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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
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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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