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Chronic thromboembolic pulmonary
hypertension — assessment by magnetic
resonance imaging

Abstract Chronic thromboembolic
pulmonary hypertension (CTEPH) is a
severe disease that has been ignored
for a long time. However, with the
development of improved therapeutic
modalities, cardiologists and thoracic
surgeons have shown increasing in-
terest in the diagnostic work-up of this

entity. The diagnosis and management
of chronic thromboembolic pulmo-
nary hypertension require a multi-
disciplinary approach involving the
specialties of pulmonary medicine,
cardiology, radiology, anesthesiology
and thoracic surgery. With this
approach, pulmonary endarterectomy
(PEA) can be performed with an
acceptable mortality rate. This review
article describes the developments in
magnetic resonance (MR) imaging
techniques for the diagnosis of chronic
thromboembolic pulmonary hyper-
tension. Techniques include contrast-
enhanced MR angiography
(ce-MRA), MR perfusion imaging,
phase-contrast imaging of the great
vessels, cine imaging of the heart and
combined perfusion-ventilation MR
imaging with hyperpolarized noble
gases. It is anticipated that MR
imaging will play a central role in
the initial diagnosis and follow-up
of patients with CTEPH.

Keywords Magnetic resonance
imaging techniques . Chronic
thromboembolic pulmonary
hypertension

Introduction and pathophysiology

Still today, the pathophysiologic events leading to chronic
thromboembolic pulmonary hypertension (CTEPH) are not
completely understood. The development of CTEPH
seems to be an extension of the natural history of acute
pulmonary embolism. Until recently, CTEPH of sufficient

severity to require surgical intervention was estimated in
approximately 0.1 to 0.5% of patients surviving an acute
embolic event [1–3]. However, Pengo et al. showed that the
cumulative incidence of symptomatic CTEPH was 3.8
percent after 2 years in patients with an acute episode of
pulmonary embolism, which is significantly higher than
previously suspected [4]. In their prospective and long-term

This article is dedicated to Manfred Thelen,
MD, Professor of Radiology, our teacher
in clinical radiology.
This study was supported by the Deutsche
Forschungsgemeinschaft (grant FOR
474/1).

K.-F. Kreitner (*) . R. P. Kunz .
S. Ley . K. Oberholzer . D. Neeb .
K. K. Gast . C.-P. Heussel . C. Düber
Department of Diagnostic
and Interventional Radiology,
Johannes-Gutenberg-University,
Langenbeckstrasse 1,
D-55131 Mainz, Germany
e-mail: kreitner@radiologie.klinik.
uni-mainz.de
Tel.: +49-6131-174160
Fax: +49-6131-176633

S. Ley . H.-U. Kauczor
Department of Radiology,
German Cancer Research Center,
Im Neuenheimer Feld 280,
D-69120 Heidelberg, Germany

E. Mayer
Department of Heart,
Thorax and Vascular Surgery,
Johannes-Gutenberg-University,
Langenbeckstrasse 1,
D-55131 Mainz, Germany

B. Eberle
Department of Anesthesiology,
Johannes-Gutenberg-University,
Langenbeckstrasse 1,
D-55131 Mainz, Germany

Present address:
B. Eberle
Department of Anesthesiology,
Inselspital,
CH-3010 Bern, Switzerland

C.-P. Heussel
Department of Radiology, Chest Clinic
at University of Heidelberg,
Amalienstrasse 5,
D-69126 Heidelberg, Germany



study on 314 patients, they found that younger age, a
previous pulmonary embolism, a larger perfusion defect and
idiopathic pulmonary embolism at presentation remained
significantly associated with an increased risk of CTEPH.

For reasons still not known, pulmonary emboli in patients
with CTEPH do not resolve completely after an episode of
acute thromboembolism. Instead, they follow an aberrant
path of organization and recanalization leading to charac-
teristic abnormalities such as intraluminal webs and bands,
pouchlike endings of arteries, irregularities of the arterial
wall and stenotic lesions [2, 3, 5]. This aberrant path of
obstruction and reopening occurs in repeated cycles over
many years. Some data suggest that in situ thrombosis may
play a major role in the development of chronic thromboem-
bolic pulmonary hypertension. Additionally, small-vessel
hypertensive arteriopathy, similar to that seen in other forms
of pulmonary hypertension, seems to develop in most
CTEPH patients [3, 5]. This is supported by several
observations: (1) progression of pulmonary hypertension
typically occurs in the absence of recurrent pulmonary
embolic events or in situ pulmonary artery thrombosis; (2)
there is a poor correlation between the extent of central
vessel occlusion and the degree of pulmonary hypertension:
this observation suggests that a component of the increased
pulmonary vascular resistance results from the unobstructed,
distal vascular bed; (3) histopathology demonstrates hyper-
tensive arteriopathic changes in the resistance vessels of
lung regions both involved and uninvolved in proximal
vessel-organized thromboembolic disease.

During the first years, patients with CTEPH may be
asymptomatic (the “honeymoon period”) before mean
pulmonary arterial pressure (MPAP) and pulmonary vas-
cular resistance (PVR) in the pulmonary arteries elevate
above values of 25 mmHg or 130 dyn×s×cm−5, respec-
tively. These critical values are reached after the occlusion
of approximately 60% of the total diameter of the
pulmonary arterial vascular bed. The longstanding increase
in MPAP over 30 mmHg results in cor pulmonale ending in
right heart failure with a corresponding 5-year-survival of
only 30% [2, 3, 5].

The primary treatment of CTEPH is surgical pulmonary
endarterectomy (PEA), which leads to a permanent
improvement of the pulmonary hemodynamics [3, 6–10].
The technical feasibility and success of surgery mainly
depend on the localization of the thromboembolic material:
surgical accessibility is given if the organized thrombi are
not located distal to the lobar arteries or to the origin of the
segmental vessels in order to develop a safe dissection
plane for endarterectomy [1, 6, 10]. The combination of
heart and lung transplantation is only of minor importance
in the treatment of these patients. In selected cases with
obliterations that are located distally to the segmental level,
patients with CTEPH could be candidates for balloon
angioplasty [11].

The combination of multidetector-row spiral CT (MD-
CT) and selective digital pulmonary angiography (DSA) is

regarded as the reference standard with respect to
establishing the diagnosis, assessment of the severity of
the disease and the technical operability of CTEPH patients
[12, 13]. MD-CT with its high in-plane and through-plane
spatial resolution has proven to display the extent of
thromboembolic material fully down to the sixth order
branches of pulmonary vessels [14]. In combination with
the retrospective gating and use of a 16- or 64-slice MD-CT
scanner, the method should allow for assessment of right
heart impairment [15], but data from prospective studies
with CTEPH patients are still missing. Selective DSA in
combination with right heart catheterization delivers
essential information on mean arterial pumonary pressure
(MPAP) und pulmonary vascular resistance (PVR) [2, 3].

Magnetic resonance (MR) imaging of the chest has been
developped relatively recently when compared with other
body areas. However, the implementation of MR angiog-
raphy, lung perfusion imaging, the introduction of
hyperpolarized noble gas imaging and the assessment of
right heart function seem to be promising techniques for the
characterization of patients with CTEPH.

This review will describe and discuss the potential of
currently available MR imaging techniques in the diagnosis
and management of patients with CTEPH.

Magnetic resonance imaging

Macrocirculation

For the assessment of macrocirculation in patients with
CTEPH, contrast-enhanced MR angiography (ce-MRA) is
the imaging technique of choice. The basic requirement is
the implementation of high-gradient-strength MR systems
combined with the development of short TR 3D gradient
echo (GE) sequences that allow for the acquisition of
breath-hold 3D Gd-enhanced data sets [16]. Modern
concepts of the use of multiple array-coil elements for
signal detection are the basis for the application of parallel
imaging techniques: parallel imaging uses the inherent
geometry of surface coils and sensitivity maps to create k-
space information from under-sampled scans. Thus, the
duration of the breath-holding of the MRA sequences can
be significantly reduced. Acquisition times for a coronal
high resolution data set (Fig. 1) with voxel sizes between
1.3×0.6×1.4 mm3 and 1.2×1.0×1.6 mm3 covering the
whole pulmonary vasculature range between 20 and 23 s
[17, 18]. However, these figures make clear that even with
the application of parallel imaging techniques, true isotro-
pic imaging has not yet been achieved for coronal data sets,
and the breath-holding periods are long with respect to the
mostly dyspneic patients. This is the reason why we prefer
the acquisition of two sagittal data sets, one for each lung,
at our institution. This enables the acquisition of true
isotropic data sets with voxel sizes ranging between
1.0×1.0×1.0 and 1.2×1.2×1.2 mm3, requiring an acquisi-
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tion time between 12 and 14 s [17]. This approach
furthermore guarantees that the whole pulmonary vascu-
lature is included in the 3D volume, and the reduced
acquisition times are better tolerated by the patients
(Fig. 2). Each data set is enhanced by an amount of 12–
16 ml of a 0.5 molar extracellular contrast agent, followed
by a saline flush of 30 ml for each data set, respectively.
Due to the short acquisition times of 12–14 s, a flow rate of
4 ml/s is used to optimize the synchronization of the
contrast bolus with data acquisition [19]. The amount of
contrast agent can be further reduced to 8–12 ml with a
flow rate of 3 ml/s by the application of a higher
concentrated contrast agent, e.g., the 1 molar gadobutrol
agent (Schering AG, Berlin, Germany).

There is still a limited number of studies available where
the usefulness of contrast-enhanced MRA in the diagnostic
work-up of CTEPH has been studied. Kreitner et al. [20]
showed in their study of 34 patients that ce-MRA enabled
the depiction of typical findings for CTEPH: this com-
prised the detection of wall-adherent thromboembolic
material in the central parts of the pulmonary arteries
down to the segmental level, intraluminal webs and bands,
abnormal proximal-to-distal tapering and abrupt vessel

cutoffs. A thorough analysis of source images and the
creation of multiplanar reformations were most important
for the exact assessment of the morphological findings.
Maximum intensity projections on the other hand provided
an overview and an impression of the arterial vascular tree
that was comparable to those provided by the DSA images.
Compared with selective DSA, pulmonary MR angiogra-
phy depicted all patent vessel segments down to the level of
segmental arteries (533/533 vessel segments). For subseg-
mental arteries, DSA significantly detected more patent
vessel segments than MRA (733 versus 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. Howev-
er, as all patients suffered from CTEPH and were candidates
for surgery, there was no statement possible regarding the
ability of ce-MRA in the differentiation of other causes of
pulmonary hypertension. Postoperatively, ce-MRA enabled
the delineation of re-opened 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 (Fig. 1a,d).

Fig. 1 Characteristic angiog-
raphic findings of a 32-year-old
female CTEPH patient with
intraluminal webs and bands,
abrupt vessel cut-offs and
abnormal proximal-to-distal
tapering. a Maximum intensity
projection (MIP) reconstruction
of preoperative ce-MRA
(TR/TE =3.34/1.23 ms; flip
angle =25°; iPAT-factor =2;
GRAPPA algorithm). b,c Multi-
planar reconstructions demon-
strating intralumalinal webs and
bands in the pulmonary arteries
(➔). d Postoperatively, there
is a nearly complete normaliza-
tion of pulmonary arterial
vasculature in the right and
a reopening of many segmental
pulmonary arteries in the left
lung
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Nikolaou and co-workers [18] in their study on 29
patients with either CTEPH or primary pulmonary hyper-
tension (PPH) defined two categories of imaging criteria
for ce-MRA: the first category focused on non-obstructing
findings, e.g., dilatation of the pulmonary arterial main
stem, proximal caliber changes (pruned-tree sign), periph-
eral vessel reduction, focal vessel ectasia and the presence
of a corkscrew phenomenon. The second category
comprised occluding imaging criteria such as complete
vessel occlusion, free-floating thrombus, wall-adherent
thromboembolic material, as well as webs and bands. The
occluding criteria were considered as proof of CTEPH.
Compared with DSA and/or CT-angiography, ce-MRA had
sensitivities between 83 and 86% for detection of complete
vessel obstructions and free-floating thrombi, and sensitiv-
ities between 50 and 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.
Based on the occluding imaging criteria, the use of ce-
MRA alone enabled correct differentiation of PPH and
CTEPH in 24 of 29 patients (83%) in that study.

Nevertheless, in case of a good or excellent image
quality, ce-MRA should identify those patients with
CTEPH that delineate typical findings and that are potential
candidates for surgery. Difficulties may arise in differ-
entiating those CTEPH patients with a predominant small-
vessel hypertensive arteriopathy from those with other
forms of pulmonary hypertension. However, in cases with
an absence of all typical angiographic findings of CTEPH,
the diagnosis of primary pumonary arterial hypertension
can be made (Fig. 3).

In patients with CTEPH, flow through the bronchial
arteries increases because of the obstructions of the

pulmonary arteries. Thus, a significant systemic to pulmo-
nary shunt fraction is characteristic for these patients, as
bronchial artery circulation in this case not only supports
the lung parenchyma, but also participates in blood
oxygenation. In delayed ce-MRAs of the pulmonary
arteries with sufficient opacification of the thoracic aorta,
those dilated bronchial arteries may be detected (Fig. 4).

Fig. 2 a and b Sagittal data sets
of right and left pulmonary
arteries. MIP reconstructions
of preoperative ce-MRA
(TR/TE=3.34/1.24 ms; flip
angle =25°; iPAT-factor =2;
GRAPPA algorithm), acquisi-
tion time=13 s; 8 ml of gado-
butrol. Complete coverage
of the pulmonary arterial
vasculature

Fig. 3 MIP reconstruction of a preoperative ce-MRA in a 48-year-
old male who was referred to our hospital with the diagnosis of
CTEPH. MR angiography revealed no characteristic findings for
CTEPH so that the diagnosis was changed to primary pulmonary
hypertension
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They may be of additional help in distinguishing
patients with CTEPH from those with primary pulmonary
hypertension [21].

Microcirculation

Until recently, MR perfusion imaging has been hindered by
a low SNR because of the nature of lung parenchyma,
containing few protons, cardiac motion and the signal loss
caused by field inhomogeneity and susceptibility artifacts
at the air-tissue interfaces [22]. The desire for both
qualitative and quantitative information on pulmonary
microcirculation in a single study without exposure to
ionizing radiation has been a strong impetus behind the
investigation of MR imaging techniques for the assessment
of pulmonary perfusion. The knowledge of the regional
pulmonary microcirculation may become an essential
parameter in patients with CTEPH: the presurgical
information on the most poorly perfused lung area may
influence the surgeon’s strategy of PEA. Furthermore, it is
of great interest to see whether the deficits in the perfusion
imaging match with the findings of vessel obstruction as
delineated by contrast-enhanced MRA. In this case, it
informs the surgeon that the operative procedure will be
successful. In those cases where perfusion deficits do not
correspond to vessel obstructions, pulmonary hypertension
is not maintained alone by obstructive findings of the great
pulmonary arteries, and the operative procedure has a
higher complication rate [3, 18].

Contrast-based perfusion MR imaging is usually per-
formed in combination with ultra-fast 3D MRA [22, 23].

The implementation of parallel imaging techniques enabled
the application of time-resolved MRA techniques that
provided an angiography with reduced spatial resolution of
the pulmonary arteries and perfusion-weighted data sets of
the lung parenchyma. This technique allows for coverage
of the whole lung volume with a temporal resolution
ranging between 1.0 and 1.5 s and a voxel size ranging
from 2.9×1.5×4.0 mm3 to 3.5×1.9×4.0 mm3 [24, 25].
Further improvements are the implementation of a view-
sharing technique (TREAT) that enables either an increase
in spatial or temporal resolution [26]. Recommendations
for the dosage of the contrast agent vary between 0.025 and
0.1 mmol/kg body weight. Nikolaou et al. report on a linear
relationship between signal increase and contrast concen-
tration in the pulmonary artery of a healthy volunteer of up
to 0.05 mmol/kg body weight. Ohno et al. found that this
linear relationship changed to a non-linear one in the range
between 1 and 10 mmol/l [23–25, 27]. This linear
relationship is necessary for a further quantification of
the resulting perfusion data instead of a semiquantitative or
qualitative visual approach.

Nikolaou and co-workers studied 29 patients with pulmo-
nary hypertension, 10 with CTEPH and 19 with primary
pulmonary hypertension [18]. The basic criterion was the
detection of any perfusion defect. If present, the perfusion
defectwas classified either as patchy and/or diffuse (indicative
of PPH) or segmental and/or circumscribed (indicative of
CTEPH). They used a contrast dosage of 0.1 mmol/kg body
weight of the 1molar gadobutrol that was injected with a flow
of 5 ml/s. Compared with perfusion scintigraphy as the
standard of reference, MR imaging had an overall sensitivity
of 77% in detecting perfusion defects on a per-patient basis.
Compared with the final diagnosis, MR perfusion imaging
enabled a correct diagnosis of PPH or CTEPH in 20 (69%) of
29 patients. The combined interpretation of MR perfusion
imaging and MR angiography led to a correct diagnosis of
PPH or CTEPH in 26 (90%) of 29 patients when compared
with the final reference diagnosis (combination of perfusion
scinitgraphy with DSA or CT angiography).

Ley et al. in a more recent study presented preliminary
results using a TREAT sequence in patients with idiopathic
pulmonary arterial hypertension (IPAH) and CTEPH and
compared the obtained images with those obtained from
healthy volunteers [28]. They used a dose of 0.1 mmol of
Gd-PTPA per kg body weight. 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, they had no difficulties in
differentiating the two pathologic entities and in depicting
the healthy volunteers. Semiquantitative analysis showed
that healthy volunteers demonstrated a significantly shorter
transit time than patients with IPAH and CTEPH (14±1 s

Fig. 4 Coronary MPR in a 67-year-old male patient with CTEPH.
Due to a massive spread of the contrast bolus, there is a good
delineation of dilated bronchial arteries (➔) supplying the paren-
chyma of both lungs. Note wall-adherent thromboembolic material
in the left pulmonary artery (*)
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versus 22±4 s and 25±11 s, respectively). No difference
was found between both patient populations.

In both studies [18, 27], a regional absolute quantification
of lung perfusion was not done. Further studies will focus on
the absolute quantification of lung perfusion where
presumably lower contrast agent doses will be beneficial.
First examinations in CTEPH patients revealed promising
results with regard to the detection of focal perfusion defects
and to the quantification of lung perfusion (Fig. 5).
However, data from larger series are still missing.

Phase-contrast and cine-MR imaging

Phase-contrast measurements of flow and velocity 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 [29]. Furthermore, they allow
for a flow-profile analysis that could be the basis for

estimation of mean pulmonary arterial pressure (MPAP)
and pulmonary vascular resistance (PVR).

Fig. 5 Sagittal parameter maps
of a quantitative perfusion
data set in a 65-year-old patient
with CTEPH. There are
typical wedge-shaped perfusion
defects in the right lung with
reduced regional pulmonary
blood flow (a), reduced regional
blood volume (b) and increased
mean transit time (MTT) (c).
Corresponding MIP reconstruc-
tion of ce-MRA (d) with vessel
obstruction that corresponds
to the defects delineated by
perfusion imaging
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Fig. 6 Graph showing the correlation between the shunt volume, as
determined by phase-contrast MR imaging, and cross-section of
bronchial arteries, as determined by helical CT. Reprint with
permission from [30]
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In the study byKreitner et al. [20], the net forward volume
in the pulmonary artery was significantly lower than that in
the aorta. This flow difference can be explained by the
broncho-systemic 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 by Ley
et al. [30] on a subset of CTEPH patients, there was a
significant correlation between the cross-sectional area of
bronchial arteries as determined by helical CT and the shunt
volume between the systemic arterial and pulmonary venous
circulation as determined by MR phase-contrast flow
measurements (Fig. 6). After surgery, there was a complete
resolution of this broncho-systemic shunt volume.

Although there was a good correlation between maxi-
mum peak velocity in the pulmonary arteries and MPAP in
the study of Kreitner [20], the maximum peak velocity did
not enable a reliable estimation of MPAP. 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 assessment of pulmonary arterial flow [31, 32].
Based on curve parameters such as acceleration time, mean
flow velocity and distensibility of the analyzed vessel,
there seems to be a chance of a better assessment of MPAP.
The first results are quite encouraging; however, they will
have to be confirmed in larger studies before they can be
recommended as a reliable tool for non-invasive assess-
ment of MPAP by MR imaging (Fig. 7).

Cine MR imaging is an accepted reference standard for
the assessment of global and regional left and right
ventricular function [33, 34]. 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
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Fig. 7 Graph showing first results of the correlation between
estimation of MPAP by phase-contrast MR imaging and invasively
measured values

Fig. 8 Short-axis cine MR im-
ages (TE =1.27 ms; temporal
resolution =34 ms) of a 73-year-
old female patient showing the
interventricular septum (➔)
during systole. a Preoperative
image demonstrates a paradoxi-
cal movement of the interven-
tricular septum with bulging to
the left ventricle. b Same patient
14 days after surgery showing
a normal movement of the
interventricular septum
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Fig. 9 Graph shows the good linear correlation between the
difference of pre- and postoperative ejection fraction (delta EF) of
the right ventricle and the pre- and postoperative difference in mean
pulmonary arterial pressure (delta MPAP). Reprinted with permis-
sion from [20]
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function and a paradoxical movement of the interventric-
ular septum. After successful PEA, there is a significant
improvement or normalization of the right ventricular
ejection fraction with the interventricular septum returning
to a normal movement in most cases [20, 35] (Fig. 8). The
increased vascular resistance in CTEPH patients goes
along with a decreased ejection fraction: the right ventric-
ular ejection fraction showed a good negative correlation
with the MPAP. However, analogous to the maximum peak
velocity in the same study, a precise estimation of MPAP
was not possible. Interestingly, the differences between the
pre- and postoperative results of the right ventricular
ejection fraction and MPAP showed the best correlation
(r=0.8, slope =0.98) (Fig. 9). At present, cine and phase-
contrast MR imagings enable a reliable assessment of the
functional improvement of the CTEPH patient after
technically successful PEA [20, 35].

Functional imaging with noble gas MR imaging

Beside the low pulmonary proton density, the lungs’
sponge-like structure gives rise to a large and geometrically
complex gas-tissue interface, with a very inhomogeneous
distribution of magnetic susceptibilities depending on the
strength of B0. This causes rapid dephasing of spin signal
and, hence, a very short T2*. However, the introduction of
highly spin-polarized noble gases, i.e., hyperpolarized 3He
and 129Xe as inhaled imaging agents, has opened up a new
route to achieve satisfactory spin density images of
pulmonary air spaces, and even to perform functional
ventilation MRI [36]. The non-equilibrium polarization
(“hyperpolarization”) of 3He, generated by exposure to
laser light, allows an increase in signal intensity in the
alveolar space such that the lower density of the 3He gas
compared to the protons in tissue is more than overcome.

This artificially strong polarization may be used to obtain
superior spatial or temporal resolution.

After inhalation of the hyperpolarized 3He gas, spin density
images are acquired, usually in a coronal orientation for
detecting ventilation defects. These images can be compared
with those of MRA or perfusion imaging to see whether there
are areas of preserved ventilation that demonstrate perfusion
defects (mismatch). In a second step, oxygen-sensitive 3He
MRI is performed to determine the intrapulmonary oxygen
partial pressure (PO2) non-invasively. Molecular oxygen
destroys the hyperpolarized state of the gas and thus leads to a
continous signal decay. In lung regions with perfusion defects
due to thromboembolic occlusions, alveolar gas exchange is
reduced, leading to an increased alveolar PO2. What initially
was regarded as a drawback in 3He imaging was soon found
to be a possibility to measure the intrapulmonary PO2. When
taking series of images with a known interscan delay, the PO2

can be determined by evaluation of the signal change over
time in an arbitrary region of interest [37]. As the
hyperpolarized state of 3He is also destroyed by RF
excitation, the different mechanisms of signal attenuation
have to be differentiated. This is usually done by alteration of
the interscan interval and the mathematical exclusion or
determination of the local flip angle.

First experiments in an animal model of pulmonary
embolism demonstrated the detectability of increased intra-
pulmonary PO2 resulting from the obstruction of pulmonary
arteries [38]. Studies with CTEPH patients showed that
perfused regions demonstrated a significantly accelerated
decrease of intrapulmonary oxygen partial pressure during
inspiratory breath-hold when compared with non-perfused
regions (Fig. 10). Furthermore, 3He imaging demonstrated
few regional ventilation defects that were not related to
perfusion defects according to MR angiography or computed
tomography. Newly developed software allows for semiauto-
matic oxygen mapping with high spatial resolution. Based on

Fig. 10 A 46-year-old female suffering from CTEPH. a Maximum-
intensity projection from a ce-MRA data set demonstrating vessel
obstructions predominantly in the right upper and middle lobes (➔).
b Ventilation image with 3He: there are no apparent ventilation
defects, thus together with the ce-MRA demonstrating the mismatch

between macrocirculation and ventilation. c The O2 parameter map
shows increased intrapulmonary PO2 in the region with disturbed
perfusion (➔) when compared with areas with fewer perfusion
deficits (υ)
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these first results, functional 3He MR imaging including
techniques to utilize the oxygen-sensitivity of intraalveolar
spin hyperpolarizationmay develop into a quick, non-invasive
and easily repeatable method to assess the regional matching
of ventilation with perfusion, at least in those parts of the lung
reached by inhaled 3He, and to estimate local oxygen uptake
from selected regions within the lung parenchyma [39–41].

Perspectives and conclusions

MR imaging of the chest still today is a rapidly evolving
technique whose inherent advantages of noninvasiveness,
the nonionizing radiation requirement, the use of safe
contrast agents and different examination techniques
render it of potential value for the future. Newer
developments such as direct thrombus imaging have been
focused on patients with deep venous thrombosis and acute
thromboembolism. For the assessment of patients with
acute pulmonary embolism, the application of real-time
imaging techniques using steady-state free precession
sequences has shown promising results in patients with
acute PE and severe dyspnea [42]. However, up to now,
there are no available reports of experiences with these
techniques in patients with CTEPH.

The application of contrast agents with a higher molarity
or a weak protein binding to increase SNR has not shown
any clear advantage over standard contrast agents if
comparable dosages were used. The use of blood pool
agents may be beneficial for the assessment of the
pulmonary vasculature, where the short pulmonary circu-
lation could be partially overcome with these agents. The
use of an intravascular contrast agent would certainly
facilitate the quantification of lung perfusion. However,
after the first pass of the contrast agent, there is an
enhancement of both arterial and venous structures.

Finally, in the era of upcoming 3-T machines for whole
body imaging, there is still discussion with regard to the
optimal field strength for the imaging of pulmonary
diseases. The use of gadolinium and 3He imaging could

be an argument for the implementation of mid- or low-field
systems with high performance gradient systems, while
initial results on 3-T systems show promising results
outweighing the negative effects on the field inhomogene-
ity at present [43].

In patients with CTEPH, currently available MR imag-
ing techniques address various aspects of the disease: with
contrast-enhanced MR angiography, the pulmonal arterial
vasculature can be sufficiently analyzed down to a
subsegmental level so that characteristic angiographic
findings are well delineated. Furthermore, they demon-
strate the proximal extent of the organized thromboembolic
material with great certainty, a basic prerequisite to identify
those patients that are potential candidates for pulmonary
endarterectomy.

MR perfusion imaging provides information about the
presence of wedge-shaped perfusion defects and whether
these defects match with the findings of contrast-enhanced
MRA. Thus, the knowledge of the regional pulmonary
microcirculation may become an essential parameter in
patients with CTEPH with respect to the presurgical
information on the most poorly perfused lung area or—in
case of a mismatch—pulmonary hypertension is not
maintained by obstructive findings of the great pulmonary
vessels alone.

Cine and phase-contrast MR imaging display the extent
of the right heart impairment resulting from the underlying
disease. However, one of the issues that remains to be
solved is the accurate determination of pulmonary arterial
blood pressure and vascular resistance; otherwise, right
heart catherization will still be required [44].

Ventilation imaging with 3He has made it possible to
correlate perfusion and ventilation of the lung. The method
also allows for mapping of the local intrapulmonary
oxygen partial pressure. Thus, together with the possibil-
ities of morphological and functional proton imaging, MR
imaging certainly has the potential to play a central role in
the diagnosis, differential diagnosis, treatment planning
and assessment of surgical outcome in patients with
CTEPH [7–9, 40].
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