lymph node metastases, additional mediasti-
noscopy with biopsy is necessary for adequate 
assessment of hilar and mediastinal nodes (Glazer 
et al. 1984, 1985; Musset et al. 1986; Poon et al. 
1987; Laurent et al. 1988; Webb et al. 1991, 
1993; McLoud et al. 1992).

Since the 1990s, FDG-PET has been used for 
differentiation between metastatic and nonmeta-
static lymph nodes based on the biochemical 
mechanism of increased glucose metabolism or 
tumor cell duplication (Wahl et al. 1994; Patz et al. 
1995; Boiselle et al. 1998; Higashi et al. 1998; 
Gupta et al. 2000). However, elevated glucose 
metabolism may occur secondary to tumor, infec-
tion or inflammation (Dewan et al. 1993; Patz 
et al. 1993), and spatial resolution in PET is infe-
rior to that of CT and MR, so that the diagnostic 
capability of the FDG-PET imaging is limited 
(Gupta et al. 2000). A large number of prospective 
studies have compared the diagnostic capability of 
N stage assessment using CT and FDG-PET. A 
meta-analysis demonstrated that FDG-PET was 
significantly more accurate than CT for identify-
ing lymph node involvement (Gould et al. 2003). 
In addition, the respective median sensitivity and 
specificity of CT were 61% (interquartile range, 

50–71%) and 79% (interquartile range, 66–89%), 
but those of FDG- PET were 85% (interquartile 
range, 67–91%) and 90% (interquartile range, 
82–96%) (Gould et al. 2003). Moreover, it has 
been suggested that FDG-PET is more sensitive 
but less specific when CT showed enlarged lymph 
nodes [median sensitivity, 100% (interquartile 
range, 90–100%); median specificity, 78% (inter-
quartile range, 68–100%)] than when CT showed 
no lymph node enlargement [median sensitivity, 
82% (interquartile range, 65–100%); median spec-
ificity, 93% (interquartile range, 92–100%); 
(P = 0.002)] (Gould et al. 2003).

Since the introduction of MR imaging for 
assessment of lung cancer, the criteria for tumor 
involvement within lymph nodes depend solely 
on lymph node size and were very similar to CT 
criteria. In some cases, however, histological 
examination has shown that a normal-sized 
regional lymph node may have metastases and 
that nodal enlargement can be due to reactive 
hyperplasia or other nonmalignant conditions. 
The detectability of calcifications, which are 
indicative for a benign lesion, is also limited for 
MRI when compared with CT. The direct multi-
planar capability of MR imaging, however, is an 
advantage for the detection of lymph nodes in 
areas that are suboptimally imaged in the axial 
plane, such as in the aortopulmonary (AP) win-
dow and subcarinal regions (Webb et al. 1991; 
Boiselle et al. 1998).

Recently, cardiac- and/or respiratory-triggered 
conventional or black-blood STIR turbo SE imag-
ing has been recommended for detection of meta-
static tumors and metastatic lymph nodes 
(Fujimoto et al. 1995; Eustace et al. 1998; 
Takenaka et al. 2002; Ohno et al. 2004d, 2007c; 
Kawai et al. 2006). These novel sequences may 
make to quantitatively assess the signal intensity 
of lymph nodes by means of comparison with a 
0.9% normal saline phantom (Takenaka et al. 
2002; Ohno et al. 2004d, 2007c). The STIR turbo 
spin echo (SE) is a simple sequence, which can be 
easily included in clinical protocols to yield net of 
T1- and T2-relaxation times. On STIR turbo SE 
images, metastatic lymph nodes exhibit high sig-
nal intensity and nonmetastatic lymph nodes low 
signal intensity (Figs. 15 and 16). According to 
previously published results (Fujimoto et al. 1995; 
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Takenaka et al. 2002; Ohno et al. 2004d, 2007c, 
2011b; Yi 2008; Morikawa et al. 2009), sensitiv-
ity of quantitatively and qualitatively assessed 
STIR turbo SE imaging ranged, on a per-patient 
basis, from 83.7 to 100.0%,  specificity from 75.0 
to 93.1%, and accuracy from 86.0 to 92.2%, and 

these values are equal to or higher than those for 
CE-CT, FDG-PET, or PET/CT. Yet another study 
showed that the quantitative and qualitative sensi-
tivity, specificity, and accuracy of STIR turbo SE 
imaging were not significantly different from 
those of FDG-PET/CT. However, the combina-

a

b c

Fig. 15 A 77-year-old male with adenocarcinoma (N0). 
Integrated FDG-PET/CT (a) demonstrates high uptake of 
FDG in primary tumor, but no uptake in mediastinal and 
hilar lymph nodes, suggesting N0. Black-blood STIR 

turbo SE imaging on axial (b) and coronal (c) planes show 
the primary tumor as high intensity, but mediastinal 
(arrow) and hilar (arrow head) lymph nodes as low signal 
intensity, suggesting N0
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tion of FDG-PET/CT with STIR turbo SE imag-
ing was found to be significantly more effective 
for detecting nodal involvement on a per-patient 

basis (96.9% specificity, 90.3% accuracy) than 
FDG PET/CT alone (65.6% specificity, 81.7% 
accuracy) (Morikawa et al. 2009).

a

b c

Fig. 16 A 74-year-old male with adenocarcinoma (N1). 
Integrated FDG-PET/CT (a) demonstrates no uptake of 
FDG in the mediastinal and faint uptake in the hilar lymph 
nodes, suggesting N0, which was false-negative. Black- 

blood STIR turbo SE imaging on axial (b) and coronal (c) 
planes shows the hilar lymph node (arrow) as high signal 
intensity, suggesting N1 which was true-positive
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Since 2008, DWI was introduced as another 
promising MR technique for this purpose 
(Hasegawa et al. 2008; Nomori et al. 2008; Ohno 
et al. 2011b; Pauls et al. 2012). Sensitivity, spec-
ificity, and accuracy of DWI reportedly range, on 
a per-patient basis, from 77.4% to 80.0%, 84.4% 
to 97.0%, and 89.0% to 95.0%, respectively, and 
these results appear to be equal to or better than 
those for FDG-PET or PET/CT (Hasegawa et al. 
2008; Nomori et al. 2008; Ohno et al. 2011b; 
Pauls et al. 2012). Ohno et al. prospectively and 
directly compared these modalities to determine 
the clinical relevance of MR-based N-factor 
assessment as compared with that of FDG-PET/
CT. In this study, sensitivity and/or accuracy of 
STIR turbo SE imaging (quantitative sensitivity: 
82.8%, qualitative sensitivity: 77.4%, quantita-
tive accuracy: 86.8%) proved to be significantly 
higher than those of DWI (74.2%, 71.0% and 
84.4%, respectively) and FDG-PET/CT (quanti-
tative sensitivity: 74.2%) (Ohno et al. 2011b). 
This means that quantitative and qualitative 
assessments of the N stage of NSCLC patients 
obtained with STIR turbo SE MR imaging are 
more sensitive and/or more accurate than those 
obtained with DWI and FDG PET/CT (Ohno 
et al. 2011b). According to these results and con-
sidering the limitations of DWI as well as FDG- 
PET/CT for detection of small metastatic foci or 
lymph nodes, STIR turbo SE imaging may be 
the better MR technique to use for this purpose 
before surgical treatment or lymph node sam-
pling, during thoracotomy or mediastinoscopy 
for accurate pathologic TNM staging after surgi-
cal treatment, or before chemotherapy, radiation 
therapy, or both (Ohno et al. 2011b). However, 
further technical improvements in DWI are 

needed to overcome its current limitations and 
enable it to function in a complementary role or 
as a substitution for STIR turbo SE imaging in 
routine clinical practice. Thus, STIR turbo SE 
imaging should be considered as capable of 
enhancing the diagnostic capability of N classifi-
cation not only due to its multiplanar capability 
but also its sensitive and accurate assessment of 
relaxation time differences between metastatic 
and nonmetastatic lymph nodes and play as 
complementary and/or substitution of PET or 
PET/CT as well as DWI in routine clinical 
practice.

Recently, PET/MRI at 3 T system was intro-
duced for TNM staging in NSCLC patients. 
Although T staging had no significance with 
PET/CT, the diagnostic accuracy for N stage of 
MR imaging including STIR fast advanced spin 
echo (FASE) imaging, PET/MRI, and PET/CT 
was 98.6% for MR imaging; 98.6% and 92.1% 
for PET/MRI with and without signal intensity 
(SI) assessment based on STIR FASE imaging, 
respectively; and 92.1% for PET/CT (Ohno et al. 
2015). In addition, the accuracy of STIR FASE 
imaging and PET/MRI with SI assessment was 
significantly higher than that of PET/MRI with-
out SI assessment and of PET/CT (Ohno et al. 
2015). Moreover, sensitivity of STIR FASE 
imaging (100%) and PET/MRI with SI assess-
ment (100%) were significantly higher than that 
of whole-body PET/MRI without SI assessment 
(93.8%) and of PET/CT (93.8%) (Ohno et al. 
2015) (Fig. 17). Therefore, PET/MRI may be 
more useful than PET/CT, when each investiga-
tor evaluates SI changes with FDG uptake in not 
only NSCLC, but also other oncologic patients in 
routine clinical practice. 

Fig. 17 A-66-year-old male with right hilar lymph node 
metastasis due to adenocarcinoma. CE-thin-section MPR 
image (a) shows right hilar lymph node (arrow), whose 
short axis diameter was 6 mm, and diagnosed as N0 case. 
This patient was false-positive case on CT. PET/CT (b) 
and PET/MRI fused between PET and contrast-enhanced 
(CE) Quick 3D data (c) demonstrate small lymph node 
without high FDG uptake in right hilum (arrow) and also 
assessed as N0 case. This patient was false-negative case 
on PET/CT and PET/MRI. Whole-body STIR FASE 

image (d) shows high signal intensity at right hilar lymph 
node metastasis (arrow), although whole-body Quick 3D 
imaging (e) demonstrates small right hilar lymph node 
(arrow) in the right hilum. Moreover, whole-body MR 
image fused between diffusion-weighted image (DWI) 
and CE Quick 3D data (f) demonstrates small right hilar 
lymph node with low signal intensity color coded as heat 
(arrow). Therefore, whole-body MR imaging can cor-
rectly diagnose this case as N1 case, when applied STIR 
FASE image.
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4.3  MR Assessment of M 
Classification

The descriptor M relates to the presence of dis-
tant metastasis (M1) or its absence (M0) (Sobin 
and Wittekind 2002). The definitions are given in 
Table 5. Lung cancer can metastasize widely and 
involve many organs, including the brain, bone, 
liver, and adrenal glands. The presence of metas-
tasis beyond the intrathoracic lymph nodes is 
considered an indication of metastatic disease 
(M1) and implies surgical non-resectability. 
Patients with distant metastases carry a very poor 
prognosis and are generally treated with chemo-
therapy, radiotherapy, or both or with optimal 
supportive care. In most cases, extrathoracic 
imaging is indicated for patients with lung cancer 
and symptoms localized to a specific organ. At 
present, however, there is no consensus regarding 
the efficacy of extrathoracic imaging for presum-
ably resectable lung cancer without signs or 
symptoms localized to a specific organ (Wong 
et al. 1999).

The observation of metastases in patients with 
NSCLC has major implications for management 
and prognosis. Extrathoracic metastases are pres-
ent in approximately 40% of patients with newly 
diagnosed lung cancer at presentation, most com-
monly in the adrenal glands, bones, liver, or brain 
(Pantel et al. 1996; Quint et al. 1996). After radi-
cal treatment for apparently localized disease, 
20% of the patients developed an early distant 
relapse, probably due to systemic micrometasta-
ses that were present but not detected or visual-
ized at the point of initial staging (Pantel et al. 
1996). Silvestri et al. (1995) updated a meta- 
analysis for the systemic evaluation of extratho-
racic metastases in potentially resectable NSCLC 
patients. This study calculated that the negative 
predictive value was equal to or more than 90% 
for the clinical evaluation of patients asymptom-
atic for brain, abdominal, or bone metastases 
(Silvestri et al. 1995). These findings are consis-
tent with the findings of a retrospective analysis 
of 755 patients with clinical stage T1-2 N0 dis-
ease, which found only five sites with silent 
metastasis after extensive imaging for extratho-
racic disease (Tanaka et al. 1999). The current 

recommendation from the American College of 
Chest Physicians (ACCP) therefore suggests that 
further diagnostic testing is necessary to confirm 
the presence of disease only in patients with 
abnormal findings on clinical evaluation, 
although the positive predictive values among the 
studies included in their meta-analysis were 
highly variable (Toloza et al. 2003; Silvestri et al. 
2007). For purposes of TNM classification, how-
ever, it would be necessary to perform in-depth 
surveillance of potential sites of extrathoracic 
metastases for all lung cancer patients. In addi-
tion, accurate diagnosis of extrathoracic metasta-
ses may be helpful for clinicians to provide the 
most appropriate treatment and/or management 
for lung cancer patients.

4.3.1  Adrenal Gland Metastasis
Enlarged adrenal glands can be visualized on CT 
at initial presentation in nearly 10% of NSCLC 
patients, and approximately two-third of these 
adrenal lesions are benign or asymptomatic 
(Oliver et al. 1984; Ettinghausen and Burt 1991). 
Therefore, without pathologic proof of metastatic 
disease, the presence of an isolated adrenal mass 
in a patient with otherwise operable NSCLC 
should not preclude radical treatment. If the CT 
scan is performed without intravenous contrast 
media and an adrenal lesion is identified, mea-
surement of the CT scan attenuation value can be 
helpful for distinguishing metastasis from ade-
noma (Boland et al. 1998; Szolar and 
Kammerhuber 1998). PET can also be a useful 
adjunct in this setting because the sensitivity and 
specificity of PET have been reported as ranging 
from 80 to 100% in the past literatures. This high 
sensitivity and specificity may result in a reduc-
tion of the number of unnecessary biopsies, which 
are not without risk and not always diagnostic 
(Erasmus et al. 1997; Marom et al. 1999). 
However, careful interpretation of PET is required 
for small lesions less than 10 mm in diameter, 
since experience with these is still limited 
(Schrevens et al. 2004). In addition, false- positive 
findings on PET have also been reported, and the 
incidence of false-positive findings is increasing. 
Currently, MR imaging is also considered helpful 
for distinguishing metastasis from adenoma when 
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an adrenal lesion is detected by CT. Visual assess-
ment of adrenal lesions using chemical shift MR 
imaging may characterize a lesion as an adenoma 
on the basis of reduced signal intensity of the 
lesion on opposed-phase images as compared 
with that on in-phase images (Korobkin et al. 
1995; Schwartz et al. 1998; Hussain and Korobkin 
2004). Korobkin et al. (1995) applied this tech-
nique to 51 adrenal lesions and reported a sensi-
tivity of 100% and specificity of 81% for the 
characterization of adenomas.

4.3.2  Bone Metastasis
Bone involvement is usually assessed by 
99mTechnetium methylene diphosphate (99mTc- 
MDP) or hydroxymethylene diphosphate (99mTc- 
HMDP) bone scintigraphy. Although sensitivity 
of bone scintigraphy has been reported as high as 
90%, its specificity was only about 60% due to 
false-positive findings caused by the nonselective 
uptake of the radionuclide tracer in any area of 
increased bone turnover (Schrevens et al. 2004). 
Consequently, additional imaging by X-ray, bone 
CT, and/or MR imaging is often required. PET is 
reported to have similar sensitivity, but higher 
specificity and accuracy (equal to or more than 
90%, equal to or more than 98% and equal to or 
more than 96%, respectively) (Bury et al. 1998; 
Marom et al. 1999). PET is therefore considered 
superior to bone scintigraphy for the detection of 
bone metastases. Currently, MR imaging with the 
use of various sequences such as T1-weighted SE 
or turbo SE imaging, T2-weighted turbo SE 
imaging, STIR turbo SE imaging, contrast- 
enhanced T1-weighted SE or turbo SE imaging, 
or diffusion-weighted MR imaging is deemed 
useful for assessment of muscle-skeletal tumors 
and metastasis from various malignancies 
(Weinberger et al. 1995; Vanel et al. 1998; 
Mentzel et al. 2004; Park et al. 2004; Tokuda 
et al. 2004; Goo et al. 2005). However, only one 
study has directly compared the diagnostic capa-
bility of MR imaging and bone scintigraphy and 
found that sensitivity, specificity and accuracy of 
MR imaging were 80%, 96% and 93%, respec-
tively, being superior to bone scintigraphy (40%, 
92%, and 83%), although the difference was not 
significant (Earnest et al. 1999).

4.3.3  Brain Metastasis
Some investigators have reported that brain MR 
imaging is useful for evaluation of asymptomatic 
brain metastases in patients with operable lung 
cancer (Hillers et al. 1994; Earnest et al. 1999; 
Yokoi et al. 1999). FDG-PET is not suitable for 
the detection of brain metastases since the sensi-
tivity of PET is low due to the high glucose 
uptake of normal surrounding brain tissue. CT 
and/or MR imaging remain the method of choice 
for screening brain metastases. Yokoi et al. (1999) 
compared the efficacy of MR imaging and CT 
scans of brain in 332 patients with potentially 
operable asymptomatic non-small cell lung can-
cer. Within 12 months of diagnosis, brain metas-
tases were detected in 7% of the patients in this 
series. Preoperatively, brain metastases were 
detected in 3.4% of the patients by MR imaging 
and in 0.6% of the patients by CT scans. Other 
investigators have reported on the utility of 
contrast- enhanced brain MR imaging and found 
a high prevalence of asymptomatic brain metas-
tasis in 28% of patients identified with contrast- 
enhanced brain MR imaging (Earnest et al. 1999). 
These findings suggest that preoperative brain 
MR imaging may be effective for patients with 
lung cancer.

4.3.4  Whole-Body MR Imaging 
for Assessment of M 
Classification in Lung Cancer 
Patients

Findings of a recent randomized trial suggest that 
the addition of whole-body FDG-PET scanning 
to a conventional workup can identify more 
patients with extrathoracic metastases among 
those with suspected NSCLC (van Tinteren et al. 
2002). However, recent advances in MR tech-
niques such as fast imaging and moving table 
techniques make it possible to perform whole- 
body MR imaging. Its usefulness has been inves-
tigated in the staging of breast cancer and the 
search for primary lesions in patients with meta-
static carcinoma from an unknown primary lesion 
(Eustace et al. 1998; Walker et al. 2000; Antoch 
et al. 2003; Lauenstein et al. 2004; Takahara et al. 
2004; Goehde et al. 2005; Schmidt et al. 2006). It 
was concluded that whole-body MR imaging 
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may constitute a single, cost-effective imaging 
test for patients with metastatic carcinoma from 
an unknown primary (Eustace et al. 1998; Walker 
et al. 2000; Antoch et al. 2003; Lauenstein et al. 
2004; Takahara et al. 2004; Goehde et al. 2005; 
Schmidt et al. 2006). However, the potential of 
whole-body MR imaging for lung cancer staging 
has not yet been satisfactorily delineated. Ohno 
et al. (2007d) performed a direct comparison of 
the diagnostic capability of whole-body MR 
imaging and FDG-PET for the M classification. 
They reported that the interobserver agreement 
for whole-body MR imaging was substantially, 
but not significantly better than for whole-body 
FDG-PET on a per-site basis and a per-patient 
basis (Ohno et al. 2007d). For assessment of head 
and neck metastases, sensitivity (84.6%) and 
accuracy (95.0%) of whole-body MR imaging 
were significantly higher than those of FDG-PET 
(15.4% and 89.1%, respectively) on a per-site 
basis (Ohno et al. 2007d). In addition, the speci-
ficity (96.1%) and accuracy (94.8%) of whole- 
body MR imaging for bone metastasis were 
significantly higher than those of FDG-PET 
(88.3% and 88.2%, respectively) on a per-site 
basis (Ohno et al. 2007d). However, when brain 
metastases were excluded from head and neck 
metastases, sensitivity, specificity, and accuracy 
of whole-body MR imaging were not signifi-
cantly different from those of FDG-PET, nor 
were they for diagnosis of thoracic, abdominal, 
and pelvic metastases (Ohno et al. 2007d). In 
addition, when evaluation on a per-patient basis 
of M classification included brain metastases as 
head and neck metastases, accuracy (80.0%) of 
whole-body MR imaging was significantly better 
than that of FDG-PET (73.3%), while exclusion 
of brain metastases from head and neck metasta-
ses resulted in no significant differences in sensi-
tivity, specificity, and accuracy between 
whole-body MR imaging and FDG-PET (Ohno 
et al. 2007d). Whole-body MR imaging is there-
fore an accurate diagnostic technique and should 
be considered at least as effective as FDG-PET 
for M classification of lung cancer patients (Figs. 
18 and 19).

Furthermore, whole-body DWI has been 
recommended as a promising new tool for 
whole- body MR examination of oncologic 

patients (64–66). Comparisons of the diagnos-
tic performance of whole-body MR imaging for 
M-factor assessment with that of FDG-PET or 
PET/CT have shown that the diagnostic capa-
bility of whole-body MR imaging with or with-
out DWI (sensitivity, 52.0–80.0%; specificity, 
74.3–94.0%; accuracy, 80.0–87.7%) was equal 
to or significantly higher than that of FDG-PET 
or PET/CT (sensitivity, 48.0–80.0%; specific-
ity, 74.3–96%; accuracy, 73.3–88.2%) (Ohno 
et al. 2007d, 2008b; Yi et al. 2008; Takenaka 
et al. 2009; Sommer et al. 2012). However, one 
drawback associated with the use of whole-
body DWI in this setting needs to be carefully 
considered. The specificity (87.7%) and accu-
racy (84.3%) of whole-body DWI alone on a 
per-patient basis were significantly lower than 
those of FDG-PET/CT (specificity, 94.5%; 
accuracy, 90.4%) (Ohno et al. 2008b). On the 
other hand, the diagnostic accuracy of whole-
body MR imaging combined with DWI (87.8%) 
was not significantly different from that of 
FDG-PET/CT, although that of whole-body 
MR imaging without DWI (85.8%) was lower 
than that of FDG-PET/CT (Ohno et al. 2008b). 
Therefore, it would be advisable to use whole-
body DWI as part of whole-body MR examina-
tion in order to improve the diagnostic accuracy 
of M-factor assessment of NSCLC patients 
(Ohno et al. 2008b).

More recently, whole-body PET/MR imaging 
obtained with a hybrid PET/MR system or pre-
sented as PET fused with MR imaging has 
become clinically feasible, and a few investiga-
tors have conducted preliminary tests of their 
utility for lung cancer patients and reportedly 
found no significant differences in diagnostic 
capability between PET/MR imaging and PET/
CT for M-factor assessment as well as for T- and 
N-factor assessments (Kohan et al. 2013; Heusch 
et al. 2014; Schaarschmidt et al. 2015). However, 
all these studies assessed only FDG uptake and 
anatomical information from PET/MR data as 
well as PET/CT, but not signal intensities on all 
sites detected on a variety of MR images. Correct 
evaluation of signal intensity changes at all sus-
pected sites on PET/MR imaging may thus 
result in better diagnostic performance than 
PET/CT in the near future, especially when taking 
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a

b

Fig. 18 A 68-year-old female with adenocarcinoma and 
lumbar vertebra (L1) metastasis. Integrated FDG-PET/CT 
(a) shows high uptake of FDG at the vertebral arch (arrow), 
suggesting bone metastasis, which was true- positive. On 

sagittal whole-body MR images (b) (L to R: non-contrast-
enhanced T1-weighted GRE image, STIR turbo SE image, 
and contrast-enhanced T1-weighted GRE image), bone 
metastasis (arrow) is obvious, which was true-positive
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a

b

Fig. 19 A 67-year-old male with adenocarcinoma and 
brain metastasis. Integrated FDG-PET/CT (a) does not 
show any abnormal uptake, suggesting M0, which was 

false-negative. Contrast-enhanced whole-body T1-weighted 
GRE (b): L to R, coronal and sagittal planes clearly shows 
brain metastasis, suggesting M1, which was true-positive
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into consideration MR results reported during the 
last few decades, which demonstrated the utility 
of MR imaging for differentiation of metastatic 
from nonmetastatic sites in lung cancer patients. 
A study showed the direct comparison of TNM 
staging capability among whole-body MRI, PET/
MR, and PET/CT (Ohno et al. 2015). This study 
demonstrated that agreements of assessment of 
every factor (κ = 0.63–0.97) and clinical stage (κ 
= 0.65–0.90) were substantial or almost perfect. 
Regarding capability to assess operability, accu-
racy of whole-body MRI and PET/MR imaging 
with signal intensity assessment (97.1%) was sig-
nificantly higher than that of MR/PET without 
signal intensity assessment and integrated FDG 
PET/CT (85.0%, p < 0.001). Therefore, when 
applying PET/MR in this setting, not only ana-
tomical but also various information from MR 
part of PET/MR have to be evaluated for improv-
ing the potential PET/MR for TNM staging in 
lung cancer patients.
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Abstract

Cystic masses are generally congenital and 
arise anywhere in the mediastinum, and MR 
imaging is useful to confirm their cystic nature, 
especially in those cysts with soft tissue attenu-
ation at CT. In the thymus, chemical shift 
MR imaging can characterize the normal thy-
mus and thymic hyperplasia by detecting tiny 
amounts of fat tissue within the thymus and dif-
ferentiate such benign processes from thymic 
tumors. Malignant lymphoma is a disease rela-
tively common in the mediastinum, and MR 
provides important information, especially in 
the assessment of viability of residual masses 
in treated lymphoma. In the diagnosis of neuro-
genic tumors, MR imaging can precisely evalu-
ate shape, location, intraspinal extension, and 
internal components of these tumors.

K. Takahashi, MD, PhD (*) • T. Sasaki, MD, PhD 
Department of Radiology, Asahikawa Medical 
College, 2-1-1-1 Midorigaoka-higashi,  
Asahikawa, Japan
e-mail: taka1019@asahikawa-med.ac.jp

K. Nakajima, MD
Department of Radiation Oncology, Asahikawa 
Medical College, 2-1-1-1 Midorigaoka-higashi,  
Asahikawa, Japan

Contents

1     Introduction  344

2     Mediastinal Cystic Masses  344
2.1  Bronchogenic Cyst  344
2.2  Esophageal Duplication Cyst  345
2.3  Neurenteric Cyst  345
2.4  Pericardial Cyst  345
2.5  Thymic Cyst  347
2.6  Other Cystic and Cyst-Like Lesions  348

3     Thymus and Thymic Tumors  348
3.1  Normal Thymus  348
3.2  Thymic Hyperplasia and Thymic Rebound  351
3.3  Thymoma  356
3.4  Thymic Carcinoma  359
3.5  Thymolipoma  362
3.6  Thymic Neuroendocrine Neoplasm  362

4     Mediastinal Germ Cell Tumors  363
4.1  Teratoma  363
4.2  Seminoma  364
4.3  Non-seminomatous Malignant Germ Cell 

Tumor  367

5     Mediastinal Malignant Lymphoma  367
5.1  Hodgkin’s Lymphoma  367
5.2  Lymphoblastic Lymphoma  369
5.3  Primary Mediastinal Diffuse Large B-Cell 

Lymphoma  369
5.4  Magnetic Resonance Imaging of Lymphoma  370

6     Neurogenic Tumor  371
6.1  Peripheral Nerve Sheath Tumor  371
6.2  Sympathetic Ganglia Tumor  372
6.3  Paraganglioma  374

7     Other Mediastinal Diseases  374
7.1  Mediastinal Goiter  374
7.2  Ectopic Parathyroid Gland  376
7.3  Fibrosing Mediastinitis  376
7.4  Extramedullary Hematopoiesis  376

8     Imaging Protocol  377
8.1  MRI Sequences for the Mediastinum  377

 References  378

http://crossmark.crossref.org/dialog/?doi=10.1007/174_2016_87&domain=pdf
mailto:taka1019@asahikawa-med.ac.jp


344

1  Introduction

In the assessment of mediastinal disease, CT is gen-
erally the first choice imaging modality. But not 
uncommonly, MR imaging provides important 
findings, which are diagnostic of a disease and facil-
itates precise assessment of location, pattern of 
extension, and anatomical relationship with adja-
cent structures of the disease. In addition to conven-
tional T1- and T2-weighted spin-echo sequences, 
chemical shift imaging, dynamic studies with gradi-
ent-echo 2- or 3-dimensional sequences, and diffu-
sion-weighted imaging are available to obtain 
specific findings of the mediastinal diseases.

We describe the role of MR imaging in the 
assessment of various mediastinal diseases, 
including congenital and acquired cystic masses, 
thymus and thymic tumors, germ cell tumors, 
Hodgkin and non-Hodgkin’s lymphoma, and 
neurogenic tumors with emphasis of their charac-
teristic and specific findings on MR imaging.

2  Mediastinal Cystic Masses

Cystic masses of the mediastinum are encapsu-
lated lesions that contain fluid and are lined with 
epithelium. Most cystic lesions are congenital in 
origin and include foregut duplication cysts (i.e., 
bronchogenic cysts, esophageal duplication 
cysts, and neurenteric cysts) pericardial cysts, 
pleural cysts, and parathyroid cysts. Thymic 
cysts and thoracic duct cysts are either congenital 
or acquired in origin. Meningoceles, pancreatic 
pseudocysts, hydatid disease, abscess, hema-
toma, and various solid lesions associated with 
cystic degeneration (i.e., schwannoma, germ cell 
tumor, thymoma, and parathyroid adenoma) also 
appear as cystic mediastinal masses.

In a study of 105 cases with mediastinal cysts, 
cystic disease comprises 13.0 % of mediastinal 
masses and is more prevalent in adults (14.1 %) 
than in children (7.7 %) (p < 0.05). Overall, 36.2 % 
of the patients were symptomatic, and common 
symptoms were retrosternal chest pain (14.3 %), 
followed by dyspnea (7.6 %), cough (6.7 %), fever 
(5.7 %), and hoarseness (4.8 %). The incidence of 
cystic masses is 45 % in bronchogenic, 28 % in 

thymic, 11 % in pericardial, 7 % in pleural cysts, 
and 4 % in esophageal duplication cysts (Takeda 
et al. 2003).

On the radiographs, mediastinal cystic masses 
usually appear as focal deformity or obscuration 
of mediastinal contours and lines and may be 
associated with displacement of normal mediasti-
nal structures. Generally, CT is the diagnostic 
modality of first choice for mediastinal cystic 
masses and the following typical features are 
diagnostic: (1) an encapsulated smooth round or 
oval mass, (2) homogeneous attenuation in the 
range of water attenuation (0–20 HU), (3) no 
enhancement of cyst contents, and (4) no infiltra-
tion of adjacent mediastinal structures (Kuhlman 
et al. 1988; Feung et al. 2002).

On MR images, mediastinal cysts that usually 
contain serous fluid typically show homogeneous 
low signal intensity on T1-weighted images and 
high signal intensity on T2-weighted images due 
to their long T1 and T2 relaxation time. In some 
mediastinal cysts, CT may reveal high attenua-
tion similar to solid lesions due to a high level of 
protein and calcium oxalate in the cystic contents 
(Yemault et al. 1986). In such situations, MR 
imaging can be useful in the differentiation of 
cystic masses from solid lesions. High signal 
intensity corresponding to cerebrospinal fluid on 
T2-weighted images, a fluid-fluid level, and lack 
of contrast enhancement are highly suggestive of 
the cystic nature of the lesions. It should be noted 
that signal intensity on MR images of mediasti-
nal masses also varies depending on its content 
including calcium, protein, and blood degrada-
tion products, especially on T1-weighted images 
(Murayama et al. 1995). The lesions with a pro-
teinaceous or hemorrhagic content show high 
signal on T1-weighted images. One disadvantage 
of MR imaging is its inability to visualize calcifi-
cations, which may occur occasionally in the 
wall or within the lesion.

2.1  Bronchogenic Cyst

Bronchogenic cysts are the most common foregut 
cysts and result from defective development 
(abnormal budding of the ventral foregut) during 
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the fetal period (Ribet et al.1995). The cyst wall 
is lined by respiratory epithelium (pseudostriated 
ciliated columnar epithelium) and contains carti-
lage, smooth muscle, and mucous gland. Cyst 
fluid is usually serous but can contain various 
amounts of protein and calcium and can be hem-
orrhagic or highly viscous.

Bronchogenic cysts most commonly present in 
the first few decades of life, and the majority are 
incidentally detected on chest radiograph or on 
chest CT. However, they may occasionally be 
symptomatic due to compression of adjacent 
structures. In series of surgically diagnosed cases, 
70–80 % of patients have symptoms including 
chest pain, cough, dyspnea, fever, and purulent 
sputum (St-Georges et al. 1991; Ribet et al. 1996). 
In infants and young children, they are usually 
symptomatic and sometimes life-threatening.

The bronchogenic cysts most commonly are 
located near to the carina (52 %) and in the paratra-
cheal region (19 %), less often adjacent to the 
esophagus or retrocardiac region, and rarely in the 
anterior mediastinum, within the lung, in the 
pleura, and in the diaphragm (Reed and Sobonya 
1974; MaAdams et al. 2000). As a rare case, a soli-
tary pedunculated bronchogenic cyst that appeared 
as a pleural nodule located apart from the mediasti-
num has been reported (Yoshioka et al. 2000).

Bronchogenic cysts typically appear as a well-
defined round or elliptical mass with a uniformly 
thin wall. On CT, 50 % of bronchogenic cysts 
reveal typical water attenuation, whereas in the 
other half, the cysts have variously higher attenu-
ation and may be indistinguishable from soft tis-
sue lesions (Yernault et al. 1986). At T2-weighted 
MR imaging, bronchogenic cysts constantly have 
high signal intensity, but variable patterns of sig-
nal intensity are seen at T1-weighted MR imag-
ing depending on cystic contents including 
protein, hemorrhage, mucoid material, and cal-
cium (Feung et al. 2002) (Figs. 1 and 2 ). 
McAdams et al. (2000) have reported that on 
T1-weighted MR images (n = 23), 18 cysts were 
hyperintense and 5 were isointense to cerebrospi-
nal fluid and on T2-weighted MR images 
(n = 18), 17 cysts were isointense or hyperintense 
and 1 was hypointense to cerebrospinal fluid. 
Invariable high signal intensity on T2-weighted 

MR images is diagnostic of the cystic nature of 
the lesion. Bronchogenic cysts may reveal a 
fluid-fluid level on MR images (Murayama et al. 
1995). Rarely, bronchogenic cysts contain air 
that suggests secondary infection or communica-
tion with the tracheobronchial tree. Bronchogenic 
cysts are typically stable in size or may enlarge 
over years. Abrupt increase in size indicates hem-
orrhage or infection (Feung et al. 2002) and may 
result in rupture of the cyst (Fig. 3).

2.2  Esophageal Duplication Cyst

Esophageal duplication cysts may result from 
either abnormal budding of the foregut or a fail-
ure of complete vacuolation of the originally 
solid esophagus (Salo and Ala-Kulju 1987). The 
cysts are lined by gastrointestinal tract mucosa 
and have a double layer of smooth muscle. The 
cysts are commonly located in the lower medias-
tinum, adjacent to the esophagus. Imaging fea-
tures of esophageal duplication cysts are similar 
to those of other mediastinal congenital cysts. 
However, the cyst walls may be thicker, and the 
lesions may be more tubular in shape and in more 
intimate contact with the esophagus.

2.3  Neurenteric Cyst

Neurenteric cysts result from incomplete separa-
tion of endoderm from notochord and usually 
have either a fibrous connection to the spine or an 
intraspinal component. The cysts occasionally 
are associated with various vertebral anomalies, 
such as hemivertebra, butterfly vertebra, or spina 
bifida. Findings of neurenteric cysts at CT and 
MR imaging are similar to those of other foregut 
cysts. MR imaging is indicated to exclude intra-
spinal extension of the cysts (Strollo et al. 1997).

2.4  Pericardial Cyst

Pericardial cysts are outpouchings of the parietal 
pericardium, which have no communication with 
the pericardial space and result from a defect in 
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a b

c

Fig. 1 Bronchogenic cyst. (a) Non-contrast-enhanced 
CT, (b) T2-weighted, and (c) contrast-enhanced MR 
images. There is a well-demarcated mass lesion in the 
subcarinal region (arrows). The mass shows soft tissue 

attenuation on CT but very high signal intensity on 
T2-weighted images (b) and no significant enhancement 
(c) suggesting the cystic nature of the lesion
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the embryogenesis of the coelomic cavity. These 
cysts are commonly round or spherical in shape, 
thin walled, unilocular, and contain clear or 
straw-colored fluid. Cyst walls consist of connec-
tive tissue and a single layer of mesothelial cells.

The majority of pericardial cysts are located in 
the cardiophrenic angles, and they are more fre-
quent on the right side (Fig. 4). In one large series 
of 72 cases with pericardial cysts, 54 were located 
in the cardiophrenic angle, of which two thirds 
were on the right side, and the remaining 18 were 
found in the higher mediastinum up to the level 
of pericardial reflection (Wychulis et al. 1971). 
Patients are almost invariably asymptomatic, and 
cysts are incidentally detected on a screening 
chest radiograph.

On CT, the cysts characteristically show water 
attenuation, but occasionally its content is of soft 
tissue attenuation. At MR imaging, they typically 
have low or intermediate signal intensity on 
T1-weighted images and homogeneous high 
intensity on T2-weighted images. The cysts with 
proteinaceous fluid show high signal intensity on 
T1-weighted images. The cysts do not enhance 
with the administration of contrast material 
(Wang et al. 2003). Pericardial cysts in unusual 
locations, including upper and anterior mediasti-
num, may be indistinguishable from broncho-
genic or thymic cysts.

2.5  Thymic Cyst

Congenital thymic cysts are derived from a 
remnant of the thymopharyngeal duct, and they 
are usually unilocular and generally small. 
Most patients with congenital thymic cyst are 
asymptomatic; however, patients can present 
with cough or dyspnea or with pain if intracys-
tic bleeding occurs. Acquired thymic cysts, 
occasionally referred to multilocular thymic 
cysts, are probably pathologically unrelated to 
congenital cysts and may be associated with 
various inflammatory process or certain thymic 
neoplasms, including Hodgkin disease, semi-
noma, thymoma, and thymic carcinoma (Suster 
and Rosai 1991). Although some cysts develop 
after irradiation of the mediastinum or follow-
ing chemotherapy (Baron et al. 1981), thymic 
cyst can coexist with Hodgkin disease, unre-
lated to therapy.

Thymic cysts show low signal intensity on 
T1-weighted MR images and high signal inten-
sity on T2-weighted MR images (Fig. 5). 
Hemorrhage into the cysts results in increased 
signal on T1-weighted images. If the cyst is 

Fig. 2 Bronchogenic cyst. T2-weighted axial MR image 
(arrow) shows a mass at the paravertebral region of inter-
mediate signal intensities suggesting proteinaceous fluid

Fig. 3 Ruptured bronchogenic cyst. The bronchogenic 
cyst ruptured after abrupt increase in size. T2-weighted 
MR image reveals a bronchogenic cyst at the carina 
(arrow) and right side pleural effusion
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 multilocular, thick walled, or associated with a 
soft tissue, biopsy or surgical resection may be 
indicated to exclude malignancy (Fig. 6).

2.6  Other Cystic and Cyst-Like 
Lesions

Thoracic duct cyst is an extremely rare cystic 
lesion in the mediastinum. The cysts occur any-
where along the course of the thoracic duct and 
occasionally communicate with the duct (Fig. 7). 
In a review of 29 patients with a thoracic duct 
cyst, the cyst was found in the mediastinum in 19, 
in the cervical region in 9, and in the abdomen in 
one (Mattila et al. 1999). The cysts may be asso-
ciated with various conditions, including portal 
hypertension, liver cirrhosis, thoracic duct 
obstruction, and lymphangiomyomatosis.

Mediastinal pancreatic pseudocysts are rare 
complication of acute or chronic pancreatitis and 
result from the extension of pancreatic fluid through 
the diaphragm. Most mediastinal  pseudocysts are 
retrocardiac as the inflammatory process extends 

through the esophageal or the aortic hiatus (Tan 
et al. 2002). The multiplanar capability of MR 
imaging is beneficial in the pretreatment assess-
ment of the precise location and range of extension 
of the pseudocysts (Tanaka et al. 2000).

Lateral thoracic meningocele is a rare disorder 
which occurs frequently in association with neurofi-
bromatosis type I. MR imaging permits a diagnostic, 
noninvasive assessment of its cystic nature, commu-
nication with the spinal meninges, and associated 
spinal abnormalities (Nakasu et al. 1991).

3  Thymus and Thymic Tumors

3.1  Normal Thymus

The thymus is a bilobed, triangular-shaped organ 
that occupies retrosternal space and extends over 
the great vessel and the heart. The normal thymus 
varies widely in size and shape depending on the 
age (Francis et al. 1985). In infants and younger 
children, the thymus appears quadrilateral in 
shape rather than triangular in the axial plane. Its 

a b

Fig. 4 Pericardial cyst. The right cardiophrenic angle is the most common site of pericardial cyst. The cyst typically 
shows low signal intensity on T1-weighted image (a) and high signal intensity on T2-weighted MR image (b) (arrows)
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margins are convex in infants and usually become 
straight in older children (Baron et al. 1982). The 
thymus reaches a maximum weight during ado-
lescence and then its weight and size decrease 
with age as the gland undergoes involution with 
fatty infiltration. From adolescence to young 
adulthood around 25 years, the thymus appears 
bilobed triangular structure, and its margins are 
flat or concave laterally.

The widely accepted CT measurement of the 
thymus is the thickness of the lobes measured 

 perpendicular to their long axis. On CT, the normal 
maximal thickness of the thymus is 18 mm before 
the age of 20 years and 13 mm in older patients 
(Baron et al. 1982). On MR imaging, the thymus 
may appear to have a slightly greater thickness than 
measured on CT, when MR images are obtained 
under breathing. On CT, the thymus shows soft tis-
sue attenuation similar to muscle in infants and 
young children. Its attenuation decreases with age 
after adolescence due to fatty infiltration. On MR 
imaging, the normal thymus characteristically 

a

c

bFig. 5 Thymic cyst. (a) 
Non-contrast-enhanced 
CT, (b) T1-weighted, 
and (c) T2-weighted MR 
images show a 
well-defined lesion at 
the anterior mediastinum 
(arrows). The thymic 
cyst reveals low and 
high signal intensity on 
T1-weighted (b) and 
T2-weighted (c) MR 
images, respectively
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shows homogeneous and intermediate signal inten-
sity on T1-weighted images that is less intense than 
mediastinal fat but greater than muscle. In older 
patients after adolescence, the T1-weighted signal 
intensity of the thymus increases with age since the 
thymus begins to involute and is replaced by fat. 
On T2-weighted images, the thymus shows high 
signal intensity similar to fat at all ages (de Geer 

et al. 1986; Boothroyd et al. 1992). Besides the 
measurement of the size, CT attenuation, and MR 
signal intensity, the shape of the thymus is also an 
important indicator for its abnormality. Focal con-
tour abnormality of the thymus, especially when 
associated with displacement of the adjacent struc-
tures, is suggestive of underlying mass (de Geer 
et al. 1986).

a

c

b

Fig. 6 Thymoma within a multiloculated thymic cyst. (a) 
Non-contrast-enhanced CT, (b) T2-weighted (c) contrast-
enhanced MR images show a multiloculated cyst in the 

anterior mediastinum. A thymoma (arrows) within the 
cyst appears as a mass lesion of soft tissue attenuation (a) 
of intermediate signal (b) and with enhancement (c)

K. Takahashi et al.



351

Chemical shift MR imaging can depict intra-
voxel fat and water within the tissue and has been 
used clinically to diagnose adrenal adenoma and 
assess fatty liver. It has been recently reported that 
chemical shift MR imaging is useful for character-
izing the normal thymus by detecting the intravoxel 
fat tissue within the thymus. Chemical shift MR 
imaging can depict physiological fatty replacement 
of the normal thymus in nearly 50 % of subjects 
aged 11–15 years and in nearly 100 % of those over 
15 years (Inaoka et al. 2005) (Fig. 8).

Ectopic thymus results from defective path-
ways of the embryologic descent of thymus and 
can occur anywhere along the path of the thymo-
pharyngeal duct. Ectopic cervical thymus usually 
presents as an asymptomatic neck mass in infant, 
childhood, and early adulthood and is often 
located at submandibular region, adjacent to the 
thyroid gland, and near the carotid bifurcation  

(He et al. 2008; Liu et al. 2006; Khariwala et al. 
2004). CT reveals a homogeneous soft tissue 
mass with little or no contrast enhancement (Liu 
et al. 2006; Khariwala et al. 2004). MRI demon-
strates an intensity equal to that of muscle on 
T1-weighted images and greater than that of mus-
cle on T2-weighted images, identical to the medi-
astinal thymus. In the diagnosis of ectopic thymus, 
it should be noted that the normal thymus occa-
sionally extends to the upper mediastinum or 
lower neck (Fig. 9).

Although a previous report has suggested that 
an apparent diffusion coefficient (ADC) lower 
than 1.22 × 10−3 mm2/s for pediatric neck lesions 
indicates malignancy, there is a case report of ecto-
pic cervical thymus which has a low ADC value of 
0.35 ~ 0.40 × 10−3 mm2/s (Liu et al. 2006). The 
authors stated that the histological characteristics 
of normal thymic tissue, which consists of many 
lymphocytes with tight diffusion space of water 
protons in the extracellular dimension, might 
result in a low ADC (Liu et al. 2006).

3.2  Thymic Hyperplasia 
and Thymic Rebound

Lymphoid follicular hyperplasia is pathologi-
cally diagnosed by the presence of hyperplastic 
lymphoid germinal centers in the medulla of the 
thymus in association with a lymphocytic and 
plasma cell infiltrate (Goldstein and Mackey 
1969). Lymphoid follicular thymic hyperplasia is 
seen in more than 50 % of patients with myas-
thenia gravis and is also associated with various 
conditions: thyrotoxicosis, systemic lupus ery-
thematosus, Hashimoto thyroiditis, and polyar-
teritis nodosa (Levine and Rosai 1978).

In CT findings of the thymus in a series of 22 
patients with myasthenia gravis and lymphoid fol-
licular hyperplasia, ten had a normal appearance, 
seven had an enlarged thymus, and five had a focal 
thymic mass (Nicolaou et al. 1996). The useful-
ness of CT to establish the diagnosis of lymphoid 
follicular hyperplasia is limited. Also on MR 
imaging, thymic hyperplasia appears as diffuse 
enlargement of the thymus with MR signals simi-
lar to those of normal thymus (Molin et al. 1990).

Fig. 7 Thoracic duct cyst. T2-weighted coronal image 
shows a lobulated cyst adjacent to the aortic arch (large 
arrow) and a dilated thoracic duct (small arrows)
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True thymic hyperplasia is defined as an increase 
in size of the thymus with normal gross and histo-
logic appearance and commonly occurs as a 
rebound phenomenon secondary to atrophy caused 
by chemotherapy for malignancy, corticosteroid 
therapy, and radiotherapy (Linegar et al. 1993). In 
patients younger than 35 years and especially in 
children, the thymus may exhibit rebound to a size 
significantly larger than its original size (Chokye 
et al. 1987). When rebound thymic hyperplasia 
occurs in patients who previously underwent che-
motherapy for malignancy, distinction of thymic 
rebound from recurrent neoplasm may be difficult. 
Clinically, thymic rebound is most problematic 
when it is seen in patients with malignant lym-
phoma who have undergone chemotherapy.

On CT and MR imaging, rebound thymic 
hyperplasia appears as an enlargement of the 
 thymus, and its attenuation at CT and signal at MR 
imaging are similar to those of normal thymus 
(Siegel et al. 1989). In patients with enlarged thy-
mus older than 15 years of age, chemical shift MR 
imaging can diagnose thymic hyperplasia by 
detecting fatty infiltration within the thymus and is 

useful in its differentiation from neoplastic process 
(Takahashi et al. 2003; Inaoka et al. 2007). In a 
series of 41 patients consisting of 23 thymic hyper-
plasias and 18 thymic neoplasms, chemical shift 
MR imaging could differentiate thymic hyperpla-
sia from thymic neoplasms in all patients. All 
patients with hyperplastic thymus showed an 
apparent decrease in the signal intensity of the thy-
mus at opposed-phase images in contrast to in-
phase images, while none of the patients with 
thymic tumors showed a decrease in signal inten-
sity at opposed-phase images (chemical shift ratio 
(CSR) in Inaoka et al. 2007 ) (Figs. 9 and 10) Priola 
AM et al. also reported a high accuracy of chemical 
shift ratio of MR in the differentiation of thymic 
hyperplasia from thymic tumors, but it might over-
lap in both groups in early adulthood (Priola et al. 
2015). Since the diagnosis of thymic hyperplasia 
by chemical shift MR imaging is based on the 
depiction of fatty degeneration within the thymus, 
we think its utility might be age dependent  
(Fig. 11). Actually, the CSR of pediatric patients 
with a thymic hyperplasia (particularly younger 
than 15 years) might overlap with CSR of tumors.

a b

Fig. 8 Normal thymus in an 18-year-old girl. Chemical shift T1-weighted MR images. The thymus shows a homoge-
neous decrease in signal intensity at opposed-phase image (b) contrast to in-phase image (a) (arrows)
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Fig. 9 Thymic hyperplasia in hyperthyroidism in a 
25-year-old woman. T2-weighted (a) and in-phase (b) and 
opposed-phase (c) gradient-echo T1-weighted MR 
images. The thymus is diffusely enlarged but shows a 

decrease in signal at opposed-phase image (c) in contrast 
to in-phase image (b) due to physiologic fatty infiltration 
within the thymus (arrows)
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Fig. 10 Noninvasive thymoma. T2-weighted (a) and in-
phase (b) and opposed-phase (c) gradient-echo 
T1-weighted MR images. A lobulated mass lesion is 

depicted in the anterior mediastinum. The contrast to the 
in-phase image (b) does not show a significant signal 
decrease in the opposed-phase image (c) (arrows)

K. Takahashi et al.



355

a

c

b

Fig. 11 Rebound thymic hyperplasia in a 12-year-old 
patient with nodular sclerosis classical Hodgkin’s lym-
phoma after chemotherapy. Contrast-enhanced CT image 
(a) obtained 4 months after chemotherapy. Following 
shrinkage after chemotherapy, the thymus showed promi-
nent enlargement. The findings are suggestive of rebound 

thymic hyperplasia, but recurrence of lymphoma should 
be excluded. (b, c) Chemical shift MR images of (b) in-
phase (124/4.6) and (c) opposed-phase (124/2.3) images 
taken 4 months after systemic chemotherapy demonstrate 
no apparent change in the signal intensity of the thymus. 
The CSR is 0.93
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3.3  Thymoma

Thymoma is the most common primary tumor in 
the entire mediastinum, and it comprises approxi-
mately 20 % of all mediastinal tumors (Hoffman 
et al. 1993). Thymoma is a benign or low-grade 
malignant tumor of the thymic epithelium, fre-
quently associated with a variable population of 
immature but nonneoplastic T-cell lymphocytes. 
It is divided into an encapsulated noninvasive 
type and an invasive type that has spread beyond 
the capsule. 15–40 % of thymomas show inva-
sion beyond the capsule and turn out to be of the 
invasive type. Invasive thymoma initially invades 
the adjacent mediastinal fat and eventually 
spreads to the pleura, pericardium, lung, or medi-
astinal vessels.

Thymomas most commonly arise in the upper 
part of the anterior mediastinum: anterior to the 
ascending aorta, the right ventricular outflow 
tract, and the main pulmonary artery. Uncommon 
locations of thymoma include inferior mediasti-
num as low as the cardiophrenic angle, middle or 
posterior mediastinum, the lower and upper neck 
as high as the submandibular region, or the lung 
parenchyma (Nagasawa et al. 2004; Yamazaki 
et al. 2006; Huang et al. 2007).

Thymomas usually occur in middle-aged adults, 
and the average age at diagnosis is approximately 
50 years (Lewis et al. 1987). Thymomas are 
unusual below the age of 20 and extremely rare 
under the age of 15 years. Patients with an encap-
sulated thymoma are usually asymptomatic but 
may have symptoms such as chest pain, cough, 
dyspnea, dysphagia, or hoarseness due to compres-
sion to the adjacent structures. Most patients with 
invasive thymoma have clinical symptoms due to 
its invasion. Thymomas are occasionally associ-
ated with a paraneoplastic syndrome, and myasthe-
nia gravis is the most common disease. 
Approximately 10–23 % of patients with myasthe-
nia gravis have a thymoma, and 35–40 % of patients 
with a thymoma have myasthenia. Other paraneo-
plastic syndromes associated with a thymoma 
include pure red cell aplasia, acquired hypogam-
maglobulinemia, and nonthymic cancers.

Most thymomas show a lobulated external 
contour and are either completely or partially 

encapsulated by a fibrous capsule. The capsule 
connects with fibrous band within the tumor that 
divides it into multiple lobules (Fig. 12). Cystic 
change, hemorrhage, and necrosis are relatively 
common, and sometimes the tumor may be 
cystic.

The World Health Organization (WHO) pro-
posed a consensus classification of thymic epithe-
lial tumors, which is based on the morphology of 
epithelial cells and the lymphocyte-to-epithelial 
cell ratio in 1999 (Rosai and Sobin 1999). In 
2004, the WHO updated the classification (Travis 
et al. 2004). In the latest classification (Table 1), 
the thymic epithelial tumors are classified into 
two major categories and five types of thymomas 
(types A, AB, B1, B2, and B3) and thymic carci-
nomas (various histologic types of carcinomas 
including neuroendocrine carcinoma). Thymomas 
were divided into two groups depending on 
whether the neoplastic epithelial cells and their 
nuclei have a spindle and/or oval shape (type A) 
or whether these cells have a dendritic or plump 
(epithelioid) appearance (type B). Tumors that 
combine these two morphologies are designated 
type AB. Type B tumors were subdivided further 
into three subtypes designated B1, B2, and B3, 
respectively, on the basis of the proportional 
increase of the epithelial component and the 
emergence of atypia of the neoplastic cells.

It has been suggested that the WHO classifica-
tion reflects both the clinical and the functional 
features of thymic epithelial tumors and signifi-
cantly correlates with the invasiveness and the 
prognosis of thymic epithelial tumors (Chen 
et al. 2002; Okumura et al. 2002; Kondo et al. 
2004). A review of 273 patients with thymoma 
on the prognostic significance of the WHO clas-
sification system reported that in patients with 
type A, AB, B1, B2, and B3 tumors, the respec-
tive proportions of invasive tumor were 11.1, 
41.6, 47.3, 69.1, and 84.6 %; the respective pro-
portions of tumors with involvement of the great 
vessels were 0, 3.9, 7.3, 17.5, and 19.2 %; and the 
respective 20-year survival rates were 100, 87, 
91, 59, and 36 % (Okumura et al. 2002). In a 
review of 200 patients with thymic epithelial 
tumors, 5-year survival rates of each subtype 
were 100 % in type A thymoma, 100 % in type 
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AB, 94.1 % in type B1, 75.0 % in type B2, and 
70.0 % in type B3 and 48.0 % in thymic carci-
noma (Chen et al. 2002). Due to the significant 
correlation of the WHO histological classifica-
tion and prognosis, the thymic epithelial tumors 
can be divided into three main groups: low-risk 
thymomas (types A, AB, B1), high-risk thymo-
mas (types B2 and B3), and thymic carcinomas 

(Jeong et al. 2004). But, on the basis of a clinico-
pathological correlation of 250 cases, Moran CA 
et al. have recently stated that subtyping of thy-
momas should not be done on biopsy material, 
since according to subtyping more than 50 % of 
tumors fell into the mixed categories. He also 
said that all thymomas had the potential to 
become invasive tumors (Moran et al. 2012).
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b

Fig. 12 Noninvasive thymoma. (a) Contrast-enhanced CT, (b) T1-weighted, and (c) T2-weighted MR images show a 
well-defined mass in the anterior mediastinum with a fibrous capsule and septae (arrows), characteristic of thymoma
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For the clinical staging of thymic epithelial 
tumors, Masaoka’s criteria (Masaoka et al. 1981) 
(Table 2), which were based on the presence of 
invasion of the surrounding organs, have been 
widely accepted, and modifications were sug-
gested by Shimosato and Mukai (1997a, b, c). The 
staging significantly correlates with the progno-
sis, and the 20-year survival rates were 89, 91, 49, 
0, and 0 % in patients with stage I, II, III, IVa, and 
IVb disease, respectively (Okumura et al. 2002). 
On multivariate analysis, WHO histologic classi-
fication and Masaoka clinical staging were inde-
pendent prognostic factors (Chen et al. 2002; 
Okumura et al. 2002; Kondo et al. 2004).

On CT, thymomas usually present as sharply 
demarcated round or oval soft tissue masses in 
the region of the thymus. Tumors commonly 
reveal soft tissue attenuation and mild to moder-

ate contrast enhancement. Occasionally, focal 
low attenuation areas are identified within 
tumors, reflecting hemorrhage, necrosis, or cyst 
formation. Rarely, a tumor appears entirely cys-
tic. Linear or ringlike calcifications are occasion-
ally seen in both encapsulated and invasive 
thymoma.

On MR images, thymomas typically appear as 
round, oval, or lobulated masses with a low sig-
nal intensity on T1-weighted images similar to 
that of muscle and relatively high signal intensity 
on T2-weighted images. T2-weighted images 
occasionally show scattered high-intensity 
regions and/or lobulated internal architecture 
within the tumors, which corresponded to cystic 
regions and fibrous septa, respectively, on patho-
logic specimen (Fig. 12). On T1-weighted 
images, the signal intensity of cystic regions was 

Table 1 The definitions of the World Health Organization classification of thymic epithelial tumors

Type A thymoma: an organotypical thymic epithelial neoplasm composed of bland spindle/oval epithelial tumor 
cells with few or no lymphocytes

Type AB thymoma: an organotypical thymic epithelial neoplasm composed of a mixture of a lymphocyte-poor type 
A thymoma component and a more lymphocyte-rich type B-like component. Both components are present in most 
sections

Type B1 thymoma: a tumor of thymic epithelial cells with a histological appearance practically indistinguishable 
from the normal thymus composed predominantly of areas resembling cortex with epithelial cells scattered in a 
prominent population of immature lymphocytes, and areas of medullary differentiation, with or without Hassall’s 
corpuscles, similar to normal thymic medulla

Type B2 thymoma: an organotypical thymic epithelial neoplasm composed of large, polygonal tumor cells that are 
arranged in a loose network and exhibit large vascular nuclei with prominent large nucleoli, closely resembling the 
predominant epithelial cells of the normal thymic cortex. A background population of immature T cells is always 
present and usually outnumbers the neoplastic epithelial cells

Type B3 thymoma: an organotypical thymic epithelial neoplasm predominantly composed of medium-sized round 
or polygonal cells with slight atypia. The epithelial cells are mixed with a minor component of intraepithelial 
lymphocytes, resulting in a sheet-like growth of epithelial cell

Thymic carcinoma: all non-organotypical malignant epithelial neoplasms other than germ cell tumors are 
designated thymic carcinomas. Thymic carcinomas are termed according to their differentiation (squamous cell, 
mucoepidermoid, etc.). The term type C thymoma in the previous classification was eliminated. Thymic 
carcinomas lack immature T lymphocytes

Travis et al. (2004)

Table 2 Masaoka’s clinical stage

Stage I: Macroscopically completely encapsulated and microscopically no capsular invasion

Stage II: 1. Macroscopic invasion into surrounding fatty tissue or mediastinal pleura
      2. Microscopic invasion into capsule

Stage III: Macroscopic invasion into neighboring organs, i.e., the pericardium, great vessels, or lung

Stage IVa: Pleural or pericardial dissemination

Stage IVb: Lymphogenous or hematogenous metastasis

Masaoka et al. (1981)
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variable, depending on the protein content of the 
cyst fluid or the presence of hemorrhage (Sakai 
et al. 1991).

Invasive thymomas invade the mediastinum 
beyond the capsule and occasionally spread to 
the pleura and pericardium. Although CT and 
MR imaging cannot detect minimal mediastinal 
invasion, it sometimes allows for distinction 
between invasive and noninvasive thymoma. 
Complete obliteration of the adjacent fat planes 
highly suggests mediastinal invasion, while par-
tial obliteration is indeterminate (Figs. 13 and 
14). Complete preservation of the adjacent fat 
planes usually excludes extensive invasive dis-
ease but not minimal capsular invasion (Chen 
et al. 1988). Transpleural spread either as a sheet 
of tumor or drop metastasis is a diagnostic find-
ing of invasive thymoma (Figs. 13 and 14). 
Previous studies suggested MRI to be superior to 
CT in patients with invasive thymoma for defin-
ing invasion of contiguous structures, such as the 
pleura, lung, and pericardium (Fujimoto et al. 
1992; Gualdi et al. 1994; Pirronti et al. 2002). 
MR imaging may be more efficient than CT in 
detecting tumor recurrence during postoperative 
follow-up in patients with invasive thymoma 
(Pirronti et al. 2002). In the recent review of CT 
findings of 99 thymomas by Marom et al., they 
stated radiologic tumor size >7 cm, a lobulated 
tumor contour, and infiltration of surrounding fat 
are more likely to have stage III or IV disease 
(Marom et al. 2011).

For the assessment of anterior mediastinal 
tumors, dynamic MR imaging has been sug-
gested as useful in the differentiation between 
thymomas and non-thymomas including thymic 
carcinoma, malignant lymphoma, and malignant 
germ cell tumor. At dynamic MR imaging, thy-
moma tended to reach a peak in the time intensity 
curve relatively early and other mediastinal 
tumors relatively late. A cutoff point in the time 
intensity curve of 2–2.5 min could be used to dif-
ferentiate thymomas and non-thymomas (Sakai 
et al. 2002).

Myasthenia gravis (MG) is commonly associ-
ated with thymic pathologies, including lym-
phoid follicular hyperplasia in 65–77 % and 
thymoma in 15–30 % (Pirronti et al. 2002). It is 

generally agreed that thymectomy is indicated in 
patients affected by generalized MG between 
adolescence and 50–60 years. Thymectomy is 
most likely to be effective in young female 
patients with MG of short duration, but its 
 effectiveness is still under discussion in seroneg-
ative MG, ocular MG, and elderly patients with 
MG. Furthermore, thymectomy is indicated in all 
patients with thymoma. Therefore, the role of the 
radiologic assessment in MG patients is detection 
of thymomas and their differentiation from thy-
mic hyperplasia.

In a study of 104 patients with MG who under-
went thymectomy, CT showed thymoma in 46 of 
52 patients (sensitivity 88.5 % and specificity 
95 %) and thymic hyperplasia in 16 of 44 (sensi-
tivity 36 % and specificity 95 %) (Pirronti et al. 
2002). In a study of 16 patients with MG, MR 
imaging provided little additional information as 
compared with CT. A recent report suggested 
chemical shift MR imaging to be beneficial in the 
differentiation of thymomas from thymic hyper-
plasia in non-MG patients (Inaoka et al. 2007). 
Although no report has been published, MR 
imaging may provide similar information also in 
MG patients.

3.4  Thymic Carcinoma

Thymic carcinoma is a thymic epithelial tumor 
with a high degree of histologic anaplasia, obvi-
ous cell atypia, and increased proliferative activ-
ity and is unassociated with immature T cells 
(Shimosato and Mukai 1997a, b, c). The most 
common histologic variety is epidermoid or 
squamous cell carcinoma, followed by lympho-
epithelioma-like carcinoma and anaplastic or 
undifferentiated carcinomas.

Thymic carcinomas predominantly occur in 
adults and are associated with poor prognosis 
even when treated with surgery and radiotherapy. 
At the time of diagnosis, most patients suffer 
from chest pain, dyspnea, cough, fever, weight 
loss, and superior vena cava syndrome (Hartmann 
et al. 1990). A paraneoplastic syndrome is 
uncommon in thymic carcinomas. Thymic carci-
nomas occasionally infiltrate the adjacent tissue 
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Fig. 13 Invasive thymoma. (a) Non-contrast-enhanced CT, (b) T1-weighted, and (c) T2-weighted MR images show an 
irregular mass with inhomogeneous intensity on T2-weighted image
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and mediastinal vascular structures or extend into 
the pleura, the lungs, and the pericardium.

Although thymic carcinoma shows similar 
imaging findings to thymoma, they were more 
commonly associated with mediastinal lymph 
node and extrathoracic metastases but less com-
monly associated with pleural implants than inva-
sive thymoma (Do et al. 1995). Jeong et al. 
correlated CT findings of thymic epithelial tumors 
with the WHO histopathologic subtypes. A lobu-
lated contour was more often seen in high-risk 
thymomas (type B2 and B3) and thymic carcino-
mas than in low-risk thymomas (type A, AB, and 
B1). Mediastinal fat invasion was more often seen 
in thymic carcinomas than in low-risk thymomas 
(Jeong et al. 2004).

In the review of MR imaging of 64 patients 
with thymic epithelial tumors, foci of low signal 
intensity on T2-weighted images and mediastinal 
lymphadenopathy were highly suggestive of thy-
mic carcinomas (Fig. 15). Most foci of low signal 
intensity within the tumor on T2-weighted 

images were collagenous tissue on pathological 
examinations (Inoue et al. 2006).

Sadohara et al. assessed the correlation of MR 
findings with three main groups of the WHO his-
tologic classification: low-risk thymomas (types 
A, AB, B1), high-risk thymomas (types B2 and 
B3), and thymic carcinomas. Thymic carcinomas 
were more likely to have irregular contours (75 %) 
than low-risk thymomas (3 %) and high-risk thy-
momas (22 %). Complete or almost complete cap-
sule was seen in low-risk thymomas (27 %) and 
high-risk thymomas (17 %) but not in thymic car-
cinomas (0 %). A septum was more frequently 
seen in low-risk (57 %) and high-risk thymomas 
(44 %) than thymic carcinomas (8 %). A necrotic 
or cystic component was more frequently seen in 
thymic carcinomas (67 %) than low-risk thymo-
mas (20 %) and high-risk thymomas (28 %). 
Thymic carcinomas had a higher prevalence of 
heterogeneous signal intensity (100 %) than low-
risk thymomas (33 %) and high-risk thymomas 
(56 %) (Sadohara et al. 2006).

a b

Fig. 14 Invasive thymoma. (a) T1-weighted axial and (b) 
T2-weighted coronal MR images show an irregular mass 
in the anterior mediastinum, surrounding the great vessel. 

The mass includes several foci of high intensity, repre-
senting degeneration (arrows)
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3.5  Thymolipoma

Thymolipoma is a rare benign tumor composed 
of mature fat tissue and normal or involuted 
thymic tissue. The tumors commonly occur 
low in the anterior mediastinum and often in 
the  cardiophrenic angle. The average age of the 
patients is 22–26 years, and most patients are 
asymptomatic (Rosado-de-Christenson et al. 
1994).

On CT, thymolipomas appear as well-circum-
scribed masses that contain fat tissue intermin-
gled with linear bands of soft tissue. The soft 
tissue histopathologically represents thymic tis-
sue or fibrous septa. The amount of fat relative to 
the thymic tissue is variable.

On MR imaging, fat tissue within the tumors 
appears as an area of high signal intensity, and 
soft tissue component appears lower signal 
intensity bands that course through the mass 
(Rosado-de-Christenson et al. 1994; Shirkhoda 
et al. 1987).

3.6  Thymic Neuroendocrine 
Neoplasm

Primary neuroendocrine tumors of the thymus, 
previously known as carcinoid tumors of the 
thymus, are rare and account for less than 5 % 
of all anterior mediastinal tumors. Unlike carci-
noids arising from the lungs, these tumors in the 
thymus are highly aggressive, and nearly 80 % 
of cases have been found to be malignant (Chaer 
et al. 2002). Based on histopathological findings, 
such as mitotic count, amount of necrosis, preser-
vation of neuroendocrine architecture, and degree 
of cytologic atypia, Klemm and Moran have pro-
posed classifications: well-differentiated, mod-
erately-differentiated, and poorly-differentiated 
neuroendocrine neoplasms (Tiffet et al. 2003; 
Klemm and Moran 1999).

The mean age of the previously reported cases 
is 54 years. Nearly one third of patients are asymp-
tomatic, and the remaining patients have symptoms 
resulting from the rapidly expanding mediastinal 

a b

Fig. 15 Thymic carcinoma. T2-weighted axial (a) and 
coronal (b) MR images show an irregular mass in the 
anterior mediastinum. The tumor (large arrows) shows 
heterogeneous signal intensity with foci of low signal 

intensity on the T2-weighted image, representing collag-
enous tissue. Left side pleural effusion with drop metasta-
sis (small arrow in a) and mediastinal lymphadenopathy 
(small arrow in b) are also demonstrated
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tumor. At least 20 % of patients have distant metas-
tasis at presentation most commonly to the liver, 
lung, bone, pleura, and pancreas (Chaer et al. 
2002). Approximately 40 % of patients have 
Cushing syndrome as a result of tumor secretion of 
adrenocorticotrophic hormone (Doppman et al. 
1989), and up to 20 % have multiple endocrine 
neoplasia (MEN) syndromes I and II (Ferolla et al. 
2005). In the literature, the overall survival rate at 
5 years ranged from 31 to 82 % (Tiffet et al. 2003). 
As prognostic factors, unresectability and advanced 
clinical stage have been reported to be associated 
with poor survival (Gal et al. 2001).

Thymic neuroendocrine tumors do not differ 
significantly from thymoma in radiologic find-
ings on CT and MR imaging. Neuroendocrine 
tumors are more aggressive than thymoma and 
often presenting in advanced stage, and superior 
vena cava obstruction is much more common 
with this tumor than with thymoma. On CT or 
MR imaging, the tumors appear as a lobulated 
thymic mass with heterogeneous enhancement 
and central areas of low attenuation secondary to 
necrosis or hemorrhage and may show local inva-
sion (Chaer et al. 2002) (Fig. 16). Bone metasta-
ses are typically osteoblastic.

4  Mediastinal Germ Cell 
Tumors

Germ cell tumors are believed to develop from a 
germ cell during the process of maturation of a 
primordial germ cell into a gamete. The tumors 
mainly arise in the gonads but also in the midline 
of the body, including pineal region, anterior 
mediastinum, retroperitoneum, and sacrococcy-
geal region (Shimosato and Mukai 1997a, b, c). 
The mediastinum is the most common site of 
extragonadal germ cell tumors. The vast majority 
of mediastinal germ cell tumors arise within the 
anterior mediastinum within or in the proximity 
of the thymus, and only 3 % of them arise within 
the posterior mediastinum (Dehner 1983). Germ 
cell tumors include teratoma (mature, immature, 
and with malignant transformation), seminoma, 
embryonal carcinoma, endodermal sinus tumor, 
choriocarcinoma, and mixed germ cell tumor. 
Mature teratoma is the most common histologic 
type of mediastinal germ cell tumors and accounts 
for 75 % of them. Seminoma is the most common 
malignant subtype. In this text we divide medias-
tinal germ cell tumors into three subgroups: tera-
toma, seminoma, and non-seminomatous 
malignant germ cell tumor.

Germ cell tumors usually occur in young 
adults (mean age 27 years) (Erasmus et al. 2000). 
Malignant germ cell tumors are more common in 
men. To make a diagnosis of primary mediastinal 
germ cell tumors, the possibility of gonadal germ 
cell tumors should be clinically excluded. The 
important differential point is that gonadal germ 
cell tumors involving the mediastinum almost 
always have concomitant retroperitoneal lymph 
node metastases.

4.1  Teratoma

Teratomas contain elements of all three germ 
cell layers, ectoderm, endoderm, and meso-
derm, and are frequently referred to “dermoid 
cyst” due to the frequent expression of the ecto-
dermal component of the teratoma. Ectodermal 

Fig. 16 Neuroendocrine tumor. Contrast-enhanced coro-
nal MR image shows a lobulated mass displacing the pul-
monary artery (arrows)

Mediastinal Disease



364

elements may be represented by the skin, teeth, 
and hair; mesodermal elements by the bone, car-
tilage, and muscle; and endodermal elements 
by bronchial, gastrointestinal, or pancreatic tis-
sue. Histologically, teratoma can be divided into 
mature teratoma, immature teratoma, and tera-
toma with malignant transformation.

Mature teratomas are usually unilocular or 
multilocular cystic lesions and consist predomi-
nantly of ectoderm elements including skin and 
its appendages followed in order of frequency by 
bronchial tissue, gastrointestinal mucosa, smooth 
muscle, fat, bone, cartilage, and pancreatic tissue 
(Shimosato and Mukai 1997a, b, c). The presence 
of pancreatic tissue is unique in teratomas in the 
mediastinum, while it is not seen in those of the 
gonads. Although mature teratoma is usually 
silent, symptoms are due to local compression, 
rupture, or infection and include chest pain, 
cough, dyspnea, and fever.

A mature teratoma is a well-demarcated, 
occasionally lobulated anterior mediastinal mass 
on radiographs. On CT, mature teratomas most 
commonly appear as well-defined cystic lesions 
containing fluid, soft tissue, and fat attenuation. 
Calcifications of various morphological configu-
rations also may be present within the lesion, 
and a tooth or a part of bone is rarely seen. 
Common combinations of internal components 
of mature teratomas include soft tissue, fluid, fat, 
and calcium in 39 %; soft tissue, fluid, and fat in 
24 %; and soft tissue and fluid in 15 % (Moeller 
et al. 1997). In 15 % of cases, mature teratomas 
appear as nonspecific cystic lesions without fat 
or calcium. A capsule of teratoma is characteris-
tically thickened, whereas that of other cystic 
lesions at the mediastinum is usually thin 
(Takahashi et al. 1998).

MR imaging typically demonstrates heteroge-
neous signal intensity, representing various inter-
nal elements, and this finding can be useful in 
differentiating teratomas from thymomas and 
lymphomas (Erasmus et al. 2000; Drevelegas 
et al. 2001). The soft tissue elements reveal isoin-
tensity with muscle, cystic components show low 
intensity on T1-weighted images and high inten-
sity on T2-weighted images, and fat elements 
appear as a high-intensity area on T1-weighted 

images. The amount of fat tissue varies depend-
ing on the tumor (Figs. 17 and 18). The finding of 
fat-fluid level within the lesion on MR imaging is 
diagnostic of a teratoma.

Mediastinal mature teratomas may be associ-
ated with complications such as atelectasis or 
obstructive pneumonitis due to airway compres-
sion, pneumonitis due to rupture into the lung, 
and effusion due to rupture into the pleural space 
or pericardium. In nearly 30 % of mature terato-
mas, ruptures into the adjacent structures, the 
lung, pleural space, and pericardium and fat, have 
been reported as a complication (Sasaka et al. 
1998). Proteolytic or digestive enzymes derived 
from the tumor have been considered to be the 
cause of tumoral rupture (Drevelegas et al. 2001).

Immature teratomas show various adult tis-
sues derived from three germinal layers but in 
addition contain immature tissue most commonly 
primitive neuroepithelial tissue. Teratomas with 
malignant transformation contain foci of frankly 
malignant neoplasms such as angiosarcoma, 
rhabdomyosarcoma, adenocarcinoma, and squa-
mous cell carcinoma. Most patients with imma-
ture teratoma and other malignant germ cell 
tumors are symptomatic, presenting with fatigue, 
weight loss, chest pain, cough, or dyspnea. 
Compared with benign teratomas, malignant ter-
atomas are more likely to appear solid and poorly 
defined and compress adjacent structures and less 
often contain fat (Hoffman et al. 1993; Strollo 
et al. 2002).

Mediastinal growing teratoma syndrome is an 
unusual phenomenon associated with the treat-
ment of malignant teratoma or seminoma. When 
the lesions consist of teratoma and other germ cell 
tumors and are mixed with malignant and benign 
components, benign part of the tumors can enlarge 
after chemotherapy despite sterilization of malig-
nant components with normalization of tumor 
markers (Afifi et al. 1997; Iyoda et al. 2000).

4.2  Seminoma

Seminoma (mediastinal germinoma) occurs 
almost exclusively in males during the second 
to fourth decade. Macroscopically, the tumor is 
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well demarcated, large, and soft. The cut sur-
face of the tumor is usually homogeneous but 
may show small foci of hemorrhage and necro-
sis (Shimosato and Mukai 1997a, b, c). 
Symptoms are usually related to the presence 
of invasion into the adjacent mediastinal struc-
tures (airways and vessels) and include chest 
pain, shortness of breath, and superior vena 
cava syndrome.

The tumor appears as a large anterior medi-
astinal mass, which protrudes in one or both 
sides of the mediastinum. On CT and MR imag-
ing, the tumor most typically appears as a well-
demarcated anterior mediastinal mass with 

homogeneous internal attenuation and signal 
intensity which shows only slight enhancement 
after administration of contrast material (Fig. 19). 
Areas of degeneration due to hemorrhage and 
coagulation necrosis may be present but is usu-
ally limited (Drevelegas et al. 2001; Lee et al. 
1989). Seminoma most commonly metastasizes 
to the bone, lung, liver, and thoracic lymph 
nodes. Calcification and invasion of adjacent 
structures are uncommon (Drevelegas et al. 
2001). Extension into the middle and posterior 
mediastinum and obliteration of the adjacent fat 
planes can be better evaluated by MRI 
(Drevelegas et al. 2001).

a

c

b

Fig. 17 Mature teratoma. A mass with a thick wall, 
which can be characteristic for mature teratoma, is dem-
onstrated in the right paracardiac region. The mass 
entirely shows high signal intensity on T2-weighted 

image (a). Chemical shift MR images of (b) in-phase and 
(c) opposed-phase images: the area of mixture of water 
and fat within the tumor reveals a decrease in signal in the 
opposed phase (arrow)
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a

c

b

Fig. 18 Mature teratoma. (a) Non-contrast-enhanced CT, 
chemical shift MR images of (b) in-phase and (c) 
opposed-phase images. On CT, no fat component is seen 
within the tumor. No significant decrease in signal is iden-

tified in the opposed-phase compared with the in-phase 
image, representing no apparent fat within the tumor. In 
nearly 10 % of mediastinal mature teratomas, imaging 
cannot identify the fat component
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4.3  Non-seminomatous 
Malignant Germ Cell Tumor

Non-seminomatous malignant germ cell tumors, 
including embryonal carcinoma, endodermal 
sinus (yolk sac) tumor, choriocarcinoma, and 
mixed types, are rare, highly malignant tumors 
which usually occur in young adults and are 
much more common in men than women. Tumors 
are usually associated with symptoms including 
chest pain, cough, fever, and dyspnea and occa-
sional elevation of tumor markers: alpha-fetopro-
tein (AFP) from endodermal sinus tumor and 
embryonal carcinoma components and human 
chorionic gonadotropin (HCG) from choriocarci-
noma component.

Tumors usually appear as a large anterior 
mediastinal mass on radiographs. On CT, the 
tumors consist of irregular soft tissue and multi-
ple areas of low attenuation due to cystic necrosis 
and hemorrhage (Drevelegas et al. 2001; Lee 
et al. 1989). Obliteration of the adjacent fat 

planes and invasion of the adjacent structures 
may occasionally be seen. Metastases to the 
regional lymph nodes and distant sites are also 
common (Shimosato and Mukai 1997a, b, c). On 
MR imaging, the tumors typically show internal 
heterogeneous intensities with areas of high sig-
nal intensity interspersed with areas of low signal 
intensity (Shimosato and Mukai 1997a, b, c) 
(Fig. 20). Patients with Klinefelter’s syndrome 
are predisposed to develop germ cell tumors of 
extragonadal origin.

5  Mediastinal Malignant 
Lymphoma

Malignant lymphoma accounts for nearly 20 % 
of all mediastinum neoplasms in adults and 50 % 
in children. Most often lymphoma involves the 
mediastinum secondary to generalized disease, 
while a mediastinal disease can also be a primary 
lesion. Hodgkin’s lymphoma is the most com-
mon primary mediastinal lymphoma. In non-
Hodgkin’s lymphoma, the two most common 
forms of primary mediastinal lymphoma are lym-
phoblastic lymphoma and diffuse large B-cell 
lymphoma, while virtually any histologic type of 
lymphoma may be identified. In addition to intra-
thoracic nodal disease, thymic involvement is 
also common in these primary mediastinal lym-
phomas. Clinically, most malignant lymphomas 
of the mediastinum affect individuals younger 
than those with thymoma. Hodgkin’s lymphoma 
is staged using the Ann Arbor classification, 
which assesses the extent of nodal disease, the 
presence of extranodal disease, and clinical 
symptoms (Carbone et al. 1971). In non-Hodg-
kin’s lymphoma, the clinical course depends 
more on histologic grade and parameters, includ-
ing bulk and specific organ involvement than on 
the stage of disease.

5.1  Hodgkin’s Lymphoma

Hodgkin’s lymphoma is the most common lym-
phoma presenting with mediastinal adenopathy. 
Commonly involved lymph nodes are the 

Fig. 19 Seminoma. T2-weighted coronal MR image 
shows a lobulated mass lesion in the anterior mediastinum 
with homogeneous intermediate signal intensity

Mediastinal Disease



368

 prevascular and paratracheal lymph nodes, fol-
lowed by hilar, subcarinal, paracardiac, internal 
mammary, and posterior mediastinum nodes. In 
association with mediastinal lymphadenopathy, 
Hodgkin’s lymphoma also has a predilection for 
thymic involvement. Most patients are young 
female adults.

Regarding the histologic subtypes, nodular 
sclerosis is by far the most common subtype and 
is characterized by orderly bands of interconnect-
ing collagenous connective tissue that partially or 
entirely subdivides abnormal lymphoid tissue 
into isolated cellular nodules. The cellular prolif-
eration within the nodules is polymorphic, with 
small and large lymphocytes, plasma cells, eosin-
ophils, and histiocytes. The distinctive feature is 
the presence of Reed-Sternberg cells (Shimosato 
and Mukai 1997a, b, c).

On CT, involved nodes are commonly well 
defined and of homogeneous soft tissue attenu-
ation, while cystic and necrotic changes are 
identified within the nodes in 10–21 % of cases 
(Pombo et al. 1994). Thymic involvement is 
another common manifestation of Hodgkin 

 disease, and thymic enlargement is seen in 
40 % of adult patients. Typically, thymic lesions 
manifest as an anterior mediastinal mass of 
homogeneous soft tissue attenuation, which 
shows gradually increasing mild to moderate 
contrast enhancement on CT. Direct extension 
of the mediastinal lesion to the adjacent lung or 
chest wall is not uncommon in extensive medi-
astinal disease. Spread of lymph node disease is 
commonly contiguous to the adjacent lymph 
node groups, while skipping to adjacent lymph 
node groups is unusual.

On T2-weighted MR images, involved nodes 
usually demonstrate homogeneous high signal 
intensity greater than that of muscle and similar 
to that of fat (Rahmouni et al. 2001). The lesions 
of Hodgkin’s lymphoma may reveal heteroge-
neous patterns with mixed areas of high and low 
signal intensity on T2-weighted images, which is 
typical of the nodular sclerosing subtype with its 
histological feature comprising fibrotic areas 
interspersed with more cellular areas. A thymic 
cyst may also be present in association with 
Hodgkin’s lymphoma (Fig. 21).

a b

Fig. 20 Non-seminomatous malignant germ cell tumor. 
(a) T2-weighted axial image typically shows heteroge-
neous signal intensity with areas of low, intermediate, and 
high signal intensity (arrow). (b) Contrast-enhanced 

 coronal image shows little enhancement (arrow) within 
the lesion probably due to prominent degeneration by 
hemorrhage and cystic necrosis
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5.2  Lymphoblastic Lymphoma

Lymphoblastic lymphoma mainly occurs in chil-
dren and adolescents. Most tumors have features 
of thymic T cells on immunologic studies. 
Although lymphoblastic lymphoma and acute 
lymphoblastic leukemia show overlapping clini-
cal, pathologic, cytogenetic, and molecular 
 features, lymphoblastic lymphoma has no or 
minimal peripheral blood or bone marrow 
involvement, and lymphoblastic leukemia has 
predominant features of bone marrow and hema-
tologic involvement (Shimosato and Mukai 
1997a, b, c). Typically, patients present with 
respiratory distress and superior vena cava syn-
drome due to a large mediastinal mass (Picozzi 
and Coleman 1990).

The most common CT appearance is a large 
mediastinal mass representing thymic and lymph 
node enlargement, which compresses the airway 
and cardiovascular structures. Low attenuation 

areas reflecting necrosis are commonly seen after 
contrast enhancement. Pleural and pericardial 
effusions are also frequent. Lymphoblastic non-
Hodgkin’s lymphoma has a predilection for rapid 
dissemination, and the tumor spreads to extratho-
racic lymph nodes, bone marrow, central nervous 
system, and gonads in extensive disease 
(Hamrick-Turner et al. 1994). Since recurrence 
2–4 years after therapy is not unusual in lympho-
blastic lymphoma, meticulous follow-up is nec-
essary (Hamrick-Turner et al. 1994).

5.3  Primary Mediastinal Diffuse 
Large B-Cell Lymphoma

Primary mediastinal diffuse large B-cell lymphoma 
has been described as a distinct subtype of non-
Hodgkin’s lymphoma (Tateishi et al. 2004). 
Immunopathologic examination shows most tumors 
to be of B-cell origin. The majority of tumors tend 

a

d

b

c

Fig. 21 Hodgkin’s lymphoma associated with a thymic 
cyst. On T1-weighted image (a), the lymphoma (small 
arrow) shows intermediate signal similar to muscle, and 
the thymic cyst consists of high (medium arrow) and low 
signal (large arrow). On T2-weighted image (b), the lym-
phoma shows intermediate signal (small arrow), whereas 

the thymic cyst shows high signal intensity (large arrow). 
(c) On the contrast-enhanced image, the lymphoma (small 
arrow) shows enhancement, whereas the thymic cyst does 
not. (d) On the diffusion-weighted image (b = 1000), a 
prominent increase in signal is seen in the lymphoma 
(small arrow) due to high cellularity
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to occur in young to middle-aged adults with a 
mean age of 30 years (Shaffer et al. 1996). Common 
symptoms include dyspnea, cough, chest pain, mal-
aise, and fever. Superior vena cava syndrome also 
occurs in nearly 40 % of patients.

The tumor appears as a large, smooth, or lobu-
lated, anterior mediastinal mass in nearly all 
patients. Average diameters were 10 cm or 
greater (Shaffer et al. 1996). On CT, the tumors 
showed low attenuation areas, representing hem-
orrhage, necrosis, or cystic degeneration in 50 % 
of cases and heterogeneous enhancement in 
about 40 % of cases (Tateishi et al. 2004; Shaffer 
et al. 1996). The tumors are large and commonly 
invade the adjacent mediastinal structures, chest 
wall, and lung. Pleural and pericardial effusions 
are seen in about one third of patients.

In one study of 21 patients, mediastinal lymph 
node enlargement was seen in 67 %, but extratho-
racic lymph node enlargement was unusual (Tateishi 
et al. 2004). The most commonly involved lymph 
nodes in the mediastinum are anterior mediastinal 
and paratracheal nodes followed by the subcarinal, 
hilar, internal mammary, pericardial, and posterior 
mediastinal nodes in decreasing order of frequency 
(Castellino et al. 1996) (Fig. 22).

5.4  Magnetic Resonance Imaging 
of Lymphoma

In general, lymphomas are relatively homoge-
neous on MR imaging and hypointense to fat and 
slightly hyperintense to muscle on T1-weighted 

images but isointense to fat and hyperintense to 
muscle on T2-weighted images (Negendank 
et al. 1990). Negendank et al. reported a unique 
finding: a greater brightness on T2-weighted 
images was seen in lymphomas with dense fibro-
sis, which contributes to the greater brightness of 
Hodgkin’s lymphoma than that of non-Hodgkin’s 
lymphomas (Negendank et al. 1990). The greater 
brightness of lymphomas may not to be caused 
by the fibrosis itself but by some other tissue ele-
ment that has a very long T2 value, including 
edema, a greater proportion of vascular space, 
and inflammation (Negendank et al. 1990). If the 
initial mass shows high signal on T2-weighted 
images, the likelihood of recurrence might be 
higher (Nyman et al. 1989).

In mediastinal lymphomas, a residual mass is 
common after treatment, especially in cases with 
an initial bulk. MR imaging provides important 
information in distinguishing viable tumors from 
residual benign masses. Residual tumors can 
reveal various signal patterns on T1- and 
T2-weighted MR images. Heterogeneous signal 
intensity on T2-weighted images is seen in both 
residual and nonviable tumors. High signal inten-
sity on T2-weighted images and low signal inten-
sity on T1-weighted images may represent 
residual active lymphoma, areas of necrosis, and 
inflammation. In the mass lesions of nonviable 
tumors, heterogeneous signal patterns on T2- and 
T1-weighted images represent mixed fat and 
fibrous tissue. Inactive residual fibrotic masses 
characteristically show homogeneous hypointen-
sity (Rahmouni et al. 1993; Rahmouni and 

a b

Fig. 22 Anaplastic diffuse large B-cell lymphoma. T1-weighted (a) and T2-weighted (b) images show multiple 
enlarged lymph nodes (arrows) in the anterior mediastinal, paratracheal, and posterior mediastinal regions
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Zerhouni 1990). The use of contrast-enhanced 
MR imaging is also useful. In a study of 31 
patients with bulky mediastinal lymphoma (17 
with Hodgkin’s lymphoma and 24 with non-
Hodgkin’s lymphoma), contrast enhancement of 
mediastinal masses in lymphoma decreases 
markedly after treatment in patients in complete 
remission but not in patients with relapse 
(Rahmouni et al. 2001) (Fig. 23).

6  Neurogenic Tumor

Neurogenic tumors account for approximately 
9–20 % of primary mediastinal neoplasms in 
adults and 29–35 % in children (Strollo et al. 
1997; Ribet and Cardot 1994). Nearly 90 % of 
neurogenic tumors occur in the posterior medias-
tinum. Tumors arise from peripheral nerve and 

nerve sheath (schwannoma, neurofibroma, malig-
nant peripheral nerve sheath tumor), sympathetic 
ganglia (neuroblastoma, ganglioneuroblastoma, 
ganglioneuroma) and rarely parasympathetic 
ganglia (paraganglioma). Nerve sheath tumors 
are more common in adults, whereas sympathetic 
ganglia tumors are more common in children. 
The mean age at diagnosis is 5.8 years for neuro-
blastoma, 8.4 years for ganglioneuroblastoma, 
19.6 years for ganglioneuroma, 29.7 years for 
neurofibroma, and 38 years for schwannoma.

6.1  Peripheral Nerve Sheath 
Tumor

Peripheral nerve sheath tumors of the mediasti-
num usually arise from intercostal nerves and 
rarely from the vagus, phrenic, or recurrent nerve. 

a b

c

Fig. 23 A residual mass of non-Hodgkin’s lymphoma after 
chemotherapy. T1-weighted (a) and T2-weighted (b) images 
show a well-demarcated mass of low signal intensity in the 
anterior mediastinum (arrow). (c) The mass does not show a 

significant signal increase on diffusion-weighted image 
(b = 1000) (arrow). Low signal intensity on T2-weighted and 
diffusion-weighted images and little enhancement on 
dynamic study suggest a nonviable residual mass
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Schwannomas are encapsulated and arise from 
the nerve sheath. Neurofibromas are nonencapsu-
lated and result from a disorganized proliferation 
of all nerve elements. Malignant peripheral nerve 
sheath tumors represent the malignant counter-
parts of schwannomas and neurofibromas, and 
nearly 50 % of them occur in patients with 
neurofibromatosis.

Schwannoma and neurofibroma typically 
appear as smooth, well-defined, rounded, or ellip-
tical masses in the paravertebral region or along 
the course of other nerves (Fig. 24). Paravertebral 
tumors may extend into the spinal canal. On MR 
imaging, peripheral nerve sheath tumors typi-
cally show slightly higher signal intensity than 
muscle on T1-weighted images and markedly 
increased intensity on T2-weighted images (Burk 
et al. 1987; Sakai et al. 1991). On T2-weighted 
images, schwannomas occasionally reveal central 
high intensity due to cystic degeneration, whereas 
neurofibromas show central low intensity and 
peripheral high intensity (target sign), represent-
ing central tumor tissue and peripheral myxoid 
degeneration (Sakai et al. 1991). Neurofibromas 
may be associated with von Recklinghausen dis-
ease. Plexiform  neurofibroma is pathognomonic 

of von Recklinghausen disease and appears as an 
extensive fusiform or infiltrating mass (Fig. 25).

Malignant peripheral nerve sheath tumors 
appear as a rounded well-defined mass in the pos-
terior mediastinum but may locally invade medi-
astinal structures and adjacent chest wall (Strollo 
et al. 1997). Hematogenous metastases occur 
most commonly to the lung. Cystic degeneration 
due to hemorrhage and necrosis may be seen 
within the lesions.

6.2  Sympathetic Ganglia Tumor

Neuroblastoma, ganglioneuroblastoma, and 
ganglioneuroma are tumors of the sympathetic 
nervous system, and they originate from the 
primordial neural crest cells that form the sym-
pathetic nervous system. Ganglioneuroma and 
ganglioneuroblastoma arise most commonly 
from the sympathetic ganglia in the posterior 
mediastinum. Fifty percent of neuroblastomas 
arise from the adrenal gland, and nearly 30 % 
arise in the mediastinum (Strollo et al. 1997). 
Ganglioneuroma is the most benign tumor, which 
is composed of gangliocytes and mature stroma; 

a b

Fig. 24 Schwannoma with cystic degeneration. (a) 
T2-weighted axial image shows a well-defined mass in the 
paravertebral region. A fluid-fluid level is seen within the mass 

(arrow), suggesting a cystic nature of the lesion. T1-weighted 
coronal image (b) shows a flat deformity of the adjacent rib 
(arrow), representing pressure erosion by the mass
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ganglioneuroblastoma is of intermediate malig-
nant potential and has both mature gangliocytes 
and immature neuroblasts; and neuroblastoma 
is the most malignant tumor of the three and 
 composed primarily of neuroblasts. Ganglion cell 
tumors typically appear as a paravertebral mass.

On MR imaging, ganglioneuroma commonly 
shows low signal intensity on T1-weighted 
images and heterogeneous high signal intensity 
on T2-weighted images. The heterogeneous high 
signal intensity on T2-weighted images of gan-
glioneuroma has been considered to result from a 
combination of myxoid material and relatively 
low amounts of ganglion cells (Ichikawa et al. 
1996; Serra et al. 1992; Sakai et al. 1991) (Fig. 26). 
Ganglioneuroma does not typically show early 
enhancement at dynamic MR but does accumu-
late contrast material over time (Lonergan et al. 
2002; Ichikawa et al. 1996; Sakai et al. 1991) 
(Fig. 27). A ganglioneuroma containing fat has 
rarely been reported and is considered to result 
from spontaneous regression of the tumor with 
subsequent infiltration of fat tissue from the 
mediastinum (Hara et al. 1999) (Fig. 26).

Neuroblastoma and ganglioneuroblastoma are 
of relatively low signal intensity on T1-weighted 

Fig. 25 Plexiform neurofibroma in neurofibromatosis 
type 1 (von Recklinghausen disease). T2-weighted coro-
nal image shows an extensive fusiform mass around the 
trachea (arrows)

a b

Fig. 26 Ganglioneuroma. T1-weighted image (a) shows 
a paravertebral mass of low signal intensity similar to 
muscle, which contains areas of high signal (arrow), rep-
resenting mediastinal fat protruding into the mass. On the 

T2-weighted coronal image (b), the mass shows heteroge-
neous high signal intensity, which may result from promi-
nent myxoid material and a small amount of ganglion 
cells

Mediastinal Disease



374

images and high signal intensity on T2-weighted 
images (Figs. 28 and 29). They typically show a 
heterogeneous signal pattern due to hemorrhage 
and cystic change within the lesions, which man-
ifest as areas of high signal intensity on T1- and 
T2-weighted images, respectively (Lonergan 
et al. 2002).

MR imaging has a few advantages over CT: 
the evaluation of intraspinal extension of primary 
tumor, detection of marrow disease, and detec-
tion of diffuse hepatic metastases (Abramson 
1997; Couanet et al. 1988; King et al. 1975; 
Siegel et al. 1986). MR well demonstrates the 
range of extension of epidural tumor and its ana-
tomical relation to the spinal cord and nerve 
roots. MR can depict marrow disease, which 
shows low signal on T1-weighted images and 
high signal on T2-weighted images.

6.3  Paraganglioma

Paraganglioma is a rare tumor originating from 
paraganglionic cells and accounts for 4 % of tho-
racic neurogenic tumors (Reed et al. 1978). The 
mediastinal paragangliomas predominantly arise 
in two locations: around the aortic arch (aortic 

body tumors) and in the paravertebral region. 
Aortic body tumors may occur in the following 
four locations: lateral to the brachiocephalic artery, 
anterolateral to the aortic arch, at the angle of the 
ductus arteriosus, or above and to the right of the 
right pulmonary artery (Olson and Salyer 1978).

The appearance of thoracic paragangliomas is 
similar to that of paragangliomas seen in other loca-
tions, and the tumors have intermediate signal inten-
sity on T1-weighted images and high signal intensity 
on T2-weighted images (Balcombe et al. 2007; 
Olsen et al. 1987). Smaller masses tend to have uni-
form intensity, whereas larger tumors are more likely 
to reveal heterogeneous appearance due to necrosis. 
Since paragangliomas are typically hypervascular, 
tumors generally reveal intense enhancement on CT 
or MR imaging after administration of intravenous 
contrast (Balcombe et al. 2007; Spizarny et al. 1987). 
Numerous serpiginous vascular channels may be 
seen within the large tumors.

7  Other Mediastinal Diseases

7.1  Mediastinal Goiter

Intrathoracic goiters almost always result from 
direct contiguous extension into the mediastinum 
from thyroid lesions, which are most commonly 
benign multinodular goiter. Thyroid carcinoma 
and thyroid enlargement due to thyroiditis may 
also extend into the mediastinum. Intrathoracic 
extension of thyroid masses is commonly into the 
anterior mediastinum (80 %) and anterior to the 
recurrent laryngeal nerve and the brachiocephalic 
vessels. Posterior mediastinal extension of goi-
ters occurs in 10–25 % (Katlic et al. 1985; 
Shahian and Rossi 1988).

On T1-weighted MR images, the masses usu-
ally show intermediate signal intensity similar to 
muscle and occasionally can show high signal 
regions representing hemorrhage or colloid cyst 
formation (Higgins et al. 1986; Gefter et al. 1987). 
On T2-weighted images, the masses usually show 
heterogeneous intensity. Continuity of the medias-
tinal mass with the thyroid gland in the neck is an 
important diagnostic clue, and MR imaging is 
generally useful in its evaluation (Fig. 30).

Fig. 27 Ganglioneuroma. Early phase (not shown) and 
equilibrium phase of a contrast-enhanced dynamic study. 
The mass shows no apparent enhancement in the early 
phase but homogeneous enhancement in the equilibrium 
phase (arrow)
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Fig. 28 Ganglioneuroblastoma. A right paravertebral 
mass shows low signal intensity on T1-weighted image 
(a) and high signal intensity on T2-weighted image (b) 

(arrows). Ganglion cell tumor typically arises in the ante-
rior paravertebral region

a b

Fig. 29 Neuroblastoma. T1-weighted (a) and T2-weighted (b) axial images show a left paravertebral mass (arrows). 
The mass shows low signal intensity on T1-weighted image and high on T2-weighted image
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7.2  Ectopic Parathyroid Gland

Parathyroid glands are located near the thyroid 
gland in 90 % and are ectopic in nearly 10 %. In 
a review of ectopic parathyroid glands, 81 % are 
located in the anterior mediastinum, and 19 % are 
in the posterior mediastinum (Clark 1988).

Generally, parathyroid adenomas are interme-
diate in signal intensity on T1-weighted images 
and show prominent high signal intensity on 
T2-weighted images (Spritzer et al. 1987). Due 
to fibrosis and hemorrhage, nearly 10 % of abnor-
mal glands do not show high signal intensity on 
T2-weighted images (Spritzer et al. 1987).

7.3  Fibrosing Mediastinitis

Fibrosing mediastinitis is a rare disease mani-
fested by chronic inflammation and fibrosis, 
which focally or diffusely involves the mediasti-
num. The most common causes of fibrosing 
mediastinitis are histoplasmosis and tuberculosis, 

but it can also be related to autoimmune disease, 
radiation therapy, retroperitoneal fibrosis, methy-
sergide therapy, or may be idiopathic (Mole et al. 
1995). Histoplasmosis infection typically results 
in focal disease, whereas idiopathic fibrosing 
mediastinitis is usually diffuse. Complications 
result from obstruction of various mediastinal 
structures, most commonly the superior vena 
cava (39 %), followed by, in decreasing order, the 
bronchi (33 %), pulmonary artery (18 %), and 
esophagus (9 %) (Sherrck et al. 1994). The most 
common clinical symptoms are related to the 
superior vena cava syndrome: headache, cyano-
sis, and puffiness of the face, neck, and arms 
(Schowengerdt et al. 1969).

CT shows the enlarged calcified nodes most 
commonly in the right paratracheal region, 
whereas other regions, the left paratracheal, sub-
carinal, or posterior mediastinal regions, may 
also be involved (Sherrck et al. 1994). 
Calcification is rare in the diffuse form, which 
typically shows diffuse increase in attenuation of 
the mediastinal fat tissue. CT is useful for assess-
ing involvement of mediastinal structures: nar-
rowing and compression of superior vena cava, 
airway, pulmonary arteries, and veins. Although 
MR imaging and CT are equivalent in assessing 
the extent of adenopathy or fibrosis, MR allows 
for assessment of vascular involvement without 
contrast material. On MR imaging, fibrosing 
mediastinitis commonly show heterogeneous sig-
nal intensity on T1- and T2-weighted images 
(Rossi et al. 2001). Markedly decreased signal 
intensity on T2-weighted images is occasionally 
seen due to fibrosis and calcification within the 
lesions (Rholl et al. 1985). The major disadvan-
tage of MR is that it cannot confidently identify 
calcifications.

7.4  Extramedullary 
Hematopoiesis

Extramedullary hematopoiesis is typically seen 
in patients with severe hemolytic anemia. 
Intrathoracic manifestations appear as multiple 
lobulated paravertebral masses. On CT, they 
appear as well-defined multiple masses of homo-

Fig. 30 Mediastinal goiter. A thyroid mass extends into 
the anterior mediastinum. The mass shows intermediate 
signal intensity with foci of high intensity (arrow), repre-
senting hemorrhage or cystic necrosis
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geneous soft tissue attenuation and may show 
areas of fat attenuation (Glazer et al. 1992). On 
T1-weighted MR images, the masses show 
 heterogeneous signal intensity with increased 
signal intensity due to contained fat tissue.

8  Imaging Protocol

8.1  MRI Sequences 
for the Mediastinum

Recent advanced technology has improved MR 
images in the mediastinum. Generally, conven-
tional T1- and T2- weighted spin-echo images 
provide basic information about mediastinal 
tumors, and the protocol of MR imaging in the 
mediastinum is similar to that in other organs. 
However, the main challenge is respiratory and 
cardiac motion, which frequently deteriorates 
image quality. To reduce these artifacts, selection 
of rapid sequences with or without breath-hold-
ing, respiratory gating, or ECG-gating techniques 
are needed (Takahashi and Al-Janabi 2010). 
Chemical shift imaging has an advantage for 
detecting minimal intravoxel fat deposition 
within a mass and consists of in- and opposed-
phase gradient-echo T1-weighted images, which 
can be obtained during a single breath-hold’s 
time. Its unique utility in the mediastinum is that 
it can characterize the normal thymus and differ-
entiate thymic hyperplasia from thymic epithelial 
tumors (Inaoka etal. 2007; Priola et al. 2015).

MR imaging is particularly useful in distin-
guishing cystic and solid lesions. Since most 
cystic diseases in the mediastinum show non-
specific attenuation depending on their content 
on CT, MR imaging is often more beneficial. A 
bright signal on T2-weighted imaging, fluid-fluid 
level, and lack of contrast enhancement is a key 
to diagnose cystic masses. In addition, heavily 
T2-weighted imaging is optional. They are usu-
ally obtained by longer echo times enhancing the 
cystic components with remarkably high signal 
intensity. T2-weighted images could also have a 
potential to characterize other tissue components. 
Low signal intensity components in the mass may 
represent hemorrhage, flow voids, calcification, 

or fibrosis. Low signal intensity areas within thy-
mic carcinoma commonly represent collagenous 
fibrotic tissue, which is uncommon in thymoma 
(Takahashi and Al-Janabi 2010).

The recent fast gradient-echo sequences for 
dynamic studies can obtain multiple images with 
higher spatial resolution in a single breath-hold. 
A dynamic study using a spoiled gradient-echo 
sequence with contrast material is performed to 
evaluate the time-related enhancement of the 
lesion. For instance, we can assess tumor vascu-
larity in the arterial phase and enhancement in the 
interstitial (extracellular) space in the equilib-
rium phase. Furthermore, we can use dynamic 
studies to distinguish between cystic and solid 
lesions and posttreatment fibrous scar and viable 
residual tumor and for tumor characterization. 
The earlier time peak on a dynamic study sug-
gests thymoma instead of non-thymoma (Sakai 
et al. 2002).

Diffusion-weighted imaging (DWI) reflects 
differences of water diffusivity in the tissues. The 
b values used in the several reports ranged from 
800 to 1000 s/mm2 (Abdel et al. 2014; Gmustas 
et al. 2011). A b value higher than 1000 s/mm2 
might be inappropriate for mediastinal tumors, 
because a longer acquisition time might be 
needed and susceptibility artifacts from the lungs 
could not be ignored. Reduced water diffusivity 
usually correlates with higher cellular density, 
suggesting malignancy; DWI shows high 

Table 3 Suggested MR imaging protocol in the 
mediastinum

1. Initial coronal scout image

2.  T1WI: gradient-refocused echo image with flow
   compensation, in-phase and opposed-phase image: 

axial (coronal, sagittal)

3.  T2WI: first spin-echo: axial (coronal, sagittal) with/
without cardiac gating

4.  Gadolinium-enhanced T1WI: Gradient-refocused 
echo image

  with fat suppression and flow compensation:
  axial (coronal, sagittal)
   Dynamic study is indicated to evaluate vascularity 

of the lesion

5.  For evaluation of vessels: breath-hold 3D contrast-
enhanced study

6. Diffusion-weighted image (b = 0,1000) axial
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 intensity in the area of higher cellular density in 
the tissue. It has been reported that the apparent 
 diffusion coefficient (ADC) reflects tumor grades 
of thymic epithelial tumors. The ADC tends to be 
lower in high-risk thymomas or thymic carcino-
mas compared with low-risk thymomas (Abdel 
et al. 2014).

As generally accepted, the first step of imag-
ing examination of the mediastinum tumors is 
CT, whereas MRI provides various unique infor-
mation and occasionally contributes to the char-
acterization of mediastinal tumors. Thus, the 
radiologist should know about the respective 
advantages and appropriate indications of the dif-
ferent sequences in MR imaging. Table 3 shows a 
suggested MR imaging protocol for the 
mediastinum.
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Key Points

The different appearances of pneumonia 
such as ill-defined nodules, ground-glass 
opacities, and consolidations can be eas-
ily detected and differentiated with 
MRI. Since very small nodules and calcifi-
cations are extremely challenging due to 
rather thick slices and loss of signal, MRI is 
highly recommended as a follow-up tool, to 
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Abstract

The different appearances of pneumonia such as 
ill-defined nodules, ground-glass opacities, and 
consolidations can be easily detected and differ-
entiated with MRI. Since very small nodules 
and calcifications are extremely challenging due 
to rather thick slices and loss of signal, MRI is 
highly recommended as a follow-up tool, to 
avoid repetitive investigations using ionizing 
radiation. With the sensitivity of T2-weighted 
sequences and the potential of contrast-
enhanced T1-weighted sequences, important 
differential diagnostic considerations can be 
provided. Additionally, developing complica-
tions, such as pericardial or pleural effusions, 
empyema or lung abscess, are easily recog-
nized. Current and future studies are to demon-
strate that MRI is well suited as a monitoring 
and follow-up tool during and after therapy and 
compares favorably with CT or other imaging 
methods regarding sensitivity and specificity.
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1  Definition

Pneumonia is an infection of the gas-exchanging 
units of the lung, caused most commonly by bac-
teria but occasionally by viruses, fungi, parasites, 
and other infectious agents.

Pneumonia is the sixth leading cause of death 
in the United States, and the leading cause of 
death from infectious disease (Niederman et al. 
2001). In hospitalized patients, particularly those 
who are mechanically ventilated, pneumonia is 
the leading cause of death from nosocomial 
infection (Campbell et al. 1996).

2  Pathogenesis

Pneumonia can result whenever the pulmonary 
defense mechanisms are impaired or the resis-
tance of the host in general is lowered. Factors 
that affect resistance in general include:

• Chronic diseases
• Immunologic deficiency
• Treatment with immunosuppressive agents
• Leukopenia
• Unusually virulent infections

The clearing mechanisms can be interfered 
with by many factors, such as the following:

• Loss or suppression of the cough reflex (coma, 
drugs)

• Injury to the mucociliary apparatus (cigarette 
smoke, gas inhalation, viral diseases)

• Interference with the phagocytic or bacteri-
cidal action of alveolar macrophages (alcohol, 
smoke)

• Pulmonary congestion and edema
• Accumulation of secretions (cystic fibrosis, 

bronchial obstruction)

Some other points need to be emphasized, 
before listing the different classification schemes. 
(1) One type of pneumonia sometimes predis-
poses to another, especially in debilitated patients. 
(2) Although the portal of entry for most pneu-
monias is the respiratory tract, hematogenous 
spread from other organs can occur. (3) Many 
patients with chronic disease acquire terminal 
pneumonias while hospitalized.

3  Classification

Pneumonias are classified by the specific etio-
logic agent which determines the treatment, or, if 
no pathogen can be isolated, by the clinical set-
ting in which the infection occurs. In the follow-
ing text, the different entities of the pneumonia 
syndromes are briefly discussed to clarify the 
terms, the characteristics, and the peculiarities.

3.1  Community-Acquired Acute 
Pneumonia (CAP)

CAP may be bacterial or viral. Often, the bacte-
rial infection follows an upper respiratory tract 
viral infection. Bacterial invasion of the lung 
parenchyma causes the alveoli to be filled with 
an inflammatory exudate, thus causing consoli-
dation of the pulmonary tissue (Husain and 
Kumar 2005). Predisposing conditions include 
extremes of:

• Age
• Chronic diseases (congestive heart failure, 

COPD, and diabetes)

avoid repetitive investigations using ioniz-
ing radiation. With the  sensitivity of 
T2-weighted sequences and the potential of 
contrast-enhanced T1-weighted sequences, 
important differential diagnostic consider-
ations can be provided. Additionally, devel-
oping complications, such as pericardial or 
pleural effusions, empyema or lung abscess, 
are easily recognized. Current and future 
studies are to demonstrate that MRI is well 
suited as a monitoring and follow- up tool 
during and after therapy and compares 
favorably with CT or other imaging meth-
ods regarding sensitivity and specificity.
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• Congenital or acquired immune deficiencies
• Decreased or absent splenic function (post-

splenectomy, sickle cell disease)

It is beyond the scope of this chapter to 
describe the different pneumonias caused by var-
ious organisms, but with regard to MRI it is nec-
essary to mention the different morphologic 
features common to most pneumonias.

According to the anatomic distribution in 
the lung, the two major categories are lobar 
versus bronchopneumonia. Lobar pneumonia 
is a classic manifestation of pneumococcal 
pneumonia in which an entire lobe is affected 
by the inflammatory infiltrate, with extension 
to the pleura or a major fissure. In patients with 
this type, the stages of pneumonia progress 
from

• Edema to
• Red hepatization (alveolar fibrin, neutrophils, 

lymphocytes, and pneumocyte hyperplasia)
• Gray hepatization (predominantly neutro-

philic infiltrates with lysis of erythrocytes and 
inflammatory cells)

• Resolution (organizing pneumonia, macro-
phages, proliferation of loose connective tis-
sue in distal airspaces)

The basic radiographic pattern of this type of 
pneumonia is a homogeneous consolidation with 
or without air bronchogram. The consolidation is 
bounded by the fissure and in contrast to an atel-
ectasis no shrinkage or volume loss can be 
observed in the acute phase.

Bronchopneumonia is also known as lobular 
or focal pneumonia. It is characterized by centri-
lobular inflammation that is concentrated around 
respiratory bronchioles, with spread to the sur-
rounding alveolar ducts and alveolar spaces. 
When lobular pneumonia becomes confluent, it 
may be difficult to separate from lobar pneumo-
nia. From a clinical standpoint, it is sometimes 
difficult to apply these classic categories, more 
important for imaging is the determination of the 
extent of disease and the delineation of complica-
tions (abscess formation, empyema, organiza-
tion, and dissemination, e.g., Fig. 1).

Common radiographic findings are nodular 
and patchy patterns due to involvement and spar-
ing of acini. Sometimes volume loss can be found.

3.2  Community-Acquired Atypical 
Pneumonias

The term “atypical” refers to the following 
findings:

• Moderate amount of sputum
• No physical findings of consolidation
• Only moderate elevation of white cell count
• Lack of alveolar exudate

Most commonly this type of pneumonia is 
caused by Mycoplasma pneumoniae, viruses, and 
Chlamydia pneumoniae. These agents produce 
primarily an interstitial inflammation within the 
walls of the alveoli, resulting in thickening of the 
alveolar septa, later fluid accumulation, and cel-
lular exudate into the alveolar spaces. 
Superimposed bacterial infection modifies the 
histologic and the subsequent radiologic picture 
(Husain and Kumar 2005).

Interpreting chest films and especially CT, 
radiographic patterns that can be found in 
this category are peribronchial, reticular, and 

Fig. 1 A 3-year-old child with complicated pneumonia. 
T2-weighted MRI sequence clearly delineates intrapul-
monary abscesses as focal areas of increased intensity 
with a hypointense rim in the right lower lobe (white 
arrows) and a large septated pleural effusion consistent 
with empyema (black arrow)
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reticulonodular thickening; ground-glass 
opacification with filling of the acini; and 
sometimes a crazy- paving pattern. In some 
cases also a subsegmental collapse can be 
delineated.

3.3  Nosocomial Pneumonia

In 1995, the American Thoracic Society pub-
lished a consensus statement defining nosoco-
mial or hospital-acquired pneumonia (HAP) as a 
pneumonia that is

• Not incubating at the time of hospital admission
• Begins more than 48 h after admission 

(Campbell et al. 1996)

There are 300,000 cases of HAP annually in the 
United States, and it carries an associated mortality 
of 30–70% (McEachern and Campbell 1998). 
HAP is common in patients with severe underlying 
disease, prolonged antibiotics, intravascular 
devices, and mechanical ventilation. The latter is 
also termed ventilator-associated pneumonia 
(VAP). In a prospective study of 1014 mechani-
cally ventilated patients, VAP developed in 177 
patients. The mean time to onset was 9 days, with a 
median time to onset of 7 days after ICU admis-
sion. However, when the daily hazard rate of infec-
tion was calculated, it was estimated to be 3.3% at 
day 5, 2.3% at day 10, and 1.3% at day 15 (Cook 
et al. 1998). This documents a significant decline in 
pneumonia risk with time. Because the risk for 
pneumonia is so high early after intubation, pneu-
monias beginning within the first 5 days (early-
onset infection) account for 50% of all episodes of 
VAP, and the natural history and pathogens of this 
infection differ from those associated with VAP of 
late onset (Prod’hom et al. 1994). Common iso-
lates are gram-negative bacteria and Staphylococcus 
aureus. Typical radiologic patterns cannot be 
described. This is due to the different circum-
stances and risk factors, which contribute to the 
development of HAP. The other explanations are 
the different organisms responsible for the pneu-
monia. Within the first days the more common 
organisms are Streptococcus pneumoniae, 
Moraxella catarrhalis, Staphylococcus aureus, and 

Hemophilus influenzae (Craven and Steger 1995). 
Later on, gram-negative rods predominate.

Microaspiration of contaminated oropharyn-
geal secretions seems to be the most frequent 
cause of HAP (McEachern and Campbell 1998). 
After macroaspiration, another subtype of pneu-
monia can occur, termed aspiration pneumonia. 
The resultant pneumonia is partly chemical, owing 
to the extremely irritating effects of the gastric 
acid appearing like pulmonary edema, and partly 
bacterial (from the oral flora). This type of pneu-
monia is often necrotizing, with abscess formation 
as a common complication (Husain and Kumar 
2005). Typical radiographic pattern in this particu-
lar type of pneumonia are patchy consolidations in 
dependent portions of the lung with a multilobar 
and bilateral distribution.

Diagnosing HAP is difficult because there is no 
method for obtaining a diagnosis that is  reliable in all 
cases. The diagnosis is initially made on clinical 
grounds by the finding of a new infiltrate on chest 
radiograph, fever, purulent sputum, or other signs of 
clinical deterioration. Unfortunately, this clinical 
method was shown to be specific for HAP in only 27 
of 84 patients in a series reported by Fagon et al. 
(1993) because many other conditions such as con-
gestive heart failure, pulmonary embolism, atelecta-
sis, ARDS, pulmonary hemorrhage, or drug 
reactions may mimic pneumonia, particularly in 
critically ill patients. While there are many different 
testing modalities that may be employed, all have 
their limitations and none is sufficiently sensitive 
and specific to be considered a “gold standard” test 
(Rello et al. 2001).

3.4  Chronic Pneumonia

Chronic pneumonia results from granulomatous 
inflammation, due to bacteria (e.g., Mycobacterium 
tuberculosis, Fig. 2) or fungi (e.g., Histoplasma 
capsulatum, Blastomyces dermatidis, Coccidioides 
immitis). It is most often a localized lesion in the 
immunocompetent patient. Unlike tuberculosis, 
the abovementioned fungal species are geographic 
as they cause disease in particular areas in the 
United States and in Mexico.

In the lungs, these infections produce epitheli-
oid cell granulomas, which usually undergo 
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coagulative necrosis and coalesce to produce 
larger areas of consolidation. Furthermore, they 
can liquefy to form cavities. Spontaneously or 
during therapy, these lesions can undergo fibrosis 
and concentric calcification. As a consequence, 
the typical radiographic appearance of this type 
of pneumonia is single or multiple lung nodules 
with or without calcification.

3.5  Pneumonia in the 
Immunocompromised Host

The appearance of pulmonary infiltrates and signs 
of infection (e.g., fever) are one of the most com-
mon and serious complications in patients whose 
immune and defense systems are limited by dis-
ease, immunosuppression for organ transplanta-
tion and tumors, or irradiation (Rosenow 1990).

The host defense system includes physical and 
chemical barriers to infection, the inflammatory 
response, and the immune response. Physical bar-
riers, such as the skin and mucous membranes, 
prevent invasion by most organisms. Chemical 
barriers include lysozymes and hydrochloric acid. 
Lysozymes destroy bacteria by removing cell 
walls. Hydrochloric acid breaks down food and 
mucus that contains pathogens. The inflammatory 
response involves polymorphonuclear leukocytes, 
basophils, mast cells, platelets, and, to some 
extent, monocytes and macrophages. The immune 
response primarily involves the interaction of 

lymphocytes (T and B), macrophages, and macro-
phage-like cells and their products. These cells 
may be circulating or may be localized in the 
immune system’s tissues and organs (Springhouse 
2007). Primary immune deficiency diseases are 
disorders in which part of the body’s immune sys-
tem is missing or does not function properly. In 
contrast to secondary immune deficiency disease 
in which the immune system is compromised by 
factors outside the immune system, such as 
viruses or chemotherapy, the primary immune 
deficiency diseases are caused by intrinsic or 
genetic defects in the immune system.

Primary immunodeficiencies are complex dis-
eases. Since each one can be traced to the failure 
of one or more parts of the immune system, one 
of the more convenient ways to group them is 
according to the part of the immune system that 
is insufficient:

• B cell (antibody) deficiencies
• Combined T cell and B cell (antibody) 

deficiencies
• T cell deficiencies
• Defective phagocytes
• Complement deficiencies
• Deficiencies/cause unknown

Antibody deficiencies can hinder or prevent 
the immune system from recognizing and mark-
ing for destruction bacteria, viruses, and other 
foreign invaders. X-linked agammaglobulin-
emia, an inherited deficiency that appears in the 
first 3 years of life, leaves infants and young 
children with recurrent infections of the ears, 
lungs, sinuses and bones, and increased suscep-
tibility to such viruses as hepatitis and polio.

Combined immunodeficiencies occur in peo-
ple who lack the T lymphocytes that develop into 
killer cells that destroy infected cells or become 
helper cells that communicate with other immune 
cells. X-linked severe combined immunodefi-
ciency, most often diagnosed during the first year 
of life, allows organisms that do not affect people 
with healthy immune systems to cause frequent 
and life-threatening infections.

Complement deficiencies usually involve an 
absence of one or several of the proteins that con-
tribute to the complement system’s ability to 

Fig. 2 A 31-year-old immunocompetent woman 12 months 
after exposure to tuberculosis. Positive QuantiFERONE 
test. Persistent sharply defined noduli in the posterior seg-
ment of the left upper lobe, consistent with tuberculomas 
(arrow). Tuberculomas can be found in primary and 
postprimary disease and may eventually calcify
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attach to antibody-coated foreign invaders. In 
childhood or early adulthood, a complement defi-
ciency can result in severe infections such as 
meningitis, or it can contribute to an autoimmune 
disease such as lupus erythematosus.

Phagocytic cell deficiencies result in the inabil-
ity of cells that engulf and kill antibody- coated 
invaders to act efficiently to remove pathogens or 
infected cells from the body. Chronic granuloma-
tous disease, the most severe form of phagocytic 
deficiency, usually appears in early childhood. It 
causes frequent and severe infections of the skin, 
lungs, and bones, leaving swollen collections of 
inflamed tissue called granulomas.

In comparison to the secondary syndromes, 
primary immunodeficiencies are rare.

There are a number of common conditions 
associated with secondary immunodeficiency 
(Bonilla et al. 2014).

A wide variety of so-called opportunistic infec-
tious agents, many of which rarely cause infection 
in normal hosts, can cause these pneumonias 
where often more than one agent is involved. The 
mortality from these opportunistic infections is 
high. On the other hand, the list of differential 
diagnoses of such infiltrates is long and includes 
drug reactions, cardiac failure, and involvement of 
the lung by tumor or other underlying conditions. 
Table 1 lists some of the opportunistic agents 
according to their prevalence and whether they 
cause local or diffuse pulmonary infiltrates. The 
large group of immunocompromised patients 
sometimes is divided into AIDS and non-AIDS 
causes of immunosuppression. The types of infec-
tion to which HIV-positive patients become sus-
ceptible vary as cell- mediated immunity becomes 
less effective at eradicating viruses, fungi, proto-
zoa, and facultative intracellular bacteria, such as 
Mycobacterium  tuberculosis. Knowledge of the 
CD4 lymphocyte count can thus be helpful for 
interpretation of radiologic images in AIDS 
patients (Marquardt and Jablonowski 2003). Table 
2 gives a short overview of the CD4 counts and 
corresponding infections.

As mentioned previously, the radiographic 
patterns in most of the cases are not pathogno-
monic and the pattern approach is limited by 
underlying and concomitant diseases, by the 

severity and time factor of manifestation, and by 
the treatment. It is frequently impossible for the 
clinician to identify the causative organism of a 
pneumonic infiltrate. Narrowing of the etiologic 
differential diagnosis may be possible using 
radiologic pattern recognition and the integra-
tion with clinical and laboratory information. 
Although with pattern recognition, specific etio-
logic diagnoses can hardly ever be established, 
patterns help to classify groups of potentially 
underlying organisms.

Table 1 Causes of pulmonary infiltrates in immunocom-
promised hosts

Diffuse infiltrates Focal infiltrates

Common Common

  Cytomegalovirus   Gram-negative rods

  Pneumocystis jiroveci   Staphylococcus aureus

  Drug reaction   Aspergillus

  Candida

  Malignancy

Uncommon Uncommon

  Bacteria   Cryptococcus

  Aspergillus   Mucor

  Cryptococcus   Pneumocystis jiroveci

  Malignancy   Legionella 
pneumophila

The table was published in Husain and Kumar (2005)

Table 2 Overview of the CD4 counts and corresponding 
infections

HIV: complications at 
CD4 >500/mm3

HIV: complications at CD4 
200–500/mm3

Infectious Infectious

Acute retroviral 
syndrome

Pneumococcal 
pneumonia

Candida vaginitis Tuberculosis

Herpes zoster

Kaposis sarcoma

Oral hairy leukoplakia 
(OHL)

Oropharyngeal 
candidiasis (thrush)

Other Noninfectious

Generalized 
lymphadenopathy

Cervical carcinoma

Guillain-Barre (very rare) Lymphomas

Vague constitutional 
symptoms

Immune 
thrombocytopenic 
purpura (ITP)
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As a general rule of thumb, localized segmen-
tal or lobar alveolar densities can be attributed to 
typical or atypical bacterial infections. Diffuse 
bilateral interstitial and/or interstitial alveolar 
infiltrates most commonly are caused by viruses, 
atypical bacteria, and protozoa.

Micronodular disease is most often caused by 
military tuberculosis (miliary pattern), candidia-
sis, and histoplasmosis (small nodules), or viruses 
such as herpes or varicella zoster virus (diffuse 
nodules with hazy borders). Large, nodular 
lesions may represent bacterial abscesses, and in 
immunocompromised patients, may be caused by 
invasive aspergillosis and nocardia.

In conclusion, the important tasks of imaging 
the lung with respect to pneumonia are:

• Detection of pulmonary abnormalities
• Support in narrowing the etiology or differen-

tial diagnosis
• Recognition of developing complications
• Demonstration of a therapeutic effect (cave: 

radiographic patterns may change, even dete-
riorate with improvement of the immunologic 
status of the patient)

Looking at MRI for detection of pneumonia, 
the next part of this chapter is divided into a his-
torical overview mentioning older and recent MR 
imaging concepts and a comparison of MRI with 
CT in the detection of pulmonary abnormalities 
suspicious for pulmonary infection.

4  MRI: Historical Development 
of Imaging Concepts

Moore et al. (1986) investigated the differentia-
tion of various causes of pulmonary consolida-
tions with MRI. They analyzed patients with 
pulmonary edema, postobstructive pneumonitis, 
alveolar proteinosis, Pneumocystis pneumonia, 
lobar nonobstructive pneumonia, pulmonary 
hemorrhage, and acute radiation pneumonitis. 
The study was performed with a 0.35-T MR 
scanner, using spin-echo pulse sequences with 
repetition times of 500 and 2000 ms and echo 
times (TE) of 28 and 56 ms. The authors could 

demonstrate that measuring T1 and T2 values for 
different entities showed considerable overlap. 
The two patients with pulmonary alveolar pro-
teinosis showed much lower values of T1, which 
probably reflects the relative absence of water 
within the airspaces and the presence of lipopro-
tein. In general, T1 and T2 values increase in pro-
portion to the water content of fluids or tissue, but 
they are also influenced by the presence of lipids 
and by interaction between water and both large 
and small molecules with which they come in 
contact (Moore et al. 1986).

High-resolution computed tomography 
(HRCT) had become the gold standard in the eval-
uation of chronic infiltrative lung diseases, and it 
was shown that it accurately reflects the pathologic 
abnormalities. The aim of a study from Müller 
et al. (1992) was to compare MRI with HRCT in 
the assessment of these entities. All MR studies 
were performed on a 1.5-T MR imager. Cardiac-
gated proton density-weighted and relatively 
T2-weighted images were obtained at two or three 
RR intervals. The slice thickness was 10 mm, with 
a 1- or 2-mm interslice gap. In comparison to this, 
the CT scans were obtained by using 1.5-mm col-
limation scans and 10-mm intervals.

As a result, MRI was consistently inferior in 
the anatomic assessment of lung parenchyma and 
in showing interstitial abnormalities, particularly 
fibrosis. Furthermore, areas of mild interstitial 
abnormalities seen on CT were often not appar-
ent on MRI. But, on the other hand, MRI was 
comparable to CT in the assessment of air-space 
abnormalities. In all patients, areas with ground- 
glass opacities or air-space consolidation on CT 
corresponded to areas of increased signal inten-
sity on MRI (Müller et al. 1992).

Primack et al. noticed that the use of MRI in 
the assessment of infiltrative lung disease has 
been limited by the low proton density of lung 
parenchyma and by loss of signal due to motion 
and the difference in diamagnetic susceptibility of 
air and soft tissue. On the other hand, the presence 
of pulmonary infiltrates leads to a marked increase 
in signal intensity. This is due to both the increase 
in proton density and a decrease in magnetic sus-
ceptibility effects. This study demonstrated that 
the MRI findings correlate with the pathologic 
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findings and that parenchymal  opacification on 
MRI usually indicates an  inflammatory process, 
and therefore potentially treatable disease 
(Primack et al. 1994).

One of the earlier studies that focused on 
contrast- enhanced pulmonary MRI was pub-
lished by Haraldseth et al. (1999). They reviewed 
different forms of contrast agent enhancement: 
MR perfusion imaging, contrast-enhanced MR 
angiography, and MR ventilation imaging. In the 
clinical context of pneumonia, they included 13 
patients. The MR perfusion was obtained with a 
standard low flip-angle gradient-echo sequence 
with an inversion prepulse. The time-intensity 
curves after intravenous application of a 
gadolinium- based nonspecific contrast agent 
showed that in pneumonic tissue there was a 
steep increase without first passage peak; the 
dynamics of the contrast agent passage was dif-
ferent from normal lung tissue. The authors did 
not suggest replacement of chest X-rays for rou-
tine pneumonia diagnosis, but in cases where the 
differential diagnosis between pulmonary embo-
lism and pneumonia were two main options, 
patients might benefit from an MR perfusion 
examination (Haraldseth et al. 1999).

A more detailed description of MRI of the 
pulmonary parenchyma was published by 
Kauczor and Kreitner (1999). As a brief sum-
mary of the technical considerations, the authors 
noticed the following three factors hampering the 
application of MRI to the lung and suggested the 
following strategies to resolve the problems:

 1. Low proton density: This is valid for the nor-
mal lung parenchyma and especially for lung 
diseases with loss of tissue such as emphy-
sema. In all other lung diseases, the amount of 
tissue, fluid, and/or cells is increased. The rec-
ommended investigation techniques are:
 (a) T1-weighted spin-echo sequences with 

short echo times (<7 ms)
 (b) T1-weighted gradient-echo sequences, 

such as fast low-angle shot (FLASH), 
with short echo times (3 ms)

 (c) Higher number of acquisitions
 (d) Administration of contrast agents

 2. Signal loss due to physiological motion:

 (a) Breath-hold imaging with fast sequences 
like FLASH or half-Fourier acquisition 
single-shot turbo spin echo (HASTE)

 (b) Respiratory gating with navigating tech-
niques, gating in expiration using a belt, 
and respiratory compensation using reor-
dering of phase encoding

 (c) ECG triggering
 3. Susceptibility artifacts because of the multiple 

air-tissue interfaces: As mentioned previously, 
these artifacts degrade imaging of normal lung 
tissue. After loss of air and concomitant 
increase of tissue, cells or fluid significantly 
reduces the number of air-tissue interfaces and 
the degree of susceptibility artifacts.
 (a) Use of short echo times for T1-weighted 

spin-echo or gradient-echo sequences
 (b) Use of T2-weighted turbo-spin-echo 

(TSE) sequences or T2-weighted ultrafast 
TSE-sequences with high turbo factors

With regard to infiltrations, the authors concluded 
that MRI can be used for the detection and character-
ization of inflammatory pulmonary round infiltrates 
in immunocompromised patients. Postcontrast 
T1-weighted FLASH showed a strongly enhancing, 
ill-defined round infiltration (Fig. 3), and with 
HASTE sequence moderate signal intensity was 

Fig. 3 A 45-year-old male patient with invasive aspergil-
losis. Postcontrast T1-weighted FLASH (TR >200 ms, 
TE = 4 ms, FA = 80°) shows a strongly enhancing, ill- 
defined round infiltration (arrow) (With permission of 
Springer: Kauczor and Kreitner 1999)
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found in a patient with bronchopneumonia  
(Fig. 4a–d) (Kauczor and Kreitner 1999).

Gaeta et al. (2000) revisited the value of 
gadolinium- enhanced MRI in the evaluation of 
chronic infiltrative lung disease. They found out that 
the presence of enhancing lesions on gadolinium- 
enhanced T1-weighted MRI studies may be a reli-
able indicator of inflammation and, consequently, 
indicates potentially treatable disease. Their study 
was performed on a 1.5-T scanner obtaining a 
spoiled gradient-echo T1-weighted sequence dur-
ing full inspiration (TR 168 ms, TE 4.8 ms, FA 75°, 
slice thickness 5 mm) (Gaeta et al. 2000).

Another topic in literature is the differentiation 
between benign and malignant nodular lesions of 
the lung. Growth factors and calcification pattern 

are only two of the noninvasive diagnostic criteria 
to separate benign from suspicious lesions and 
avoid unnecessary invasive tests. To overcome the 
limitation of morphological features, Li et al. 
(2000) included 62 patients to be evaluated for 
suspicious lung nodules with CT and dynamic 
Gd-DTPA-enhanced MRI. Axial T1-weighted 
images (TR 500 ms, TE 10 ms) with a slice thick-
ness of 5 mm at 0, 15, 45, 75, 110, and 140 s, and 
3, 5, 8, and 10 min were obtained. Additional 
T2-weighted images (TR 3000 ms, TE 80 ms) 
were acquired before contrast application. After 
correlation with pathological findings, they found 
that nodular fibrosis, inflammatory granulomas, 
cryptococcoma, and inflammatory pseudotumor 
had a more or less low rate of contrast uptake.  

a b

c d

Fig. 4 A 29-year-old female with bilobar pneumonia of 
the left lung (white arrows) and bilateral pleural effusions 
(black arrows). A pathogen could not be identified. (a) 
X-ray of the chest, (b) helical CT (slice thickness 3 mm), 

and corresponding MRI (HASTE, TE 48 ms, slice thick-
ness 6 mm) in (c) axial, and (d) coronal direction (With 
permission of Springer: Kauczor and Kreitner 1999)
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On the other hand, focal organizing pneumonia 
and sclerosing hemangioma had a significant and 
early enhancement. Taking into account that 
malignant nodules are characterized by a fast 
increase in signal intensity during the first pass of 
the contrast agent (Gückel et al. 1996), malig-
nancy of some nodular lesions could be excluded 
by dynamic MRI (Li et al. 2000).

Rupprecht et al. (2002) performed a study 
without contrast agent and investigated a steady- 
state free precession sequence (true FISP) as a 
potential alternative to the conventional X-ray in 
pediatric patients with suspected pneumonia. A 
true FISP sequence was chosen because of its 
high spatial resolution and signal-to-noise ratio 
(S/N) in fluid- and thus T2-dominated infectious 
pulmonary disease. To overcome breathing arti-
facts in this particular patient group and to 
increase the S/N ratio, they obtained slice thick-
nesses of 30–55 mm at a 0.2-T low-field MR sys-
tem. The true FISP sequence had the following 
parameters: TR 6 ms, TE 3 ms, FA 90°. The 
acquisition time for a triple slice scan was 4.8 s, 
and the door-to-door time was between 10 and 
15 min. All pathological findings in the conven-
tional chest X-ray could be identified in the cor-
responding MR investigation, and the MRI was 
superior in demonstrating pleural and pericardial 
effusions. Two small retrocardial pneumonic infil-
trates were noted in the MRI only. The authors 
concluded that this technique could represent an 
alternative to the conventional chest X-ray 
(Rupprecht et al. 2002). Such an alternative might 
be of special interest in children with Nijmegen-
Breakage syndrome. This entity is an autosomal 
recessive chromosomal instability syndrome, 
characterized by microcephaly, growth retarda-
tion, skin abnormalities,  immunodeficiency, radi-
ation sensitivity, and a strong predisposition to 
lymphoid malignancy. Because of their sensitivity 
to ionizing radiation, X-ray and CT examination 
should be avoided (Alibek et al. 2007).

Whether it is possible not only to detect but 
also to quantify pulmonary lesions due to pneu-
mococcal pneumonia was investigated in a 
murine model by Marzola et al. (2005). 
Infection was induced in a group of mice 
(N = 5) by intranasal administration of a sus-

pension containing Streptococcus pneumoniae, 
and a group of noninfected animals (N = 5) was 
used as a control group. Axial, ECG-gated, 
spoiled GRE images with 1.2-mm slice thick-
ness were acquired with a 4.7-T scanner. After 
sacrifice and histological evaluation, a good 
concordance with regard to the anatomical 
localization and a good correlation between the 
volume of the pneumoniae by histology and 
MRI was found (Marzola et al. 2005).

Another interesting experimental study was 
published by Tournebize et al. (2006). The aim of 
this work was to prove if MRI is able to provide 
spatiotemporal visualization of edema and 
inflammation caused by Klebsiella pneumoniae–
induced pneumonia in mice. The study was per-
formed with a 7-T scanner. After inoculation with 
avirulent and virulent strains of Klebsiella, treat-
ment by bactericidal doses of antibiotics was ini-
tiated. Images were acquired up to 8 days post 
infection. The virulent strain caused an intense 
inflammation within 2 days in the whole lungs, 
while an avirulent strain did not show significant 
changes. The increase in cell density accompa-
nied with extravascular leakage results in an 
increase in high water content detectable by 
MRI. After treatment with antibiotics, the inflam-
mation disappeared after a week. The lesions 
observed by MRI correlated with the damage 
seen by histological analysis. In summary, MRI 
allows observing the appearance and regression 
of inflammation (Tournebize et al. 2006).

The next important topic was the investigation of 
the sensitivity of MRI in detecting alveolar infil-
trates. To provide reliable data, Biederer et al. 
(2002) performed an experimental study using por-
cine lung explants and a dedicated chest phantom to 
evaluate the signal intensity of artificial alveolar 
infiltrates with T1- and T2-weighted MRI 
sequences. Ten porcine lung explants were exam-
ined with MRI at 1.5 T before and after intratracheal 
instillation of either 100 or 200 ml gelatine-stabi-
lized liquid to simulate alveolar infiltrates. Control 
studies were acquired with helical CT.

After administration of the gelatine-stabilized 
liquid, the CT images demonstrated patchy areas 
of ground-glass opacities in both lungs. The 2D 
and 3D T1-weighted sequences could not 
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 sufficiently visualize the infiltrates. In contrast, the 
T2-weighted sequences showed clearly visible 
infiltrates with an increase in signal intensity of 
approximately 30% at 100 ml (p <0.01) and 60% 
at 200 ml (p <0.01). For practical reasons, 
T2-weighted sequences can be highly recom-
mended for the delineation of infiltrates in the 
lung. T1-weighted sequences without intravenous 
application of contrast agents are not sufficient for 
this task. Because of the extremely different acqui-
sition times between HASTE and the T2-TSE, the 
HASTE sequence has to be preferred.

Based on these technical developments, it is 
necessary to evaluate the potential of MRI in 
detecting pneumonia in the immunocompromised 
patient. Especially in this particular group of 
patients, pneumonia is an important cause of mor-
bidity and mortality. The imaging of infiltrates is 
very challenging, because the immunosuppression 
decreases the response of the lung to infectious 
agents. On the other hand, the patterns of pneumo-
nia are highly variable and depend on multiple fac-
tors, like underlying diseases, time course, and 
treatment. By now, a considerable proportion of 
pulmonary fungal infections are not diagnosed 
antemortem in cancer patients. In addition, espe-
cially patients after bone marrow transplantation 
are often younger, and repetitive CT examinations 
carry an additional radiation burden.

Leutner et al. (2000) tried to find out how MRI 
compares with CT regarding the depiction of typi-
cal features of pneumonia and the detectability of 
lesions. MRI studies were performed with a 1.5-T 
system, and the imaging protocol consisted of a 
transversal T2-weighted ultrashort turbo spin-echo 
sequence (TR 2000–4000 ms, TE 90 ms, slice 
thickness 6 mm, and six numbers of excitation). In 
comparison to helical CT (slice thickness 8 mm), 
they evaluated presence, number, and location of 
pulmonary infiltrates (nodular, reticular, cysts, 
cavitation, consolidation, and ground-glass infil-
tration). In summary, most of the CT and MR 
examinations (75%) were rated as showing identi-
cal results concerning not only the number but also 
the morphology of different lesions that were due 
to opportunistic pneumonia. In addition, MRI was 
able to differentiate between consolidation and 
ground-glass infiltration (Leutner et al. 2000).

5  MRI: Comparison with CT

The advent of multidetector CT and the implemen-
tation of parallel imaging in MRI pushed the limits 
towards new possibilities with regard to examina-
tion volume, time, and slice thickness. Multidetector 
CT offers the opportunity to investigate the entire 
lung with 1-mm slice thickness or less in a couple 
of seconds. Parallel imaging in MRI reduced the 
examination time dramatically and made MRI of 
the lungs in a few seconds a reality.

Multidetector CT with thin sections is the gold 
standard for the evaluation of the lung even for 
very subtle lesions like small ground-glass opaci-
ties around lung nodules. That means, to classify 
the value of MRI of the lung, studies are neces-
sary that compare MRI with the best CT tech-
niques that are available nowadays.

Eibel et al. (2006b) performed a study where 
they investigated pulmonary abnormalities in 30 
immunocompromised patients with parallel MRI 
and thin-section helical CT. It was not the inten-
tion of this study to investigate the lung compre-
hensively. In order not to exceed 1-min 
examination time, only the HASTE sequence 
was selected. The resulting in-room-time was not 
more than 10 min. The motivation was that MRI 
can only serve as a real alternative to CT, when 
the examination time is short.

One of the inclusion criteria for this study was 
an X-ray of the chest that was either normal or did 
not show abnormalities suggestive of pulmonary 
infection. Ill-defined nodules, ground-glass opacity 
areas, and consolidations, their location and distri-
bution, and their lesion characteristics (e.g., margin 
contour, cavitation, calcification) were systemati-
cally analyzed. Twenty-two patients had pulmo-
nary abnormalities on CT. In 21 (95%) patients, 
pneumonia was correctly diagnosed with MRI. One 
false-negative finding occurred in a patient with ill-
defined nodules smaller than 1 cm at CT. One false-
positive finding with MR was the result of blurring 
and respiratory artifacts. That results in a sensitivity 
of MRI in comparison to 1-mm CT slices of 95%, 
specificity of 88%, positive predictive value of 
95%, and a negative predictive value of 88% (Eibel 
et al. 2006a). In the detection of ground- glass opac-
ity areas (Figs. 5 and 6), consolidations (Fig. 7), 
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a b

Fig. 5 A 76-year-old patient with myelodysplasia suffer-
ing from Pneumocystis jiroveci pneumonia (With the per-
mission of Springer: Eibel et al. 2006a). (a) Thin-section 
CT above the level of the carina. Ground-glass opacity is 
the predominant finding in the ventral portion of the left 

upper lobe (short arrows). Please note also the more sub-
tle lesions in the dorsal parts of the both upper lobes (long 
arrows). (b) Axial HASTE sequence at the same level (TE 
27 ms). All lesions in the upper lobes are easily 
detectable

a b

c

Fig. 6 A 45-year-old male with chronic lymphatic leuke-
mia, now suffering from angioinvasive aspergillosis (With 
the permission of Springer: Eibel et al. 2006a). (a) Thin- 
section CT below the level of the carina shows a consoli-
dation in the left lower lobe (black arrow), ground-glass 
opacity in the lingula adjacent to the fissure (white 

arrows), and both-sided pleural effusions. Please note also 
the subtle lesion in the right lower lobe adjacent to the 
spine (short arrow). (b) Axial HASTE. (c) Coronal 
HASTE. The pathologic findings are again comprehen-
sively delineated by MRI (arrow), even the subtle lesion 
in the right lower lobe adjacent to the spine (axial HASTE)
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and pleural effusion, MRI seems to be equal to 
thin-section CT. But the overall detection rate of 
nodules with MRI was only 72% (186/259). 
Detailed analyses found out that all nodules larger 
than 10 mm were reliably detected. The mean size 
of nodular lesions not found with MRI was 4 mm. 
This difference likely relates to the section thick-
ness used with CT (1 mm) and MR imaging 
(6 mm). After this study, the authors came to the 
conclusion that pulmonary imaging for the detec-
tion and quantification of infiltrates is highly reli-
able with modern MR scanners (Eibel et al. 2006b).

Despite these encouraging results, it is impor-
tant to keep in mind that CT has to be preferred in 
the detection of calcification, which can indicate 
some special disease entities and can be a sign of 
pulmonary scarring.

6  Morphology of Different Types 
of Pneumonia in MR Imaging

Before summarizing briefly the different MR fea-
tures of pneumonia, already mentioned in the 
paragraphs before, the following statements are 
valid for MR imaging of pneumonia:

• Nodules larger than 1 cm in diameter, consoli-
dations, and ground-glass opacifications are 

detectable on MR images with a nearly identi-
cal sensitivity and accuracy with regard to 
lesion size and contour compared to 
CT. Obviously the definition of nodule, con-
solidation, and ground-glass according to the 
Fleischner Society seems to be valid even for 
MRI (Hansell et al. 2008).

• With MR images, it might be more challeng-
ing to delineate small nodules (<10 mm) and 
especially small areas of air or calcifications 
within lung nodules or consolidations in com-
parison to multidetector CT.

In Table 3, the most common and important fea-
tures of pneumonia on MR images, derived from 
the findings on CT examinations, and the likely 
causative organisms are summarized. Of course, 
host conditions must been taken into account too.

Fungal pneumonia is an important topic, nec-
essary to go a little bit more into detail, especially 
when dealing with MR imaging. Some organisms 
like Histoplasma capsulatum and Coccidioides 
immitis are primary pathogens, but are found 
only in specific geographic areas. On the other 
hand, organisms like Aspergillus and Candida 
species are opportunistic agents that affect 

Fig. 7 A 15-year-old girl with hyper IgE syndrome. 
Pneumectomy of the right lung due to recurrent compli-
cated pneumonia (axial true FISP sequence). Preexisting 
thin-walled cavitary lesion in the left upper lobe with a 
new ovoid nodule in the dependent portion demonstrating 
the “air-crescent sign” in aspergilloma (arrows). The 
development of an “air-crescent sign” in a pulmonary 
nodule may also be interpreted as a sign of recovery when 
found in angioinvasive aspergillosis

Table 3 MRI findings and corresponding likely caus-
ative organisms

MRI findings Likely causative organisms

Lobar consolidation = 
lobar pneumonia

Streptococcus 
pneumoniae, Klebsiella 
pneumoniae, Legionella 
pneumophilia, 
Mycoplasma 
pneumoniae

Patchy, sometimes 
bilateral interlobular 
consolidation = 
bronchopneumonia

Streptococci, gram- 
negative bacilli, 
Legionella, anaerobes, 
virus

Ground-glass opacification 
and reticular pattern = 
interstitial pneumonia

Virus, Mycoplasma 
pneumoniae, 
Pneumocystis jiroveci 
(Fig. 5)

Cavitation Staphylococcus aureus, 
Mycobacterium 
tuberculosis, gram- 
negative bacilli, 
anaerobic bacteria

Round consolidation, halo, 
air-crescent sign, reverse 
target sign

Aspergillus fumigatus 
(Fig. 7)
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patients that already suffer from an underlying 
pulmonary disease or are immunocompromised. 
As invasive organisms, the latter can cause severe 
tissue destruction and can influence the clinical 
outcome dramatically.

The pathogenesis of Aspergillus infection is 
complex, but worthy to know is the fact that this fun-
gus causes necrosis in lung parenchyma due to 
extensive vascular permeation and occlusion of 
small to medium arteries. This permeation and espe-
cially the separation of necrotic lung from viable 
parenchyma in the recovery phase of the patient can 
cause life-threatening intraalveolar hemorrhage.

Because of the different therapeutic approaches 
in patients with fungal pneumonia and because of 
the high morbidity and mortality in immunosup-
pressed patients with invasive aspergillosis, it is 
necessary to know the signs of this type of infec-
tion in imaging studies:

• Single or multiple nodular infiltrates
• Nodule with halo phenomenon
• Homogeneous consolidation in segmental or 

subsegmental spread
• Cavitation (air-crescent sign, Fig. 7)
• Reverse target sign

The ground-glass attenuation surrounding 
some of the nodules is termed as halo. 
Histopathologic studies delineated that the cause 
for this finding is hemorrhage around the nodule. 
With MR, the halo sign is clearly detectable and 
thus can help to differentiate the causative agents. 
Air crescent is a finding more commonly detect-
able in the recovery phase and relates to resorption 
of necrotic tissue in the periphery of the lesion or 
to retraction of the sequestrum from viable lung 
parenchyma (Kim et al. 2001). This crescent like 
air collection is associated with a higher risk of 
massive hemoptysis.

Blum et al. (1994) observed another charac-
teristic feature of necrotizing pneumonia. On 
T2-weighted images, higher signal intensity in 
the center combined with comparatively lower 
signal intensity in the rim outlined a characteris-
tic feature that they called “reverse target sign.” 
While the halo phenomenon is strongly sugges-
tive of invasive aspergillosis in its early course, 
the reverse target sign is detectable in later stages. 

Probably because of the excellent soft-tissue con-
trast on MR imaging, Leutner et al. (2000) found 
that MRI is superior to contrast-enhanced CT in 
diagnosing necrotizing pneumonia.

Barreto et al. summarized the correlation 
between common CT and MRI findings of paren-
chymal lung disease in patients suffering from 
pneumonia (Barreto et al. 2013).

Up to now, no comprehensive study compared 
the sensitivity and specificity of different imag-
ing modalities for the diagnosis of invasive asper-
gillosis. Blum et al. (1994) found out that MRI 
may be of diagnostic value in later stages of the 
disease and for the follow-up of nodular infil-
trates on unknown etiology in immunocompro-
mised patients. So, further studies are necessary 
to lower the high mortality of angioinvasive 
aspergillosis by making the diagnosis earlier and 
with a higher reliability.

7  Protocol

In this paragraph, a short protocol recommenda-
tion (Table 4) is listed, confirmed, and illustrated 
by an upper lobe pneumonia (Fig. 8).

The T2-weighted HASTE sequence is the 
workhorse, necessary for detection and charac-
terization of infectious lesions of the lung. 
Performing only the topogram and the axial 
HASTE in patients that are severely ill and 
breathless, the investigation time is below 2 min. 
The T1-weighted FLASH sequence with and 
without intravenous application of gadolinium is 
helpful for further characterization of infiltrates. 
This extends the investigation time to 15 min. 
The STIR and true FISP sequences can give addi-
tional information selected cases, but they are not 
required in routine settings.

8  Further Developments

This chapter deals with some remarkable results 
of recent research and promising new applica-
tions and sequences of MRI in pulmonary infec-
tion imaging. Despite the benefits of CT in 
delineating abnormalities in the pulmonary 
parenchyma, the power in differentiating benign 
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Table 4 Suggested investigation protocol at a 1.5 T MR scanner

Sequence Acronyms Weighting
Slice 
orientation TR (ms) TE (ms)

Flip 
angle FS

Slice 
thickness 
(mm) Gd IV

Topogram

Ultra-fast 
SE

UFSE, HASTE, 
SS-FSE

T2 Axial 1000 84 180 6

T2 Coronal 1000 84 180 6

T2 Sagittal 1000 84 180 6

Spoiled GE T1-FFE, FLASH, 
SPGR

T1 Axial 118 2 70 6

T1 Coronal 78 2 70 + 6

STIR STIR T2 Axial 3980 100 150 + 6

Balanced 
GE

Balanced FFE, 
true FISP, FIESTA

T2 Axial 3 1 60 6

T2 Coronal 3 1 60 6

Spoiled GE T1-FFE, FLASH, 
SPGR

T1 Axial 118 2 70 + 6 +

T1 Coronal 78 2 70 + 6 +

Abbreviations: FFE fast field echo, FIESTA fast imaging employing steady-state acquisition, FLASH fast low-angle 
shot, FS fat saturation, Gd IV gadolinium intravenously, GE gradient echo, HASTE half-Fourier acquisition single-shot 
turbo spin echo, IR inversion recovery, SE spin echo, SPGR spoiled gradient recalled echo, SS-FSE single-shot fast spin 
echo, STIR short TI inversion recovery, TE time to echo, TR repetition time, true FISP true fast imaging with steady- 
state precession, UFSE ultra-fast spin echo

a b

c d

Fig. 8 A 51-year-old male with right upper lobe pneumonia 
(Streptococcus). (a) Coronal HASTE. The horizontal fissure 
(short arrow) is not exceeded by the pneumonia (arrows). 
(b) Coronal FLASH with spectral fat saturation, before 
intravenous contrast administration. (c) Coronal FLASH, 
after delivery of 14 ml gadolinium IV (0.1 mmol/kg).  
(d) Axial STIR. The edema is clearly detectable in the right 

upper lobe pneumonia (arrow), but the degree of artifacts 
and noise is higher in comparison to the HASTE sequence. 
(e) Coronal true FISP. The vessels are clearly detectable 
(short arrows). So this sequence can be an alternative to 
the contrast-enhanced FLASH to delineated adjacent vas-
culature. The pneumonia itself is not better appreciable in 
comparison to the HASTE and contrast- enhanced FLASH
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from malignant lesions is limited. This is espe-
cially true for the differentiation of pneumonia- 
like mucinous adenocarcinoma and infectious 
pneumonia. This type of carcinoma has a rising 
incidence and carries a poor prognosis. Because 
of the similarities to pneumonia at radiography 
and CT, the correct diagnosis is often performed 
with delay. Gaeta et al. found out that water- 
sensitive sequences (axial HASTE and coronal 
RARE) can add substantial information. In this 
study, the correct diagnoses of mucinous adeno-
carcinomas and pneumonia on CT images were 
possible in 74% and 73% for reader 1 and 65% 
and 80% reader 2, whereas both readers could 
make the correct diagnosis in 100% of cases with 
the aid of these two MR sequences. The most 
important finding was the so-called white lung 
sign, which is positive due to the high intratu-
moral content of mucin, but is negative in pneu-
monia (Gaeta et al. 2011).

An important topic is the use of MRI in 
young patients. It is known from a study of 
Pearce et al. (2012) that MDCT, which can 
deliver a cumulative radiation dose of approxi-
mately 50 mGy, may triple the risk of develop-
ment of leukemia and that doses of approximately 
60 mGy may triple the risk of brain cancer in 
children. So a major advantage of MRI is the 
lack of ionizing radiation. But therefore it is 
necessary to make confident diagnoses on MR 
images. Gorkem et al. could demonstrate that 
with contrast- enhanced MDCT findings as the 
reference standard, unenhanced MRI with fast-
imaging-sequences accurately depicted 94% 

lung abnormalities (consolidation, cystic hyda-
tid disease, bronchiectasis, lung masses and 
nodules), 100% mediastinal masses, 100% pleu-
ral effusions, and 100% chest wall masses. The 
two undiagnosed findings with MRI were mild 
bronchiectasis and small pulmonary nodule 
(3 mm). Taking these results into account, the 
authors concluded that unenhanced MRI can be 
the first- line cross-sectional imaging in lieu of 
contrast- enhanced MDCT. This seems particu-
larly true for pediatric patients who need multi-
ple imaging studies for monitoring diseases 
(Gorkem et al. 2013).

In addition, Wielpütz et al. focused on a par-
ticular disease in the pediatric and adolescent 
group, the cystic fibrosis (CF). Demirkazik et al. 
(2001) found out that MDCT is more sensitive 
than chest radiograph in delineating the 
CF-associated pulmonary alterations. In recent 
development, MRI is increasingly replacing 
MDCT as the technique for diagnosing compli-
cations or monitoring the disease (Wielpütz et al. 
2013). MRI shows the typical changes of bron-
chiectasis, wall thickening, mucus plugging, and 
infiltrates (“plus pathologies” on MRI) sensi-
tively and with comparable clinical relevance 
compared to MDCT (Puderbach et al. 2007). 
Furthermore, MR perfusion imaging making use 
of hypoxic pulmonary vasoconstriction (Euler- 
Liljestrand reflex) shows potentially reversible 
perfusion and ventilation impairment. At present, 
MRI is being used for the first time in a German 
multicenter study in the framework of the neona-
tal cystic fibrosis screening program, providing a 
secondary surrogate endpoint for preventive 
treatment strategies (Wielpütz et al. 2014).

Despite further developments in MR imaging, 
CT outnumbers MRI in pulmonary imaging by 
far. Explanations are manifold like higher resolu-
tion, shorter scan times, availability, patient access 
during examination, and of course economic fac-
tors. Reducing artifacts, receiving more signal, 
and observing a higher degree of anatomical infor-
mation will result in longer examination times 
which on the other hand is limited by the time the 
patient is able to stop breathing. Therefore, free 
breathing would be necessary which may lead to 
respiratory and blurring artifacts.

e

Fig. 8 (continued)
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To overcome this problem, Völker et al. 
(2015) published a feasibility study using a ver-
satile multishot radial TSE sequence under free 
breathing with modified golden-ratio-based reor-
dering designed to prevent coherent streaking. 
They investigated healthy volunteers and patients 
with lung cancer and pneumonia, while the data 
were acquired during free respiration in a 90-s 
scan time. In conclusion, the authors found that 
this radial TSE sequence in combination with a 
modified golden-ratio-based reordering offers 
improved robustness towards motion. This allows 
for longer scan times over several respiratory 
cycles, thereby improving the SNR and facilitat-
ing high-quality morphological lung MRI which 
may help to improve the diagnosis of subtle dis-
ease. Restrictively, the performance with regard 
to making the diagnosis of pneumonia or lung 
cancer earlier, or with more confidence, was not 
evaluated in this study. Here further work is 
necessary.
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 Key Points

Imaging is important in the differential 
diagnosis as well as in the assessment of 
functional constraints and therapy response 
in interstitial lung disease. Imaging has to 
address three main topics: (1) visualization 
and recognition of morphological changes 
and their patterns; (2) assessment of pulmo-
nary function, i.e., restrictive ventilatory 
impairment, reduction of perfusion, and gas 
exchange; and (3) assessment of inflamma-
tory activity. MRI is capable to provide 
image-based answers to all three topics. 
Typical patterns, such as reticular and retic-
ulonodular changes, ground glass, consoli-
dation, and honeycombing, are easily 
visualized. Functional imaging using con-
trast-enhanced perfusion MRI and ventila-
tion MRI with hyperpolarized gases or 
oxygen is available for the assessment of 
restrictive constraints. Routine contrast-
enhanced MRI allows estimating inflamma-
tory activity in different types of interstitial 
lung disease which is a clear advantage over 
CT which has limitations in this regard.
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1  Introduction

The use of MRI in the assessment of interstitial 
lung diseases (ILD) has been limited by the low 
proton density of the lungs, resulting in low signal-
to-noise ratios, and signal loss due to respiratory 
and cardiac motion artifacts as well as susceptibil-
ity artifacts due to air-tissue interfaces (Kauczor 
and Kreitner 1999). These restrictions lead to a 
much lower spatial resolution compared to thin-
section CT which, with its supreme ability to 
reflect the macroscopic pathologic abnormalities 
in ILD, remains the mainstay for diagnosis and 
differential diagnosis of these disorders. However, 
evidence suggests that MRI may play a role in the 
assessment of disease activity in ILD, and recent 
technological refinements have led to a consider-
able improvement of MRI image quality, which 
may enable the use of MRI in selected patients 
with ILD. This chapter reviews reports on the 
application of MRI to different ILD and considers 
potential future applications for morphological 
and functional MRI imaging in patients with ILD.

2  Role of MRI for Morphologic 
Imaging in ILD

Since the beginning of the 1990s, a number of stud-
ies have addressed the use of MRI for depiction of 
morphologic changes in patients with ILD. Primack 
et al. (1994) investigated five patients with idiopathic 
pulmonary fibrosis, three patients with hypersensi-
tivity pneumonitis, four patients with sarcoidosis, 
and ten patients with miscellaneous infiltrative lung 
diseases and recorded the predominant patterns of 
abnormality seen on proton-weighted and 
T1-weighted MRI (parenchymal opacification with 
or without reticulation, a reticular pattern, nodular-
ity, and interlobular septal thickening). The authors 
found that the MRI patterns correlated well with 
pathologic features seen on lung biopsy: the major-
ity of patients with parenchymal opacification 
showed active inflammation on biopsy, whereas in a 
minority of patients parenchymal opacification rep-
resented fibrosis. Thus, MRI can depict treatable 
disease with reasonably high sensitivity (Kauczor 
and Kreitner 1999; Primack et al. 1994). Architectural 
distortion in patients with fibrosis was also depicted 
on MRI. All patients with reticulation showed fibro-

sis on biopsy, and nodularity was found in patients 
with sarcoidosis. Interlobular septal thickening, 
however, was seen in patients with lymphangitic car-
cinomatosis and Churg-Strauss syndrome, respec-
tively (Primack et al. 1994).

Another study compared the value of proton-
weighted and T1-weighted MRI compared to that of 
thin-section CT in the assessment of chronic infiltra-
tive lung diseases and found that in the majority of 
the patients gross assessment of morphologic 
changes and distribution of disease was feasible 
(Müller et al. 1992). In that study, nine patients with 
usual interstitial pneumonia, six patients with sar-
coidosis, four patients with hypersensitivity pneumo-
nitis, and six patients with miscellaneous diseases 
were included. The authors found that MRI was infe-
rior to CT in demonstrating mild fibrosis, and also 
inferior in the anatomic assessment of the pulmonary 
parenchyma. However, MRI was comparable to CT 
in the assessment of air-space opacification, and 
proved to be a suitable tool for longitudinal studies: 
In six patients, follow-up scans were obtained with 
both MRI and CT and revealed equal degrees of air-
space opacification over time (Müller et al. 1992).

A number of studies have also focused on the 
differentiation of the active (alveolitic) and inactive 
(fibrotic) stages of ILD. In an early study, 
McFadden et al. (1987) studied patients with inter-
stitial lung disease and found that signal intensity 
on MRI correlated with disease severity and 
response to treatment, as a decrease in signal inten-
sity could be observed on follow-up in some 
patients. Further evidence that MRI is a suitable 
tool for the assessment of disease activity comes 
from experimental studies. Kersjes et al. (1999) 
investigated rabbits with bleomycin-induced lung 
damage and correlated MRI findings with histopa-
thology. They demonstrated that lesions in the 
alveolitic phase displayed high pre- and post-con-
trast signal intensity on T1-weighted and also on 
T2-weighted images, whereas with  progressive 
fibrosis the signal intensity and contrast enhance-
ment showed a marked decrease. In detail, the 
authors observed a marked increase in signal inten-
sity on T1- and T2-weighted images after instilla-
tion of bleomycin, corresponding to interstitial and 
alveolar pulmonary edema (acute alveolitis). 
Fourteen days later, the progressive fibrotic 
transformation of the pulmonary parenchyma was 
paralleled by a decrease in signal intensity on both 
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T1- and T2-weighted images (Kersjes et al. 1999). 
Vinitski et al. (1986) who chose a similar experi-
mental approach in rats demonstrated a close cor-
relation between signal intensities at different 
stages of the disease and lung water content. Other 
studies, however, failed to show differentiation of 
acute and chronic changes in ILD by calculating 
T1 and T2 proton relaxation times (Shioya et al. 
1990; Taylor et al. 1987). In another experimental 
study, macromolecular contrast agents could be 
shown to improve further differentiation between 
alveolitis and pulmonary fibrosis (Berthezene et al. 
1992). In the early alveolitic phase after bronchial 
instillation of cadmium chloride, rats demonstrated 
a gradually increasing contrast enhancement over 
45 min, indicating leakage of the contrast agent 
into the extravascular space. By contrast, in the 
fibrotic phase markedly lower enhancement was 
observed and attributed to a decrease in plasma vol-
ume in the fibrotic lung (Berthezene et al. 1992).

The time course demonstrated in bleomycin-
induced lung damage is comparable to radiation 
pneumonitis (Kauczor and Kreitner 1999). 
Preliminary clinical studies have addressed the 
value of MRI in the assessment of radiation-
induced fibrosis and differentiation of fibrosis from 
recurrent disease. Early on, Glazer et al. (1984) 
investigated 21 patients who had undergone radio-
therapy and compared the findings with 15 patients 
with untreated tumors. T2-weighted images proved 
suitable for differentiation of fibrosis and tumor, as 
radiation fibrosis showed low signal intensity on 
both T1- and T2-weighted images, whereas the sig-
nal intensity of untreated tumor was much higher. 
In another study, the surrounding pulmonary paren-
chyma in patients receiving radiotherapy for lung 
cancer displayed a steady increase in signal inten-
sity on T1- and T2-weighted images over several 
months, followed by a decrease in signal intensity 
(Yankelevitz et al. 1994).

The following paragraphs review the MRI 
appearance of the most important interstitial lung 
diseases.

3  Sarcoidosis

Sarcoidosis is a systemic disorder characterized by 
the presence of non-caseating granulomas, which 
may resolve spontaneously or progress to fibrosis 

(Colby and Carrington 1994). As many as 90% of 
patients show pulmonary manifestations (Webb 
2001). Pathologically, granulomas are found in a 
perilymphatic or lymphatic distribution and display 
a center of histiocytes, surrounded by lymphocytes 
and mononuclear cells (Colby and Carrington 1994). 
The intervening lung parenchyma is normal.

Granulomatous disease is closely mirrored by 
high-resolution CT (HRCT), which is the method of 
choice for assessment of patients with sarcoidosis 
(Webb 2001). The most characteristic abnormality 
consists of small pulmonary nodules in a perilym-
phatic or peribronchovascular distribution. These 
nodules are usually well defined. Furthermore, nod-
ules show a predilection for the fissures, the subpleu-
ral parenchyma, and the center of the secondary 
pulmonary lobule. Their size normally does not 
exceed a few millimeters; however, nodules may 
coalesce forming larger opacities 1–4 cm in diameter 
or confluent masses surrounded by confluent small 
nodules (Grenier et al. 1991). Upper lobe predomi-
nance is a frequent finding, but not invariably present. 
The characteristic location of the granulomas often 
causes smooth or nodular peribronchovascular inter-
stitial thickening. Furthermore, nodules are seen 
along the interlobular septa, causing irregular or nod-
ular interlobular septal thickening which is a com-
mon albeit minor feature in patients with sarcoidosis. 
Patchy areas of ground glass opacity result from 
interstitial disease rather than alveolitis (Leung et al. 
1993). Airway involvement is common and com-
monly presents as bronchial wall thickening (often 
indistinguishable from peribronchovascular thicken-
ing) and bronchial luminal abnormalities (Webb 
2001; Dawson and Müller 1990; Miller et al. 1995).

The MRI appearance of sarcoidosis was 
reported in previous studies. As early as in 1988, 
Craig et al. (1988) investigated nine patients with 
pulmonary sarcoidosis and compared the findings 
with chest radiographs. In that study, MRI detected 
hilar and mediastinal lymphadenopathy as well as 
coalescent parenchymal disease but failed to show 
widespread interstitial disease. A more meaningful 
comparison of MRI and HRCT features was per-
formed in other studies in a total of ten patients. In 
the study by Primack et al. (1994), MRI findings in 
sarcoidosis included parenchymal opacification, 
peribronchovascular thickening and nodularity, as 
well as parenchymal opacification with mild archi-
tectural distortion (Fig. 1). They could show that 
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Fig. 1 (a–d) A 26-year-old male patient with sarcoidosis. (a) 
Post-contrast T1-weighted 3D FLASH coronal image dis-
plays peribronchovascular thickening (arrow) and nodularity 
(arrowheads). Note mediastinal lymphadenopathy. (b) 
IR-HASTE (inversion recovery half-Fourier acquisition sin-
gle-shot turbo spin-echo) coronal image shows areas of con-
solidation (arrows). (c) Pre- (A–C) and post-contrast (D–F) 

T1-weighted VIBE (volumetric interpolated breath-hold 
examination) axial images show vivid contrast enhancement 
of the larger nodular lesions in the right upper lobe and the 
diffuse nodularity in the left upper lobe. (d) Post-contrast 
T1-weighted 3D FLASH coronal images (a: before initiation 
of steroid therapy, b: 8 weeks later) show regression of the 
parenchymal manifestations of sarcoidosis
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parenchymal opacification reflected the presence 
of non-caseating granulomas on open lung biopsy. 
Peribronchovascular nodularity was seen in four of 
five patients; MRI appearances in the remaining 
patient were normal. Müller et al. (1992) reported 
ground-glass opacities in a patient with sarcoidosis 
which improved on follow-up, whereas another 
patient with sarcoidosis showed no appreciable 
change. Gaeta et al. (2000) focused on the disease 
activity in chronic infiltrative lung disease and eval-
uated ten patients with sarcoidosis. They found that 
unenhancing lesions at contrast-enhanced MRI 
could be confidently considered as inactive disease. 
More recently, Chung et al. (2013) evaluated the 
agreement between the imaging appearance of pul-
monary sarcoidosis on MRI and CT in 29 patients 
using a visual scoring method on a lobar basis. The 
authors found substantial correlation and agree-
ment between total disease scoring on the two 
imaging modalities. The mediastinal and hilar 
lymph node appearance and involvement in sar-
coidosis have also been investigated with MRI. A 
typical MRI appearance of a peripheral hyperinten-
sity together with central low signal intensity (the 
so-called dark lymph node sign) was recently 
described by Chung et al. (2014) in approximately 
50% of patients with sarcoidosis (25/51) on both 
contrast-enhanced T1-weighted (VIBE) and fat-
suppressed T2-weigheted (BLADE) sequences. 
Gümüştaş et al. (2013) assessed 27 patients with 
mediastinal and hilar lymph nodes and reported 
that, based on the value of apparent diffusion coef-
ficient, diffusion-weighted MRI may add to the dif-
ferentiation of lymphoma from sarcoidosis. 

Because MRI is the modality of choice for imaging 
of patients with suspected cardiac sarcoidosis, and 
cardiac and lung involvement in sarcoidosis may 
be concurrent, MRI has been recently proposed as 
a comprehensive imaging modality for cardiopul-
monary assessment of sarcoidosis (Kouranos et al. 
2015). Taken together, despite its lower spatial 
resolution compared to HRCT, MRI can depict car-
dinal features of pulmonary sarcoidosis such as 
nodularity, peribronchovascular thickening, as well 
as confluent masses. Furthermore, lesions in sar-
coidosis usually show vivid contrast enhancement 
in MRI (Fig. 1), and it is therefore conceivable that 
MRI may play a role in staging disease activity in 
patients with sarcoidosis and in longitudinal stud-
ies of younger patients (Fig. 1), particularly when 
its lack of ionizing radiation is considered.

4  Idiopathic Interstitial 
Pneumonias

Idiopathic interstitial pneumonias (IP) form a 
heterogeneous group of interstitial lung diseases. 
In 2013, the American Thoracic Society and 
European Respiratory Society have regrouped 
idiopathic IP into five categories: (1) chronic 
fibrosing IP, which includes the morphologic pat-
tern of usual IP (idiopathic pulmonary fibrosis) 
and nonspecific IP (idiopathic NSIP); (2) smok-
ing-related IP, which includes the desquamative 
IP pattern (desquamative IP) and respiratory 
bronchiolitis (respiratory bronchiolitis ILD); (3) 
acute/subacute IP, which includes the organiz-

d
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ing pneumonia pattern (cryptogenic organizing 
pneumonia) and diffuse alveolar damage (acute 
IP); (4) rare entities, which include lymphoid IP 
(idiopathic LIP) and pleuroparenchymal fibro-
elastosis (idiopathic pleuroparenchymal fibro-
elastosis); and (5) unclassifiable idiopathic IP 
(ATS/ERS 2000; ATS/ERS/JRS/ALAT 2011).

UIP is the most common type of idiopathic 
interstitial pneumonia (McAdams et al. 1996). 
Histopathologically, it shows a heterogeneous 
pattern of normal and inflammatory lung, fibro-
blastic foci, interstitial fibrosis, and honeycomb-
ing. This “temporal heterogeneity” is a 
characteristic feature (Katzenstein and Myers 
1998; Kadota et al. 1995). Fibrosis and honey-
combing in UIP display a striking basal and sub-
pleural predominance. UIP is the most common 
histopathological pattern in patients with the 
clinical picture of idiopathic pulmonary fibrosis 
(IPF); however, it may also occur secondary to 
environmental or drug exposure, radiation, or in 
association with collagen-vascular diseases 
(Colby and Carrington 1994).

On HRCT, UIP/IPF is characterized by the pres-
ence of irregular reticular abnormalities reflecting 
fibrosis (Webb et al. 1988). The most important 
HRCT features are honeycombing and intralobular 
septal thickening (Webb et al. 1988). These find-
ings indicate progressive disease and a poor prog-
nosis (Wells et al. 1993; Terriff et al. 1992). 
Ground-glass opacities are less conspicuous find-
ings and, if present, may indicate the presence of 
active inflammation or, alternatively, may reflect 
very fine fibrosis beyond the spatial resolution of 
HRCT (Leung et al. 1993). Honeycombing refers 
to thick-walled, wall-sharing cysts which are usu-
ally 2–20 mm in diameter, and which occur in lay-
ers in a subpleural location. Differentiation from 
traction bronchiolectasis is not always straightfor-
ward. Intralobular septal thickening results in a fine 
reticular pattern and is often associated with trac-
tion bronchiolectasis (Webb et al. 1988). Irregular 
interfaces between the pulmonary parenchyma and 
vasculature result from thickening of the intralobu-
lar interstitium. If fibrosis is severe, larger bronchi 
become dilated and distorted, a finding referred to 
as traction bronchiectasis.

The major HRCT features in patients with 
UIP/IPF are also depicted with MRI (Fig. 2). 

Primack et al. (1994) investigated five patients 
with IPF using MRI and reported peripheral 
reticulation with or without areas of parenchy-
mal opacification, dense reticulation, or archi-
tectural distortion. Peripheral reticulation was 
identified in all patients and reflected fibrosis on 
biopsy. If reticulation occurred in association 
with parenchymal opacification, biopsy demon-
strated both fibrosis and active alveolitis 
(Primack et al. 1994). Müller et al. (1992) 
showed that at that time, MRI was slightly infe-
rior to HRCT in the depiction of fibrosis and 
honeycombing: of 15 patients with reticulation 
on CT, 13 and 12 showed abnormalities on 
T1-weighted and proton density-weighted MRI, 
respectively. Furthermore, of ten patients with 
the HRCT finding of honeycombing, nine and 
six patients displayed honeycombing on 
T1-weighted and proton density-weighted MRI 
(Müller et al. 1992). The relative inferiority of 
conventional MRI techniques compared to 
HRCT in the assessment of morphologic 
changes of UIP was also confirmed by King 
et al. (1996).

More recently, Buzan et al. (2015) and 
Mirsadraee et al. (2016) have investigated relax-
ation features of lung abnormalities in patients 
with UIP/IPF. By using multi-echo turbo SE 
sequence for T2 mapping (Buzan et al. 2015) 
and a lock-locker inversion-recovery sequence 
for T1 mapping (Mirsadraee et al. 2016), these 
authors were able to image the relaxation times 
of the entire lung in patients with lung fibrosis. 
The interest of using relaxation MRI for charac-
terization of ILD is that the relaxation maps 
may improve the differentiation of patterns of 
lung changes which might represent precursors 
to lung fibrosis, and provide a quantitative 
method for monitoring of progression of the dis-
ease and its response to treatment.

In conclusion, fibrotic changes of UIP/IPF can 
be easily depicted by modern MRI scanners 
especially after gadolinium contrast injection, 
whereas all conventional techniques are less reli-
able for the assessment of mild interstitial disease 
and in particular of ground-glass opacities. 
Validation of quantitate methods that assess T1 
and T2 relaxation times of the lung is still 
required for clinical applicability.
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5  Collagen-Vascular Diseases

Interstitial lung disease is a common feature in 
patients with underlying collagen-vascular disor-
ders (CVD). As CVD are sharing common imag-
ing features, the MRI appearances of interstitial 
lung disease associated with rheumatoid arthritis, 
scleroderma, and systemic lupus erythematosus 
are summarized at the end of this paragraph after 
a brief introduction of the different entities.

5.1  Rheumatoid Arthritis

Rheumatoid arthritis is a chronic inflammatory 
autoimmune disorder which is commonly associ-
ated with thoracic disease, e.g., interstitial fibro-

sis, necrobiotic nodules, pleural disease, 
bronchiectasis, and obliterative bronchiolitis 
(Remy-Jardin et al. 1994; Perez et al. 1998). The 
prevalence of radiologically evident interstitial 
lung disease is around 10%, with the most com-
mon histopathologic pattern being UIP. A small 
percentage of patients, however, have findings of 
NSIP on lung biopsy (Katzenstein and Fiorelli 
1994). In a study by Remy-Jardin et al. (1994), 
HRCT findings of fibrosis (with or without hon-
eycombing) were seen in 10% of patients. 
Ground-glass opacities were found in 14%. 
Bronchial abnormalities including bronchiectasis 
were present in 21% of patients, consolidation in 
6%, lymphadenopathy in 9%, and pleural disease 
in 16%. Another frequent finding was predomi-
nantly subpleural nodularity (22%).

a b

c d

Fig. 2 (a–d) A 74-year-old female patient with usual 
interstitial pneumonia associated with rheumatoid arthri-
tis. (a) Post-contrast T1-weighted 3D FLASH axial image 
displays a reticular pattern with extensive traction bron-
chiectasis/bronchiolectasis (arrowheads). (b) Post-
contrast T1-weighted 3D FLASH coronal image depicts 
typical basal and subpleural predominance of the findings. 

(c) Post-contrast T1-weighted 3D FLASH coronal image 
shows extensive architectural distortion in the dorsal parts 
of the lungs. (d) Post-contrast T1-weighted 3D FLASH 
axial image indicating typical fibrotic changes in a patient 
with IPF. Note the extensive reticulation and architectural 
distortion predominant in the subpleural regions of the 
lung
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5.2  Progressive Systemic Sclerosis 
(Scleroderma)

Progressive systemic sclerosis is an autoimmune 
disorder characterized by excessive amounts of 
collagen fibers in different organs. The vast 
majority of patients with progressive systemic 
sclerosis (PSS) show some degree of interstitial 
fibrosis, although pulmonary function tests are 
frequently normal (Taorimina 1981; Arroliga 
et al. 1992). PSS is commonly associated with a 
pattern of NSIP, pulmonary vasculitis, and 
 pulmonary hypertension. HRCT findings include 
honeycombing, reticulation, ground-glass opaci-
ties, and subpleural predominance (Webb et al. 
1988). In a recent study, CT features of lung dis-
ease in PSS were compared with IPF and NSIP 
(Desai et al. 2004). In PSS, interstitial lung dis-
ease was shown to be less extensive, less coarse, 
and characterized by a greater proportion of 
ground-glass opacification than that in patients 
with IPF. CT features closely resembled those in 
patients with idiopathic NSIP (Desai et al. 2004). 
Other findings in patients with PSS include 
esophageal dilatation, diffuse pleural thickening, 
and mediastinal lymphadenopathy.

5.3  Systemic Lupus 
Erythematosus

Systemic lupus erythematosus (SLE) is a multi-
systemic autoimmune disorder associated with 
increased serum antinuclear antibodies. It is com-
monly associated with pleuropulmonary abnor-
malities. Up to 85% of autopsy cases show 
pleuritis or pleural fibrosis, and pleural effusion 
is a common feature on chest radiographs of 
patients with SLE (Wiedemann and Matthay 
1992). Pulmonary complications in SLE are 
common and include pneumonia, lupus pneumo-
nitis, and pulmonary hemorrhage (Kim et al. 
2000). Organizing pneumonia and pulmonary 
fibrosis may occur in patients with SLE (Gammon 
et al. 1992).

HRCT shows findings of fibrosis, albeit less 
frequently than in patients with IPF, rheumatoid 
arthritis, or PSS. Other abnormalities include 
ground-glass opacities, pulmonary nodules, 
bronchiectasis or bronchial wall thickening, and 
pleural disease (Bankier et al. 1995). The inci-
dence of pulmonary fibrosis is estimated to be 
30–35% (Bankier et al. 1995; Fenlon et al. 1996; 
Sant et al. 1997). Frequent findings are inter-
lobular or intralobular septal thickening (33%), 
and architectural distortion (88%) (Bankier 
et al. 1995). Honeycombing is uncommon. The 
findings of ground-glass opacification and con-
solidation may be caused by pneumonia, lupus 
pneumonitis, or pulmonary hemorrhage, and 
may also occur in organizing pneumonia 
(Primack et al. 1994). Airway abnormalities 
occur in 18–20% and pleuropericardial disease 
in 15–17% of patients (Fenlon et al. 1996; Sant 
et al. 1997).

There are currently no systematic data avail-
able on the use of MRI in patients with ILD 
associated with collagen-vascular diseases. 
From our experience, morphological features 
such as fibrosis with architectural distortion or 
honeycombing, as well as ground-glass opaci-
ties, can easily be depicted with MRI (Figs. 3, 4 
and 5), whereas subtle fibrosis may go undiag-
nosed. Architectural distortion, consolidation, 
nodularity, and interlobular septal thickening 
are other abnormalities which can reliably be 
seen by MRI. In addition, findings pointing to 
the underlying disorder such as esophageal dila-
tation in PSS or pleuropulmonary disease in 
SLE are readily depicted. Interestingly, ground-
glass opacities in collagen-vascular disorders 
may show intense contrast enhancement, and it 
is presumed albeit not proven that in this case an 
active inflammatory process, i.e., alveolitis, is 
the underlying pathology. In this context, it is 
conceivable that contrast-enhanced MRI may 
play a role in longitudinal studies investigating 
new therapeutic regimens, as differentiation 
between inflammation and fibrosis may be 
facilitated.
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a b

Fig. 3 A 61-year-old male patient with interstitial lung 
disease associated with rheumatoid arthritis, with MR 
findings suggestive of nonspecific interstitial pneumonia. 
Post-contrast T1-weighted 3D FLASH axial images 

depict subpleural ground-glass opacification with reticu-
lation in the apical lower lobes (a) as well as extensive 
fibrosis with no evident honeycombing in the dorsobasal 
parts of the lungs (b)

a b

Fig. 4 A 70-year-old female patient with interstitial lung 
disease associated with systemic lupus erythematosus. 
Pre-contrast (a) and post-contrast (b) T1-weighted 3D 

FLASH axial images display bilateral subpleural and 
basal dense fibrosis with substantial contrast 
enhancement
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6  Miscellaneous Interstitial 
Lung Diseases

Progressive massive fibrosis (PMF) in coal work-
er’s pneumoconiosis was studied in 12 patients 
using MRI. The majority of lesions were isoin-
tense to skeletal muscle on T1-weighted images 
with post-contrast enhancement. On T2-weighted 
images, signal intensity was low, with central 
high signal intensity corresponding to necrosis 
(Matsumoto et al. 1998).

In Wegener’s granulomatosis, pulmonary nod-
ules are depicted with MRI and may show post-
contrast enhancement (Kalaitzoglou et al. 1998). 
MRI in patients with asbestosis may show round 
atelectasis and interstitial fibrosis, along with 
pleural plaques which appear hyperintense on 
T1- and T2-weighted images and do not enhance 
(Bekkelund et al. 1998).

7  MR Strategies to Investigate 
Lung Function in ILD

The assessment of lung function is critically 
important for the diagnosis and management of 
ILD patients. ILDs include a wide spectrum of 
pathologic entities which often manifest with 
overlapping clinicoradiologic patterns (ATS/
ERS 2002; Wells and Hogaboam 2007; ATS/
ERS/JRS/ALAT 2011). At the presentation of 
the disease, the diagnosis is difficult and usually 
requires careful analysis of clinical and HRCT 
data, and the knowledge of the type of functional 
impairment of the lung. Invasive procedures, 
such as lung biopsy with video-assisted thoracic 
surgery (VATS), may also be needed, primarily 
to exclude the unfavorable occurrence of IPF/
UIP pattern (Hunninghake et al. 2001). Biopsy 
specimens can also provide valuable information 

a b

c d

Fig. 5 A 68-year-old female patient with interstitial lung 
disease associated with progressive systemic sclerosis 
(scleroderma). Pre- (a, b) and post-contrast (c, d) 

T1-weighted 3D FLASH axial images show a subpleural 
and basal reticular pattern with architectural distortion sug-
gestive of frank fibrosis with vivid contrast enhancement
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on the disease activity. However the procedure is 
associated with known issues. Mortality and 
complication rates for lung biopsy in ILD 
patients have been reported, with complications 
being more frequent in patients dependent on 
oxygen and having pulmonary hypertension 
(Kreider et al. 2007). An experienced patholo-
gist is required for the assessment of the biopsy 
specimens. Inconclusive results may also be pos-
sible when the distribution of the disease is 
highly heterogeneous (Wells and Hogaboam 
2007). Therefore, the decision of performing 
lung biopsy for the diagnosis of ILD is largely 
dependent on the clinical condition of the patient. 
In particular, when the patient is old and has 
numerous comorbidities that may significantly 
outweigh the risk of complications against the 
benefit of obtaining histological samplings, the 
diagnosis and prognosis of the disease are deter-
mined clinically by serial monitoring of lung 
function and follow-up HRCT examinations.

Lung function is commonly evaluated with a 
broad range of techniques, known as pulmonary 
function tests (PFTs). PFTs of static lung vol-
umes, gas diffusion, arterial blood gas analysis, 
and exercise capacity are typically assessed in 
ILD patients (Chetta et al. 2004). Some general 
limitations of these tests include a degree of vari-
ability of the results and the need of patient coop-
eration (Ulmer et al. 1993). The standardized 
technique and relatively inexpensive equipment 
required for testing ensure large clinical applica-
bility for studying the ventilatory and gas 
exchange abnormalities of ILD.

The ventilatory defect in ILD is a consequence 
of several mechanisms, such as loss of lung vol-
ume, reduction in alveolar distensibility and/or 
size, and increased surface tension caused by sur-
factant alterations (Gibson and Pride 1977; 
Knudson and Kaltenborn 1981; Thompson and 
Colebatch 1989; McCormack et al. 1991). These 
pathophysiologic changes cause a global impair-
ment of lung mechanics that is known as restric-
tive ventilatory pattern. At rest, ventilation is 
characterized by rapid breathing frequency to 
compensate the small tidal volumes and the 
reduced alveolar distensibility. Static lung 
 volumes are not uniformly altered. Possibly as a 
consequence of premature closure of small air-

ways caused by peribronchial fibrosis or cystic 
modification of the lung, functional residual 
capacity (FRC) and residual volume (RV) are 
less decreased than vital capacity (VC). Total 
lung capacity (TLC) is therefore less reduced 
than VC. The RV/TLC ratio may be greater than 
normal. Because large airways are usually patent, 
dynamic lung volumes and particularly volume-
corrected indices of airflow (forced expiratory 
volume in 1 s to VC, FEV1/VC) are normal or 
greater than normal.

The impairment of gas exchange depends on 
both ventilation/perfusion mismatch and alveolar-
capillary damage. Gas diffusion through the alve-
olar-capillary barrier is estimated with high 
sensitivity from the diffusing capacity for carbon 
monoxide (DLCO) (Chetta et al. 2004; Gross and 
Hunninghake 2001). However, the DLCO decrease 
reflects partly the poor distribution of inspired gas 
and reduced lung volumes also. Using the carbon 
monoxide transfer coefficient (KCO is not depen-
dent from the lung volume) the diffusing abnor-
mality is assessed even more accurately (Hughes 
2003). Oxygen desaturation is possible at resting, 
but it is more evident during exercise. Because of 
the ventilatory and gas exchange abnormalities, 
and concurrent cardiac dysfunction, the overall 
exercise tolerance is markedly reduced.

The PFTs alterations in ILD are typical but 
rather unspecific. They more likely express a gen-
eral dysfunctional pattern of the lung that occurs 
in different pathological conditions evolving 
towards fibrosis. In serial functional monitoring 
of ILD patients, the PFTs show variable accuracy 
as prognostic factors. The capability to predict 
patient survival depends on the form of ILD. In 
sarcoidosis, for instance, the use of pulmonary 
function testing to predict the course of the dis-
ease is controversial (Chetta et al. 2004). In exper-
imental treatment studies, the assessment of 
therapeutic effects on the sole basis of functional 
monitoring with PFTs is also difficult (Wells and 
Hogaboam 2007). Considering that conventional 
therapies for ILDs are associated with significant 
risks, the research of new  diagnostic strategies to 
assess lung function is largely needed for both 
patient management and treatment control. 
Recently introduced treatment schemes based on 
antifibrotic agent (i.e.: pirfenidone) that appear to 
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slow the progression of IPF in patients with mild-
to-moderate disease and have a possible mortality 
benefit might also require a more effective ther-
apy control method than that based on PFTs.

Despite the technical issues that in the past 
have limited the clinical application of lung MRI, 
the potential of this imaging modality in assessing 
pulmonary function has been widely investigated. 
Along with the obvious advantage of providing 
information on regional morphology with a radia-
tion-free diagnostic tool, the most attractive fea-
ture of lung imaging with MR consists in its 
flexibility to combine different data acquisition 
techniques with the use of new classes of contrast 
agents. Of particular interest in recent years has 
been the introduction of inhalatory paramagnetic 
contrast media, such as hyperpolarized gases and 
molecular oxygen to explore lung ventilation and 
diffusion. Concurrently, time-resolved three-
dimensional visualization of the lung parenchyma 
during intravenous administration of gadolinium-
based contrast agents has been established as a 
clinical tool to assess  pulmonary perfusion. Since 
technical improvements in MR systems have 
largely reduced data acquisition times, imaging 
protocols that include morphologic and functional 
assessment of the lung are recently accessible for 
clinical application (Puderbach et al. 2007). To 
date, few studies have explored the potential of 
MRI to investigate lung function in ILD patients. 
In the following paragraphs the MR techniques 
that have been investigated for the assessment of 
lung function in ILD patients will be addressed.

8  Imaging of Lung Function 
with Hyperpolarized Gases

The use of exogenous inhalatory contrast agents in 
lung MRI was first demonstrated in the mid-1990s 
with the introduction of hyperpolarized or laser-
polarized noble gasses, such as xenon-129 (Xe) and 
helium-3 (He) (Albert et al. 1994; Middleton et al. 
1995; MacFall et al. 1996; Black et al. 1996; Kauczor 
et al. 1996). The polarization process, achieved by 
optical pumping, causes a nonequilibrium state in 
the nuclei of the gas which represents the source of 
the MR signal (Guenther et al. 2000). The gas inha-
lation allows for the direct assessment of the venti-

lated airways and pulmonary airspaces. In this 
setting the proton density of lung tissues (i.e., blood 
and interstitium) is neglected. A dedicated RF coil 
and an MR system adapted to the frequency of reso-
nance of the gas are required. The sequence design is 
based on gradient echo techniques. For a detailed 
description of the principles, design and practical 
implementation of the laser polarization techniques, 
and the setup for MR imaging of the lung with 
hyperpolarized gasses, the reader is referred to the 
reviews in the literature (Goodson 2002; Moller 
et al. 2002) and to other chapters of this book.

Although He-3 is less abundant in nature than 
Xe-129, its use has been preferred because of its 
larger gyromagnetic ratio and polarization levels 
(Kauczor et al. 2002). The images obtained from 
hyperpolarized He-3 MRI of the lung are gener-
ally characterized by excellent SNR and good 
spatial and temporal resolution. Additionally, 
He-3 is not absorbed by the lung and can be 
inhaled in relatively large quantities without sub-
stantial risks. Different strategies to explore lung 
function with hyperpolarized He-3 have been 
established (Kauczor et al. 2002). By simple 
visualization of lung areas that exhibit signal 
enhancement, ventilated lung tissue is demon-
strated (spin or gas density imaging). Other tech-
niques have also been developed including the 
calculation of ventilated lung volume, assess-
ment of the diffusion of gas molecules in the pul-
monary airspaces (diffusion-weighted imaging), 
dynamic ventilation imaging, and measurement 
of the alveolar pO2 (Kauczor et al. 2002).

Because lung function imaging with hyperpolar-
ized noble gases primarily allows for the depiction 
of airways and ventilated airspaces, it is not surpris-
ing that most of the studies focused on the applica-
tion of this diagnostic modality for COPD, asthma, 
and chronic bronchitis. Although reports on the use 
of hyperpolarized gases MRI are continuously 
emerging in the literature, those studies are mostly 
conducted in animal models and in experimental 
settings (Stephen et al. 2010; Cleveland et al. 2014). 
ILD patients have not been investigated systemati-
cally by hyperpolarized gas MRI (Kauczor et al. 
2001). All current literature available on the clinical 
application of this imaging tool to the study of lung 
fibrosis derives from few reports and results from 
patients that have been treated with single-lung 
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transplantation (Markstaller et al. 2002; Gast et al. 
2003, 2007; Zaporozhan et al. 2004, 2005; Bink 
et al. 2007). In these studies, the most typical altera-
tion reported was an inhomogeneous distribution of 
the signal generated by the gas in ventilated regions 
of the lung and of the ADC values calculated from 
diffusion imaging. These alterations have been 
interpreted as focal ventilatory defects caused by 
fibrotic obstruction of peripheral bronchi. These 
areas of heterogeneous signal contain information 
about ventilatory state as well as other parameters 
(i.e., time constants, compliance, and alveolar oxy-
gen concentration). Functional and clinical signifi-
cance of these findings is still to be investigated.

9  Imaging of Lung Function 
with Oxygen

Indirect assessment of lung function using molec-
ular oxygen as an inhaled contrast agent was first 
proposed by Edelman et al. (1996). Since then, 
the technical feasibility and clinical relevance of 
oxygen-enhanced MRI of the lung have been 
investigated in animals, healthy volunteers, and 
patients with various diseases. Because oxygen 
causes signal changes in the lung after diffusing 
through the alveolar-capillary barrier (Ohno et al. 
2002; Jakob et al. 2004), this technique is poten-
tially suitable for the functional assessment of 
pulmonary diseases that lead to an altered gas dif-
fusion. The physical characteristics of molecular 
O2 and the physiological basis that explain its 
paramagnetic effect in the lung are described in 
other chapters of this book. The following para-
graphs offer a survey on the research relevant for 
understanding the potential of oxygen-enhanced 
MRI in the functional evaluation of ILD.

To date, ILD patients have been investigated 
with oxygen ventilation imaging only in a limited 
number of studies. A correlation between the 
results of this technique and the DLCO was firstly 
assessed by Muller et al. (2002). In their study, 
either the SI slope calculated by imaging the lung 
during the wash-in phase of oxygen or the overall 
SI change from room air ventilation to the maxi-
mal oxygen enhancement correlated with 
DLCO. Similar results have been found also in 
another recent study conducted in patients with 

IPF and sarcoidosis (Molinari et al. 2007). From 
the analysis of the extent of the areas that showed 
oxygen enhancement in the lung, a semiquantita-
tive parameter was correlated with the tests that 
characterize the gas exchange impairment of 
ILD. A good correlation was found with the 
DLCO, KCO, arterial partial pressure, and satura-
tion of oxygen. The higher correlation was found 
between the results of oxygen-enhanced MRI and 
KCO. This is particularly interesting considering 
that, as mentioned above, KCO is generally 
regarded as more sensitive to the alteration of the 
alveolar-capillary gas exchange. In a more recent 
study, Ohno et al. (2014) compared oxygen-
enhanced MRI with thin-section CT for pulmo-
nary functional loss and disease severity 
assessment in 45 patients with connective tissue 
disease. The authors found that mean relative 
enhancement ratio after oxygen ventilation was 
significantly different between patients with inter-
stitial lung disease (36) and those without ILD 
(9). Moreover, mean relative enhancement ratio 
correlated with pulmonary function parameters 
and serum KL-6. These studies seem to confirm 
the possibility to obtain information from oxygen-
enhanced MRI that can be used clinically to pre-
dict the loss of lung function in ILD.

A quantitative model to assess the pulmonary 
gas exchange was also developed by Jakob and 
colleagues using multiple oxygen concentra-
tions and a T1 mapping procedure (Jakob et al. 
2001, 2004; Arnold et al. 2007). Based on the lin-
ear proportionality between the longitudinal 
 relaxivity of the lung (i.e., R1) and the local oxy-
gen concentration, the model allows for the calcu-
lation of an “oxygen transfer function” (OTF) 
which represents the slope of the plot of R1 versus 
O2 concentration. The OTF has been proposed as 
an indicator of the gas transfer ability of the lung. 
Although the study was conducted in a small 
group of patients with cystic fibrosis, the approach 
relies on general principles of lung physiology 
and it might be also considered for the evaluation 
of ILD. Research has to be conducted to confirm 
the clinical applicability of this quantitative 
method for oxygen-enhanced MRI of the lung. 
Additionally, other more general aspects of oxy-
gen ventilation imaging that might require further 
investigation have also been indicated (Jakob 
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et al. 2004). In particular, the amount of O2 physi-
cally dissolved in pulmonary blood is a function 
of the diffusing capacity of the lung, but also of 
the local ventilation-perfusion ratio (Jakob et al. 
2004). Hence, oxygen ventilation imaging should 
not be regarded as a direct surrogate test for the 
assessment of lung diffusion. The assessment of 
lung function with this technique in combination 
with perfusion MRI has been suggested.

10  MR Protocol for Clinical 
Imaging of the Lung in ILD

The technical requirements and basic MR 
sequences for imaging the lung at 1.5 T have been 
reviewed (Puderbach et al. 2007). A routine MRI 
protocol based on short echo times (TE) to coun-
teract the rapid signal decay of the lung and acqui-
sitions within single or multiple consecutive 
breath-holds has been proposed. The basic proto-
col comprises a localizer, a coronal T2-weighted 
single-shot half-Fourier turbo spin-echo sequence, 
a transversal T1-weighted three-dimensional (3D) 
gradient echo, a coronal steady-state free preces-
sion, and a transversal T2-weighted short-τ inver-
sion-recovery (STIR). An extension of this 
protocol includes a post-contrast transversal 
T1-weighted 3D gradient-echo sequence. With 
this approach the assessment of a variety of lung 
diseases including ILD is  feasible in a reasonable 
time (approximately 20 min).

The infiltrative processes and fibrotic changes 
which represent the common manifestations of 
many ILDs are well depicted by the T2-weighted 
images, such as those obtained with partial-Fourier 
(HASTE) technique. The reticular pattern caused 
by thickening of interstitial septa, potentially asso-
ciated to ground-glass opacities, traction bronchi-
ectases/bronchiolectases, cystic changes with 
honeycombing, and overall architectural distortion 
of the lung, can be visualized easily by transversal 
or coronal images. In the coronal plane, the dorsal 
and basal location of the peripheral reticulations is 
demonstrated in full extent by few images, giving 
immediate perception of the distribution of the dis-
ease (Fig. 2). T1 contrast-enhanced images, used 
primarily to characterize focal masses among the 
interstitial changes, are similar to CT in depicting 

the subpleural reticulations (Fig. 2). The use of fat 
saturation increases the visualization of contrast-
enhanced fibrotic changes and vascular distortion 
against the low-signal chest wall. The nodular pat-
tern (for instance, in sarcoidosis) can be demon-
strated using non-enhanced 3D T1-weighted 
gradient echo sequences (T1-GRE). On most scan-
ners equipped with parallel imaging technique 3D–
T1-GRE are capable of isotropic voxels of 2 mm3 
or even lower in-plane spatial resolution (Puderbach 
et al. 2007). Large focal consolidations or fibrotic 
masses are usually well depicted in both T2-HASTE 
and non-enhanced T1-GRE images. As mentioned, 
contrast administration at the end of the protocol 
may be considered when the nature of the consoli-
dation is unclear. The coronal steady-state free pre-
cession sequence visualizes with high sensitivity 
the restricted motion of the lung, which is typically 
associated with fibrosis. The transversal 
T2-weighted STIR images are generally used to 
visualize enlarged mediastinal and hilar lymph 
nodes.

Most of the current systems are equipped with 
time-resolved echo-shared fast gradient-echo tech-
niques, which can be used to image lung perfusion 
with a minimal extension to the total examination 
time of the basic contrast-enhanced protocol. 
Immediate qualitative assessment of these images 
in ILD may indicate lung perfusion defects in 
areas of advanced architectural distortion. In some 
cases large or multiple perfusion changes are visu-
alized even with mild parenchymal alterations as a 
consequence of perivascular fibrosis. This may 
help understanding the functional impairment of 
the patient. As described in other chapters of this 
book, quantitative parameters of lung perfusion 
can be obtained in a post-processing phase.

An improvement to the imaging protocol illus-
trated in the previous paragraphs has been recently 
considered. Conventional MR sequences have rela-
tively long TEs compared to the short T2* of lung 
tissue. Consequently, these techniques can only 
measure a limited amount of lung signal. An alter-
native approach to counteract the rapid dispersion 
of lung signal is to combine half-radiofrequency 
excitations and subsequent radial mapping from 
the center of the k-space (Robson and Bydder 
2006; Bergin et al. 1992; Gewalt et al. 1993; Kuethe 
et al. 2007; Takahashi et al. 2010; Togao et al. 
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2010; Zurek et al. 2010). This alternative approach 
minimizes the delay between the end point of the 
excitation pulse and the data sampling, which 
allows for a reduction of the TE below the limit of 
clinical detectability provided by conventional gra-
dient-echo techniques (approximately 0.1 ms vs. 
1–2 ms of fast spin-echo and gradient-echo tech-
niques) (Robson and Bydder 2006). Ultrashort TE 
MRI (UTE-MRI) of the lung has been demon-
strated in experimental settings and in living lungs 
(Bergin et al. 1991; Gewalt et al. 1993; Kuethe 
et al. 2007; Takahashi et al. 2010; Togao et al. 
2010; Zurek et al. 2010; Molinari et al. 2014). 
Quantitative analysis of lung water content using 
UTE-MRI has also been reported (Molinari et al. 
2014). Clinical application of UTE-MRI has been 
recently shown in a cohort of 85 patients with vari-

ous pulmonary diseases including ILD (Ohno et al. 
2016). Substantial intermethod agreement between 
UTE-MRI and standard-dose and low-dose CT 
was found in pulmonary findings including ground-
glass  opacities, reticular opacities, traction bron-
chiectasis, and honeycombing (Ohno et al. 2016). 
Indeed, UTE-MRI could significantly improve the 
visualization of areas of ground-glass infiltrates in 
mild forms of interstitial disease and of cystic 
changes in advanced lung fibrosis. Normally, the 
air content in the cystic spaces reduces proton den-
sity and increases susceptibility artifacts which 
limit the overall image quality for visualizing of 
these cystic alterations. Because UTE-MRI is rela-
tively insensitive to local rapid decay of lung sig-
nal, visualization of interstitial distortion and cystic 
changes can be improved (Figs. 6 and 7).

a b

Fig. 6 A 82-year-old female patient with UIP. Thin-section CT (a) and thin-section MR imaging with ultrashort TE  
(b) demonstrate honeycomb lesions (arrows). Courtesy of Dr. Y. Ohno, Kobe, Japan

a b

Fig. 7 A 74-year-old female patient diagnosed with 
mixed connective tissue disease (MCTD). Thin-section 
CT (a) and pulmonary thin-section MR imaging with 

ultrashort TE (b) demonstrate reticulation (small arrows) 
and destruction of secondary lobules (large arrows). 
Courtesy of Dr. Y. Ohno, Kobe, Japan
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Key Points

Primary tumours of the chest wall and pleura 
are rare in comparison to tumours of the lung 
such as bronchial carcinomas. Chest wall 
tumours are a heterogeneous group that pose 
an interesting diagnostic challenge for radiol-
ogists. They make up less than 5% of thoracic 
malignancies and vary widely in pathology as 
they arise from all anatomic structures of the 
chest wall. Since chemotherapy is rarely effec-
tive and local control is the most important 
prognostic factor, wide local excision might 
be the solely curative treatment. Therefore, 
the margins need to be identified by imaging 
prior to surgery and adjuvant radiation, which 
might be applied in cases with positive mar-
gins. Malignant pleural mesothelioma is an 
aggressively growing tumour and a rising inci-
dence is expected in the next decades. CT is 
still the general diagnostic tool for staging and 
therapy planning of malignant pleural meso-
thelioma. However, within the last years novel 
MRI techniques have been developed and 
introduced into clinical routine to improve 
tumour delineation and characterization in 
order to optimize individual therapy planning. 
Typical findings of those tumours using mod-
ern MRI techniques are discussed. Techniques 
are compared with CT and modern PET tech-
niques, especially concerning characteriza-
tion, precision of tumour delineation, therapy 
planning, and monitoring.
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1  Asbestosis

In general, asbestos fibres cause an inflammation 
of the parietal pleura, leading to pleural plaques, 
diffuse pleural fibrosis, rounded atelectasis, pleu-
ral effusion, bronchogenic carcinoma, and malig-
nant pleural mesothelioma (MPM) (Schwartz 
1991; Mossmann and Gee 1989). Bilateral scat-
tered eventually calcified pleural plaques are 
pathognomonic signs for asbestos exposure 
(Peacock et al. 2000). Pleural plaques are the 
most commonly observed signs after asbestos 
exposure, observed in 60–70% of exposed work-
ers (Falaschi et al. 1995). The average latency 
period is about 15 years for non-calcified and at 
least 20 years for calcified plaques (Müller 1993) 
(Fig. 1a). Their detection is important because 

asbestos-exposed patients have an approximately 
three fold higher risk of developing lung cancer 
and MPM if plaques are evident (Kishimoto et al. 
2003). Therefore, pleural plaques may be regarded 
as risk indicators of possibly asbestos-related 
tumours in an asbestos-exposed population. The 
average latency period from the first asbestos 
exposure to detection of a malignant tumour 
ranges from 20 to 43 years (Kishimoto et al. 2003; 
Soeberg et al. 2016). Since the pleural lesions 
associated with asbestos exposure might be sub-
tle, the detection is a challenging task for the radi-
ologist. Even in cardiac or abdominal imaging or 
even chest imaging with indications different than 
diagnosis of interstitial lung disease plaques are 
an incidental finding of grave importance. Basing 
upon these specific findings, the radiologist has to 

a b

c d

Fig. 1 Intraindividual comparison of pleural plaque and 
round atelectasis in a 76-year-old male. (a) CT demon-
strates a mass with soft tissue density, (b) T2 SE shows 
subpleural fat, (c) T1 SE reveals no effusion but pleural 
plaque, and (d) T1 GE fat-sat depicts contrast enhance-

ment of the pleura and the pleural plaque and high and 
homogeneous enhancement of the mass indicating round 
atelectasis. Published with kind permission of © Claus-
Peter Heussel 2017. All Rights Reserved

C.P. Heussel
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raise the suspicion of an occupational disease, 
which may result in screening programmes for 
malignancy and financial compensation of the 
patient. Conventional chest radiography has a 
sensitivity as low as 13–53% caused by superim-
position. This is combined with a low specificity 
due to lack of calibrated density measurement to 
separate fat from soft tissue (Fig. 1a), which is 
easy in CT. In general, magnetic resonance imag-
ing (MRI) is rarely used for the diagnosis of pleu-
ral plaques, also because of lack of confidence of 
depicting fine calcifications. Currently, computed 
tomography (CT) is the gold standard tool for the 
detection of benign asbestos-induced changes of 
the pleura (Lynch et al. 1989) (Fig. 1a). However, 
in cases of pleural plaques combined with either 
pleural effusion or with round atelectasis (Fig. 1a–
d), the high soft tissue contrast of MRI can be 
helpful to distinguish effusion from soft tissue, 
i.e. malignant tumour, and atelectasis from carci-
noma (Fig. 1a–d).

1.1  Mesothelioma

Malignant pleural mesothelioma (MPM) is the 
most common cancer in persons that have been 

exposed to asbestos. It is 1000 times more com-
mon in a population exposed to asbestos with no 
correlation to smoking history. Since regulatory 
restrictions have been introduced in the 1990s, 
the incidence is expected to peak in 2020 in 
industrialized countries (Bibby et al. 2016). 
Imaging plays a major role in the assessment of 
patients with suspected MPM, and can contribute 
both diagnostic and staging information. Typical 
radiological signs are pleural effusion, loss of 
hemithoracic volume, nodular or focal pleural 
and fissural thickening, and eventually including 
infiltration of the diaphragm and chest wall 
(Bibby et al. 2016) (Fig. 2). The major differen-
tial diagnosis is metastatic adenocarcinoma in 
terms of pleural carcinomatosis (Fig. 3). The 
presence of pleural plaques may alert to prior 
asbestos exposure, even in the absence of known 
exposure. However, radiological interpretation 
can be difficult if pleural thickening is minimal or 
absent, and even cross-sectional imaging is chal-
lenged by the heterogeneous growth pattern. 
Since MPM biomarkers have been found of lim-
ited clinical use and cytological yield is low, 
biopsies are required for diagnosis and identifica-
tion of the histological sub-type (Bibby et al. 
2016). There is no curative treatment for 

a b c

Fig. 2 Chest wall invasion by mesothelioma in a 73-year-
old male: T2w image demonstrates soft tissue signal in 
the pleural space indicating pleural tumour and dorsolat-
eral infiltration of the intercostal muscle (a). T1w GE fat-

saturated without (b) and with (c) contrast demonstrate 
enhancement of the tumour. Published with kind permis-
sion of © Claus-Peter Heussel 2017. All Rights Reserved
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MPM. Systemic treatment options include che-
motherapy, targeted therapy, and radiotherapy 
and should be discussed at a specialist mesothe-
lioma multidisciplinary team. Surgery is contro-
versial and limited to patients with early-stage 
disease and good functional status (Bibby et al. 
2016).

2  Tumour Imaging

Imaging plays an important role in the detection, 
diagnosis, staging, response assessment, and 
surveillance of MPM. The aetiology, biology, 
and growth pattern of mesothelioma present 
unique challenges for each modality used to cap-
ture various aspects of this disease. Those goals 
are early detection of disease, optimizing sensi-
tivity and specificity for anatomic involvement 
of unresectable planes to identify patients who 
are suitable for surgical resection, improving 
prognosis, and assessing response to treatment 

as a surrogate for therapeutic benefit. Clinical 
implementation of techniques and information 
derived from ultrasound, CT, PET/CT, and MRI 
evolve based on active research in this field 
worldwide (Armato et al. 2016). Thoracic ultra-
sound is commonly performed by respiratory 
physicians to assess pleural fluid volume, distri-
bution, and echogenicity, and to determine a safe 
site for aspiration (Havelock et al. 2010). 
Thoracic ultrasound allows also for visualization 
of pleural thickening and nodularity with a spec-
ificity of >95% with regard to malignancy while 
sensitivity is low at 40% (Bibby et al. 2016). The 
advantages of MRI include high soft tissue con-
trast, early contrast enhancement features of the 
pleura that might be characteristic of early-stage 
mesothelioma as well as diffusion-weighted 
imaging (DWI), which is being used to compute 
tumour volume (Armato et al. 2016). On the 
basis of the present literature and own experi-
ence a basic MRI protocol to image MPM is rec-
ommended (Table 1).

a b c

d e f g

Fig. 3 Ultrasound (a), non-enhanced CT (b, c), FDG-
PET/CT, (d) and MRT (e, f, g) were performed in a 
53-year-old female suffering from non-small cell lung 
cancer with pleural carcinomatosis. Note the difference in 

signal intensity in the true-FISP sequence between the 
pleural nodules and the effusion (e) and the significant 
contrast enhancement (g). Published with kind permission 
of © Claus-Peter Heussel 2017. All Rights Reserved
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2.1  Staging

Objective radiologic response rate is the key efficacy 
endpoint in the development of new therapies. The 
morphology and growth characteristics of mesothe-
lioma, however, differ from many other solid tumours 
in that the disease often forms a rind around the pleu-
ral cavity, with a sheet-like rather than spherical 
growth pattern (Armato et al. 2016). There are at least 
five different staging systems for MPM: Butchart 
introduced a classification system into four stages, 
which became widely used (Table 2) (Butchart et al. 
1976). However, in an attempt to distinguish patients 
who would benefit from surgical resection with cura-
tive intent from those needing palliative treatment, 
the International Mesothelioma Interest Group 
(IMIG) has introduced a staging system for MPM 

which has gained universal acceptance (Tables 3 and 
4) (Rusch 1996; Pass et al. 2016).

A T1 descriptor indicates that there is usually 
a free pleural space, and these patients often 
present with a large pleural effusion. However, 
the presence of pleural fluid has no effect on 
staging. By non-invasive staging it is rather dif-
ficult to make a distinction between T1a, T1b, 
and T2 disease. Correct estimation of the extent 
of disease is therefore only possible during tho-
racotomy. In case of T1b disease, pleurectomy 
and decortication are usually feasible. In case of 
a T2 tumour there is more extensive involvement 
of the visceral pleura and lung, often necessitat-
ing a pleuropneumonectomy. T3 implies locally 
advanced but potentially respectable MPM, 
whereas T4 characterizes a non-resectable 
tumour. The identification of an intercostal infil-
tration by the tumour is crucial for the surgical 
planning as inoculation metastasis develop, e.g. 
after transthoracic drainage. Furthermore, the 
extension of the tumour into the recess is an 
underestimated problem since this is crucial for 
radiation planning. Since MPM mass is often 
difficult to distinguish at CT from chest wall, 
diaphragm, pleural effusions, or atelectasis, the 
high soft tissue contrast of MRI is very helpful 
here (Plathow et al. 2008). The prognosis of a T4 
tumour is similar to M1 disease, and for this rea-
son it is included in stage IV. In the IMIG sys-
tem, lymph node staging is similar but not 
identical to the staging of non-small cell lung 
cancer. N1 disease relates to the involvement of 
the ipsilateral bronchopulmonary and/or hilar 

Table 1 Recommended protocol for MRI of malignant 
pleural mesothelioma (see http://mriquestions.com)

Sequence Intention

HASTE, SS-FSE 
(single-shot fast spin 
echo) coronal and axial

Investigation of the whole 
lung, parenchyma, and 
short overview of the 
thorax

VIBE (volume 
interpolated breath-hold 
examination) or 3D 
spoiled gradient-echo 
post-contrast coronal 
and sagittal

Demonstration of 
well-perfused tumour 
areas

T1-TSE (Turbo spin 
echo) non-breath-hold 
coronal

High-resolution images of 
the thorax and the MPM

T2-TSE respiratory 
gated coronal

Ultra high-resolution 
images of the thorax and 
the MPM. Detection of a 
potential infiltration of 
vessels, chest wall, 
brachial plexus, etc.

DWI (diffusion-
weighted imaging) axial

Measurement of apparent 
diffusion coefficient 
(ADC) as sign of increased 
cellularity and therefore 
possible malignancy

Optional: dynamic 
TrueFISP (true Fast 
Imaging with Steady-
state Precession) or 
steady-state GRE 
sequences (e.g. GRASS/
FISP) coronal

Investigation of mobility 
of lung, diaphragm, and 
chest wall

Table 2 Staging system by Butchart et al. (1976)

Stage Description

I Tumour confined within the “capsule” of the 
parietal pleura, i.e. involving only ipsilateral 
pleura, lung, pericardium, and diaphragm

II Tumour invading chest wall or involving 
mediastinal structures, e.g. oesophagus, heart, 
opposite pleura. Lymph node involvement 
within the chest

III Tumour penetrating diaphragm to involve 
peritoneum; involvement of opposite pleura. 
Lymph node involvement outside the chest

IV Distant blood-borne metastases

Diseases of the Pleura and the Chest Wall
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lymph node(s). N2 disease includes invasion of 
the ipsilateral mediastinal, subcarinal, or the 
ipsilateral internal mammary nodes, while N3 
disease includes the contralateral hilar, mediasti-
nal, internal mammary nodes and/or the ipsilat-
eral or contralateral supraclavicular or scalene 
lymph nodes. Precise evaluation of the peritra-
cheal mediastinal lymph nodes often requires 
mediastinoscopy. Not only for mediastinal nodal 
involvement but also in the case of early meso-
thelioma, there is a discrepancy between non-
invasive (clinical, imaging based) and subsequent 
surgical staging. The IMIG classification pre-
sumes that early tumours are evaluated surgi-
cally to determine local extension and subsequent 
treatment. It should also be stated that within a 
specific T and N subset differences in tumour 
biology are possible, resulting in a variable prog-
nosis within the same group.

2.2  Response Evaluation Using 
Modified RECIST

Objective tumour size response evaluation remains 
nowadays the most often used primary endpoint in 
many clinical trials, allowing determining the effi-
cacy of a treatment regimen. The widespread 

Table 3 (continued)

Distant Metastases (M)

MX Distant metastases cannot be assessed

M0 No distant metastasis

M1 Distant metastases

Table 4 Stage grouping of malignant pleural mesotheli-
oma (Rusch 1996)

Stage I T1 N0 M0

Stage IA T1a N0 M0

Stage IB T1b N0 M0

Stage II T2 N0 M0

Stage III T1, T2 N1 M0

T1, T2 N2 M0

T3 N0, N1, N2 M0

Stage IV T4 Any N M0

Any T N3 M0

Any T Any N M1

Table 3 Staging system for diffuse malignant pleural 
mesothelioma introduced by the International 
Mesothelioma Interest Group (IMIG) (Rusch 1996)

Primary Tumour (T)

Tx Primary tumour cannot be assessed

T0 No evidence of primary tumour

T1 Tumour involves ipsilateral parietal pleura, 
with or without focal involvement of visceral 
pleura

T1a tumour involves ipsilateral parietal 
(mediastinal, diaphragmatic) pleura. No 
involvement of the visceral pleura (i.e. fissures 
are free)

T1b tumour involves ipsilateral parietal 
(mediastinal, diaphragmatic) pleura, with focal 
involvement of the visceral pleura

T2 Tumour involves any of the ipsilateral  
pleural surfaces with at least one of the 
following

  Confluent visceral pleural tumour  
(including fissure)

  Invasion of diaphragmatic muscle or lung 
parenchyma

T3 Tumour involves any of the ipsilateral pleural 
surfaces, with at least one of the following:

  Invasion of the endothoracic fascia or into 
mediastinal fat

  Solitary focus of tumour invading the soft 
tissue of the chest wall

  Non-transmural involvement of the 
pericardium

T4 Tumour involves any of the ipsilateral pleural 
surfaces, with at least one of the following:

  Diffuse or multifocal invasion of soft tissues 
of the chest wall or rib

  Invasion through the diaphragm to the 
peritoneum, into the spine, myocardium, or 
brachial plexus

  Direct extension to the contralateral pleura

  Extension to the internal surface of the 
pericardium

  Pericardial effusion with positive cytology

Regional Lymph Nodes (N)

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastases

N1 Metastases in the ipsilateral bronchopulmonary 
or hilar lymph node

N2 Metastases in the subcarinal ipsilateral internal 
mammary or mediastinal lymph node

N3 Metastases in the contralateral mediastinal, 
internal mammary, or hilar lymph node, any 
supraclavicular or scalene lymph node

(continued)
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RECIST (Response Evaluation Criteria in Solid 
Tumors) guidelines version 1.0 (Therasse et al. 
2000) as well as its update to version 1.1 use unidi-
mensional tumour measurements. RECIST, how-
ever, requires a measurement of a tumour’s longest 
diameter, and the underlying assumption is of a 
spherical growth pattern. The poor suitability of 
RECIST for measurement of mesothelioma leads 
to the modified RECIST criteria for mesothelioma 
(Byrne and Nowak 2004) to address this drawback 
(Armato et al. 2016). The modified RECIST crite-
ria are as follows. Tumour thickness perpendicular 
to the chest wall or mediastinum measured in two 

positions at three separate levels on transverse sec-
tions of a CT scan, preferably above the level of 
division of the main bronchi (Tsao et al. 2011). 
The sum of the six measurements defined a pleural 
unidimensional measure. Transverse sections at 
least 1 cm apart and related to anatomical land-
marks in the thorax are assumed to allow repro-
ducible assessment at later time points. If 
measureable tumour is present, transverse cuts in 
the upper thorax, above the level of division of the 
main bronchi, were preferred. At reassessment, 
pleural thickness was measured at the same posi-
tion at the same level and by the same observer. 

a

c

f g h

d e

b

Fig. 4 Pleural effusion was detected in CT of a 28-year-old 
male with an enhancing thickened pleura (a, white arrow). 
Ultrasound (b) and T2w MR (c) verified the liquid while 
ultrasound revealed septation (arrow-head). Diffusion-
weighted MR demonstrated high cellularity (d, b = 1000 ms, 
black arrow) and short ADC values (e, black arrow). In T1w 
MRI, the signal of the liquid is low, thus neither hematoma 
nor chylothorax was suspected. Significant contrast enhance-

ment was observed after contrast application (early: g, late: h, 
white arrow). While pleural thickening, diffusion, and con-
trast enhancement would be compatible with malignancy, the 
lack of nodules and the evidence of septations indicated infec-
tion. However, clinical symptoms of infection were missing. 
After thoracocentesis, M. tuberculosis was identified as the 
underlying agent of an empyema. Published with kind per-
mission of © Claus-Peter Heussel 2017. All Rights Reserved
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This was not necessarily the greatest tumour thick-
ness at that level. Nodal, subcutaneous, and other 
bidimensionally measurable lesions are measured 
unidimensionally as per the RECIST criteria. 
Unidimensional measurements are added to obtain 
the total tumour measurement (Byrne and Nowak 
2004). In the RECIST system adopted for MPM 
staging, CR was defined as the disappearance of all 
target lesions with no evidence of tumour else-
where, and PR was defined as at least a 30% reduc-
tion in the total tumour measurement. Progressive 
disease (PD) was defined as an increase of at least 
20% in the total tumour measurement over the 
nadir measurement, or the appearance of one or 
more new lesions. Patients with stable disease (SD) 
were those who fulfilled the criteria for neither PR 
nor PD (Byrne and Nowak 2004).

3  MRI of Other Pleural Diseases

Pleural fluid collections can be determined by MRI 
as being either transudates or exudates to some 
extent. Exudative pleural effusions show a higher 
degree of enhancement after IV gadolinium-based 
contrast administration than transudative pleural 
effusions (Fiola et al. 1997) (Fig. 4). Diffusion-
weighted imaging with an echoplanar imaging 
sequence may differentiate exudates from transu-
dates based on the apparent diffusion coefficient 
(ADC) value (Baysal et al. 2003). High signal inten-

sity on T1-weighted images identifies a chylothorax 
(McLoud and Flower 1991). Subacute and chronic 
hematoma can be recognized in the pleural space 
based on its signal characteristics related to the blood 
breakdown products (Mitchell 2003). The use of 
MRI herein is mainly supplemental to ultrasound.

3.1  Solitary Fibrous Tumour 
of the Pleura

Solitary fibrous tumour (SFT), also known as 
hemangiopericytoma, is a fibroblastic mesenchy-
mal tumour accounting for <2% of all soft tissue 
sarcomas and in the vast majority shows benign 
behaviour. Tumour size varies at time of resection 
with an average of around 9 cm. Since the symp-
toms are variable and non-specific, its diagnosis is 
often incidental. SFTs appear usually well-defined, 
cystic or solid mass with low T1, inhomogeneous 
high T2 signal while contrast enhancement is het-
erogeneous (Mitchell 2003; Wei Ge et al. 2016). 
Complete surgical resection remains the therapy of 
choice for both the benign and malignant variants. 
The morphology and relationship of large lesions 
to adjacent mediastinal and major vascular struc-
tures may be better delineated using MRI com-
pared with CT. MRI is helpful in differentiating 
tumour from other structures and in confirming the 
intrathoracic localization (Figs. 5 and 6). In gen-
eral, on T2-weighted images benign lesions have 

ba c

Fig. 5 Pleural lesion with low T2 signal (a), intermediate 
T1 signal (b), and significant contrast uptake (c) in a 
20-year-old female. Neither pleural effusion nor chest wall 

invasion was detected. Surgical resection revealed solitary 
fibrous tumour (SFT). Published with kind permission of © 
Claus-Peter Heussel 2017. All Rights Reserved
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low signal intensity, whereas malignant SFT invari-
ably appears with high signal intensity because of 
increased vascularity, edema, and cellularity. 
Benign and malignant lesions have low signal 
intensity on T1-weighted images. Unfortunately, 
benign solitary fibrous tumours of the pleura often 
can also have areas of high signal intensity on 
T2-weighted images because of intratumoural 
necrosis or myxoid degeneration and thus may not 
be differentiable from malignant formations. They 
also might show significant enhancement after 
contrast administration on T1-weighted images.

4  Chest Wall Diseases

Tumours of the chest wall can vary from benign to 
malignant and histologically originate from any 
soft tissue or bony structure. Besides breast, malig-

nant and benign chest wall tumours, tumours like 
elastofibroma (Müller et al. 1999), SAPHO (Laiho 
et al. 2001), and sarcomas (Koenigkam-Santos 
et al. 2014) are to be imaged and treated according 
to musculoskeletal procedures. However, more 
than 50% of chest wall tumours are malignant, 
typically involving direct invasion or metastases 
from adjacent thoracic tumours (David and 
Marshall 2011). In general, MRI and CT have 
complementary roles in the evaluation of sternal 
and rib tumours: While CT is useful for imaging 
the cortical bone and calcified tumour matrix, mul-
tiplanar MRI with its inheritably superior tissue-
resolving features is the technique of choice for 
evaluating the extent of medullary and extraosse-
ous tumour extent as well as its relationship to 
adjacent structures with regard to operability 
(Aslam et al. 2002). Due to the rarity of chest wall 
tumours, the use of PET has not been formally 

a b

c d e

Fig. 6 A new filling was observed within an apical cyst at 
CT after 2.5 years in a 65-year-old male (a, b). MRI was 
performed for further characterization and revealed a con-
trast enhancing lesion at the rim (c, d, arrow). This was 
verified as adenocarcinoma after surgery. MRI also 

revealed a similar lesion (e) suspicious for pleural carci-
nomatosis; however, a xanthomatoid fibrous inflammation 
was confirmed by histology reflecting the different signal 
characteristics (arrowhead). Published with kind permis-
sion of © Claus-Peter Heussel 2017. All Rights Reserved
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established as a diagnostic tool in the evaluation. 
However, in the case of malignant disease and 
other radiographic abnormalities, PET may be 
useful for staging (David and Marshall 2011).

4.1  Imaging of the Chest Wall

Frequently, a palpation finding or pain is reported 
by the patient as the main symptom initiating 
diagnostic work-up. This clinical information 
should be taken seriously since the identification 
of the affected localization can help of find the 
tumour fast and reliable. Sequences, e.g. for lesion 
characterization, can be limited to the tumour site 
improving image quality with shorter acquisition 
time, e.g. by using thinner slice thickness, higher 
signal, or smaller field-of-view. MR-visible mark-
ers should be placed at the suspected site to ensure 
imaging of the correct place. MR-sequences for 
tissue characterization include estimation of fat 
content, measurement of apparent diffusion coef-
ficient, and quantification of contrast enhance-
ment. For the proof of contrast uptake, pre- and 

post-contrast sequences should be planned com-
pletely identical, which includes TR, TE, fat-sat, 
and localization. This enables the assessment of 
contrast enhancement and even image subtraction 
to show even minimal enhancement (Table 1). 
Breath-hold imaging is usually necessary in 
supine position; however, prone position might be 
helpful to reduce breathing artefacts if the tumour 
is located anteriorly, if the patient tolerates this 
position (Fig. 7). Rib lesions need special atten-
tion in MR planning and may require individual-
ized double angulated data acquisition. Image 
acquisition in at least two planes is essential, 
while one plane is usually transversal and the sec-
ond perpendicular to the affected chest wall. In 
case of sternal or sternoclavicular lesions, coronal 
thin sections angulated to the course of the ster-
num are of additional use. In each of these enti-
ties, MRI helps in delineation of normal 
anatomical structures and is helpful in guiding 
surgery or biopsy (Figs. 7, 8, and 9). Therefore, 
the anatomical relationship of the lesion to the 
surrounding structures needs to be demonstrated 
and available in the operating theatre.

Fig. 7 A soft tissue mass surrounding and infiltrating the 
corpus sterni was detected at CT of a 21-year-old male 
and verified at T2 and T1 after contrast enhancement. 
Transversal and sagittal plane were acquired in prone 

position to avoid breathing artefacts and for best visual-
ization of tumour extent prior to surgical resection of the 
Ewing sarcoma. Published with kind permission of © 
Claus-Peter Heussel 2017. All Rights Reserved
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a b

c d e

f g h

Fig. 8 Nodular mass of 3 cm was detected at CT of a 
33-year-old female with destruction of and along the rib 
and calcification dots (a, b). T2 signal was homoge-
neously high (c–e), especially after fat supression (e). T1 
signal was homogeneously intermediate (f) with signifi-
cant uptake of contrast agent (g, h), especially after fat 

suppression (h). Extent of the tumour along the rib 
towards the vertebral body is depictable best after fat sup-
pression (e, h, arrow). Chondrosarcoma was identified 
after complete surgery. Published with kind permission of 
© Claus-Peter Heussel 2017. All Rights Reserved
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Magnetic Resonance Imaging 
in Animal Models of Respiratory 
Diseases

Nicolau Beckmann and Yannick Crémillieux

Abstract

With the incidence of respiratory diseases 
increasing throughout the world, new thera-
pies are needed. This chapter provides a 
short overview of different MRI techniques 
of interest for drug discovery and develop-
ment within the pulmonary disease area. The 
focus is on studies performed both in ani-
mals and humans, which are of importance 
to understand pathophysiological aspects and 
to evaluate new drugs. Rather than emphasiz-
ing particular lung diseases, the noninvasive 
diagnosis and quantification of a number 
of characteristics related to several patho-
logical conditions of the lung are addressed: 
inflammation, mucus secretion and clearance, 
emphysema, ventilation, perfusion, fibrosis, 
airway remodeling, and pulmonary arterial 
hypertension. Techniques are discussed based 
on their present use or potential future utiliza-
tion in the context of drug studies.

1  Introduction

Diseases of the airways such as asthma and chronic 
obstructive pulmonary disease (COPD) involve a 
complex interplay of many inflammatory and 
structural cell types, all of which can release 
inflammatory mediators including cytokines, che-
mokines, growth factors, and adhesion molecules. 
Activated eosinophils are considered particularly 
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important in asthma, contributing to epithelial cell 
damage, bronchial hyperresponsiveness, plasma 
exudation, and edema of the airway mucosa, as 
well as smooth muscle hypertrophy and mucus 
plugging, through the release of enzymes and pro-
teins (Barnes 2008a, b). In COPD, inflammation 
of the small airways and lung parenchyma with the 
involvement of neutrophils, macrophages, and 
T-lymphocytes results in chronic obstructive bron-
chitis, destruction of the lung parenchyma by pro-
teolytic enzymes (emphysema), and mucus 
hypersecretion, leading to severe airflow limita-
tion (Barnes 2008a, b). Pulmonary fibrosis is a 
progressive and lethal lung disease involving an 
overexuberant repair process, characterized by 
accumulation of inflammatory cells, excessive 
fibroblast  proliferation, increase in collagen con-
tent, and deposition of extracellular matrix in the 
lungs (Strieter and Mehrad 2009; King et al. 2011).

Laboratory animals provide models for air-
ways diseases in humans to help developing 
novel therapies. Terminal procedures such as 
bronchoalveolar lavage (BAL) fluid analysis, his-
tology, and weighing of lungs are commonly 
used to analyze such models. Pulmonary function 
is assessed either noninvasively in conscious, 
unrestrained animals (plethysmography), or inva-
sively requiring intubation or tracheotomy and 
artificial ventilation (Hoymann 2007). The main 
concern with whole body plethysmography is 
that it provides global respiratory measures that 
are so tenuously linked to respiratory mechanics 
that it is debatable if they can be considered as 
meaningful indicators of lung function (Hoymann 
2007). Having access to noninvasive, spatially 
resolved readouts is therefore highly desirable 
for both ethical and scientific reasons.

A potentially improved diagnosis capability is 
the motivation for the introduction of magnetic 
resonance imaging (MRI) in the context of devel-
opment of new therapies for respiratory diseases. 
The present contribution addresses the use of 
MRI in animal models. The main focus is on 
applications aiming to derive information on sev-
eral aspects of pulmonary diseases, ranging from 
inflammation to fibrosis, with the ultimate objec-
tive to support and facilitate the drug discovery 
and development process in this medical area.

2  Lung Imaging of Small 
Rodents: Basic 
Considerations

For ethical reasons, animals are kept anesthetized 
during imaging investigations. One needs to con-
sider what influence anesthesia may have on 
functional readouts and whether it may interfere 
with the development of the disease model, espe-
cially under repeated inductions. Therefore, gen-
erally speaking, it is recommended to keep the 
anesthesia time to ≤30 min in each imaging 
session.

A challenge in lung imaging is that cardiac 
and respiratory motion can cause marked image 
artifacts. In humans, image acquisition may be 
performed during breath-holding, or by gating it 
by an electrocardiogram. Problems are more evi-
dent in small rodents, because of their higher car-
diac and respiratory rates, even under anesthesia. 
To address this issue, measurements are often 
performed in artificially ventilated animals to 
maintain a constant breathing rate and/or image 
acquisition is triggered by the electrocardiogram. 
However, for compound testing in vivo in animal 
models of airways diseases, it is important to 
keep acquisition conditions as simple as possible, 
so that repeated measurements interfering mini-
mally with the physiology and the well-being of 
the animals can be performed longitudinally. For 
instance, one needs to carefully consider possible 
interferences between the pathophysiology of the 
disease models and lung injury complications 
that might potentially be caused by mechanical 
ventilation (Walder et al. 2005), especially if this 
is applied repeatedly. Indeed, it has been reported 
that mechanical ventilation of healthy rats can 
cause an increase of neutrophils in bronchoalveo-
lar lavage (BAL) fluid, pulmonary edema, and 
even hypoxemia that may lead to progressive cir-
culatory failure and death. Consequently, 
mechanical ventilation should be avoided when-
ever possible for the longitudinal investigation of 
lung disease models with expected inflammatory 
responses. Signal averaging allows the acquisi-
tion of lung images from spontaneously breath-
ing rats and mice, without any gating (Beckmann 
et al. 2001a; Blé et al. 2008; Zurek et al. 2010). 
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The advantages of imaging the lungs of freely 
breathing animals are threefold: absence of inva-
sive and potentially traumatic intubation, simpli-
fication and time savings of protocols leading to 
increased throughput, and use of a constant rep-
etition time in imaging sequence. The last point 
is especially important when a fixed image con-
trast weighting is needed for quantitative 
measurements.

Besides cardiac and respiratory motion, lung 
MRI faces two main issues, namely (i) the rapid 
dephasing of transverse magnetization (trans-
verse relaxation times measured in lung tissue are 
typically ranging between 0.5 and 2 ms, depend-
ing on the strength of the static magnetic field 
(Kveder et al. 1988; Hatabu et al. 1999; Beckmann 
et al. 2001b; Olsson et al. 2007) and (ii) the lower 
spin density (<30 %) related to the presence of 
alveolar space as compared to other organs of 
interest such as the heart or brain. Dedicated pro-
ton or nonproton nuclei MR techniques are avail-
able and can help overcome these difficulties.

Proton MRI sequences referred to as UTE 
(ultrashort-echo time) techniques are associated 
with echo times below 1 ms that allow the acqui-
sition of the MRI signal from lung parenchyma 
before decay of the magnetization. When per-
formed with a radial scanning of k-space, UTE 
sequences are less sensitive to respiratory and car-
diac motion as compared to Cartesian acquisition 
(Bergin et al. 1992; Zurek et al. 2010). With UTE, 
2D or 3D imaging of the lungs of spontaneously 
breathing small rodents is feasible within a few 
minutes (Zurek et al. 2010: Zurek and Crémillieux 
2011; van Echteldand Beckmann 2011; Egger 
et al. 2013, 2014). Typical echo times achieved 
are of about 300 μs for 2D acquisitions and <20 μs 
for 3D images.

Alternatively, MRI of nuclei located on gas-
eous molecules or of atoms can be performed to 
image ventilated lung. MRI of fluorinated gases 
associated with a large number of 19F nuclei (SF6, 
C2F6, CF4 or C3F8) have been demonstrated in 
animal and human studies (Mosbah et al. 2008). 
Hyperpolarization techniques based on optical 
pumping approaches can be used to further 
improve the detection sensitivity of a gas [see 
(Goodson 2002; Möller et al. 2002) for reviews 

on HP techniques]. Following hyperpolarization, 
3He and 129Xe MR signals can be increased by 
five orders of magnitude. MRI of hyperpolarized 
(HP) gases has been applied in animal models of 
airways diseases and in emphysema, cystic fibro-
sis (CF), or asthma patients. Most small rodent 
studies have been performed in artificially venti-
lated animals to better control gas delivery; how-
ever, measurements can be performed in 
spontaneously breathing animals as well (Stupar 
et al. 2007; Mosbah et al. 2010; Imai et al. 2011).

3  MRI in Small Animal Models 
of Respiratory Diseases

The use of imaging to noninvasively characterize 
several aspects of lung diseases will be discussed 
next. Whenever possible, references are made of 
pharmacological studies involving imaging. For 
many applications, however, studies involving 
compounds have not been reported. Nonetheless, 
the applications are addressed because of their 
potential in becoming useful tools for drug dis-
covery in the near future.

3.1  Airway Inflammation

A characteristic feature of lung inflammation is 
edema in the airways due to an increase in the 
permeability of the microvasculature. Proton 
MRI has been used to quantify edema in the 
lungs of spontaneously breathing mice (Blé et al. 
2008; Conti et al. 2010) or rats (Beckmann et al. 
2001a; Tigani et al. 2002; Quintana et al. 2006a) 
actively sensitized to and challenged with oval-
bumin (OVA). The MRI signals following OVA 
challenge correlated significantly with a variety 
of inflammatory parameters determined in the 
BAL fluid recovered from the same animals. 
Importantly, the fluid signals detected by MRI 
correlated significantly with the perivascular 
edema assessed by histology (Tigani et al. 2003a; 
Blé et al. 2008).

When assessing the effects of anti-inflamma-
tory drugs administered prior to disease induc-
tion in these models, a dose-related  reduction of 
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the MRI signals has been shown for compounds 
such as the glucocorticosteroids, budesonide 
(Beckmann et al. 2001a; Tigani et al. 2003a; Blé 
et al. 2009a) and mometasone (Tigani et al. 
2003b), and a mitogen-activated protein kinase 
inhibitor (Tigani et al. 2003b). Moreover, the 
pharmacology of sphingosine-1 receptors has 
been studied in vivo using MRI (Blé et al. 2009a). 
Imaging data correlated with changes in the 
parameters of inflammation assessed in the BAL 
fluid. MRI was also applied to address the effects 
of compounds on established allergic inflamma-
tion. Treatment with budesonide, mometasone, 
or with a phosphodiesterase-4 inhibitor at 24 h 
after OVA challenge reduced MRI signals already 
at 3 h after drug administration. The decline in 
MRI signals correlated significantly with a reduc-
tion in perivascular edema quantified by histol-
ogy (Beckmann et al. 2001a; Tigani et al. 2003a, 
b). No changes in BAL parameters were observed 
at this early time point. These observations indi-
cate that proton MRI is more suitable to detect 
early effects of compounds on established inflam-
mation than the traditional BAL fluid analysis. 
Effects of corticosteroid treatment on airway 
inflammation and mechanics in an allergic mouse 
model have also been reported using hyperpolar-
ized 3He MRI (Thomas et al. 2012).

Compared to single dosing, repeated OVA 
challenge in actively sensitized rats induced an 
attenuation of the inflammatory response as evi-
denced by proton MRI and BAL fluid analysis 
(Tigani et al. 2007). Moreover, vascular remodel-
ing has been detected by MRI in the model: the 
decrease in vascular permeability assessed by 
dynamic contrast-enhanced (DCE)-MRI was 
consistent with the thickening of the vascular 
wall for vessels of diameter up to 300 μm as 
revealed histologically (Tigani et al. 2007).

While MRI can be efficiently used to image 
the exudative component of acute inflammation 
in the lungs, very few imaging techniques are 
available to estimate the leukocyte activity in 
acute or chronic lung inflammation. It has been 
reported that detection of lung inflammation in 
COPD was feasible using 18fluoro-deoxyglucose 
(18FDG) and positron emission tomography 
(PET). Since inflammatory cells utilize glucose 

as a source of energy during their activation, it 
was suggested that 18FDG uptake by inflamma-
tory cells in the lung has been suggested as an 
in vivo measurement of regional lung inflamma-
tion (Labiris et al. 2003; Chen and Schuster 2004; 
Chen et al. 2009). Ebner et al. (2010) investigated 
the lipopolysaccharide (LPS)-induced inflamma-
tion process by means of emulsified perfluorocar-
bons (PFC). Intravenous application of PFC 
particles in mice resulted in their accumulation in 
inflammatory regions of the lungs as detected 
with 19F MRI. The authors showed that PFC par-
ticles were transported to the site of inflammation 
via circulating monocytes/macrophages. The 
regions where PFC infiltration was detected 
showed the presence of edema on proton MR 
images at the later time points, indicating that 
this approach was able to selectively localize the 
cellular components of inflammation in the lungs. 
Additionally, the authors demonstrated the abil-
ity of the technique to monitor the effect of anti-
inflammatory therapies in this animal model of 
lung inflammation.

3.2  Airway Remodeling

Asthma is a chronic disease characterized by 
bronchial hyperresponsiveness (BHR), bronchial 
inflammation, and remodeling. Bianchi et al. 
(2013) applied UTE proton MRI to study a 
chronic model of asthma in mice in which the ani-
mals were sensitized with OVA over a period of 
75 days. Parameters assessed were inflammatory 
volumes and bronchial remodeling (peribronchial 
signal intensity index, PBSI). Plethysmography 
was performed to assess BHR to methacholine. 
The average inflammatory volume measured by 
MRI in OVA-sensitized mice was significantly 
increased relative to control mice on days 38 and 
78. PBSI was significantly higher in the OVA 
group on day 78, but not on day 38. After sensiti-
zation, asthmatic mice presented BHR to metha-
choline on days 39 and 79. Penh ratios correlated 
significantly with the inflammatory volume on 
day 39 and with the PBSI on day 79 (Bianchi 
et al. 2013). This study showed that UTE MRI 
allows the noninvasive quantification of 
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 peribronchial eosinophilic inflammation with air-
ways occlusion by mucus and of bronchial remod-
eling in a murine asthma model that correlates 
with functional parameters.

Proton MRI detected, in spontaneously breath-
ing rats, the effects of bronchomodulating agents 
or of inflammation-induced airway remodeling 
and hyporesponsiveness in OVA-challenged or 
LPS-challenged animals, respectively (Beckmann 
et al. 2004, 2006). The approach consists in 
detecting modulations of lung parenchymal 
 proton signals induced by changes in oxygen-
ation levels (Edelman et al. 1996).

3.3  Mucus Secretion 
and Clearance

Chronic mucus hypersecretion and dysfunction 
in mucociliary clearance are associated with the 
accelerated loss of lung function in several respi-
ratory diseases. Exposure of Brown Norway rats 
to LPS induces mucus release (Tesfaigzi et al. 
2000). MRI can detect secreted mucus in the 
lungs of spontaneously respiring rats up to 
16 days following a single LPS challenge 
(Beckmann et al. 2002; Tigani et al. 2002). 
Bi-labeled amino dextran-based probes binding 
specifically to mucus have been synthetized to 
extract information on mucus dynamics in this 
model (Blé et al. 2009b).

An upregulation of sensory-efferent neural 
pathways is implicated in asthma and COPD. The 
acute effects of sensory nerve stimulation by cap-
saicin in the rat lung have been studied by MRI 
(Karmouty-Quintana et al. 2007a). Capsaicin-
induced MRI signals reflected the release of 
mucus following activation of sensory nerves. 
The transient receptor potential vanilloid-1 
antagonist, capsazepine, the dual neurokinin-1,2 
receptor antagonist, DNK333, and the mast cell 
stabilizer, disodium cromoglycate, blocked the 
effects of capsaicin in the airways.

The epithelial sodium channel (ENaC) regu-
lates airway mucosal hydration and mucus clear-
ance. The lack of such regulation in CF patients 
leads to desiccation of the airway lumen,  resulting 
in mucostasis that establishes the environment 

for infections (Boucher 2007). Osmotic agents 
and negative ENaC regulators can be used to 
restore mucosal hydration. Proton MRI has been 
shown to provide a target-related readout to study 
modulators of lung fluid hydration in spontane-
ously breathing rats (Blé et al. 2010).

3.4  Emphysema

Emphysema is characterized by lung parenchyma 
destruction, enlarged alveolar space, impaired 
ventilation, and reduced gas exchange. The lung 
tissue density, as assessed with CT, is considered 
as a reliable quantitative imaging biomarker. For 
instance, the percentage of the relative area of the 
lungs with attenuation values below −950 
Hounsfield units (HU) is used by radiologists and 
clinicians for evaluating the extent of the disease 
and for following up its progression at millimeter 
spatial resolution (Parr et al. 2004).

Efforts have been made to develop MRI tech-
niques as an alternative without ionizing radia-
tion. Diffusion-weighted MRI of polarized noble 
gas (He-3 and Xe-129) have been proposed and 
applied as an original approach for assessing 
lung structure at a subpixel level. The principle of 
the technique relies on the MRI signal attenua-
tion due to the Brownian motion of gas atoms in 
the presence of a sensitizing magnetic field gradi-
ent. The signal attenuation can be assigned to a 
mean diffusion length (or to an apparent diffu-
sion coefficient) of gas atoms. The size and the 
boundaries of the bronchoalveolar structures are 
imposing an upper limit on the mean diffusion 
length of gas. From the restricted diffusion of the 
polarized gas measured using MRI, one can then 
derive the alveolar dimensions. In the case of 
emphysema disease and of enlargement of air-
spaces, an increase in the restricted apparent dif-
fusion coefficient (ADC) is then expected. This 
approach has been applied and validated against 
histomorphometry in elastase-induced emphy-
sema in rats and mice (Chen et al. 2000; Dugas 
et al. 2004; Peces-Barba et al. 2003).

Submillisecond echo time proton MRI 
sequences aiming at detecting parenchymal sig-
nals have also been applied successfully to small 
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rodent emphysema models. Gradient-echo pro-
ton MRI has been used to detect elastase-induced 
changes in the lungs of spontaneously breathing 
rats (Quintana et al. 2006b). Reductions in MRI 
signal intensity of the lung parenchyma detected 
from 2 to 8 weeks following the insult correlated 
significantly with the loss of alveolar structure 
assessed by histology, suggesting that the MRI 
signal reflected elastase-induced alveolar destruc-
tion (Beckmann et al. 2007). Treatment with reti-
noic acid did not elicit a reversal of lung damage 
as measured by MRI and histology. Using a sin-
gle-point imaging technique, Olsson et al. (2007) 
determined the relaxation time T2* to detect 
emphysematous changes in the lungs of tight-
skin mice, which spontaneously develop emphy-
sema-like alveolar enlargement. Tight-skin mice 
displayed significantly shorter T2* values than 
control, age-matched mice, because their larger 
alveoli resulted in an increased air/tissue ratio 

and hence an increase in the internal susceptibil-
ity gradients. UTE MRI has been used to com-
pare normal and emphysematous lungs in mutant 
mice (Takahashi et al. 2010) as well as in elas-
tase-instilled mice (Zurek et al. 2012) and rats 
(Bianchi et al. 2015a, b). The results showed an 
excellent agreement between MR findings and 
histological morphometry and indicated that pro-
ton MRI allows structural changes at alveolar 
level to be monitored longitudinally. Moreover, 
UTE MRI has been shown to be as sensitive as 
the gold standard micro-CT to detect lung den-
sity changes associated to parenchymal destruc-
tion by elastase (Bianchi et al. 2015a) (Fig. 1).

These recent results obtained in animal mod-
els of emphysema illustrate the potential of MRI 
for assessing tissue density losses. Although the 
spatial resolution and the sensitivity of MRI 
remain currently inferior to the ones obtained 
using the gold standard micro-CT, tissue density 

UTE

ZTE

Micro-CT

Control
Elastase
left lung

Elastase
both lungs
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Fig. 1 Comparison of ultrashort echo time (UTE), zero 
echo time (ZTE), and μ-CT images from male Wistar rats. 
Images were acquired from a control animal or 4 weeks 
after administration of elastase at a dose of 75 U/100 g body 

weight. The elastase-treated lungs appear darker due to the 
reduction of proton density caused by the emphysematous 
changes (Reproduced with permission from Bianchi et al. 
(2015a). Copyright © 2015 John Wiley & Sons, Ltd.)
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measurements using MRI can be advantageously 
supplemented with perfusion or ventilation MRI 
acquisitions in order to have a more comprehen-
sive view of the lung function.

3.5  Lung Ventilation 
and Perfusion

Ventilation and perfusion distribution in the lungs 
form the foundation of pulmonary physiology 
and remain cornerstones in pathology. Efficient 
gas exchange in the lungs can only occur through 
intimate matching of regional ventilation and 
perfusion. The nonuniform distribution of 
regional lung blood flow and ventilation were 
first demonstrated utilizing radioactive tracers 
and external scintillation detectors that registered 
the distribution of radioactivity within the lung. 
After intravenous injection, particles larger than 
red blood cells (RBCs) are trapped in the first 
capillary bed that they encounter.

3.5.1  Ventilation
Ventilation imaging has been shown to be sensi-
tive to a variety of lung disease models, including 
asthma in mice (Haczku et al. 2005), emphysema 
in rats (Spector et al. 2005), and pulmonary 
embolism in sheep (Wellman et al. 2010). 
Ventilation can be quantified from the dynamic 
change in image signal following application of 
an inhaled contrast agent. For instance, ventila-
tion imaging has been demonstrated in animals 
with 3He MRI (Haczku et al. 2005).

Hyperpolarized 3He MRI has been used to 
measure the fractional ventilation in artificially 
ventilated small rodents (Deninger et al. 2002; 
Emami et al. 2008). The approach detected early 
changes of lung function and structure in a rat 
model of elastase-induced emphysema at mild 
and moderate severities (Emami et al. 2008). The 
fractional ventilation declined primarily in the 
first 5 weeks, while enlargement of alveolar 
diameters appeared primarily between the 5th 
and 10th week post elastase. Further, HP 3He 
MRI studies focused on airway constriction 
induced chemically. High-resolution 3He MRI 
was used to depict regional ventilation changes 

and airway narrowing in artificially ventilated 
mice (Mistry et al. 2010) or rats (Chen and 
Johnson 2004) challenged with methacholine. 
Mosbah et al. (2010) demonstrated in a spatially 
resolved manner the effects of serotonin-induced 
bronchoconstriction on lung ventilation in spon-
taneously breathing rats (Fig. 2). Dynamic venti-
lation 3He MR images spanning a respiratory 
cycle with 100 ms temporal resolution were 
obtained using a retrospective Cine-type image 
reconstruction procedure (Stupar et al. 2007).

Noncontrast-enhanced functional lung imag-
ing can be used to extract information about ven-
tilation from the difference in parenchymal signal 
between full inspiration and full expiration data 
sets (Bauman et al. 2009). This has been proven 
as a valid instrument to diagnose ventilation-
related changes in humans (Zapke et al. 2006; 
Bauman et al. 2009), showing a good agreement 
with other methods for functional lung assess-
ment, such as 3He MRI (Bauman et al. 2013). 
Recently, Bianchi et al. (2015b) have applied this 
approach to derive ventilation-related maps in 
rats challenged with elastase. The MRI protocol 
comprised a 2D UTE sequence (acquisition time 
of 30 min), from which inspiration and expiration 
images were reconstructed after the extraction of 
a self-gating signal. Inspiration images were reg-
istered to images at expiration, and expansion 
maps were created by calculating the specific dif-
ference in signal intensity. The lungs were seg-
mented, and the mean specific expansion 
calculated as an established surrogate for frac-
tional ventilation. The calculated ventilation-
related maps showed a reduction of function in 
elastase-treated lungs, both compared to the non-
treated lungs and to the baseline values. Moreover, 
a good agreement between MRI-measured mean 
specific expansion, micro-CT, and histology data 
quantitatively supported the presence of ventila-
tion deficit in emphysematous lungs.

3.5.2  Perfusion
The combined challenges of high temporal and 
spatial resolution have rendered routine quanti-
tative perfusion imaging difficult in small 
rodents. MRI perfusion assessments in animals 
have been primarily accomplished using con-
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trast-enhanced techniques comprising the 
dynamic acquisition of images in combination 
with the intravenous administration of a para-
magnetic contrast agent (Neeb et al. 2009). Such 
an approach has been used to analyze a rabbit 
model of pulmonary embolism (Keilholz et al. 
2009) and a newborn piglet model of pulmonary 
hypertension (Ryhammer et al. 2007). Mistry 
et al. (2008) developed a Cine technique based 
on the acquisition of radial images during 
repeated contrast agent injection matched to the 

physiology of the animal using a micro-injector, 
enabling perfusion imaging at high spatial and 
temporal resolution in artificially ventilated 
small rodents. The feasibility of lung perfusion 
with arterial spin labeling precluding the admin-
istration of contrast material has been demon-
strated in rabbit models of pulmonary embolism 
(Altes et al. 2005), and during repeated balloon 
occlusion of a segmental pulmonary artery as 
well as during pharmacological stimulation in 
pigs (Roberts et al. 2001).

Fig. 2 Parametric 3He ventilation maps obtained in a 
 spontaneously breathing Sprague–Dawley rat. The SA 
 (signal amplitude) parameter is related to the amount of 
helium gas entering the lung and the MSDR (maximum 
 signal decay rate) parameter to the maximum helium gas 
expiratory airflow. Parametric maps were obtained from an 

animal before and after intravenous injection (50 μg/kg) of 
serotonin. A global decrease of the SA and MSDR parame-
ters can clearly be seen and are related to a decrease of the 
tidal volume and of the expiratory airflow subsequently to the 
injection of serotonin (Reproduced with permission from 
Mosbah et al. (2010). Copyright © 2010 Wiley-Liss, Inc.)
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Driehuys et al. (2009) showed in artificially 
ventilated rats that regional evaluation of pulmo-
nary perfusion and gas exchange can be obtained 
by intravenous injection of saline saturated with 
HP 129Xe and subsequent MRI of the gas phase in 
the alveolar airspaces. After a single injection, 
the emerging 129Xe gas could be detected sepa-
rately from129Xe remaining in the blood because 
of chemical shift differences. The features 
observed in dissolved-phase 129Xe MR images 
are consistent with gravity-dependent lung defor-
mation, which produces increased ventilation, 
reduced alveolar size (i.e., higher surface-to-vol-
ume ratios), higher tissue densities, and increased 
perfusion in the dependent portions of the lungs. 
These results suggest that dissolved HP 129Xe 
imaging reports on pulmonary function at a fun-
damental level.

3.6  Lung Fibrosis

Currently, no efficacious treatment leading to dis-
ease remission exists for lung fibrosis. Animal 
models are important to investigate pathological 
mechanisms and for preclinical evaluation of 
novel therapies. The best characterized and most 
commonly adopted model in small rodents is of 

bleomycin-elicited injury. Bleomycin, a  derivative 
of Streptomyces verticillus, is an antineoplastic 
antibiotic that has been used clinically for over 
30 years (Lazo et al. 1996). It has the well-known 
side effect of producing inflammation and fibrosis 
specific to the lung (O’Sullivan et al. 2003). Local 
instillation of bleomycin in rodents is often used 
to model lung fibrosis (Chua et al. 2005; Moore 
and Hogaboam 2008).

The ability of proton MRI to noninvasively 
quantify the course of lung injury induced by 
bleomycin administration to mice (Babin et al. 
2012; Egger et al. 2013) and rats (Babin et al. 
2011; Egger et al. 2013, 2014; Jacob et al. 2010; 
Karmouty-Quintana et al. 2007b) has been 
reported. Increased MRI signals, detected up to 
70 days post bleomycin, reflected tissue remodel-
ing involved in fibrosis development, as evidenced 
by histology revealing prominent collagen depo-
sition in the same areas where MRI signals had 
been detected in vivo. Initially, gradient-echo 
sequences were used to detect the long-lasting 
bleomycin-induced injury in the lungs of sponta-
neously breathing animals (Babin et al. 2011, 
2012; Karmouty-Quintana et al. 2007b). The sen-
sitivity for detecting lesions elicited by bleomycin 
increased dramatically by using UTE (Egger et al. 
2013) (Fig. 3). Importantly, proton MRI has been 

a b

Fig. 3 Detection of bleomycin-induced lung injury by 
UTE-MRI in BALB/c mice. (a) Measurements (4-min 
acquisition time) on comparable slices before and at dif-
ferent time points (5, 9, and 23 days) after oropharyngeal 
aspiration of 6 × 1.0 mg/kg bleomycin. White arrows 
point to bleomycin-induced lung injury. (b) Comparison 
of UTE acquisitions with different numbers of averages in 

a bleomycin-treated animal. The volumes of signals in the 
lungs evaluated from these images were comparable for 
all acquisition conditions: 1-min acquisition time 
(285.4 μL), 2-min acquisition time (281.7 μL), 4-min 
acquisition time (282.6 μL), 16-min acquisition time 
(280.4 μL)(Reproduced from Egger et al. (2013). 
Copyright © 2013 Egger et al.)
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shown to be as sensitive as micro-CT in detecting 
bleomycin-induced lesions in the lungs (Vande 
Velde et al. 2014).

Changes in lung structure accompanying 
fibrotic processes lead to a severe impairment of 
lung function related to a decreased elasticity. 
Indeed, increased lung elastance as well as 
decreased compliance (the reciprocal of elastance) 
have been reported in small rodent pulmonary 
fibrosis models (Ask et al. 2008; Manali et al. 
2011). Egger et al. (2014) reported an increase of 
MRI-derived total lung volume in bleomycin-chal-
lenged small rodents, consistent with increased 
postmortem dry and wet lung weights, hydroxy-
proline content, as well as collagen amount 

assessed by histology. In bleomycin-treated rats, 
MRI acquisitions gated by the respiration showed 
an increased volume of the lung in the inspiratory 
and expiratory phases of the respiratory cycle, and 
a temporary decrease of tidal volume. Using a 
flexyVent® system for the assessment of lung 
function in tracheotomized and mechanically ven-
tilated animals (terminal procedure), decreased 
dynamic lung compliance was found in bleomycin-
challenged rats (Egger et al. 2014). Overall speak-
ing, bleomycin-induced increase of MRI-detected 
lung volume was consistent with tissue deposition 
during fibrotic processes resulting in decreased 
lung elasticity, while influences by edema or 
emphysema could be excluded (Fig. 4). In 

Fig. 4 Lung volumes assessed in Sprague–Dawley rats 
from nontriggered acquisitions as well as from gated 
acquisitions at the inspiratory and expiratory phases. Tidal 
volumes were derived by subtracting volumes at inspira-
tion and expiration. Values are expressed as means ± SD 
(n = 6 rats per group). The levels of significance 

*0.01 < P < 0.05, **0.001 < P < 0.01, and ***P < 0.001 
refer to ANOVA comparisons to baseline values in the 
same group. #0.01 < P < 0.05, and ##0.001 < P < 0.01 
correspond to ANOVA comparisons as indicated 
(Reproduced with permission from Egger et al. (2014). 
Copyright © 2014 the American Physiological Society)
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 OVA-challenged rats, total lung volume quantified 
by MRI remained unchanged (Egger et al. 2014).

Thus, proton MRI provided potential to facili-
tate in vivo pharmacological studies in the bleo-
mycin model. Repetitive measurements opened 
new avenues in testing compounds, as the 
responses at several time points during the course 
of treatment could be easily compared. 
Specifically, studies at the chronic phase, when 
fibrosis was already established, became amena-
ble. MRI supported the evaluation of several 
compounds in the bleomycin model, for exam-
ple, steroids, hyaluronidase, and the somatostatin 
analog, SOM230 (Babin et al. 2011; Egger et al. 
2014, 2015). Of note, SOM230 was shown to 
have therapeutic effects on established bleomy-
cin-induced fibrosis in rats by reducing both 
lesion volume and total lung volume, the latter 
indicating an effect on lung elasticity and thus 
improvement of lung function (Egger et al. 2014) 
(Fig. 5). Moreover, knockout mouse lines were 
investigated in the bleomycin model using proton 
MRI with the aim of providing potential thera-
peutic targets (Babin et al. 2012).

Effective pulmonary gas exchange relies on 
the free diffusion of gases across the thin tissue 
barrier separating airspace from the capillary 
RBCs. An increased blood–gas barrier thickness 
is present in pathologies such as inflammation, 
fibrosis, and edema. Driehuys et al. (2006) dem-
onstrated in a rat model of unilateral bleomycin 
lung injury the feasibility of detecting such 
impairment using 129Xe MRI and by exploiting 
the fact that 129Xe resonates at three distinct fre-
quencies in the airspace, tissue barrier, and RBC 
compartments. Based on a simple diffusion 
model, the authors estimated that this MRI 
method for measuring 129Xe alveolar–capillary 
transfer is sensitive to changes in blood–gas bar-
rier thickness of ≈5 μm.

Gd-based contrast agents were used as well 
for detecting and characterizing lung fibrosis in 
animal models. Hence, Caravan et al. (2013) per-
formed intravenous injection of collagen-targeted 
Gd-based probe and nonbinding Gd-based con-
trol probes to bleomycin-instilled mice. 
Following injection of contrast agent and using 
UTE MRI sequences, they were able to measure 
a twofold higher signal-to-noise ratio increase in 

the lungs of fibrotic mice after collagen-targeted 
probes administration as compared to animal 
injected with control probes. The authors point 
out that this contrast-enhanced MRI technique 
offers the potential of directly imaging collagen 
and staging pulmonary fibrosis.

Similarly, Tassali et al. (2016) investigated the 
application of UTE MRI sequence combined 
with the intratracheal administration of Gd-based 
nanoparticles in bleomycin-induced fibrotic 
mice. The authors reported a MRI signal enhance-
ment of 120 % in fibrotic lesions as compared to 
50 % in healthy tissues and a twofold increase of 
contrast-to-noise ratio between fibrotic and 
healthy tissue. They also assessed the clearance 
of Gd-based contrast agents and observed that 
elimination time constant was 54 % higher in 
fibrotic lesions. As mentioned by the authors, 
passive targeting of fibrotic lesions might help 
monitor the efficacy of antifibrotic drugs and 
therapeutic molecules targeting this disease.

3.7  Infections

Research on the pathogenesis and therapy of 
influenza and other emerging respiratory viral 
infections would be aided by methods that 
directly visualize pathophysiological processes. 
MRI has the potential to advance in vivo studies 
of respiratory viral infections in animals.

MRI can be used to track the development of 
pulmonary lesions and characterize inflamma-
tory responses in murine models of bacterial 
infection. Marzola et al. (2005) reported inflam-
matory lesions localized mainly in the apical part 
of the lungs, in medial and peribronchial regions, 
48 h after intranasal administration of about 106 
colony-forming units of Streptococcus pneu-
moniae. The anatomical localization of the 
lesions was confirmed by histology. Tournebize 
et al. (2006) followed the development and 
regression of inflammatory lesions caused by 
infection by Klebsiella pneumoniae in mouse 
lungs. A virulent strain caused an intense inflam-
mation within 2 days in the whole lungs, while an 
avirulent strain did not show significant changes. 
Mice infected with the virulent strain and subse-
quently treated with antibiotics presented a severe 
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inflammation localized mainly in the left lung 
that disappeared after a week. The lesions 
observed by MRI correlated with the damage 
seen by histological analysis, and a 3D represen-
tation of the tissue allowed better visualization of 
the development and healing of inflammatory 
lesions.

Using UTE sequences, T2* effects of super-
paramagnetic iron oxide (SPIO) nanoparticles 
can be neglected, while T1 shortening effects can 
be used for signal detection. Strobel et al. (2012) 
applied a 3D UTE sequence to a mouse model of 
lung inflammation, which was induced by sys-
temic bacterial infection with Staphylococcus 
aureus. The bacteria cause a systemic infection, 
resulting in inflammation of the lung (Yi et al. 
2009). Following the systemic application of 
SPIO, a significant signal increase in the lung of 
infected animals was detected already at 24 h 
post infection, compared to control mice (17 %, 
P < 0.001). Iron accumulation in the lung paren-
chyma as a consequence of the host immune 
response was histologically confirmed. The fact 
that by conventional T2*-weighted and T2-
weighted imaging, neither structural changes nor 
formation of substantial edema were observed 
indicates the potential of UTE in combination 
with the administration of SPIO to increase the 
sensitivity to detect inflammatory processes.

This publication suggests that the use of UTE-
like sequences in combination with MRI-
compatible cell labeling may provide the unique 
opportunity to study pulmonary influenza or other 
respiratory viral infections as well as potential 
therapies. For example, inflammatory cells loaded 
ex vivo with antiviral drugs or nanoparticles have 
been demonstrated to localize to sites of infection.
The effectiveness of antiretroviral therapies (ART) 
depends on its ultimate ability to clear reservoirs 
of continuous human  immunodeficiency (HIV) 

virus infection. Dou et al. (2006, 2007) demon-
strated that, being a principal vehicle for viral dis-
semination, the mononuclear phagocytes could 
also serve as an ART transporter and as such 
improve therapeutic indices. A nanoparticle-indi-
navir (NP-IDV) formulation was made and taken 
up into and released from vacuoles of human 
monocyte-derived macrophages. Following a 
single NP-IDV dose, drug levels within and out-
side monocyte-derived macrophages remained 
constant for 6 days without cytotoxicity. 
Administration of NP-IDV when compared to 
equal drug levels of free-soluble indinavir signifi-
cantly blocked induction of multinucleated giant 
cells, production of reverse transcriptase activity 
in culture fluids, and cell-associated HIV-1p24 
antigens after HIV-1 infection. After a single 
administration, single-photon emission computed 
tomography (SPECT), histology, and reverse-
phase high-performance liquid chromatography 
demonstrated robust bone marrow-derived macro-
phages and drug distribution in the lung, liver, and 
spleen of mice. These data provide proof of con-
cept for the use of macrophage-based nanoparticle 
delivery systems for human HIV-1 infections. 
Labeling the bone marrow macrophages with, for 
example, SPIO instead of with 111indium oxyquin-
oline for SPECT would provide the opportunity to 
perform measurements at higher spatial resolution 
using UTE-MRI.

3.8  Lung Cancer

Lung cancer is the most common cancer in the 
world today, accounting for 12.6 % of all new 
cancers and 17.8 % of all cancer deaths (World 
Health Organization 2004). The prognosis of the 
most common form of lung cancer, nonsmall-cell 
lung cancer (NSCLC) or adenocarcinoma, is dis-

Fig. 5 Effects of SOM230 on established lung injury elic-
ited by bleomycin in Sprague–Dawley rats. (a) MRI signals 
and lung volume quantified from the 3D UTE-MRI data 
sets. (b) Wet and dry weights of right lungs at day 21 after 
saline or bleomycin challenge. (c) Hydroxyproline and 
Picrosirius staining levels at day 21 after saline or bleomycin 
administration. (d) Relative gene expression of collagen in 

lung tissue. All values provided as means ± SD for n = 6, 
saline-challenged, n = 9, bleomycin-challenged, and n = 9, 
bleomycin-challenged, SOM230-LAR-treated rats. The lev-
els of significance *0.01 < P < 0.05, **0.001 < P <0.01, and 
***P < 0.001 refer to ANOVA comparisons as indicated 
(Reproduced with permission from Egger et al. (2014). 
Copyright © 2014 the American Physiological Society)
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mal, with a 5-year survival rate which remained 
unchanged in the last two decades and which is 
constantly under 15 %. One of the main reasons 
is related to the late diagnosis of this pathology 
(Molina et al. 2008) that, in its first stages, often 
appears with rather generic symptoms (e.g. 
coughing, weight loss, and shortness of breath) 
common to other lung diseases. Imaging-based 
techniques play a fundamental role as they allow 
clinical detection, noninvasive assessment of sev-
eral features of lung carcinogenic formations, 
and follow-up of treatments efficacy.

In contrast to human studies, MRI investiga-
tions of lung cancer in animal models are very 
few. As a matter of fact, until now DCE-MRI or 
DWI studies of orthotopic animal models of lung 
cancer have not been reported. This sparsity of 
preclinical investigations can probably be attrib-
uted to the challenges of lung MRI in small ani-
mals. Despite these difficulties, Garbow et al. 
(2004, 2008) were able to show that respiratory-
gated proton MRI can be used to detect small-
lung neoplastic lesions in vivo in mice using 
Cartesian spin-echo acquisitions and follow up 
their longitudinal progression in time. More 
recently, Bianchi et al. (2014a) evaluated the 
potential of UTE lung MRI techniques for 
NSCLC MRI in vivo detection and follow-up in 
a mouse model of lung adenocarcinoma that 
expresses the luciferase gene. In this study, the 
UTE MRI free-breathing acquisitions were com-
pared to standard gradient-echo lung MRI using 
respiratory-gated protocols. The MRI findings 
were validated against bioluminescence imaging 
(BLI) and gold-standard conventional histopath-
ological analysis. The authors reported that ade-
nocarcinoma-like pathological tissue was 
successfully identified in all mice with gated-
FLASH and nongated UTE MRI, and good 
tumor colocalization was found between MRI, 
BLI, and histological analyses. An excellent or 
good correlation was found between the mea-
sured bioluminescent signal and the total tumor 
volumes quantified with UTE MRI or gated-
FLASH MRI, respectively. These findings illus-
trate the potential of UTE MRI for detecting, 
quantifying, and longitudinally monitoring the 
development of submillimeter NSCLCs in freely 
breathing mice.

To evaluate the effects of radiotherapy and 
chemotherapy on lung tumors, CT or X-rays are 
routinely applied, and the tumor size is a widely 
used imaging biomarker for evaluating the effi-
cacy of these therapies. However, these tech-
niques are limited for differentiating between 
necrotic and viable tumor tissue. Contrast-
enhanced MRI with injection of Gd-based con-
trast agents have been shown to be better suited 
for evaluating the efficacy of treatment (Ohno 
et al. 2000) and to distinguish between necrosis 
and viable tumor. The passive targeting of con-
trast agent to tumor tissue is attributed to the 
enhanced permeability and retention (EPR) 
effect, combining the enhanced permeability of 
tumor vasculature, with prolonged retention due 
to poor or absent lymphatic pathways for drain-
age of contrast agent from the tumor interstitium. 
In a similar way, theranostic molecules can be 
delivered passively to lung tumor tissue. Bianchi 
et al. (2014b) reported the passive targeting of 
lung tumors in an orthotopic mouse model of 
lung cancer. The authors evaluated two adminis-
tration routes for theranostic Gd-based nanopar-
ticles, namely intravenous injection and 
intratracheal administration and found that the 
intratracheal route was more effective for target-
ing and detecting the lung tumor (Fig. 6). 
Following intrapulmonary administration of 
these radiosensitizing nano-assemblies, the ani-
mals were exposed to radiotherapy, and a 45 % 
increase of the mean survival time was reported 
(Dufortet al. 2015).

Regarding characterization of types or grades 
of lung tumor, Togao et al. (2013) applied amide 
proton transfer (APT), one of the chemical 
exchange saturation transfer (CEST) methods, for 
imaging the exchange between protons of free tis-
sue water and the amide groups (−NH) of endog-
enous mobile proteins and peptides. In this study, 
they reported the feasibility of in vivo APT imag-
ing of lung tumor and were able to differentiate 
the tumoral types on orthotopic tumor xenografts 
from two malignant lung cancer cell lines in mice. 
The measured APT effect was higher in the tumor, 
which exhibited more active proliferation than the 
other (Fig. 7). As underlined by the authors, this 
approach might reduce the need of invasive nee-
dle biopsy or resection for lung cancer.
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4  Final Remarks

In the past few years, lung MRI methods have 
been considerably refined, allowing examina-
tions in humans and small rodents at the 
 anatomical, functional, and even molecular or 
target levels at high spatial and temporal resolu-
tion. The main challenge in using such  techniques 
within the framework of drug discovery and 
development is twofold: (i) like any biomarker, 
imaging signatures need to be properly validated 
and qualified. In animal models, this involves a 
proper characterization of the readouts against 
invasive markers like cell influx into BAL fluid 
and histology. Then, the ability of modulating a 
given imaging signature by reference pharmaco-
logical agents of known activity needs to be 

 demonstrated, to verify the sensitivity of the 
potential biomarker; (ii) it needs to be shown that 
the increased technical capabilities of imaging 
translate into improved disease  diagnosis as 
compared to standard approaches. The hope is 
that with imaging, earlier phases of the disease 
can be diagnosed, thus enhancing the chance of 
pharmacological interventions. Moreover, imag-
ing could facilitate patient stratification in pre-
clinical investigations with animals and in 
clinical trials. In general terms, preclinical and 
clinical activities should be mutually supportive 
(translational research). For instance, small ani-
mal imaging may help to improve the character-
ization of clinical readouts and, conversely, 
imaging in humans may support the improve-
ment of animal models.
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Fig. 6 UTE MRI axial slices of a tumor-bearing mouse 
(a) before and (b) after the intravenous administration of 
200 μL of 50 mM [Gd3+] Gd-based nanoparticles (USRP) 
or (c) the orotracheal administration of 50 μL of 50 mM 
[Gd3+] USRP. The arrows indicate the tumor in the left 
lung. Bar plots, below the images, compare the signal 
enhancement (red, left scale) and the ΔCNR (blue, right 

scale) for intratracheal (i.t.) and intravenous (i.v.) admin-
istration of USRPs and commercial contrast agent 
(Dotarem, Guerbet, France). Asterisks indicate significant 
differences (P < 0.05). Data are presented as mean value ± 
SEM (Reproduced with permission from Bianchi et al. 
(2014b). Copyright @ 2014 National Academy of 
Sciences, USA)
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By adopting MRI in the area of small rodent 
models of airways diseases, a win–win situation 
between animal welfare and the relevance of data 
obtained from animal studies can be achieved. 
Noninvasive imaging results in a significant 
reduction in the number of animals used for 
experimentation. Depending on the application, a 
reduction between 80 and 90 % is estimated. 
Since repeated measurements are feasible, each 
animal can serve as its own control, thereby 
reducing the variability of the data. Moreover, as 
exemplified by the study of anti-inflammatory 
compounds on established inflammation, imag-
ing provides potential to obtain information not 
accessible to conventional, postmortem assess-
ments. Such an experimental refinement is often 
the consequence of the fact that imaging provides 
information of the organ in situ in the intact 
organism. Thus, data that are more relevant to 
address therapeutic effects can be obtained using 
imaging.

Besides therapy testing, in vivo toxicology, 
encompassing the identification of adverse effects 
of air pollutants, compounds or nanoparticles for 

medical use, will largely profit from imaging 
(Hockings and Powell 2013; Reid 2006; Wang 
and Yan 2008). Indeed, noninvasive small rodent 
imaging is in line with the concept and strategy of 
toxicity testing in the twenty-first century devel-
oped by the US National Academy of Sciences, 
the US National Academy of Engineering, the 
Institute of Medicine, and the US National 
Research Council (http://dels.nas.edu/dels/rpt_
briefs/Toxicity_Testing_final.pdf). Some targeted 
testing in animals will be needed to sufficiently 
understand how chemicals are broken down in the 
body. Combined with imaging techniques, such 
assays will ensure an adequate toxicological eval-
uation of chemicals. As an example, it has been 
shown that the presence and biological effects of 
carbon nanotubes can be detected in vivo by non-
invasive MRI techniques (Al Faraj et al. 2009, 
2010, 2011).

In summary, efforts in developing imaging 
biomarkers for respiratory diseases are going to 
benefit both drug development and diagnosis. 
Patients will certainly profit from advancements 
in this field of research.
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Fig. 7 In vivo amide proton transfer (APT) imaging of 
lung tumors in the orthotopic mouse model. Representative 
T2-weighted images (left) and APT-weighted images 
(right, MTRasym map at 3.5 ppm) of A549 (a) and LLC 
(b) where the tumors (open arrows) are delineated 

brighter than the surrounding tissues including spinal cord 
(closed arrows) and skeletal muscles. A typical region of 
interest to measure signal intensity on a tumor is demon-
strated (b) (Reproduced with permission from Togao et al. 
(2013). © 2013 Togao et al.)
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Abstract

Until very recently, pulmonary MRI has played 
a limited clinical role for patients with chronic 
lung diseases such as COPD and asthma. The 
reasons for this are numerous and complex; yet, 
because of a concerted effort of a number of key 
research sites, pulmonary MRI endpoints are 
increasingly being used as research tools and bio-
markers in clinical trials. A number of previous 
landmark studies focused on the development 
and validation of biomarkers to provide a better 
understanding of structural and functional infor-
mation. These biomarkers are now being applied 
in emerging cohort studies to forge a better 
understanding of lung disease in cross-sectional 
and longitudinal evaluations and in the evalu-
ation of localized treatment and regional treat-
ment responses. Pulmonary MRI biomarker use 
has certainly been increasing, but gaps remain 
between the research bench and clinical work-
flows to patient care. Advancing pulmonary MRI 
toward clinical implementation will require the 
concerted, globally collaborative development 
and validation of clinically relevant biomarkers 
in multinational cohort studies and clinical trials.

1  Introduction and Rationale

Randomized controlled clinical trials provide the 
gold standard evidence for health care providers, 
regulatory bodies, and other agencies to provide 
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marketing approval and prescribe new therapeu-
tic drugs and devices. Moreover, the publication 
of the results of these trials provides the evidence 
needed to rationalize therapy decisions in com-
plex patients like those with lung disease. 
Observational and cohort studies while not typi-
cally classified as “clinical trials” also provide a 
wealth of evidence to generate new understand-
ings about disease mechanisms and further 
expand our knowledge related to diagnosis, treat-
ment, and prevention. All of this research evi-
dence is weighed and debated by consensus 
panels as well as national and international 
guideline committees that together generate the 
policies regarding therapy and patient manage-
ment approaches that dominate the medical care 
of patients with lung disease. Together, multina-
tional clinical research trials and consensus 
guidelines reinforce the overwhelming opinion 
that chronic lung diseases such as chronic 
obstructive pulmonary disease (COPD) and 
asthma can be managed but not cured for patients 
with all grades of disease severity (Vestbo et al. 
2013a). Albeit a very hopeful and yet practical 
position, existing management strategies for 
patients with chronic lung disease have not 
improved long-term outcomes for many patients. 
Unfortunately, lung disease costs, hospitaliza-
tion, and mortality rates continue to rise, and 
health economists warn that this upward trend 
will continue and very soon will overwhelm 
global health care systems (Khakban et al. 2015). 
In light of this dire situation, new management 
strategies are urgently required to combat this 
growing personal and public health crisis.

In part, because of these concerns for all 
patients with chronic diseases, novel precision 
medicine methods are being developed. 
Importantly, precision medicine depends on a 
deeper understanding of the underlying genetic 
and molecular mechanisms in individual patients, 
and it is thought that this has the potential to 
deliver the “right” treatment to the right patient at 
the right time. A better understanding of underly-
ing disease will also allow for better patient man-
agement, and perhaps more importantly, will also 
open doors for the discovery of new drugs and 
interventions. This may also enable or drive the 

development of larger cohort studies and trials to 
evaluate specific underlying pathologies that 
accompany chronic disease, including respira-
tory diseases. Another important issue is the need 
for an in-depth understanding of how distinct 
underlying biological mechanisms manifest in 
the individual patient – the disease “phenotype.” 
Such phenotype measurements currently include 
clinical and functional biomarkers, and more 
recently, pulmonary imaging structure–function 
imaging phenotypes, including those provided by 
pulmonary MRI.

The technical development, clinical and com-
mercial translation of MRI methods and tech-
nologies and the more recent development of 
quantitative imaging methods, have led to their 
increased use in the diagnosis and management 
of many chronic diseases. Until very recently 
however, for patients with chronic lung diseases 
such as COPD and asthma, medical imaging has 
not played a major role. The reasons for this are 
numerous and complex. While the reasons 
underlying the clinical situation are not the main 
focus of this chapter, as summarized in Fig. 1, it 
is important to note that the slow progress of 
lung MRI development relative to other body 
system imaging is reflected by a limited number 
of clinical trials that utilize lung MRI biomark-
ers. Moreover, although lung MRI has been 
under clinical development for over two decades, 
there have been no pivotal trials of new lung dis-
ease treatments that have utilized MRI biomark-
ers. Given the paucity of lung MRI clinical trials 
experience, here we highlight the potential of 
pulmonary imaging with MRI for clinical trials, 
some limitations and challenges, as well as 
recent experience and future goals. We also dis-
cuss how pulmonary MRI can be used to gener-
ate novel, regional, and noninvasive biomarkers 
of lung disease growth, development, and aging, 
as well as disease progression. Finally, we chal-
lenge the research and clinical communities to 
enable five key requirements in the next 5 years 
(coined Five for Five) that we think will be 
important to change the dismal outcomes cur-
rently in place for patients with lung disease as 
well as for the physicians and health care sys-
tems that care for them.
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2  Current Role of Pulmonary 
MRI in Clinical Trials

For patients with chronic lung disease, pulmo-
nary function tests provide the clinical standard 
for diagnosis, evaluation of response to treat-
ment, and longitudinal monitoring. Pulmonary 
function tests have well-understood reproducibil-
ity (Pauwels et al. 2001); these are relatively 
straightforward to implement and inexpensive, 
and because of this, these tests are universally 
accepted for clinical use. Such lung volumes and 
capacities provide global lung measurements 
which are important, because very recently we 
have come to understand that at least for COPD, 
disease may initiate in a spatially heterogeneous 
manner and mainly within the smaller airways. 
This fundamental information is reflected by the 
limitation of spirometry measurements with 
respect to relative insensitivity to early disease 
stages (Vestbo et al. 2013b) and weak  relationships 

with important clinical outcomes and health sta-
tus (Jones 2009; Agusti et al. 2010), such as 
symptoms, exercise capacity, quality-of-life, 
exacerbations, and hospitalizations.

To overcome these limitations, X-ray com-
puted tomography (CT) has been used for at least 
a decade in large cohort studies, including 
CanCOLD (Bourbeau et al. 2014), ECLIPSE 
(Vestbo et al. 2008), SPIROMICS (Couper et al. 
2014), COPDGene (Regan et al. 2010), MESA 
Lung Study (Bild et al. 2002), SARP (Jarjour 
et al. 2012), and a study out of the Difficult 
Asthma Clinic in the UK (Gupta et al. 2009), to 
evaluate and identify regional pulmonary abnor-
malities in patients with COPD and asthma. 
Overall, the main rationale for including CT in 
COPD and asthma cohort studies is to provide 
objective measurements of regional and hetero-
geneous lung pathologies in the airways and 
parenchyma to better understand clinical pheno-
types. There are a number of technical hurdles 

Spine

Brain

Head and neck

Upper extremity

Lower extremity

Abdomen and pelvis

Chest

Breast

Cardiac

Angiography

Other

Chest ≈ 2 %

Fig. 1 MRI examinations by body region. MRI of the 
chest/lungs accounts for approximately 2 %, while half of 
all MR exams are dominated by imaging of the spine and 
brain. Source: Magnetic resonance: a peer-reviewed, 

 critical introduction. 9th edn. Chapter 21–01 What is the 
Organ Distribution of MRI Studies? 2016. http://www.
magnetic-resonance.org/ch/21-01.html

Pulmonary MRI in Clinical Trials

http://www.magnetic-resonance.org/ch/21-01.html
http://www.magnetic-resonance.org/ch/21-01.html


456

related to the application of lung MRI in larger 
clinical studies, including low proton density 
(Bergin et al. 1991) and susceptibility artifacts 
caused by multiple air–tissue interfaces (Bergin 
et al. 1993). Some of these technical challenges 
have been overcome based on novel applications 
including inhaled inert or hyperpolarized noble 
gas contrast agents (Albert et al. 1994) and zero 
or ultrashort echo time (ZTE/UTE) imaging 
applications (Bergin et al. 1991) described in 
more detail in earlier chapters in this volume. It is 
important to stress however that MRI has signifi-
cant advantages compared to CT – the current 
clinical standard, due in part to the increased 
availability of clinical MRI systems (OECD 
2007) and the fact that MRI does not rely on ion-
izing radiation for contrast. This is extremely 
important for serial studies of treatment response 
and longitudinal studies, particularly in children 
and younger adults with chronic lung disease. 
Before the applications of pulmonary MRI in 
clinical trials are summarized, it is important to 
understand its strengths and limitations.

3  Strengths and Limitations

Among the many obvious strengths of clinical 
MRI, a hallmark feature is excellent soft tissue 
contrast that may be provided with relatively 
high spatial and temporal resolution, making 
MRI the modality of choice for brain, musculo-
skeletal, and nervous system examinations. In 
fact, as shown in Fig. 1, imaging of these body 
systems alone comprises over 75 % of all clinical 
MRI investigations, whereas MRI of the chest 
accounts for approximately 2 % of annual exami-
nations. Pulmonary MRI comprises a small 
minority of clinical examinations, and some of 
the reasons for this may be gleaned from the key 
limitations of pulmonary MRI, summarized in 
Table 1. These are important to discuss, because 
some of these pulmonary MRI shortcomings 
have certainly slowed clinical translation and 
made clinical use challenging. It is also important 
to point out that while chest X-ray and CT have 
been long considered the gold standard for lung 
imaging for both research and clinical uses, MRI 

has the added advantage of providing pulmonary 
images without the burden of ionizing radiation. 
This is especially important for pediatric lung 
disease in that MRI makes possible both serial 
and longitudinal imaging in this vulnerable 
patient group. Furthermore, pulmonary MRI is 
well understood to be safe and well tolerated in 
healthy volunteers and even the most compro-
mised patients with respiratory disease (Lutey 
et al. 2008; Driehuys et al. 2012; Shukla et al. 
2012). The speed with which pulmonary MRI 
can be acquired is similar to CT in the simultane-
ous morphological and functional images of the 
chest volume in a single breath-hold, as described 
in this edition. There are also numerous contrast 
agents that have been applied to generate more 
information about the lung using MRI, such as 
intravenous gadolinium for pulmonary perfusion 
imaging (Hatabu et al. 1996) and inhaled gas for 
ventilation imaging, including 3He (Ebert et al. 
1996), 129Xe (Mugler et al. 1997), and 19F (Soher 
et al. 2010). Despite the undeniable opportunities 
for clinically relevant pulmonary biomarkers that 
these approaches provide, a number of key limi-
tations have hampered the use of pulmonary MRI 
in clinical trials including the following: (1) tech-
niques are still in development and restricted to a 
few specialized research centers, (2) inhaled 
gases incur relatively higher costs and require 

Table 1 Strengths and limitations of MR imaging of the 
lungs in clinical trials

Strengths Limitations

+ Safe
+  Well-tolerated (even 

in very compromised 
patients)

+ Fast
+  Well suited for 

pediatric populations
+  Provides both 

functional and 
anatomical images 
that are intrinsically 
coregistered

+  Numerous contrasts 
(Gd, 3He, 129Xe, 19F)

+  High temporal and 
spatial resolution

-  Quality control 
(calibration) of MR 
equipment for multicenter 
trials

-  Specialized readers for 
MR thoracic imaging

-  Software pipeline for 
image analysis

-  Validated imaging 
biomarkers

- Coil inhomogeneities
-  Harmonizing across sites/

vendors
-  Regulatory approval (in 

North America)
-  Cost/accessibility of MR 

specialized equipment for 
thoracic imaging

D.P.I. Capaldi et al.
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access to multinuclear MR hardware and analysis 
software, (3) different vendor platforms and 
intellectual property issues have made harmoni-
zation complex and slow, and (4) requirement for 
standardized and validated image analysis soft-
ware and quality control phantoms for hardware 
calibration.

Unlike the MRI pulse sequences and contrast 
agents approved for clinical use in brain, cardiac, 
body, and musculoskeletal applications, most 
pulmonary MRI methods are still in the develop-
mental phase and restricted to research use only. 
For example, while inhaled hyperpolarized gas 
MRI is now approved for clinical use in the UK, 
it is not yet approved for clinical use in Asia, 
North America, or the rest of the EU, despite 
numerous demonstrations of safety and efficacy 
in chronic lung disease patients (Lutey et al. 
2008; Driehuys et al. 2012). In addition, for 
inhaled gas MRI, relatively higher costs and the 
need for access to multinuclear MR hardware and 
analysis software have limited its use to a few 
research sites in the EU and North America. 
There are, however, opportunities for conven-
tional proton lung imaging, including ultrashort 
echo time (UTE) (Bergin et al. 1991), Fourier 
decomposition (FD) (Bauman et al. 2009), and 
O2-enhanced MRI (Edelman et al. 1996), as well 
as MR angiography (Meaney et al. 1997) and 
pulmonary MR perfusion (Hatabu et al. 1996). It 
is also important to consider and recognize that 
the different MRI vendor platforms and intellec-
tual property issues have made harmonization 
across different platforms and sites complex and 
slow. Finally, standardization of software used to 
analyze images and quality control phantoms to 
calibrate the MR equipment are both needed. 
Because of this and other reasons, the validation 
of pulmonary imaging biomarkers across multi-
ple centers has been an ongoing challenge and 
limited large-scale clinical trials using pulmo-
nary MRI.

Despite these challenges, as shown in Sects. 
5.2 and 5.3, there are a number of active clinical 
studies now ongoing that investigate the utility of 
pulmonary MRI in observational and interven-
tional studies. There is still, however, a large 
opportunity for collaboration and standardization 

between pulmonary and radiology research sites, 
as well with vendors and clinical trial sponsors to 
address many of these roadblocks. This ongoing 
collaboration is critically required to accelerate 
pulmonary MRI translation from the research 
workbench and workstation to clinical workflows 
and patient care.

4  Methodology

We performed a systematic review of clinical 
studies that included pulmonary MRI endpoints 
using PubMed and the NIH reporting website 
ClinicalTrials.gov by employing subject and text 
word search terms for “MRI” and “lung” with no 
restrictions on the study date or target population. 
We excluded studies and trials that were for the 
purpose of technical and pulse sequence design 
and development. Clinical studies and trials in 
four broad categories based on study design 
included in this chapter included: (1) validation 
studies and those designed to develop and vali-
date MRI biomarkers of lung disease, (2) obser-
vational studies, including both cross-sectional 
and longitudinal designs, (3) interventional stud-
ies, including those evaluating treatment response 
and using MRI to guide pulmonary therapies, and 
(4) studies that developed or used MRI biomark-
ers in lung disease diagnoses and as diagnostic 
criteria. In the following sections, the goals of 
these clinical studies and their key findings are 
highlighted and summarized.

5  MRI Applications in Clinical 
Trials

5.1  Discovering, Developing, 
and Validating Disease 
Biomarkers

To date, pulmonary MRI has been used in a num-
ber of key clinical trials, and, as summarized in 
Table 2, these pioneering development and vali-
dation studies provided an essential first step in 
understanding the structural and functional infor-
mation that can be derived from pulmonary 
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MRI. From these initial studies, other clinical 
studies emerged that focused on the identification 
of MRI biomarkers, as shown in Fig. 2, of chronic 
lung disease and their relationship to clinically 
relevant measurements of lung disease.

Lung functional biomarkers include those that 
reflect regional ventilation such as hyperpolarized 
noble gas MRI percent ventilation volume (PVV) 
(Woodhouse et al. 2005) and ventilation abnor-
malities using ventilation-defect percent (VDP) 
(Kirby et al. 2010b). Until these biomarkers were 
shown to be measurable both objectively and 
quantitatively, qualitative subjective scoring sys-
tems were in place (Donnelly et al. 1999; de 
Lange et al. 2006; McMahon et al. 2006). The 
advantage of quantitative, continuous variables 
for clinical trial protocol development and the fact 
that these variables can be validated and automati-
cally measured across research sites cannot be 
overestimated. The pulmonary ventilation MRI 
measurements of PVV and VDP reflect well-ven-
tilated and poorly ventilated regions of the paren-
chyma, respectively. These may be  rapidly and 

automatically generated by combining the func-
tional information from hyperpolarized noble gas 
MRI with the structural information from conven-
tional proton MRI. These have been studied and 
validated as imaging biomarkers related to pul-
monary function tests, lung  volumes, and DLCO 
(de Lange et al. 2006; Mathew et al. 2011; Kirby 
et al. 2012). In addition, the reproducibility of 
VDP has been shown and validated in healthy 
subjects (Parraga et al. 2008), as well as in COPD 
(Mathew et al. 2008), asthma (de Lange et al. 
2007), and cystic fibrosis (Kirby et al. 2011b). 
While these studies focused on 3He MRI, they 
provided a validation framework for 129Xe (Kirby 
et al. 2012) and 19F studies (Couch et al. 2014). 
Using diffusion-weighted MRI, apparent diffu-
sion coefficients (ADC) can be derived and are a 
common measure of tissue integrity, especially in 
the brain. However, ADC has also been applied to 
pulmonary MRI using inhaled gas contrast as a 
biomarker of the extent of emphysema in the 
lungs, as generated using hyperpolarized noble 
gas imaging (Mugler III 1998). 3He ADC in the 

Table 2 Included clinical trials and studies that developed or validated biomarkers

Author Biomarker Type Mechanism

Woodhouse et al. PVV Development –

Kirby et al. VDP Development –

Parraga et al. 3He VDP, healthy Reproducibility Same Day, 7 Day

Mathew et al. 3He VDP and ADC, 
COPD

Reproducibility Same Day, 7 Day

de Lange et al. 3He VDP, asthma Reproducibility 7 Day

Kirby et al. 3He VDP, CF Reproducibility 7 Day

Kirby et al. 129Xe VDP Validation 3He VDP

Couch et al. 19F VDP Validation 3He VDP

Mugler III et al. 3He ADC Development –

Woods et al. 3He ADC Validation Histology

Diaz et al. 3He ADC Reproducibility 7 Day

Kirby et al. 129Xe ADC Validation 3He ADC

Deninger et al. 3He PAO2 Development and validation Blood Gases

Ishii et al. 3He PAO2 Reproducibility Same Day

Bauman et al. FD perfusion Validation DCE MRI

FD ventilation Validation 3HeVDP

Lederlin et al. FD perfusion, ventilation Reproducibility 1 Day

Ma et al. UTE signal intensity Reproducibility 3 Week

Jobst et al. 1H perfusion Reproducibility 24 h

Edelman et al. O2-enhanced ventilation Development –

Hatabu et al. Gadolinium perfusion Development –
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lungs have been validated using histology (Woods 
et al. 2006) and were shown to be highly repro-
ducible (Morbach et al. 2005; Parraga et al. 2007; 

Diaz et al. 2009). Moreover, 3He ADC values 
have been used to validate 129Xe ADC measure-
ments (Kirby et al. 2014a). As shown in Fig. 3, 

Fig. 2 Pulmonary MRI techniques and their associated biomarkers, advantages, and disadvantages. MRA, MR 
Perfusion and O2-enhanced from 1st Ed (19F image courtesy of Mitch Albert)
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inhaled gas ventilation images and ADC maps for 
3He, 129Xe, and 19F in healthy volunteers show the 
relative image quality differences for the contrast 
agents inhaled. Another important biomarker that 
is generated by exploiting the tissue solubility of 
hyperpolarized 129Xe has made it possible to 
image the xenon exchange between the airspaces 
(gas phase) and parenchyma/blood (dissolved 
phase) (Mugler et al. 1997). This provides a way 
to visualize simultaneous regional ventilation and 
perfusion function (Driehuys et al. 2006; Mugler 
et al. 2010). Measurements of regional alveolar 
partial pressure of oxygen (PAO2) can also be 
derived from hyperpolarized gas pulmonary MRI, 
and was first demonstrated and validated using 
3He in 1999 (Deninger et al. 1999), and reproduc-
ibility was more recently demonstrated (Ishii 
et al. 2015).

While the majority of pulmonary MRI bio-
markers published in clinical studies derive from 
inhaled gas contrast MRI, other methods based 
on 1H MRI are also under development. Fourier 
decomposition of free-breathing proton MRI 
(FDMRI) (Bauman et al. 2009) provides a way to 
evaluate pulmonary perfusion and ventilation, 
without exogenous contrast. Both ventilation and 
perfusion maps derived from FDMRI were vali-
dated using dynamic contrast-enhanced and 
hyperpolarized 3He MRI (Bauman et al. 2013b). 
Moreover, this approach was shown to be 

 reproducible in healthy volunteers (Lederlin 
et al. 2013), while the signal intensity of proton 
UTE MRI was also shown to be reproducible in 
COPD and bronchiectasis (Ma et al. 2015). 
Proton perfusion MRI was shown to be reproduc-
ible within 24 h when assessing COPD patients 
(Jobst et al. 2015). Oxygen-enhanced 1H MRI 
measurements (Edelman et al. 1996) and gado-
linium (Hatabu et al. 1996) have also been used 
to visualize biomarkers related to ventilation and 
perfusion.

5.2  Observational Studies

Table 3 summarizes observational studies that 
utilize both cross-sectional and longitudinal 
approaches to study lung aging, natural disease 
progression, and relationships with the clinical 
gold standard measurements.

5.2.1  Single Time Point and Other 
Cross-Sectional Studies

Some of the first-in-human studies that utilized 
pulmonary MRI involved single time point and 
cross-sectional evaluations of healthy volunteers 
and patients with chronic lung disease. The bulk 
of experience was first obtained using hyperpolar-
ized inhaled gas MRI using 3He gas which is com-
pletely biologically inert, and provides very good 
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Fig. 3 Static ventilation 
and diffusion-weighted 
images in healthy 
volunteers using inhaled 
gas contrast agents. (a) 
Hyperpolarized 3He, (b) 
hyperpolarized 129Xe, 
and (c) 19F (courtesy of 
MS Albert) inhaled gas 
contrast-enhanced 
techniques
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Table 3 Title, disease specification, and NCT number of included clinical trials and studies classified as 
observational

Title Disease NCT

Cross-sectional

Normal and abnormal pulmonary ventilation: visualization in hyperpolarized 
He-3 MR imaging

Healthy young –

Hyperpolarized 3He magnetic resonance imaging of ventilation defects in 
healthy elderly volunteers: initial findings at 3.0 Tesla

Healthy elderly –

Detection of age-dependent changes in healthy adult lungs with diffusion-
weighted 3He MRI

Healthy –

Combined helium-3/proton magnetic resonance imaging measurement of 
ventilated lung volumes in smokers compared to never-smokers

COPD NCT02279329

Hyperpolarized 3He and 129Xe MR imaging in healthy volunteers and patients 
with chronic obstructive pulmonary disease

COPD NCT02279329

COPD: Do imaging measurements of emphysema and airway disease explain 
symptoms and exercise capacity?

COPD NCT02279329

Pulmonary ventilation visualized using hyperpolarized helium-3 and xenon-
129 magnetic resonance imaging: differences in COPD and relationship to 
emphysema

COPD NCT02279329

Hyperpolarized 3He ventilation defects used to predict pulmonary 
exacerbations in mild-to-moderate chronic obstructive pulmonary disease

COPD NCT02279329

Pulmonary imaging biomarkers of gas trapping and emphysema in COPD: 3He 
MR imaging and CT parametric response maps

COPD NCT02279329

Hyperpolarized 3He MRI versus HRCT in COPD and normal volunteers: 
PHIL trial

COPD –

Alterations of regional alveolar oxygen tension in asymptomatic current 
smokers: assessment with hyperpolarized 3He MR imaging

Smokers NCT01731015

The variability of regional airflow obstruction within the lungs of patients with 
asthma: assessment with hyperpolarized helium-3 magnetic resonance imaging

Asthma –

Evaluation of asthma with hyperpolarized helium-3 MRI: correlation with 
clinical severity and spirometry

Asthma –

Evaluation of structure–function relationships in asthma using multidetector 
CT and hyperpolarized He-3 MRI

Asthma –

Hyperpolarized 3He MR lung ventilation imaging in asthmatics: preliminary 
findings

Asthma –

The difference in ventilation heterogeneity between asthmatic and healthy 
subjects quantified using hyperpolarized He-3 MRI

Asthma –

What are ventilation defects in asthma? Asthma –

Is ventilation heterogeneity related to asthma control? Asthma –

Detection of longitudinal lung structural and functional changes after diagnosis 
of radiation-induced lung injury using hyperpolarized 3He magnetic resonance 
imaging

RILI –

Detection of radiation-induced lung injury in nonsmall-cell lung cancer 
patients using hyperpolarized helium-3 magnetic resonance imaging

RILI –

Magnetic resonance imaging biomarkers of chronic obstructive pulmonary 
disease prior to radiation therapy for nonsmall-cell lung cancer

NSCLC NCT02002052

Hyperpolarized 3He magnetic resonance imaging: comparison with four-
dimensional X-ray computed tomography imaging in lung cancer

Lung cancer –

Hyperpolarized 3He pulmonary functional magnetic resonance imaging prior 
to radiation therapy

Lung cancer –

Free-breathing pulmonary 1H and hyperpolarized 3He MRI: comparison in 
COPD and bronchiectasis

COPD, 
bronchiectasis

NCT02282189
NCT02282202

(continued)
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image quality with relatively low doses. In healthy 
volunteers, ventilation was shown to be homoge-
neously distributed in young adults (Kauczor 
et al. 1996), while other work also identified 
peripheral 3He ventilation defects related to aging 
in healthy elderly never-smokers (Parraga et al. 
2008). Furthermore, another study showed that 
3He ADC in healthy volunteers was shown to 
increase with age (Fain et al. 2005). In patients 
with asthma (Teague et al. 2014), COPD (Parraga 
et al. 2007), lung cancer (Sheikh et al. 2015), radi-
ation-induced lung injury (Mathew et al. 2010), 
and cystic fibrosis (CF) (Bannier et al. 2010), ven-
tilation shown using hyperpolarized gas imaging 
is characteristically heterogeneous and has been 
quantified using VDP. PVV should be decreased 
in COPD patients compared to never-smokers 
(Woodhouse et al. 2005), while VDP was shown 
to be related to spirometry (Kirby et al. 2012), 
symptoms and exercise capacity (Kirby et al. 
2015), CT-derived emphysema measurements 
(Kirby et al. 2013), and exacerbations (Kirby 
et al. 2014b) using 3He and 129Xe. In COPD 

patients with mild disease, VDP was also shown 
to be related to parametric response map (PRM) 
measurements of gas-trapping, while in more 
severe COPD, VDP reflected PRM measurement 
of gas-trapping and emphysema (Capaldi et al. 
2016). In addition, the Polarized Helium to Image 
the Lungs (PHIL) trial also demonstrated that 3He 
MRI accurately distinguished COPD patients and 
healthy volunteers (van Beek et al. 2009). The 
utility of hyperpolarized 3He MRI PAO2 maps was 
also shown for differentiating nonsmokers, 
asymptomatic smokers, and symptomatic smok-
ers (Hamedani et al. 2015). This work revealed 
that the PAO2 measurement variance was correlated 
with PFT measurements including FEV1/FVC 
and DLCO, and this was significantly greater in 
asymptomatic smokers and diminished in symp-
tomatic smokers as compared to never-smokers.

In patients with asthma, ventilation defects 
have been shown to be temporally persistent (de 
Lange et al. 2007, 2009; Wheatley et al. 2008) 
and to significantly correlate with spirometry (de 
Lange et al. 2006; Tgavalekos et al. 2007; Fain 

Table 3 (continued)

Title Disease NCT

Performance of perfusion-weighted Fourier decomposition MRI for detection 
of chronic pulmonary emboli

PE –

Noncontrast-enhanced preoperative assessment of lung perfusion in patients 
with nonsmall-cell lung cancer using Fourier decomposition magnetic 
resonance imaging

NSCLC –

Ultrashort echo-time pulmonary MRI: evaluation and reproducibility in COPD 
subjects with and without bronchiectasis

COPD, 
bronchiectasis

NCT02282189
NCT02282202

Lung morphology assessment of cystic fibrosis using MRI with ultrashort 
echo-time at submillimeter spatial resolution

CF –

Detection of small pulmonary nodules with ultrashort echo-time sequences in 
oncology patients by using a PET/MR system

Nodules –

Magnetic resonance imaging detects changes in structure and perfusion, and 
response to therapy in early cystic fibrosis lung disease

CF NCT00760071

Longitudinal

Thoracic imaging network of Canada (TINCan) COPD NCT02279329

Severe asthma research program (SARP) Asthma NCT01716494
NCT01760915

Differences in hyperpolarized 3He ventilation imaging after 4 years in adults 
with cystic fibrosis

CF –

Longitudinal observational study on the course of cystic fibrosis lung disease 
in patients following newborn screening (TRACK-CF)

CF NCT02270476

Longitudinal 3He MRI of healthy lung Healthy NCT02483403

Structure and function of asthma Asthma NCT02351141

D.P.I. Capaldi et al.
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et al. 2008), disease severity (de Lange et al. 
2006), and CT measurements of gas trapping 
(Fain et al. 2008). Importantly, numerous studies 
showed that in asthma patients, ventilation is 
characteristically heterogeneous (Altes et al. 
2001; de Lange et al. 2006; Tzeng et al. 2009; 
Teague et al. 2014) and worse than that in healthy 
volunteers. In asthmatics as well, ventilation 
defects are larger and more numerous in older 
patients, with greater inflammation and worse 
airway remodeling (Svenningsen et al. 2014a), 
and MRI ventilation defects were also shown to 
be related to asthma control and quality of life 
(Svenningsen et al. 2016a).

In lung cancer patients, hyperpolarized noble 
gas MRI has been used to evaluate radiation-
induced lung injury (Mathew et al. 2010; Ireland 
et al. 2010) and to phenotype subjects prior to 
radiation therapy (Sheikh et al. 2015), and has 
been compared to four-dimensional X-ray CT, 
another method of generating functional infor-
mation using MRI (Mathew et al. 2012c). It has 
been shown that the functional improvements 
evaluated using MRI were observed in the con-
tralateral lung of lung cancer patients that under-
went radiation therapy, while the ipsilateral lung 
remained stable (Mathew et al. 2010). 
Furthermore, patients with 3He MRI measure-
ments of COPD had a lower than expected 1-year 
survival rate based on previous published sur-
vival rates (Mathew et al. 2012b).

The clinical relevance of the biomarkers 
derived from inhaled gas MRI as well as the asso-
ciated cost and the perceived complexity is driving 
the development of pulmonary 1H MRI methods. 
Importantly, in COPD patients, ventilation defects 
derived using FDMRI are strongly correlated and 
spatially related to ventilation defects derived 
using inhaled gas MRI (Capaldi et al. 2015). 
Perfusion defects measured using FDMRI have 
also been shown to regionally correlate with 
dynamic contrast-enhanced MRI in patients with 
chronic pulmonary emboli (Schonfeld et al. 2014), 
non-small cell lung  cancer (Sommer et al. 2013), 
and cystic fibrosis (Bauman et al. 2013a). UTE 
signal intensity measurements are also quantita-
tively related to CT measurements of tissue den-
sity in patients with COPD and bronchiectasis 

(Ma et al. 2015). As shown in Fig. 4, 3He ventila-
tion, 1H UTE, and FDMRI in the same partici-
pants reveal regional similarities for 3He MRI 
ventilation defects, diminished UTE MRI signal 
intensity, and FDMRI ventilation defects. Other 
work that compared UTE with CT measurements 
in CF patients showed that there was good agree-
ment when considering abnormal findings 
(Dournes et al. 2016). In patients with extratho-
racic malignancies, UTE outperformed a dual-
echo GRE sequence when detecting small 
pulmonary nodules (4–8 mm) and exhibited a 
high detection rate of pulmonary nodules greater 
than or equal to 4 mm in diameter when using CT 
as the reference standard (Burris et al. 2016). 
Relations between UTE and FDMRI measure-
ments have yet to be shown. Perfusion MRI abnor-
malities were detected early in CF patients 
(NCT00760071) (Wielputz et al. 2014), and 
described in more detail in Chap. 13 “Pulmonary 
MRI in Clinical Trials” in this volume.

5.2.2  Longitudinal Studies
Longitudinal pulmonary MRI is particularly 
valuable for monitoring of respiratory disease 
progression because of the excellent safety pro-
file of MRI. As shown in Fig. 5, a wealth of 
knowledge has been generated about regional 
phenotypes and biomarkers in both healthy and 
diseased lungs, and how these change over time. 
An important comparison in this case is that of 
typical clinical measurements, such as FEV1, 
FVC, and lung volumes, with pulmonary MRI 
biomarkers, such as VDP, and how the change in 
one over time compares to the other. In fact, in a 
small group of COPD ex-smokers,3HeVDP was 
shown to worsen over 2 years, while FEV1 
remained stable (Kirby et al. 2010a). This result 
is currently being further investigated in a rela-
tively large COPD cohort study (Kirby et al. 
2014c) (NCT02279329), which was designed to 
be complementary to the large-scale CT studies 
such as COPDGene (Regan et al. 2010) and 
CanCOLD (Bourbeau et al. 2014). Overall, the 
aim of TINCan was to validate pulmonary MRI 
biomarkers that can be considered as intermedi-
ate endpoints for future studies of COPD therapy. 
A similar study is currently underway as part of 
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the NHLBI’s Severe Asthma Research Program 
(SARP), and is evaluating airway remodeling and 
exacerbations in asthma and how each contrib-
utes to disease progression using hyperpolarized 

gas MRI at baseline versus 3 years 
(NCT01716494) (Fain et al. 2009). While MRI is 
performed only at a subset of study locations 
(NCT0760915, NCT01716494), this study will 
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Fig. 4 Hyperpolarized 3He, proton ultrashort echo-time 
(UTE) and proton Fourier decomposition (FD) MRI in 
lung disease. Cross-sectional monitoring of bronchiecta-
sis (62 y/o male), COPD (50 y/o male), asthma (44 y/o 

female), and lung cancer (72 y/o female) using hyperpo-
larized 3He contrast-enhanced, proton UTE and proton FD 
MRI. In this case, hyperpolarized 3He provides ground 
truth for validation of proton UTE and FD techniques
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Fig. 5 Longitudinal monitoring of 
ventilation using inhaled 3He MRI. 
3He static ventilation at baseline 
and longitudinal follow-up of a 
healthy subject (62 y/o female over 
2 years), ex-smoker without disease 
(72 y/o female over 2 years), and 
patients with COPD (68 y/o female 
over 2 years), asthma (26 y/o male 
over 3 years), and cystic fibrosis 
(29 y/o female over 4 years)
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also be the first MRI-CT comparison study in 
severe asthma. SARP aims to combine asthma 
endotypes with CT and MRI phenotypes to 
improve the understanding of severe asthma and 
develop better treatments. While large studies 
following patients with CF over time are very 
limited in number, a proof-of-concept study in 
CF showed that 3He VDP was strongly related to 
longitudinal changes in FEV1 in a group of five 
CF patients (Paulin et al. 2015). Another study in 
CF patients (TRACK-CF) from age 1 to 10 inves-
tigates morphological and perfusion changes 
derived from chest MRI, although longitudinal 
results are not yet published (NCT02270476). 
There are also ongoing 3-year longitudinal stud-
ies monitoring healthy lung (NCT02483403) and 
asthma (NCT02351141) to track changes in lung 
function with hyperpolarized gas MRI, but results 
are not yet published. While most of these studies 
employed hyperpolarized gas MRI, to our knowl-
edge, there have been no other longitudinal lung 
disease studies using other novel proton MRI 
techniques.

5.3  Interventional Studies

Table 4 summarizes interventional studies that 
interrogate therapy response and the potential 
impact of integrating MRI guidance for lung dis-
ease therapy.

5.3.1  Evaluation of Treatment 
Response

Perhaps, the largest impact of MRI of the lung in 
traditional clinical trials thus far has been the 
ability to provide regional information about 
response to various treatments – information that 
was previously unattainable using the clinical 
standard, spirometry measurements. As one 
example, and because FEV1 is relatively insensi-
tive to the effects of airway clearance techniques 
(ACT), as shown in Fig. 6, the efficacy of an 
oscillatory positive expiratory pressure (oPEP) 
device has been evaluated in patients with COPD 
(Svenningsen et al. 2016b) (NCT02282189) and 
bronchiectasis (Svenningsen et al. 2014b) 
(NCT02282202) using 3He MRI. Other studies 

have also demonstrated that ventilation defects in 
COPD were reduced following administration of 
bronchodilator (Kirby et al. 2011a) and following 
bronchoscopic airway bypass (Mathew et al. 
2012a). Pioneering MRI studies of asthma first 
demonstrated that hyperpolarized gas MRI mea-
surements of ventilation following methacholine 
and exercise challenges revealed worsening 
(Samee et al. 2003), while ADC was also worse 
following methacholine challenge (Costella et al. 
2012). Both studies along with another 
(Svenningsen et al. 2013) have also demonstrated 
that 3He and 129Xe ventilation defects are reduced 
or resolved following bronchodilation. Studies 
such as these have promoted the use of MRI end-
points in large-scale clinical trials evaluating 
investigational new drugs. As one example, in a 
prospective, double-blind, placebo-controlled, 
multinational study, regional treatment response 
to oral montelukast in mild asthma was evaluated 
using 3He MRI (Kruger et al. 2014). As shown in 
Fig. 7 in two representative patients, oral monte-
lukast resulted in improved FEV1 and MRI venti-
lation after exercise-induced bronchoconstriction 
when compared to placebo. A more recent treat-
ment for severe asthma, bronchial thermoplasty, 
has also been evaluated using pulmonary 
MRI. As an example of these study results, Fig. 8 
shows segmental 3He ventilation improvements 
following whole-lung therapy (Thomen et al. 
2015), suggesting that ventilation abnormalities 
may serve as an intermediate endpoint for asthma 
clinical trials. In patients with cystic fibrosis, 
bronchodilator and ACT treatments have also 
been shown to improve 3He MRI ventilation 
defects (Mentore et al. 2005), and antibiotic ther-
apy in pulmonary exacerbation has been shown 
to reduce perfusion abnormalities in patients 
aged 0–6 years (Wielputz et al. 2014).

As summarized in Table 5, numerous recent 
and ongoing studies have evaluated inhaled 129Xe 
gas MRI (NCT01280994, NCT02606487, 
NCT01833390, NCT02723500, NCT02740868, 
NCT02723513). However, as of May 2016, there 
have been no treatment studies published using 
other (noninhaled gas) pulmonary MRI methods. 
Nevertheless, ongoing studies aim to improve our 
understanding of lung disease response to ther-
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apy with the goal of providing a framework or 
foundation for the use of MRI to guide focal lung 
treatments.

5.3.2  Image-Guided MRI Intervention 
and Therapy Trials

While image-guided therapy for chronic vascular 
disease is common, image-guided treatment for 
respiratory disease is not yet the clinical standard 
of care. However, we now know that in chronic 
lung disease, pulmonary structural and functional 
abnormalities are spatially heterogeneous. Thus, 
there is enormous potential for MRI-guided pro-
cedures in respiratory disease that, until now, has 
not been exploited. In patients with asthma, and as 

shown in Fig. 9, two studies have been designed 
to evaluate the utility of hyperpolarized noble gas 
MRI-derived ventilation defects to guide treat-
ments to specific segmental ventilation defects 
(NCT02263794, NCT01832363). In these studies, 
and as shown in Fig. 10, a graphical user interface 
can be generated to identify target airways based 
on segmental VDP derived from hyperpolarized 
gas MRI. In addition, pulmonary MRI can also be 
used to identify regions of the lung where therapy 
should be avoided. In this regard, two studies have 
been designed that use hyperpolarized gas MRI to 
determine regions where radiation therapy should 
be avoided, including well-ventilated regions in 
patients with nonsmall-cell lung cancer (Hoover 

Table 4 Title, disease specification, and NCT number of included clinical trials and studies classified as 
interventional

Title Disease NCT

Evaluation of treatment response

Longitudinal study of oscillatory positive expiratory pressure (oPEP) COPD
Bronchiectasis

NCT02282189
NCT02282202

Chronic obstructive pulmonary disease: quantification of bronchodilator 
effects by using hyperpolarized 3He MR imaging

COPD –

Hyperpolarized 3He functional magnetic resonance imaging of 
bronchoscopic airway bypass in chronic obstructive pulmonary disease

COPD –

Imaging the lungs in asthmatic patients by using hyperpolarized helium-3 
magnetic resonance: assessment of response to methacholine and exercise 
challenge

Asthma –

Regional pulmonary response to a methacholine challenge using 
hyperpolarized 3He magnetic resonance imaging

Asthma –

Hyperpolarized 3He and 129Xe MRI: differences in asthma before 
bronchodilation

Asthma –

Hyperpolarized helium-3 MRI of exercise-induced bronchoconstriction 
during challenge and therapy

Asthma –

Regional ventilation changes in severe asthma after bronchial thermoplasty 
with 3He MR imaging and CT

Asthma –

Hyperpolarized HHe-3 MRI of the lung in cystic fibrosis: Assessment at 
baseline and after bronchodilator and airway clearance treatment

CF –

Magnetic resonance imaging detects changes in structure and perfusion, and 
response to therapy in early cystic fibrosis lung disease

CF NCT00760071

MRI-guided therapy

Hyperpolarized MRI in asthma pre- and post-bronchial  
thermoplasty

Asthma NCT02263794

Bronchial thermoplasty for severe asthmatics guided by HXe MRI 
(HXe-BT)

Asthma NCT01832363

Functional lung avoidance for individualized radiotherapy (FLAIR): a 
randomized, double-blind clinical trial

NSCLC NCT02002052

Lung HeXeRT: Advanced proton, hyperpolarized 3-helium and 129-xenon 
MRI for lung cancer radiation planning and evaluation

NSCLC NCT01859650
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Fig. 6 Treatment response to 
oscillatory positive expiratory 
pressure (oPEP) device in 
bronchiectasis and COPD using 
hyperpolarized 3He. 
Improvements in ventilation as 
shown by hyperpolarized 3He 
contrast-enhanced MRI can be 
seen in representative 
bronchiectatic (80 y/o female) 
and COPD (56 y/o female) 
patients
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Fig. 7 Treatment response 
to montelukast during 
exercise-induced 
bronchoconstriction in 
two asthma subjects. 
Improvements in 
ventilation as shown by 
hyperpolarized 3He 
contrast-enhanced MRI 
can be seen in two 
representative asthma 
subjects (Subject 1:21
y/o female; Subject 2:28
y/o male)
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et al. 2014) and comorbid COPD (NCT02002052, 
NCT01859650). These studies open up the door 
for MRI to be used as a tool to guide other regional 
therapies, including bronchoscopic lung volume 

reduction and bronchoscopic valve or stent place-
ment. Clinical trials using MRI-guided therapy to 
target regions to treat and/or avoid will likely fol-
low a general outline shown in Fig. 11.
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Fig. 8 Treatment response to bronchial thermoplasty in 
an asthmatic subject. Segmental 3He ventilation is 
improved in a representative asthmatic (42 y/o male), 

91 days following bronchial thermoplasty. Colors identify 
different bronchial segments (Adapted from Thomen 
et al. Radiology. 2015:274(1);250–259)
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5.4  Using MRI Biomarkers 
to Change Diagnostic Criteria 
and Improve Diagnosis

As summarized in Table 6, diagnostic studies are by 
far the least explored avenue for clinical trials that 
incorporate the use of pulmonary MRI. Therefore, 
the question remains, can currently identified pul-
monary MRI biomarkers be used to diagnose lung 
disease and discriminate among lung disease bio-
markers/phenotypes? In other words, how sensitive 
are MRI biomarkers to the important features of 
lung disease, and how can this information be used 
to help patients and improve outcomes? The cur-

rent standard for the diagnosis of lung disease relies 
on spirometry measurements. Such measurements 
are well understood to be limited in part because 
disease often originates deep in the smaller airways 
and acinar ducts (Hogg et al. 1968, 2004), and spi-
rometry is not engineered to capture or measure 
these abnormalities. In addition, because the lungs 
are relatively over-engineered for day-to-day tasks, 
patients often do not experience the symptoms until 
the disease is very advanced. This leaves a very 
small window of opportunity to diagnose such dis-
eases or perhaps to generate screening trials. Given 
this context, pulmonary MRI may prove its great-
est value in early detection or perhaps in the deeper 

Table 5 Studies employing 129Xe MRI to evaluate treatment response in lung disease

Title Disease NCT

Hyperpolarized 129Xe MRI for imaging pulmonary function All Diseases NCT01280994

Hyperpolarized xenon MRI in cystic fibrosis pulmonary exacerbations CF NCT02606487

MagniXene MRI use in patients with asthma and COPD to assess regional 
lung function by delineating ventilation defects (HXe-VENT)

Asthma, COPD NCT01833390

129Xenon MRI in chronic lung disease All Diseases NCT02723500

Xenon-129 lung MRI: study of healthy volunteers and participants with 
pulmonary disease

Asthma, CF NCT02740868

Bronchopulmonary dysplasia: from neonatal chronic lung disease to early 
onset adult COPD

BPD NCT02723513

Pathway to Target 1: LB8

Pathway to Target 2: LB10

Pathway to Target 3: RB9

Trachea LMB LLL LB8

Trachea LMB LLL LB10

Trachea RMB RLL RB9Bronlnit

Fig. 9 3He ventilation defects and corresponding airways 
as targets for MRI-guided bronchial thermoplasty. 3He 
static ventilation (blue) coregistered to the 3D–rendering 
of the airway tree (yellow) generated using CT. Three 

abnormal airways (LB8, LB10, and RB9) corresponding 
to localized ventilation defects can be identified as MRI-
guided treatment targets using 3He MRI and outlined and 
measured using CT
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phenotyping of patients once diagnosed to allow for 
stratification to therapy. In childhood lung disease, 
such as bronchopulmonary dysplasia, cystic fibrosis, 
and asthma, the potential to help change outcomes 
is quite significant. As one example, a small bore 
high-field MRI that was engineered to be embedded 
within a neonatal intensive care unit (Tkach et al. 
2012) aims to evaluate the underdeveloped lungs 
of neonates at high risk for chronic respiratory dis-
ease, and in whom longitudinal CT is not an option. 
Recent work with this unique small footprint MRI 
has investigated the utility of pulmonary MRI in 

evaluating bronchopulmonary dysplasia (Walkup 
et al. 2015). Preliminary results of another study 
demonstrated that 1H chest MRI is comparable to 
CT for visualizing morphological changes in CF, 
including bronchiectasis, bronchial wall thicken-
ing, mucus plugging, air fluid level, consolidation, 
and segmental/lobar destruction (Puderbach et al. 
2007), which have led to studies evaluating mor-
phological and functional MRI for early diagnosis 
of CF patients (NCT00760071). Importantly, this 
work was also used to generate a CF disease scor-
ing system that is reproducible and applicable for a 

RMB

RLL

RB9

LMB

LLL

LB8

LB10

X     Pathway to Target

Target Airway: LB8
WALB8: 71%
LALB8: 6mm2

VDPLB8: 90%

Target Airway: LB10
WALB10: 68%
LALB10: 6mm2

VDPLB10: 50%

Target Airway: RB9
WARB9: 63%
LARB9: 7mm2

VDPRB9: 30%

Fig. 10 Graphical user interface for MRI-guided bron-
chial thermoplasty. As shown in Fig. 9, LB8, LB10, and 
RB9 are potential targets for image-guided bronchial ther-
moplasty. A graphical user interface (GUI) shows the 

pathway to each targeted airway and measurements for 
airway morphometry. WA wall area percent, LA lumen 
area, VDP segmental ventilation defect percent

Pulmonary MRI in Clinical Trials



472

large range of CF severity (Eichinger et al. 2012). 
Another study in older adults (Karch et al. 2016) 
aimed to compare the sensitivity and specificity of 
MRI for the diagnosis of emphysema-predominant 
versus airway-predominant COPD phenotypes in 
a subset of the large COSYCONET COPD cohort 
(NCT02629432).

6  Future Directions 
and Opportunities

In most clinical and academic centers, numerous 
small-scale collaborations form the basis of MRI 
research, and the gap between the research bench 

and clinical workflow remains significant. One 
key to narrowing this gap lies in multicenter, 
large-scale clinical trials, because single-center 
trials do not have the ability to generate the large 
sets of data required to fully exploit and 
 understand MRI biomarkers. This is important 
because the advancement of pulmonary MRI 
toward clinical implementation will require the 
development and validation of clinically relevant 
biomarkers. There are obvious requirements to 
successfully launch and complete multicenter tri-
als, including the availability of specialized per-
sonnel and equipment as well as standardized 
phantoms and image analysis software. It is not 
clear yet if all of these key ingredients are in 

Patients Undergoing Therapy

MRI-guided TherapyMRI-guided Therapy Conventional TherapyConventional Therapy

RandomizationRandomization

Functional AvoidanceTargeted Airway

Ventilation CT Ventilation CT

Fig. 11 General clinical trial outline for using MRI to guided 
localized therapy. Patients undergoing therapy as a part of 
their normal clinical care will be randomized to receive con-
ventional or image-guided treatment, based on the type of 

treatment for a particular disease. For example, ventilation 
abnormalities can be used for targeted bronchial thermoplasty 
treatment, or regions of normal ventilation can be used as 
regions to avoid during radiotherapy of lung cancer

Table 6 Title, disease specification, and NCT number of included clinical trials and studies classified as diagnostic

Title Disease NCT

An MRI system for imaging neonates in the NICU All diseases NCT01801865

Quantitative MRI of bronchopulmonary dysplasia in the neonatal intensive care 
unit environment

BPD –

Morphological and functional scoring of cystic fibrosis lung disease using MRI CF –

Magnetic resonance imaging (MRI) for early diagnosis of cystic fibrosis (CF) CF NCT00760071

Image-based structural and functional phenotyping of the COSYCONET cohort 
using MRI and CT

COPD NCT02629432
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place to proceed. Nonetheless, in Europe and, in 
particular, in Germany, multiple research centers 
have taken the steps toward a standardized pul-
monary MRI protocol to be implemented at each 
site in preparation for a multicenter trial 
(NCT02629432) (Karch et al. 2016). This crucial 
first step could set the foundation for other cen-
ters in the EU, Asia, and North America to fol-
low, and include as many novel MRI pulmonary 
methods as possible. What is clear is that together 
and globally, we are on the threshold of taking 
the necessary and likely sufficient steps toward 
the validation of clinically meaningful lung MRI 
biomarkers and phenotypes, with the overarching 
goal of clinical translation and improved patient 
outcomes.

References

Agusti A, Calverley PM, Celli B, Coxson HO, Edwards 
LD, Lomas DA, MacNee W, Miller BE, Rennard S, 
Silverman EK, Tal-Singer R, Wouters E, Yates JC, 
Vestbo J, Evaluation of CLtIPSEi (2010) 
Characterisation of COPD heterogeneity in the 
ECLIPSE cohort. Respir Res 11:122. 
doi:10.1186/1465-9921-11-122

Albert MS, Cates GD, Driehuys B, Happer W, Saam B, 
Springer CS, Wishnia A (1994) Biological magnetic-
resonance-imaging using laser polarized Xe-129. 
Nature 370(6486):199–201. doi:10.1038/370199a0

Altes TA, Powers PL, Knight-Scott J, Rakes G, Platts-
Mills TA, de Lange EE, Alford BA, Mugler JP 3rd, 
Brookeman JR (2001) Hyperpolarized 3He MR lung 
ventilation imaging in asthmatics: preliminary find-
ings. J Magn Reson Imaging 13(3):378–384

Bannier E, Cieslar K, Mosbah K, Aubert F, Duboeuf F, 
Salhi Z, Gaillard S, Berthezene Y, Cremillieux Y, Reix 
P (2010) Hyperpolarized 3He MR for sensitive imag-
ing of ventilation function and treatment efficiency in 
young cystic fibrosis patients with normal lung func-
tion. Radiology 255(1):225–232. doi:10.1148/
radiol.09090039

Bauman G, Puderbach M, Deimling M, Jellus V, 
Chefd'hotel C, Dinkel J, Hintze C, Kauczor HU, Schad 
LR (2009) Non-contrast-enhanced perfusion and ven-
tilation assessment of the human lung by means of 
fourier decomposition in proton MRI. Magn Reson 
Med 62(3):656–664

Bauman G, Puderbach M, Heimann T, Kopp-Schneider A, 
Fritzsching E, Mall MA, Eichinger M (2013a) 
Validation of Fourier decomposition MRI with 
dynamic contrast-enhanced MRI using visual and 
automated scoring of pulmonary perfusion in young 
cystic fibrosis patients. Eur J Radiol 82(12):2371–
2377. doi:10.1016/j.ejrad.2013.08.018

Bauman G, Scholz A, Rivoire J, Terekhov M, Friedrich J, 
de Oliveira A, Semmler W, Schreiber LM, Puderbach 
M (2013b) Lung ventilation-and perfusion-weighted 
Fourier decomposition magnetic resonance imaging: 
in vivo validation with hyperpolarized 3He and 
dynamic contrast-enhanced MRI. Magn Reson Med 
69(1):229–237

Bergin CJ, Pauly JM, Macovski A (1991) Lung parenchyma: 
projection reconstruction MR imaging. Radiology 
179(3):777–781. doi:10.1148/radiology.179.3.2027991

Bergin CJ, Glover GM, Pauly J (1993) Magnetic reso-
nance imaging of lung parenchyma. J Thorac Imaging 
8(1):12–17

Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux 
AV, Folsom AR, Greenland P, Jacob DR Jr, Kronmal 
R, Liu K, Nelson JC, O'Leary D, Saad MF, Shea S, 
Szklo M, Tracy RP (2002) Multi-Ethnic Study of 
Atherosclerosis: objectives and design. Am 
J Epidemiol 156(9):871–881

Bourbeau J, Tan WC, Benedetti A, Aaron SD, Chapman 
KR, Coxson HO, Cowie R, Fitzgerald M, Goldstein R, 
Hernandez P, Leipsic J, Maltais F, Marciniuk D, 
O'Donnell D, Sin DD, Cancold Study G (2014) 
Canadian Cohort Obstructive Lung Disease 
(CanCOLD): fulfilling the need for longitudinal obser-
vational studies in COPD. COPD 11(2):125–132. doi:
10.3109/15412555.2012.665520

Burris NS, Johnson KM, Larson PE, Hope MD, Nagle 
SK, Behr SC, Hope TA (2016) Detection of Small 
Pulmonary Nodules with Ultrashort Echo Time 
Sequences in Oncology Patients by Using a PET/MR 
System. Radiology 278(1):239–246. doi:10.1148/
radiol.2015150489

Capaldi DP, Sheikh K, Guo F, Svenningsen S, Etemad-
Rezai R, Coxson HO, Leipsic JA, McCormack DG, 
Parraga G (2015) Free-breathing pulmonary 1H and 
Hyperpolarized 3He MRI: comparison in COPD and 
bronchiectasis. Acad Radiol 22(3):320–329. 
doi:10.1016/j.acra.2014.10.003

Capaldi DP, Zha N, Guo F, Pike D, McCormack DG, 
Kirby M, Parraga G (2016) Pulmonary Imaging 
Biomarkers of Gas Trapping and Emphysema in 
COPD: (3)He MR Imaging and CT Parametric 
Response Maps. Radiology 279(2):597–608. 
doi:10.1148/radiol.2015151484

Costella S, Kirby M, Maksym GN, McCormack DG, 
Paterson NA, Parraga G (2012) Regional pulmonary 
response to a methacholine challenge using hyperpo-
larized (3)He magnetic resonance imaging. 
Respirology (Carlton, Vic) 17(8):1237–1246. 
doi:10.1111/j.1440-1843.2012.02250.x

Couch MJ, Ball IK, Li T, Fox MS, Ouriadov AV, Biman B, 
Albert MS (2014) Inert fluorinated gas MRI: a new 
pulmonary imaging modality. NMR Biomed 
27(12):1525–1534. doi:10.1002/nbm.3165

Couper D, LaVange LM, Han M, Barr RG, Bleecker E, 
Hoffman EA, Kanner R, Kleerup E, Martinez FJ, 
Woodruff PG, Rennard S, Group SR (2014) Design of 
the Subpopulations and Intermediate Outcomes in 
COPD Study (SPIROMICS). Thorax 69(5):491–494. 
doi:10.1136/thoraxjnl-2013-203897

Pulmonary MRI in Clinical Trials

https://doi.org/10.1186/1465-9921-11-122
https://doi.org/10.1038/370199a0
https://doi.org/10.1148/radiol.09090039
https://doi.org/10.1148/radiol.09090039
https://doi.org/10.1016/j.ejrad.2013.08.018
https://doi.org/10.1148/radiology.179.3.2027991
https://doi.org/10.3109/15412555.2012.665520
https://doi.org/10.3109/15412555.2012.665520
https://doi.org/10.1148/radiol.2015150489
https://doi.org/10.1148/radiol.2015150489
https://doi.org/10.1016/j.acra.2014.10.003
https://doi.org/10.1148/radiol.2015151484
https://doi.org/10.1111/j.1440-1843.2012.02250.x
https://doi.org/10.1002/nbm.3165
https://doi.org/10.1136/thoraxjnl-2013-203897


474

de Lange EE, Altes TA, Patrie JT, Gaare JD, Knake JJ, 
Mugler JP 3rd, Platts-Mills TA (2006) Evaluation of 
asthma with hyperpolarized helium-3 MRI: correla-
tion with clinical severity and spirometry. Chest 
130(4):1055–1062. doi:10.1378/chest.130.4.1055

de Lange EE, Altes TA, Patrie JT, Parmar J, Brookeman 
JR, Mugler JP, Platts-Mills TAE (2007) The variability 
of regional airflow obstruction within the lungs of 
patients with asthma: assessment with hyperpolarized 
helium-3 magnetic resonance imaging. J Allergy  
Clin Immunol 119(5):1072–1078. doi:10.1016/j.
jaci.2006.12.659

de Lange EE, Altes TA, Patrie JT, Battiston JJ, Juersivich 
AP, Mugler JP 3rd, Platts-Mills TA (2009) Changes in 
regional airflow obstruction over time in the lungs of 
patients with asthma: evaluation with 3He MR imag-
ing. Radiology 250(2):567–575. doi:10.1148/
radiol.2502080188

Deninger AJ, Eberle B, Ebert M, Grossmann T, Heil W, 
Kauczor H, Lauer L, Markstaller K, Otten E, 
Schmiedeskamp J, Schreiber W, Surkau R, Thelen M, 
Weiler N (1999) Quantification of regional intrapul-
monary oxygen partial pressure evolution during 
apnea by (3)He MRI. J Magn Reson 141(2):207–216. 
doi:10.1006/jmre.1999.1902

Diaz S, Casselbrant I, Piitulainen E, Magnusson P, 
Peterson B, Wollmer P, Leander P, Ekberg O, Akeson 
P (2009) Validity of apparent diffusion coefficient 
hyperpolarized 3He-MRI using MSCT and pulmonary 
function tests as references. Eur J Radiol 71(2):257–
263. doi:10.1016/j.ejrad.2008.04.013

Donnelly LF, MacFall JR, McAdams HP, Majure JM, Smith 
J, Frush DP, Bogonad P, Charles HC, Ravin CE (1999) 
Cystic fibrosis: combined hyperpolarized 3He-enhanced 
and conventional proton MR imaging in the lung–pre-
liminary observations. Radiology 212(3):885–889. 
doi:10.1148/radiology.212.3.r99se20885

Dournes G, Menut F, Macey J, Fayon M, Chateil JF, Salel 
M, Corneloup O, Montaudon M, Berger P, Laurent F 
(2016) Lung morphology assessment of cystic fibrosis 
using MRI with ultra-short echo time at submillimeter 
spatial resolution. Eur Radiol. doi:10.1007/
s00330-016-4218-5

Driehuys B, Cofer GP, Pollaro J, Mackel JB, Hedlund LW, 
Johnson GA (2006) Imaging alveolar-capillary gas 
transfer using hyperpolarized 129Xe MRI. Proc Natl 
Acad Sci U S A 103(48):18278–18283. doi:10.1073/
pnas.0608458103

Driehuys B, Martinez-Jimenez S, Cleveland ZI, Metz 
GM, Beaver DM, Nouls JC, Kaushik SS, Firszt R, 
Willis C, Kelly KT, Wolber J, Kraft M, McAdams HP 
(2012) Chronic obstructive pulmonary disease: safety 
and tolerability of hyperpolarized 129Xe MR imaging 
in healthy volunteers and patients. Radiology 
262(1):279–289. doi:10.1148/radiol.11102172

Ebert M, Grossmann T, Heil W, Otten WE, Surkau R, 
Leduc M, Bachert P, Knopp MV, Schad LR, Thelen M 
(1996) Nuclear magnetic resonance imaging  
with hyperpolarised helium-3. Lancet 347(9011): 
1297–1299

Edelman RR, Hatabu H, Tadamura E, Li W, Prasad PV 
(1996) Noninvasive assessment of regional ventilation 
in the human lung using oxygen-enhanced magnetic 
resonance imaging. Nat Med 2(11):1236–1239

Eichinger M, Optazaite DE, Kopp-Schneider A, Hintze C, 
Biederer J, Niemann A, Mall MA, Wielputz MO, 
Kauczor HU, Puderbach M (2012) Morphologic and 
functional scoring of cystic fibrosis lung disease using 
MRI. Eur J Radiol 81(6):1321–1329. doi:10.1016/j.
ejrad.2011.02.045

Fain SB, Altes TA, Panth SR, Evans MD, Waters B, 
Mugler JP 3rd, Korosec FR, Grist TM, Silverman M, 
Salerno M, Owers-Bradley J (2005) Detection of age-
dependent changes in healthy adult lungs with diffu-
sion-weighted 3He MRI. Acad Radiol 
12(11):1385–1393. doi:10.1016/j.acra.2005.08.005

Fain SB, Gonzalez-Fernandez G, Peterson ET, Evans MD, 
Sorkness RL, Jarjour NN, Busse WW, Kuhlman JE 
(2008) Evaluation of structure-function relationships 
in asthma using multidetector CT and hyperpolarized 
He-3 MRI. Acad Radiol 15(6):753–762. doi:10.1016/j.
acra.2007.10.019

Fain SB, Peterson ET, Sorkness RL, Wenzel S, Castro 
M, Busse WW (2009) Severe asthma research 
program – phenotyping and quantification of 
severe asthma. Imaging Decis MRI 13(1):24–27. 
doi:10.1111/j.1617-0830.2009.01124.x

Gupta S, Siddiqui S, Haldar P, Raj JV, Entwisle JJ, 
Wardlaw AJ, Bradding P, Pavord ID, Green RH, 
Brightling CE (2009) Qualitative analysis of high-
resolution CT scans in severe asthma. Chest 
136(6):1521–1528. doi:10.1378/chest.09-0174

Hamedani H, Kadlecek SJ, Ishii M, Xin Y, Emami K, Han 
B, Shaghaghi H, Gopstein D, Cereda M, Gefter WB, 
Rossman MD, Rizi RR (2015) Alterations of regional 
alveolar oxygen tension in asymptomatic current 
smokers: assessment with hyperpolarized (3)He MR 
imaging. Radiology 274(2):585–596.  doi:10.1148/
radiol.14132809

Hatabu H, Gaa J, Kim D, Li W, Prasad PV, Edelman RR 
(1996) Pulmonary perfusion: qualitative assessment 
with dynamic contrast-enhanced MRI using ultra-
short TE and inversion recovery turbo FLASH. Magn 
Reson MedOffJ Soc Magn Reson MedSocMagn 
ResonMed 36(4):503–508

Hogg JC, Macklem PT, Thurlbeck WM (1968) Site and 
nature of airway obstruction in chronic obstructive 
lung disease. N Engl J Med 278(25):1355–1360. 
doi:10.1056/NEJM196806202782501

Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, 
Buzatu L, Cherniack RM, Rogers RM, Sciurba FC, 
Coxson HO, Pare PD (2004) The nature of small-air-
way obstruction in chronic obstructive pulmonary dis-
ease. N Engl J Med 350(26):2645–2653. doi:10.1056/
NEJMoa032158

Hoover DA, Capaldi DP, Sheikh K, Palma DA, Rodrigues 
GB, Dar AR, Yu E, Dingle B, Landis M, Kocha W, 
Sanatani M, Vincent M, Younus J, Kuruvilla S, Gaede S, 
Parraga G, Yaremko BP (2014) Functional lung avoid-
ance for individualized radiotherapy (FLAIR): study 

D.P.I. Capaldi et al.

https://doi.org/10.1378/chest.130.4.1055
https://doi.org/10.1016/j.jaci.2006.12.659
https://doi.org/10.1016/j.jaci.2006.12.659
https://doi.org/10.1148/radiol.2502080188
https://doi.org/10.1148/radiol.2502080188
https://doi.org/10.1006/jmre.1999.1902
https://doi.org/10.1016/j.ejrad.2008.04.013
https://doi.org/10.1148/radiology.212.3.r99se20885
https://doi.org/10.1007/s00330-016-4218-5
https://doi.org/10.1007/s00330-016-4218-5
https://doi.org/10.1073/pnas.0608458103
https://doi.org/10.1073/pnas.0608458103
https://doi.org/10.1148/radiol.11102172
https://doi.org/10.1016/j.ejrad.2011.02.045
https://doi.org/10.1016/j.ejrad.2011.02.045
https://doi.org/10.1016/j.acra.2005.08.005
https://doi.org/10.1016/j.acra.2007.10.019
https://doi.org/10.1016/j.acra.2007.10.019
https://doi.org/10.1111/j.1617-0830.2009.01124.x
https://doi.org/10.1378/chest.09-0174
https://doi.org/10.1148/radiol.14132809
https://doi.org/10.1148/radiol.14132809
https://doi.org/10.1056/NEJM196806202782501
https://doi.org/10.1056/NEJMoa032158
https://doi.org/10.1056/NEJMoa032158


475

protocol for a randomized, double-blind clinical trial. 
BMC Cancer 14:934. doi:10.1186/1471-2407-14-934

Ireland RH, Din OS, Swinscoe JA, Woodhouse N, van 
Beek EJ, Wild JM, Hatton MQ (2010) Detection of 
radiation-induced lung injury in non-small cell lung 
cancer patients using hyperpolarized helium-3 mag-
netic resonance imaging. Radiother OncolJ Eur Soc 
Ther RadiolOncol 97(2):244–248. doi:10.1016/j.
radonc.2010.07.013

Ishii M, Hamedani H, Clapp JT, Kadlecek SJ, Xin Y, Gefter 
WB, Rossman MD, Rizi RR (2015) Oxygen-weighted 
Hyperpolarized (3)He MR imaging: ashort-term 
reproducibility study in human subjects. Radiology 
277(1):247–258. doi:10.1148/radiol.2015142038

Jarjour NN, Erzurum SC, Bleecker ER, Calhoun WJ, 
Castro M, Comhair SA, Chung KF, Curran-Everett 
D, Dweik RA, Fain SB, Fitzpatrick AM, Gaston BM, 
Israel E, Hastie A, Hoffman EA, Holguin F, Levy 
BD, Meyers DA, Moore WC, Peters SP, Sorkness 
RL, Teague WG, Wenzel SE, Busse WW, Program 
NSAR (2012) Severe asthma: lessons learned from 
the National Heart, Lung, and Blood Institute Severe 
Asthma Research Program. Am J Respir Crit Care Med 
185(4):356–362. doi:10.1164/rccm.201107-1317PP

Jobst BJ, Wielputz MO, Triphan SM, Anjorin A, Ley-
Zaporozhan J, Kauczor HU, Biederer J, Ley S, 
Sedlaczek O (2015) Morpho-functional 1H-MRI of 
the lung in COPD: short-term test-retest reliability. 
PLoS One 10(9):e0137282. doi:10.1371/journal.
pone.0137282

Jones PW (2009) Health status and the spiral of decline. 
COPD 6(1):59–63. doi:10.1080/15412550802587943

Karch A, Vogelmeier C, Welte T, Bals R, Kauczor HU, 
Biederer J, Heinrich J, Schulz H, Glaser S, Holle R, 
Watz H, Korn S, Adaskina N, Biertz F, Vogel C, 
Vestbo J, Wouters EF, Rabe KF, Sohler S, Koch A, 
Jorres RA, Group CS (2016) The German COPD 
cohort COSYCONET: aims, methods and descriptive 
analysis of the study population at baseline. Respir 
Med 114:27–37. doi:10.1016/j.rmed.2016.03.008

Kauczor HU, Hofmann D, Kreitner KF, Nilgens H, 
Surkau R, Heil W, Potthast A, Knopp MV, Otten EW, 
Thelen M (1996) Normal and abnormal pulmonary 
ventilation: visualization at hyperpolarized He-3 MR 
imaging. Radiology 201(2):564–568

Khakban A, Sin DD, FitzGerald JM, Ng R, Zafari Z, 
McManus B, Hollander Z, Marra CA, Sadatsafavi M 
(2015) Ten-year trends in direct costs of COPD: apop-
ulation-based study. Chest 148(3):640–646. 
doi:10.1378/chest.15-0721

Kirby M, Mathew L, Wheatley A, Santyr GE, McCormack 
DG, Parraga G (2010a) Chronic obstructive pulmo-
nary disease: longitudinal hyperpolarized (3)He MR 
imaging. Radiology 256(1):280–289. doi:10.1148/
radiol.10091937

KirbyM, WheatleyA, McCormackDG, ParragaG (2010b) 
Development and application of methods to quantify 
spatial and temporal hyperpolarized 3He MRI ventila-
tion dynamics: preliminary results in chronic obstruc-
tive pulmonary disease. In: SPIE Medical Imaging. 

International Society for Optics and Photonics, 
pp 762605–762605-762609

Kirby M, Mathew L, Heydarian M, Etemad-Rezai R, 
McCormack DG, Parraga G (2011a) Chronic obstruc-
tive pulmonary disease: quantification of bronchodila-
tor effects by using hyperpolarized (3)He MR imaging. 
Radiology 261(1):283–292. doi:10.1148/radiol.11110403

Kirby M, Svenningsen S, Ahmed H, Wheatley A, Etemad-
Rezai R, Paterson NA, Parraga G (2011b) Quantitative 
evaluation of hyperpolarized helium-3 magnetic reso-
nance imaging of lung function variability in cystic 
fibrosis. Acad Radiol 18(8):1006–1013. doi:10.1016/j.
acra.2011.03.005

Kirby M, Svenningsen S, Owrangi A, Wheatley A, Farag 
A, Ouriadov A, Santyr GE, Etemad-Rezai R, Coxson 
HO, McCormack DG, Parraga G (2012) 
Hyperpolarized 3He and 129Xe MR imaging in 
healthy volunteers and patients with chronic obstruc-
tive pulmonary disease. Radiology 265(2):600–610. 
doi:10.1148/radiol.12120485

Kirby M, Svenningsen S, Kanhere N, Owrangi A, 
Wheatley A, Coxson HO, Santyr GE, Paterson NA, 
McCormack DG, Parraga G (2013) Pulmonary venti-
lation visualized using hyperpolarized helium-3 and 
xenon-129 magnetic resonance imaging: differences 
in COPD and relationship to emphysema. J Appl 
Physiol (Bethesda, Md : 1985) 114(6):707–715. 
doi:10.1152/japplphysiol.01206.2012

Kirby M, Ouriadov A, Svenningsen S, Owrangi 
A, Wheatley A, Etemad-Rezai R, Santyr GE, 
McCormack DG, Parraga G (2014a) Hyperpolarized 
3He and 129Xe magnetic resonance imaging appar-
ent diffusion coefficients: physiological relevance 
in older never- and ex-smokers. Physiol Rep 2(7). 
doi:10.14814/phy2.12068

Kirby M, Pike D, Coxson HO, McCormack DG, Parraga G 
(2014b) Hyperpolarized (3)He ventilation defects used 
to predict pulmonary exacerbations in mild to moder-
ate chronic obstructive pulmonary disease. Radiology 
273(3):887–896. doi:10.1148/radiol.14140161

Kirby M, Pike D, McCormack DG, Lam S, Sin DD, 
Coxson HO, Parraga G (2014c) Longitudinal com-
puted tomography and magnetic resonance imaging of 
COPD: Thoracic Imaging Network of Canada 
(TINCan) study objectives. Chron Obstruct Pulmon 
Dis J COPD Found 1(2):200–211

Kirby M, Pike D, Sin DD, Coxson HO, McCormack DG, 
Parraga G (2015) COPD: do imaging measurements of 
emphysema and airway disease explain symptoms and 
exercise capacity? Radiology 277(3):872–880. 
doi:10.1148/radiol.2015150037

Kruger SJ, Niles DJ, Dardzinski B, Harman A, Jarjour 
NN, Ruddy M, Nagle SK, Francois CJ, Sorkness RL, 
Burton RM, Munoz del Rio A, Fain SB (2014) 
Hyperpolarized Helium-3 MRI of exercise-induced 
bronchoconstriction during challenge and therapy. 
J MagnReson Imaging 39(5):1230–1237. doi:10.1002/
jmri.24272

Lederlin M, Bauman G, Eichinger M, Dinkel J, Brault M, 
Biederer J, Puderbach M (2013) Functional MRI using 

Pulmonary MRI in Clinical Trials

https://doi.org/10.1186/1471-2407-14-934
https://doi.org/10.1016/j.radonc.2010.07.013
https://doi.org/10.1016/j.radonc.2010.07.013
https://doi.org/10.1148/radiol.2015142038
https://doi.org/10.1164/rccm.201107-1317PP
https://doi.org/10.1371/journal.pone.0137282
https://doi.org/10.1371/journal.pone.0137282
https://doi.org/10.1080/15412550802587943
https://doi.org/10.1016/j.rmed.2016.03.008
https://doi.org/10.1378/chest.15-0721
https://doi.org/10.1148/radiol.10091937
https://doi.org/10.1148/radiol.10091937
https://doi.org/10.1148/radiol.11110403
https://doi.org/10.1016/j.acra.2011.03.005
https://doi.org/10.1016/j.acra.2011.03.005
https://doi.org/10.1148/radiol.12120485
https://doi.org/10.1152/japplphysiol.01206.2012
https://doi.org/10.14814/phy2.12068
https://doi.org/10.1148/radiol.14140161
https://doi.org/10.1148/radiol.2015150037
https://doi.org/10.1002/jmri.24272
https://doi.org/10.1002/jmri.24272


476

Fourier decomposition of lung signal: reproducibility 
of ventilation-and perfusion-weighted imaging in 
healthy volunteers. Eur J Radiol 82(6):1015–1022

Lutey BA, Lefrak SS, Woods JC, Tanoli T, Quirk JD, 
Bashir A, Yablonskiy DA, Conradi MS, Bartel ST, 
Pilgram TK, Cooper JD, Gierada DS (2008) 
Hyperpolarized 3He MR imaging: physiologic moni-
toring observations and safety considerations in 100 
consecutive subjects. Radiology 248(2):655–661. 
doi:10.1148/radiol.2482071838

Ma W, Sheikh K, Svenningsen S, Pike D, Guo F, Etemad-
Rezai R, Leipsic J, Coxson HO, McCormack DG, 
Parraga G (2015) Ultra-short echo-time pulmonary 
MRI: evaluation and reproducibility in COPD subjects 
with and without bronchiectasis. JMagn Reson 
Imaging 41(5):1465–1474. doi:10.1002/jmri.24680

Mathew L, Evans A, Ouriadov A, Etemad-Rezai R, Fogel 
R, Santyr G, McCormack DG, Parraga G (2008) 
Hyperpolarized 3He magnetic resonance imaging of 
chronic obstructive pulmonary disease: reproducibil-
ity at 3.0 tesla. Acad Radiol 15(10):1298–1311. 
doi:10.1016/j.acra.2008.04.019

Mathew L, Gaede S, Wheatley A, Etemad-Rezai R, 
Rodrigues GB, Parraga G (2010) Detection of longitu-
dinal lung structural and functional changes after diag-
nosis of radiation-induced lung injury using 
hyperpolarized 3He magnetic resonance imaging. 
Med Phys 37(1):22–31. doi:10.1118/1.3263616

Mathew L, Kirby M, Etemad-Rezai R, Wheatley A, 
McCormack DG, Parraga G (2011) Hyperpolarized 
(3)He magnetic resonance imaging: preliminary eval-
uation of phenotyping potential in chronic obstructive 
pulmonary disease. Eur J Radiol 79(1):140–146. 
doi:10.1016/j.ejrad.2009.10.028

Mathew L, Kirby M, Farquhar D, Licskai C, Santyr G, 
Etemad-Rezai R, Parraga G, McCormack DG (2012a) 
Hyperpolarized 3He functional magnetic resonance 
imaging of bronchoscopic airway bypass in chronic 
obstructive pulmonary disease. Can RespirJ J Can 
Thorac Soc 19(1):41–43

Mathew L, Vandyk J, Etemad-Rezai R, Rodrigues G, 
Parraga G (2012b) Hyperpolarized (3)He pulmo-
nary functional magnetic resonance imaging prior 
to radiation therapy. Med Phys 39(7):4284–4290. 
doi:10.1118/1.4729713

Mathew L, Wheatley A, Castillo R, Castillo E, Rodrigues 
G, Guerrero T, Parraga G (2012c) Hyperpolarized (3)
He magnetic resonance imaging: comparison with 
four-dimensional x-ray computed tomography imag-
ing in lung cancer. Acad Radiol 19(12):1546–1553. 
doi:10.1016/j.acra.2012.08.007

McMahon CJ, Dodd JD, Hill C, Woodhouse N, Wild 
JM, Fichele S, Gallagher CG, Skehan SJ, van Beek 
EJ, Masterson JB (2006) Hyperpolarized 3helium 
magnetic resonance ventilation imaging of the lung 
in cystic fibrosis: comparison with high resolution 
CT and spirometry. Eur Radiol 16(11):2483–2490. 
doi:10.1007/s00330-006-0311-5

Meaney JF, Weg JG, Chenevert TL, Stafford-Johnson D, 
Hamilton BH, Prince MR (1997) Diagnosis of 

 pulmonary embolism with magnetic resonance angi-
ography. N Engl J Med 336(20):1422–1427. 
doi:10.1056/NEJM199705153362004

Mentore K, Froh DK, de Lange EE, Brookeman JR, 
Paget-Brown AO, Altes TA (2005) Hyperpolarized 
HHe 3 MRI of the lung in cystic fibrosis: assessment 
at baseline and after bronchodilator and airway clear-
ance treatment1. Acad Radiol 12(11):1423–1429

Morbach AE, Gast KK, Schmiedeskamp J, Dahmen A, 
Herweling A, Heussel CP, Kauczor HU, Schreiber 
WG (2005) Diffusion-weighted MRI of the lung with 
hyperpolarized helium-3: a study of reproducibility. 
J Magn Reson Imaging 21(6):765–774. doi:10.1002/
jmri.20300

Mugler III J(1998) Optimization of gradient-echo 
sequences for hyperpolarized noble gas MRI. In: 
Proceedings of the 6th annual meeting of ISMRM, 
Sydney, p 1904

Mugler JP 3rd, Driehuys B, Brookeman JR, Cates GD, 
Berr SS, Bryant RG, Daniel TM, de Lange EE, Downs 
JH 3rd, Erickson CJ, Happer W, Hinton DP, Kassel 
NF, Maier T, Phillips CD, Saam BT, Sauer KL, 
Wagshul ME (1997) MR imaging and spectroscopy 
using hyperpolarized 129Xe gas: preliminary human 
results. Magn Reson Med 37(6):809–815

Mugler JP 3rd, Altes TA, Ruset IC, Dregely IM, Mata JF, 
Miller GW, Ketel S, Ketel J, Hersman FW, Ruppert K 
(2010) Simultaneous magnetic resonance imaging of 
ventilation distribution and gas uptake in the human 
lung using hyperpolarized xenon-129. Proc Natl Acad 
Sci U S A 107(50):21707–21712. doi:10.1073/
pnas.1011912107

OECD OfEC-oaD (2007) Computed Tomography (CT) 
and Magnetic Resonance Imaging (MRI) Census. 
Benchmark Report: IMV, Limited, Medical 
Information Division

Parraga G, Ouriadov A, Evans A, McKay S, Lam WW, 
Fenster A, Etemad-Rezai R, McCormack D, Santyr G 
(2007) Hyperpolarized 3He ventilation defects and appar-
ent diffusion coefficients in chronic obstructive pulmo-
nary disease: preliminary results at 3.0 Tesla. Invest Radiol 
42(6):384–391. doi:10.1097/01.rli.0000262571.81771.66

Parraga G, Mathew L, Etemad-Rezai R, McCormack DG, 
Santyr GE (2008) Hyperpolarized 3He magnetic reso-
nance imaging of ventilation defects in healthy elderly 
volunteers: initial findings at 3.0 Tesla. Acad Radiol 
15(6):776–785. doi:10.1016/j.acra.2008.03.003

Paulin GA, Svenningsen S, Jobse BN, Mohan S, Kirby M, 
Lewis JF, Parraga G (2015) Differences in hyperpolar-
ized (3) He ventilation imaging after 4 years in adults 
with cystic fibrosis. J Magn Reson Imaging 
41(6):1701–1707. doi:10.1002/jmri.24744

Pauwels RA, Buist AS, Calverley PM, Jenkins CR, 
Hurd SS, Committee GS (2001) Global strategy 
for the diagnosis, management, and prevention of 
chronic obstructive pulmonary disease. NHLBI/
WHO Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) Workshop summary. Am J Respir 
Crit Care Med 163(5):1256–1276. doi:10.1164/
ajrccm.163.5.2101039

D.P.I. Capaldi et al.

https://doi.org/10.1148/radiol.2482071838
https://doi.org/10.1002/jmri.24680
https://doi.org/10.1016/j.acra.2008.04.019
https://doi.org/10.1118/1.3263616
https://doi.org/10.1016/j.ejrad.2009.10.028
https://doi.org/10.1118/1.4729713
https://doi.org/10.1016/j.acra.2012.08.007
https://doi.org/10.1007/s00330-006-0311-5
https://doi.org/10.1056/NEJM199705153362004
https://doi.org/10.1002/jmri.20300
https://doi.org/10.1002/jmri.20300
https://doi.org/10.1073/pnas.1011912107
https://doi.org/10.1073/pnas.1011912107
https://doi.org/10.1097/01.rli.0000262571.81771.66
https://doi.org/10.1016/j.acra.2008.03.003
https://doi.org/10.1002/jmri.24744
https://doi.org/10.1164/ajrccm.163.5.2101039
https://doi.org/10.1164/ajrccm.163.5.2101039


477

Puderbach M, Eichinger M, Gahr J, Ley S, Tuengerthal S, 
Schmahl A, Fink C, Plathow C, Wiebel M, Muller FM, 
Kauczor HU (2007) Proton MRI appearance of cystic 
fibrosis: comparison to CT. Eur Radiol 17(3):716–724. 
doi:10.1007/s00330-006-0373-4

Regan EA, Hokanson JE, Murphy JR, Make B, Lynch 
DA, Beaty TH, Curran-Everett D, Silverman EK, 
Crapo JD (2010) Genetic epidemiology of COPD 
(COPDGene) study design. COPD 7(1):32–43. 
doi:10.3109/15412550903499522

Samee S, Altes T, Powers P, de Lange EE, Knight-Scott J, 
Rakes G, Mugler JP 3rd, Ciambotti JM, Alford BA, 
Brookeman JR, Platts-Mills TA (2003) Imaging the 
lungs in asthmatic patients by using hyperpolarized 
helium-3 magnetic resonance: assessment of response 
to methacholine and exercise challenge. J Allergy Clin 
Immunol 111(6):1205–1211

Schonfeld C, Cebotari S, Voskrebenzev A, Gutberlet M, 
Hinrichs J, Renne J, Hoeper MM, Olsson KM, Welte 
T, Wacker F, Vogel-Claussen J (2014) Performance of 
perfusion-weighted Fourier decomposition MRI for 
detection of chronic pulmonary emboli. J Magn Reson 
Imaging. doi:10.1002/jmri.24764

Sheikh K, Capaldi DP, Hoover DA, Palma DA, Yaremko 
BP, Parraga G (2015) Magnetic resonance imaging 
biomarkers of chronic obstructive pulmonary disease 
prior to radiation therapy for non-small cell lung can-
cer. Eur J Radiol Open 2:81–89. doi:10.1016/j.
ejro.2015.05.003

Shukla Y, Wheatley A, Kirby M, Svenningsen S, Farag A, 
Santyr GE, Paterson NA, McCormack DG, Parraga G 
(2012) Hyperpolarized 129Xe magnetic resonance 
imaging: tolerability in healthy volunteers and sub-
jects with pulmonary disease. Acad Radiol 19(8):941–
951. doi:10.1016/j.acra.2012.03.018

SoherBJ, AinslieM, MacFallJ, HashoianR, CharlesHC 
(2010) Lung imaging in humans at 3 T using perfluo-
rinated gases as MR contrast agents [abstr]. In: 
Proceedings of the Eighteenth Meeting of the 
International Society for Magnetic Resonance in 
Medicine Berkeley, Calif: International Society for 
Magnetic Resonance in Medicine:3389

Sommer G, Bauman G, Koenigkam-Santos M, Draenkow 
C, Heussel CP, Kauczor HU, Schlemmer HP, 
Puderbach M (2013) Non-contrast-enhanced preoper-
ative assessment of lung perfusion in patients with 
non-small-cell lung cancer using Fourier decomposi-
tion magnetic resonance imaging. Eur J Radiol 
82(12):E879–E887. doi:10.1016/j.ejrad.2013.06.030

Svenningsen S, Kirby M, Starr D, Leary D, Wheatley A, 
Maksym GN, McCormack DG, Parraga G (2013) 
Hyperpolarized (3) He and (129) Xe MRI: differences 
in asthma before bronchodilation. J Magn Reson 
Imaging 38(6):1521–1530. doi:10.1002/jmri.24111

Svenningsen S, Kirby M, Starr D, Coxson HO, Paterson 
NA, McCormack DG, Parraga G (2014a) What are 
ventilation defects in asthma? Thorax 69(1):63–71. 
doi:10.1136/thoraxjnl-2013-203711

Svenningsen S, Paulin G, Wheatley A, Pike D, Suggett J, 
McCormack D, Parraga G (2014b) Oscillating  positive 

expiratory pressure (oPEP) therapy in chronic obstruc-
tive pulmonary disease and bronchiectasis. Eur Respir 
J 44(Suppl 58):P3679

Svenningsen S, Nair P, Guo F, McCormack DG, 
Parraga G (2016a) Is ventilation heteroge-
neity related to asthma control? Eur Respir 
J. doi:10.1183/13993003.00393-2016

Svenningsen S, Paulin GA, Sheikh K, Guo F, Hasany A, 
Kirby M, Etemad Rezai R, McCormack DG, Parraga 
G (2016b) Oscillatory positive expiratory pressure in 
chronic obstructive pulmonary disease. COPD 
13(1):66–74. doi:10.3109/15412555.2015.1043523

Teague WG, Tustison NJ, Altes TA (2014) Ventilation 
heterogeneity in asthma. J Asthma 51(7):677–684. doi
:10.3109/02770903.2014.914535

Tgavalekos NT, Musch G, Harris RS, Melo MFV, 
Winkler T, Schroeder T, Callahan R, Lutchen KR, 
Venegas JG (2007) Relationship between airway 
narrowing, patchy ventilation and lung mechan-
ics in asthmatics. Eur Respir J 29(6):1174–1181. 
doi:10.1183/09031936.00113606

Thomen RP, Sheshadri A, Quirk JD, Kozlowski J, Ellison 
HD, Szczesniak RD, Castro M, Woods JC (2015) 
Regional ventilation changes in severe asthma after 
bronchial thermoplasty with (3)He MR imaging and 
CT. Radiology 274(1):250–259. doi:10.1148/
radiol.14140080

Tkach JA, Hillman NH, Jobe AH, Loew W, Pratt RG, 
Daniels BR, Kallapur SG, Kline-Fath BM, Merhar SL, 
Giaquinto RO, Winter PM, Li Y, Ikegami M, Whitsett 
JA, Dumoulin CL (2012) An MRI system for imaging 
neonates in the NICU: initial feasibility study. Pediatr 
Radiol 42(11):1347–1356. doi:10.1007/
s00247-012-2444-9

Tzeng YS, Lutchen K, Albert M (2009) The difference in 
ventilation heterogeneity between asthmatic and 
healthy subjects quantified using hyperpolarized He-3 
MRI. J Appl Physiol 106(3):813–822. doi:10.1152/
japplphysiol.01133.2007

van Beek EJ, Dahmen AM, Stavngaard T, Gast KK, 
Heussel CP, Krummenauer F, Schmiedeskamp J, Wild 
JM, Sogaard LV, Morbach AE, Schreiber LM, Kauczor 
HU (2009) Hyperpolarised 3He MRI versus HRCT in 
COPD and normal volunteers: PHIL trial. Eur Respir 
J 34(6):1311–1321. doi:10.1183/09031936.00138508

Vestbo J, Anderson W, Coxson HO, Crim C, Dawber 
F, Edwards L, Hagan G, Knobil K, Lomas 
DA, MacNee W, Silverman EK, Tal-Singer R, 
investigators E (2008) Evaluation of COPD 
Longitudinally to Identify Predictive Surrogate End-
points (ECLIPSE). Eur Respir J 31(4):869–873. 
doi:10.1183/09031936.00111707

Vestbo J, Hurd SS, Agusti AG, Jones PW, Vogelmeier C, 
Anzueto A, Barnes PJ, Fabbri LM, Martinez FJ, 
Nishimura M, Stockley RA, Sin DD, Rodriguez-
Roisin R (2013a) Global strategy for the diagnosis, 
management, and prevention of chronic obstructive 
pulmonary disease GOLD executive summary. Am 
J Respir Crit Care Med 187(4):347–365. doi:10.1164/
rccm.201204-0596PP

Pulmonary MRI in Clinical Trials

https://doi.org/10.1007/s00330-006-0373-4
https://doi.org/10.3109/15412550903499522
https://doi.org/10.1002/jmri.24764
https://doi.org/10.1016/j.ejro.2015.05.003
https://doi.org/10.1016/j.ejro.2015.05.003
https://doi.org/10.1016/j.acra.2012.03.018
https://doi.org/10.1016/j.ejrad.2013.06.030
https://doi.org/10.1002/jmri.24111
https://doi.org/10.1136/thoraxjnl-2013-203711
https://doi.org/10.1183/13993003.00393-2016
https://doi.org/10.3109/15412555.2015.1043523
https://doi.org/10.3109/02770903.2014.914535
https://doi.org/10.1183/09031936.00113606
https://doi.org/10.1148/radiol.14140080
https://doi.org/10.1148/radiol.14140080
https://doi.org/10.1007/s00247-012-2444-9
https://doi.org/10.1007/s00247-012-2444-9
https://doi.org/10.1152/japplphysiol.01133.2007
https://doi.org/10.1152/japplphysiol.01133.2007
https://doi.org/10.1183/09031936.00138508
https://doi.org/10.1183/09031936.00111707
https://doi.org/10.1164/rccm.201204-0596PP
https://doi.org/10.1164/rccm.201204-0596PP


478

Walkup LL, Tkach JA, Higano NS, Thomen RP, Fain 
SB, Merhar SL, Fleck RJ, Amin RS, Woods JC 
(2015) Quantitative magnetic resonance imag-
ing of bronchopulmonary dysplasia in the neona-
tal intensive care unit environment. Am J Respir 
Crit Care Med 192(10):1215–1222. doi:10.1164/
rccm.201503-0552OC

Wheatley A, Mckay S, Mathew L, Santyr G, McCormack 
DG, Parraga G (2008) Hyperpolarized helium-3 
magnetic resonance imaging of asthma: Short-term 
reproducibility – art. no. 69161X. P Soc Photo-Opt 
Ins 6916:X9161–X9161. doi:10.1117/12.771138

Wielputz MO, Puderbach M, Kopp-Schneider A, Stahl M, 
Fritzsching E, Sommerburg O, Ley S, Sumkauskaite 
M, Biederer J, Kauczor HU, Eichinger M, Mall 
MA (2014) Magnetic resonance imaging detects 

changes in structure and perfusion, and response 
to therapy in early cystic fibrosis lung disease. Am 
J Respir Crit Care Med 189(8):956–965. doi:10.1164/
rccm.201309-1659OC

Woodhouse N, Wild JM, Paley MN, Fichele S, Said Z, 
Swift AJ, van Beek EJ (2005) Combined helium-3/
proton magnetic resonance imaging measurement of 
ventilated lung volumes in smokers compared to 
never-smokers. J Magn Reson Imaging 21(4):365–
369. doi:10.1002/jmri.20290

Woods JC, Choong CK, Yablonskiy DA, Bentley J, 
Wong J, Pierce JA, Cooper JD, Macklem PT, Conradi 
MS, Hogg JC (2006) Hyperpolarized 3He diffusion 
MRI and histology in pulmonary emphysema.  
Magn Reson Med 56(6):1293–1300. doi:10.1002/
mrm.21076

D.P.I. Capaldi et al.

https://doi.org/10.1164/rccm.201503-0552OC
https://doi.org/10.1164/rccm.201503-0552OC
https://doi.org/10.1117/12.771138
https://doi.org/10.1164/rccm.201309-1659OC
https://doi.org/10.1164/rccm.201309-1659OC
https://doi.org/10.1002/jmri.20290
https://doi.org/10.1002/mrm.21076
https://doi.org/10.1002/mrm.21076


479Med Radiol Diagn Imaging (2016)
DOI 10.1007/174_2016_94, © Springer International Publishing Switzerland
Published Online: 17 December 2016

Challenges of Using 3 T MR 
Systems and Whole-Body MRI 
for Lung Imaging

Yoshiharu Ohno, Masaya Takahashi, 
Hisanobu Koyama, and Takeshi Yoshikawa

Abstract

Ever since the clinical application of magnetic 
resonance (MR) imaging became an essential 
diagnostic tool, the lung has been a challeng-
ing area. Although many physicists and radi-
ologists tried to assess different lung diseases 
as well as mediastinal and cardiac diseases by 
means of MR imaging during the 1980s and 
early 1990s, they could neither produce con-
vincing image quality within a reasonable 
examination time nor demonstrate that MR 
imaging could serve as a substitute for com-
puted tomography (CT), pulmonary angiogra-
phy, and/or nuclear medicine studies. 
However, improvement of the 1.5-tesla (T) 
MR system and sequences, clinical applica-
tion of new techniques such as parallel imag-
ing, and utilization of more effective contrast 
media have continued since the late 1990s. 
These developments have made it possible to 
apply lung MR imaging to not only oncologic 
but also other pulmonary diseases, as well as 
to not only morphological but also functional 
assessment of various  pulmonary and cardio-
pulmonary diseases. Moreover, these improve-
ments have been continuing, resulting in the 
gradual shifting to the use of a higher mag-
netic strength field (≥3 T) for lung MR imag-
ing during the 2000s.
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1  Introduction

Ever since the clinical application of magnetic 
resonance (MR) imaging became an essential 
diagnostic tool, the lung has been a challenging 
area. Although many physicists and radiologists 
tried to assess different lung diseases as well as 
mediastinal and cardiac diseases by means of 
MR imaging during the 1980s and early 1990s, 
they could neither produce convincing image 
quality within a reasonable examination time nor 
demonstrate that MR imaging could serve as a 
substitute for computed tomography (CT), pul-
monary angiography, and/or nuclear medicine 
studies. However, improvement of the 1.5-tesla 
(T) MR system and sequences, clinical applica-
tion of new techniques such as parallel imaging, 
and utilization of more effective contrast media 
have continued since the late 1990s. These devel-
opments have made it possible to apply lung MR 
imaging to not only oncologic but also other pul-
monary diseases, as well as to not only morpho-
logical but also functional assessment of various 
pulmonary and cardiopulmonary diseases. 
Moreover, these improvements have been con-
tinuing, resulting in the gradual shifting to the 
use of a higher magnetic strength field (≥3 T) for 
lung MR imaging during the 2000s.

It is anticipated that the use of higher mag-
netic strength fields in MRI will result in improve-
ment in signal-to-noise ratio (SNR) due to higher 
signal intensity (SI), the most significant of which 
is a reduction in the length of time required to 
obtain images (Takahashi et al. 2003). This may 
make a higher spatial resolution achievable. 
Since the late 1990s and early 2000s, several 
studies have reported and discussed the advan-
tages of a higher magnetic strength field for 
imaging of not only the brain but also other 
organs, while many theoretical and experimental 
studies have attempted to demonstrate the exis-
tence and significance of magnetic field depen-
dencies. In addition to SNR, magnetic field 
dependence has been well documented for tissue 
relaxation times (Duewell et al. 1995, 1996; 
Jezzard et al. 1996), as well as for the efficacy of 
MR contrast agents (e.g., R1, R2, or R2* relax-
ivities) (Lauffer 1990; Vander Elst et al. 1998). 

The question is whether switching from 1.5 to 
3 T for the chest field will lead to improvement or 
whether it will have practical advantages.

In this chapter, we describe (1) the basics of 
3 T MR imaging and (2) new challenges for clini-
cal lung MR imaging for morphological, func-
tional, and metabolic assessments by using the 
3 T MR system.

2  Basics of 3 T MR Imaging

2.1  Signal Intensity (SI) 
and Signal-To-Noise Ratio 
(SNR)

The question of optimum field strength has been 
a subject of intense controversy for over a decade. 
The interest in higher magnetic strength fields 
stems from the fact that SNR increases with an 
increase in field strength (ω), where SI and noise 
have different magnetic field dependencies.

SI¥( ) ´
( )

number of spins

voltage induced each spinby
 

(1)

As shown in Eq. 1, the signal intensity from an 
MR experiment is in theory proportional to the 
square of the static magnetic field (ω2) since both 
“number of spins” that can be observed and 
“voltage induced by each spin” increase linearly 
as the magnetic field (ω) increases. Noise is pro-
portional to the static magnetic field (ω) when all 
noise comes from a sample, thus resulting in an 
SNR that is proportional to v in the case. On the 
other hand, noise is proportional to one-quarter 
of ω (ω1/4) when all noise comes from the RF 
coil, resulting in an SNR that is proportional to 
ω7/4. Therefore, SNR can be theoretically 
expected to increase by at least a factor of two 
when 3 T rather than 1.5 T is used. Unlike relax-
ation time and MR contrast agent effects, the 
benefit for SI at a higher magnetic strength field 
should be compared under nearly identical exper-
imental conditions. Therefore, it is imperative to 
quantify the practical differences in terms of 
SNR and contrast-to-noise ratios (CNR) between 
3 T and 1.5 T magnetic fields for various MR 

Y. Ohno et al.



481

sequences and examinations (Frydrychowicz 
et al. 2010; Londy et al. 2012; Nayak et al. 2004, 
Rakow-Penner et al. 2006; Yarnykh et al. 2006). 
However, only a few studies have been conducted 
using direct comparisons between SNRs and 
CNRs in terms of the combined effect of several 
magnetic field-dependent parameters at different 
fields in comparison with the theoretical values. 
Hence, it is still unclear how much benefit can be 
gained for SNR or what can or should be done 
when switching from 1.5 to 3 T MR systems.

2.2  Relaxation Time

SNR in biological tissue was found to be approx-
imately proportional to field strength. However, 
the practically achievable SNR gain may be 
somewhat less since the underlying theory 
assumes that all parameters except the magnetic 
field are constant. One reason for the discrepancy 
is the increase in T1 relaxation time in conjunc-
tion with an increase in field strength (Stanisz 
et al. 2005). Based on the findings of a direct 
comparison of relaxation times for 1.5 T and 3 T 
MR systems (Stanisz et al. 2005), a few studies 
have suggested that SI is a function of relaxation 
time and thus magnetic field dependent (Noeske 
2000; Stanisz et al. 2005). Table 1, modified from 
the previous manuscript (Stanisz et al. 2005), 
shows a summary of differences in relaxation 
time between two magnetic field strengths. These 

differences suggest that T1 relaxation times are 
prolonged with a higher magnetic strength field, 
while T2 relaxation times are somewhat short-
ened in any tissue. Therefore, the CNR of lung 
lesions observed on conventional black-blood 
T1- and T2-weighted turbo SE sequences is gen-
erally reduced on a 3 T MR system in compari-
son with that on a 1.5 T MR system (Fig. 1). On 
the other hand, the increase in T1 relaxation time 
for a 3 T MR system is considered to be one of 
the advantages of non-contrast-enhanced (non-
CE) MR angiography.

Although T2 values were substituted for T2* 
in the phantom study because T2 and T2* values 
should be theoretically identical in phantoms in 
either magnetic field (Fernandez-Seara et al. 
2000), it is thought that conditions differ in some 
tissues where the T2* value is much shorter than 
the T2 value. The magnitude of susceptibility (g) 
is thus proportional to the magnetic field as 
shown in the following equation (Ludeke et al. 
1985):

 
g = ´Dx B

RBz2
0

 
(2)

where Δx is the difference in magnetic suscepti-
bility of adjoining substances, B0 (=ω) is the 
static magnetic field, R is the cross-sectional 
radius, and Gz is the readout gradient. However, 
this effect on T2* depends on T2 for the tissue 
since 1/T2* is a function of T2 and T2′ (R2*=R2+/
R2′) (Takahashi et al. 2000). The shorter T2 and 

Table 1 T2 and T1 relaxation times at 3 and 1.5 T measured at 37 °C

Tissue

3 T system 1.5 T system

Relaxation time Relaxation time

T2 (ms) T1 (ms) T2 (ms) T1 (ms)

Liver 42±3 812±64 46±6 576±30

Skeletal muscle 50±4 1412±13 44±6 1008±20

Heart 47±11 1471±31 40±6 1030±34

Kidney 56±4 1194±31 55±3 690±30

White matter 69±3 1084±45 72±4 884±50

Gray matter 99±7 1820±114 95±8 1124±50

Optic nerve 78±5 1083±39 77±9 815±30

Spinal cord 78±2 993±47 74±6 745±37

Blood 275±50 1932±85 290±30 1441±120

Modification of Table 1 in Stanisz et al. (2005)
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a

b

c

Fig. 1 A 67-year-old female with minimally invasive ade-
nocarcinoma. (a) Thin-section CT shows a part-solid nod-
ule 21 mm in diameter in the right upper lobe. Solid 
component 5 mm in diameter is observed within the nod-
ule. (b) (L to R: T1-weighted, T2-weighted, and STIR TSE 
images at 1.5 T) The nodule is shown as a homogeneous 
low signal intensity area on T1-weighted TSE images and 
as a relatively high signal intensity area with a higher signal 
intensity component on T2-weighted and STIR TSE 
images. The higher signal intensity component within the 

nodule on T2-weighted and STIR TSE images showed a 
good match with pathologically proven stromal invasion. 
(c) (L to R: T1-weighted, T2-weighted, and STIR TSE 
images at 3 T) The nodule is shown as a low signal intensity 
area with a high signal intensity component on T1-weighted 
TSE images and as relatively high signal intensity area with 
a higher signal intensity component on T2-weighted and 
STIR TSE images. The higher signal intensity component 
within the nodule on all images on 3 T system showed a 
good match with pathologically proven stromal invasion
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T2* values at a higher magnetic strength field 
may cause a larger reduction in the SNR and 
CNR than might be expected in some tissues 
such as the lung. Previously, it was found that the 
CNR increased in the central arteries of the lung, 
but not in the pulmonary peripheral arteries at 4 T 
as the dose of the contrast agent increased, rang-
ing from 0.05 to 0.2 mmol/kg body weight 
(Uematsu et al. 2001). Therefore, the optimal 
imaging parameters for the clinical application 
should be carefully considered, particularly when 
an undesirable T2* effect may be involved.

2.3  Relaxivity of Gadolinium 
Contrast Media

The R1 relaxivity of gadolinium (Gd) contrast 
agent depends on various parameters, such as 
the type of contrast agent (Takahashi et al. 1996; 
De León-Rodríguez et al. 2015), temperature, 
and tissue environment as well as magnetic field 
strength (Lauffer et al. 1990; Vander Elst et al. 
1998). While R1 relaxivity of a paramagnetic 
contrast agent is higher at a lower field strength 
(Lauffer et al. 1990), R2 and R2* values should 
be theoretically identical in phantoms in any 
magnetic field (Fernandez-Seara et al. 2000). 
Takahashi et al. used a phantom study to com-
pare the effects of various contrast agents 
(Takahashi et al. 2003). For an accurate determi-
nation of the efficacy of Gd complex (R1, R2, 
and R2*), only some of the relaxation times 
(T1, T2) with an excellent fit to the curve 
(r > 0.995) were reciprocally plotted against the 
concentrations of Gd at both 4 and 1.5 T. In 
addition, R1 at 4 T was lower (≈25%) than R1 
at 1.5 T, while R2 at 4 T was almost the same as 
that at 1.5 T. Hence, R1 relaxivity decreases as 
the magnetic field strength increases, while R2 
relaxivity does not change much (Fernandez-
Seara et al. 2000, Takahashi et al. 2003; De 
León-Rodríguez et al. 2015). On the other hand, 
R2 and R2* may change considerably depend-
ing upon the type of contrast agent (e.g., super-
paramagnetic iron oxide [SPIO] and ultrasmall 
superparamagnetic iron oxide [USPIO]) and its 
applications. This suggests that the use of the 
MR contrast agent should also be taken into 

consideration, although it is not clear whether 
this change is substantially effective in current 
clinical usage with a higher magnetic strength 
field.

2.4  Safety Considerations

Theoretical calculations of the interaction of high 
magnetic strength fields with human subjects 
have been reviewed. To date, few harmful physi-
cal or physiological phenomena have been 
observed when 3 T MR systems when appropri-
ately used in routine clinical practice. The fea-
tures examined included orientation of 
macromolecules and membranes, effects on 
nerve conduction, electrocardiograms and elec-
troencephalograms, and blood flow.

If higher magnetic strength fields are to be 
used to obtain higher spatial resolution, the 
strength of the gradient must be increased. For 
the combination of a statistically higher magnetic 
strength field and gradients, the strength may be 
an issue in some applications due to limitations in 
the current FDA guidelines for the specific 
absorption rate (SAR). SAR is defined as 
follows:

 
SAR

E
TR= ´ ´( )´ ´s

r
t

2

2 N NP S
 

(3)

where σ is conductivity, E is the electric field, ρ is 
tissue density, τ is pulse duration, and NP and NS 
are the number of pulses and image slices, respec-
tively. Since E is proportional to the static mag-
netic field, SAR increases significantly for higher 
magnetic strength fields, which may limit the 
application of the system in terms of number of 
slices, selection of flip angle, etc. Additionally, 
since RF energy is absorbed more effectively at 
higher frequencies, RF absorption, as expressed 
by SAR, must be carefully monitored. This could 
be a major concern for any application using high 
magnetic strength field (Bottomley et al. 1978; 
Takahashi et al. 2003). Currently, all clinical 
applications using a 3 T MR system need to take 
into consideration or check the SAR level, while 
appropriate modification of the sequence itself, 
the sequence parameters, as well as utilization of 
parallel imaging is warranted. For this reason, 

Challenges of Using 3 T MR Systems and Whole-Body MRI for Lung Imaging



484

every vendor is continuously taking safety issues 
into consideration for their new clinical applica-
tions on 3 T MR systems.

3  Challenges for 3 T Lung MR 
Imaging

With the aforementioned basics for the 3 T MR 
system as a major consideration, lung MR imag-
ing is currently performed with 3 T systems as 
well as 1.5 T systems. Basically, the protocols for 
thoracic oncology and cardiopulmonary diseases 
are very similar, although individual vendors 
modify some sequence parameters and apply 
special new techniques for improving B0 and B1 
inhomogeneities as well as employing new coils. 
Therefore, examination protocols dealt with in 
other chapters can also be used for 3 T lung MR 
examination in routine clinical practice, although 
SNR and CNR are slightly modified by changing 
relaxation time, relaxivities of the Gd complex, 
and other details. This chapter will therefore deal 
only with new challenges that have emerged 
since the mid-2000s for morphological, func-
tional, and metabolic imaging when using 3 T 
MR systems.

3.1  Non-Contrast MR 
Angiography and Perfusion 
MR Imaging

Contrast-enhanced (CE-) MR angiography with 
Gd contrast media has been widely accepted 
since 1994 for body MR angiography with the 
use of a moving table and parallel imaging tech-
niques for not only the abdomen but also the tho-
rax (Prince 1994). On the other hand, since the 
early days of clinical MRI and long before the 
development of CE-MR angiography techniques, 
traditional non-contrast-enhanced (non-CE) MR 
angiography techniques, such as time of flight 
(TOF) and phase contrast (PC), have been devel-
oped and widely applied for various purposes. 
Three-dimensional (3D) TOF is currently used in 
intracranial MR angiography, two-dimensional 
(2D) MR angiography is used in carotid and 

 distal peripheral MR angiography (Laub 1995, 
Masaryk et al. 1990), and 2D (≈3D) or 3D (≈4D) 
PC-MR angiography is used mostly for quantita-
tive flow measurements in various applications 
(Dumoulin et al. 1989, 1990). Although long 
acquisition time and almost unavoidable motion 
artifacts are drawbacks of these techniques, the 
renaissance of interest in non-CE-MR angiogra-
phy for other parts of the body is attributable to 
various factors including improved MR hardware 
and sequence and parallel imaging (Sodickson 
et al. 1997; Pruessmann et al. 1999). In addition, 
a serious concern about nephrogenic systemic 
fibrosis (NSF) observed in patients with renal 
insufficiency (Buhaescu et al. 2008) has stimu-
lated further development of alternative tech-
niques that do not require exogenous contrast 
material. The original non-CE-MR angiography 
research was initiated in Japan due to the rela-
tively high cost and dose limitations of gadolin-
ium-based contrast material (Urata et al. 2001) in 
addition to a basic desire of healthcare profes-
sionals and patients to perform and receive com-
pletely noninvasive and contrast-free 
examinations (Miyazaki et al. 2012).

The balanced steady-state free precession 
(bSSFP) sequences, initially described as early as 
1958 (Carr 1958), became commercially avail-
able in the early 2000s and have been used with 
1.5 T and 3 T MR systems in a wide range of 
applications for many organs including the chest 
(Scheffler et al. 2003). The high signal-to-noise 
ratio (SNR) and intrinsic T2/T1 contrast, which 
are relevant for non-contrast MR angiography 
(NC-MRA) with minimal flow dependency 
(Scheffler et al. 2003), provide high blood signal 
efficiency, which makes the bSSFP sequence an 
appropriate choice for angiography applications. 
The sequence consists of an α/2 preparation 
pulse, dummy pulses for spin conditioning, and 
an alternating RF excitation pulse train, which 
offers fully balanced spins in all three directions 
for high SNR and high contrast for blood signal. 
While the advantages of this application are obvi-
ous, the sensitivity of bSSFP to B0 field inhomo-
geneity makes this technique, unlike turbo or fast 
spin-echo (TSE or FSE)-based sequences, sus-
ceptible to off-resonance banding artifacts. 
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However, recent advances in software and hard-
ware to shorten the TR of the excitation pulse 
train have helped to improve the robustness of 
bSSFP in the presence of inhomogeneous B0 
fields. Nevertheless, because of the differences in 
B0 inhomogeneity between 3 T and 1.5 T sys-
tems, the bSSFP sequence theoretically reduces 
image quality at 3 T. In addition, and compared 
with CE-MR angiography with the 3 T system, 
the bSSFP sequence reduces the depiction of 
peripheral pulmonary vasculature rather than 
central pulmonary vessels (Fig. 2). Therefore, 
this technique should be used with a combination 
of following two methods.

The 3D FSE-based sequences using electro-
cardiographic (ECG) gating were developed in 
the early 2000s to provide 3D non-CE-MR angi-
ography with bright blood vessels by triggering 
encoding of every slice at the same cardiac phase 
(Miyazaki et al. 2000, 2003; Ohno et al. 2014a). 
This technique was later extended by using dif-
ferent cardiac trigger delay times to separate 
arteries from veins as fresh blood imaging (FBI) 
(Fig. 3). In addition, the prolonged T1 relaxation 
time of blood at 3 T is considered one of the 
advantages of this technique as compared with 
the 1.5 T MR system.

FBI using an ECG-gated 3D half-Fourier FSE 
sequence relies on the signal difference between 
systolic- and diastolic-triggered acquisitions 
(Miyazaki et al. 2000, 2003; Ohno et al. 2014a). 
This technique also relies on the black arterial sig-
nal, or flow void, due to the spin-dephasing effects 
of the fast arterial flow during systole. During 
diastole, arteries are characterized by a slow flow 
and are thus depicted with a high signal. Venous 
blood, on the other hand, is bright throughout the 
cardiac cycle, due to its moderately constant slow 
flow. Because this technique thus relies on the 
blood flow velocity, ECG gating or peripheral 
pulse gating (PPG) is required for selectively 
acquiring data during the desired cardiac phase. 
To obtain each slice at the same cardiac phase, 
slice encoding is triggered with the same cardiac 
delay time for the 3D half-Fourier FSE sequence. 
The contrast of the image in half-Fourier FSE is 
determined by the effective echo time (TEeff); 
moderately or heavily T2-weighted images are 

thus obtained by selecting short or long TEeffs. To 
effectively attain bright blood imaging by means 
of the ECG-gated half-Fourier FSE technique, a 
combination of the following techniques is used: 
short echo train spacing, reduction of the acquisi-
tion window by means of parallel imaging, and 
rectilinear k-space ordering. Lastly, and depend-
ing on the application, additional prepulses, such 
as short tau inversion recovery (STIR), can be 
used in conjunction with 3D half-Fourier FSE to 
achieve fat suppression. Furthermore, FSE-based 
sequences allow for election of the TEeff to control 
the contrast in T2-weighted images. Moreover, 
for pulmonary FBI, appropriate ECG delays for 
diastolic and/or systolic triggering need to be 
selected for the various applications because this 
is a fundamental requirement for correctly per-
forming non-CE-MR angiography at pulmonary 
arterial, parenchymal, and pulmonary venous 
phases. Therefore, a preparatory, or “ECG-prep,” 
sequence that produces 2D single-shot images at 
incrementally increasing triggering times of arbi-
trary steps can be used to find the specific trigger 
delay (TD) for systole, when arterial blood is 
black (flow voids), and for diastole when arteries 
are bright (Miyazaki et al. 2000). Each single-shot 
2D is acquired for 2 or 3 RR intervals at incre-
mental delays to produce separate images for each 
phase. Depending on preference, the 2D PC tech-
nique can be used to determine the systolic and 
diastolic delays as an alternative to the ECG-prep 
scan.

To depict particular vessels, the arterial spin 
labeling (ASL) method was originally devel-
oped using spin-echo (SE) - and gradient-echo 
(GRE) - type sequences for carotid angiography 
(Nishimura et al. 1987; Edelman et al. 1994). In 
the late 1980s, Nishimura et al. introduced a 
method which uses one image, acquired with a 
selective inversion recovery (IR) pulse to tag the 
vessel of interest, combined with another image, 
acquired with a nonselective IR pulse, to gener-
ate image contrast after subtraction (Nishimura 
et al. 1987). Later this method was expanded to 
an ASL technique called signal targeting with 
alternating radio frequency (STAR) (Edelman 
et al. 1994; Wielopolski et al. 1995). Both the 
half-Fourier FSE and bSSFP sequences allow 
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b

Fig. 2 A 48-year-old male patient with chronic thrombo-
embolic pulmonary hypertension. (a) Coronal reformat-
ted perfusion SPECT images with 99mTc-MAA show 
heterogeneous parenchymal perfusion due to chronic pul-
monary thromboembolism. (b) (Upper line images from 
ventral to central slices and lower line images from central 

to dorsal slices) Balanced FFE (bFFE) images obtained 
from the main trunk, lobar, and segmental levels at 3 T 
clearly show large vessels such as aorta, superior vena 
cava, and pulmonary arteries and veins. However, pulmo-
nary parenchymal perfusion abnormalities are not 
visualized
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for single-shot imaging by acquiring multiple 
echoes (Stuber et al. 2002; Miyazaki et al. 
2012). This feature makes short scan times pos-
sible as well as the addition of various prepulses, 
such as a fat  suppression pulse, an inversion 
pulse, and/or a spin labeling pulse. Both half-
Fourier FSE and bSSFP sequences offer bright 
blood imaging, but unless they are combined 
with a spin labeling technique, the background 
signal still interferes with depiction of blood 
vessels.

With regard to non-CE-MR angiography and 
venography with spin labeling, there are several 

characteristic differences between half-Fourier 
FSE and bSSFP. As mentioned above, bSSFP 
requires good B0 field homogeneity (Scheffler 
et al. 2003), which is not a problem for half-Fou-
rier FSE. However, since flow dependency and 
dependency of the PE direction on the orientation 
of the vessels are limitations of half-Fourier FSE, 
the use of half-Fourier FSE is suitable only for 
imaging relatively slower flow vessels like pul-
monary vessels. In contrast, bSSFP allows for 
acquisition in arbitrary cardiac phases. In addi-
tion, the characteristic flow independency of 
bSSFP allows for imaging of fast flow vessels, 

a

b

Fig. 3 A 67-year-old male healthy volunteer. (a) (L to R: 
pulmonary arterial and parenchymal and systemic circula-
tion phases) Time-resolved CE-MR angiography at 3 T 
clearly depicts pulmonary vasculatures at pulmonary arte-
rial and parenchymal and systemic circulation phases. (b) 

Non-CE-MR angiography performed with the ECG-gated 
fresh blood imaging (FBI) method at the same 3 T demon-
strates pulmonary vasculatures as well as ascending and 
descending aorta with high spatial resolution similar to 
that on time-resolved CE-MR angiography
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such as for cardiac, aortic arch, aorta, and renal 
non-CE-MR angiography. However, application 
of these techniques requires other considerations, 
such as arterial and venous flow patterns, T1 and 
T2 of blood compared with the background tis-
sues, and relative susceptibility of the different 
parts of the body (i.e., air/tissue interface in 
lungs). Therefore, it has been suggested that the 
time-spatial labeling inversion pulse (time-SLIP) 
method is the only suitable method for ASL-
based pulmonary non-CE-MR angiography with 
the 3 T MR system (Ohno et al. 2014a).

Currently, the three types of spin labeling 
techniques available for time-SLIP are the flow-
in, flow-out, and alternate tag-on/tag-off subtrac-
tion techniques (Miyazaki et al. 2012). All 
time-SLIP techniques can be combined with 
half-Fourier FSE or bSSFP sequences and with 
2D or 3D acquisition, as well as with ECG (or 
PPG) gating and with respiratory gating, or both. 
The characteristic difference of these techniques 
is that the flow-in and flow-out techniques require 
careful selection of TI to null the background sig-
nal, whereas the alternate tag-on/tag-off tech-
nique generates images without any background 

signals (removed by means of subtraction) 
regardless of the selection of TI. This indepen-
dency from TI selection allows for the study of 
perfusion in a time-resolved manner by repeated 
acquisitions with many different TIs. However, 
the main drawback of the alternate tag-on/tag-off 
technique is that the scan time is doubled. When 
the tag position and appropriate TI selection are 
taken into consideration, different anatomical or 
targeted pulmonary vasculatures can be visual-
ized with non-CE-MR angiography (Fig. 4).

Application of non-CE-MR angiography with 
the abovementioned techniques for the 3 T MR 
system has been initiated for several organs dur-
ing the last several years (Ohno et al. 2014a, 
2015a; Albert et al. 2015; Kurata et al. 2016). 
However, only one study has been conducted to 
test all non-CE-MR angiography techniques for 
pulmonary vasculature assessment in comparison 
with CE-CT angiography as well as CE-MR 
angiography. The findings of this study revealed 
that there were no significant differences in pul-
monary vasculature depiction and pulmonary 
vascular anomaly assessment among these tech-
niques when used in routine clinical practice 

a b

Fig. 4 A 42-year old healthy male volunteer. By changing 
tag-pulse position as well as inflow time, pulmonary arterial 
(a) and venous (b) phase images are clearly distinguished by 

non-CE-MR angiography with the time-spatial labeling 
inversion pulse (time-SLIP) method at 3 T
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(Ohno et al. 2014a). Therefore, further develop-
ment of these techniques for the 3 T systems will 
challenge CE-CT angiography as well as CE-MR 
angiography in the near future.

Since 1999, the applicability of non-CE perfu-
sion MR imaging has been studied and tested 
mainly academically by using arterial spin tag-
ging (Roberts et al. 1999), STAR half-Fourier 
acquisition single-shot TSE (HASTE) (Hatabu 
et al. 2000), flow-sensitive alternating inversion 
recovery with and without an extra-radio fre-
quency pulse (FAIRER and FAIR), 2D ECG-
gated subtraction, and Fourier decomposition 
(FD) (Bauman et al. 2013; Bauman Puderbach 
et al. 2013; Sommer et al. 2013; Kjørstad et al. 

2014; Schönfeld et al. 2015) at 1.5 T. However, 
all these techniques were 2D, time consuming, 
and/or of low spatial resolution and could there-
fore not yet function as substitutes for dynamic 
CE-perfusion MR imaging, whether for aca-
demic or clinical purposes.

We recently developed a 3D ECG- and respi-
ratory-gated non-CE-perfusion MR imaging 
method based on the 3D FBI method combined 
with subtraction between the diastolic and the 
systolic phase for the 3 T MR system (Ohno et al. 
2015b) (Fig. 5). This technique showed good 
inter-method agreements for regional perfusion 
evaluation using dynamic CE-perfusion MR 
imaging and perfusion scanning (Ohno et al. 

a

b

Fig. 5 A 76-year-old female patient with invasive adeno-
carcinoma. (a) Thin-section multi-planar reformatted 
(MPR) image at the coronal plane shows a nodule (white 
arrow) in the right upper lobe. The nodule features 
notches, spiculae, and pleural indentations and was patho-
logically diagnosed as invasive adenocarcinoma. (b) (L to 
R: systolic and diastolic images and non-CE-perfusion 

image) Systolic and diastolic original images obtained 
with the 3D ECG-gated fresh blood imaging (FBI) method 
show a lung adenocarcinoma (white arrows) in the right 
upper lobe. Non-CE-perfusion MR image obtained as a 
subtraction image obtained by subtracting systolic from 
diastolic images clearly shows lung parenchymal perfu-
sion without lung adenocarcinoma (black arrow)
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2015b). In addition, the prediction capability of 
postoperative lung function based on non-CE-
perfusion MR imaging with this technique was 
almost similar to that based on quantitatively 
assessed thin-section CT and dynamic 
CE-perfusion MR imaging and higher than that 
based on qualitatively assessed thin-section CT 
and perfusion scan (Ohno et al. 2015b). Although 
further investigation is warranted, this new tech-
nique may become an option for perfusion 
assessment in various pulmonary diseases.

3.2  Whole-Body MR Imaging 
and PET/MRI for Lung Cancer 
Management

Since 2007, whole-body MR imaging has become 
clinically feasible after the introduction of fast 
imaging and moving table equipment and is con-
sidered to be the single, most cost-effective imag-
ing test using 1.5 T and 3 T systems for patients 
with lung cancer (Ohno et al. 2007, 2008, 2013a, 
2015c; Yi et al. 2008, 2013; Takenaka et al. 2009; 
Sommer et al. 2012). It has also been suggested 
that it might play a complementary role in the 
management of lung cancer staging, recurrence 
assessment, and/or metastases surveillance 
(Ohno et al. 2007, 2008, 2013a, 2015c; Yi et al. 
2008, 2013; Takenaka et al. 2009; Sommer et al. 
2012). In addition, PET/MRI has been tested for 
the same clinical purposes, and the benefits of 
this hybrid imaging method have been demon-
strated in several studies during recent years 
(Ohno et al. 2015c; Schaarschmidt et al. 2015, 
2016).

A few studies have compared the diagnostic 
performance of whole-body MRI for the T-factor 
using PET/CT as well as PET/ MRI (Yi et al. 
2008; Sommer et al. 2012; Heusch et al. 2014; 
Ohno et al. 2015c). These studies found that the 
diagnostic accuracy of whole-body MR imaging 
with the 3 T system ranged from 89% to 94.3% 
and that of PET/CT from 86% to 91.4% (Yi et al. 
2008; Sommer et al. 2012). In addition, one study 
has assessed both morphological and metabolic 
information obtained with the two modalities 
(Ohno et al. 2015c). This study found that the 

diagnostic accuracy was 94.3% for whole-body 
MRI; 94.3% and 91.4%, respectively, for PET/
MRI with and without signal intensity (SI) 
assessment; and 91.4% for PET/CT, showing that 
there were no significant differences in diagnos-
tic accuracy among these methods.

For whole-body MR imaging with and with-
out diffusion-weighted imaging (DWI), N-factor 
assessment has been performed for NSCLC 
patients on 1.5 T and 3 T MR systems since 2008 
(Yi et al. 2008, 2013; Sommer et al. 2012; Ohno 
et al. 2015c). Yi et al. directly compared the diag-
nostic performance of N-factor assessment for 
lung cancer patients by whole-body MR imaging 
with the 3 T system and by PET/CT and found 
that the respective diagnostic accuracies were 
68% and 70%, respectively, and concluded that 
there was no significant difference in diagnostic 
performance (Yi et al. 2008). A more recent 
study, which made a direct comparison of diag-
nostic performance for N-factor assessment for 
NSCLC patients among whole-body MR imag-
ing, PET/MRI, and PET/CT, found that the diag-
nostic accuracy of the three modalities was 98.6% 
for MR imaging; 98.6% and 92.1% for PET/MRI 
with and without SI assessment, respectively; 
and 92.1% for PET/CT (Ohno et al. 2015c). The 
accuracy of whole-body MR imaging and PET/
MRI with SI assessment was thus significantly 
higher than that of whole-body PET/MRI with-
out SI assessment and of PET/CT. In addition, 
the sensitivity of whole-body MR imaging 
(100%) and PET/MRI with SI assessment (100%) 
was significantly higher than that of whole-body 
PET/MRI without SI assessment (93.8%) and of 
PET/CT (93.8%).

A comparative study of the diagnostic perfor-
mance of whole-body MR imaging for M-factor 
assessment with that of FDG PET/CT found that 
the diagnostic accuracy of the two modalities 
was only 86% and significantly different from 
their diagnostic performance for N-factor assess-
ment in lung cancer patients (Yi et al. 2008). 
Another study found that the sensitivity and 
accuracy of whole-body MR imaging (sensitiv-
ity, 100%; accuracy, 98.6%) and PET/MRI with 
SI assessment (sensitivity, 100%; accuracy, 
98.6%) were higher than those of PET/MRI 
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without SI assessment (sensitivity, 92.7%; accu-
racy, 91.4%) and PET/CT (sensitivity, 92.7%; 
accuracy, 90.7%) (Ohno et al. 2015c).

In addition, this study compared the assess-
ment of operability and found that the sensitivity 
and accuracy of whole-body MR imaging (sensi-
tivity, 100%; accuracy, 97.1%) and PET/MRI 
with SI assessment (sensitivity, 100%; accuracy, 
97.1%) were higher than those of PET/MRI with-
out SI assessment (sensitivity, 86.3%; accuracy, 
85.0%) and PET/CT (sensitivity, 86.3%; accu-
racy, 85.0%) (Ohno et al. 2015c).

Although the number of studies using the 3 T 
MR system is limited, we suggest that the addi-
tion of SI assessment for either whole-body MR 
imaging or PET/MRI can improve the diagnostic 
performance for lung cancer staging as well as 
operability assessment as compared with the 
mere morphological and metabolic information 
obtained from PET/MRI and PET/CT (Ohno 
et al. 2015c).

Whole-body MR imaging at 3 T was also 
tested for the assessment of postoperative lung 
cancer recurrence in NSCLC patients and 
directly compared with PET/CT (Ohno et al. 
2013a). In this study, contrast-enhanced (CE) 
whole-body MR imaging was compared with in-
phase T1-weighted GRE, the newly developed 
segmented 3D T1-weighted spoiled GRE 
sequence (Quick 3D), and a double fat suppres-
sion (DFS) RF pulse technique for enhancing 
fat-free capability (Ohno et al. 2013a). Moreover, 
specificity (100%) and accuracy (95.5%) of 
whole-body MR imaging with CE-Quick 3D and 
DFS sequence were significantly higher than 
those of FDG PET/CT (specificity, 93.6%; accu-
racy, 89.6%) and conventional radiological 
examinations (specificity, 92.7%; accuracy, 
91.0%). In addition, specificity of whole-body 
MR imaging with the CE-in-phase T1-GRE 
sequence (100%) was significantly higher than 
that of FDG PET/CT and conventional radiolog-
ical examinations (Ohno et al. 2013a). This study 
therefore concluded that whole-body MR imag-
ing as a “one-stop-shopping” examination can 
be considered at least as valuable as PET/CT and 
more useful than conventional radiological 
examinations of lung cancer patients (Fig. 6).

As for the abovementioned whole-body MR 
imaging and/or PET/MRI for the 3 T system, no 
study has been conducted that deals with the 
complementary application of whole-body 
DWI. Further investigations are thus warranted to 
determine the actual clinical relevance as well as 
cost-effectiveness for lung cancer or other tho-
racic malignancies.

3.3  New Diffusion-Weighted MR 
Imaging at 3 T

During the past decade, it has been suggested that 
DWI is useful for thoracic oncology as well as 
the detection of pulmonary nodules at 1.5 T 
although few papers have dealt with the applica-
tion of DWI on a 3 T system (Ohno et al. 2015d; 
Yuan et al. 2016). One study used a conventional 
DWI technique for intravoxel incoherent motion 
(IVIM) for a direct comparison with dynamic 
CE-MR imaging (Yuan et al. 2016). Several 
DWI-based indices were assessed, including the 
diffusion parameter representing pure molecular 
diffusion (D, i.e., the slow component of diffu-
sion), the pseudo-diffusion parameter represent-
ing incoherent microcirculation within the voxel 
(D*, i.e., the fast component of the diffusion-
weighted signal decay), fraction of perfusion (f), 
and apparent diffusion coefficient (ADC), as well 
as dynamic CE-MR-based indices such as extra-
vascular extracellular volume fraction (Ve), 
blood plasma volume fraction (Vp), transfer con-
stant (Ktrans), and efflux rate constant (Kep). It was 
found that sensitivity and accuracy of D (72.2% 
and 91.3%, respectively) for discriminating lung 
cancer from benignity were significantly higher 
than those of the other indices (accuracy, 55.5–
68.0%; sensitivity, 41.3–78.3%; all p < 0.01) 
except for the accuracy of Kep (70.8%; p > 0.05). 
In addition, Ktrans showed significantly higher 
specificity (84.6%) than the other indices (38.5–
73.1%; p < 0.01) and that these results can be 
improved even further by combining D and Ktrans, 
resulting in sensitivity, specificity, and accuracy 
of 94.2%, 92%, and 93.5%, respectively. 
Although IVIM assessments in the thorax involve 
several problematic factors such as B0, B1, and 
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Fig. 6 A 65-year-old female patient with right hilar lymph 
node metastasis due to squamous cell carcinoma. (a) PET/CT 
shows enlarged right hilar lymph node metastasis (arrow) with 
high FDG uptake. (b) PET/MRI, a combination of PET and 
contrast-enhanced (CE) fast and segmented 3D T1-weighted 
spoiled GRE (i.e. Quick 3D) sequence data, shows enlarged 
right hilar lymph node metastasis (arrow) with high FDG 
uptake. (c) Whole-body STIR FASE image shows enlarged 

right hilar lymph node metastasis (arrow) as high signal inten-
sity. (d) Whole-body contrast-enhanced (CE)-GRE (i.e. Quick 
3D) image shows enlarged right hilar lymph node metastasis 
(arrow). (e) Whole-body MR image, a combination of diffu-
sion-weighted image (DWI) and CE-Quick 3D data, shows 
enlarged right hilar lymph node metastasis (arrow) with high 
signal intensity on DWI. With any of these five modalities, this 
patient was correctly assessed as N1 disease
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diffusion gradient inhomogeneities, cardiac and 
respiratory motion, susceptibility and/or blurring 
artifacts depending on the sequences used, SAR 
level, and prolonged examination time, IVIM 
assessment is considered to be a valid new option 
for DWI assessment at 3 T for patients with 

 thoracic cancer, and its clinical relevance is antic-
ipated to be validated in the near future.

When considering DWI at 3 T, several of the 
problematic factors mentioned above are aggra-
vated, depending on acquisition methods, SAR 
level, and image distortion, when the echo-planar 
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Fig. 7 A 62-year-old female patient with invasive adeno-
carcinoma. (a) Thin-section MPR image at the coronal 
plane shows a nodule (arrow) with spiculae and pleural 
indentations in the right middle lobe. This nodule was 
pathologically diagnosed as invasive adenocarcinoma. (b) 
Diffusion-weighted image (DWI) obtained with the 

 echo-planar imaging (EPI) sequence does not show the 
nodule in the right lung due to severe image distortion and 
susceptibility artifacts. (c) DWI obtained with the fast 
advanced spin echo (FASE) sequence clearly shows the 
nodule (arrow) as high signal intensity and produced a 
diagnosis of malignant nodule
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imaging (EPI) sequence is used. It has recently 
been suggested that computed DWI and the 
multi-shot EPI sequence at 3 T are useful for 
improving the clinical potential of DWI for other 
organs (Ueno et al. 2013, 2015; Filli et al. 2016; 
Rosenkrantz et al. 2016). However, no clear evi-
dence has been presented as yet that these tech-
niques may be useful for lung MR imaging.

DWI acquired by means of the fast advanced 
spin echo (FASE) sequence was recently sug-
gested as being useful as one of the new DWI 
techniques that could lead to a new type of DWI 
at 3 T (Ohno et al. 2015d) (Fig. 7). In this study, 
the capability for N-stage assessment of STIR, 
DWI obtained by EPI, and FASE sequences at 
3 T systems and FDG PET/CT was directly com-
pared. It was shown that the accuracy of N-stage 
assessment using STIR (84.2%) and FASE 
(83.2%) was significantly higher than that with 
DWI using EPI (76.8%) and PET/CT (73.7%). 
Therefore, qualitative N-stage assessments of 
lung cancer patients obtained with DWI using 
FASE as well as STIR are more sensitive and/or 
accurate than those obtained with DWI using EPI 
and FDG PET/CT. DWI using FASE has several 
advantages and only a few disadvantages in com-
parison with DWI using EPI and is now begin-
ning to be used in the clinical setting with the 3 T 
system for thoracic oncologic patients. Therefore, 
testing new sequences for DWI is now viewed as 
a challenging field in lung MR imaging using the 
3 T system.

3.4  MR Imaging with Ultrashort 
Echo Time (UTE) and/or TEs

3.4.1  Pulmonary Thin-Section MR 
Imaging with UTE

Since MR imaging was first put into practice, its 
usefulness for evaluation of different lung dis-
eases as well as mediastinal and pleural diseases 
was tested until in the early 1990s, but adequate 
image quality within reasonable examination 
time could not be attained. Due to the extremely 
short T2* of lung parenchyma, which originates 
from multiple tissue/air interfaces, very low sig-
nal intensity (SI) is obtained in the lung when 

conventional pulse sequences are utilized (Bergin 
et al. 1991a, b; Mayo et al. 1992; Müller et al. 
1992; Alsop et al. 1995; Hatabu et al. 1999). To 
overcome this fundamental problem, continuous 
sequence development as well as MR system 
improvement, especially with the 1.5 T system, 
has been tried for chest radiology by means of 
TSE and/or FSE with short echo time (TE) (Mayo 
et al. 1992; Müller et al. 1992; Alsop et al. 1995), 
single-shot half-Fourier TSE and/or FSE (Hatabu 
et al. 1999), two-dimensional (2D) SSFP with 
ultrashort repetition time (TR) and echo time 
(TE) (Failo et al. 2009), and radio-frequency-
spoiled 3D fat-suppressed GRE sequences such 
as volumetric interpolated breath-hold examina-
tion (VIBE) (Fink et al. 2007; Ley-Zaporozhan 
et al. 2010). These studies clearly revealed that 
the capability for evaluation of lung parenchymal 
tissues increases as TE becomes shorter 
(Takahashi et al. 2010) although visualization of 
lung structures and assessment of radiological 
findings could not be attained to the same extent 
as with CT.

Under these circumstances, pulmonary MR 
imaging with ultrashort echo time (UTE) was 
introduced, and its capability for qualitative assess-
ment of changes in lung parenchyma has been 
tested, using not only 1.5 T but also 3 T systems, 
for patients with lung diseases (Johnson et al. 
2013; Ohno et al. 2016a). Projection acquisition of 
the FID in conjunction with radial readout techni-
cally makes it possible to reduce the TE to less 
than 200 ms, so that signal decay caused by short 
T2* can be minimized, and produces a higher sig-
nal-to-noise ratio (SNR) than that produced by a 
conventional image sequence with a short TE (c.a., 
1–2 ms) (Togao et al. 2010). In addition, the 
sequence is (relatively) insensitive to the motion 
that is one of the most difficulties in pulmonary 
imaging by means of MRI (Takahashi et al. 2010; 
Ohno et al. 2013b; Ohno et al. 2014b). A few 
investigators have reported that pulmonary MR 
imaging with UTE has potential for visualization 
of lung parenchyma as well as assess radiological 
findings as is also possible with CT (Johnson et al. 
2013; Dournes et al. 2015; Ohno et al. 2016a).

One of these studies directly compared the 
capability for visualization of lung parenchyma of 
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pulmonary thin-section MR imaging using ultra-
short TE with that of standard- and low-dose thin-
section CTs for patients with various pulmonary 
diseases (Ohno et al. 2016a) (Fig. 8). In this study, 
interobserver agreement for pulmonary nodules 
or masses, ground-glass opacities, micronodules, 
patchy shadows or consolidations, emphysema or 
bullae, bronchiectasis, reticular opacities, honey-
combing, traction bronchiectasis, aneurysms, 
pericardial or pleural effusion, pleural thickening 
or tumor, and lymphadenopathy were significant 
and determined as either “substantial” or “excel-
lent” (standard-dose CT, 0.74≤κ≤0.98; low-dose 
CT, 0.73≤κ≤0.98; pulmonary MR imaging with 
UTE, 0.66≤κ≤0.94). On the other hand, inter-
method agreements for pulmonary MR imaging 
with UTE using standard-dose CT and low-dose 
CT were also significant and determined as “sub-
stantial” or “excellent” (versus standard-dose CT, 
0.67≤κ≤0.94; versus low-dose CT, 0.69≤κ≤0.95), 
so that these agreements between standard- and 
low-dose CTs were assessed as significant and 
excellent (0.85≤κ≤0.98). Therefore, pulmonary 
thin-section MR imaging with ultrashort TE was 
found to be as reproducible as either type of thin-
section CT, and its radiological finding assess-
ment capability was considered sufficient to be 
used in routine clinical practice. Moreover, this 
study showed there were no significant differ-
ences in diagnostic performance among these 

three methods for patients with lung nodule and/
or mass, pulmonary emphysema and/or bullae, 
interstitial lung disease and/or pulmonary fibrosis, 
and infectious diseases. The 3 T system theoreti-
cally produces more susceptibility artifacts and 
increases SI from lesions, but has a higher SNR 
and better image quality in comparison with the 
1.5 T system. With regard to the future of lung 
MR imaging, ultrashort TE sequence will become 
the basis at 1.5 T and 3 T systems.

3.4.2  Pulmonary MR Imaging 
with UTEs

In vivo studies, conducted during the last several 
years and based on the findings from animal and 
human studies, have indicated that pulmonary 
MR imaging using UTEs is theoretically capable 
of assessing signal intensity or changes in T2* 
values within lung parenchyma due to pulmonary 
emphysema as well as smoking-related COPD 
and connective tissue disease (CTD) (Togao et al. 
2010, 2011; Takahashi et al. 2010; Ohno et al. 
2011, 2013b, 2014b).

Of the few animal studies performed, one 
showed that the signal intensity and T2* were 
reduced as the positive end-expiratory pressure 
increased. Furthermore, these parameters were 
found to strongly correlate with changes in lung 
volume (percentage of lung expansion). These 
findings indicated that the MR signal acquired 

a b

Fig. 8 A 58-year-old male patient with invasive adeno-
carcinoma. (a) Thin-section CT shows invasive adenocar-
cinoma with notches and surrounding bullae. (b) 
Thin-section MR imaging with ultrashort TE less than 

200 μsec also shows invasive adenocarcinoma with 
notches and surrounding bullae. In the left lung, periph-
eral pulmonary vasculatures are clearly shown, similar to 
the result for thin-section CT
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with UTE in the lung parenchyma represents 
interstitial tissue density including blood (Togao 
et al. 2010). Another study measured the SI and 
T2* of the lung parenchyma at various echo 
times (TEs) ranging from 100 μs to 2 ms 
(Takahashi et al. 2010). The authors demon-
strated that the SI of the lung parenchyma was 
adequate at UTE of 100 μs, thus making mea-
surement of the short T2* in the parenchyma (< 
1 ms) feasible with a 3 T system. Moreover, 
emphysematous lungs could be differentiated 
from controls due to reduced SIs and T2* in par-
ticular at the end-expiratory phase. The results of 
this study suggest that both SI and T2* in lung 
parenchyma measured with this method using a 
UTE of 100 μs represent the fractional volume of 
lung tissue.

These animal study results prompted us to use 
this technique for patients with smoking-related 
COPD and/or interstitial lung disease (ILD) 
based on connective tissue disease (CTD) for 
determination of its potential utility for quantita-
tive morphological assessment of the lung paren-
chyma and the effect of ultrashort echo space in 
this setting (Ohno et al. 2011, 2013b, 2014b). 
When ultrashort echo spacing was changed from 
0.5 to 1.0 ms and to 1.5 ms, it had a significant 
effect onto T2* measurements with UTEs, 
(p < 0.05) (Ohno et al. 2014b). In addition, the 
increase in ultrashort echo spacing showed sig-
nificant but less correlation between the mean 
T2* value and CT-based functional lung volume 
(FLV). The findings of this study also suggested 
that a shorter ultrashort echo space equal to or 
less than 1.0 ms had better assessment capability 
for pulmonary functional loss as well as clinical 
stage differentiation than the one at 1.5 ms 
(p < 0.05). This study further suggested that 
inter-ultrashort echo space should be set as short 
as possible in this setting, which is consistent 
with the finding of a previous animal study 
(Takahashi et al. 2010). In addition, two studies 
showed that quantitative T2* values correlate 
with pulmonary functional loss and can identify 
significant differences among clinical stages of 
smoking-related COPD patients as well as 
CT-based FLV and that these results are repro-
ducible (Ohno et al. 2011, 2014b).

Another study found that quantitatively 
assessed T2* values obtained by means of pul-
monary MR imaging with UTEs show potential 
for assessment of pulmonary functional loss and 
disease severity of CTD patients with ILD (Ohno 
et al. 2013b). Comparisons of T2* values for nor-
mal subjects and these patients showed that the 
mean T2* values as well as radiological parame-
ters on qualitatively assessed thin-section CT and 
other clinical parameters, including pulmonary 
function and blood test results, were significantly 
different for the two groups (Ohno et al. 2013b). 
This indicates that this technique may be able to 
play a complementary role in the management of 
CTD patients.

The success of MR imaging with UTE at 3 T 
will have positive implications for the direct 
assessment of the parenchymal architecture and 
to assist in the detection of early and localized 
pathological destruction of lung tissue architec-
ture observed in various pulmonary disorders and 
to serve as a complement for thin-section CT in 
the near future.

3.5  Chemical Exchange Saturation 
Transfer Imaging

Contrast agents are widely used in MR imaging 
for signal enhancement. They allow for better 
differentiation between normal or healthy tissue 
and diseased tissue, as well as better visualization 
of different structures. Most of the agents in clini-
cal use today are Gd contrast media that shorten 
the relaxation time of the free water protons. 
Since these agents are not selective, they distrib-
ute uniformly throughout the extracellular space 
after intravenous injection (Caravan et al. 1999).

In addition to the use of relaxation-based con-
trast agents, MR imaging offers a variety of con-
trast techniques based on the intrinsic properties 
of tissue, such as coupling to neighboring nuclei, 
chemical exchange saturation transfer, or flow 
(Vinogradov et al. 2013). Magnetization transfer 
(MT) contrast applies an off-resonance RF pulse 
to saturate a broad water signal that lies beneath a 
sharper bulk water signal in many tissues 
(Henkelman et al. 2001). This method employs a 
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technique utilizing saturation transfer (ST) 
mainly via dipolar exchange and has been widely 
used to produce modified tissue contrast for MR 
imaging in clinical settings. In the early 1990s, 
chemical exchange saturation transfer (CEST) 
was introduced as a new type of method, which 
has drawn considerable attention as a novel 
mechanism to produce modified tissue contrast 
for MR imaging based upon exchangeable pro-
tons (−NH, −OH, −SH, others) on endogenous 
or exogenous molecules. Since this method is 
also a technique utilizing ST but via chemical 
exchange, it uses an RF pulse at a specific fre-
quency so that the target molecule is selectively 
saturated and the saturation is transferred to the 
bulk water (Ward et al. 2000a). This method pro-
vides more detailed physiological and functional 
information such as pH (Aime et al. 2002a, b; 
Zhou et al. 2003a) and metabolite levels (Aime 
et al. 2002c; Zhang et al. 2003a, b; Van Zijl et al. 
2007) than conventional MR imaging and has 
gained attention in the field of molecular imaging 
(Sagiyama et al. 2014). This method is a current 
topic of interest for research using in vivo and 
in vitro studies into a variety of disorders 
(Mcmahon et al. 2008; Mcmahon et al. 2008; 
Jones et al. 2006; Sun et al. 2007a; Ling et al. 
2008; Sheth et al. 2012; Togao et al. 2013, 2014; 
Ohno et al. 2016b).

3.5.1  CEST Mechanism
Exchangeable solute protons (s) that resonate at a 
frequency different from the bulk water protons 
(w) are selectively saturated using an RF pulse. 
This saturation is subsequently transferred to 
bulk water when exchange of solute protons with 
water protons occurs (exchange rate) and the 
water signal becomes slightly attenuated. In view 
of the low concentration of solute protons (μM to 
mM range), a single saturation transfer would be 
insufficient to show any discernable effect on 
water protons with their concentration of about 
110 M. However, because the water pool is much 
larger than the saturated solute proton pool, each 
exchanged saturated solute proton is replaced by 
a non-saturated water proton. If the solute pro-
tons have a relatively fast exchange rate (resi-
dence time in the millisecond range) and the 

saturation time is sufficiently long (in the second 
range), prolonged irradiation leads to substantial 
enhancement of the saturation effect, which 
eventually becomes visible on the water signal, 
thus allowing for indirect imaging of the pres-
ence of low-concentration solutes. These fre-
quency-dependent saturation effects are 
visualized by plotting the water saturation (Ssat) 
normalized by the signal without saturation (S0) 
as a function of saturation frequency. This yields 
what has been dubbed as Z-spectrum (Bryant 
et al. 1996) or CEST spectrum. Such a spectrum 
is assumed to be symmetrical and is character-
ized by the magnetization transfer ratio (MTR) at 
each frequency surrounding the water frequency, 
with 0 ppm assigned to the water frequency. The 
effect of CEST is addressed by employing the 
symmetry of the water saturation through an MT 
ratio asymmetry analysis (Guivel-Scharen et al. 
1998) with respect to the water frequency. Such 
an analysis inherently assumes independent con-
tributions of solute and water protons, which 
need not be the case, but it is satisfactory as a first 
approximation. Using the literature definition of 
MTR (= 1 − Ssat/S0), this process is characterized 
by subtracting MTRs at the negative (−Δω) and 
positive (Δω) side of frequencies (Guivel-
Scharen et al. 1998):

MTR MTR MTR

S S S Ssat sat

asym Dw Dw Dw
Dw Dw

( ) = ( ) - -( ) =
-( ) - ( )/ /0 0  

(4)

in which Δω is the difference in frequency with 
that of water. It should be noted that this asym-
metry analysis is based on an inherent assump-
tion of symmetry of non-CEST contributions 
around the water signal, which often is incorrect, 
especially in vivo and also in vitro. Therefore, the 
magnitude of CEST effect is often determined 
from the difference of MTRasym at the target tissue 
(e.g., lesion) and the reference tissue (e.g., nor-
mal) in many studies (Togao et al. 2013). Further, 
similar to MT imaging, it has to be realized that 
this type of quantification is often difficult to 
reproduce results in different laboratories 
because, unless saturation efficiency is 100%, the 
effect depends on the strength of the applied RF 
field (B1). This difficulty can be somewhat 
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 ameliorated by taking left/right ratios of the sig-
nal attenuation, but doing this complicates quan-
tification in terms of exchange rates and 
concentrations.

3.5.2  CEST Classification
CEST constitutes a powerful sensitivity enhance-
ment mechanism in which low-concentration 
 solutes can be visualized on the water signal. The 
enhancement, which depends on the agent proton 
concentration and the rate of exchange, enables 
the specific design of agents, constructs, and MRI 
pulse sequences to optimize the contrast based on 
the two parameters. CEST is therefore inherently 
suitable as a molecular and cellular imaging 
approach and can employ both paramagnetic spe-
cies (exogenous agents) (Aime et al. 2002a, b; 
Zhang et al. 2001, 2003a, b) and diamagnetic spe-
cies (endogenous agents) (Ward et al. 2000a, b; 
Goffeney et al. 2001; Snoussi et al. 2003; Zhou 
et al. 2003a, b), which has led to the nomenclature 
of paraCEST (Zhang et al. 2003b) and diaCEST 
(Zhou et al. 2006), respectively. This useful clas-
sification relates mostly to the size of the chemical 
shift difference with that of water, which can be 
greatly enlarged when using paramagnetic shift 
agents, thereby allowing for much higher exchange 
rates to be used while maintaining the 
 slow-intermediate MR exchange regime. 
For diaCEST compounds, the range is generally 
0–7 ppm from water (hydroxy [−OH], amine  
[−NH2], amide [−NH], and imino [−SH] groups, 
but this can be extended to 18–19 ppm or even 
much higher (>50 ppm) through hydrogen bond-
ing or exchange of water molecules. With respect 
to nomenclature, early classifications were made 
on the basis of  molecular size, endogenous occur-

rence, and type of  molecular construct (Terreno 
et al. 2010a, b). In addition, many approaches have 
been named specifically for the target molecule or 
mechanism involved by adding CEST to the name, 
e.g., glycoCEST for glycogen (Van Zijl et al. 
2007), gagCEST for glycosaminoglycans (Ling 
et al. 2008), and lipoCEST for liposomes (Aime 
et al. 2005). As many of the proposed methods tar-
get the same exchange groups, it probably would 
have been more appropriate to use a different 
nomenclature based on the type of exchange 
group, i.e., glycoCEST (i.e., −OH group), 
gagCEST (i.e., −OH and/or –NH groups), glu-
CEST (−NH2 group), and APT (−CONH2 group). 
These methods are summarized in Table 2. 
However, there is overlap between the types since 
there are both macromolecular and liposome 
applications for paraCEST and diaCEST agents 
and many of the same approaches can be applied 
to either group. An additional issue is that satura-
tion transfer is only one of many possible mag-
netic label-transfer approaches and that the 
“CEST” nomenclature for the agents is technically 
incorrect. Although a classification based on the 
exchange mechanism, namely, atomic (protonic) 
exchange, molecular exchange, and compartmen-
tal exchange, is suggested, only atomic (protonic) 
exchange has been tested not only for the brain but 
also other organs including the thorax (Togao et al. 
2014; Yuan et al. 2014; Donahue et al. 2016; 
Ohno et al. 2016b).

3.5.3  Amide Proton Transfer (APT)
Amide proton transfer (APT) imaging is one 
subset of CEST imaging that applies specifi-
cally to the chemical exchange between protons 
of free tissue water (bulk water) and amide   

Table 2 Examples of endogenous diaCEST contrast, exchange groups, off-resonance values, and exchange rates. The 
exchange rates are approximate and may strongly depend on physiological conditions such as pH and temperature

Type Target Exchange group Exchange rate
Off resonance 
(ppm)

glycoCEST Glycogen −OH >103/s 0.5–1.5

gagCEST Glycosaminoglycan −OH >103/s 0.9–1.9

−NH 10–30/s 3.2

gluCEST Glutamate −NH2 5500/s 3

APT Intracellular proteins, pH −CONH2 10–200/s 3.5

Modification of Table 1 in Vinogradov et al. (2013)
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(−NH) groups. It is assumed that amide protons 
of endogenous mobile proteins and peptides in 
the cytoplasm are the major source of the APT 
signal (Zhou et al. 2003b) in tissues. This 
assumption was supported by the finding of a 
nuclear magnetic resonance (NMR) study 
reporting that the amide protons of mobile pro-
tein/peptide side chains (Gln, Asn) and back-
bone amides resonate at 6.8 ppm and 
8.2–8.4 ppm (2.1 ppm and 3.5–3.7 ppm down-
field of water resonance), respectively (Van Zijl 
et al. 2003). The APT effect strongly correlates 
with pH because proton exchange in –NH 
groups slows dramatically with a decrease in 
pH (Vinogradov et al. 2013). The relation 
between the pH and the CEST effect (MTRasym) 
can be expressed in the equation, which was 
derived using phosphorus spectroscopy to 
determine intracellular pH values:

 
pH

MTR
= + é

ëê
ù
ûú

9 4 5 73. log .
asym

 
(5)

Many studies have used APT imaging to 
study ischemia in animal as well as human stroke 
studies (Zhou et al. 2003a, 2011; Sun et al. 
2007a, b).

It has also been reported that such exchange-
able protons are more abundant in tumor tissues 
than in healthy tissues (Zhou et al. 2003a, b). 
When applied to rats implanted with 9 L gliosar-
coma tumors in brain, APT imaging could dis-
tinguish between pathology-confirmed regions 
of tumor and tissue edema, whereas standard 
T1W, T2W, and FLAIR imaging or DWI could 
not. Other previous studies have demonstrated 
that the APT signal increased by 3–4% in tumor 
compared to peritumoral brain tissue in an 
experimental rat glial tumor at 4.7 T (Van Zijl 
et al. 2003) and human brain tumor at 3 T (Gillies 
et al. 2000). Another study in patients with dif-
fuse glioma showed that the APT signal increased 
with the WHO grade (II to IV) and clearly 

distinguished low-grade (II) from high-grade 
(III and IV) tumors (Togao et al. 2014).

Although the method is sensitive to motion 
and B0 inhomogeneity, a few studies have applied 
APT imaging to the thorax. Togao et al. con-
ducted an animal study and reported that APT 
imaging can be used to quantify lung tumors in 
the moving lung. They reported that the  measured 
APT effect was higher in tumors which exhibited 
more active proliferation than others and sug-
gested that APT imaging has the potential to 
serve as a characterization test to differentiate 
types or grade of lung cancer noninvasively, 
which may eventually reduce the need for inva-
sive needle biopsy or resection for lung cancer 
(Togao et al. 2013). In addition, we demonstrated 
the potential of APT imaging for the differentia-
tion of malignant from benign thoracic lesions as 
well as distinguishing squamous cell carcinoma 
from adenocarcinoma when using the threshold 
values of MTRasym at 3.5 ppm (Ohno et al. 2016a, 
b). This indicates that CEST imaging may serve 
as a new MR-based molecular imaging tech-
nique, although further investigations are war-
ranted to confirm its potential (Fig. 9).

 Conclusion

Although the 3 T MR system entails some 
theoretical differences, difficulties, and draw-
backs for lung MR imaging as compared with 
the 1.5 T MR system, technical advancements 
as well as applications of new MR techniques 
make lung MR imaging at 3 T more attractive 
for clinical and academic purposes. In addi-
tion, continuous efforts by basic and clinical 
researchers as well as various manufacturers 
will open new fields for lung MRI, provide 
answers to basic and clinical needs through 
new and less invasive methods, and demon-
strate the clinical significance of MRI of the 
lung at 3 T for patients with a wide range of 
thoracic diseases.
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Arterial switch operation (ASO), 204, 211
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malignant pleural mesothelioma, 421–422
pleural plaques vs. round atelectasis, 420–421

ASL method, see Arterial spin labeling method
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clinical research studies, 238–239

imaging-based asthma phenotypes, 239
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image analysis methods, 230, 233

imaging, role of, 228–229
lung obstruction, 226–227
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pathophysiological processes, 226
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Breath hold dependent method, 25–26
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Bronchial thermoplasty (BT), 242, 469
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Index



508
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Cardiopulmonary system, 28
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Central volume theorem, 63
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T1 vs. perfusion characteristics, 258, 259
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nuclear medicine studies, 260
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evaluation, 195–196
macro-and microvasculature, 189–192
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Clinical decision rules (CDRs), 33
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MR examination protocol, 204
MRI, 202
VIBE, 203

Congenital pulmonary arterial disorders
pulmonary artery, anomalous origin of, 207, 208
pulmonary sequestration, 209
pulmonary sling, 207, 208
single-ventricle morphology, 210
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time-resolved imaging, 24–25

Contrast enhancement, 12, 304, 358, 371,  
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adenocarcinoma, 299, 300
aspergilloma, 304–306, 308
bronchial atresia, 299, 302
cryptococcosis, 299, 301
hamartoma, 304, 305
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carcinoma, 302, 304
tuberculomas, 300–303

COPD, see Chronic obstructive pulmonary disease
Cryptococcosis, 299, 301
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recovery NMR technique
CTEPH, see Chronic thromboembolic pulmonary 

hypertension
CVD, see Collagen-vascular diseases
Cylindrical geometrical model, 84–85
Cyst(s), 363

bronchogenic, 344–347
dermoid, 363
esophageal duplication, 345
neurenteric, 345
pericardial, 345, 347, 348
thoracic duct, 348
thymic, 347–350

Cystic fibrosis (CF), 119
automated methods, 279
functional lung MR imaging

hyperpolarized gas MRI, 281–283
oxygen-enhanced MRI, 281
pulmonary flow measurements, 281
pulmonary perfusion, 279–281

lung clearance index, 278
pulmonary function tests, 278
research in, 287, 289
scoring systems, 278
sensitive manual scoring methods, 279
structural MRI

air fluid levels, 286
bronchial wall thickening, 284–286
bronchiectasis, 286
consolidation, 286
mosaic pattern, 284, 286–287
mucus plugging, 286

validating MRI-based biomarkers, 287, 288
Cystic fibrosis transmembrane regulator-protein  

(CFTR), 278
Cystic masses, mediastinum

bronchogenic cysts, 344–347
esophageal duplication cysts, 345
lateral thoracic meningocele, 348
mediastinal pancreatic pseudocysts, 348
neurenteric cysts, 345
pericardial cysts, 345, 347, 348
thoracic duct cyst, 348
thymic cysts, 347–350

D
Defective phagocytes, 388
Dermoid cyst, 363
Diffuse bilateral interstitial/interstitial alveolar  

infiltrates, 389
Diffuse pleural fibrosis, 420
Diffusing capacity for carbon monoxide  

(DLCO), 148, 256, 411
Diffusion weighted imaging (DWI), 2, 12, 15, 230, 

234–235, 240, 491, 493–494
Digital catheter angiography (DA), 202
Dixon technique, 14, 110–111
Dizziness, 119–121
DLCO, see Diffusing capacity for carbon monoxide
Double-aortic arch, 216, 217
Double bronchus sign, 37, 38, 40
Dry mouth, 119
Dynamic contrast-enhanced (DCE) MRI, 2, 55–61

AIF, 61, 62, 64, 65
central volume theorem, 63
contrast agents, 63
dual-bolus approach, 64
gamma variate function, 61
porcine model, 63–64
semiautomatic segmentation algorithm, 65

Dynamic MRI
imaging parameters for, 166
lung disease, applications in, 178–179
magnetic resonance compatible  

spirometry, 168–169
pulmonary motion, 164

lung parenchyma, displacement of, 176–177
regional volume change, 177–178

radiotherapy, applications, 179–181
respiratory mechanics, 169

chest wall movement, 173
dynamic imaging, diaphragm movement, 

171–173
static imaging, diaphragm movement, 170–171
volumetry, 173–175

of respiratory mechanics and pulmonary motion, 
164–165

technical concepts, 165–168
Dynamic ventilation, 264–266

E
ECG-gated half-Fourier FSE technique, 485
Echocardiography, 201–202, 212, 215, 271
Ectodermal elements, 363–364
Ectopic parathyroid gland, 376
Eisenmenger syndrome, 192
Ejection fraction, 196, 211, 271
Electrocardiographs (ECG) triggering, 146–147
Emphysema, 437–439
Epithelial sodium channel (ENaC) regulates airway 

mucosal hydration, 437
Esophageal duplication cysts, 344, 345
Extramedullary hematopoiesis, 376–377
Extravascular disorders, 218
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F
Fast data acquisition, 141
Fast spin-echo imaging, 4
Ferumoxytol, 26, 27, 34
Fibrin, binding of, 40–41
Fibrosing mediastinitis, 376
First pass technique, 55, 57
Flow-in and flow-out techniques, 488
Fluorinated-gas MRI, 125–126

applications of
clinical translation, 131–133
diffusion imaging, 131
dynamic imaging, 130
static imaging, 129–130
ventilation/perfusion imaging, 130–131

asthma, 236–237
principle of

greenhouse gases, 126
parameters, 129
properties, 126–127
SNR considerations, 127–129

Fluorine-19 perfluorocarbon, 156
Focal organizing pneumonia, 392
Fontan and Glenn shunts, 32
Forced expiratory volume in 1 s (FEV1)-maneuver,  

11, 148, 256, 278
Forced vital capacity (FVC), 256
4D flow MRI, 29
4D imaging-based radiotherapy planning (4D-RT), 180
4D phase-contrast flow (4D PC), 194
Fourier decomposition (FD) pulmonary MRI, 4, 55, 

58–59, 152–155
Free-breathing 3D double-slab fast imaging, 203–204
Fresh blood imaging (FBI), 485, 487
Functional lung MR imaging

hyperpolarized gas MRI, 281–283
oxygen-enhanced MRI, 281
pulmonary flow measurements, 281
pulmonary perfusion, 279–281

Fungal pneumonia, 395–396

G
Gadofosveset trisodium, 26, 27
Gadolinium-based contrast agents (GBCA), 25–27, 34, 40
Gamma variate function, 61
Ganglioneuroblastoma, 371–373, 375
Ganglioneuroma, 371–373
Gas exchange, impairment of, 411
Gas exchange region (GER), 104, 105
Gas polarisation techniques, 70, 77
Gating, 3, 4, 15, 203, 390, 485
Gaussian distribution, 77, 84
GBCA, see Gadolinium-based contrast agents
Generalized auto-calibrating partially parallel 

acquisitions (GRAPPA), 57, 88
Germ cell tumors

non-seminomatous malignant germ cell  
tumors, 367, 368

seminoma, 364–365, 367

teratomas, 363–366
in young adults, 363

Gibbs’ truncation artifact, 30, 31, 41
Glenn procedure, 210
GRAPPA, see Generalized auto-calibrating partially 

parallel acquisitions

H
Hamartoma, 304, 305
3Helium, 262

ADC, 266–267
HP (see Hyperpolarised (HP) helium-3 (3He) gas)

Hemangiopericytoma, see Solitary fibrous tumour (SFT)
Hemodynamics, 270–271
High-frequency oscillatory ventilation, 130
High-resolution computed tomography (HRCT), 389
High-resolution 3He MRI, 439
High resolution pulmonary angiography, 13–14
Hodgkin’s lymphoma, 367–369
Hospital-acquired pneumonia (HAP), 386
HPXe, see Hyperpolarized 129Xenon MRI of the lung
Hyper IgE syndrome, 395
Hyperpolarised (HP) helium-3 (3He) gas, 70, 439

compressed sensing, 88–90
laser optical pumping, 71–72
MRI hardware considerations for

B0 field strength, 73–74
radio-frequency hardware, 74, 75

parallel imaging, 87–88
physical, chemical, and medical properties, 71
physiological and anatomical sensitivity  

with, 77
diffusion coefficient, 81
dynamic imaging, 78–79
gas diffusion, theoretical models of, 84–86
long time scale diffusion, 86–87
regional oxygen uptake, measurement of, 79–81
time-length scale dependence, 82–84
ventilation imaging, 77–78

pulse sequence optimisation, 75–77
storage, transfer and NMR, 72–73
in vivo administration, 73

Hyperpolarized gas MRI
asthma, 229–230, 232

applications, 233–235
image analysis methods, 230, 233

cystic fibrosis, 281–283
Hyperpolarized 129Xenon (HPXe) MRI of the lung

in adult and pediatric patients, 118–119
criteria, 99–100
feature of, 101
inhalation protocol, 103
polarizer, 101–103
preclinical and clinical pulmonary imaging, 100
safety of, 119–122
in vivo imaging

alveolar oxygen, mapping partial  
pressure, 115–118

SB-XTC, 113–115
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three-point Dixon technique, 110–113
ventilation maps, 108–110

in vivo parameters, 100
in vivo spectroscopy, 103–107

Hypoxemia, chronic, 186
Hypoxia, 30, 54, 132, 268
Hypoxic adverse event, 120
Hypoxic pulmonary hypertension, 188

I
Idiopathic interstitial pneumonias (IP), 405–407
Idiopathic pulmonary fibrosis (IPF), 119, 187, 406
Immature teratomas, 364
Immunocompromised host

CD4 counts and infections, 388
diffuse bilateral interstitial/interstitial alveolar 

infiltrates, 389
host defense system, 387
immune response, 387
inflammatory response, 387
micronodular disease, 389
opportunistic infectious agents, 388
primary immune deficiency diseases

B cell (antibody) deficiencies, 387
combined immunodeficiencies, 387
complement deficiencies, 387–388
defective phagocytes, 388
vs. secondary immunodeficiency, 388
T cell deficiencies, 387

pulmonary infiltrates, 387, 388
radiologic pattern, 388
signs of infection, 387

Impairment of gas exchange, 411
Impulse oscillometry (IOS), 227
Infections, respiratory diseases, 443–445
Inferior vena cava (IVC), 41, 210–212
Inflammatory obstructive airway disease, 256
Inhalatory paramagnetic contrast media, 412
Inhaled molecular oxygen, 139
Interstitial lung diseases (ILD)

asbestosis, 410
biopsy specimens, 410–411
clinical imaging, 414–415
collagen-vascular diseases

progressive systemic sclerosis, 408
rheumatoid arthritis, 407
systemic lupus erythematosus, 408–410

DLCO, 411
idiopathic interstitial pneumonias, 405–407
impairment of gas exchange, 411
inhalatory paramagnetic contrast media, 412
invasive procedures, 410
lung function

with hyperpolarized gases, 412–413
with oxygen, 413–414

with MCTD, 414, 415
morphologic imaging, 402–403
mortality and complication rates, 411
overlapping clinicoradiologic patterns, 410

oxygen desaturation, 411
PFTs alterations, 411–412
progressive massive fibrosis, 410
pulmonary function tests, 411
restrictive ventilatory pattern, 411
sarcoidosis, 403–405
with UIP, 414, 415
ventilatory defect, 411
Wegener’s granulomatosis, 410

Interventional studies
evaluation of treatment response, 466–469
MRI-guided therapy

airways, 467, 470
clinical trial, 469, 472
graphical user interface, 467, 471
3He ventilation defects, 467, 470

Interventricular septum, 195–196
Invasive adenocarcinoma, 489, 494–495
Invasive aspergillosis, 390
Inversion recovery (IR), 10, 11, 16, 28, 485
In vivo spectroscopy, HPXe MRI, 103–107

L
Laplace law, 170
Laser optical pumping, 71–72
Lateral thoracic meningocele, 348
Lean standard protocol, 6–11
Left hilar lymph node metastasis, 499, 500
Leiomyosarcoma, 214
Lobar pneumonia, 385, 391
Lung cancer

diagnosis, 294
follow-up, 294
M classification

adrenal gland metastasis, 328–329
bone metastasis, 329
brain metastasis, 329
definitions, 311, 312, 328
whole-body MR imaging, 329–333

N classification
adenocarcinoma, 324, 325
CT, 323
definitions, 311, 312, 322
DWI, 326
FDG-PET, 323
PET/MRI, 326
with right hilar lymph node metastasis, 326–327
STIR turbo spin echo (SE) images, 323–326

pulmonary nodules (see Pulmonary nodules)
recommended MR protocol, 311, 313–314
respiratory diseases, 445–448
T classification

chest wall invasion, 318, 320–321
definitions, 311, 312
mediastinal invasion, 312, 315–317
primary vs. secondary, 317–319
respiratory tumor motion, 321–322

Lung clearance index (LCI), 278
Lung emphysema, 178–179
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Lung fibrosis, 178, 441–443
Lung function

with hyperpolarized gases, 412–413
with oxygen, 413–414

Lung parenchyma, 187, 209
displacement of, 176–177
strategies for, 5–6

Lung perfusion imaging, 12, 209
Lung tumors/thoracic masses, 11–12
Lung volume reduction surgery (LVRS), 260
Lymphatic leukemia, chronic, 394
Lymphoblastic lymphoma, 367, 369
Lymphoid follicular hyperplasiaa, 351

M
Macrovasculature

bronchosystemic shunt, 192, 193
CTEPH, 189–192
pulmonary hypertension, 187–188

Magnetic Imaging Technologies Inc. (MITI), 71, 72
Magnetic resonance compatible spirometry, 168–169
Magnetic resonance imaging (MRI) of the lung

chest wall and apex, 15
chest wall invasion, 2
imaging lung parenchyma disease, strategies for, 5–6
lean standard protocol, 6–11
lung tumors/thoracic masses, 11–12
lung vessel disorders

high resolution pulmonary angiography, 13–14
temporally resolved perfusion imaging, 13

mediastinum, 14–15
motion compensation, strategies for, 3–5
pediatric applications, 16
protocol adaptions for 3 T and below 1.5 T, 16–18
proton-MRI of the lung, 2–3
respiratory mechanics, 11

Magnetic resonance venography (MRV)  
methods, 34

Major aortopulmonary collateral arteries  
(MAPCA), 204

Malignant lymphoma
Hodgkin’s lymphoma, 367–369
lymphoblastic lymphoma, 369
MR imaging, 370–371
non-Hodgkin’s lymphoma, 371
primary mediastinal diffuse large B-cell lymphoma, 

369–370
Malignant pleural mesothelioma (MPM)

asbestosis, 421–422
tumour imaging, 422, 423

Masaoka’s criteria, 358
Matrix pencil decomposition, 153
Mature teratomas, 364–366
M classification, lung cancer

adrenal gland metastasis, 328–329
bone metastasis, 329
brain metastasis, 329
definitions, 311, 312, 328
whole-body MR imaging, 329–333

Mediastinal cystic masses
bronchogenic cysts, 344–347
esophageal duplication cysts, 345
lateral thoracic meningocele, 348
mediastinal pancreatic pseudocysts, 348
neurenteric cysts, 345
pericardial cysts, 345, 347, 348
thoracic duct cyst, 348
thymic cysts, 347–350

Mediastinal disease
ectopic parathyroid gland, 376
extramedullary hematopoiesis, 376–377
fibrosing mediastinitis, 376
germ cell tumors

non-seminomatous malignant germ cell  
tumors, 367, 368

seminoma, 364–365, 367
teratomas, 363–366
in young adults, 363

malignant lymphoma
Hodgkin’s lymphoma, 367–369
lymphoblastic lymphoma, 369
MR imaging, 370–371
non-Hodgkin’s lymphoma, 371
primary mediastinal diffuse large B-cell 

lymphoma, 369–370
mediastinal cystic masses

bronchogenic cysts, 344–347
esophageal duplication cysts, 345
lateral thoracic meningocele, 348
mediastinal pancreatic pseudocysts, 348
neurenteric cysts, 345
pericardial cysts, 345, 347, 348
thoracic duct cyst, 348
thymic cysts, 347–350

mediastinal goiter, 374, 376
MR imaging protocol, 377–378
neurogenic tumor

paraganglioma, 374
peripheral nerve sheath tumors, 371–373
sympathetic ganglia tumor, 372–375

thymus and thymic tumors
noninvasive thymoma, 352, 354
normal thymus, 348–353
rebound thymic hyperplasia, 352, 355
thymic carcinoma, 359, 361–362
thymic hyperplasia, 351–353, 355
thymic neuroendocrine neoplasm, 362–363
thymolipoma, 362
thymoma, 356–361

Mediastinal germinoma, see Seminoma
Mediastinal goiter, 374, 376
Mediastinal growing teratoma syndrome, 363
Mediastinal pancreatic pseudocysts, 348
Mediastinum, 14–15

anterior, 356
cystic masses

bronchogenic cysts, 344–347
esophageal duplication cysts, 345
lateral thoracic meningocele, 348

Index



513

mediastinal pancreatic pseudocysts, 348
neurenteric cysts, 345
pericardial cysts, 345, 347, 348
thoracic duct cyst, 348
thymic cysts, 347–350

inferior, 356
Meta-stability exchange optical pumping  

(MEOP), 71, 72
Metastatic adenocarcinoma, 421
Micronodular disease, 389
Microvasculature

bronchosystemic shunt, 192, 193
CTEPH, 189–192
pulmonary hypertension, 187–188

Mixed connective tissue disease (MCTD), 414, 415
Mosaic pattern, 284, 286–287
Motion compensation, 3–5
Mucinous bronchoalveolar carcinoma, 302, 304
Mucus

plugging, 286
secretion and clearance, respiratory  

diseases, 437
Multiple detector computed tomography (MDCT)

asthma, 228
congenital heart disease, 202, 205

Myasthenia gravis (MG), 359
Myelodysplasia, 394

N
Navigator 3D free breathing bSSFP pre/post-contrast 

MRA, 26
N classification, lung cancer

adenocarcinoma, 324, 325
CT, 323
definitions, 311, 312, 322
DWI, 326
FDG-PET, 323
PET/MRI, 326
with right hilar lymph node metastasis, 326–327
STIR turbo spin echo images, 323–326

Near-isotropic imaging, 164
Necrotizing pneumonia, 396
Nephrogenic systemic fibrosis (NSF), 26–27
Neurenteric cysts, 345
Neuroblastoma, 375
Neurogenic tumor

paraganglioma, 374
peripheral nerve sheath tumors, 371–373
sympathetic ganglia tumor, 372–375

13N2 gas positron emission tomography (PET), 229
Nijmegen-Breakage syndrome, 392
Non-CE perfusion MR imaging, 489, 490
Non-contrast-enhanced dynamic lung  

imaging, 149–152, 439
Non-contrast-enhanced (non-CE) MR angiography 

techniques, 27–28, 484, 487, 488
black blood imaging, 28–29
field of view wrap, 32
Fontan and Glenn shunts, 32

parallel imaging, over-ranging and noise 
enhancement in, 32

phase contrast MRA, 29–30
transient interruption, of bolus, 31–32

Nonenhanced ventilation measurements, 138
Non-Hodgkin’s lymphoma, 371
Noninvasive thymoma, 352, 354
Nonselective inversion recovery (IR) pulse, 485
Non-seminomatous malignant germ cell  

tumors, 367, 368
Non-small cell lung carcinoma (NSCLC), 294, 311, 312, 

317, 446
Normal thymus, 348–353
Nosocomial pneumonia, 386
Nuclear imaging, 228–229
Nuclear medicine studies, 260
Nuclear spin systems, 71–72

O
Observational studies

cross-sectional
disease specification and NCT  

number, 460–462
hyperpolarized 3He MRI PAO2 maps, 462, 464
hyperpolarized inhaled gas MRI, 460
peripheral 3He ventilation defects, 462
PHIL trial, 462
proton FD, 464
proton UTE, 464
pulmonary 1H MRI methods, 463
single time point, 460

longitudinal, 463–466
Occlusive pulmonary embolism, 38
Optical pumping, 71–72
Osler-Weber-Rendu syndrome, 213
OTF, see Oxygen transfer function
Oxygen-enhanced lung MRI, 138, 261–262

acquisition paradigms and data evaluation, 142
signal-intensity based techniques, 142–144
T1 relaxation time-based methods, 144–145

asthma, 235–236
clinical applications, 148–150
contrast mechanism and physiology, 139–141
cystic fibrosis, 281
ECG and respiratory triggering, motion correction, 

146–147
MRI pulse sequences, 141–142
multislice imaging, 145–146
parallel imaging, 147–148

Oxygen transfer function (OTF), 144, 148, 242, 413

P
Paradoxical diaphragmatic motion, 260
Paraganglioma, 374
Parallel imaging, 4, 23

hyperpolarised helium-3 gas, 87–88
over-ranging and noise enhancement in, 32
oxygen-enhanced lung MRI, 147–148
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Parametric 3He ventilation maps, 440
Parenchyma, 256–258

destruction, 255, 256
emphysematous destruction, 257
hyperinflation and hypoxic vasoconstriction, 257
inflammatory obstructive airway disease, 256
snapshot fast low angle shot, 258
T1 vs. perfusion characteristics, 258, 259
T1-weighted 3D gradient echo sequences, 256
T2-weighted single-shot techniques with partial 

Fourier acquisition sequence, 256–258
T1w VIBE, 258
ultrashort TE sequences, 258
UTE-MRI, 258

Parenchymal destruction, 255, 256
Partial Fourier acquisition techniques, 4, 15, 76
Patent ductus arteriosus (PDA), 207, 209, 216
PDA, see Patent ductus arteriosus
Percutaneous catheter ablation, 213
Perfluorocarbon, 156
Perfluoropropane (C3F8), 126
Performance gap, 45
Perfusion, 54

DCE-MRI data, image processing of, 59–65
measurement techniques, 55

arterial spin labeling, 58
DCE-MRI, 55–58
FD MRI, 58–59

respiratory diseases, 439–441
technical challenges, 54–55

Peribronchial eosinophilic inflammation, 437
Peribronchial signal intensity index, PBSI, 436
Pericardial cysts, 345, 347, 348
Pericarditis, 43
Peripheral nerve sheath tumors, 371–373
Peripheral pulmonary arteries, 215
Peripheral vascular bed, 188
PFTs, see Pulmonary function tests
PGSE technique, see Pulsed-gradient-spin-echo technique
Phase contrast-MR angiography, 29–30, 484
Phase contrast (PC) sensitivity, 78
Phase Contrast—Vastly under-sampled Isotropic-voxel 

Radial Projection imaging (PC-VIPR), 29
Physical barriers, host defense system, 387
Plethysmography, 168–169, 436
Pleural carcinomatosis, 421, 422
Pleural disease

asbestosis
computed tomography, 421
magnetic resonance imaging, 421
malignant pleural mesothelioma, 421–422
pleural plaques vs. round atelectasis, 420–421

exudative/transudative pleural effusions, 425, 426
solitary fibrous tumour, 426–427
tumour imaging

clinical implementation, 422
early detection, 422
malignant pleural mesothelioma, 422, 423
response evaluation, 424–426
staging system, 423–424

Pleural effusion, 43, 420
Pleural plaques, 420
Plexiform neurofibroma, 373
Pneumomediastinum, 44
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bilobar, 390–391
bronchopneumonia, 385, 391
CAP, 384–385
chronic, 386–387
community-acquired acute pneumonia, 384–385
community-acquired atypical, 385–386
community-acquired atypical pneumonias, 385–386
definition, 384
focal organizing, 392
fungal, 395–396
HAP, 386
idiopathic interstitial pneumonias, 405–407
immunocompromised host
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diffuse bilateral interstitial/interstitial alveolar 

infiltrates, 389
host defense system, 387
immune response, 387
inflammatory response, 387
micronodular disease, 389
opportunistic infectious agents, 388
primary immune deficiency diseases, 387–388
pulmonary infiltrates, 387, 388
radiologic pattern, 388
secondary immunodeficiency, 388
signs of infection, 387

lobar, 385, 391
MRI, historical development of

alveolar infiltrates, 392
with bilobar pneumonia, 390–391
common and important features, 395
contrast-enhanced pulmonary MRI, 390
vs. CT, 393–395
focal organizing pneumonia, 392
fungal pneumonia, 395–396
growth factors and calcification pattern, 391
high-resolution computed tomography, 389
invasive aspergillosis, 390
Klebsiella pneumoniae, 392
low proton density, 390
multiple air-tissue interfaces, 390
necrotizing pneumonia, 396
pulmonary alveolar proteinosis, 389
pulmonary consolidations, 389
retrocardial pneumonic infiltrates, 392
sclerosing hemangioma, 392
signal loss due to physiological motion, 390
Streptococcus pneumoniae, 392
true FISP sequence, 392

necrotizing, 396
nosocomial, 386
nosocomial pneumonia, 386
pathogenesis, 384
protocol recommendation, 396, 397
STIR and true FISP sequences, 396
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T1-weighted FLASH sequence, 396
T2-weighted HASTE sequence, 396
upper lobe, 396–398
upper lobe pneumonia, 396–398

Polarizer, 101–103
Pompe’s disease, 179
Porcine model, 63–64
Primary immune deficiency diseases

B cell (antibody) deficiencies, 387
combined immunodeficiencies, 387
complement deficiencies, 387–388
defective phagocytes, 388
vs. secondary immunodeficiency, 388
T cell deficiencies, 387

Primary mediastinal diffuse large B-cell lymphoma, 
369–370

Progressive massive fibrosis (PMF), 410
Progressive systemic sclerosis (PSS), 408
Proton MRI based ventilation imaging, 138–139

aerosolized gadolinium-based contrast agents, 
155–157

Fourier decomposition pulmonary MRI, 152–155
non-contrast-enhanced dynamic lung imaging, 

149–152
oxygen-enhanced lung MRI, 138, 142

clinical applications, 148–149
contrast mechanism and physiology, 139–141
ECG and respiratory triggering, motion 

correction, 146–147
MRI pulse sequences, 141–142
multislice imaging, 145–146
parallel imaging, 147–148
signal-intensity based techniques, 142–144
T1 relaxation time-based methods, 144–145

water-in-perfluorocarbon emulsions, 156
Proton-MRI of the lung, 2–3
Proton/particle therapy, 180–181
Pseudo-gating, 5
Pulmonary alveolar proteinosis, 389
Pulmonary arterial hypertension (PAH), 29, 185–186
Pulmonary arterial pressure (PAP), 185, 186, 188, 271
Pulmonary arteriovenous malformations (PAVMs), 213
Pulmonary artery

anomalous origin of, 207, 208
flow and pulsatility of, 193–195
stenosis of, 205–207

Pulmonary artery sarcomas (PAS), 214
Pulmonary artery stiffness, 194
Pulmonary blood flow, 55, 62, 188, 207, 270
Pulmonary capillary hemangioma (PCH), 215
Pulmonary capillary pressure (PCP), 185
Pulmonary embolism (PE), 22

diagnosis of, 32–33, 41–42
MRA characteristics of, 38–40

ancillary findings, 43–44
direct findings, 38–42
follow-up, 42–43

MRA effectiveness for, 44–46
MRA efficacy for, 34–37
with reverse Gibbs’ artifact, 30, 31

Pulmonary emphysema, 256, 495
Pulmonary exacerbation, 287, 288
Pulmonary flow measurements, 281
Pulmonary function tests (PFTs), 100, 227, 256

cystic fibrosis, 278
interstitial lung diseases, 411
pulmonary MRI, 455

Pulmonary hypertension (PH), 185–186
causes of, 186
classification of, 186
functional assessment

morphology, 193
pulmonary arteries, flow and pulsatility of, 

193–195
right ventricle and interventricular septum, 

evaluation, 195–196
macro-and microvasculature, 187–188
MR imaging protocol, 187

Pulmonary infections, see Pneumonia
Pulmonary infiltrates, 387, 388
Pulmonary magnetic resonance angiography

contrast agent, 26–27
efficacy trial, 37–38
Gibbs’ truncation artifact, 30, 31
patient selection

CDRs, 33
ideal patient, 33–34

PIOPED III trial, 37
post-processing, 34

Pulmonary motion, 164
lung parenchyma, displacement of, 176–177
regional volume change, 177–178

Pulmonary MRI
body system imaging, 454, 455
in clinical trials

chronic lung disease, 455
interventional studies, 466–472
observational studies, 460–466
pulmonary function tests, 455
validation studies, 457–460

diagnostic criteria, 470–472
future research, 472–473
phenotype, 454
randomized controlled clinical trials, 453–454
rationalize therapy, 454
strengths and limitations, 456–457

Pulmonary nodules
characterization, 296–298
conventional T1-and T2-weighted MRI
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aspergilloma, 304–306, 308
bronchial atresia, 299, 302
cryptococcosis, 299, 301
hamartoma, 304, 305
mucinous bronchoalveolar carcinoma, 302, 304
tuberculomas, 300–303

detection, 295–298
dynamic contrast-enhanced MR  

imaging, 306–311
non-contrast-enhanced MR imaging, 306
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Pulmonary perfusion, 24, 267–270, 279–281
Pulmonary sequestration, 209
Pulmonary sling, 207, 208
Pulmonary valve stenosis, 205–207
Pulmonary vein sarcomas (PVS), 214
Pulmonary vein stenosis, 213, 214
Pulmonary venous connection (PAPVC), 211–213
Pulmonary vessels, tumors of

leiomyosarcoma, 214
PCH, 215

Pulsed-gradient-spin-echo (PGSE) technique, 82, 83
Pulse oximetry, 4
Pulse sequence, 128, 141–142

Q
Quantitative CT (qCT), 228
Quantitative indices, 267
Quiescent-interval single shot (QISS), 28

R
Radiation exposure, 164–165
Radio-frequency hardware, 74, 75
Radiotherapy, 164, 179–181, 321, 328, 403
Rapid acquisition with relaxation enhancement (RARE) 

sequence, 141
Rebound thymic hyperplasia, 352, 355
Region of interest (ROI) analysis, 30, 60–61
Respiratory diseases

in small animal models
airway inflammation, 435–436
airway remodeling, 436–437
emphysema, 437–439
infections, 443–445
lung cancer, 445–448
lung fibrosis, 441–443
mucus secretion and clearance, 437
perfusion, 439–441
ventilation, 439, 440

small rodents, 434–435
Respiratory dynamics, 259–261
Respiratory mechanics, 11, 169

chest wall movement, 173
diaphragm movement, 169

dynamic imaging, 171–173
static imaging, 170–171

volumetry, 173–175
Respiratory motion, 4, 165, 181, 322, 434
Respiratory system, 164, 187
Respiratory triggering, 6, 12, 146–147
Response evaluation criteria in solid tumors (RECIST), 

317, 425–426
Reverse target sign, 396
Rheumatoid arthritis, 407, 409
Round atelectasis, 420–421

S
Saprophytic aspergillosis, 304–306, 308

Sarcoidosis, 14, 402–405, 414
SB-XTC technique, see Single breath Xe transfer 

contrast technique
Schwannoma, 371, 372
Scleroderma, see Progressive systemic sclerosis
Sclerosing hemangioma, 392
Selective inversion recovery (IR) pulse, 485
Self-gated non-contrast-enhanced functional lung 

imaging (SENCEFUL), 155
Semi-infinite slab model, 103–104
Seminoma, 364–365, 367
Sensitive manual scoring methods, 279
Sensory-efferent neural pathways, 437
Sensory nerve stimulation, 437
Shape model-based segmentation, 178
Signal intensity (SI), 480
Signal-intensity based techniques, 142–144
Signal targeting with alternating radio frequency 

(STAR), 485
Signal-to-noise ratio (SNR), 55, 126–129,  

480–481
Single breath Xe transfer contrast (SB-XTC)  

technique, 113–116
Single-photon emission computed tomography  

(SPECT), 54, 63, 228, 267, 311, 445, 486
Single-shot fast spin echo (SSFSE) imaging, 236
Single shot steady-state imaging, 16
Single-shot turbo spin-echo sequences, 141, 145
Single-ventricle morphology, 210
Slice-selective RF pulses, 145, 146
Small cell lung carcinoma (SCLC), 294
Solitary fibrous tumour (SFT), 426–427
Spin exchange optical pumping (SEOP), 71, 72
Spin labeling techniques, 488
Spin polarisation exchange, 71–72
Spirometry, 83, 84, 164, 173, 226, 227, 282, 470
Spoiled gradient echo (SPGR) sequence, 75–76
Squamous cell carcinoma, 499, 500
SSFP techniques, see Steady-state free precession 

techniques
Static ventilation, 263–264
Steady-state free precession (SSFP)  

techniques, 76, 142, 202, 203
Steady-state gradient echo imaging (SS-GRE,  

TrueFISP), 4, 10
Stenosis

of pulmonary valve, 205–207
pulmonary vein, 213, 214

Stretched exponential model, 85
Submillisecond echo time proton MRI  

sequences, 437
Sulfur hexafluoride (SF6), 126
Superior vena cava (SVC), 31, 41, 210, 376
Sympathetic ganglia tumor, 372–375
Systemic lupus erythematosus (SLE), 408–410

T
Tag-on/tag-off subtraction techniques, 488
T cell deficiencies, 387
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T classification, lung cancer
chest wall invasion, 318, 320–321
definitions, 311, 312
mediastinal invasion, 312, 315–317
primary vs. secondary, 317–319
respiratory tumor motion, 321–322

Temporally resolved perfusion imaging, 13
Teratomas

immature, 364
mature, 364–366

Tetralogy of Fallot (TOF), 207, 209
Thoracic aorta, anomalies of, 215–216

aortic coarctation, 215–216
aortic vascular rings and slings, 216–218
patent ductus arteriosus, 216

Thoracic duct cyst, 348
Thoracic masses, 11–12
3D ECG and respiratory-gated non-CE-perfusion MR 

imaging, 489
3D FSE-based sequences, 485
3D gradient echo sequences (VIBE), 16
3D half-Fourier FSE sequence, 485, 487
3D navigator methods, 26
3D pulse sequences, 58
3D radial ultrashort echo time (UTE) MRI, 57, 58
3D TOF, 484
Three-point Dixon technique, 110–113
3 T MR imaging

arterial spin labeling method, 485
balanced steady-state free precession sequences, 

484–485, 487
basics of

gadolinium (Gd) contrast agent, 481–483
relaxation time, 481–483
safety considerations, 483–484
signal intensity (SI), 480
signal-to-noise ratio (SNR), 480–481

chemical exchange saturation transfer imaging
amide proton transfer imaging, 498–499
classification, 498
mechanism, 497–498

chronic thromboembolic pulmonary hypertension, 
485, 486

contrast-enhanced MR angiography, 484
3D ECG and respiratory-gated non-CE-perfusion  

MR imaging, 489
3D FSE-based sequences, 485
3D half-Fourier FSE sequence, 485, 487
diffusion-weighted MRI, 491, 493–494
ECG-gated half-Fourier FSE technique, 485
fresh blood imaging, 485, 487
non-CE perfusion MR imaging, 489, 490
non-contrast-enhanced MR angiography  

techniques, 484, 487, 488
nonselective inversion recovery pulse, 485
PC-MR angiography, 484
PET/MRI, 490–491
selective inversion recovery pulse, 485
signal targeting with alternating radio frequency, 485
spin labeling techniques, 488

three-dimensional TOF, 484
time-spatial labeling inversion pulse method, 488
ultrashort echo time and TEs

pulmonary MR Imaging, 495–496
pulmonary thin-section, 494–495

whole-body MR imaging, 490–491
Thrombolytic therapy, 41
Thymic carcinoma, 359, 361–362
Thymic cysts, 347–350
Thymic epithelial tumors, 356, 357
Thymic hyperplasia, 351–353, 355
Thymic neuroendocrine neoplasm, 362–363
Thymolipoma, 362
Thymoma

anterior mediastinum, 356
encapsulated noninvasive type, 356–358
inferior mediastinum, 356
invasive type, 356, 359–361
lobulated external contour, 356
Masaoka’s criteria, 358
myasthenia gravis, 359
type A tumor, 356, 357
type B tumor, 356, 357
World Health Organization classification, 356, 358

Thymus and thymic tumors
noninvasive thymoma, 352, 354
normal thymus, 348–353
rebound thymic hyperplasia, 352, 355
thymic carcinoma, 359, 361–362
thymic hyperplasia, 351–353, 355
thymic neuroendocrine neoplasm, 362–363
thymolipoma, 362
thymoma, 356–361

Time-resolved angiographic techniques, 213
Time-resolved echo-shared angiographic technique 

(TREAT), 57
Time-resolved imaging, 24–25
Time-resolved imaging of contrast kinetics  

(TRICKS), 24, 57
Time-spatial labeling inversion pulse (time-SLIP) 

method, 488
Tissue-displacement tracking, 138
Total anomalous pulmonary venous connection 

(TAPVC), 211
Total cavopulmonary connection (TCPC), 210
Transposition of the great arteries (TGA), 210–211
T1 relaxation time-based methods, 144–145
Truncated singular value decomposition (tSVD), 63
T1/T2-weighted steady-state gradient echo  

sequence, 10, 11
Tuberculomas, 300–303
Tumors of pulmonary vessels

leiomyosarcoma, 214
PCH, 215

Turbo-spin-echo (TSE) sequences, 202
Turner syndrome, 215
T1-weighted 3D gradient echo sequences, 256
T2-weighted inversion recovery images (TIRM), 15
T2-weighted single-shot techniques with partial Fourier 

acquisition (HASTE) sequence, 256–258
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U
Ultrafast dynamic proton MRI, 260, 261
Ultrafast gradient-echo techniques, 145
Ultrashort time to echo (UTE) imaging, 26, 44,  

142, 156, 435
asthma, 244–245
pulmonary MR Imaging, 495–496
pulmonary thin-section, 494–495

Unclassifiable idiopathic IP (UIP), 406, 414, 415
Upper lobe pneumonia, 396–398
UTE imaging, see Ultrashort echo time imaging
Utilizes ultrafast balanced steady-state free precession 

(uf-bSSFP) imaging, 58, 59

V
Validation studies, 457–460
Variable flip angle (VFA) approach, 76
Vascular anomalies and diseases

acquired pulmonary venous disorders, 213–214
CHD, 205–207

cardiovascular MRI, 202
conventional digital catheter angiography, 202
echocardiography, 201–202
free-breathing 3D double-slab fast imaging, 

203–204
MAPCA, 204
MDCT, 202, 205
MR examination protocol, 204
MRI, 202
VIBE, 203

congenital pulmonary vascular diseases, 205
congenital pulmonary arterial disorders (see 

Congenital pulmonary arterial disorders)
congenital pulmonary venous disorders, 211–213
PAVMs, 213

extravascular disorders, 218
pulmonary vessels, tumors of

leiomyosarcoma, 214
PCH, 215

thoracic aorta, anomalies of, 215–216
aortic coarctation, 215–216
aortic vascular rings and slings, 216–218
patent ductus arteriosus, 216

Vascular signal intensity, 14
Vasomotor tone, 188
VDP, see Ventilation defect percentage
Venous thromboembolic (VTE), 22
Ventilation

defects, 225
3D (SPECT) imaging, 260
dynamic ventilation, 264–266

fluorinated-gas MRI, 130–131
3Helium, 262, 266–267
heterogeneity, correlates of, 239–241
homogeneity, 77–78
nuclear medicine studies, 260
oxygen-enhanced MRI, 261–262
respiratory diseases, 439, 440
scintigraphy, 148
static ventilation, 263–264
129Xenon, 262

Ventilation defect percentage (VDP), 77, 238, 239
View-sharing technique, 57
Volume-interpolated breath-hold examination  

(VIBE), 256, 257
Volume interpolated breath-hold technique  

(VIBE), 203
Volumetry, respiratory mechanics, 173–175

W
Water-in-perfluorocarbon emulsions, 156
Wegener’s granulomatosis, 410
White lung sign, 302
Whole-body MR imaging, 490–491

M classification, 329–333
right hilar lymph node metastasis, 491, 492

World Health Organization (WHO) criteria, 317

X
129Xenon gas, hyperpolarized MRI of the lung, 262

in adult and pediatric patients, 118–119
asthma, 245
criteria, 99–100
feature of, 101
inhalation protocol, 103
polarizer, 101–103
preclinical and clinical pulmonary imaging, 100
safety of, 119–122
in vivo imaging

alveolar oxygen, mapping partial pressure, 
115–118

SB-XTC, 113–115
three-point Dixon technique, 110–113
ventilation maps, 108–110

in vivo parameters, 100
in vivo spectroscopy, 103–107

Xenon polarization automated (XeNA), 101

Z
Zeeman polarisation, 72
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