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Zusammenfassung

v

Die chronisch-thromboembolische pulmonale Hy-
pertonie (CTEPH) kann als pulmonalarterielle
Hypertonie (mittlerer pulmonalarterieller Ruhe-
druck >25mm Hg, bestimmt im Rahmen einer
Rechtsherzkatheteruntersuchung) mit persistie-
renden Perfusionsdefekten nach einer einmaligen
oder wiederholten Lungenembolie definiert wer-
den. Es handelt sich um eine seltene, aber eher
unterdiagnostizierte Erkrankung, deren Inzidenz
zwischen 0,5 und 3,8 % nach einer akuten, und bis
zu 10% nach wiederholten Lungenembolien ge-
schdtzt wird. Die CTEPH ist die einzige chirurgisch
therapierbare Form einer pulmonalen Hyperto-
nie; durch eine erfolgreiche Operation kommt es
zur Normalisierung der pulmonalen Himodyna-
mik und der korperlichen Belastbarkeit. Die Her-
ausforderungen fiir die Bildgebung bei Patienten
mit vermuteter CTEPH sind: hohe diagnostische
Genauigkeit beziiglich dem Nachweis einer CTEPH
und ihrer differentialdiagnostischen Abgrenzung,
Erkennung chirurgisch therapierbarer Patienten,
sichere Bestimmung der pulmonalen Hdmody-
namik (mittlerer pulmonalarterieller Druck und
LungengefdfRwiderstand) und Eignung zur The-
rapieverlaufskontrolle. Diese Ubersicht versucht,
die potenzielle Rolle der EKG-getriggerten Mehr-
schicht-CT und der MRT in der Diagnostik der
CTEPH zu beleuchten, und fasst die bis dahin er-
zielten Resultate zusammen. Allgemein zeichnen
sich Vorteile fiir die MS-CT hinsichtlich der Detek-
tion vaskuldrer und parenchymatoser Verdnde-
rungen ab; mit EKG-Triggerung ermoglicht sie
auch eine Beurteilung der kardialen Strukturen.
Die Implementierung der Dual-Energy-Technik
ermoglicht ein Jod-Mapping des Lungenparen-
chyms und damit eine Beurteilung der Lungenper-
fusion. Die MRT gilt nach wie vor als Referenzver-
fahren fiir die Beurteilung von Herzfunktion und
Lungenperfusion. Neuere Entwicklungen zeigen,
dass das Verfahren auch eine Abschdtzung der

Abstract

v

Chronic thromboembolic pulmonary hyperten-
sion (CTEPH) can be defined as pulmonary hyper-
tension (resting mean pulmonary arterial pres-
sure of 25mm Hg or more determined at right
heart catheterization) with persistent pulmonary
perfusion defects. It is a rare, but underdiagnosed
disease with estimated incidences ranging from
0.5% to 3.8 % of patients after an acute pulmonary
embolism (PE), and in up to 10% of those with a
history of recurrent PE. CTEPH is the only form of
pulmonary hypertension that can be surgically
treated leading to normalization of pulmonary
hemodynamics and exercise capacity in the vast
majority of patients. The challenges for imaging
in patients with suspected CTEPH are fourfold:
the imaging modality should have a high diagnos-
tic accuracy with regard to the presence of CTEPH
and allow for differential diagnosis. It should en-
able detection of patients suitable for PEA with
great certainty, and allow for quantification of PH
by measuring pulmonary hemodynamics (mPAP
and PVR), and finally, it can be used for therapy
monitoring. This overview tries to elucidate the
potential role of ECG-gated multidetector CT pul-
monary angiography (MD-CTPA) and MR ima-
ging, and summarizes the most important results
that have been achieved so far. Generally speak-
ing, ECG-gated MD-CTPA is superior to MR in the
assessment of parenchymal and vascular patholo-
gies of the lung, and allows for the assessment of
cardiac structures. The implementation of iodine
maps as a surrogate for lung perfusion enables
functional assessment of lung perfusion by CT.
MR imaging is the reference standard for the as-
sessment of right heart function and lung perfu-
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pulmonalen Himodynamik ermdglicht. Aktuell kénnen MS-CT
und MRT als komplementdre Untersuchungsverfahren angesehen
werden, die umfassende Informationen bei Patienten mit vermu-
teter CTEPH ermdglichen.

sion, the latter delineating typical wedge-shaped perfusion de-

fects in patients with CTEPH. New developments show that with

MR techniques, an estimation of hemodynamic parameters like

mean pulmonary arterial pressure and pulmonary vascular re-

sistance will be possible. CT and MR imaging should be consid-
ered as complementary investigations providing comprehensive
information in patients with CTEPH.
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Introduction

v

Chronic thromboembolic pulmonary hypertension (CTEPH) is
defined as pulmonary hypertension (resting mean pulmonary
arterial pressure of 25 mm Hg or more determined at right heart
catheterization) with persistent pulmonary perfusion defects
after a single or recurrent pulmonary embolism [1-3]. It is a
rare disease whose incidence is not precisely known. Estimates
have ranged from 0.5 % to 3.8 % of patients after an acute pulmo-
nary embolism (PE), and in up to 10% of those with a history of
recurrent PE [4-7].

For reasons still not known, pulmonary emboli in patients with
CTEPH do not resolve completely after an episode of acute throm-
boembolism. Instead, they follow an aberrant path of organiza-
tion and recanalization leading to characteristic abnormalities
such as intraluminal webs and bands, pouch-like endings of ar-
teries, irregularities of the arterial wall, stenotic lesions and com-
plete occlusions [8 - 10]. This aberrant path of obstruction and
reopening occurs in repeated cycles over many years. Some data
suggest that in situ thrombosis may play a role in the develop-
ment of chronic thromboembolic pulmonary hypertension. Ad-
ditionally, small-vessel arteriopathy, similar to that seen in other
forms of pulmonary arterial hypertension (PAH), seems to devel-
op in most CTEPH patients [10, 11]. This is supported by several
observations: (1) progression of pulmonary hypertension typi-
cally 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 sug-
gests that a component of the increased pulmonary vascular re-
sistance results from the unobstructed, distal vascular bed; and
(3) histopathology demonstrates hypertensive arteriopathic
changes in the resistance vessels of lung regions both involved
and uninvolved in proximal vessel-organized thromboembolic
disease.

The disease is characterized by a symptom-free interval which is
called the “honeymoon period” [8]. However, due to progressive
obstruction of the pulmonary arterial bed, patients develop var-
ious degrees of pulmonary hypertension (PH) and progressive
right ventricular (RV) failure, depending on the extent of the ob-
struction in the proximal pulmonary arteries and on the develop-
ment of progressive secondary arteriopathy in small pre-capil-
lary pulmonary vessels of patent distal pulmonary arteries [11].
These findings result in an elevated mean pulmonary artery pres-
sure [(mPAP), greater than 25mmHg|, deterioration of right
heart function and exercise capacity and poor prognosis if left
untreated [2, 8, 11].

Surgical pulmonary endarterectomy (PEA) is considered to be the
only curative treatment for CTEPH [11, 12]. PEA significantly re-
duces the pulmonary vascular pressures and resistances. Results
from an international prospective registry yielded an in-hospital
mortality of about 5%, and a documented 1-year mortality of 7 %.
Furthermore, PEA has a high long-term survival rate of 84 % [12].
Surgical operability is clearly based on a center-specific assess-
ment that is subject to large center-to-center variations. Basical-
ly, surgical operability is given if the organized thrombi are not
located distal to the lobar arteries or to the origin of the segmen-
tal arteries in order to develop a safe dissection plane for end-
arterectomy.

According to the most recent guidelines on pulmonary hyperten-
sion, after a positive V/Q scan for CTEPH, invasive pulmonary an-
giography and MD-CT can be used for detailed work-up of the
pulmonary arteries [13 - 16]. Here, CT angiography gets a class I
level C recommendation meaning that there is evidence and/or
general agreement that CTA is beneficial and useful in the diag-
nosis of CTEPH. On the other hand, in recent recommendations
on the diagnosis and treatment of CTEPH, it is always pointed
out that a negative CT angiogram does not rule out surgically
treatable forms of CTEPH, and that in these cases a catheter an-
giography of the pulmonary arteries should be performed [17].
MR imaging is still regarded as an outsider when it comes to ima-
ging strategies in patients with pulmonary hypertension (PH),
and actually, there are no general recommendations for its use
in the diagnostic work-up of patients with CTEPH [14, 16].

The challenges for imaging in patients with suspected CTEPH are
fourfold: the imaging modality should have a high diagnostic ac-
curacy with regard to the presence of CTEPH and allow for differ-
ential diagnosis. It should enable detection of patients suitable for
PEA with great certainty. Furthermore, it should allow for the
quantification of PH by measuring pulmonary hemodynamics
(mPAP and PVR), and finally, it can be used for therapy monitor-
ing. Thus, the purpose of this review is to describe and discuss re-
cent developments of multidetector-row CT (MD-CT) and MR
imaging techniques with special regard to their potential in the
diagnosis and management of patients with CTEPH.

Assessment of Pulmonary Vasculature

v

Macrocirculation

Contrast-enhanced MD-CT and contrast-enhanced MR angiogra-
phy (ce-MRA) allow for the assessment of the pulmonary arteries
down to the segmental/subsegmental level [18, 19]. Specific find-
ings of CTEPH besides the dilatation of the central pulmonary ar-
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teries are: the detection of organized wall-adherent fibrotic ma-
terial, intraluminal webs and bands, vessel wall irregularities,
abrupt vessel cut-offs, complete vessel occlusions and abnormal
proximal-to-distal tapering of the vessels (¢ Fig. 1a-c, 2)[20, 21].
Kreitner et al. [22] showed in a study on 34 patients with CTEPH
that - compared with selective DSA - ce-MRA detected typical
CTEPH-related vascular changes in all patients and displayed all
patent vessel segments down to the level of segmental arteries

Review WEE]

(533/533 vessel segments). For subsegmental arteries, however,
DSA significantly detected more patent vessel segments than
MRA (733 versus 681). In all patients, ce-MRA correctly displayed
the most proximal extent of wall-adherent thromboembolic ma-
terial compared with the beginning of the dissection procedure
during PEA.

However, 64-slice and beyond MD-CT angiography of the pulmo-
nary arteries (MD-CTPA) offer advantages over contrast-en-

Fig.1 Vascular findings in a patient with techni-
~ cally operable CTEPH. a Selective DSA of the right
pulmonary artery. b Corresponding coronal refor-
mation (subvolume MIP) of an ECG-triggered MD-
CTPA data set. The CT data set b better demon-
strates the proximal extent of the central wall-ad-
herent thromboemebolic material (*), the typical
webs and bands of CTEPH (), and abrupt vessel
cut-offs due to vessel occlusion (=). ¢ Axial image
on the level of the main pulmonary artery showing
the beginning of the adherent thromboembolic
material in the proximal right pulmonary artery (-).
Dilatation of the main pulmonary artery due to
pulmonary hypertension (*). d Coronal reformation
(subvolume-MIP) through the mediastinum shows
hypertrophied bronchial artery ().

Abb.1 GefdBbefunde bei einem Patienten mit
operabler CTEPH. a Selektive DSA der rechten Lun-
genarterie. Korrespondierende koronare Reforma-
tierung (subvolume-MIP) eines EKG-getriggerten
MD-CTPA-Datensatzes. b Der CT-Datensatz zeigt
besser die proximale Ausdehnung des zentralen
thromboembolischen Materials (*), das typische
Strickleitmuster der CTEPH (-) und abrupt Ge-
faRabbriiche bedingt durch GefaRverschliisse (=).
c Die axiale Aufnahme in Hohe des Truncus pulmo-
nalis zeigt den Beginn des wandadharenten throm-
boembolischen Materials in der proximalen rechten
Pulmonalarterie (). Dilatation des Truncus pulmo-
nalis bedingt durch die pulmonale Hypertonie (*).
d Nachweis einer hypertrophierten Bronchialarterie
(koronare “subvolume-MIP”) ().

Fig.2 Sagittal data sets of right and left pulmo-
nary arteries. MIP reconstructions of preoperative
ce-MRA (TR/TE=3.34/1.24 msec; flip angle =25°,
iPAT-factor = 2, GRAPPA algorithm), acquisition
time =13 sec, 8 ml of gadobutrol. Complete cover-
age of the pulmonary arterial vasculature.

Abb.2 a, b Sagittale Maximum-Intensitdts-Pro-
jektionen (MIPs) einer praoperativ durchgefiihrten,
kontrastverstarkten MRA der Lungenstrombahn
bds. (TR/TE=3.34/1.24 ms; Flipwinkel = 25°, iPAT-
Faktor=2, GRAPPA Algorithmus), Aufnahme-
dauer =13 sec, 8 ml Gadobutrol. Komplette Ab-
deckung der Lungenstrombahn bds.
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hanced MRA (ce-MRA) because they enable imaging with im-
proved spatial and temporal resolution, shorter scanning times
and breath-holds [18 - 20]. This was confirmed in a retrospective
study on 53 patients with CTEPH patients and 36 controls, where
ce-MRA had an overall sensitivity of 98 % and a specificity of 94 %
for diagnosing the disease with MD-CTPA as the reference stand-
ard [23]. In a recent study on 24 patients with suspected CTEPH,
it could be shown that retrospectively ECG-gated MD-CTPA was
superior to ce-MRA especially for the assessment of the segmen-
tal and subsegmental arteries [24]. In this study, MD-CTPA even
outperformed selective DSA of the pulmonary arteries in the dis-
play of segmental and subsegmental arteries. Also, the proximal
extent of the organized thromboembolic material was better de-
lineated by MD-CTPA. In further studies on 27 and 44 CTEPH pa-
tients with pulmonary DSA as the reference standard, the sensi-
tivity and specificity of MD-CTPA in detecting thromboembolic
findings were 97.0-98.3% and 94.8 - 97.1 %, respectively, at the
main/lobar level and 85.8 -94.1% and 92.9 - 94.6 %, respectively,
at the segmental level [25, 26].

In a recent study from He et al., MD-CTPA proved to be non-infer-
ior to V/Q scanning in diagnosing CTEPH using selective angio-
graphy as the reference standard [27].

However, it remains to be determined whether a negative ECG-
gated MD-CTPA scan precludes a surgically assessable form of
CTEPH in all cases [17, 28, 29] and to what extent MD-CTPA and
ce-MRA can distinguish between different forms of pulmonary
hypertension [19 -30]. Nikolaou et al. in their study on 29 pa-

Fig.3 Quantitative pulmonary perfusion imaging:
a, ¢ Sagittal parameter maps of pulmonary blood
flow in the left and right lungs reveal typical wedge-
shaped perfusion defects in both lungs with re-
duced regional pulmonary blood flow.

Abb.3 Quantitative Lungenperfusionsbildge-
bung: a, c Die sagittalen Parameterkarten des pul-
monalen Blutflusses in der linken und rechten Lun-
gen zeigen keilférmige Perfusionsdefekte beidseits
mit reduziertem regionalem Blutfluss.

tients with either CTEPH or pulmonary arterial hypertension
(PAH) found that based on occluding vascular findings alone, ce-
MRA enabled correct differentiation between PAH and CTEPH in
24 of 29 patients (83 %) [31].

MD-CTPA and ce-MRA enable the detection of dilated systemic,
especially bronchial arteries: flow through these vessels increas-
es in patients with CTEPH because of the obstructions in the pul-
monary arteries (© Fig. 1d). There may be significant systemic to
pulmonary shunting, as systemic artery circulation in these cases
not only supports the lung parenchyma, but also participates in
blood oxygenation [32, 33]. However, the detection of dilated
systemic arteries is not a specific sign in patients with CTEPH as
it may also be present in other forms of PH.

Microcirculation

The direct visualization of the most peripheral vascular territor-
ies is not possible either by CT or MR imaging. However, MR per-
fusion techniques allow for the assessment of lung tissue per-
fusion. Contrast-based perfusion MR is usually performed in
combination with ultra-fast 3D MRA: with the use of parallel
imaging techniques, acquisition of time-resolved ce-MRA with
reduced spatial resolution is possible with a temporal resolution
of 1s covering the whole lung volume [34]. Thus, MR perfusion
techniques provide insights into regional pulmonary perfusion
by tracking the dynamic passage of a contrast bolus: they allow
for the differentiation of patients with CTEPH from patients with
PAH: vascular obstructions in CTEPH lead to typical wedge-
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shaped perfusion defects, while in PAH the perfusion is overall
reduced and inhomogeneous [35]. Absolute quantification of
perfusion enables the determination of pulmonary blood flow
(PBF), blood volume (PBV) and mean transit time (MTT). The
wedge-shaped perfusion defects in CTEPH patients clearly de-
lineate regionally reduced PBF and PBV together with a pro-
longed MTT that correspond with large obstructions in pro-
ximally located pulmonary arteries (© Fig.3). Furthermore, the
technique seems to detect perfusion deficits even in those cases
where ce-MRA displays patent subsegmental vessels [36]. In a
large single-center study of a national referral center on 132 con-
secutive patients with PH, a qualitative analysis of contrast-en-
hanced MR lung perfusion revealed a sensitivity of 97% and a
specificity of 92% in the detection of CTEPH patients. Its per-
formance was comparable to that of perfusion scintigraphy, and
it did not miss any patients with a surgically treatable form of
CTEPH [37].

The introduction of dual-source, dual-energy CT (DE-CT) allows
generation not only of cross-sectional images. Based on a three-
dimensional decomposition algorithm, the technique enables io-
dine contrast-material extraction in tissues without the need for
complex image registration. These iodine maps may reflect lung
tissue perfusion. First studies in patients with CTEPH revealed
that the technique allows for the depiction of perfusion defects
beyond chronically occluded vessels. These defects closely mir-
rored the mosaic perfusion attenuation pattern in one study
[38] (o Fig.4). A further study showed that perfusion defects
were only seen in patients with severe obstruction of the pulmo-
nary arteries. The authors concluded that despite the presence of
enlarged systemic arteries in these cases, normal parenchymal
reperfusion is not reached via this collateral supply [39]. DE-CT
identified all patients with CTEPH among 40 consecutive patients
with proven pulmonary hypertension in comparison with V/Q
scintigraphy [40]. Furthermore, the technique can be used for au-
tomated quantification of pulmonary perfused blood volume
(PBV) in patients with CTEPH. These PBV values correlated inver-
sely with systolic and mean pulmonary arterial pressures [41].

Assessment of Lung Parenchyma

v

The parenchymal findings in patients with CTEPH are - though
nonspecific - often helpful. One frequent finding of MD-CTPA is
peripheral opacities caused by previous parenchymal infarction,

Wirth G et al.

Review

Fig.4 a, b lodine maps from dual-energy CTin a
patient with CTEPH demonstrating wedge-shaped
perfusion defects in coronal and axial plane. Cour-
tesy of Dr. Thorsten Johnson, Department of Radi-
ology, University Hospital GroRhadern, Munich,
Germany.

Abb.4 a, b lod-Parameterkarten in axialer und
koronaler Schnittfiihrung einer Dual-Energy CT-Un-
tersuchung eines CTEPH-Patienten mit Nachweis
von keilférmigen Perfusionsdefekten. Courtesy:
Prof. Dr. Thorsten Johnson, Institut fir klinische
Radiologie, Klinikum der Universitat Miinchen,
Campus GroRhadern.

Fig.5 Typical appear-
ance of a previous
parchenchymal infarc-
tion () in a patient
with CTEPH.

Abb.5 Typischer Be-
fund eines Lungenin-
farktes (-) bei einem
Patienten mit CTEPH.

/

and the other is mosaic lung perfusion (© Fig.5, 6). The latter is
characterized by sharply demarcated regions of hypoattenuation
that is produced by hypoperfusion in lung areas distal to occlu-
ded vessels or by small-vessel arteriopathy in non-obstructed
lung areas [20, 21]. Hyperattenuation on the other hand is the se-
quelae of a compensatory increase in blood flow to patent pul-
monary vessels. Up to now, MR imaging has not played a signifi-
cant role in the assessment of lung parenchyma in CTEPH
patients.

Assessment of Coronary Arteries

v

The introduction of 64-slice MD-CT and beyond scanners enables
the superb delineation not only of the pulmonary arteries, but
also of the thoracic aorta and coronary arteries in one examina-
tion. This approach has been widely used in emergency cases in
patients with an acute coronary syndrome displaying unspecific
ECG findings and non-significant elevations of biomarkers,
known as the triple rule-out approach [42, 43]. As patients with
a surgically assessable form of CTEPH routinely undergo left heart
catheterization (LHC) for the exclusion of significant coronary ar-
tery disease (CAD), an extension of the ECG-gated MD-CTPA pro-
tocol would enable detection of patients without significant CAD,
thereby avoiding the need for LHC. Although no larger series are
available, first experiences are quite encouraging [44].
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Assessment of Right Heart Impairment and Pulmonary
Arterial Flow

v

Cine MR imaging (Cine-MRI) is an accepted reference standard
for the assessment of global and regional right (RV) and left (LV)
ventricular function and mass. Cine imaging in CTEPH patients
typically reveals a hypertrophy and/or dilatation of the right ven-
tricle leading to increased enddiastolic and endsystolic RV vol-
umes (EDV, ESV) with reduced RV ejection fraction [22, 45]. Com-
pared with healthy volunteers, patients with CTEPH have a
significantly increased RV mass. The increasing regurgitation
over the tricuspid valve finally leads to an enlarged right atrium.
Although there is no substantial impairment of global systolic LV
function, the chronic RV pressure overload leads to alterations in
LV geometry with flattening or convex bowing of the interventri-
cular septum. This phenomenon can be explained by the inter-
ventricular mechanical dyssynchrony which is characteristic for
RV pressure overload. It occurs at the end of RV myocardial short-
ening, while the left ventricular wall is already in its early dias-
tolic phase. Consequently, the ventricular septum bows to the
left, and the RV shortens without ejection. This leads, however,
to impaired diastolic filling of the LV which may result in a de-
creased LV stroke volume and LV EF [45, 46].

Flow measurements in the main pulmonary artery by phase-con-
trast MR imaging (PC-MRI) show that in comparison with aortic
flow the net forward volume is significantly lower. This differ-
ence in flow can be explained by the broncho-systemic shunt
volume that is caused by dilation of bronchial or systemic arteries
that originate from the aorta. There is also a reduced peak veloc-
ity in the pulmonary artery that shows some correlation with the
increased pulmonary resistance (PVR) and mean pulmonary ar-
terial pressure (mPAP) [22, 45].

Postoperatively, Cine and PC-MRI imaging are well suited to
document the reverse right ventricular remodeling which occurs
in the majority of patients after successful pulmonary endarter-
ectomy. This reverse remodeling can be documented in the early
postoperative period and consists of a significant decrease of RV-
EDV and ESV accompanied by a significant increase of RV-SV and
RV-EF. The change in RV-EF correlates with changes in pulmo-
nary resistance and mean pulmonary arterial pressure [45 -47].
Compared with age-matched controls, however, RV function re-
mains below normal values 6 months after surgery. The decrease
in ventricular volumes goes along with a reduction of right

Fig.6 a, b Typical mosaic perfusion pattern, sa-
gittal MPRs through the right and left lungs.

Abb.6 a, b Typisches Mosaikperfusionsmuster,
sagittale MPRs durch die rechte und linke Lunge.

ventricular mass, again not reaching normal values compared
with healthy controls, indicating that mPAP and PVR do not re-
turn to normal values in all patients. Early after PEA, a significant
reduction in the abnormal position of the ventricular septum can
be noted and remains constant during further follow-up.This
change in septal bowing also correlates with the hemodynamic
improvement after PEA (© Fig.7). The reduction of end-systolic
wall stress in RV after successful PEA leads to a synchronization
of interventricular dyssynchrony by resynchronization of RV and
LV peak strains. The improvement in RV function also has some
positive effects on LV function: the normalization of septal bow-
ing of the interventicular septum improves diastolic filling of the
LV leading to increased stroke volumes and increased net for-
ward flow volumes in the ascending aorta [46 - 48].

PEA also has a beneficial effect on flow patterns and velocities in
the pulmonary trunk. However, for the side branches, a dichoto-
mous effect is found with a sustained improvement for the right
pulmonary artery and nearly no improvement for the left pulmo-
nary artery. There may be different explanations for that finding,
however. When comparing with postoperative MR angiograms,
there were significantly more re-opened segmental vessels in
the right lung compared with the left lung [22, 45 - 47].

Assessment of Pulmonary Hemodynamics: Noninva-
sive Estimation of mPAP and PVR

v

There have been many reports that show significant relationships
between CT and MR-related metrics and pulmonary hemody-
namics [49]. Even for ECG-gated MD-CTPA, significant correla-
tions could be found in patients with CTEPH between the curva-
ture of the interventricular septum and the mean and systolic
pulmonary arterial pressures as determined by RHC [26]. There
was also a correlation between the Cobb angle which is defined
as the angle between the interventricular septum and the line
between the sternal midpoint and thoracic vertebral spinous
process measured during diastole with PVR [41, 50]. However,
the results of these studies were not validated in prospective co-
hort studies.

Actually, there are three published MR-based approaches for non-
invasive assessment of mPAP and/or PVR (© Table 1). Garcia-Alvar-
ez et al. presented an MR-based method for the assessment of pul-
monary vascular resistance using a derivation and validation
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Table1 Assesment of pulmonary hemodynamics by MR imaging.

Garcia-Alvarez Swift et al., Kreitner et al.,
etal., 2011 2013 2013

patients derivation derivation n=19
cohort: cohort: validation
n=100 n=64 model
validation validation invasively
cohort: cohort: recorded mPAP
n=20 n=64

technique standard Cine- Cine-MRI: PC-MRI:
and PC-MRI: VMI, inter- temporal reso-
nat. log PA ventricular lution=10ms
average veloc- septal angle; Ata, MV, AV,
ity and RV-EF LA size adjusted dQ/dtand CO

to BSA

mPAP - -15.7 - -7 -+6mmHg

(limits of +14.7 mmHg

agree-

ment)

PVR (limits -482 - +395 -408 - +368 -237-+138

of agree- dyn-s-cm™ dyn-s-cm™ dyn-s-cm™

ment)

Ata = absolute acceleration time, AV =volume of acceleration, BSA = body surface area,
CO = cardiac output, dQ/dt=MV =maximum of mean velocities, maximal flow
acceleration, LA = left atrium, PA=pulmonary artery, nat log = natural logarithm,

VMI = ventricular mass index.

cohort with different forms of pulmonary hypertension [52]. Their
statistical model is based on standard cine and phase-contrast se-
quences. These sequences were acquired in 100 patients with RHC
performed on the same day. The model combining natural log-
transformed PA average velocity and right ventricular (RV) ejection

Wirth G et al.
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Fig.7 Reverse remodeling of the right ventricle 2
weeks after successful pulmonary endarterectomy.
a, b Preoperative Cine images, 4-chamber and
short-axis views. ¢, d Postoperative Cine image, 4-
chamber and short-axis views.

Abb.7 Reverses Remodeling des rechten Ventri-
kels 2 Wochen nach erfolgreicher pulmonaler End-
arterektomie. a, b Praoperative Cine-Bildgebung im
4-Kammerblick und in der sagittalen Kurzachse. c, d
postoperative Cine-Bildgebung im 4-Kammerblick
und in der sagittalen Kurzachse.

fraction showed the best statistical performance with invasively
measured PVR. With that model, the area under the ROC curve to
detect increased PVR was 0.96 for the derivation cohort (n=80
patients), and 0.97 (n =20 patients) for the validation cohort. There
were no statistical differences in diagnostic accuracy between the
different forms of pulmonary hypertension, and the 95% confi-
dence interval ranged from -6.02 to +4.94 wood units, cor-
responding to -482 to +395 dyn-s-cm~ in the validation cohort.
Swift et al. in a current study created an MR-based noninvasive
composite parametric regression model for the estimation of pul-
monary hemodynamics based on CMR examinations of 64 pa-
tients that underwent RHC on the same day (derivation cohort)
[53]. This regression model could be prospectively validated in
64 patients (validation cohort). For the estimation of mPAP, a nu-
merical linear regression model consisting of a composite index
of the ventricular mass index (ratio between RV and LV mass;
VMI) and interventricular septal angle correlated well with
mPAP in both cohorts with limits of agreement ranging from -
15.7 to 14.7 mmHg. For estimation of pulmonary capillary wedge
pressure (PCWP), the size of the left atrium adjusted for body sur-
face area was used and showed a moderate correlation with inva-
sively measured PCWP. PVR was finally calculated by subtraction
of calculated PCWP from calculated mPAP divided by cardiac out-
put as determined by phase-contrast imaging in the pulmonary
artery. For estimated PVR, the authors found limits of agreement
ranging between -5.1 and +4.6 wood units, which were slightly
narrower than those of the validation group in the study of Gar-
cia-Alvarez et al. [52, 53].

Kreitner et al. used a phase-contrast sequence with high tempor-
al resolution in the main pulmonary artery for the assessment of
hemodynamics in patients with CTEPH. Reference standards, in-
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vasive catheter-based measurements of mPAP, were simulta-
neously acquired [54]. Based on MR-derived parameters, a multi-
ple linear regression analysis revealed a maximum achievable
model fit of B=0.902. There was an encouraging concordance be-
tween calculated and directly measured mPAP values (R?=0.89)
with a median intraindividual deviation of -1 mmHg, and agree-
ment limits between -7 and +6 mmHg (© Fig.8). MR-based cal-
culation of pulmonary vascular resistance (PVR) showed an
overestimation with a median value of -112 dyn-s-cm™ (i.e.,
-1.4 wood units), and agreement limits between -237 and
138 dyn-s-cm™ (i.e., -3.0 and 1.7 wood units) compared with
data from same day right heart catheterization. These first results
seem to be quite encouraging. However, they have to be validated
in a larger patient population.

Differential Diagnosis

v

One important differential diagnosis is distinguishing CTEPH
from idiopathic pulmonary arterial hypertension (IPAH). The
lack of wall-adherent thromboembolic material, a pronounced
dilatation of the central pulmonary arteries, a marked decrease
in the caliber of the segmental and subsegmental arteries, and

the lack of fibrotic obstructions are typical findings in patients
with idiopathic pulmonary arterial hypertension (¢ Fig.9). A fur-
ther specific finding of IPAH is corkscrew-like peripheral pulmo-
nary arteries that represent intimal cellular proliferation and
medial hypertrophy as part of the plexogenic arteriopathy [20,
21].

Sometimes acute thromboembolism with extensive right heart
impairment may cause difficulties in differentiation from CTEPH.
However, acute emboli present as central, intraluminal filling de-
fects. If located in an eccentric position, an acute thromboembo-
lus forms an acute angle with the vessel wall, contrary to the ob-
tuse angle noted in CTEPH. Although right-sided ventricular
dilatation and pulmonary infarction can be observed in both en-
tities, hypertrophy of the right ventricle and dilated bronchial ar-
teries are unlikely to be seen in acute thromboembolism [55].
Avery important differential diagnosis is primary sarcoma of the
pulmonary artery. Though uncommon, its rarity and nonspecific
presentation can make it indistinguishable from CTEPH. Features
on CT and MR include a solid lobulated mass located in the cen-
tral pulmonary arteries whose enhancement may be very subtle.
In this regard, MR imaging may offer advantages over CT, and it
better displays the presence of appositional thrombus formation
(e Fig.10). Extravascular extension into the surrounding par-
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Fig.8 Correlation between simultaneous and invasively measured mPAP and estimated mPAP by MR-derived parameters a; Bland-Altman-Plot b.

Abb.8 Korrelation zwischen invasiv simultan gemessenem und anhand von MR-Parametern berechneten mPAP a; Bland-Altman-Plot b.

‘ Fig.9 20-year-old female patient with IPAH before
lung transplantation. Contrast-enhanced MRA de-
picts enlarged central pulmonary arteries and a
marked decrease in the caliber of the segmental
and subsegmental arteries. There are no intralum-
inal webs and bands, no abrupt vessel cutoffs a. HR-
CT shows a lack of fibrosis and typical corkscrew-like
peripheral pulmonary arteries (-) b.

Abb.9 20-jahrige Patientin mit IPAH vor geplanter
Lungentransplantation. Die kontrastverstarkte MRA
zeigt erweiterte zentrale Lungenarterien und eine
deutliche Kaliberreduktion in der Peripherie. Intra-
luminale Strickleiter, abrupte Kaliberspriinge oder
-abbriiche finden sich nicht a. Die HR-CT zeigt keine
Lungenfibrose, jedoch typische schraubenzieherar-
tig gewundene periphere Lungenarterien (=) b.
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enchyma or mediastinal structures and the presence of distant
lung metastases are diagnostic. Furthermore, sarcomas may
show an avid uptake of 18F-fluorodeoyglucose on PET-CT scans
[56, 57].

Involvement of the pulmonary arteries with the development of
pulmonary arterial hypertension has been reported in the course
of Takayasu arteriitis, and isolated pulmonary arteriitis is rare
[58]. Affected pulmonary arteries may exhibit concentric or ec-
centric stenosis due to mural thickening followed by normal ves-
sel segments. Systemic vessel involvement and the absence of an
intraluminal pulmonary thrombus may aid in finding the correct
diagnosis.

Conclusion

v

The present review tries to elucidate the potential of ECG-gated
MD-CTPA and MR imaging in the assessment of patients with
CTEPH as they address many aspects of the disease (¢ Table 2).
However, both imaging modalities have their own specific limita-
tions making it difficult to use either modality ubiquitously. ECG-
gated MD-CTPA clearly has advantages in the assessment of lung
parenchyma and pulmonary vasculature. It is widely available
and less expensive than MR imaging. The implementation of io-
dine mapping with dual-energy CT as a surrogate of lung perfu-
sion will make it an ideal tool for the detection of wedge-shaped
perfusion defects in patients with CTEPH and will perhaps re-
place the need for V/Q scanning in these patients. The main lim-
itations for CT include the application of iodinated contrast
agents and radiation exposure. However, the latter can be re-
duced dramatically without compromising diagnostic accuracy
by using e.g. step-and shoot techniques or iterative reconstruc-
tion algorithms. MR imaging is limited by current contraindica-
tions for ferromagnetic items, claustrophobia and a rare, but pos-
sible risk of nephrogenic systemic fibrosis after exposure to Gd-

Fig.10 Recurrent pulmonary artery sarcoma. a, b
CT demonstrates a solid lobulated mass located in
the central pulmonary arteries whose enhancement
is very subtle. ¢, d MR imaging better displays the
appositional thrombus formation (1) in comparison
with the enhancing tumor tissue d.

Abb.10 Rezidiv eines Pulmonalarteriensarkoms.
a, b Die CT-Untersuchung dokumentiert eine in den
zentralen Lungenarterien links wachsende Raum-
forderung mit nur diskreter KM-Anreicherung. c, d
Die MR-Bildgebung erlaubt eine bessere Differen-
zierung zwischen kontrastaufnehmendem Tumor
und Appositionsthrombus (\) d.

Table2 Rating of MD-CTPA and MRIin the diagnosis and differential
diagnosis of CTEPH.

ECG-gated MID-CTPA MR imaging
macrocirculation +H+ (+)++
perfusion imaging ++ (+) 4+
assessment of lung 4+ -
parenchyma
assessment of coronary 4 +
arteries
right heart impairment B (1) e+
pulmonary + b4+
hemodynamics
monitoring of therapy - 44+

based chelates in patients with renal insufficiency. However, it
enables precise assessment of cardiac function and vascular
parameters, including regional analysis of lung tissue perfusion.
Very important is the possibility to noninvasively assess hemody-
namic parameters like mPAP and PVR. Future studies should fo-
cus on the ability of ECG-gated MD-CTPA in ruling out surgically
operable patients. Furthermore, the possibilities of MR imaging
in the assessment of pulmonary hemodynamics have to be inten-
sified. Future research will focus on the implementation of tem-
porally resolved 3D flow measurements with regard to their
ability to detect and to assess the degree of pulmonary hyperten-
sion and to monitor therapy. Initial results are quite promising
[59, 60].

ECG-gated MD-CTPA and MR imaging should be considered as
complementary investigations, and it can be anticipated that
their combined use enables accurate disease classification and
therapy planning thereby avoiding the need for further invasive
or noninvasive examinations in the vast majority of patients
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with suspected CTEPH. However, appropriate experience and ex-
pertise in imaging of these patients remain basic prerequisites.
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