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Abstract: The current Dana Point Classification system (2009)
distinguishes elevation of pulmonary arterial pressure into
pulmonary arterial hypertension (PAH) and pulmonary hyper-
tension. Fortunately, PAH is not a common disease. However,
with the aging of the First World’s population, heart failure has
become an important outcome of pulmonary hypertension, with up
to 9% of the population involved. PAH is usually asymptomatic
until late in the disease process. Although features that are indi-
rectly related to PAH are found on noninvasive imaging studies, its
diagnosis and management still require right heart catheterization.
Imaging features of PAH include the following: (1) enlargement of
the pulmonary trunk and main pulmonary arteries; (2) decreased
pulmonary arterial compliance; (3) tapering of the peripheral
pulmonary arteries; (4) enlargement of the inferior vena cava; and
(5) increased mean transit time. The chronic requirement to gen-
erate high pulmonary arterial pressure measurably affects the right
heart and main pulmonary artery. This change in physiology causes
the following structural and functional alterations that have been
shown to have prognostic significance: relative area change (RAC)
of the pulmonary trunk, right ventricular stroke volume index,
right ventricular stroke volume, right ventricular end-diastolic
volume index, left ventricular end-diastolic volume index, and
baseline right ventricular ejection fraction <35%. All of these
variables can be quantified noninvasively and followed up longi-
tudinally in each patient using magnetic resonance imaging to
modify the treatment regimen. Untreated PAH frequently results in
rapid clinical decline and death within 3 years of diagnosis.
Unfortunately, even with treatment, fewer than half of these
patients are alive at 4 years.
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LEARNING OBJECTIVES
After completion of this activity, physicians should be
better able to:

1. Identify the defining characteristics of pulmonary
hypertension.

2. Identify those magnetic resonance imaging (MRI)
techniques best suited for evaluation of patients with
known or suspected pulmonary arterial hypertension.

3. Diagnose pulmonary hypertension using various imag-
ing techniques.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a relatively
rare phenomenon, with an estimated prevalence between 1/
2000 and 1/50,000 adults.! It is rare for a radiologist to
make the first diagnosis of this disease. One of the few times
that a radiologist is expected to comment on the possibility
of PAH, or other causes of pulmonary hypertension (PH),
is when a routine chest radiograph is performed before
ventilation/perfusion (V/Q) scanning for pulmonary
embolism (PE) in patients with severe emphysema or chronic
thromboembolic pulmonary hypertension (CTEPH). V/Q
scanning is still viewed by many clinicians as the standard
reference test for CTEPH. The purpose of the chest radio-
graph in this instance is to determine whether the dose of
PmTc.MAA should be reduced because of severe underlying
lung disease.

Whereas physicians can screen for systemic arterial
hypertension (high blood pressure) using a blood pressure
cuff, there is no routine screening test for elevated pulmo-
nary arterial pressure (PAP). Just as the renal arterioles
show pruning and amputation of the capillary bed in long-
standing systemic arterial hypertension resulting in renal
failure, with chronic elevation of PAP the pulmonary
arterioles must endure hypertension-induced smooth mus-
cle hypertrophic narrowing, resulting in limitation of flow
due to narrowing of these vessels and an increase in per-
fusion pressure. By the time of the first presentation
of PAH, irreversible damage has often occurred to the
vascular bed of the patient’s lungs, resulting in dyspnea.
Initiating medical treatment after symptoms have begun
has only a modest role in forestalling death related to
cor pulmonale.?

The terminology used for the many diseases respon-
sible for causing elevated PAP is potentially confusing. The
pathologic factors that cause an elevation in PAP are gen-
erally divided into precapillary and postcapillary. If the
disorder is primarily of the precapillary pulmonary arteries,
the classification of PAH is generally used; conversely, if the
disorder is postcapillary the term PH is used. Although the
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FIGURE 1. A simplified fluid mechanics model for understanding
the differences between PAH and PH. Normal physiology: The
Qp (pulmonary blood flow) matches the Qs (systemic blood
flow); thus, the amount of blood entering the lungs is equal to
the amount leaving the aorta. Precapillary: PAH: There is a
problem in getting normal flow (or volume) to the last-order
arteriole. PAH leads to back pressure, which reverberates retro-
grade into the RV. Curiously, PVOD (which is postcapillary) is
categorized as a precapillary cause of PAH (Table 1, 1’). Post-
capillary: PH: There is a limitation to the flow of oxygenated
blood from the larger pulmonary veins all the way to the aortic
valve that requires an increased capillary wedge pressure. This is
typically associated with left heart dysfunction and enlargement.
There is secondary enlargement of the right heart and pulmonary
arteries that occurs late in this form of PH. LV indicates left heart
including the atrium and ventricle; RV, right heart including the
ventricle, atrium, and systemic veins.

fluid mechanics diagram shown in Figure 1 is an over-
simplification, it can act as a heuristic device to group these
2 major causes of elevated PAP into precapillary and
postcapillary causes. The Dana Point Classification (2009)
(Table 1) is the most recent clinical system for the catego-
rization of this disorder.? The aim of this new classification
system is to shift from a strictly causative one based on
pathophysiology to a treatment-based scheme that sorts the
many diseases that cause an elevated PAP on the basis of
treatment.

By definition, PAH, and other types of PH, is a diag-
nosis that is invasively established after right heart catheter-
ization (RHC). The three current invasive criteria by which
this diagnosis can be made are: (a) mean PAP (mPAP) >
25mm Hg at rest; (b) pulmonary capillary wedge pressure
<15mm Hg; or (c) pulmonary vascular resistance (PVR) >
3Wood units (300dyn*s/cm’).* Acutely, the right heart
cannot generate systolic PAP >40mm Hg.> Therefore, any
systolic PAP > 40 mm Hg implies chronic PAH. The severity
level of PAH is categorized by the invasive measurement of
mPAP at rest in the supine position during RHC: severe
PAH, >50mm Hg; moderate PAH, 30 to 50mm Hg; and
mild PAH, >25 and <30mm Hg.

The number of newly diagnosed causes of PAH pales
in comparison with the frequency of the many conditions
that cause PH: ischemic cardiomyopathy with left-sided
heart failure, chronic obstructive pulmonary disease,
asthma, pneumonia, lung cancer, PE, and living at very
high altitudes (Table 1). The prevalence (proportion of the
population with PAH) of this disease is probably
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TABLE 1. Updated Clinical Classification of PAH and Other
Causes of PH (Dana Point 2009)3

1. PAH
1.1 Idiopathic
1.2 Heritable

1.2.1 BMPR2
1.2.2 ALK, endoglin
1.2.3 Unknown
1.3 Drug and toxin induced
1.4 Associated with 1.4.1 Connective tissue
diseases
1.4.2 HIV infection
1.4.3 Portopulmonary
hypertension
1.4.4 Congenital heart
disease (shunts)
1.4.5 Schistosomiasis
1.4.6 Chronic hemolytic
anemia
1.5 Persistent PH in the newborn
1. Pulmonary veno-occlusive disease (PVOD) and/or pulmonary
capillary hemangiomatosis (PCH)
2. PH from left-sided heart disease
2.1 Systolic dysfunction
2.2 Diastolic dysfunction
2.3 Valvular disease
3. PH from lung disease and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Idiopathic pulmonary fibrosis
3.3 Other pulmonary disease with mixed restrictive and
obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorder
3.6 Chronic exposure to high altitude
3.7 Developmental anomalies
4. Chronic thromboembolic pulmonary hypertension (CTEPH)
5. PH unclear cause

5.1 Hematologic Splenectomy,
Myeloproliferative
disorders
5.2 Systemic disease Sarcoidosis,

Pulmonary Langerhans
cell Histiocytosis
Lymphangiomyomatosis,
Neurofibromatosis,
Vasculitis
Glycogen storage disease,
Gaucher disease,
Thyroid disorders
Tumoral obstruction,
Fibrosing mediastinitis,
Chronic renal
failure on dialysis

5.3 Metabolic disorders

5.4 Others

underestimated in both developed and developing countries,
as the definitive diagnosis is usually made late in the disease
course when patients already have severe dyspnea.!¢ PAH is
one of the few vascular diseases that occurs more commonly
in women (1.7:1).” The REVEAL study of PAH found that,
in the United States, women were affected 80% of the time.®
This disorder can be inherited and has been linked to genetic
mutations. Although an estimate of the prevalence of this
disease is difficult to make, it has been reported that there
are > 100,000 individuals in the United States with PAH,;
one study has reported the figure to be as high as 1:2000
individuals.? Other countries have similar estimates of PAH
prevalence: 2.6 cases/100,000 individuals in the Scottish Isles
and 1.5 cases/100,000 individuals in France.!9 In the French
registry, the relative frequency of diseases causing PAH was
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TABLE 2. Comparative Analysis of Diagnostic Imaging Tests for
the Evaluation of Common Imaging Findings Associated With
Early Cor Pulmonale Using a Nominal Scale for Efficacy

Structure Finding NCCT CTA* MRI
Subcutaneous fat Morbid obesity 1 1 2
SvC Enlarged 4 4 4
Azygous vein Reflux of contrast 0 4 4
Large 1 1 1
1vC Large 1 2 3
Contrast reflux 0 4 3
RA Large 2 2 4
RA pressure >4mm Hg 1 1 2
Interatrial septum  Bowing from right to 1 2 4
left
Open PFO 0 1 2
ASD 1 1 3
TV TR jet velocity 0 0 4
TR volume 0 0 4
TAPSE 0 0 3
e to a ratio 0 0 3
RV RVH 2 2 4
Enlarged RV 2 2 4
Abnl RV motion 0 1 4
Mass in grams 0 0 4
Abnl RV minor axis 2 3 4
RVEDVipdex 0 0 4
RVEF 0 0 4
RVSVipdex 0 0 4
McConnell sign 0 0 3
VS “D” shape 1 1 4
DCE 0 1 4
VSD 1 1 4
Eisenmenger 2 2 4
syndrome
PV PR (+/-) 0 0 4
PR volume 0 0 4
PA Enlarged PT 4 4 4
PAP > 25mm Hg at 0 0 2
rest
Acute embolism 1 4 3
Chronic embolism 1 4 2
Compliance 0 0 3
Pulmonary flow (Qp) 1 1 4
Oxygen saturation 0 0 0
Right to left shunt 0 0 4
fraction
PA branches Enlarged interlobar 4 4 4
arteries
Pruning of PAs 3 3 3
MTT 0 1 3
Pulmonary perfusion 0 1 3
PDA 1 3 4
Capillary Microvasculature 1 1 1
obstruction emboli (CTEPH)
PCH 4 4 0
Microvasculature Hepatopulmonary 0 0 0
capillary shunts syndrome
Pulmonary veins PVOD 4 4 0
Wedge pressure 0 0 0
Oxygen partial 0 0 0
pressure
PAPVR 2 3 4
Left heart Left atrial fibrillation 0 0 1
Large 2 2 4
Mitral valve disease 2 2 4
LV failure 2 2 4
LVEDVingex 0 0 4
LVESVindex 0 0 4
LVSV 0 0 4
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TABLE 2. (continued)

Structure Finding NCCT CTA* MRI

Aorta AV stenosis 2 2 4
Aortic flow (Qs) 0 0 4
Shunt fraction (Qp/ 0 0 4

Qs)

Lung parenchyma  Ventilation 1 1 4
Air trapping 4+ 2 4%
Mosaic pattern 4 3 0
Fibrosis 4 4 1

0 indicates not useful; 1, occasionally useful; 2, minimally useful; 3,
moderately useful; and 4, very useful.

*CTA not cardiac gated.

7Xenon CT ventilation (morbid obesity may be associated with meta-
bolic syndrome, diabetic cardiomyopathy, and sleep-disordered breathing).

IMRI ventilation using hyperpolarized gas.

Abnl indicates abnormal; ASD, atrial septal defect; DCE, delayed
contrast enhancement; e to a ratio, atrial filling pattern on RHC pressure
volume loop; IVC, inferior vena cava; IVS, interventricular septum;
LVESVingexs LV systolic volume index; LVSV, LV stroke volume; PA,
pulmonary artery; PAPVR, partial anomalous pulmonary venous return;
PDA, patent ductus arteriosis; PFO, patent roramen ovale; PR, pulmonary
valve regurgitation; PT, pulmonary trunk; PV, pulmonary valve; RA, right
atrium; RVEDV, RV end-diastolic index; TAPSE, tricuspid valve annular
plane excursion; TV, tricuspid valve; VSD, ventricular septal defect.

shown to be as follows: 39.2%, idiopathic (Dana Point 1.1);
15.3%, connective tissue diseases (Dana Point 1.4.1);
11.3%, congenital heart disease (Dana Point 1.4.4); 10.4%,
portopulmonary hypertension (Dana Point 1.4.3); 9.5%,
anorexigen (Dana Point 1.3); and 6.2%, human immuno-
deficiency virus associated (Dana Point 1.4.2).1:6

INITIAL CLINICAL PRESENTATION

PAH is an insidious disease that relentlessly diminishes
the patient’s cardiopulmonary reserve at an occult rate. The
progression of disease remains below the threshold of visu-
alization of symptoms for many years. The clinical pre-
sentation is variable, with the following findings found in
decreasing order of frequency: dyspnea, positive antinuclear
antibody, syncope, fatigue, and Raynaud’s syndrome. Indi-
viduals present about 2 years after the onset of symptoms,
with a mean age at onset of 36 years (+ 15y). In the United
States, recent data show that the average age at diagnosis is
now much older at 50.1 years.® The mean treated survival
time from PAH is now estimated to be 3.6 years.”

The incidence of other diseases that cause PH is much
higher than the incidence of those that cause PAH. This is
because diseases that affect the left side of the heart are
included as causes of PH. When transthoracic echocardiog-
raphy (TTE) is performed at the time of the initial diagnostic
workup, it typically shows advanced disease as evidenced by
the following echocardiographic findings: (1) right ventricular
hypertrophy (RVH); (2) tricuspid regurgitation (TR); and (3)
elevated right atrial pressure. In an echocardiographic study
of PH performed in Australia by Strange and colleagues in a
cohort of 10,314 patients using the jet of TR to estimate
pulmonary arterial systolic pressure (ePASP) >40mm Hg,
the combined incidence of elevated PAP was found to be
9.1% [95% confidence interval (CI), 8.6%-9.7%] of their
study population. Thus, this is really not such a rare disease
after all. They found the overall “indicative” prevalence for
all forms of elevated PAP (as measured by ePASP) to be 326/
100,000 inhabitants, with left-sided heart disease—associated
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PH being the most common form, with an “indicative”
prevalence of 250 cases/100,000.2 In their series, there were 15
cases of PAH/100,000 inhabitants.> This echocardiographic
determination of PAP by ePASP yields 10 times the
frequency of the French registry numbers (1.5/100,000),
which were established by RHC.!'0 Fifteen percent of the
cases of PH identified using ePASP by Strange et al® in
Australia (144 individuals) had no identifiable cause for their
PH. Thus, if we use only the RHC data for the determination
of PAH, the incidence is around 15 cases/million. In contrast,
if the definition for the determination of elevated PAP is
broadened to include ePASP by echocardiography, the inci-
dence of all causes of elevated PAP (both PAH + PH)
increases to a minimum of 3260/million.”

In the United States, the number of deaths and hospi-
talizations attributable to PAH has increased.!! Although
there are some causes of elevated PAP that are amenable to
surgical therapy (CTEPH and left to right shunts-PH),
chronically elevated PAP frequently leads to early death,
irrespective of the cause. Strange et al*> found a mean time to
death of 4.1 years (95% CI, 3.9-4.3y) in a nonselected cohort
of patients with ePASP > 40mm Hg followed up in Aus-
tralia. The death rate from PAH was found to be propor-
tional to the severity of the disease as estimated from the
ePASP, with severe PAH shortening the lifespan by an
average of 1.1 years as compared with mild PAH.? In their
patients, PAH increased all-cause mortality, but patients with
PH secondary to left-sided heart disease had the worst
prognosis.? Curiously, those patients with idiopathic PAH
and receiving disease-specific treatment had a slightly better
prognosis compared with patients with postcapillary disease.?

Currently, there are 3 clinically derived variables asso-
ciated with survival in PAH: (1) the 6-minute walk test; (2)
the New York Heart Association class; and (3) the mixed
venous oxygen saturation level. Without treatment, the mean
duration of survival after diagnosis of PAH is a very short 2.8
years.!2 The biomarkers that have been found to have
prognostic value in patients with PAH include: brain natri-
uretic peptide, N-terminal probrain natriuretic peptide, car-
diac troponin T, serum creatinine, uric acid, and the diffusing
capacity of carbon monoxide. The hemodynamic features
known to have prognostic importance for PAH survival
include: mPAP, right atrial pressure, cardiac index, PVR,
pulmonary arterial capacitance, mixed venous oxygen satu-
ration level, systolic blood pressure, and heart rate.

ACUTE PH

The most common cause of acute PH is related to
pulmonary embolism (PE).!3 If the patient’s cardiopulmo-
nary reserve has been sufficiently compromised, these events
can prove to be fatal, particularly if there is associated sys-
temic hypotension (Qs) caused by massive pulmonary artery
obstruction from PE resulting in a lack of life-sustaining
pulmonary perfusion (Qp). This disorder has a very high
mortality rate (18%) for hospital inpatients.'* The findings
of acute PH related to PE are similar for both magnetic
resonance angiography (MRA) and computed tomography
angiography (CTA). These changes in the cardiopulmonary
physiology and their associated imaging correlates as dem-
onstrated on noncontrast computed tomography (NCCT),
CTA, and MRI are fully detailed in Table 2.

The use of CTA has revolutionized the noninvasive
diagnosis of PE and is now the gold standard test by which
all others are judged.!>1® There are many cases of acute PH

© 2013 Lippincott Williams & Wilkins

caused by massive amounts of embolic clot that may show
the following findings: interventricular septal (IVS) bowing;
increased pulmonary artery diameter/aorta diameter ratio
(PAD/AoD); increased superior vena cava (SVC) diameter;
enlargement of the pulmonary trunk; enlargement of the
right and left pulmonary arteries; pulmonary infarction;
pleural effusion; enlargement of the right ventricle (RV);
increased short axis of the RV [larger than the short axis of
the left ventricle (LV)]; RV/LV ratio; pulmonary obstruc-
tion index!®; enlargement of the right atrium; and venous
contrast reflux into the hepatic venous system or azygous
vein (Table 3). In a recent retrospective multivariate
regression analysis of 152 patients with acute PE, Heyer
et al*’ showed that, of the many variables assessed on CTA
examinations in patients with acute PE, the most significant
for determining whether the patient would require mech-
anical ventilation was hepatic venous reflux into the inferior
vena cava (P < 0.008) (Table 4). In that series, using a
univariate linear regression model, mortality was deter-
mined to be significantly associated with the pulmonary
obstruction index (POI), short-axis RV/LV ratio, diameter
of the SVC, venous contrast reflux into the azygous
vein, and venous contrast reflux into the IVC (respective
P values: <0.001 <0.001, <0.015, <0.03, and <0.015)
(Table 4).27-2° Enlargement of the right side of the heart in
its major and minor axes without associated hypertrophy
can be an important discriminator for distinguishing
acutely elevated PAP from more chronic causes. In chronic
PH, there is typically an enlarged RV demonstrating
hypertrophy (until the RV fails) with associated enlarge-
ment of the main pulmonary artery such that its diameter is
greater than that of the aorta at the same level.32

The use of MRA as a solitary imaging method in the
setting of acute PE has been thoroughly investigated, and it
has been found to have lower efficacy for the diagnosis of
PE compared with CTA (Fig. 2).%3 The PIOPED III
investigators found a sensitivity of 78% (95% CI, 67-86)
with a specificity of 99% (95% CI, 96-100) for MRA in the
diagnosis of PE (when compared with a contemporaneous
CTA). The PIOPED III investigators concluded that MRA
for the primary diagnosis of PE should be reserved for
those centers with significant technical experience in
this modality and that MRA can be considered an alter-
native test for PE in those patients with anaphylactic
reactions to iodinated contrast material.>> The IRM-EP
study also showed modest efficacy for the diagnosis of acute
PE using MRI, mirroring the results of the PIOPED III
study 333

The clinical adoption of MRA for the primary diag-
nosis of PE has been hampered by its inability to detect
subsegmental PE. This is because the lack of signal intensity
in the normal lung provides little to no background signal
intensity by which to observe these occluded small vessels.
The final result is a low signal intensity—occluded vessel that
is indistinguishable from the surrounding low-signal
intensity lung.** This problem is somewhat mitigated
when perfusion imaging is used. Routine dextro-phase
MRA acquisitions can show dorsal perfusion defects
associated with a PE (Fig. 2). Kalb et al’> have recently
reported their experience using a combined approach with
MRI, MRA, and perfusion MRA for the diagnosis of PE.
In their series of 22 patients using a triad of MR imaging
sequences [3-dimensional (3D) gradient recalled echo,
MRA, and true fast imaging with steady-state precession],
all read in combination with one another, the overall
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TABLE 3. Efficacy of Pulmonary Artery Measurements From NCCT Scans for Predicting the Presence of PAH

PT Size (mm): MPA; dex:
PAH Normal Abnl Cutoff Abnl
References Cases Controls Normal P Sensitivity ~ Specificity Normal P
Kuriyama et all’ 32 26 — — — — — 0.001
28.6
Frank et al'8 23 8 0.02 — — 18 +3 < 0.008
1241
Murray et al'® 12 8 36+8 0.02 — — 28 + 7mm < 0.0001
20+3 17 £ 2mm
Edwards et al? 12 100 35+3 <0.01 0.58 0.95 — —
33
27 +3
Sanal et al?! 51 (Echo) 139 — 0.75 0.75 — —
28.6
Beiderlinden et al?? 95 acute 8 < 0.001 0.54 0.63 — —
PH 29 + 4
Zisman et al® 65 PAH 257 33+3.7 0.19 — — 18 + 3mm <0.29
31 +£3.7 17 £ 3mm
Ghanem et al** 19 PAH 18 2749 0.39 — — — —
25+ 8
Linguraru et al® 20 (SCD) 20 34 +7 < 0.001 — — — —
27+ 3
Tan et al 36 9 3546 — 0.87 0.89 — —
29
27+2

Abnl indicates abnormal; MPA,4ex, main pulmonary artery index; Echo, echocardiography; SCD, sickle cell disease.

sensitivity and specificity for the diagnosis of individual
pulmonary emboli were 84% and 100%, respectively.?>
Our group has been performing MRA for the primary
diagnosis of PE since September 2007 (Fig. 2). To date, we
have successfully performed over 500 MRA examinations in
dyspneic patients, and it is part of the clinical imaging para-
digm for this disorder at our institution. We use this test

primarily in young women, children, and patients with con-
trast allergies. Recently, we completed a retrospective review of
our outcomes data. Using electronic medical records pertain-
ing to 3 months’ follow-up in 167 patients, we found the
following respective test effectiveness values (95% CI) for
accuracy, sensitivity, specificity, positive predictive value, and
negative predictive value (NPV): 97% (92-99), 82% (64-97),

TABLE 4. Imaging Biomarkers Predictive of Mortality Using a Univariate Analysis in Patients With Elevated PAP

References Clinical Population Imaging Method Image-based Biomarker P
Heyer et al?’ Acute PH PE CTA POI RV/LV ratio <0.001
SVC diameter 0.015
Azygous vein contrast reflux 0.03
IVC contrast reflux 0.015
Van de Veerdonk et al®® PAH MRI RVSV < 35% at baseline 0.001
ARVEF 0.014
RVEDYV > 84 mL/m? 0.011
Van Wolferen et al? PAH MRI RVSVindex 0.006
RVEF 0.015
RVEDVi,qdex 0.037
LVEDV,dex 0.019
Mathai et al’ PAH scleroderma TTE TAPSE <0.01
Gan et al’! PAH MRI RAC <0.001

RV/LV ratio indicates short axis of RV in mm/short axis of LV in mm measured at the largest portion of the RV on axial imaging (not an angled 4-chamber
view); POI, pulmonary obstruction index; TAPSE, tricuspid annular plane excursion.
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FIGURE 2. PE as a cause of acute PAH. A, Coronal MRA showing bilateral pulmonary emboli (white arrows). B, Right heart strain as seen
on nongated single 17-second breath-hold MRA with an increase in the short axis of the RV (solid line) as compared with the LV (dotted
line) and decreased perfusion of the right lower lobe (RLL). C, Increased size of the pulmonary trunk (black measurement caliper - 3.5
cm) in acute PH caused by PE (thick white arrow). PAD measurements of >3.0 cm have some utility in suggesting the possible presence
of elevated PAP; however, not all enlarged pulmonary arteries are associated with increased PAP. The PAD indexed to body surface area
has better sensitivity and specificity for the presence of abnormal PAP. D, Another patient with a small RLL perfusion defect from a

subsegmental PE (white arrow).

100% (96-100), 100% (83-100), and 97% (92-99).3° These
effectiveness data are very similar to the efficacy data found by
PIOPED I11.33 The key number from this MRA effectiveness
study is an NPV of 97%, which is close to the 99% NPV value
found for CTA.®

The reader should ask a critical question at this juncture:
is finding subsegmental PE clinically significant? Recent data
from Carrier et al*” show that the death rate from PE has not
decreased with the use of CTA-PE, and as such they have
concluded that “the diagnosis of subsegmental PE may not
be clinically significant.” Stated in another way, for those
individuals without procoagulant conditions, the body is able
to safely thrombolyze subsegmental PEs without inter-
vention. Therefore, as corroborated by our initial outcome
data, even though MRA-PE is less sensitive for the detection
of subsegmental PE, it is still an acceptable alternative test to
CTA-PE, as this small amount of clot has heretofore not
been shown to be clinically significant for patient survival.
There are, however, many clinicians who will actively anti-
coagulate patients with a single subsegmental PE. The risks
and benefits of anticoagulation for PE needs to be carefully
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considered, particularly for older individuals, as anti-
coagulation therapy can be associated with significant mor-
bidity and even death.

The lack of diagnostic medical radiation to the chest is
one of the key advantages of pulmonary MRA. In younger
individuals, there is a higher degree of radiation sensitivity. It
would be beneficial to have a nonionizing alternative to CTA
and nuclear medicine V/Q scanning for younger patients and
female patients, for whom the possible diagnosis of PE needs to
be evaluated. Pijpe et al® have recently shown that even a
mammogram in those patients with BRCA1/2 mutations has a
measurable effect on induction of breast malignancy. They
have found the hazard ratio to be 1.63 in this group after only
0.002Gy of diagnostic medical radiation. They have also
demonstrated a dose-response relationship between the induc-
tion of malignancy and the amount of diagnostic medical
radiation used. This indicates that, for this distinct population
of at-risk patients (BRCA1/2), there is no linear dose threshold
for the induction of malignancy using diagnostic medical
radiation. In addition, these authors have found some prelim-
inary evidence that exposure to CT before the age of 30, in this
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at risk group, could be associated with an increased risk for
breast cancer [hazard ratio 2.36 (95% CI, 0.71-7.88)].% In an
emergency situation, the status of a particular patient’s
BRCA1/2 genotype is frequently unknown. From the per-
spective of medical radiation safety, one can certainly make the
argument that at those centers with sufficient technical exper-
tise, MRA-PE examinations should at least be offered as an
alternative to CTA for young women and children with a
positive D-dimer and clinical risk factors for PE (eg, Factor V
Leiden deficiency, oral contraceptive use).

CHRONIC PAH LEADS TO DEATH FROM COR
PULMONALE

There is a common fatal pathway for all patients with
chronic PAH: cor pulmonale (Fig. 3).° Over time, this

elevated pulmonary arterial afterload induces RVH. In the
short term, the RV is able to compensate for the demands of
increased PAP. However, ultimately, failure occurs when the
RV is no longer able to keep up with the insatiable need for
more PAP as the PVR continues to worsen. The downward
death spiral continues unabated as PAH progresses due to less
blood returning from the lungs to the left side of the heart,
resulting in a critical loss of cardiac output and coronary
perfusion. A second major problem develops from the back
pressure due to worsening central venous hypertension. As
major organs fill up with interstitial fluid, tissue perfusion
suffers and there is an increased demand for even higher sys-
temic pressure of oxygenated blood. This in turn activates the
adrenal axis of renin and angiotensin to raise the systemic
systolic blood pressure—the last thing an LV needs is more
demand to generate pressure in the face of diminishing

FIGURE 3. MRA of chronic PAH from systemic sclerosis. A, A single 1.2-mm-thick axial 3D MRA slice of a slightly enlarged pulmonary
trunk in the setting of mild chronic PAH from scleroderma. Measurement of Pulmonary trunk (white solid line) is denoted by the dashed
white and black line connecting to the workstation measurement of 32 mm. B, A coronal thick slab MRA MIP of advanced PAH from
systemic sclerosis. C, A thick slab MIP axial MRA of advanced PAH from systemic sclerosis showing an enlarged pulmonary trunk (thick
black line) at 4 cm and a normal-sized ascending aorta (dashed white line) with enlargement of both the right (dashed black line) and
left main pulmonary arteries (double thin black lines). D, A sagittal thick slab double-oblique thick slab MIP angled to the left lower lobe
pulmonary artery (black line) of advanced PAH from systemic sclerosis showing vessel amputation and a corkscrew path (arrow) to the

lung periphery.
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cardiopulmonary reserve and less coronary artery flow. For a
while, the RV and LV are able adapt to the demands of these
new pressure volume loops. However, the good news is short
lived in the setting of progressive PAH because the RV is not
able to keep up with the ratcheting up of demands for
increased pressure (increasing load) from worsening of the
mPAP. Thus, the condition of the patient starts to deteri-
orate, as the patient’s body is no longer able to sustain the
basic needs of tissue oxygenation and waste (nitrogen and
CO,) disposal. This is the reason that death occurs so
rapidly in these patients.

RV CHANGES INDUCED BY CHRONICALLY
ELEVATED PAP

There is an essential commonality in all of the imaging
findings of the RV in the setting of elevated PAP that
simply reflects the underlying biomechanics of this “piggy
back” ventricle straining to generate higher than normal
pressure. Specifically, the three primary findings indicative
of right-sided heart strain are: (1) dyskinesia of the RV
free wall next to the atrioventricular groove seen at
echocardiography or standard steady-state free-precession
(SSFP) cardiac-gated MRI (McConnell’s Sign - seen at
echocardiography)?’; (2) straightening of the IVS indicating
higher RV pressure than LV pressure at that point in the
cardiac cycle (CTA, MRA); and/or (3) bowing of the IVS
from the RV to the LV at systole indicating that RV
pressure (or volume) is higher than LV pressure (or volume)
at that point in the cardiac cycle. This IVS bowing can also
be seen in diseases that do not have increased PAP, such as
with constrictive pericarditis during inspiration, wherein the
diastolic inflow volume of the RV exceeds the diastolic
inflow volume of the LV, resulting in bowing of the septum
toward the LV during diastolic filling. There are also sec-
ondary signs of RV strain: (A) velocity of the TR jet
increases proportionally with the severity of PAP ele-
vation*!; (B) progressive RVH; (C) increasing RV dilation
(larger minor and major axes); (D) increase in RV end-
diastolic volume index (RVEDVj,4ex); and occasionally (E)
pericardial effusion.*> The amount of RVH (millimeters of
wall thickening) is dependent on the chronicity of the ele-
vated PAP and how much excess volume is present at end
diastole. An RV free wall thickness of > 5mm is considered
to be hypertrophic. Just as in the case of LV failure asso-
ciated with diseases causing severe afterload, as the RV
begins to fail from the increased afterload of chronically
elevated mPAP, the RVH gives way to dilation with an
overall increase in the RVEDV, 4.« (Tables 2-4).

NCCT FINDINGS OF ELEVATED PAP

Standard NCCT without cardiac gating of the chest
reveals a wealth of information about the cardiopulmonary
system (Tables 2, 3).17-2¢ Over the last 20 years, 2 areas in
the mediastinum have garnered a great deal of attention in
those patients suspected of having PAH: the pulmonary
trunk and the right and left main pulmonary arteries.
These have been measured under many conditions and have
been found to be larger in PAH (Tables 2-3).17-26 Devaraj
et al*® have recently shown that the right and left PADs
exceeding 1.8cm are the best predictors of mortality in
patients with bronchiectasis, as these CT findings are con-
sidered to be a biomarker for elevated PAP. Some authors
have recently proposed using the PAD/AoD ratio as a
proxy for pulmonary arterial enlargement.’> The PAD/
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AoD ratio is limited by many factors, not the least of which
is the considerable variability in aortic size that is inde-
pendent of PAP. However, most of the studies evaluating
pulmonary arterial size (pulmonary trunk and the right and
left main pulmonary arteries) in patients with PAH (and
other causes of PH) on NCCT are not prospectively case
controlled; very few correct for male and female sex dif-
ferences, a few relate the size of these vessels to the body
mass index (BMI), and no standard method has been
agreed upon to measure these vessels (Table 4). Given these
difficulties, it is surprising that any of these arterial meas-
urements have shown even modest efficacy for the deter-
mination of elevated PAP.

NCCT can be definitive for the diagnosis of pulmo-
nary veno-occlusive disease (PVOD), which is a rare but
clinically important cause of PAH.** This disorder can
occur at any age; however, it is more common in children
and young adults. This is a very uncommon disease with an
incidence reported to be approximately 0.1 to 0.2/10°
individuals. PVOD tends to have a rapid onset of symp-
toms with little RVH. This is one of the few causes of PAH
that occurs on the “postcapillary” side of the flow of fluid
through the lungs. Of the 7 patients in Frazier et al’s** series
from the Armed Forces Institute of Pathology, 6 demon-
strated the following evidence for long-standing PAH on
CT: (1) RV enlargement; (2) pulmonary artery >3cm in
diameter; (3) pericardial effusion; and (4) reflux of contrast
into the hepatic veins. The imaging findings on CT that can
help distinguish PVOD from other more common causes of
PAH include patchy ground-glass opacities, poorly defined
centrilobular nodules in a random lung zonal distribution,
smooth interlobular septal thickening, pleural effusions,
and lymphadenopathy; these features are not typical of
precapillary causes of PAH.

NCCT is also very helpful in suggesting the diagnosis
of another very rare disease that can cause PAH: pulmo-
nary capillary hemangiomatosis (PCH).** Up to 30% of
these patients may present with hemoptysis. The CT find-
ings of PCH are similar to those of PVOD in that there is
an enlarged pulmonary trunk with a normal-sized left
atrium. There are, however, some distinct differences
between these 2 entities. In contrast to PVOD, there are
fewer smoothly thickened interlobular septae and more
ground-glass opacities that are either geographic or nodular
(related to plexiform angiopathy) in PCH.

The imaging diagnosis is of critical importance for
both PVOD and PCH patients. This is because if therapy
with vasodilators is instituted the outcome can be fatal. The
reason for this complication is interesting from a physio-
logical point of view. With the pharmaceutically induced
pulmonary arterial vasodilation, a rapid pressure drop
occurs in the pulmonary arteries. However, these arteries
must continue to pump blood against the fixed high pres-
sure of the pulmonary capillaries (PCH) or postcapillary
venules (PVOD). This new pressure differential results in a
transudate of fluid into the alveoli that can critically flood
the alveolar spaces. The hallmark of both of these disorders
(PCH and PVOD) is the presence of normal (or low)
pulmonary capillary wedge pressure in PAH.

LIVER DISEASE MAY AFFECT THE PULMONARY
CIRCULATION

There are two conditions of the pulmonary circulation
that are directly related to liver disease: portopulmonary
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hypertension and hepatopulmonary syndrome.*>*¢ In por-
topulmonary hypertension, the cause of PAH is related to
excessive pulmonary arterial vasoconstriction eventually
leading to cor pulmonale. Hepatic cirrhosis and the pres-
ence of portal hypertension (esophageal varices) can be
important clues to the possible presence of this important
complication of liver disease. The CT findings in porto-
pulmonary hypertension are pulmonary arterial enlarge-
ment and right-sided heart dysfunction associated with liver
disease. At many liver transplant centers this is a frequently
undiagnosed comorbid condition in those patients awaiting
liver transplantation, which can lead to rapid death. One
report has shown a 50% mortality rate at 6 months in this
disease.

The second condition that can be seen in this pop-
ulation is hepatopulmonary syndrome, which is caused by
the presence of many small intrapulmonary shunts (right to
left shunt as blood bypasses the alveolus) at the capillary
level that results in an admixture lesion leading to periph-
eral hypoxemia that can be difficult to treat.*> This entity
can also be demonstrated with an echocardiographic con-
trast study (microbubbles in the left atrium) or a V/Q scan
(°*mTc-MAA in the organs). Patients with hepatopulmo-
nary syndrome may have abnormal CT scans with vessels
extending to the lung periphery without fibrosis. Secondary
findings of portal venous hypertension such as ascites,

esophageal varices, and hepatic cirrhosis may also be
apparent.

CTA OF ELEVATED PAP

The prototype disease for the demonstration of chronic
PH is chronic pulmonary thromboembolic disease (CTEPH)
(Figs. 4, 5). The diagnosis of this disease has been tradi-
tionally established with V/Q scanning and RHC. However,
CTA can also be useful in the diagnosis and follow-up of
these patients.*’*® The underlying histopathology of this
disease involves the chronic deposition of thrombi and
cytokine-mediated scarring leading to increase in PAP. This
can be seen even after 1 episode of PE. The increased PAP
induces smooth muscle cell hypertrophy of the small
pulmonary arterioles. This vicious cycle repeats itself over
and over again, finally leading to death from cor pulmonale.

The CTA findings of CTEPH can be divided into 3
main categories: pulmonary artery findings, other cardio-
vascular findings, and pulmonary parenchymal findings.
The pulmonary artery findings for CTEPH include: (a)
eccentric and/or circumferential thrombus that rarely cal-
cifies; (b) intravascular webs; (c) beading of the vessels; (d)
vessel truncation; (e) thready vessels; and (f) enlargement of
the pulmonary trunk. The other cardiovascular findings
include: (a) RVH and (b) bronchial artery hypertrophy.

FIGURE 4. CTA findings in PH. A, CTEPH with an embolus (arrow) in a subsegmental branch of the lateral segment of the right lower
lobe. B, Elevated PAP can be inferred from interventricular septal straightening (thin white arrow) and RV free wall enlargement (thin
black arrow). There is reflux into the hepatic veins (thick white arrow) and inferior vena cava, which is an imaging feature of elevated
central venous pressure. C, CTA from a patient with CTEPH showing circumferential chronic clot in the right main pulmonary artery
(arrows). This can be removed surgically (pulmonary thromboembolectomy) with a postsurgical lowering of the mPAP. This surgery
results in improved life expectancy for these patients. D, Dextro-phase CTA showing an enlargement of the SVC (star), pulmonary trunk
(black line), and the right (R) and left (L) main pulmonary arteries with reflux into the azygous vein (white arrow). E, CTA of PH showing

an increased ventricular septal angle at 65 degrees.
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FIGURE 5. Cardiac MRI of PH. A, CTEPH 4-chamber SSFP showing a jet of TR parallel to the anterior leaflet of the tricuspid valve (arrow).
The jet velocity and total flow of TR can be quantified with phase-contrast MRI using an offline workstation. The TR jet velocity is
proportional to the mPAP. The short axis of the RV is increased in size (line). B, CTEPH short-axis SSFP showing RVH (black fat arrow) and
bowing of the IVS (white small arrow). This bowing indicates that the pressure in the RV exceeds the pressure in the LV at that specific
time point in the cardiac cycle. C, Dextro-phase MRA showing reflux into the inferior vena cava (white arrow), enlarged pulmonary
trunk (PT), occlusion of left lower lobe pulmonary artery with a total lack of perfusion to the left lower lobe (bracket), and pruning of the

right lung peripheral pulmonary arterial vasculature (dashed line).

The primary lung parenchymal finding is the “mosaic
pattern” of decreased lung parenchymal attenuation from
the chronic loss of perfusion.** Note that the “mosaic
pattern” can be differentiated from air trapping by the use
of “end-expiratory” NCCT imaging. In cases of air trap-
ping, the “mosaic pattern” will not normalize. Another
parenchymal finding includes cylindrical traction bron-
chiectasis, which occurs from repeated bouts of post
thrombotic fibro-vascular fibrosis. This last finding (bron-
chiectasis) is important because a simple comparison with
the vessel size can be misleading as the vessel may be small
because of chronic embolic disease or simply look small,
due to comparison with a larger adjacent “bronchiectatic”
bronchus. The coexistence of multiple findings is usually
related to CTEPH, and the patient is likely to be
symptomatic.

There are other causes of bronchial arterial enlarge-
ment besides CTEPH that may be seen in chronic PH.
These include the following related conditions: bron-
chiectasis (most notably cystic fibrosis), fibrosing media-
stinitis (Dana Point 5), and congenital heart disease with
Eisenmenger physiology. It can be challenging to visualize
these bronchial arteries on routine transverse images; yet,
they often explain hemoptysis in PH. They are often better
seen on coronal images. Thin-section coronal maximum-
intensity projections (MIP) (4 to 7mm) are especially useful
for visualizing bronchial arteries.

FRACTAL ANALYSIS OF VESSEL PRUNING IN PAH

The pulmonary arterial tree in patients with chroni-
cally elevated PAP shows pruning, as the central elastic
pulmonary arterial vessels expand because of the La Place’s
law, whereas the smaller peripheral pulmonary arteries
resist pressure-induced enlargement by smooth muscle
hypertrophy in their media. Recognition of this response by
the pulmonary vascular bed to chronically elevated PAP
can be exploited by analyzing the MIP data of the pulmo-
nary arterial tree using a mathematical method called
fractal analysis. Recently, Haitao et al’®® and colleagues
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showed some utility for this approach wherein the fractal
dimension (FD) for patients with PH is determined. Briefly,
when using the box counting method, the FD is defined as
the slope of the log of the number of boxes plotted against
the log of 1/box size. In their investigation using CTA data
from 14 PH patients and 17 normal individuals, the FD
calculated was found to be correlated with PAP (r = 0.82;
P < 0.05).5% This method may prove to have some merit in
the clinical setting as it is a mathematical construct of the
patient’s pulmonary arterial branching pattern and volume,
which may prove to be more useful than simple arterial size
measurements. The observation of important vessel prun-
ing may be found in any of the diseases listed in Dana Point
1 (PAH). The severity of pruning tends to be far less in
Dana Point categories 2 to 5 (PH).

CTA BIOMARKERS FOR ELEVATED PAP

Currently, when CTA is used for PH assessment, a
nongated PE protocol is used with images manipulated on a
3D workstation. Assessment of the RV for enlargement and
hypertrophy is combined with evaluation of the lung
parenchyma for diffuse disease. The pulmonary arteries are
assessed for caliber and filling defects. MIPs are used to
identify bronchial arteries and further evaluate any diffuse
parenchymal disease. When combined (evaluation of the
lung parenchyma with RV assessment), the CTA can be
highly useful for characterization of the many causes of
elevated PAP.

Another finding that may be appreciated on CTA for
PH is calcification of an eccentric thrombus. Although this
happens rarely in CTEPH, this finding is more commonly
seen in other causes of PH, including mitral valve disease
and Fisenmenger syndrome. Calcification of the pulmonary
artery and enlargement of the RV is a sign of congenital
heart disease. Eisenmenger syndrome is characterized by
PH, increased pulmonary resistance, and reversal of blood
flow. Care must be taken to avoid assuming that all
eccentric calcified thrombi are due to CTEPH.
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Wells et al®! have shown that the PAD/AoD ratio is
associated with chronic obstructive pulmonary disease
exacerbations, presumably because the pulmonary artery is
larger in those patients with more severe PH. The use of
cardiac gating with CTA is helpful, as centerline measure-
ments, double-oblique short-axis measurements, and/or
volume measurements can help to more accurately char-
acterize the size of the pulmonary trunk and right and left
main pulmonary arteries. A recent publication in patients
without known pulmonary disease determined the normal
end-diastolic double-oblique short-axis mean measurement
for the main PAD to be 2.5cm with a very broad range
(1.89 to 3.03cm =+ 2 SD). When this was corrected for body
surface area, the mean PAD was 1.2cm (range, 0.94 to
1.7cm) (Table 3). The current normograms for aortic size
have taken into account age, sex, and BMI. However, there
are no normograms for the pulmonary trunk that take age
and sex into account, nor is there an agreed-upon standard
way to measure it. There are only a few publications that
have indexed their PAD measurements to body surface
area.!8:19:23.52 n addition, this added measurement has not
been demonstrated to improve the accuracy of CTA for PH
detection.> One benefit of CTA is that it reliably allows for
comparison of the segmental and lobar arteries with their
corresponding bronchi. The bronchi cannot be reliably
measured on MRI, although the use of ultrashort time to
echo shows some promise for the visualization of lung
structure.>® Studies have shown that the degree of enlarge-
ment of the segmental artery/bronchus ratio corressponds to
the severity of PH and is highly reproducible.’® Gated
studies may have a role in the assessment of RV volumes
when the patient is unable to undergo MRI. This use of
CTA for the calculation of RV or LV function is often
limited in clinical settings because of concerns pertaining to
medical radiation from acquisition of both end-systolic and
end-diastolic phases. This limitation may not be as impor-
tant an issue in the future, as dose reduction methods are
being explored more comprehensively for this purpose.

THE SEPTAL ANGLE IS INCREASED
IN PATIENTS WITH ELEVATED PAP

The use of cardiac gating has allowed investigators to
determine RV functional parameters from CTA. At pres-
ent, in most cases, CTA for the evaluation of PH is not
performed with electrocardiography (EKG) gating. This
method, however, does rely on retrospective gating, which
increases the radiation dose; thus, this method has some
important drawbacks. Liu et al’> have recently demon-
strated the efficacy of using the septal angle as a CTA-
derived parameter of the position of the IVS in relation to
the anterior posterior axis determined by the mid sternum
and mid vertebral body at the level of the IVS (Fig. 4). They
found that the septal angle in patients with CTEPH cor-
related with PVR (P < 0.001).

LIMITED STANDARDIZATION OF CTA

MEASUREMENTS IN PAH IS A PROBLEM

The specialties of thoracic radiology and pulmonary
medicine can be advanced by reaching a consensus on how
to measure the pulmonary artery. Similar to the extensive
literature that is now available for the ascending aorta and
its propensity for aortic dissection based on size, our
specialty could create normograms of the pulmonary artery
that take the following features into account: (1) cardiac
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SVC
PAPVR 1

PAPVR 2

FIGURE 6. 4D flow MRI of PAH from partial anomalous pulmo-
nary venous return (Dana Point 1.4.4). Images were postprocessed
from a respiratory gated phase contrast vastly undersampled iso-
tropic projection reconstruction (PC-VIPR). These streamlines are
color coded for velocity information. The individual contributions
of each anomalous vein can be derived from an offline workstation
with tools that convert the phase shift information to flow over the
cardiac cycle for each manually selected cut plane. The separate cut
planes for the SVC and the 2 anomalous pulmonary veins (PAPVR1
and PAPVR2) are shown by arrows. (Postprocessing using Encyte
performed by Phillip Kilgas and Elizabeth Nett, PhD.) IVC indicates
inferior vena cava; Lt, left; RA, right atrium; Rt, right; RVOT, RV
outflow tract.

phase, (2) sex, (3) age, and (4) index to BMI for all chest
examinations. It is likely that these precisely defined and
indexed measurements of the pulmonary artery would have
a better correlation with elevated pulmonary pressure and
be predictive of early death from this disease.

ECHOCARDIOGRAPHY REMAINS THE
NONINVASIVE TEST OF CHOICE FOR
ELEVATED PAP

Despite the many advantages of MRI, echocardiography
still remains the examination of choice for PAH (and other
causes of PH) diagnosis and follow-up before RHC. This fact
may be related to the convenience of echocardiography, as it
can be performed at the bedside on very sick patients.*

MRI OF ELEVATED PAP

Of all the noninvasive methods now available for the
diagnosis and follow-up of patients with PAH, and other
causes of PH, MRI is the most popular (Figs. 6, 7). The use
of MRI in the setting of known or suspected PH can be a
helpful adjunct to the currently available tests [RHC, TTE,
transesophageal echocardiography, V/Q scanning, and
pulmonary function tests] because of its highly accurate and
reproducible analysis of RV ejection fraction (RVEF)
(Table 4).273! MRI and MRA are more accurate for the
morphologic assessment of RV morphology and function,
and have better reproducibility for the determination of
ventricular mass, RVEF, RV stroke volume (RVSV),
RVEDV, RVEDV;,4.x, right and left atrial size, regurgitant
jet velocity and volume, myocardial scarring, flow patterns
of interventricular bulk flow, pulmonary venous anatomy,
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A

FIGURE 7. Pulmonary perfusion in a normal volunteer (images
were not corrected for the AIF): (A) approximate MTT; (B) relative
pulmonary blood flow (rPBF); (C) relative PBV (rPBV). Images
courtesy of Scott Nagle, MD, PhD, and Laura Bell, MS.

LV stroke volume, ventricular end-diastolic volume
(LVEDV), LVEDV,,4cx. and LV systolic volume index.*7

SURVIVAL IN PATIENTS WITH ELEVATED
PAP IS DIRECTLY RELATED TO RV FUNCTION

As recently shown by van de Veerdonk et al®® in
patients undergoing medical therapy for PAH, an
improvement in RVEF was found to be highly correlated
with survival (P < 0.014), whereas changes in PVR were
not (P < 0.8) (Table 4). These authors concluded that if the
RV does not recover function with medical therapy, despite
the lowering of mPAP, the inevitable cascade of events
leading to early death from cor pulmonale will occur.?®

The quantitative aspects of MRI are becoming more
important for the study of patients with elevated PAP, as
these measurements can provide noninvasive biomarkers
for this disease that may facilitate surgical management or
medical treatment decisions.!-38%0 The various parameters
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that can be quantified by MRI are: (1) morphologic—
measurement of chamber and vessel size throughout the
cardiac cycle for RV and LV ejection fractions, ventricular
mass, and end-diastolic and end-systolic mass indices; (2)
measurement of flow throughout the cardiac cycle (velocity,
direction, and acceleration), which is very helpful for the
quantification of (a) tricuspid valve regurgitation and/or
pulmonic regurgitation, (b) early “e” and late “a” atrial
wave net flows into the right atrium, (c) vessel wall com-
pliance, and (d) wall shear stress.

MRI IN CTEPH

In patients with CTEPH, MRA is similar to CTA in
terms of revealing the details of the central pulmonary
arteries; it can also show subsegmental vessels using parallel
imaging and breath-holding techniques (Fig. 5).°%¢! Sur-
vival in patients with PH from CTEPH is better when
RVEF is preserved, whereas the combination of elevated
mPAP and diminished RVEF portends a very poor prog-
nosis.?? It has recently been shown that delayed contrast
enhancement at the septal insertions of the myocardium is
common in patients with elevated PAP.%0 The severity of
PAP was found to be the primary determinant of this
finding.% As is commonly seen on TTE and/or trans-
esophageal echocardiography, the presence of systemic (or
greater) RV pressure/volume overload is shown on cine
MRI on short-axis imaging by observing the bowing of the
IVS toward the LV.%%%2 The shift in the position of the IVS
from convex to concave is directly proportional to the
mPAP and PVR. The reason for this bowing in the setting
of congenital heart disease with a right to left shunt can be
related to the PAP being greater than systemic such as is
found in the Eisenmenger syndrome. In the acute setting of
elevated PAP due to pulmonary embolus, the RV cannot
generate systemic pressures >40 mm Hg, and in the chronic
state the mPAP is often still lower than systemic pressure;
thus, another explanation is needed for septal bowing. This
finding represents a change in the ventricular coupling. The
concept of IVS bowing in both acute and chronic elevation
of PAP is explained by mechanical asynchrony (uncou-
pling) wherein the elongation of the RV contraction and
underfilled LV concert to allow for bowing from right to
left of the IVS.%2

COMBINING STRUCTURAL AND FUNCTIONAL

ANALYSIS IMPROVES EFFICACY FOR MRI CTEPH

MRI has an evolving role in the workup of CTEPH.
Using CTA as the gold standard, the active PH group in
Sheffield, United Kingdom, has recently shown that by
combining noncontrast MRI (proton density), MRA, and
perfusion MRA, an improvement can be seen in the ability to
diagnose CTEPH over the use of MRA images alone.%
Using CTA as the gold standard in their study on 53 CTEPH
patients (and 36 controls), they found that MRA showed
excellent results for the diagnosis of this disorder (98% sen-
sitivity and 94% specificity). Each patient underwent 3 MRI
series: (1) precontrast SSFP acquisition; (2) time-resolved
contrast-enhanced (CE) MRA (TRICKS); and (3) high-res-
olution CE-MRA. The CE-MRA alone showed 92% sensi-
tivity for the diagnosis of chronic thromboembolism.®! For
the centrally based disease of chronic clot in the main
pulmonary arteries, use of SSFP images was very helpful. Of
interest was the fact that the CE-MRA was able to detect
disease with greater frequency compared with the CTA in the
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following situations: stenosis, 29/18; poststenotic dilation, 23/
7; and occlusions 37/29.5! These areas of better performance
are not well demonstrated using the statistical method that
assumes CTA as the gold standard. Thus, MRA would
appear to underperform CTA from the point of view of
simple sensitivity and specificity, when in fact it has per-
formed better. As could be expected, CTA was better at
determining the presence of (a) webs and bands from
resolving clot and (b) adherent wall thrombi. Analysis of the
lung parenchyma for nodules or evidence of PCH or PVOD
is also a known weakness of MRA. The authors did not
address the issue of how well mosaic perfusion was detected
by the time-resolved MRA compared with CTA in their
patients with CTEPH.

MR MEASUREMENT OF SHUNT FRACTION
(Qp/Qs)

The calculation of shunt fractions (Qp/Qs) in patients
with congenital heart disease is an important application of
MRA phase-contrast flow methodology.®* The shunt frac-
tion and how it changes over the lifetime of the patient can
be monitored noninvasively. Of note, however, is the fact
that, unlike RHC, oxygen saturation in the chambers of the
heart cannot be measured using MRI. Typically, patients
with left to right shunts will be considered for operative
management when the shunt fraction (Qp/Qs) is >1.5.

MR MEASUREMENT OF TR AND PULMONIC
VALVULAR REGURGITATION

For the quantification of valvular regurgitation stand-
ard SSFP images are not as useful as echocardio-
graphy or phase-contrast methods for the detection of mild
regurgitant jets.®> The regurgitant fraction for each valve can
be determined, which is a major advantage of phase contrast
MRI.9 The issue of estimating the mPAP from the TR jet
velocity using phase contrast MRI is not that the jet velocity
cannot be measured, as much as it is reflective of the fact that
the modified Bernoulli equation itself has limitations.

NONCONTRAST PERFUSION AND
VENTILATION MRI

The use of noncontrast Fourier decomposition has been
recently introduced as a new method for visualizing lung
ventilation and perfusion.?®%7 Although this method is not
currently ready for clinical use, it offers the following benefits
for future research in pulmonary functional imaging: (a) no
requirement for intravenous contrast; (b) no requirement for
inhaled contrast; (c) no radiation required; and (d) no breath-
holding required. The pulse uses a 2D balanced SSFP pulse
sequence to acquire a few coronal (typically 4 to 6) 2D images
of the chest at a temporal resolution of 3 to 4 frames/s. The
data are processed to separate the contributions of respira-
tory motion (ventilation) and cardiac pulsatility (perfusion)
to the observed signal changes on a pixel-by-pixel basis. This
postprocessing first involves the use of nonrigid image reg-
istration to remove bulk motion from the time series of
images, followed by time-domain Fourier analysis, taking
advantage of the fact that the frequency of respiratory
motion is different from that of cardiac pulsatility. This
method is in the validation stage now; however, given its
safety profile and low cost, this holds promise for the future
of functional lung imaging.
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4D FLOW ALLOWS FOR VOLUMETRIC
SAMPLING OF PHASE-CONTRAST
INFORMATION

A new MRA method for the quantification of flow,
called “4D flow” imaging, has been introduced recently
(Fig. 6). This method has velocity encoding that can be
either prospectively or retrospectively cardiac gated and is
volumetric. It allows for multidirectional flow visualization
with either particle traces or stream lines in the heart and
large vessels (Fig. 4C).%870 However, this is only made
possible after extensive postprocessing using advanced
visualization tools on a workstation using data from a
respiratory and cardiac-gated, volumetric, phase-contrast
acquisition at a defined amount of velocity encoding using a
non-Cartesian reconstruction of the k-space data. This is a
promising new visualization technique that may have some
utility for pulmonary arterial flow analysis within the larger
pulmonary arteries in patients with PAH.® Reiter et al’!
found that normal individuals demonstrate flow toward the
distal pulmonary arteries throughout the cardiac cycle. In
those patients with both early (latent) and known PAH,
flow vortices directed in a retrograde manner were identi-
fied in the main pulmonary artery.”! The time period during
which these vortices existed directly correlated with the
mPAP at rest (r = 0.94; 95% CI, 0.85-0.97).7! This is a
quantitative visualization method by which one is able to
determine what exactly happens to the RVSV, which is
known to have an increased residence time in the proximal
pulmonary arterial circuit because of increased PVR.

MR MEASUREMENT OF DIMINISHED
PULMONARY PERFUSION IN PAH

MRI perfusion methods have been used successfully in
PH patients demonstrating, as could be suspected, a
delayed transit time in patients compared with normal
individuals (Fig. 7).7"7> Calculation of perfusion parame-
ters, including mean transit time (MTT), time to peak, and
blood volume (PBV), can in theory be performed using a
well-established methodology based on the indicator dilu-
tion theory” and the following formulas:

t

Cvor(t)=PBF / Carp(t)x R(t—71)dt, (1)
0
I3 Cvor(nde
PBV="f—"—, 2
[, Carp(ndt @
PBV

where Cyoi(f) is the contrast agent concentration in the
volume of interest, Cayr(f) is the contrast agent concen-
tration in the pulmonary artery (arterial input function:
AIF), and R(¢) is the fraction of contrast agent remaining at
time (#). However, these calculations require postprocessing
on a workstation that is not routinely available to most
imagers. As can been seen, all of these derived values are
critically dependent on first obtaining the AIF, which is
typically obtained by measuring the signal intensity as a
function of time in the pulmonary trunk.”?

Ley et al’’ evaluated 20 patients with PH and 5 normal
volunteers and determined the MTT, time to peak, and
PBV (Fig. 6) using a 3D FLASH method after infusion of
0.1 mmol Gd-DTPA/kg. They found that, for the variables
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measured, only the dorsal transit times showed any sig-
nificant difference between the PH patients and normal
individuals (P = 0.04).%7

Perfusion of the lung is influenced by the presence and
severity of PAH. This can be demonstrated using a 3D
MRA first-pass CE-MRA perfusion image. As shown by
Ohno et al’? there was significant difference in MTT and
PBV between patients with PAH and normal patients.”?
The normal patients in their study had almost twice the
blood flow (13 vs. 7L/min) and a more rapid (shorter)
MTT (5 vs. 8 s) compared with patients with PAH.72

There remain some important problems with quanti-
tative pulmonary perfusion MRI. Most importantly, unlike
iodinated contrast agents, in which concentration scales
linearly and can be directly measured using CT Hounsfield
units, the MR signal intensity of gadolinium-based contrast
agents (GBCAs) scales as a nonlinear function of GBCA
concentration, and therefore cannot be measured directly
on MR images. Therefore, the measured signal intensity
from a single MRA voxel (VOI) does not convert to an
absolute concentration of Gadolinium based contrast
agents. At high contrast concentrations (such as those often
seen in the pulmonary artery), saturation effects can blunt
the measured AIF, causing underestimation of the contrast
concentration at higher concentrations. This problem can
result in an erroneous AIF profile. Simply decreasing the
administered contrast dose can decrease these errors in
determining the AIF. However, this results in very low lung
tissue signal to noise ratio, making the perfusion parameter
calculations (performed at low dose) very sensitive to noise.
Two strategies have been used to mitigate these problems:
(1) a low-dose method”*; and (2) a dual-bolus method.”®> An
additional, often overlooked, source of error in reported
“quantitative” MRI perfusion measurements is the lack of
correction for the patient’s hematocrit level in all pulmo-
nary blood flow calculations. Blood plasma is known to
flow more slowly than erythrocytes in the blood.”® As
gadolinium is principally dissolved in plasma, raw uncor-
rected flow measures are more related to plasma flow than
to the more physiologically important, and faster, eryth-
rocyte flow. There are known methods for correcting this
difference’; however, these require measurement of hem-
atocrit in the pulmonary vasculature, which can differ from
the measures of peripheral venous hematocrit. The picture
becomes even more complex when one considers that each
GBCA has a unique amount of albumin binding, and many
GBCAs are not strictly intravascular. Suffice it to say that,
although great progress has been made toward quantitative
pulmonary perfusion, significant work remains to be done.

PULMONARY ARTERIAL COMPLIANCE
DECREASES IN PH

Pulmonary arterial compliance in the large elastic vessels
of the proximal pulmonary arterial tree diminishes with
chronically elevated PAP. First described by Otto Frank in
1899, the “Windkessel” is a heuristic device wherein the effect
of varying arterial compliance can be modeled mathematically
(lumped model) to help explain how changes in elasticity of
large vessels affect blood pressure and the pulse wave veloc-
ity.6%7778 This loss of elasticity (stiffening) coupled with
increased PVR is problematic for RV function.”” This change
results in an increased afterload on the RV as it has no easy
reservoir (pressure relief) to deliver its stroke volume to and
must pump directly against the increase PVR of the
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hypertrophied muscular arterial system of the branch pulmo-
nary arteries. Stated in another way, chronic PAH robs the
right heart of this natural reservoir (compliant/elastic pulmo-
nary arteries) to store the energy (pressure) and volume
delivered (flow) to the proximal pulmonary arteries. The lack
of this energy storage (in the now noncompliant pulmonary
arterial system) weakens the RV by forcing it to hypertrophy
in the face of increasing afterload of the pulmonary
circulation.

One interesting feature of MRI is its ability to help
quantify pulmonary artery stiffness when combined with
RHC.” In animal models of PH, pulmonary arterial wall
stifiness has been shown to increase with PH progression.3°
Clinically, pulmonary artery stiffness, and its noninvasively
measured surrogate, the RAC (RAC = maximum systolic
area —minimum diastolic area/maximum systolic area), have
been shown to be independent predictors of mortality in
PAH.3! Recently, in a canine model of acute PH, both the
arterial stiffness coefficient f [B = In(systolic PAP/diastolic
PAP/2RAC)] and the RAC were found to correlate with
the overall pulmonary vascular compliance measured as the
ratio of stroke volume to pulse pressure.” Stiffness of the
pulmonary arterial system has many important implications
for the RV; in particular, the afterload of the RV is increased
from the oscillatory work of the RV because of the lack of
compliance in both the proximal and distal pulmonary
arteries. Several indexes of pulmonary artery stiffness can be
calculated in humans (elasticity, distensibility, capacitance,
stiffness constant (), and pulse pressure) from combined
RHC and MRI data®0 Stevens and colleagues recently
demonstrated that elevated PA stiffness was associated with
lower RVEF, greater RVH, and dilation. In addition, and
more importantly, alterations in PA elasticity apgpear to have
occurred earlier than RV performance changes.®

SUMMARY

This has been a review of how the known structural and
functional changes associated with elevated PAP (PAH and
PH) can be studied with MRI and CT. By understanding the
dynamic relationship that exists between the heart and the
lungs in this heterogenous group of diseases, the severity of
this disease process can often be inferred. MRI is a promising
noninvasive and nonionizing modality that can be used to
study the many diseases that cause PAH and PH in a
longitudinal manner. In the future, this method can be used
to sequentially track the many parameters proven to have a
direct relationship with survival: RAC of the pulmonary
trunk, RVSVisgex, RVSV, RVEDV 4exs, LVEDVj4ex, and
baseline RVEF < 35%. This may allow for a better degree of
personalization of the treatment regimen without having to
resort to repeated RHCs for the longitudinal assessment of
those unfortunate patients valiantly struggling to survive with
this relentlessly progressive disease.
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report of the American College of Cardiology Foundation Task Force on Expert Consensus Documents and the American
Heart Association. Developed in collaboration with the American College of Chest Physicians, American Thoracic Society,
Inc., and the Pulmonary Hypertension Association. Circulation. 2009;119:2250-2259.

*2. What is the most common cause of acute pulmonary hypertension?
(a) Acute myocardial infection
(b) Acute respiratory distress syndrome
(c) Acute pulmonary thromboembolism
(d) Acute aortic dissection

Please see the following reference for further study:
1. Hui-li G. The management of acute pulmonary arterial hypertension. Cardiovasc Ther. 2011;29:153-175.

*3. Which of the following CT findings is the most suggestive of pulmonary veno-occlusive disease in a patient with recently
diagnosed pulmonary hypertension?
(a) Pulmonary vein enlargement
(b) Interlobular septal thickening
(c) Right ventricular hypertrophy
(d) Pulmonary artery intimal calcification
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Please see the following reference for further study:
1. Frazier AA, Franks TJ, Mohammed TL, Ozbudak IH, Galvin JR. From the Archives of the AFIP: pulmonary veno-
occlusive disease and pulmonary capillary hemangiomatosis. Radiographics. 2007;27:867-882.

*4. Which of the following magnetic resonance imaging techniques is best suited for pulmonary vascular shunt
quantification?
(a) Cardiac gated steady state free procession
(b) Contrast-enhanced magnetic resonance angiography
(c) Time-of-flight magnetic resonance angiography
(d) Phase contrast magnetic resonance angiography

Please see the following reference for further study:
1. Debl K, Djavidani B, Buchner S, et al. Quantification of left-to-right shunting in adult congenital heart disease: phase-
contrast cine MRI compared with invasive oximetry. Br J Radiol. 2009;82:386-391.

*5. What best characterizes the histopathology of chronic pulmonary hypertension?
(a) Pulmonary arterial smooth muscle hypertrophy
(b) Pulmonary venous thrombosis
(c) Lymphocytic infiltration of pulmonary arteries
(d) Panlobular emphysema

Please see the following reference for further study:

1. Galie N, Hoeper MM, Humbert M, et al. Guidelines for the diagnosis and treatment of pulmonary hypertension: the
Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS), endorsed by the International Society of Heart and Lung Transplantation
(ISHLT). Eur Heart J. 2009;30:2493-2537.

*6. Which of the following chest radiographic findings is most suggestive of pulmonary hypertension?
(a) Pulmonary hyperinflation
(b) Splaying of the carina
(c) Filling in of retrosternal space
(d) Left ventricular calcification

Please see the following reference for further study:

1. Beghetti M, Galie N. Eisenmenger syndrome a clinical perspective in a new therapeutic era of pulmonary arterial
hypertension. J Am Coll Cardiol. 2009;53:733-740.

*7. Which of the following is the reference standard imaging test for chronic pulmonary thromboembolic hypertension?
(a) Ventilation-perfusion scintigraphy
(b) CT pulmonary angiography
(c) Echocardiography
(d) MR angiography

Please see the following reference for further study:
1. Tunariu N, Gibbs SJ, Win Z, et al. Ventilation-perfusion scintigraphy is more sensitive than multidetector CTPA in

detecting chronic thromboembolic pulmonary disease as a treatable cause of pulmonary hypertension. J Nucl Med.
2007;48:680-684.

*8. Which of the following is an independent predictor of mortality in pulmonary arterial hypertension?
(a) Tricuspid valve regurgitant fraction
(b) Pulmonary artery stiffness
(c) Interventricular septal bowing
(d) Increased right ventricular ejection fraction

Please see the following reference for further study:

1. Gan CT, Lankhaar JW, Westerhof N, et al. Noninvasively assessed pulmonary artery stiffness predicts mortality in
pulmonary arterial hypertension. Chest. 2007;132:1906-1912.

Answer sheet can be found on page W56 of the Web Exclusive Content in the May 2013 issue of the
Journal of Thoracic Imaging located at www.thoracicimaging.com.
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