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Abstract

Pulmonary hypertension (PH) is a pathophysiological disorder defined by an increase in pulmonary arterial pressure which
can occur in multiple clinical conditions. Irrespective of etiology, PH entails a negative impact on exercise capacity and
quality of life, and is associated with high mortality particularly in pulmonary arterial hypertension. Noninvasive imaging
techniques play an important role in suggesting the presence of PH, providing noninvasive pulmonary pressure measure-
ments, classifying the group of PH, identifying a possibly underlying disease, providing prognostic information and assessing
response to treatment. While echocardiography, computed tomography (CT) and ventilation/perfusion scans are an integral
part of routine work-up of patients with suspected PH according to current guidelines and across centers, innovative new
techniques and applications in the field of PH such as 3D echocardiography, dual-energy CT, 4D flow magnetic resonance
imaging (MRI), T1 and extracellular volume fraction mapping, non-contrast-enhanced MRI sequences for perfusion and
ventilation assessment, and molecular-targeted positron emission tomography are emerging. This review discusses advanced
and emerging imaging techniques in diagnosis, prognostic evaluation and follow-up of patients with PH.
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Introduction

Pulmonary hypertension (PH) is a pathophysiological dis-
order defined as an increase in mean pulmonary arterial
pressure (mPAP) >25 mmHg at rest as assessed by right
heart catheterization (RHC) [1]. PH can occur in multi-
ple clinical conditions and is currently classified into five
major groups with similar clinical presentation, patho-
physiological characteristics and treatment strategy [1]:
group 1, pulmonary arterial hypertension (PAH); group 2,
PH due to left heart disease; group 3, PH due to lung dis-
ease and/or hypoxia; group 4, chronic thromboembolic PH
(CTEPH); group 5, PH with unclear and/or multifactorial
mechanisms. Irrespective of etiology, PH entails a nega-
tive impact on exercise capacity and quality of life, and is
associated with high mortality despite therapy, particularly
for patients with PAH. Persistent elevation of mPAP may
lead to irreversible remodeling of the pulmonary vascu-
lature and eventually right heart failure [2, 3]. Prognosis
can be improved by early diagnosis and initiation of the
appropriate treatment.

Imaging aims at suggesting the presence of PH, provid-
ing noninvasive pulmonary pressure measurements, clas-
sifying the group of PH, identifying a possibly underlying
disease, providing prognostic information and assessing
response to treatment. This review discusses emerging
imaging techniques and applications in diagnosis, prog-
nostic evaluation and follow-up of patients with PH. The
review focusses on emerging techniques which are on the
verge of being integrated into clinical routine or which
have the potential to aid clinical decision making in the
future.

Imaging modalities
Echocardiography

Trans-thoracic echocardiography (TTE) plays a pivotal
role in the screening and diagnostic algorithm of PH [1].
Pulmonary artery systolic pressure (PASP) is estimated by
measuring maximal tricuspid regurgitation velocity, apply-
ing the modified Bernoulli equation and adding estimated
right atrial pressure. Nonetheless, tricuspid regurgitation
velocity measurements are only trustworthy when a good
Doppler signal is available [4]. Besides, the DETECT
study showed that a PAH diagnosis associated with sys-
temic sclerosis cannot rely on echocardiography alone [5].

Furthermore, TTE allows for the assessment of right
heart morphology and function which is crucial for therapy
monitoring and risk assessment. Marra et al. demonstrated
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that patients treated with Riociguat experienced a reduc-
tion in right heart size and improvement of systolic func-
tion [6]. The increase in right ventricular (RV) endsystolic
and enddiastolic volume during follow-up has been shown
to predict treatment failure [7]. Additionally, pericardial
effusion independently predicts outcomes in PAH, whereas
its resolution is associated with better prognosis [8]. Echo-
cardiography may help to stratify the risk of PAH patients
based on right atrial area and the presence or absence of
pericardial effusion [9, 10]. In addition to resting echocar-
diography, exercise-induced increase of PASP is associ-
ated with worse prognosis [11].

The complex shape of the RV complicates its evalua-
tion. Indeed, three distinct segments are detectable in the
RV: the inflow region, the outflow tract, and the apical
region [12]. For this reason, guidelines recommend to
perform measurements and evaluation in different views
[13]. The 3D reconstruction of the RV shape based on 2D
images is a new and promising technique that might help
assessment of the complex geometry of the RV [14]. The
3D reconstruction of the RV shape is performed offline
and may require up to 5 min after the acquisition of the 2D
images. Modern equipment enables an automatic correc-
tion of border detection through dedicated algorithms. 3D
echocardiography has been shown to provide an accurate
estimation of RV volume and RV ejection fraction, tak-
ing cardiac magnetic resonance imaging (MRI) as a gold
standard [15, 16]. However, several issues still limit 3D
echocardiography of the RV, in particular its load depend-
ency, its accuracy when interventricular changes affect-
ing septal motion are present, poor acoustic windows and
irregular rhythm [17]. Moreover, 3D reconstruction often
is not reliable in patients with severely enlarged RV [18].

Strain imaging is another recently developed technique
that might help physicians in PH diagnosis and follow-
up [19]. Strain and strain rate index reflect RV myocar-
dial deformation and the speed at which this deformation
occurs, respectively, through the use of speckle tracking
(Fig. 1) [20]. The reduction of the RV myocardial defor-
mation indicates the extent of the PH severity [21]. Moreo-
ver, the assessment of RV longitudinal strain (specifically
an RV longitudinal strain> 19%) predicts all-cause mor-
tality [22]. However, strain techniques are still burdened
by several limitations, especially the lack of standardi-
zation of the method and of the used software. Another
major limitation it is its volume-load dependency [22, 23].
The latter might be overcome by a new technique, RV
automated systolic index, which is angle-independent and
requires low frame rate image acquisition [24].

Combining 3D echocardiography and strain imag-
ing might be a powerful tool to predict RV failure and
outcomes in PAH patients [25]. Both techniques are
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Fig. 1 Echocardiographic strain imaging in a patient with severe pul-
monary arterial hypertension and enlarged right heart. Top left image
shows a 4-chamber view used to assess right ventricle (RV) longi-
tudinal speckle tracking strain. Bottom left image demonstrates the
average of the basal, middle, and apical lateral peak systolic strains
along the entire RV (RV free wall peak systolic strain: — 4%, normal

promising tools in the management of PH but further
developments are warranted.

Computed tomography
Diagnosis of pulmonary hypertension

Computed tomography (CT), either non-contrast-enhanced
CT or contrast-enhanced CT pulmonary angiography
(CTPA), is frequently clinically indicated and performed
in patients presenting with dyspnea, fatigue or palpitations
even before the diagnosis of PH is considered by the refer-
ring physician. In this setting, the CT may be the first modal-
ity to suggest the diagnosis of PH. Features indicative of PH
include a transverse pulmonary artery diameter >29 mm in
adults and a pulmonary artery to ascending aorta diameter
ratio> 1 [26-28]. However, these parameters provide only

Longitudinal Strain

values <20%). The global RV longitudinal strain might be obtained
considering also the septal segments. Top right image illustrates the
evaluation of myocardial displacement and asynchrony of the six vis-
ible wall segments. Bottom right image shows a bull-eye view for a
global overview from the apex

moderate sensitivity and specificity for the prediction of PH
[27, 29, 30].

For CTPA, typically 50-80 ml of iodinated contrast
medium are injected via an antecubital vein at 4-5 ml/s fol-
lowed by a saline chaser. The optimal time to start the scan
is determined by either bolus tracking or test bolus tech-
niques [31]. The patient should be instructed with respect
to the inspiratory breath-hold before the actual scan to
avoid rapid inspiration and Valsava maneuver [32]. With
advanced image processing techniques it has become pos-
sible to extract three-dimensional quantitative parameters
of pulmonary arteries from the same CTPA data. Computa-
tion of three-dimensional quantitative parameters requires
three-dimensional segmentation which can be performed of
both intrapulmonary vessels and central pulmonary arteries
(Fig. 2). Several studies have indicated the potential of these
techniques to provide higher diagnostic accuracy and better
estimation of mPAP compared to one-dimensional diameter
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Fig.2 a 3D segmentation result
of intrapulmonary vessels (red)
in a patient with PH. Lungs are
visualized in yellow color. b 3D
segmentation result of central
pulmonary arteries with color-
coding of diameter in a patient
with PH

measurements, but further studies are warranted to proof
this concept [33-36]. Considering that CT is performed in
many of the patients with suspected PH either as part of
the diagnostic work up for the presenting symptoms even
before PH is suspected or as part of the diagnostic algorithm
for suspected PH, noninvasive prediction of PH based on
CT appears to be a promising approach for translation into
clinical routine.

Classification of pulmonary hypertension

Computed tomography is also useful in classifying the form
of PH. CT can identify the underlying disease, in particu-
lar parenchymal lung diseases and systemic diseases with
manifestations in the lung parenchyma. Additionally, CTPA
forms an integral part of the diagnostic algorithm of CTEPH
for assessment of thrombus, vascular webs and stenosis to
determine the treatment strategy and the suitability for pul-
monary endarterectomy [1]. Left heart disease, however,
may be difficult to detect by visual assessment of CTPA in
the absence of features of previous cardiac surgery or cardiac
decompensation. Quantification of the maximal axial cross-
sectional area of the left atrium by either manual delinea-
tion or automatic segmentation allows diagnosis of left heart
disease in patients with confirmed PH with good diagnostic
accuracy [37, 38]. Advanced image processing techniques
enable automatic segmentation and quantification of the
total volume of the left atrium with possibly higher diagnos-
tic accuracy compared to the axial cross-sectional area [39].

Assessment of pulmonary hypertension by dual-energy
computed tomography

Dual-energy computed tomography (DECT) allows for cal-
culating the iodine concentration in each voxel resulting in
iodine maps as a surrogate for the lung perfusion with good
agreement to pulmonary perfusion scintigraphy [40]. These
iodine maps are particularly useful in evaluation of patients
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with CTEPH typically exhibiting triangular peripheral
defects similar to perfusion scintigraphy [40]. Such func-
tional information together with the morphological infor-
mation may improve sensitivity in the diagnosis of CTEPH
[41]. In CTEPH patients, iodine maps can also be used to
assess response to pulmonary balloon angioplasty [42].

In addition to that, iodine maps might be helpful in the
diagnosis of PAH showing less defined, nonsegmental
defects [41]. The amount of such heterogeneities seems to
correlate with the disease severity [43]. Finally, another use-
ful application of DECT is the possibility of increasing the
opacification of pulmonary arteries by virtual monoenergetic
reconstructions in cases of inadequate contrast in the normal
reconstructions [44].

Magnetic resonance imaging

Magnetic resonance imaging (MRI) provides comprehensive
structural and functional assessment of the heart and the
pulmonary circulation [45]. Although MRI is not integrated
in the diagnostic algorithms in the 2015 ESC/ERS guide-
lines for the diagnosis and treatment of PH, the guidelines
already point out the value of MRI for particular situations,
especially for prognostic assessment and evaluation of sus-
pected CTEPH [1]. An increasing role of MRI in the diagno-
sis, prognostic evaluation and follow-up can be anticipated
for the near future. The following paragraphs will highlight
established and emerging cardiopulmonary MRI techniques
for biventricular function quantification, treatment monitor-
ing, prognostication and regional lung function assessment
in patients with pulmonary hypertension.

Cine MRI

Cine balanced steady-state free precession (SSFP) imaging
belongs to any routine cardiac MRI protocol. It provides
more accurate assessment of ventricular morphology and
function than echocardiography [46, 47]. Right ventricular
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(RV) and left ventricular (LV) end-diastolic and end-sys-
tolic volumes can be quantified from which ejection frac-
tion and stroke volume can be calculated [45]. MRI meas-
urements reflecting right ventricular structure and stiffness
of the proximal pulmonary vasculature are independent
predictors of outcome in PAH [48]. Increased RV volumes
and reduced RV ejection fraction are predictive of worse
outcome in patients with PAH [49, 50]. Furthermore, cine
MRI allows for computation of the right and left ventricu-
lar myocardial mass from which the ventricular mass index
(VMI =RV mass/LV mass) can be determined.

Cardiac cine MRI has been shown to be well suited
for treatment monitoring as MRI-derived RV function
improves and RV mass decreases with medical treatment
of PAH [51]. Additionally, flattening of the interventricu-
lar septum can be quantified using cine MRI and is associ-
ated with the presence of PH (Fig. 3) [52]. Cine cardiac
MRI derived VMI and interventricular septal angle meas-
urements facilitate a good noninvasive pulmonary pressure
estimate in PH patients as shown by Swift et al. and are
ready to be used in the clinical routine [53, 54].

Emerging cine cardiac MRI techniques include advanced
imaging acceleration techniques such as compressed sensing
or radial sampling trajectories, three-dimensional sequences
with respiratory navigation, and free-breathing sequences for
real-time assessment [51].

Strain analysis

Myocardial strain can be analyzed by means of several dif-
ferent MRI sequences, the most-studied techniques being
myocardial tagging or more recently feature tracking [55,
56]. The techniques enable analysis of regional myocar-
dial function that may precede measurable changes in RV
volumes and global function such as ejection fraction [57].
However, further studies are warranted to investigate the
value of the technique in clinical practice [58].

2D and 4D flow MRI

Blood flow of the pulmonary arteries can be visualized and
quantified by means of phase contrast MRI. A number of
studies investigated two-dimensional phase contrast MRI

Fig.3 64 year-old male patient with severe pulmonary arterial hyper-
tension. a—c Cine MRI images in late diastole (a, short axis view) and
late systole (b, short axis view; ¢, four-chamber view) demonstrate
bowing of the interventricular septum towards the left ventricle dur-
ing systole. d, e 2D flow MRI of the main pulmonary artery in late

systole (d, magnitude image; e, phase image) exhibits heterogeneous
blood flow with retrograde flow along the posterior wall and in the
lumen center. (f) Streamline visualization of 4D flow MRI in late sys-
tole shows vortical flow in the distal main pulmonary artery
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with through-plane velocity encoding in patients with PAH
and detected alterations of blood flow velocities, antegrade
and retrograde flow volumes and distensibility of the main
pulmonary artery (Fig. 3) [51]. Four-dimensional phase
contrast MRI (4D flow MRI) with three-directional velocity
encoding enables a more thorough analysis of three-dimen-
sional flow phenomena and computation of secondary flow
parameters like wall stress and pressure maps [59-61]. One
of the three-dimensional flow phenomena observed in PH is
the occurrence of vortical flow in the main pulmonary artery,
and the duration of such vortices is positively correlated with
mPAP (Fig. 3) [62]. Although the clinical utility of 2D and
4D flow MRI in PH is still unclear, these techniques advance
the understanding of complex pathophysiological changes
occurring in the course of the disease and as a response to
therapy.

Flow MRI may also be used as patient specific bound-
ary condition for computational fluid dynamics (CFD) [63,
64]. CFD allows investigation of wall shear stress load and
distribution with the pulmonary arterial tree which might
relate to the disease severity of PH [65].

Delayed enhancement MRI

The technique for delayed enhancement MRI involves intra-
venous injection of gadolinium chelate contrast material
(0.1-0.2 mmol/kg) followed by a cardiac-gated T1-weighted
pulse sequence 10-15 min after contrast administration [66].
Delayed enhancement is typically seen in the anterior and
posterior right ventricular insertion sites to the interventricu-
lar septum of PH patients (Fig. 4) [67-69]. Total delayed
enhancement mass correlates with the degree of RV func-
tional and hemodynamic impairment. This suggests that the
amount of delayed enhancement at the RV attachment sites is
directly related to the degree of RV remodeling in response
to increased afterload [67, 68, 70]. McCann et al. identified
areas of fibrosis, extracellular expansion and edema at the
RV septal insertions at autopsy of two PH patients [71].
However, the pattern of delayed enhancement is not entirely
specific and can be seen in other clinical situations leading
to increased right heart volume or pressure load such as con-
genital heart disease for example.

T1 and extracellular volume fraction mapping

Right ventricle dysfunction in PH is not only an indicator
of disease severity but also the most important predictor of
survival [72]. There is a growing literature for T1 mapping
of the LV, and the myocardial extracellular volume (ECV)
fraction determined with this technique has been shown to
correlate with histologic fibrosis [73-75]. Using an accel-
erated and navigator-gated Look-Locker imaging for car-
diac T1 estimation (ANGIE) [76], providing high spatial
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Fig.4 61 year-old female patient with scleroderma associated PAH.
Short axis myocardial delayed enhancement MRI shows delayed
enhancement at the anterior and posterior right ventricular insertion
sites at the left ventricular septum (arrows)

resolution T1 maps in free breathing, Metha et al. could
show that RV-ECV represents a unique parameter describing
RV structure. RV-ECV was independently associated with
both RV ejection fraction and RV end diastolic volume in
PH patients [77]. Increased ECV has been found especially
at the RV insertion points in patients with PH [78, 79]. In
pigs with chronic PH (generated by surgical pulmonary vein
banding), native T1 and ECV values at the RV insertion
points were both significantly higher in banded animals than
in controls and showed significant correlation with pulmo-
nary hemodynamics, RV arterial coupling, and RV perfor-
mance. ECV values also increased before overt RV systolic
dysfunction, offering potential for the early detection of
myocardial involvement in chronic PH useful for treatment
monitoring [79].

Static and time-resolved contrast-enhanced MRA

Currently, there are mainly two options to depict the pul-
monary vasculature using i.v. contrast-enhanced MRA:
breathhold, static, i.e. non-time-resolved 3D MRA and time-
resolved (4D) MRA. While 3D MRA has typically a higher
spatial resolution and is acquired in a 15-20 s breathhold,
time-resolved MRA depicts the first-pass perfusion dynam-
ics of i.v. contrast media through the lung parenchyma.
Both techniques have been evaluated for the assessment of
acute pulmonary emboli and CTEPH (Fig. 5). Blood pool
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Fig.5 63 year-old patient with CTEPH. Maximum intensity projec-
tion of the subtracted, inspiratory breathhold, contrast-enhanced 3D
MRA a and a transverse 3D gradient-echo sequence after contrast

contrast agents such as Gadofosveset might be used to per-
form sequential MRA of the pulmonary arteries and MR
phlebography of the lower extremities after a single contrast
agent injection, particularly in the setting of acute pulmo-
nary embolism [80].

Prospective Investigation of Pulmonary Embolism Diag-
nosis III (PIOPED III) was a multicenter study designed to
assess the efficacy of contrast-enhanced MRA for diagnosing
pulmonary embolism. They found that contrast-enhanced
MRA was technically inadequate in 25% of their studies
and that contrast-enhanced MRA had a sensitivity of 78%,
and a specificity of 99% [81]. The two major reasons for this
high rate of technical inadequacy were a strict definition for
complete visualization of the subsegmental pulmonary arter-
ies and the fact that some centers were just not as good as
others in producing high quality studies [82]. Based on their
findings, the authors recommended that contrast-enhanced
MRA should only be considered at those centers that had a
sufficient technical expertise and in those patients for whom
standard tests were contraindicated [81].

Chronic thromboembolic pulmonary hypertension occurs
when pulmonary hypertension develops often in associa-
tion with an inciting venous thromboembolic event [83,
84]. Estimates for the risk of development of CTEPH after
a venous thromboembolic event range from 0.1 to 3.8%
[83, 84]. Time-resolved contrast-enhanced MRA has been
found to be superior to CT for assessment of therapeutic
effect in CTEPH patients [85]. The strength of time-resolved
contrast-enhanced MRA is its capability to fully quantify
pulmonary parenchymal blood flow using deconvolution
models [86, 87]. In a study by Schoenfeld et al. a combined
cardiac MRI and time-resolved MRA exam was able to show
detailed treatment response evaluation before and 2 weeks
after pulmonary endarterectomy in CTEPH patients. In this
study, the percentage change in pulmonary blood flow in the

administration b show chronic emboli and bands in the pulmonary
arteries (arrows) in all lobes

lower lobes as well as the percentage change in interven-
tricular septal angle correlated with the percentage change
in the 6 min walk test 6 months after pulmonary endarter-
ectomy [88].

Non-contrast-enhanced MRI

Recent work has shown gadolinium deposition in the brain,
skin and bones of patients with normal renal function [89,
90]. The association between the tissue deposition of gado-
linium from gadolinium-based contrast agents and any short
or long-term clinical importance remains to be determined
[91]. However, this debate has spurred the development and
use of non-contrast MRA and perfusion techniques. More-
over, non-contrast-enhanced MRI techniques are useful in
patients with severe renal insufficiency [92].

The high contrast to noise of the blood pool with a steady
state free precession sequence means that it can serve as a
non-contrast-enhanced MRA when performed in 3D breath-
hold [93]. Recent developments with 3D UTE SSFP also
hold promise [94]. Fourier decomposition (FD) MRI uses
a continuously acquired two-dimensional steady-state free-
precession (SSFP) or fast low angle shot (FLASH) acquisi-
tion [95, 96]. Since lung signal changes with respiratory
and cardiovascular motion during tidal volume free breath-
ing and during the cardiac cycle, both result in periodic
changes of lung parenchymal signal at different frequencies
that can be separated by means of Fourier decomposition.
This results in ventilation and perfusion maps without any
contrast agent. Further promising new developments of this
technique using self-gated non-contrast-enhanced func-
tional lung imaging (SENCEFUL) or phase-resolved func-
tional lung (PREFUL) MRI have been reported [96, 97].
In principal, this technique is validated and has the poten-
tial to replace V/Q scans [98, 99]. In a single center study,
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Fig.6 45 year-old female patient with CTEPH. a 4D time resolved
contrast-enhanced MRA shows notable bilateral lower lobe hypoper-
fusion due to chronic pulmonary emboli. b Corresponding (non-con-

perfusion weighted FD MRI showed encouraging results for
the diagnosis of CTEPH (Fig. 6) [100].

Nuclear medicine imaging
V/Q scans

V/Q scans, assessing both lung perfusion and ventilation, are
the examination of choice in evaluating for CTEPH and dif-
ferentiating CTEPH from other causes of PH, and should be
obtained in all patients with PH. V/Q scanning demonstrated
a sensitivity of 90-100% and specificity of 94-100% for dif-
ferentiation between CTEPH and other causes of PH [101].
A normal scan essentially excludes the diagnosis of CTEPH.
V/Q scintigraphy is more sensitive than multi-detector CT
pulmonary angiography (CTPA) in detecting chronic throm-
boembolic pulmonary disease amenable to surgery, with
V/Q scans demonstrating a sensitivity of 96-97.4% and a
specificity of 90-95%, compared with a sensitivity of 51%
and specificity of 99% for CTPA [102]. Three-dimensional
single photon emission computed tomography (SPECT) is
more sensitive than planar scanning for detecting vascular
obstruction in CTEPH. Hybrid SPECT/CT (Fig. 7) allows
assessment of both perfusion and lung anatomy, provides
increased sensitivity and specificity for diagnosing pulmo-
nary embolism [103], and may be used to quantify the extent
of pulmonary perfusion defects in CTEPH [104]. Low-dose
CT may also be used to obtain additional CT characteristics
of PH, e.g. to establish the value of the main pulmonary
artery diameter which predicts presence of PH [105].

PET scans

Pulmonary hypertension is associated with a metabolic
shift towards anaerobic glycolysis in both myocardium and

@ Springer

trast) Fourier decomposition (FD) perfusion. ¢ Ventilation-weighted
FD MR images also depict bilateral lower lobe hypoperfusion and
normal ventilation (VQ mismatch)

Fig.7 Q scan. Planar perfusion image in anterior view (a), 3D-sur-
face projection image (b) and fused SPECT/CT images showing
extensive perfusion defects in both lungs in an 80-year-old female
patient with CTEPH (c—e)

lung tissue, and PET may be applied to non-invasively
obtain information about the metabolic state of these
organs (Fig. 8). The rate of RV myocardium glucose utili-
zation is significantly increased in PH patients compared
with controls, and is significantly associated with mean
pulmonary artery pressure, pulmonary vascular resistance
(PVR), RV Tei index, and plasma NT-proBNP levels, and
negatively correlated with RV ejection fraction [106—108].
Kluge et al. observed increasing RV-to-LV ratios of '*F-
fluorodeoxyglucose (FDG)-uptake with a rising PVR.
Interestingly, they also found that the metabolic rate of
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Fig.8 '8F-FDG PET/CT. PET maximum-intensity-projection image
(a) and fused coronal and axial PET/CT images (b, ¢) showing
patchy, increased glucose metabolism (SUV .. 6.2) in the left ven-

max

glucose uptake of the left ventricle decreased (r = — 0.547,
p <0.01) together with LV stroke work (r = — 0.838;
p <0.001) with increasing PVR [109].

Right ventricle FDG accumulation can also be used
to obtain information about the clinical outcome of PH
patients. In a longitudinal study on PH patients with a
mean follow-up period of 69 +49 months, RV FDG accu-
mulation was significantly higher in the group that showed
clinical worsening compared with the non-clinical-wors-
ening group (10.1 vs. 7.6, p=0.02). RV standardized
uptake value (SUV) was significantly correlated with the
time to clinical worsening (hazard ratio 1.25, 95% con-
fidence interval 1.04-1.51, p=0.02), and patients with
RV-SUV > 8.3 had poor prognosis compared with those
with RV-SUV < 8.3 (log-rank p=0.005 for time to clinical
worsening and p =0.07 for mortality) [110].

Moreover, RV FDG accumulation can also be used to
evaluate the response to treatments. The RV FDG accu-
mulation was attenuated after the treatment with the pros-
taglandin epoprostenol in accordance with the degree of
reduction in the PVR and RV peak-systolic wall stress
[107]. In another study, RV FDG uptake decreased as
PVR decreased in patients receiving effective sildenafil
treatment [111].

tricular myocardium (physiological finding), but not in the free right
ventricular wall (SUV_ . 2.3) in an 81-year-old male patient with
pulmonary hypertension and lung cancer (d)

In addition, significantly increased lung glucose metab-
olism can be found in patients with PH [108, 112]. Lung
metabolism varied within the PH population and within the
lungs of individual patients, consistent with the recognized
heterogeneity of vascular pathology in this disease, and
could be attenuated by effective pharmacological treatment
[112]. A recent study elucidated the nature of FDG accu-
mulation in PAH patients, and found that HIF-1a-mediated
Glutl up-regulation in proliferating vascular cells accounts
for increased lung FDG-PET uptake [113].

Besides '*F-FDG, other radiotracers targeting fatty acid
utilization may be used to obtain a more complete picture
of substrate utilization alterations. Increased pulmonary
arterial pressures are associated with increases in the ratio
of 8F-FDG/'®F-fluoro-6-thioheptadecanoic acid (FTHA)
uptake in the RV. The inverse correlation between uptake
and RV function may reflect a shift towards increased fatty
acid oxidation and glycolysis associated with RV failure in
maladaptive remodeling [114].

In summary, PET imaging has an evolving role in PH.
It may provide insight into the underlying molecular biol-
ogy in PH beyond morphologic imaging, provide prognos-
tic information and evaluate the response to treatments.
Although providing unique molecular information regarding
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Table 1 Overview of clinical

s Diagnosis and Prognostic Treatment Understanding
applications classification evaluation monitoring pathophysiol-
ogy
Echocardiography
Transthoracic echocardiography +++ +++ +++ T
3D echocardiography T T T T
Strain imaging T T T T
Computed tomography (CT)
Routine CT +++ ++
3D processing of CT T T T
Dual-energy CT ++ ++ ++
Magnetic resonance imaging (MRI)
Cine MRI ++ ++ ++ T
Strain Analysis T T T T
Flow MRI T T
Delayed enhancement MRI ++
T1 and extracellular volume frac- T T T
tion mapping
Contrast-enhanced MRA ++ +
Non-contrast-enhanced MRI + +
Nuclear medicine imaging
V/Q scan +++
SPECT ++
PET T T T

+++ Routine use in clinical practice, ++ routine use in clinical practice of PH centers today, + routine use
in clinical practice of PH centers in the near future, T use in clinical trials and research

myocardial and lung metabolism in pathophysiological stud-
ies and treatment monitoring, its clinical role has yet to be
defined. Besides, it may be useful to exclude rare mimics of
CTEPH such as medium- to large-vessel vasculitis such as
Takayasu arteritis.

Conclusions

Noninvasive imaging techniques play an important role in
diagnosis, classification, prognostic evaluation and follow-
up of patients with PH (Table 1). While echocardiography,
CT and V/Q scans are an integral part of routine work-up of
patients with suspected PH according to current guidelines
and across centers, innovative new techniques and appli-
cations in the field of PH such as 3D echocardiography,
dual-energy CT, 4D flow MRI, T1 and extracellular volume
fraction mapping, non-contrast-enhanced MRI sequences
for perfusion and ventilation assessment, and molecular-
targeted PET are emerging. Not only do these techniques
provide new insights into pathophysiological processes of
the right heart-pulmonary circulation unit, but they also hold
tremendous potential in suggesting the presence of PH, clas-
sifying the group of PH, assessing the disease severity and
evaluating response to treatment. Among the already inten-
sively studied techniques, particularly cardiac cine MRI has

@ Springer

been shown to provide added value to established clinical
tests such as 6 min walk distance. Selected and evidence-
based advanced imaging markers will play an increasing
role in clinical routine for patients with known or suspected
PH in the near future.
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