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Introduction

The right ventricular (RV)-pulmonary circulation complex 
normally functions at significantly lower pressures than 
the systemic circulation. Pulmonary hypertension (PH) 
is the presence of elevated pulmonary arterial pressure, 
arising from a number of different pathologies. The 6th 
World Symposium on PH task force in 2018 proposed a 
new hemodynamic definition of PH (1). Normal mean 
pulmonary artery pressure (mPAP) at rest is now defined as  
14.0±3.3 mmHg (2). This has resulted in the universally 
accepted threshold for an abnormal mPAP being set 
to >20 mmHg, the previous threshold for an abnormal 

hemodynamic mPAP was ≥25 mmHg (3). Importantly, this 
new threshold for an abnormal mPAP is not specific for 
primary pulmonary vascular disease, as mPAP is dependent 
on cardiac output and pulmonary artery wedge pressure 
(PAWP) and PH may result from a number of pathologies (4). 
Accordingly, PH is categorised according to the pattern of 
hemodynamic abnormality and the underlying aetiology. 

Hemodynamically, PH is classified into pre-capillary 
PH, post capillary PH and combined pre- and post-
capillary PH (Table 1). In addition to mPAP (threshold 
of >20 mmHg), this classification takes into account the 
PAWP and the pulmonary arterial vasculature, reflected by 
pulmonary vascular resistance (PVR) with a threshold of 3 
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Wood Units (1). 
The new threshold mPAP for PH demonstrates improved 

correlation with clinical outcomes across the different 
subgroups of PH (5-11), ensuring that patients below the 
previously defined hemodynamic threshold are not subject 
to delayed diagnosis and initiation of lifesaving therapy. 
Once a diagnosis of PH is suspected, it is imperative to 
identify the underlying etiology of PH. The World Health 
Organisation (WHO) classification endeavours to simplify 
this, by dividing PH into five pathophysiological subgroups, 
as was described and expanded upon by Simonneau et al. (12)  
(Table 2). Although hemodynamic diagnosis is based on 
invasive right heart (RH) catheterisation, imaging plays an 
important role in the identification and classification of PH, 
enabling earlier diagnosis and management of PH that in turn 
leads to improved long term outcomes for patients (13-15).

The current role of imaging in the evaluation of 
PH 

Non-invasive imaging of the heart is a key tenet in the 
identification of PH through evaluation of RH pressures, 
RV morphology and function and assessment of the left 
heart. Additional imaging techniques that evaluate the lung 
parenchyma and vasculature assist with classification. The 
ultimate goal of all imaging techniques is to diagnose PH, 
accurately identify the etiology and stratify risk. The advent 
of multimodality imaging has enabled earlier diagnosis and 
reduced the need for invasive hemodynamic measurements 

of RH pressures, mitigating associated procedural risk.
RV dysfunction and subsequent failure is the main 

predictor of adverse outcomes and the most common cause 
of death in patients with pulmonary arterial hypertension 
(PAH) (16-20). Accurate and reproducible assessment of the 
right ventricle is therefore paramount, albeit challenging, 
due to the complex geometry and load dependence of the 
right ventricle (21). Complementary imaging techniques are 
often utilised to obtain structural and functional information 
of the right ventricle, providing incremental information 
that the clinician must use to guide management decisions. 

This review provides an overview and summary of 
current and novel non-invasive imaging techniques used 
to evaluate RV morphology, function, flow and tissue 
characterisation, in addition to the critical roles of imaging 
in identifying associated cardiac and pulmonary findings 
which provide both diagnostic and prognostic information. 
The advantages and limitations of these imaging modalities 
will also be highlighted, particularly in the context of 
application to the assessment and management of PH. 

Chest radiograph (CXR)

The CXR is often the initial investigation in the evaluation 
of a patient with shortness of breath or other symptoms 
suggestive of PH. It garners widespread use due to the relative 
ease of access and low cost. The CXR may provide clues 
both to the presence of PH and also the underlying cause. 
In patients with PAH, findings may include: (I) dilatation 
of the main and central pulmonary arteries i.e., right 
interlobar pulmonary artery >16 mm in men and >15 mm  
in women (22) (Figure 1); (II) tapering of the peripheral 
and branch pulmonary arteries commonly referred to 
as “pruning” (23,24) (Figure 1); (III) increased ratio of 
pulmonary artery to pulmonary vein (25). CXR features 
suggestive of group 2 PH may include cardiomegaly with 
enlargement of the left-sided chambers, valve calcification 
and pulmonary venous congestion. In group 3 PH, the CXR 
may reveal lung parenchymal pathology such as interstitial 
fibrosis, bronchiectatic changes (Figure 2) or extensive 
emphysema. 

In rare cases, patients with Group 4 PH, i.e., patients 
with chronic thromboembolic pulmonary hypertension 
(CTEPH), due to large emboli, the CXR may reveal a 
Hampton’s Hump (26) (a wedge-shaped opacification 
secondary to pulmonary infarction) or Westermark’s Sign 
(an area of pulmonary oligemia) (27). Both are exceedingly 
rare signs and more often the findings on CXR in CTEPH 

Table 1 Updated hemodynamic definition of pulmonary 
hypertension (PH)

Definitions Characteristics

Pre-Capillary PH mPAP >20 mmHg

PAWP ≤15 mmHg 

PVR ≥3 Wood units 

Isolated Post-Capillary PH mPAP >20 mmHg 

PAWP >15 mmHg 

PVR <3 Wood units 

Combined Pre- and Post-Capillary PH mPAP >20 mmHg 

PAWP >15 mmHg 

PVR ≥3 Wood units 

mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery 
wedge pressure; PVR, pulmonary vascular resistance.
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Table 2 Updated classification of pulmonary hypertension

1. Pulmonary arterial hypertension (PAH)

1.1 Idiopathic PAH

1.2 Heritable PAH

1.3 Drug and toxin induced

1.4 Associated with: 

1.4.1 Connective tissue disease 

1.4.2 HIV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart diseases 

1.4.5 Schistosomiasis 

1.5 PAH long term responders to calcium channel blockers

1.6 PAH with overt features of venous/capillary involvement (PVOD)

1.7 Persistent PH of the newborn syndrome

2. Pulmonary hypertension due to left heart disease 

2.1 PH due to heart failure with preserved LVEF

2.2 PH due to heart failure with reduced LVEF

2.3 Valvular disease 

2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies 

3. Pulmonary hypertension due to lung diseases and/or hypoxia

3.1 Chronic obstructive pulmonary disease

3.2 Restrictive lung disease

3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern 

3.4 Hypoxia without lung disease

3.5 Developmental lung diseases

4. Chronic thromboembolic pulmonary hypertension (CTEPH) 

5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1 Hematologic disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis

5.3 Others

5.4 Complex congenital heart disease 

Adapted from Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical classification of pulmonary hypertension. J Am Coll 
Cardiol 2009;54:S43-54. Reproduced with permission of the © ERS 2020: European Respiratory Journal 53 (1) 1801913; DOI: 
10.1183/13993003.01913-2018 Published 24 January 2019. HIV, human immunodeficiency virus; PVOD, pulmonary veno-occlusive 
disease; LVEF, left ventricular ejection fraction.
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are non-specific. Right sided chamber remodelling due 
to chronic PH may also be seen on a CXR. Right atrial 
enlargement can be seen on the postero-anterior projection. 
In the lateral projection, cavity obliteration of the 
retrosternal space may be seen due to RV enlargement. 

Echocardiography

Transthoracic echocardiography (TTE)
TTE and Doppler imaging provide a direct, non-invasive 
and reproducible assessment of RH morphology, function 
and hemodynamics. It is the screening investigation of 
choice in the workup of all patients with suspected PH, 
reflected in all clinical practice guidelines (3). Furthermore, 
it enables the assessment of potential left heart causes of 
PH including valvular disease, LV systolic or diastolic 
dysfunction, congenital heart disease and the presence of 
intracardiac shunts (28).

Commonly accepted thresholds for morphological, 
f u n c t i o n a l  a n d  n o n - i n v a s i v e  e s t i m a t i o n  o f  R H 
hemodynamics are listed in Table 3. 

These parameters reflect mechanical coupling and 
uncoupling between the right ventricle and pulmonary 
artery, with contribution from left ventricular contraction. 
(3,39-43).

Hemodynamic assessment using echocardiography 
TTE has long been the primary method of non-invasive 
hemodynamic screening and assessment of symptomatic 
patients. Pulmonary artery systolic pressure (PASP), in 

the absence of RV outflow obstruction, is equivalent to 
the right ventricular systolic pressure (RVSP). The RVSP 
is calculated using the peak tricuspid valve regurgitant 
velocity and adding the right atrial pressure. Tricuspid valve 
velocity is measuring using continuous wave Doppler of 
the tricuspid regurgitant jet (Figure 3A,B). The modified 
Bernoulli equation is then used to calculate the pressure 
gradient across the tricuspid valve as depicted in the formula 
below (44).

ΔP=4v2	 [1]

To calculate the PASP, the pressure of the right atrium 
(RAP) must be added to the Bernoulli equation derived 
trans-tricuspid pressure. As per the American Society of 
Echocardiography (ASE) guidelines, the linear dimension 
and collapsibility of the inferior vena cava is used to estimate 
the RAP (44) (Figure 3C,D). A dilated IVC which does 
not collapse >50% of its initial size with a sniff indicates 
elevated RA pressure of 15 mmHg. 

In the absence of an accurately measurable or undetectable 
TR jet, pulmonary artery acceleration time less than 90 ms, 
mid-systolic notching of the pulmonary valve pulsed wave 
Doppler signal, early diastolic pulmonary regurgitation 
velocity >2.2 m/s (Figure 4A), mean PAP measurement 
calculated from end diastolic pulmonary regurgitant jet 
velocity (Figure 4B) and flattening of the interventricular 
septum throughout  the cardiac  cycle  (Figure  5 ) ,  
are additional parameters suggestive of PH (44). 

Left heart assessment on echo
As left heart disease (group 2 PH) is the most common 
cause of PH (45), mediated through chronic elevation 

Figure 1 AP frontal radiograph in a 55-year-old female with 
pulmonary arterial hypertension demonstrating markedly 
prominent pulmonary arteries (arrows) and peripheral arterial 
pruning.

Figure 2 PA chest radiograph in a 62-year-old male demonstrating 
extensive middle and lower zone pulmonary fibrosis.
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of left atrial pressure, a thorough assessment of the left 
heart is critical in the assessment of any patient with 
PH. This will include assessment of left ventricular 
structure, systolic function and diastolic function including 
assessment of filling pressures. Identification of left sided 
valve disease, particularly mitral valve disease as a cause of 
PH is important. Correction of valve disease may reduce 
pulmonary artery pressure. In addition, the presence 
of PH may impact prognosis even after correction of 
valve abnormalities. Both mitral stenosis (Figure 6A) and 

mitral regurgitation (Figure 6B) may lead to chronically 
elevated LA pressure and subsequent PH. Although this 
is usually isolated post-capillary PH in the early stages, 
chronic elevation may result in combined pre- and post-
capillary PH. Finally, the presence of PH in patient with 
heart failure with reduced ejection fraction (HFREF) is 
associated with worsening of prognosis (46). 

Structural assessment of the RH using echo
Morphology and size of the RH are assessed on B-mode 

Table 3 Commonly used transthoracic echocardiogram measurements in the assessment of pulmonary hypertension 

Measurement Accepted Abnormal Threshold Significance of threshold

Right atrial area > 20 cm2 >27 cm2 predicts mortality (13)

>27 cm2 predicts need for transplant (29)

Indexed right atrial area >5 cm2/m Predictor of mortality (30)

RV dimensions RV Base >42 mm (31)

RV Mid >35 mm (31)

RV End Diastolic Area Used to calculate the biventricular index which be associated with 
increased mortality (32)

RV fractional area change <35% Predictor of adverse outcomes (33-35)

RV longitudinal strain Reduced strain values Predictor of poor outcomes (36-38) 

LV eccentricity Index >1.1 in systole and/or diastole Indicates RV pressure overload (systole)

Indicates RV volume overload (diastole)

Predictor of mortality (30)

Pericardial effusion Present Correlates with right atrial pressure

Predictor of prognosis (13,30)

Hemodynamic parameters

Peak velocity of tricuspid 
regurgitation

>3.4 m/s Sensitive predictor of sPAP >50 mm Hg

>2.9 m/s Sensitive predictor of sPAP >40 mm Hg

Peak diastolic pulmonary 
regurgitation jet velocity

>2.2 m/s Sensitive predictor of mean pulmonary artery pressure >16 mmHg

Pulmonary flow acceleration time <90 ms Sensitive for the diagnosis of pulmonary hypertension especially in 
the absence of tricuspid in competence jet

Tricuspid annular plane systolic 
excursion on m-mode

<16 mm Indicative of the presence of RV systolic dysfunction and predictor 
of prognosis

Tricuspid annular tissue Doppler 
systolic velocity

<10 cm/s Indicative of RV systolic dysfunction and predictor of prognosis 
and predictor of PVR >1,000 dyne/s/cm−5

IVC distensibility <50% collapsibility Indicative of elevated right atrial pressure (RAP) (30)

>2.1 cm Elevated RAP predicts worse outcomes (16)

sPAP, systolic pulmonary artery pressure; RV, right ventricular; PVR, pulmonary vascular resistance.
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Figure 3 Estimation of pulmonary artery systolic pressure from the peak tricuspid regurgitation continuous wave Doppler velocity (A,B) 
and from the size of the inferior vena cava and its response to a sniff (C,D). The IVC size fails to decrease with a sniff indicting elevated 
right atrial pressure.

Figure 4 Doppler features supporting the presence of pulmonary hypertension (PH). A short pulmonary artery acceleration time (PAAT) 
<90 ms and the presence of mid-systolic notching (arrow) of the pulmonary valve pulsed wave Doppler signal (A) suggest PH. Using a 
CW Doppler recording of the pulmonary regurgitation (PR) signal, the PR Vmax can be used to estimate the mean pulmonary artery (PA) 
pressure and the PR diastolic pressure estimated from the end-diastolic velocity (B). 

A B

A

C

B

D
Post sniff

IVCIVC

with 2D linear and volumetric assessment (Figure 7). 
Right atrial size can be quantified in terms of area (cm2) 
or indexed volume (mL/m2) and provides important 
prognostic information. TTE characteristics in patients 
with PH include flattening of the intraventricular septum 
throughout the cardiac cycle, but particularly at end-
systole, which is indicative of pressure overload (Figure 5).  

Conversely, a volume loaded right ventricle will result 
in flattening of the septum during diastole. This can be 
objectively assessed by using the LV eccentricity index, a 
ratio of the diameter perpendicular to the interventicular 
septum and the diameter perpendicular to this line. An 
LV diastolic eccentricity index of >1.7 has been shown to 
predict mortality in patients with PH (30). Other echo 
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Figure 6 Mitral valve disease may cause pulmonary hypertension. (A) Transthoracic echocardiogram showing rheumatic mitral stenosis 
including a rendered 3-d image with diastolic doming of the anterior mitral valve (MV) leaflet; (B) severe mitral regurgitation (MR). LV, left 
ventricle; LA left atrium; plax, parasternal long axis; psax, parasternal short axis.

Figure 7 Assessment of right heart size by echocardiography. (A) Measurement of right ventricular diameter from an apical 4-chamber view; 
(B) measurement of right atrial area from an apical 4-chamber view. RV, right ventricle; RA, right atrium; LV, left ventricle; LA, left atrium.

Figure 5 Parasternal short axis view of the heart showing a dilated 
right ventricle (RV) and a flattened interventricular septum (IVS, 
arrows) resulting in a D-shaped left ventricle (LV) due to RV 
pressure overload.

RV

IVS
LV

A B
plax

psax

LV

LV

LV

3-d

MV MR

LA

LA
LA

A B

LALA RARA

RVRV LVLV

features of PH include RV free wall hypertrophy (free wall 
thickness >5 mm) and bowing of the interatrial septum into 
the left atrium during diastole. As PH progresses, there is 
often RV dilatation. RV dimensions are routinely measured 
in an RV focused apical 4 chamber view with abnormal cut-
offs being defined as >42 mm RV base and >35 mm RV 
mid wall. The biventricular index, which compares the RV 
end diastolic area to the LV end diastolic area, has been 
shown to be associated with increased mortality in patients 
with PH (32). The presence of a pericardial effusion is an 
independent predictor of mortality in PH patients and is 
thought to reflect underlying raised right atrial pressures. 
Serial transthoracic echocardiogram can be used to evaluate 
for the persistence of an effusion and measure the size of 
the effusion (13,16,47).
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RV systolic function assessment using echo
RV systolic function can be assessed on echo using multiple 
parameters including RV ejection fraction (RVEF) RV 
fractional area change (FAC), tricuspid annular plane 
systolic excursion (TAPSE), RV S’, RV myocardial 
performance index and strain. RV FAC (%), measures 
the difference between end diastolic and end systolic area 
divided by end diastolic area to assess RV systolic function 
(Figure 8). 

M-mode, with its high temporal resolution is used 
to measure the excursion of the tricuspid annulus in the 
longitudinal plane during systole (TAPSE). This is a 
reproducible measure of RV function along the primary 
axis of contraction and is used to track response to therapy 
(Figure 9). TAPSE correlates directly with prognosis in the 
PH and left ventricular dysfunction cohort. However, it 
may remain falsely normal in patients with significant RV 
dysfunction in advanced PH when the dilated RV pivots 
around the LV apex in a rocking motion. Similarly, the peak 

RV systolic annular velocity (RV S’) is a tissue Doppler 
derived method used to quantify the velocity of systolic 
longitudinal movement of the lateral tricuspid annulus as 
a surrogate of function. Both TAPSE and RV S’ have been 
shown to have prognostic value in PH (48) (Figure 10). 

The RV myocardial performance index or Tei index is 
derived using Doppler assessment of tricuspid inflow. It is 
the addition of isovolumic contraction and relaxation time 
divided by the ejection time and is a surrogate for global RV 
function (49). Abnormal values are associated with worse 
prognosis in pre-capillary PH (33).

Finally, strain imaging utilising either tissue Doppler 
or speckle tracking may be used to quantitatively evaluate 
RV systolic function (50) (Figure 11). Reduced systolic 
longitudinal strain of the basal RV free wall has been shown 
to predict worse outcomes (51). 

In practice, at least two of the aforementioned measures 
are routinely performed to enable robust and reproducible 
assessment of right sided function and minimise operator 

Figure 8 Quantification right heart systolic function using fractional area change (FAC). The area of the right ventricle is measured at end-
diastole (A) and end-systole (B) and the percentage area change is the FAC. FAC is decreased in this example. RV, right ventricle; LV, left 
ventricle.

Figure 9 Measurement of tricuspid annular plane systolic excursion (TAPSE) in a normal subject (A) and in a patient with pulmonary 
hypertension (B) where TAPSE is reduced.

A B

RV RVLV LV

A B
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and observer error (31). At our institution, we routinely 
measure TAPSE and RV S’.

RV diastolic function assessment using echo
Increased RAP, increased RV wall thickness and abnormal 
RV relaxation all contribute to diastolic dysfunction in 
patients with PH. RV diastolic dysfunction can be assessed 
using various echo parameters including RA size, E/e’ 
ratio, E/A ratio and the deceleration time. It must be noted 
however that these parameters are not validated in the 
setting of severe tricuspid regurgitation and their potential 
role in the assessment of PH is currently unclear. 

Echocardiography remains challenging, inherently due 
to the geometry and position of the RH within the thoracic 
cavity (31). Discrepancy between non-invasive and invasive 
hemodynamic measurements may occur due to poor image 
quality and operator related measurement error. The latter 
is primarily due to misalignment of the continuous wave 
cursor with the tricuspid regurgitant jet or inaccurate 

tracing of the TR signal envelope. The ESC guidelines for 
identification of PH take a slightly different approach and 
classify the likelihood of PH as low, intermediate or high, 
based on the peak TR velocity and whether there are other 
features suggestive of PH are present. Peak TR velocity cut-
offs of 2.8 and 3.4 m/s are used to define risk (3). Attempts 
have been made to measure PVR non-invasively (52,53), 
but have not demonstrated satisfactory accuracy to warrant 
routine clinical adoption.

Transesophageal echocardiography
In some cases, transesophageal echocardiography (TEE) 
may be required to further evaluate findings from TTE 
or other imaging modalities. Detailed evaluation of 
mitral valve disease to determine severity and elucidate an 
underlying mechanism may help decide whether surgery 
is required. Assessment of intracardiac shunts, particularly 
those at the atrial level, and pulmonary vein anatomy may 
provide additional diagnostic information regarding the 

Figure 10 Quantification of right ventricular (RV) systolic function using RVS’ in a normal subject where RVS’ =18.2 cm/s (A) and in a 
patient with impaired RV function due to pulmonary hypertension with reduced RVS’ of 5.8 cm/s (B).

Figure 11 Measurement of right ventricular (RV) global longitudinal strain using speckle-tracking. Panel (A) shows a normal subject. The 
patient in (B) has pulmonary hypertension with reduced RV global strain of 15.4%.

A B

A B
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cause of PH and guide treatment.

Computed tomography 

High resolution computed tomography (HRCT) scanning 
is the primary imaging modality for the assessment of lung 
parenchyma, while CT pulmonary angiography (CTPA) 
allows for the non-invasive assessment of the pulmonary 
arteries (3). The advantages of CT include excellent spatial 
resolution, expanded field of view and the ability to perform 
multi planar reconstruction. 

Dilatation of the main pulmonary artery (MPA) is a 

sensitive and specific finding in PH. An MPA of >2.9 cm has 
specificity of 89% for PH (15,54,55). A ratio of diameter of 
MPA to the ascending aorta >1.0 is an additional sensitive 
predictor of PH (Figure 12) (54). A dilated right or left 
pulmonary artery >1.8 cm is also indicative of PH and a 
predictor of mortality. In chronic PH, mural calcification, 
increased vascular remodelling, tortuosity and pruning of the 
peripheral branches are classically described features (54).  
However, these CT findings are somewhat limited by a 
low negative predictive value. Furthermore, patients with 
parenchymal lung pathology without PH can also have 
some of the above features. 

HRCT scanning is the primary investigation of choice 
to detect Class 3 PH patients i.e., patients with lung 
parenchymal abnormality. Pathological conditions such as 
chronic obstructive airways disease, interstitial lung disease, 
Langerhans cell histiocytosis, sarcoidosis or pneumonitis 
increase the load on the RH (Figure 13). Some of the 
HRCT parenchymal features of patients with PH are 
described in Table 4. 

Cardiac findings on CT reflect adverse remodelling of 
the RH due to chronic pressure overload. Common features 
include RV hypertrophy (wall thickness >5 mm) and a 
dilated RV with a RV/LV ratio >1.0 in the axial plane. Other 
findings including a flattened interventricular septum, 
contrast reflux into the IVC and dilatation of the inferior 
vena cava. Pericardial effusions and dilatation of the RA are 
non-specific signs that may be associated with PH.

The strength of contrast CT scanning is in the detection 

Figure 12 CT scan of the chest in a 71-year-old male with 
marked pulmonary hypertension on the background of COPD and 
previous pulmonary emboli. The dilated main pulmonary artery 
(MPA) is larger than the adjacent ascending aorta (Ao).

Figure 13 Coronal reconstruction (A) and axial slice (B) from a CT scan of the chest showing changes of interstitial lung disease.  
Sub-pleural and predominantly basal reticulation and mild traction bronchiectasis with ground glass opacity suggestive of pulmonary fibrosis 
in a 61-year-old female. 

A B
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Table 4 Features of pulmonary hypertension on CT scan

Pathology Lung parenchymal changes Best modality for confirmation

CTEPH Mosaic pattern from perfusion heterogeneity Ventilation perfusion nuclear scan 

Infarction

COPD Hyperinflated lungs with alveolar septal destruction and airspace enlargement Pulmonary function test

PVOD Septal lines, centrilobular ground glass opacities, lymphadenopathy Lung biopsy 

CTEPH, chronic thromboembolic pulmonary hypertension; COPD, chronic obstructive pulmonary disease; PVOD, pulmonary  
veno-occlusive disease

of patients with acute pulmonary embolic disease, which 
if left unrecognised and untreated, may lead to Class 4 
PH or CTEPH. CTPA requires the IV administration of 
iodinated contrast agent to visualize the pulmonary arteries 
down to the subsegmental level. It has now become the 
widely accepted modality of choice to diagnose acute PE 
(56,57). This has largely supplanted ventilation-perfusion 
nuclear medicine techniques in the detection of acute 
pulmonary emboli in patients who do not have contrast 
allergy or significant renal impairment. CT provides 
additional information about lung parenchyma and cardiac 
morphology in addition to the assessment of the pulmonary 
vasculature (58). Unlike acute PE, the role of CTPA is not 
as well established in excluding CTEPH, given the fact that 
emboli can still be present in high volumes in the very distal 
and small vasculature, and can be missed on this modality. 

An additional benefit of CTPA is the diagnosis of 
pulmonary arteriovenous malformations seen in conditions 
such hereditary haemorrhagic telangiectasia, a Group 1 
cause of PH. These ateriovenous malformations appear as a 
nodular opacity with a feeding artery and a draining vein. 

Dual Energy CT involves acquiring imaging at two 
different x-ray photon spectra. This can be performed via a 
number of different techniques and requires an “enabled” 
scanner and the appropriate reconstruction software, 
generally with IV contrast. Iodine/contrast or pulmonary 
blood volume maps of the lung can be obtained and 
reflect parenchymal perfusion (59). When combined with 
traditional CTPA and CT Chest, this can provide a form 
of Ventilation-Perfusion imaging. These techniques have 
been used to increase sensitivity of CTPA. The utility of 
this form of CT has yet to be convincingly demonstrated 
to be equivalent or superior to traditional nuclear medicine 
imaging, though from a physiological perspective one could 
infer that the results could be similar. Head to head studies 
will be required, though with the lack of convenient gold 
standard, and rareness of CTEPH, it may take some time (if 

at all) for such a study to be performed.

Radionuclide ventilation perfusion scanning  
(V/Q Scanning) 

V/Q scanning is used in the diagnosis of CTEPH or 
class 4 PH when all other investigations have not yielded 
a clear aetiology. It has >90% sensitivity and specificity 
for this role (60). Chronic pulmonary embolic disease is 
usually diagnosed when there are a number of segmental 
mismatched perfusion defects with preserved ventilation 
to the corresponding regions (Figure 14), in the absence 
of any other explanation. There are several limitations of 
the modality, including non-diagnostic studies or cases of 
matched defects which may occur in PAH. Single photon 
emission computer tomography (SPECT) has largely 
replaced the planar techniques, given the advantages of 
viewing ventilation and perfusion defects in any plane post 
reconstruction. Often low dose co-registered CT (i.e., 
SPECT/CT) is performed following an abnormal study, to 
help exclude lung parenchymal abnormalities e.g., tumour/
effusion/consolidation/fibrosis.

Traditionally, V/Q imaging is performed with gas (Xe133) 
or aerosolised droplets (Technetium 99M, DTPA/MDP/
Sulfur colloid) or Carbon particles “Technegas” (61), for the 
ventilation phase and Technetium labelled macroaggregated 
albumin (MAA) for the perfusion. Techniques involving 
positron emission tomography (PET) involving Ga68, 
as both a ventilation (“Galligas” via aerosolised carbon 
particles) and a perfusion agent (Ga-68 MAA), have been 
described and used clinically at some sites around the world 
as an alternative to traditional V/Q. The higher sensitivity, 
spatial and temporal resolution are expected via PET/CT 
imaging. However, the significant increases in costs and 
complexity and regional regulatory issues, may restrict this 
technique to isolated specialist centers (62,63). There has 
yet to be any notable publications in regard to the use in the 
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evaluation of CTEPH.
If operative or interventional treatment is being 

considered, a positive V/Q scan requires confirmation using 
pulmonary angiography. In highly experienced centres, 
CTPA may be used (64,65). 

Cardiac magnetic resonance imaging (CMRI)

CMRI provides excellent morphological and functional 
characterisation of the RH. It is the gold standard in 
the evaluation of RV size and function overcoming 
the complex geometry and trabeculation due to the 
excellent spatial and contrast resolution (Figure 15) (66).  
In addition, CMR provides high-resolution time-resolved 
3-dimensional (3D) volumetric visualization of the RH, 
quantification of blood flow enabling calculation of 

regurgitant valvular flow, identification of congenital 
cardiac abnormalities including shunts and assessment 
of tissue characteristics such as myocardial fibrosis and 
scarring (66-70). While there is no ionising radiation 
exposure, the main limitations are the time required to 
perform and restrictions arising from implanted metallic 
objects or devices within the patient. CMR sequences and 
their utility in PH is listed in Table 5. 

All morphological measurements used in TTE and 
CT are directly applicable to CMR in patients with PH. 
Dilated central pulmonary arteries, which are evaluated 
in anatomy sequences or MR angiography phase contrast 
sequences demonstrating an MPA diameter of >2.9 cm or 
ratio of MPA to ascending aortic diameter >1 all correlate 
directly with PH. On velocity-encoded phase contrast 
images, low velocity in the main pulmonary artery (i.e., 

Figure 14 Ventilation-perfusion lung scan with multiple unmatched perfusion defects consistent with chronic thromboembolic pulmonary 
hypertension (CTEPH) in a 71-year-old male.

ANT V

LAO V

RAO V

ANT Q

LAO Q

RAO Q

POST V

LPO V

RPO V

POST Q

LPO Q

RPO Q



871Cardiovascular Diagnosis and Therapy, Vol 11, No 3 June 2021

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2021;11(3):859-880 | http://dx.doi.org/10.21037/cdt-20-295

Table 5 Common cardiac MRI sequences in pulmonary hypertension 

Cardiac MRI Sequence Role in pulmonary hypertension

Black blood double inversion recovery LV and RV morphology

SSFP Cine imaging LV and RV function and volumetric assessment 

Phase contrast velocity encoded imaging Intracardiac flow, regurgitant volume, shunt ratio, non-invasive hemodynamics 

Modified look locker imaging T1 based marker of fibrosis and fatty infiltration 

Late gadolinium enhancement Tissue Characterisation and Fibrosis correlated with Prognosis

T1, T2 mapping Fibrosis, edema, prognosis

MR angiography Vascular abnormalities, perfusion

Figure 15 Cardiac SSFP images on a patient with chronic thromboembolic pulmonary hypertension (CTEPH). The upper panels shows 
short axis views at end-diastole, end-systole and in the early-left ventricular (LV) diastolic filling phase. The lower panels show 4-chamber 
views with the position of the short axis planes shown. The right ventricle (RV) and right atrium are dilated. The short axis views 
demonstrate with a dilated right ventricle and marked flattening of the interventicular septum at end-systole producing a D-shaped left 
ventricle due to RV pressure overload. In the early-LV filling phase there is additional septal shift with increased pressure gradient between 
the RV and the LV causing reversal of the normal septal curvature. A small pericardial effusion is also noted. Images courtesy of Dr Guido 
Classsen.

End-diastole End-systole Early-LV filling phase
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<11.7 cm/s) and early retrograde flow are both suggestive 
of PH (71,72). 

RV cardiac output can be estimated by multiplying 
the determined RV stroke volume (SV) by the heart rate 
during the image acquisition of the cine stacks. In one 
study, individuals with mPAP ≥30 mmHg and a systolic 
leftward deviation of the IVS had 86% sensitivity and 91% 
specificity for detecting PH. Finally, RV mass is greater in 
PH when compared to healthy controls; a ventricular mass 
index (RV mass divided by LV mass) >0.6 is suggestive of 
PH (71).

Delayed enhancement CMR imaging post administration 
of a gadolinium-based contrast agent (GBCA) is utilised to 
identify areas of prolonged retention (i.e., delayed clearance) 
of GBCA from the extracellular space, a specific marker of 
fibrosis. In >30% of patients with PH, enhancement is seen 
at the RV septal insertion sites near the base of the heart (71). 
It is thought that these sites represent areas of increased 
mechanical stress and the presence of delayed enhancement 
in these areas correlates to reduced RVEF, RV dilation and 
increased mPAP (73).

CMR and left heart assessment
Left heart disease, including both HFrEF and heart failure 
with preserved ejection fraction (HFpEF), is the most 
common cause of PH (45,74). Chronic impairment left 
ventricular contractile function due to a primary myopathic 
process or left sided valvular dysfunction results in elevated 
post capillary pulmonary pressures (75). Irrespective of 
the underlying etiology, PH due to left sided HFREF is 
associated with poor long-term outcomes (46,76,77). The 
focus of management in patients with PH due to HFREF 
is treatment of the underlying cause of left ventricular 
dysfunction with guideline-directed heart failure therapy 
and percutaneous or surgical correction of valvular 
dysfunction where required (78). 

If features of patient history suggest LH or congenital 
disease as a cause (Group 2 PH), particular sequences 
can be integrated into the MRI protocol which allow for 
visualisation of the pulmonary veins, assessment of shunts 
and the quantification of valvular disease. 

Furthermore, CMR may provide important diagnostic 
information about the etiology of the cardiomyopathic 
processes. The extent of LV dysfunction and the presence 
of fibrosis on MRI are key CMR parameters which have 
prognostic implications. The specific pattern of LGE aids 
in differentiating between ischaemic and non-ischaemic 
cardiomyopathies. 

CMR and prognosis
RV function is the main determinant of outcome in patients 
with PH (16,19,20). CMR is considered the gold standard 
for assessment of RV structure and function and can 
therefore be used to predict outcome and assess response 
to therapy in patients with PH. CMR parameters including 
RV volume, RV mass and RV function have all been shown 
to be predictors of poor outcomes in PH patients (16,79). 
In patients with iPAH, a dilated RV (RVEDVi >84 mL/m2) 
and reduced RV SV (<25 mL/m2) predicts treatment failure 
and mortality (71,79). RVEF <35%, independent of PVR, 
has been shown to be a predictor of survival in patients with 
Group 1 PAH on targeted PAH therapy (80). In patients 
with systemic sclerosis associated PH, ventricular mass 
index (end diastolic mass of RV:LV) >0.7 has been shown to 
be a predictor of 2-year survival and correlates with mPAP 
in these patients (79). LGE at the RV insertion points 
(RVIP-LGE) reflects chronically elevated RV pressure and 
increased wall stress. A study by Freed et al. showed that 
RVIP-LGE was a marker for more severe RV dysfunction 
(increased RVEDVi, lower RVEF, increased mPAP) and 
predicted clinical deterioration and reduced exercise 
capacity in patients with PH (81). 

CMR parameters involving PA distensibility, such 
as pulmonary artery relative area change (<16%) and 
pulsatility of deformation, are associated with increased 
mortality in patients with PAH (82,83). These measures 
reflect increased PA stiffness which results in increased 
RV afterload and correlates to worsening hemodynamic 
parameters. Pulmonary artery stiffness and slow flow in the 
main PA correlates with elevated mPAP and PVR and has 
been linked to worse outcomes (84). 

Novel imaging techniques in PH 

Echocardiography

There is great interest in identifying new non-invasive 
parameters that may help improve diagnosis, classification 
and prediction of prognosis in PH. Scalia et al. described a 
novel parameter called the echocardiographic pulmonary to 
left atrial ratio (ePLAR) which can be used to non-invasively 
distinguish between pre-capillary and post-capillary PH (85).  
The ePLAR combines a marker of elevated pulmonary 
pressure with a marker of elevated PAWP to enable the 
differentiation of pre and post capillary PH. The ePLAR 
is estimated utilising the maximal velocity of the tricuspid 
incompetence jet, which is a surrogate for right sided 
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pressures or mPAP divided by the tissue Doppler derived 
E/e’ velocity of the mitral annulus, which is a surrogate for 
PAWP. In their study, the normal reference population had 
ePLAR values of 0.30±0.09 m/s. Patients with pre-capillary 
PH had significantly higher ePLAR values than their 
normal counterparts (ePLAR 0.44±0.22 m/s). Post capillary 
PH patients who had elevated PAWP had a significantly 
lower value than their normal counterparts (ePLAR 
0.20±0.11 m/s, P<0.001). In more complex cases with 
both right and left sided disease, patients with combined 
pre- and post-capillary PH demonstrated intermediate 
values (ePLAR 0.28±0.18 m/s). This group of patients still 
demonstrated a significantly higher ePLAR than patients 
with isolated post-capillary PH (85). 

Strain imaging is an additional novel parameter that 
utilises tissue Doppler or speckle tracking modes to 
provide further quantitative measures of RA, LA, LV and 
RV function. By measuring strain (RV global longitudinal 
strain and RV free wall strain) and strain rate, pathological 
states such as PH and the degree of myocardial dysfunction 
can be reproducibly tracked (86-88). RV free wall strain 
is preferred over RV GLS as it excludes tracking of the 
interventricular septum which may be affected by left heart 
disease. This parametric measure of function can be used 
to follow response to therapy and predicts prognosis in 
patients with PH (89). 

Real-time 3D echo is also an exciting modality within 
TTE that allows more accurate measurements of RV volume 
and systolic function when compared to 2D echo (88).  
Combining both strain imaging and 3D imaging in the 
echocardiographic assessment of the RH is the next frontier 
with regard to the comprehensive management of patients 
with PH. 

Hybrid CT and nuclear perfusion imaging 

CT and nuclear medicine systems can be combined, 
drawing on the strengths of both modalities in the 
assessment of the RH in patients with PH. Multiple 
variables across the different imaging modalities can be 
characterized simultaneously in a single study, making this a 
truly exciting next frontier for both imaging modalities. 

Single photon emitting CT or SPECT and CT are 
merged in various pathological states to gain anatomic data. 
This is then combined with perfusion analysis to be able 
to identify parenchymal abnormality and perfusion defects 
(90,91). 

Positron emitting tomography (PET) in combination 

with CT is now widely utilised in the diagnosis of multiple 
pathological states such as cardiac sarcoidosis and cardiac 
amyloidosis (92). Its high spatial resolution allows improved 
RV visualization and with the addition of the FDG PET 
scanning, can quantify metabolic substrates as a surrogate 
to allow for additional tissue characterisation (93-95). In 
patients with PH, accumulation of FDG, which is a measure 
of tissue metabolism, is elevated in the RV free wall. Higher 
degrees of FDG uptake in the RV has been showed to be 
associated with worse clinical outcomes (95).

MR pulmonary angiography and perfusion

MR has potential as a technique without nephrotoxic agents 
and ionisation radiation. However, the results of PIOPED 
III study, where the proportion of technical inadequate 
images ranged from 11% to 52% at various centres, 
illustrates the difficulty in such techniques (96). Progression 
in technique and protocols are expected. MR angiographic 
techniques are a valid alternative in some regions of the 
body. More recent results in single centres are promising, 
although future multicentre studies are required to assess 
the real clinical value of MRI (97).

Intravascular (blood pool agents) show promise but 
the gadolinium agent gadofosveset trisodium is no longer 
manufactured. The superparamagnetic iron oxide agent 
ferumoxytol is approved for human use by the FDA for 
treatment iron deficiency anaemia in those intolerant of oral 
replacement. Numerous publications have demonstrated 
the off-label use of this substance as a MR contrast 
agent, specifically for vascular imaging and pulmonary 
angiography in the setting of acute pulmonary embolic 
disease (98-100). These techniques could potentially extend 
into the evaluation of CTEPH.

Cardiac MRI 

T1 parametr ic  mapping enables  exce l lent  t i s sue 
characterisation and directly correlates with LGE defined 
fibrotic burden (101,102). This well validated sequence 
in patients with PH allows for the identification of diffuse 
fibrosis and scar formation in the RV, which has been 
correlated to long term outcomes and prognosis (101). It 
has been shown that RV T1 mapping values correlate with 
pulmonary hemodynamics and RV-PA coupling, which 
are all reproducible indicators of RV dysfunction (101). In 
addition, the generation of an extracellular volume (ECV) 
map using gadolinium based contrast, enables quantification 
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of the ECV, another marker of cardiac fibrosis (102,103). 
Increased T1 mapping values at the RV/LV insertion points 
has promise in the detection of early RV failure and may have 
a role in determining treatment response in PH (101-103).

Myocardial tagging and strain analysis utilising 
a fast strain encoded (SENC) sequence enables the 
measurement of regional ventricular deformation before 
any overt deterioration in global RV function may occur 
(36,104). In patients with PH, RV strain and strain rate 
have been demonstrated to be predictors of RH failure 
and mortality (104). 

4D Flow MRI has provided unprecedented insights 
into hemodynamics of various diseases and vascular 
terr i tor ies  (105) .  In  PH,  Rei ter  and co-workers 
established means of non-invasively diagnosing PH by 
estimating the mPAP using presence and persistence time 
of secondary flow patterns in the main pulmonary artery. 
This is a promising sequence that requires larger scale 
studies and invasive correlation (105-107). 

CMR that involves the quantitative analysis of helicity and 
vorticity of PA flow in PH patients can be used to indirectly 
assess RV function (106,108). These parameters could 
potentially be used to better predict outcome and survival in 
those newly diagnosed with PH, independent of traditional 
risk factors. The potential benefit, similar to strain imaging, 
is the early diagnosis of RV dysfunction before traditional 
methods can detect myocardial dysfunction, enabling more 
aggressive treatment of the underlying pathology (83,109).

Stress testing in PH 

Exercise testing of the pulmonary circulation is thought 
to be an effective diagnostic undertaking in unmasking 
increased PVR and/or reduced pulmonary vascular 
compliance in patients that may be asymptomatic at rest. 
Exercise limitation is seen in patients with PH due to a 
variety of factors, including reduced RV stroke volume 
(RV SV) as a consequence of RV dysfunction, pulmonary 
vasoconstriction, or by increased upstream transmission of 
pulmonary venous pressure (110-112). A reduction in RV 
contractile reserve, which can be quantified using invasive 
pressure volume loop derived indices, is also postulated 
to be a contributor to exercise-induced PH (113). Non-
invasive methods to evaluate right sided hemodynamic 
parameter s  a t  peak  exerc i se  a re  predominant ly 
echocardiogram based (both exercise and dobutamine 
stress echocardiography). Recent advancements in CMR 
techniques have enabled reproducible methods of assessing 

RV function and pulmonary artery compliance during peak 
exercise (114). 

Dobutamine stress echo 

Dobutamine stress echocardiography allows the assessment 
of pulmonary artery pressure-cardiac output (mPpA-Q) 
response (115). Systolic pulmonary artery pressures are 
derived from the peak tricuspid regurgitation jet, and mPAP 
is then derived using the formula 0.6 X Systolic PA + 2 (115). 
RV SV is derived from the RVOT velocity time integral 
x RVOT Area, with subsequent cardiac output derived by 
multiplying the SV by the patient’s heart rate. This enables 
the relationship of the mPpA-Q ratio to be derived. The 
mPpA-Q has been demonstrated to be a reproducible 
indicator of elevated exercise pulmonary pressures that is 
accounted for by the physiologic increase in cardiac output 
during exercise (115,116). Patients with exercise induced 
PH have been shown to have a higher dobutamine-induced 
mPpA-Q slope when compared to healthy controls (116). 
Pulmonary artery compliance, as expressed by the derived 
distensibility coefficient µ, is another parameter that can be 
measured during stress echocardiography. Pulmonary artery 
compliance has been found to be markedly reduced in the 
PH group (115). 

The benefit of dobutamine stress echocardiography over 
conventional exercise stress echocardiography is the ability 
to maintain sustained maximal cardiac capacity for longer 
periods of time. This enables more accurate measurements 
of right sided echocardiographic parameters, as opposed to 
a finite window afforded by treadmill or cycle ergometer. 

Stress Cardiac MRI 

Stress CMR may offer additional insights in PH. Exercise 
CMR techniques exist which have provided promising 
results in CTPEH (114). Examination of pulmonary artery 
flow parameters with vasodilator stress provides unique 
prognostic information in PAH (117) and appears promising 
for early detection of pulmonary vascular disease (118). 
Stress CMR enables the vastly superior spatial resolution 
afforded by MRI imaging to be coupled with non-invasive 
assessment of the heart during peak exercise (119,120). La 
Gerche et al. validated an exercise CMR technique that 
enabled the accurate and reproducible quantification of 
biventricular volumes, flow and function during strenuous 
exercise (119). With this technique, they were able to 
demonstrate that exercise intolerance in patients with 



875Cardiovascular Diagnosis and Therapy, Vol 11, No 3 June 2021

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2021;11(3):859-880 | http://dx.doi.org/10.21037/cdt-20-295

CTEPH, which persisted post pulmonary endarterectomy 
despite normal resting mPAP, is reflected by abnormal 
pulmonary vascular reserve, failure to augment RVEF 
and chronotropic incompetence during exercise (114).  
Exercise-induced RV-pulmonary artery uncoupling, 
which is an additional parameter that was demonstrated 
to correlate well with exercised induced PH, can also 
be derived utilising stress CMR sequences (120). These 
additional parameters represent exciting further options in 
the evaluation of exercise induced PH with CMR. 

Conclusions

Multimodality imaging plays a vital role in the current 
identification, management and prognostication of patients 
with PH. Imaging guides the accurate classification of 
PH into its defined etiological groups and directly guides 
treatment suitability and management. TTE, CT and 
MRI have echo proven to provide robust and accurate 
prognostic information specific to patients with PH. With 
the validation of novel and hybrid imaging techniques there 
is likely to be less reliance on invasive testing or surrogate 
markers such as the 6-minute walk test for both research 
and clinical management. 
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