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A review of imaging modalities in
pulmonary hypertension

Mona Ascha, Rahul D. Renapurkar', Adriano R. Tonelli

Abstract:

Pulmonary hypertension (PH) is defined as resting mean pulmonary artery pressure =25 mmHg measured by
right heart catheterization. PH is a progressive, life-threatening disease with a variety of etiologies. Swift and
accurate diagnosis of PH and appropriate classification in etiologic group will allow for earlier treatment and
improved outcomes. A number of imaging tools are utilized in the evaluation of PH, such as chest X-ray, computed
tomography (CT), ventilation/perfusion (V/Q) scan, and cardiac magnetic resonance imaging. Newer imaging
tools such as dual-energy CT and single-photon emission computed tomography/computed tomography V/Q
scanning have also emerged; however, their place in the diagnostic evaluation of PH remains to be determined.
In general, each imaging technique provides incremental information, with varying degrees of sensitivity and
specificity, which helps suspect the presence and identify the etiology of PH. The present study aims to provide
a comprehensive review of the utility, advantages, and shortcomings of the imaging modalities that may be used

to evaluate patients with PH.
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ulmonary hypertension (PH) is a progressive,

life-threatening, pulmonary vascular
condition with a wide array of etiologies and
comorbidities.”) PH is defined as resting mean
pulmonary artery pressure (mPAP) =25 mmHg
measured by rightheart catheterization (RHC), the
gold standard for diagnosis.** The exact incidence
and prevalence of all types of PH is unknown.
According to registry-based data, pulmonary
arterial hypertension (PAH) has an estimated
prevalence of 10-52 cases/million.®! While
prognosis depends on the underlying disease
etiology, mortality rates, particularly for patients
with PAH, remain high despite therapy.?

Over the years, task forces have been updating
the recommendations for the classification,
diagnosis, and workup of PH patients. The Fifth
World Symposium on Pulmonary Hypertension
classifies PH into five groups according to disease
manifestation, pathophysiology, hemodynamic
changes, and therapeutic approaches: Group 1:
PAH, Group 2: PH due to left heart disease,
Group 3: PH due to lung disease, Group 4: Chronic
thromboembolic PH (CTEPH), and Group 5: A
miscellaneous group of PH with unclear or
multifactorial mechanisms. The diagnosis of
PH is based on a comprehensive evaluation of
clinical symptoms, physical examination, and
imaging modalities. Unfortunately, diagnosis of
PH, and thus its treatment, is often delayed, as
clinical symptoms overlap with more prevalent
respiratory and cardiovascular diseases.!!

© 2017 Annals of Thoracic Medicine | Published by Wolters Kluwer - Medknow

Familiarity with imaging techniques,
knowledge of key findings, and awareness
of nuances of imaging studies in PH is
imperative since they have the potential
for accelerating diagnosis and initiation of
PH-specific therapies, an approach that is
likely to improve the prognosis of this deadly
disease.”

Imaging in PH can be used for three main
purposes: (1) suspecting the presence of PH,
(2) determining the etiology of disease, and
(3) evaluating prognosis and response to
therapy. The present review aims to provide
a comprehensive overview of the utility,
advantages, and shortcomings of a multitude of
imaging modalities that may be used to evaluate
patients with PH.
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Initial Diagnosis of Pulmonary Hypertension

Once the diagnosis of PH is suggested, various tests are
available for further evaluation [Table 1].

Transthoracic Doppler echocardiography

Transthoracic Doppler echocardiography (TTE) is typically
performed as the initial workup in a patient with suspected
PH [Figure 1]. TTE is advantageous in that it is widely available,
inexpensive, and safe. TTE can estimate the systolic pulmonary
arterial pressure (sPAP) from the peak tricuspid regurgitant
jet velocity and the right ventricular size and function® with
some limitations.”) Importantly, TTE is critical in determining
the most common cause of PH in the developed world, i.e., PH
due to left heart disease.

Chest X-ray

Chest X-ray (CXR) is usually obtained as a baseline investigation
in patients undergoing workup of PH. A normal CXR does
not exclude PH; however, a CXR is commonly abnormal in
established disease.'”? CXR findings that support the presence
of PH include (1) cardiomegaly due to right atrial (RA) and
right ventricle (RV) enlargement as evidenced by reduced
retrosternal air space. RV enlargement is seen as obliteration of

Figure 1: Two-dimensional echocardiogram in a patient with idiopathic pulmonary
arterial hypertension. (a) The apical 4-chamber view shows large right heart
chambers with hypertrophy of the right ventricle. (b) The short parasternal view
with enlarged right ventricle leading to interventricular septal displacement into the
left ventricle. The black arrow points toward a small pericardial effusion. LA = left
atrium, LV = Left ventricle, RA = right atrium, RV = right ventricle

clear space on lateral CXR, whereas RA enlargement manifests
as prominence of right heart border on frontal projection;
(2) dilation of central pulmonary arteries; (3) pruning (loss) of
peripheral blood vessels [Figure 2].

Morphologic cardiac changes can be seen on CXR in advanced
disease. Right-sided heart strain and resulting hypertrophy
manifest as cardiomegaly on imaging. Pericardial effusions
can occur in patients with advanced PH and are a sign of poor
prognosis."'1? Pericardial effusions can also be seen on CXR
and are characterized by an enlarged cardiac silhouette that
can be described with as a “waterflask” contour; lateral views
may outline the divides among the pericardial fluid, epicardial
and pericardial fat."* However, it should be noted that rapidly
developing pericardial effusions may not be readily apparent
on CXR."

Prominent central pulmonary arteries are indicative of PH.
In long-standing PH, atherosclerotic calcifications may also
be visualized along the central arteries."” Furthermore,

Figure 2: Chest X-ray in a patient with idiopathic pulmonary arterial
hypertension. (a) Posteroanterior projection showing dilated pulmonary
arteries (stars), cardiomegaly (horizontal line), and rapid tapering (pruning) of
right pulmonary artery (arrow). In addition, there is a decrease in the pulmonary
vasculature in the periphery of the lung (arrow). (b) Lateral projection depicting a
decrease in the retrosternal air space (arrow)

Table 1: Choice of imaging tests in evaluation of pulmonary hypertension

Group Imaging test of choice Specific comments

1 Echocardiography (TTE) IPAH-diagnosis of exclusion
Congenital heart disease-bubble echocardiography and shunt study during RHC
MRI can play an additional role in defining anatomy; cardiac CT is an alternative
Porto-pulmonary hypertension-cirrhosis noted on US/CT

2 Echocardiography (TTE) Assessment of systolic and diastolic function
Valvular heart disease
CMRI can play a role in the assessment of myocardial scar and fibrosis

3 CT Evaluation of lung diseases such as emphysema and ILD

4 V/Q (future-DECT or CTA-to define extent of disease and for preoperative planning

SPECT-CT V/Q scanning?) Echocardiography or TTE/MRI-for evaluation of RV function

Pulmonary angiogram-defining anatomy; may be utilized more with success of
balloon angioplasty and catheter-based intervention
DECT-potential new test of choice

5 CT Assessment of multifactorial diseases such as sarcoidosis and fibrosing mediastinitis

Once the diagnosis of PH is suggested by echocardiography and confirmed by right heat catheterization; various tests are available for further evaluation. PH = Pulmonary
hypertension; TTE = Transthoracic echocardiography; DECT = Dual-energy computed tomography; MRI = Magnetic resonance imaging; RV = Right ventricle; V/Q = Ventilation/
perfusion; CT = Computed tomography; ILD = Interstitial lung disease; CMRI = Cardiac magnetic resonance imaging; US = Ultrasound; RHC = Right heart catheterization;
IPAH = Idiopathic pulmonary arterial hypertension; SPECT = Single-photon emission computed tomography; CTA = Computed tomography angiography
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increased pulmonary artery (PA) — pulmonary vein ratio on
CXR - indicates arterial PH, while a decreased one indicates
venous PH.[' Pruning and rarefaction of peripheral pulmonary
vessels is frequently observed in patients with PAH.[71

In addition to vascular findings related to PH, CXR can
be helpful in narrowing the differential diagnosis of its
etiology. CXR can be helpful in supporting the diagnosis of
left-sided heart disease and for evaluating lung parenchymal
diseases such as interstitial lung disease and emphysema.
Signs of pulmonary embolism (PE), such as Westermark’s
sign (a wedge-shaped shadow indicating infarction) or
Hampton’s hump (a wedge-shaped opacification secondary
to hemorrhage), may denote the need for further workup for
CTEPH, since approximately 0.6%-3.8% of acute PE events
lead to CTEPH." In one study of 36 patients, characteristic
CXR findings of focal areas of avascularity or enlarged
right descending PA (diameter >20 mm) together with
pleuritic changes, such as pleuritic scarring and pleuritic
shadow due to prior pulmonary infarction, were found more
commonly in CTEPH than in idiopathic pulmonary arterial
hypertension (IPAH).P!

While CXR can help steer the further diagnostic path, it suffers
from limitations [Table 2]. Some of the major limitations are
the nonspecific nature of the findings and lack of correlation of
disease severity with the extent of radiographic abnormalities.
Thus, a normal CXR does not exclude PH. With the availability
of newer cross-sectional imaging tools such as computed
tomography (CT) and magnetic resonance imaging (MRI), CXR
has lost some of its importance although it remains widely used
due to ease of availability and lower cost.

Determining Etiology of Pulmonary Hypertension

Computed tomography and computed tomographic
pulmonary angiography

CT is gaining acceptance as one of the frontline tests for the
evaluation of PH. Fast scanning, excellent spatial and temporal
resolution, and ability to comprehensively evaluate the
cardiopulmonary structures are some of the distinct advantages
that CT offers. With respect to PH, CT plays a modest role in
the diagnosis of PH. A major role of CT is in assessment of
the cause of PH. CT allows comprehensive evaluation of the
pulmonary vasculature and lung parenchyma. In addition,
cardiovascular changes secondary to PH can be well assessed
with CT, which allows evaluation of severity of the disease.

Computed tomography angiography protocol

At our institution, several different scanners are available
including the second generation dual-source scanners
(Siemens SOMATOM FLASH; Siemens Healthcare,
Germany). A good proportion of the patients referred
for CT have a known diagnosis of PH, and a routine
non-electrocardiogram (ECG)-gated contrast-enhanced CT is
performed for the evaluation of PA and lung parenchyma. If
there is clinical concern for PE and if detailed evaluation of
cardiovascular structures is desired, an ECG-gated computed
tomography angiography (CTA) is performed. ECG gating
improves assessment of RV parameters such as enlargement
and hypertrophy.?? Furthermore, a novel, high-pitch
ECG-synchronized computed tomographic pulmonary
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angiography (CTPA) protocol can be used to allow better
contrast opacification of the pulmonary vasculature at reduced
radiation dose.”!

Lung parenchyma

CT can reveal abnormalities in the lung parenchyma of PH
patients. Chronic, progressive processes such as emphysema
and idiopathic pulmonary fibrosis have characteristic CT
findings.?! In addition, patients with PAH may experience
episodes of pulmonary hemorrhage. Pulmonary macrophages
ingest these red blood cells, forming cholesterol granulomas
that are visualized as centrilobular ground-glass nodules
on CT.”! Centrilobular nodules, ground-glass opacities,
smooth thickening of the interlobular septa, enlarged
mediastinal lymph nodes, and pleural effusions can be seen
in pulmonary veno-occlusive disease (PVOD).?*" Extensive
and larger ground-glass opacities may support the diagnosis of
pulmonary capillary hemangiomatosis (PCH).?* The presence
of esophageal dilation may hint to limited scleroderma as the
cause of PAH.

In patients with CTEPH, one can see peripheral parenchymal
opacities (caused by recurring thromboembolic infarctions)
and mosaic lung attenuation (alternating regions of oligemia
and hyperemia).? The latter describes heterogeneous lung
perfusion with sharply demarcated regions of hypoattenuation
caused by hypoperfusion in areas distal to occluded vessels or
small-vessel arteriopathy.*!

Vascular structures

Clinician recognition of dilated PA, its differential diagnosis,
and predictive value is imperative.” Persistently high PA
pressures cause vascular remodeling, which leads to PA wall
thickening and dilation [Figure 3]. The Framingham Heart
Study provides the largest cohort (1 =706) used to define normal
PA size reference ranges.” Investigators reviewed noncontrast
chest CTs of this “healthy” cohort (nonsmoker patients without
obesity, hypertension, chronic obstructive pulmonary disease,
history of PE, diabetes, cardiovascular disease, of heart valve
surgery). The mean + standard deviation (SD) main PA
diameter was 25.1 + 2.8 mm, and the sex-specific 90" percentile
cutoff value for main PA diameter was 28.9 mm in men and
26.9 mm in women. The diameter of the main PA was associated
with increased risk for self-reported dyspnea (adjusted odds
ratio, 1.31; P = 0.02).”! Other studies of normative reference
ranges for PA size are varied, given differences in measuring
methodology (the entire vessel diameter versus the vascular
lumen), use of intravenous (IV) contrast, window settings,
ECG-gated examinations, underlying medical conditions, and
demographics.”

The differential diagnosis for a dilated PA on CTPA is broad.
Etiologies include PH and its various etiologies, increased or
turbulent blood flow (i.e., left-to-right shunt, patent ductus
arteriosus, atrial or ventricular septal defect), rheumatologic
diseases (i.e., Behget disease, Takayasu arteritis), connective
tissue diseases (i.e., Marfan syndrome, Ehlers—Danlos
syndrome, cystic medial necrosis), infections (i.e., tuberculosis,
syphilis), trauma, or idiopathic causes.”!

The sensitivity and specificity for detecting PH vary based
on the type of PH and PA diameter cutoff used. A systematic
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Figure 3: Computed tomographic pulmonary angiography in a patient with
idiopathic pulmonary arterial hypertension. Upper panel shows dilated pulmonary
artery (star) and pericardial effusion (arrow). Center panel reveals a dilated right

ventricle (star) with displacement of the interventricular septum toward the left
ventricle and pericardial effusion (arrow). Lower panel shows iodine contrast in the
inferior vena cava (short arrow) and pericardial effusion (long arrow)

review of the sensitivity and specificity of different PA diameter
cutoffs for identifying PH found an average reported cutoff
of 29.5 mm (range 25.0-33.2) among 12 studies that included
patients from different PH groups.”’ Average sensitivity and
specificity for detecting PH was 71.9% (range 47%—-87%) and
81.1% (range 41%-100%), respectively.”! In fact, a dilated
PA with a mean diameter =29 mm has 87% sensitivity and
89% specificity for detecting patients with PH; hence, this
cutoff point is often utilized in the literature.”'>*! However,
it should be noted that even a normal PA diameter does not
exclude PH.!

Specificity of a dilated PA approaches 100% when the
segmental artery-to-bronchus ratio is >1:1 in 3 of 4 pulmonary

Annals of Thoracic Medicine - Volume 12, Issue 2, April-June 2017

lobes on axial CT images."™ A ratio of CT-measured main PA
transverse diameter to ascending aorta diameter >1 is also
highly indicative of PH, with 96% positive predictive value.!'”
Several studies have suggested a strong association between
the ratio of main PA to ascending aortic diameter and PA
pressure (in the absence of ectasia or ascending aneurysm of the
ascending aorta).’*%? The Framingham Heart Study found that
the normal mean =+ SD ratio of PA to ascending aorta diameter
was 0.77 +0.09, with a 90" percentile cutoff value of 0.91.%) The
ratio of PA to ascending aorta diameter appears to be a better
predictor of mean PA pressure than main PA diameter alone
or the ratio of main PA diameter over body surface area.’!
In fact, Devaraj et al. found that PA to ascending aorta ratio
significantly correlated with RHC-derived mPAP (R? = 0.45,
P <0.001), an association that was enhanced using RV systolic
pressure estimated by echocardiography, yielding a sensitivity
of 59% and a specificity of 96% to detect PH.P Nevertheless,
practitioners should be wary that clinically significant disease
may still be present despite a normal PA: Aorta ratio.

Reduced PA distensibility (the percentage change in
cross-sectional area between diastole and systole) measured
by ECG-gated CTPA is also another marker of PH: One
study proposed <16.5% as the cutoff for defining PH with
a sensitivity of 86% and a specificity of 96%.! Other notable
vascular findings on CTPA in patients with Group 1 PH
include rapid tapering of the peripheral pulmonary arteries
and “corkscrew-like” vessels.*!

Vascular patterns may differ according to PH etiology.
Typically with IPAH, there is symmetric enlargement of the
PA. With CTEPH, there is more irregular dilation of PA with
thrombi, which may be calcified. Bronchial artery collaterals
can be seen with both IPAH and CTEPH although they are more
common with CTEPH.1 CT evaluates the presence of other
disease processes, such as in situ thrombosis that is seen with
Eisenmenger syndrome or vasculitides, anomalous pulmonary
venous return, large atrial septal defects or other shunts, and
miscellaneous conditions such as fibrosing mediastinitis in
which the vessels are compressed by an extrinsic process.

CTPA is also important in the assessment of patients with
CTEPH being considered for surgical candidacy.®® In CTEPH,
ventilation/perfusion (V/Q) scanning is still considered as the
initial imaging test of choice for diagnosis.” However, once the
diagnosis of CTEPH is suggested, CTPA is commonly used to
assess the extent of disease and the secondary cardiopulmonary
changes. Specifically, CTPA allows identification of proximal
disease and extent of thrombi; these patients are good
candidates for surgery. CTPA can also identify distal
obstructions, narrowing of the pulmonary arteries and
their branches, and distal stenosis.*”! Other findings include
pouch-like defects, intimal irregularities, PA webs or bands,
as well as enlargement of bronchial arteries due to collateral
blood supply.""! The presence of bronchial artery collaterals
also has prognostic significance in patients with CTEPH since
these patients tend to do well postoperatively.l*

A dilated PA poses the risk of significant morbidity and
mortality, particularly due to compression of critical
mediastinal structures. Recognition of the compression of
anatomic structures due to PH is imperative as early diagnosis
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and aggressive treatment is crucial. Elevated PA pressure
and PA size may result in extrinsic compression of the left
main coronary artery and subsequent left ventricular (LV)
ischemia.[*# A PA diameter >4 cm and a PA to aorta
ratio >1.21 pose higher risk of left main coronary artery
compression and subsequent complications.*! CTPA can
suggest this diagnosis, but ideally coronary angiography with
intravascular ultrasound is needed for confirmation. 4!

Anenlarged PA can compress the left recurrent laryngeal nerve,
resulting in cardiovocal (Ortner’s) syndrome, characterized by
vocal cord palsy and hoarseness. CT or MRI of the head and
neck may aid in locating the site of left recurrent laryngeal nerve
compression, but definitive diagnosis requires laryngoscopy.
Finally, a dilated PA can compress the tracheobronchial
tree.¥] The most common site of compression is where the left
PA crosses the superior aspect of the left main bronchus.*!

Cardiac chambers

CTPA is also useful for assessing cardiac chambers since
ECG-gated CTPA can demonstrate signs of RV failure. These
include RV hypertrophy, leftward bowing of the interventricular
septum [Figure 3], RV dilation (defined as an RV to LV
diameter ratio >1:1 at the mid-ventricular level), dilation of the
inferior vena cava and hepatic veins, pericardial effusion and
suggestion of tricuspid regurgitation (demonstrated by reflux
of contrast into the inferior vena cava and hepatic veins).”*!
Of note, in studies such as CT-PE protocol where the rate of
contrast injection is fairly rapid, the reflux of contrast in IVC
is somewhat less predictive of RV dysfunction [Figure 3].47

In patients with mPAP =30 mmHg, a leftward deviation of the
interventricular septum during systole had an 86% sensitivity
and 91% specificity for detecting PH."* Increased end-diastolic
thickness of the RV free wall (=6 mm), increased RV/LV
lumen ratio =>1.28, and RV /LV wall ratio =0.32 have also been
found to predict PH."¥! It is also important to recognize partial
anomalous pulmonary venous return since this congenital
abnormality may be associated with PH, particularly when
it involves two pulmonary veins or there are associated
congenital heart diseases, such as an atrial septal defect.™"

The septal angle, or the angle formed between the
interventricular septum and the line connecting the sternum
midpoint and thoracic vertebral spinous process, can also be
measured with CTPA. Septal angle is increased in patients
with PH and is a typically a sign of right ventricular overload.
Prior studies found septal angle measurements to be useful
in predicting PVR and strongly correlated with N-terminal
pro-B-type natriuretic peptide in patients with CTEPH.F*
Septal angle has also been suggested as a predictor of right
ventricular dysfunction in patients with saddle pulmonary
embolus.” Nevertheless, further studies are required to clearly
define the role of septal angle in diagnosis and assessment of
severity of PH.

Like all imaging modalities, CT is not without limitations
[Table 2]. PA size on CTA is a poor predictor of PH. CT also
provides limited hemodynamic information, especially on
non-ECG-gated examinations. CT also exposes patients to
radiation, which is especially concerning in patients who
undergo repeated examinations.

66

Ventilation perfusion scan

V/Qscanis the imaging modality of choice for screening patients
with suspected CTEPH, due to its high sensitivity [Figure 4].
Imaging in CTEPH reveals wedge-shaped perfusion defects
with normal ventilation; meanwhile, complete absence of
perfusion to one lung may indicate other conditions such
as malignancy, vasculitis, and fibrosing mediastinitis.’ A
normal- or low-probability V/Q scan effectively excludes
CTEPH with a sensitivity of 90%—-100% and a specificity of
94%-100%, compared to CTPA which yields a sensitivity of
50%—-98% with similar specificity.>* The V/Q scan also has a
higher sensitivity compared to CTPA in detecting distal forms
of disease.” A normal perfusion scan or evidence of small
peripheral unmatched and nonsegmental defects is commonly
seen in PAH.®¥ In the adequate setting, the presence of one or
more segmental mismatched perfusion defects warrants further
evaluation, i.e., pulmonary angiogram.

Unmatched perfusion defects can manifest in other pulmonary
vascular diseases, such as PVOD and PCH. It is crucial to
recognize these entities because patients with PYOD and PCH
may develop pulmonary edema when treated with pulmonary
vasodilator agents.!

Despite the high sensitivity of the V/Q scan in detecting
CTEPH and the recommendation to be obtained as part of
the diagnostic workup of PH patients, it is underutilized.
High-resolution CT of the lungs is often used instead, in part
because it is more readily available.” Analysis of a PH registry
revealed that 43% of patients diagnosed with PAH never
received a V/Q scan.[!

Shortcomings of the V/Q scan [Table 2] include its
potential for underestimating the extent of central vascular
obstruction and its inability to differentiate between
similarly presenting diseases such as PVOD and fibrosing
mediastinitis.’>%*1 Other disadvantages include the high
number of nondiagnostic or indeterminate scans and the
necessity for further evaluation with cross-sectional imaging
to confirm vascular and lung findings and assess the extent
of anatomic disease. However, V/Q scans are advantageous
in that they do not require iodine contrast and have less
radiation exposure than CTPA; the estimated effective dose
for thoracic imaging with V/Q is 0.6-3 mSV, whereas for
16-array or greater multi-detector CT, itis 820 msV.®¥1V/Q

Figure 4: Ventilation perfusion scan and computed tomography angiography
in a patient with pulmonary hypertension due to fibrosing mediastinitis and
absent flow to the right lung. (a) The lack of perfusion on the right lung. (b) An
obstruction of the right main pulmonary artery (white arrow) due to fibrosing
mediastinitis. Note the calcified adenopathies and fibrotic tissue. L = left lung,
PA = pulmonary artery, R = right lung
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is most useful as an effective screening tool in CTEPH as a
negative V/Q scan virtually rules out CTEPH.

Cardiac magnetic resonance imaging

While cardiac magnetic resonance (CMR) remains underutilized,
it may overcome some of the major limitations of TTE in the
assessment of the RV. A wide range of sequences can provide
comprehensive structural and functional information in these
patients. Cardiac magnetic resonance imaging (CMRI) is safe
and does not expose patients to ionizing radiation; however,
it is expensive, not widely available, and requires operator
expertise [Table 2].

Cardiac magnetic resonance imaging protocol

Atour institution, after the initial acquisition of localizer scouts,
we obtain axial stack of half-Fourier single-shot echo and
steady-state free precession (SSFP) images. Next, we proceed
to cine imaging. Typically, a four-chambered cine SSFP stack
is obtained to evaluate RV function. These images are usually
obtained at 8-mm slice intervals with a 2-mm inter-slice
gap. Alternatively, a short-axis stack can be obtained. Next,
phase-contrast-MRI (PC-MRI) of the main, right, and left
main PA is obtained allowing assessment of peak velocities
and differential flow to the right and left lungs. Finally,
contrast-enhanced magnetic resonance angiography (MRA)
is performed. At our institution, fluoroscopically triggered
time-resolved three-dimensional (3D) spoiled gradient echo
sequence with view sharing is used. In patients for whom
gadolinium is contraindicated, noncontrast MRA techniques
such as navigator-gated whole-heart SSFP MRA can be used.
However, these techniques are suboptimal for the evaluation
of distal segmental and subsegmental vasculature.

CMRI is the current reference standard for the assessment
of RV volumes and function,™ given the clear “definition”
of the interface contour between the blood-myocardium
interface and reproducible assessment of RV volume, mass,
and function [Figure 5].*! Compared to TTE, MRI offers better
spatial resolution and is not limited by acoustic windows.
Axial views of the cardiac chambers reveal a change in RV
morphology from its normal crescent shape to a more round
contour due to concentric hypertrophy. Other abnormalities
seen in PH include RV wall motion abnormalities, reduced
RV ejection fraction, RV hypertrophy (due to chronic pressure
overload), RV dilation, flattening or leftward bowing of the
interventricular septum, RA enlargement, and tricuspid
regurgitation [Figures 5 and 6].1°°' ECG-gated cine images can
quantify RV chamber size and systolic function; reduced stroke
volume on CMRI has been linked with increased mortality./*?
LV abnormalities are also commonly noted such as reduced
LV end-diastolic volume and stroke volumel® [Video 1].

Interventricular septal bowing is indicative of a systolic
pulmonary arterial pressure (sPAP) =67 mmHg and leads
to impaired filling in early diastole and decreased LV stroke
volume [Figure 6].4%1 Thus, the degree of left septal bowing
is of prognostic value.® In addition, RV mass is greater
in PH compared to healthy controls; a ventricular mass
index (RV mass divided by LV mass) >0.6 is indicative of
PH (sensitivity 84% and specificity 71%).*! Studies have
reported varying positive correlations between ventricular
mass index and mPAP (range 0.56-0.81)."! PA pulsatility of
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Figure 5: Magnetic resonance imaging in a patient with sinus venosus atrial
septal defect and partial anomalous pulmonary venous return. (a and b) Images
from a steady state free precession cine 4-chambered stack show the superior

sinus venosus defect (arrow). There is severe dilation of the right-sided chambers.
(c and d) Reconstructed images from magnetic resonance angiography show dilation
of the central pulmonary arteries. The patient had a significant left-to-right shunt with

Qp/Qs of 3.6. RV = Right ventricle, RA = right atrium, PA = Pulmonary artery

deformation is another useful measure obtained with CMRI
and can indicate increased PA stiffness and increased risk of
mortality.” Noninvasive assessment of PVR is ideal in this
patient population for the assessment of response to therapy
and follow-up./*!

While CMRI is a valuable tool in characterizing patients with
PH, RHC remains the gold standard for diagnosis; furthermore,
no single CMRI measurement can exclude PH. Rather, CMRI
provides valuable information regarding response to the
treatment. CMRI assessment of PA distensibility correlates
well with response to vasodilator therapy, with a cutoff of
10% (sensitivity 100% and specificity 56%).[! In fact, proximal
PA stiffness has been shown to predict mortality in patients
with PH." Furthermore, a CMR study of 64 patients with
IPAH found that large RV volume and low stroke volume at
baseline were strong independent predictors of mortality and
treatment failure.”? RV failure is the most common cause of
death in PH patients;”! therefore, it has been suggested that
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serial CMRIs may be adequate to monitor treatment response
and prognosis.®!

Phase contrast imaging

Phase-contrast is an MRI technique used to measure vascular
velocity and blood flow; therefore, it provides an assessment
of cardiac output, RV stroke volume, and cardiac shunts. PH
patients may demonstrate decreased mean flow velocity in
the PA, with one study reporting mean velocity in the PA to
be <11.7 em/s (sensitivity 92.9% and specificity 82.4%) in PH
patients.[® PC-MRI can also evaluate coronary perfusion of the
RV and determine the presence of RV ischemia, which leads to
RV failure in PH.'” One study of PAH patients found that right
coronary artery peak and mean systolic flow was significantly
decreased compared to control patients; these changes were
inversely correlated to RV mass and RV pressure.” PC-MRI has
alsobeen used to determine advanced hemodynamic parameters
such as pulse-wave velocity, vorticity, and wall shear stress./*?

Delayed enhancement-cardiac magnetic resonance imaging
Imaging performed 10-15 min after receiving IV gadolinium
permits visualization of myocardial scarring, which is seen as
delayed contrast enhancement at RV septal insertion points at
the base of the heart.*”!1 This signifies increased mechanical
stress due to chronically high RV pressures and is correlated
with poorer RV function and hemodynamics.

While CMR has the capability to become the “one stop shop”
imaging tool in evaluation of PH, its utilization has still
been limited [Table 2]. One of the major limitations of CMR
remains the limited evaluation of lung parenchyma. While
newer techniques such as ultra-short echo time imaging show
promise, these are still in early stages of development.
Other limitations of CMR include longer scan times and high
technical demands.

Figure 6: Magnetic resonance imaging in a 67 male patient with long-standing
severe pulmonary hypertension. Axial postgadolinium VIBE (volume interpolated
breath-hold) image shows aneurysmal pulmonary arteries with layered in situ
thrombus in left lower lobar pulmonary artery (arrow). Cine steady-state free
precession 4-chamber supplementary video clip shows massively enlarged
bilateral pulmonary arteries with layered in situ thrombus. There is associated right
ventricle enlargement and right ventricular hypertrophy. The right ventricle systolic
function was moderately depressed (ejection fraction-40%). Cine steady-state
free precession nicely depicts the swirling of blood within the pulmonary arteries,
reflecting sluggish flow. Also seen is mild tricuspid regurgitation
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Other Imaging Modalities

Abdominal ultrasound

Abdominal ultrasound can identify clinical conditions
associated with PH, such as liver cirrhosis and portal
hypertension. The latter is confirmed with an increased
gradient between the free and occluded hepatic vein pressure at
RHC."Mild splenomegaly has also been found to be common
in patients with idiopathic and heritable PAH."

Pulmonary angiogram

Although the value of pulmonary angiogram has diminished
with the increasing utilization of CT/MR], it is still used to
define the extent of disease in CTEPH [Figure 7]. Findings seen
on pulmonary angiogram are similar to those of CTA although
the wall changes are suboptimally evaluated. In addition,
pulmonary angiogram allows good qualitative assessment of
lung perfusion in these patients. The success of interventional
techniques such as balloon angioplasty in treatment of CTEPH
might lead to renewed interest in this technique.

Novel Imaging Modalities

Single-photon emission computed tomography/computed
tomography

Single-photon emission computed tomography/computed
tomography (SPECT/CT) is a relatively novel nuclear medicine
imaging study that integrates CT and a gamma camera
to provide both anatomical data from CT and functional
information from SPECT [Figure 8].7 SPECT/CT evaluates
regional lung perfusion and can generate 3D fusion images to
visualize PA structures and segmental lung perfusion, allowing
rapid identification of regions of hypoperfusion.”! Heretofore,
ithas chiefly been used to diagnose PE. In a study of 84 patients,
SPECT/CT yielded a significantly higher diagnostic accuracy
for PE (sensitivity 100% and specificity 83%) than planar and
SPECT scans.”” More recently, SPECT/CT has been used to
evaluate CTEPH."® A study of 15 patients with precapillary PH
and 11 healthy controls calculated a perfusion redistribution
index (PRI) using SPECT/CT images. This index quantified

Figure 7: Pulmonary angiogram in a patient with chronic thromboembolic
pulmonary hypertension and 50% chronic obstruction of the right main pulmonary
artery. The black arrow points toward the narrowing of the right pulmonary artery.

Note the diameter difference between the right and left main pulmonary arteries
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gravity-dependent shifts in regional lung perfusion as a marker
of pulmonary vascular reserve.” Patients with precapillary PH
had statistically significant reduced PRI compared to controls,
and PRI was associated with a number of prognostic factors.”!
A study found SPECT perfusion scans to be more sensitive
than planar V/Q scans in identifying obstructed segments
in CTEPH.® Another study demonstrated that SPECT was
more sensitive than CTPA in identifying obstructed vascular
segments.*!

While SPECT/CT may be highly sensitive, it may
underrepresent the true extent of vascular obstruction in
CTEPH."™ Nevertheless, data regarding the utility of SPECT/
CT are insufficient, and its superiority or inferiority to more
traditional imaging techniques must further be investigated
before it can be properly integrated into clinical practice.

Dual-energy computed tomography
Dual-energy computed tomography (DECT) provides similar
vascular and parenchymal findings as conventional CT such

Figure 8: Representative normal SPECT-CT image. The top two panels
show perfusion images while bottom two images show ventilation. SPECT-CT
allows better mapping of perfusion defects to the appropriate lung segments.

SPECT-CT = Single-photon emission computed tomography/computed tomography

as PA diameter and morphology, with the added benefit of
perfusion analysis of the lung via iodine maps correlated with
scintigraphy.®#1 DECT exploits the differences in attenuation
of iodine at low and high kilovoltage (typically 80 and 140 kVp).
Different vendors approach spectral CT in different ways
include the use of two X-ray tubes, rapid kilovoltage switching,
and use of energy sensitive detector.®!] Regardless of the
technique, the attenuation spectra at low and high photon
energies are used to separate materials such as iodine
and calcium. Calculation of amount of iodine in a voxel
is used to generate perfused blood volume (PBV) images
[Figures 9 and 10]. While these are not strictly perfusion images
as they measure iodine at a single time point, they serve as
adequate surrogate markers of lung perfusion. Automated
quantification of PBV maps can allow an objective assessment
of the relative lung perfusion. Perfusion defects seen with
DECT appear to correlate well with V/Q and SPECT V/Q
images.® Furthermore, the presence or absence of iodine in
a voxel can be used to generate a lung vessel map [Figure 10].
Recent studies have shown added value of DECT and PBV
maps in the imaging and risk stratification of patients with
acute PE, as well as in the assessment of prognosis.’® PBV
maps allow increased confidence in diagnosis, and automated
quantification of PBV maps also assist in prognosis. Currently,
pulmonary blood volume imaging and perfusion maps are
used to evaluate acute PE since they have been shown to be
comparable to V/Q scintigraphy.® In chronic PE, the ability
of PBV images to provide perfusion images coupled with
anatomic images make it a potential “one stop shop” tool.[®

DECT reveals the distribution of central and peripheral
vascular perfusion as well as details of pulmonary parenchymal
enhancement. It allows mapping of anatomic defects and
correlates them with functional information. Thus, vascular
anatomy, parenchymal morphology, and functional analysis of
the lung can all be obtained in a single test. In CTEPH patients,
PBV maps have been used to assess surgical candidacy and
pulmonary hemodynamics. One study showed a trend for PBV
values to correlate inversely with PVR.[®

In addition, delayed phase DECT has been used to differentiate
between acute and chronic PE. Typically, perfusion defects

Spin: 0
Tilt: 0

Figure 9: Dual-energy computed tomography in a patient with chronic thromboembolic pulmonary hypertension. (a) Pouch sign on the right upper pulmonary artery on a pulmonary
angiogram and corresponding defect on the dual-energy computed tomography image. (b) Fused-perfused blood volume images generated by fusion of the anatomic and perfused
blood volume datasets. This allows correlating anatomic and functional information. The pouch defect is again seen with corresponding wedge-shaped perfusion defect
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Figure 10: Fused lung vessel and perfused blood volume map image in a patient
with acute pulmonary embolism. The vessels containing iodine are coded blue. The
subsegmental branch with acute PE is highlighted easily on the lung vessel map,
which can be fused on perfused blood volume maps

seen with chronic PE show delayed enhancement due to the
presence of collateral supply. In addition, this can serve as an
indirect marker of bronchial collateral supply, which can be a
good prognostic marker in CTEPH.®”' DECT-derived PBV may
have the potential to elucidate causes of PH; typically, CTEPH
will display large perfusion defects, whereas IPAH will display
smaller, mottled defects. DECT can also identify PH due to
congenital heart disease, particularly in the neonatal population.

Right ventricular mapping magnetic resonance imaging
RV T1 mapping can be used to identify diffuse myocardial
abnormalities. T1 mapping values have been associated with
indices of RV dysfunction.®*! T1 mapping identifies diffuse
interstitial abnormalities in the RV and metrics derived from
this modality help recognize ventricular fibrosis. Therefore,
RV T1 mapping is a promising modality to detect diffuse
myocardial fibrosis in RV failure, an important aspect of PH
prognosis. RV T1 mapping may be a useful tool in determining
therapeutic response in PH.

Pulmonary artery four-dimensional flow imaging

Proximal PA changes are common in PH. 4D-flow MRI permits
noninvasive measurements of complex 3D hemodynamic
changes with full volumetric coverage of the RV and PA.[l!
Volumetric analysis utilizing 4D-flow MRI can provide accurate
assessment of aortic and PA peak velocities.” 4D-flow MRI has
demonstrated abnormal vortex development of the main PA,
which correlates with main PA pressure.” ! A recent 4D flow
study in a canine model of acute thromboembolic PH quantified
RV and LV function, PA flow, tricuspid valve regurgitant
velocity, and aorta flow in a single examination.”*! 4D-flow
MRI has shown low interobserver variability, high reliability,
and adequate correlation between flow parameters obtained
via 4D-flow MRI and 2D-cine PC-MRL*! 4D-flow MRI may
provide understanding into the various flow changes that occur
in PH and enhance our diagnostic and prognostic capability.

Right ventricular strain
RV strain mapping provides quantitative evaluation of

regional myocardial function, improving sensitivity of CMR
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to regional abnormalities in RV function. Myocardial strain
can be calculated with several CMR techniques: Myocardial
tagging, harmonic phase analysis, displacement encoding,
strain-encoded imaging, deformation field analysis, and
multimodality feature tracking.[? Strain analysis can be
useful for identifying early changes in RV function before
reductions in global RV function and ventricular dyssynchrony
by myocardial tagging.”” This technique is however in early
stages, and more studies are needed before integration in
clinical practice.

Conclusion

PH can be evaluated with a multitude of imaging techniques.
CXR is commonly used in the initial evaluation of PH and
can provide information regarding changes in cardiac
morphology, underlying lung disease, and loss of peripheral
blood vessels. CTPA evaluates vascular structures, cardiac
chambers, and lung parenchyma, with PA dilation, ratio of
main PA to ascending aorta diameter, PA distensibility, and RV
morphologic changes being useful measures. V/Q scan is most
useful in identifying CTEPH patients, highlighting unmatched
perfusion defects. CMRI provides useful information of RV and
LV anatomy and function. Novel imaging techniques such as
SPECT and DECT continue to be investigated, and their role
in the diagnostic evaluation of PH remains to be elucidated.
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