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Abbreviations

aPE Acute pulmonary embolism

AUC Appropriate use criteria

BP Blood pressure

BNP Brain natriuretic peptide

CDMT Catheter-directed mechanical
thrombectomy

CTEPH  Chronic thromboembolic pulmonary
hypertension

CTPA Computed tomographic pulmonary
angiography

DVT Deep venous thrombosis

DOACs Direct-acting oral anticoagulants

ECG Electrocardiogram

ESLD End-stage liver disease

ESC European Society of Cardiology

FAC Fractional area change

VS Interventricular septum

LV Left ventricle

LMWH  Low-molecular-weight heparin

OR Odds ratio

PIOPED  Prospective investigation of pulmo-

nary embolism diagnosis

A. Lépez-Candales (D<)

Division of Cardiovascular Diseases, Truman
Medical Center, Hospital Hill, University of
Missouri-Kansas City, Kansas City, MO, USA
e-mail: angel.lopez-candales @tmcmed.org

S. Vallurupalli
Division of Cardiology, University of Arkansas for
Medical Sciences, Little Rock, AR, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021

PA Pulmonary artery

PERC Pulmonary Embolism  Rule-out
Criteria

PH Pulmonary hypertension

PVR Pulmonary vascular resistance

RHS Right-heart strain

RV Right ventricle

RVOT RV outflow tract

TTE Transthoracic echocardiogram

TAPSE Tricuspid annular plane systolic
excursion

TR Tricuspid regurgitation

UFH Unfractionated heparin

VTI Velocity time integral

VTE Venous thromboembolism

V/Q scan  Ventilation-perfusion scintigraphy

VKA Vitamin K antagonist

Introduction

Acute pulmonary embolism (aPE) has perenni-
ally been considered one of the great masquerad-
ers in medicine. Even though PE might be
considered both a common and ubiquitous disor-
der, presenting symptoms and signs are often
nonspecific; therefore, a high index of clinical
suspicion coupled with a detailed history and
physical examination is invaluable when evaluat-
ing patients.

A wealth of clinical and laboratory data has
linked the development of deep venous thrombo-
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sis (DVT) with thromboembolic potential that
may result in aPE [1-11]. Representative duplex
images of a normal popliteal vein (Fig. 14.1a, b)
and acute DVT (Fig. 14.1c, d) as well as a chronic
DVT (Fig. 14.2a, b) are shown for comparison.
Even though DVT is the most common source of
embolization resulting in aPE, additional sources
for potential embolization are shown in Fig. 14.3.
A more complete list of potential recognized
sources of thromboembolism is given in
Table 14.1.

Most patients with acute venous thromboem-
bolism (VTE) present with thrombosis in the legs
as well as pulmonary thrombus at the time of
diagnosis [12]. A high index of suspicion is
required to recognize which patients are at risk of
this otherwise deadly clinical entity. VTE is
clearly recognized as a significant healthcare
problem in the United States. It is estimated that
900,000 cases of DVT and PE occur per year and
approximately 300,000 deaths are attributed to
VTE [13]. Therefore, better understanding of the
mechanisms regulating venous thrombosis and
clot resolution is critical.

Although thrombophlebitis or DVT of the
lower limbs was first reported in ancient Hindu
medicine writings around the year 800 BCE [14],
subsequent descriptions of venous thrombogene-
sis were unclear and remained elusive. Our cur-
rent understanding of thrombus formation
revolves around the well-described interplay of
factors such as venous stasis, changes in the ves-
sel wall, and thrombogenic changes within the
blood in order to result in VTE. Though Virchow
coined the word embolism and made significant
advances in our understanding of thrombosis, he
never formally proposed this triad—a concept
that first appeared in the medical literature almost
100 years after his death [15].

It is estimated that the incidence of VTE in
industrialized countries is 1-3 individuals per
1000 per year [8, 16—18]. However, a dramatic
increase in the risk of VTE then occurs in indi-
viduals older than 85 years to 8 per 1000 persons/
years, and for those over the age of 50 reaching as
high as 1 in every 100 individuals annually [8].
These alarming statistics have led the United
States Senate in 2005 to designate March as

“DVT Awareness Month” followed by the
Surgeon General’s call to action in 2008 to pre-
vent DVT and PE.

Anticoagulation is the mainstay of treatment
of symptomatic VTE. Anticoagulation prevents
further thrombus deposition, allows established
thrombus to undergo stabilization and/or endog-
enous lysis, and reduces the risk of interval recur-
rent thrombosis [12]. This chapter focuses on not
only the pathophysiological and hemodynamic
alterations that occur with aPE, but also the
mechanical abnormalities that these processes
have on the right ventricle (RV). This review
intends to highlight the importance of the
pulmonary-circulation-ventricular ~ circuit  in
mediating cardiac performance and how the latter
is the most critical factor determining both mor-
bidity and mortality.

Mechanisms Regulating
Thrombosis

Even though the molecular and translational
pathways that regulate the dynamic balance
between clot formation and lysis are well beyond
the scope of this chapter, it is important to have a
basic understanding of the individual elements
responsible for these processes.

A healthy vascular endothelium is critical in
maintaining adequate hemostasis. Under normal
conditions, intact endothelial cells promote vaso-
dilatation and local fibrinolysis. Hence, blood
coagulation, platelet adhesion and activation, as
well as inflammation and leukocyte activation are
suppressed resulting in normal blood fluidity. A
list of specific elements that maintain the natural
nonthrombogenic state of the endothelial surface
can be found in Table 14.2 [19, 20].

In contrast, during periods of direct vascular
trauma or as a result of activation of the coagula-
tion cascade, a prothrombotic and proinflamma-
tory state ensues [20]. The latter is mainly
characterized by an enhanced production of von
Willebrand factor, tissue factor, plasminogen
activator inhibitor-1, and factor V that augment
thrombosis [20]. In addition, release of sub-
stances such as platelet-activating factor and
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Fig. 14.1 (a) A representative duplex image showing a DVT showing a dilated popliteal vein that lacks com-
normal popliteal vein before and after manual compres-  pressibility. (d) Color is not found due to the proximal
sion. (b) Normal color duplex signal in a normal popliteal — acute DVT that impedes flow

vein filling the whole-vein contour. (¢) Case of an acute
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Fig. 14.2 (a) In sharp contrast, a chronic case of DVT is  clot was not well visualized. (b) Color flow duplex signal
showing a visible organized clot. Please note that in most ~ within a popliteal vein with a partially filling clot that has
instances of a fresh clot as seen in (a), in acute DVT, the  distorted the main lumen
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Fig. 14.3 (a) Representative subcostal echocardiographic
image showing a homogeneous density filling the inferior
vena cava (IVC) denoted by the white arrow. (b) Four-
chamber apical echocardiographic image showing a rather
large tubular thrombus cast within the right atrium (RA),
crossing the tricuspid valve and into the right ventricle (RV).
(¢) Transesophageal view from the bi-caval view at 90°
showing the right atrium (RA) and catheter (arrow) in the
superior vena cava and a thrombus mass due to catheter-
related trauma encircled by (*). (d) Improved visualization

of the catheter seen in the SVC and the mural thrombus seen
in the right atrium (RA). (e) Transesophageal view from 45°
showing the right atrium (RA), RV outflow tract (RVOT),
left atrium (LA), as well as a globular homogeneous mass
(arrow) attached to the interatrial septum that was resected
and found to be a myxoma. (f) Transthoracic view from the
RV inflow showing the right atrium (RA), right ventricle
(RV), and tricuspid valve (TV) as well as a homogeneous
mass found to be a vegetation (*). (g) Additional view show-
ing the same tricuspid valve vegetation as seen in (f)
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Table 14.1 Potential mechanisms of thromboembolism

Venous clots originating from lower extremities
(DVT)

Paget-Schroetter syndrome (spontaneous upper
extremity venous thrombosis due to a compressive
anomaly of the thoracic outlet)

May-Thurner syndrome (compression left common
iliac vein)

Inferior vena cava abnormalities (agenesis, hypoplasia,
or malformation that will cause DVT)

Massive microembolism during surgery

Air embolism

Carcinomatous tumor embolism

Cavitoatrial embolization of a renal carcinoma

Bone fat embolism after long-bone skeletal fracture

Body-sculpting fat embolism

ITatrogenic injections of various cements and
coagulation materials

Embolization of a right-sided heart valve (tricuspid
and pulmonic valves) vegetation

Table 14.2 Mechanisms responsible in maintaining non-
thrombogenic state of endothelial surfaces

Endothelial production of thrombomodulin
Activation of protein C

Endothelial expression of heparan sulfate

Endothelial expression of dermatan sulfate
Constitutive expression of tissue factor pathway
inhibitor

Local production of tissue plasminogen and urokinase-
type plasminogen activators

Endothelium production of nitric oxide

Endothelium production of prostacyclin

Endothelium production of interleukin-10
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Fig. 14.4 Proposed mechanisms for venous thrombosis. It
has been proposed that the formation of a venous thrombo-
sis can be divided into distinct steps. First, the endothelium
is activated by hypoxia and/or inflammatory mediators and
expresses the adhesion proteins P-selectin, E-selectin, and
vWE. Second, circulating leukocytes, platelets, and TF+
MVs bind to the activated endothelium. Third, the bound

Vessel lumen

endothelin-1 promotes vasoconstriction [21].
Finally, an exposed endothelial surface increases
the expression of cell adhesion molecule, pro-
moting accumulation and activation of leuko-
cytes that further amplifies inflammation and
thrombosis as shown in Fig. 14.4 [19, 22].

Thrombus contains a mixture of platelets,
fibrin, and in some cases red blood cells [23,
24]. The composition of thrombus depends on
flow and vessel characteristics. Arterial clots
are formed under high shear stress, typically
after rupture of an atherosclerotic plaque or
other damage to the blood vessel wall, and are
largely platelet rich (white clots) and thus gen-
erally treated with antiplatelet drugs [20, 25,
26]. Venous clots form under lower shear stress
and are mostly rich in fibrin (red clots) and are
hence treated with anticoagulant drugs [12, 20,
27-29].

The coagulation cascade is regulated at sev-
eral levels. Interaction of tissue factor exposed by
vascular injury with plasma factor VIla results in
the formation of small amounts of thrombin. This
thrombin production is then amplified through
the intrinsic pathway, resulting in the formation
of the fibrin clot. These reactions take place on
phospholipid surfaces, usually the activated
platelet surface [30]. In case of venous thrombo-
sis, changes in blood flow and in endothelial cell
lining of blood vessels, as initially proposed by
Virchow, increase the risk of VTE [31]. A series

Fibrin

__ Clotting
cascade

-

iii iv

Induction of TF
expression on leukocytes

Formation of
fibrin-rich thrombus

leukocytes become activated and express TF. The local
activation of the coagulation cascade overwhelms the pro-
tective anticoagulant pathways and triggers thrombosis.
The fibrin-rich clot also contains platelets and red blood
cells. (Reproduced with permission from Mackman
N. New insights into the mechanisms of venous thrombo-
sis. J Clin Invest. 2012; 122: 2331-2336)
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Table 14.3 Risk factors predisposing to deep venous
thrombosis

Increasing age
Surgery (abdomen, pelvis, lower extremities)

Trauma (fractures of pelvis, hip, or lower extremities)
Obesity
Cancer and its treatment

Pregnancy and puerperium

Hormone-based contraceptives/hormone replacement
therapy
Acute infection

Prolonged immobilization
Paralysis

Long-haul travel
Smoking

Prolonged hospitalization
Previous DVT
Congestive heart failure
Myocardial infarction

Indwelling central venous catheters
Inflammatory bowel syndrome
Nephrotic syndrome
Heparin-induced thrombocytopenia

Disseminated intravascular coagulation
Paroxysmal nocturnal hemoglobinuria
Thromboangiitis obliterans
Thrombotic thrombocytopenia purpura

Behcet’s syndrome

Lupus anticoagulant (antiphospholipid antibody)
Antithrombin III deficiency

Protein C deficiency

Protein S deficiency

Factor V Leiden mutation
Prothrombin gene mutation
Dysfibrinogenemia

Factor XII deficiency

of well-recognized risk factors, as shown in
Table 14.3, have been associated with an
increased risk of DVT and the potential for VTE
[32-51].

One group of patients that require some addi-
tional discussion are those with significant end-
stage liver disease (ESLD). The previously held
concept that ESLD patients are auto-
anticoagulated as a result of a reduced hemostatic
reserve given their reduced ability to synthesize
procoagulant proteins and anticoagulation fac-
tors, hence at high risk for bleeding complica-
tions and consequently at a reduced risk for VTE,
is no longer valid [51-53]. Close inspection

reveals that initial reports were simply based on
data obtained from relatively small single-center
studies [54, 55]. Subsequent emergences of more
robust data from much larger national and inter-
national databases have shed more relevant clini-
cal information [56-59]. Specifically, based on
these results it is now recommended that hospi-
talized and immobilized cirrhotic patients, cer-
tainly at increased risk of thrombotic events,
should receive VTE prophylaxis with either low-
molecular-weight heparin or unfractionated hep-
arin (Level III, Grade C) [51]. In contrast,
cirrhotic patients with VTE should be treated
with anticoagulation similar to other medical
patients without a specific recommendation.
Most importantly, therapy selection should be
determined on a case-by-case analysis (Level III,
Grade C) [51]. Certainly, additional prospective
randomized trials are urgently needed to advance
our understanding of this complex group of
patients and better guide clinical practices.
Furthermore, in cases of compression of the
left common iliac vein either by the presence of
the fetus during pregnancy or in patients with
May-Thurner syndrome [60, 61], the most likely
site of thrombus formation in DVT is the pocket
of the valve sinus [62-66]. These sites are par-
ticularly prone to thrombosis because of the dis-
rupted and irregular blood flow patterns [62].
Initial formation of thrombus within the venous
valve pocket further disrupts the architecture of
these valve pockets, disrupting pulsatility of
venous flow and favoring local stasis of cellular
elements [67]. Formation of a semi-solidified
mass causes further activation of circulating
platelets and leukocytes inducing additional
fibrinogenesis favoring the growth of the throm-
bus beyond the confines of the valve pocket [67].
Amplification of this process causes further alter-
ation of luminal flow dynamics resulting in pro-
gressive occlusion of the vein lumen [67].
Intraluminal growth of the thrombus has also
been shown to lower local oxygen tension, as
oxygen is being consumed by trapped cells
resulting in luminal hypoxemia favoring cell
death and contributing to thrombus growth [67].
Notwithstanding the fact that the luminal linear
velocity of the blood continues to decline and
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Fig. 14.5 Diagrammatic representation of a deep vein
during normal flow, during acute thrombus formation
(DVT), and during potential embolization (VTE). During
normal flow blood cells freely move across vein valves. In
the event of DVT, a clot forms on the underside of the vein
valves. In the case of VTE, potential dislodgement of part

further oxygen is being locally consumed, pass-
ing blood stream tugs additional layers of cells to
the growing thrombus [67]. A graphic representa-
tion of this process is illustrated in Fig. 14.5 [62,
67-69].

Two simple anatomical considerations are
important for understanding DVT and the poten-
tial for VTE. First, as the number of vein valves
increases within any given vein segment, the risk
of DVT increases. Second, during the stage of
thrombus formation, not all portions of the
thrombus anchor to the necrotic endothelium.
Some portions of the growing thrombus are less
strongly attached and can embolize in the direc-
tion of blood flow. Development of local symp-
toms of DVT depends on the extent of thrombosis,
adequacy of collateral vessels, and also severity
of associated vascular occlusion and inflamma-

Embolic
clot

0

Thromboembolic

Deep Vein Thrombosis

of the clot material can be released into the venous circu-
lation. Thrombosis is thought to be enhanced by a signifi-
cant decline in oxygen tension in the region of the valve
pocket sinus resulting in clot formation and the potential
for VTE

tion. Phlegmasia cerulea and alba dolens refer to
massive venous thrombus that can cause signifi-
cant painful swelling of the calf and resultant
pressure necrosis and gangrene. When the throm-
bus embolizes to the pulmonary vasculature,
symptoms and hemodynamic adaptation largely
depend on the underlying cardiopulmonary
reserve of the individual [63-65]. A large throm-
bus is relatively well tolerated in the setting of
normal cardiovascular reserve while a relatively
smaller burden can cause hemodynamic compro-
mise in those with limited reserve.

The early post-venous thrombosis stage is
characterized by recruitments of neutrophils that
are essential for thrombus resolution by
promoting fibrinolysis and collagenolysis [70,
71]. This process then transitions over the course
of a few days, peaking at approximately day 8, to
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a monocyte-predominant venous thrombus
milieu that is then associated with plasmin and
matrix metalloproteinase-mediated thrombus
breakdown [72, 73].

Epidemiology of Venous
Thromboembolism

It is important to realize that the current estimates
of incidence of DVT and VTE represent an under-
estimate for several reasons. Milder cases may not
be investigated and remain undiagnosed, while
fatal undiagnosed events are never identified. The
thrombosis cases treated outside the hospital set-
ting (in the clinic or emergency room) are rarely
included in studies. Since many studies use strin-
gent validation criteria, patients with typical clini-
cal findings but nondiagnostic radiologic studies
are not reported. Finally, patients treated in long-
term care facilities and cancer patients in hospice
settings are usually not enrolled in clinical stud-
ies. It is also important to keep in mind that stud-
ies that include a large number of VTE cases
diagnosed by autopsy have generally reported a
higher proportion of PE than DVT cases likely
due to the presence of asymptomatic PE.

Current estimates regarding incidence rates
for VTE are recognized to be higher among
African American populations when compared to
Asian, Asian American, and Native American
populations.

VTE is mostly seen in older individuals and is
rare prior to late adolescence [74]. Even when
incidence rates increase markedly for both men
(130 per 100,000) and women (110 per 100,000)
there is a clear difference that is important to be
recognized [74]. Incidence rates of VTE are
higher in women during childbearing years (16—
44 years) compared to men of similar age; how-
ever, in individuals older than 45 years of age,
VTE incidence rates are higher among men [74].

Interestingly, it has been reported that incident
cases of VTE can occur without a specific recog-
nizable trigger, in up to 40% of cases in popula-
tions of European and African origins [74].

Even when there is paucity of data relating
VTE incidence, incidence rates for VTE, DVT,

and PE either remained constant or increased
between 1981 and 2000 with a substantial
increase rate for VTE noted between 2001 and
2009 based on PE cases, the latter likely reflect-
ing the increased utilization of better imaging
techniques.

Data largely obtained from a case-controlled
study that included 726 women with incident
VTE between 1988 and 2000 in Olmsted County,
MN, USA, identified the following case particu-
lars as significant risk factors for the develop-
ment of VTE. These are presented in the
decreasing order of clinical impact [75]:

*  Major surgery (odds ratio (OR) 18.95)

e Active cancer with or without concurrent che-
motherapy (OR 14.64)

* Neurological disease with leg paresis (OR
6.10)

» Hospitalization for acute illness (OR 5.07)

e Nursing-home confinement (OR 4.63)

e Trauma or fracture (OR 4.56)

e Pregnancy or puerperium (OR 4.24)

e Oral contraception (OR 4.03)

* Noncontraceptive estrogen plus progestin use
(OR 2.53)

e Estrogen (OR 1.81)

e Progestin (OR 1.20)

* Body mass index (OR 1.08)

Interestingly previously held notions account-
ing for VTE risk factors such as age, varicose
veins, and progestin were not significantly associ-
ated with incident VTE in this studied population
when included in the multivariate analysis [75].

Hospitalization remains a well-recognized
risk factor for VTE conferring a greater than 100-
fold risk regardless of the fact that if this hospital-
ization is due to medical illness (VTE risk 22%)
or surgically related (24%) [74].

Recognized VTE risk factors among medical
illness patients include [74]:

o Age

e Obesity

e Previous VTE
e Thrombophilia
e Cancer
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* Recent trauma or surgery

e Tachycardia

e Acute myocardial infarction or stroke

* Leg paresis or prolonged immobilization (bed
rest)

* Congestive heart failure

e Acute infection

e Rheumatological disorders

e Hormone therapy

e Central venous catheter

e Admission to an intensive or coronary care
unit

e White blood cell and platelet count

In the case of surgical patients, VTE risk fac-
tors include [74]:

e Age, particularly in those 65 years of age or
older.

e Type of surgery such as neurosurgical, major
orthopedic procedures of the leg, renal trans-
plantation, cardiovascular surgery, and tho-
racic, abdominal, or pelvic surgical
interventions for cancer. Furthermore, obesity
and a poor physical status are well-recognized
risk factors after total-hip arthroplasty.

* Smoking status.

* Presence or absence of active cancer.

Additional elements that should be considered
known to increase VTE risk factors include
[76-79]:

e Central venous catheters, particularly via fem-
oral vein access

e Prior superficial vein thrombosis

e Long travels greater than 4 h

e Hypertriglyceridemia in
women

postmenopausal

The risk of DVT associated with varicose
veins is uncertain and seems to vary with patient
age [80].

However, we would like to point out that gen-
eralizations should be avoided as all these recom-
mendations require further validation as the
fluidity of medical and surgical care as well as the
complexity of cases have evolved.

It is important to point out that nursing-home
residents account for an ever-growing number of
patients for VTE risk. In fact, hospitalization and
being a resident of a nursing home account for
60% of incident VTE with nursing-home resi-
dence independently responsible for 1/10th of all
VTE cases [74].

Traditionally, cancer increases VTE risk and
currently accounts for 20% of all incident cases
occurring in the community [74]. Specific can-
cers associated to the increased VTE risk include
pancreas, ovaries, colon, stomach, lung, kidney,
bone, and brain [81, 82]. Furthermore, when can-
cer patients receive immunosuppressive or cyto-
toxic chemotherapy, particularly L-asparaginase,
thalidomide, lenalidomide, or tamoxifen, these
medications place these patients at even higher
risk [83, 84].

With regard to cancer patients, VTE risk is
particularly increased [85, 86]:

e Gastric and pancreatic cancers
 Platelet counts >350 x 10%/1
* Hemoglobin levels <100 g/1
e Use of red cell growth factors
e Leukocyte counts >11 x 10%1
e BMI 35 kg/m? or greater >35
e Elevated plasma-soluble
D-dimers

P-selectin  and

Aside from all these recognized risk factors
and clinical situations associated with VTE, true
estimates of the total number of VTE events that
are either incident or recurrent occurring each
year vary widely. Despite some limitations,
attack rates have been estimated between 91 and
255 for DVT and between 51 and 75 for PE per
100,000 person years [87, 88].

Recurrent VTE events occur in up to 30% of
cases within 10 years of the initial event with a
reported rate of 19-39 per 100,000 person years
[87, 89]. Based on the data originally published
by Heit et al. the estimated cumulative incidence
of the first overall VTE recurrence was 1.6% at 7
days, 5.2% at 30 days, 8.3% at 90 days, 10.1% at
180 days, 12.9% at 1 year, 16.6% at 2 years,
22.8% at 5 years, and 30.4% at 10 years with the
risk of first recurrence being the highest close to
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the incident event and then decreasing as time
goes on [90]. Although prophylaxis is crucial,
duration of this initial treatment does not appear
to affect the rate of recurrence beyond the initial
3 months of recommended prophylactic antico-
agulation suggesting that VTE is in fact a chronic
disease with episodic recurrence [91-94].

Recognized independent predictors of VTE
recurrence include [32, 90, 95-101]:

¢ Increasing age

e Increasing BMI

* Male sex

e Active cancer

* Neurological disease with leg paresis

» Idiopathic VTE

e Active lupus anticoagulant or antiphospho-
lipid antibody

e Deficiency of antithrombin, protein C, or pro-
tein S

e Hyperhomocysteinemia

e Elevated plasma D-dimers

¢ In some cases, residual vein thrombosis

e Factor V Leiden mutations combined with
deficiencies of antithrombin, protein S, or pro-
tein C

e Pancreatic, brain, lung, and ovarian cancer;
myeloproliferative or myelodysplastic disor-
ders; and stage IV cancers

Accurate assessments of case fatality rates
after initial VTE are hindered by the nature of the
analysis. First, retrospective data analysis is dif-
ficult to interpret when autopsy data is used
because autopsies are not uniformly performed to
confirm aPE diagnosis in patients dying unex-
pectedly. Second, prospective data collection is
also difficult due to the declining rates of autop-
sies. Despite these limitations, it is believed that
up to two-thirds of patients simply manifest DVT
alone and death occurs in approximately 6% of
these patients within a month of diagnosis,
whereas a third of patients with symptomatic
VTE develop PE and may experience up to a
12% mortality during the same time period [54].
Early mortality after VTE is strongly associated
with presentation as PE, advanced age, cancer,
and underlying cardiovascular disease [54, 102].

A. Lépez-Candales and S. Vallurupalli

Finally, it is clear that VTE occurrence is not
only influenced by multiple clinical factors and
disease processes but also modified by several
genetic-environmental interactions placing some
individuals at greater risk than others and addi-
tional follow-up studies are certainly required.

Pulmonary Vasculature

The pulmonary vasculature consists of the arterial,
venous, and bronchial arteries and to some extent
albeit not a robust system the microvascular col-
lateral circulation [103—106]. The pulmonary arte-
rial (PA) system is the most relevant to a discussion
of aPE and closely follows the bronchial path-
ways. From an anatomical perspective the main
PA arises from the RV outflow tract (RVOT) and
divides into the left and right pulmonary arteries.
The left PA appears to be a continuation of the
main PA as it arches over the left main stem bron-
chus and begins branching to supply the left upper
and lower lobes. A representative view of the main
PA with its main bifurcations is seen in Fig. 14.6.

Fig. 14.6 Volume-rendered reconstructions of a multi-
detector-row computed tomographic scan elegantly show-
ing the main pulmonary artery (MPA), left pulmonary
artery (LPA), and right pulmonary artery (RPA) with prox-
imal bifurcations. (Image reconstruction performed by
Amy L. Smith, RT (R) (CT) and Dr. Robert O’Donnell,
MD, University of Cincinnati Medical Center)
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Typically, the right PA is longer and gives rise to
the right upper lobe artery as it arches over the
right main stem bronchus. It normally courses
more caudal than the left, and its length is better
visualized in chest radiography. The normal main
PA caliber is less than 3 cm while both left and
right PAs are usually 1.5 cm [107].

The right PA gives rise to an upper lobe artery,
which then divides into an apical, a posterior, and an
anterior segmental artery. The next right lobar artery
branch is the middle lobe artery, which divides into
a lateral and a medial lobe segmental artery. The
right lower lobe artery divides into an apical, an
anterior, a posterior, a medial, and a lateral segmen-
tal artery. Although this major branching pattern is
typical and related to lobar and segmental lung
development, other arterial branches may arise
directly from the right and left PA [107]. In contrast,

a typical left PA gives rise to an upper and a lower
lobe artery. The left upper lobe artery gives off the
apicoposterior, anterior, and lingular arteries that
further divide into a superior and an inferior seg-
mental artery. The left lower lobe artery divides into
a superior, an anteromedial, a lateral, and a posterior
basal segmental artery [107].

Final diagnostic documentation of the
involved segment is based on the highest branch-
ing order resolved by the imaging technique.
Therefore, main PA arising from the RVOT is
recognized as the first order. The right and left PA
are considered as second order. Visualization of
lobar artery segments is considered third order.
Finally, segmental arteries are recognized as
fourth order, subsegmental arteries are fifth order,
and the first branches of subsegmental arteries
are described as sixth order [107]. Figure 14.7

4
— — —
4
1
Horsfield’s
1 Strahler ordering
method
3
- 3
2 2 2
1
Horsfield’s_ A Horsfield’s
Strarlertgrcéermg 7~ Strahler ordering
etho 2 method

1

Fig. 14.7 TIllustration of diameter-defined Strahler order-
ing system. Vessel order numbers are determined by their
connection and diameters. Arteries with smallest diameters
are of order 1. A segment is a vessel between two succes-
sive points of bifurcation. When two segments meet, order
number of confluent vessel is increased by 1. Horsfield and

diameter-defined systems apply to arterial and venous
trees only. They are not applicable to capillary network, the
topology of which is not treelike. Each group of segments
of the same order connected in series is lumped together
and called an element. (Reproduced with permission from
Huang W et al. J Appl Physiol 1996; 81: 2123-2133)
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Fig. 14.8 Chest tomographic image showing a large fill-
ing defect suggestive of a large saddle embolus seen (bro-
ken arrow). (Image provided by Amy L. Smith, RT (R)
(CT) and Dr. Robert O’Donnell, MD, University of
Cincinnati Medical Center)

Fig. 14.9 Chest tomographic image showing two filling
defects (shown by the arrows) on the left side and a defect
on the right side representative of subsegmental regions of
the PA vasculature. (Image provided by Amy L. Smith,
RT (R) (CT) and Dr. Robert O’Donnell, MD, University
of Cincinnati Medical Center)

demonstrates the proposed diameter-defined
Strahler ordering system with regard to the PA
system. Representative tomographic images of
aPE cases are shown with a typical proximal sad-
dle embolus shown in Fig. 14.8 and a subsegmen-
tal aPE shown in Fig. 14.9.

Pulmonary Arterial System Network
and the Right Ventricle

In the normal state, the pulmonary artery vascu-
lature acts as an elastic reservoir for the stroke
volume ejected from the RV, with minimal resis-
tance provided from the main PA all the way
down to subsegmental arteries (approximately
0.5 mm diameter). Exquisite flow resistance reg-
ulation takes place at the level of the muscular
arteriole capillaries, which exert the greatest arte-
rial flow and pressure control [108—110]. The
diameter of these artery segments closely paral-
lels that of the accompanying bronchi [110-113].
In the normal state, this dynamic process is
instrumental in matching perfusion to ventilation
in real time and in regulating RV systolic
function.

RV cardiac output depends on proper calibra-
tion between RV myocardial contractility and
impedance to blood flow through the lungs. The
RV can accommodate large volumes without
significant compromise in systolic performance
as long as there is no impedance to ejection or if
the impedance occurs slowly over a period of
time, such as in chronic pulmonary hyperten-
sion. However, it has limited contractile reserve
to match even minor increases in impedance to
ejection (acute pulmonary hypertension).
Clinically, the degree of hemodynamic compro-
mise depends on the magnitude and timing of
pulmonary vascular obstruction [114-121]. A
small embolism (even if recurrent and multiple)
can be asymptomatic or present with mild dys-
pnea. Due to these differences in clinical presen-
tation, case fatality rate for aPE ranges from
<1% to about 60% [122]. A more recent data
analysis using figures from the Nationwide
Inpatient Sample from 1999 to 2008 showed that
all-cause case fatality rate decrease was primar-
ily driven by a decrease in case fatality rates for
stable patients [123]. There was no reduction of
case fatality rate in unstable patients receiving
thrombolytic therapy [123]. Though it is impor-
tant to highlight the fact that the general case
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Fig. 14.10 (a) Echocardiographic short-axis view of the
left ventricle at the papillary muscle level showing a nor-
mal curvature of the left ventricle in relationship to a
normal-sized RV with normal wall thickness. (b) In con-
trast, a dilated and hypertrophied RV requires not only

fatality rate for patients receiving thrombolytics
and a vena cava filter was low, most of these
unstable patients did not receive this combina-
tion therapy [123].

Even though the proposed pathways leading
to RV injury are intrinsically different between
chronic and acute pulmonary hypertension (PH)
[124], RV dilatation and systolic dysfunction are
common abnormalities shared by both clinical
entities. These abnormalities in RV size and sys-
tolic performance are mainly explained by the
Laplace relationship [125]. Specifically, an
increased ratio between cavity radius and thick-
ness will increase wall stress while a decrease in
this ratio will decrease wall stress [126]. Acute
elevations in PH (acute increase in impedance to
flow in pulmonary artery, such as aPE) cause a
sudden increase in cavity radius and since there is
little time to compensate with increased wall
thickness, wall stress increases. This principle is
illustrated in Fig. 14.10 showing the relationship
between RV wall dilatation and increased thick-
ness and its effect on the left ventricle (LV).

The right and left ventricles differ in their abil-
ity to compensate for the increase in chamber
size. In the case of the LV, wall thickness is
greater than the RV. The LV can compensate both

219

more energy to pump the same amount of blood as com-
pared to the normal-sized RV but also the resultant higher
wall tension and thus RV peak systolic pressure results in
bowing of the interventricular septum causing systolic
flattening during ventricular contraction

to physiologically acute increases in afterload
(such as increased BP during exercise) or patho-
logical, chronic causes such as systemic hyper-
tension or valvular lesions (albeit by undergoing
compensatory hypertrophy) [127]. Increase in
thickness allows the LV to provide adequate
stroke volume without an unacceptable reduction
in myocardial performance [127]. In the more
compliant RV, the thin walls allow it to accom-
modate larger volumes without hemodynamic
stress (such as the increased preload during exer-
cise), while at the same time allowing it to eject
the same stroke volume as the LV against approx-
imately 25% of the afterload the LV faces [128].
This increased compliance does not allow the RV
to tolerate acute increases in afterload, such as in
aPE [125]. Direct mechanical obstruction of the
PA by thrombus or any other embolic material
accompanied by potent release of local vasocon-
strictors will result in hypoxemia causing a rapid
increase in pulmonary vascular resistance (PVR)
and the resultant increase in PVR [129-139]. The
latter will ultimately determine the compromise
in RV performance and the degree of hemody-
namic collapse in accordance with the location
and extent of the acute thromboembolic occlu-
sion as well as the generation of local vasocon-
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strictive mediators along the PA system network
in relation to underlying functional state of the
myocardium. In cases of gradual increase in RV
afterload, such as chronic PH, the RV should be
able to handle these remodeling changes more
efficiently, as there is time to assemble new sar-
comeres in parallel in order to increase wall
thickness and compensate for the hemodynamic
stress [125].

Clinically, PVR can be assessed either inva-
sively by catheter measurement or noninvasively
by using transthoracic echocardiography (TTE).
TTE estimation relies on measuring the maximum
tricuspid regurgitation (TR) jet velocity using
continuous-wave Doppler and the velocity time
integral (VTI) of the pulsed Doppler signal across
the RVOT. Thus, TTE calculation uses the fol-
lowing formula: PVR (Woods unit [WU]) = (TR
velocity max/RVOT VTI) x 10 + 0.16 to approxi-
mate values that are obtained during invasive
right-heart catheterization. Representative TTE
Doppler signals are shown in Fig. 14.11 [140].

As mentioned earlier, this rise in PVR would
depend on the location and extent of the acute
thromboembolic occlusion and also generation of
local vasoconstrictive mediators along the PA
system network. In conjunction with the func-
tional state of RV myocardium, the extent of
increase of PVR is an important determinant of
prognosis, particularly when aPE interferes with
both the circulation and gas exchange.

While the presence of thrombus in the deep
veins and pulmonary arteries has been discussed,
it is not unusual to find intracardiac thrombi in
those with suspected aPE. This finding signifies
either a thrombus in transit from the leg veins to
the pulmonary artery or a native intracardiac
thrombus that can rarely cause aPE. Either way,
presence of intracardiac thrombus is a poor prog-
nostic sign. In the International Cooperative
Pulmonary Embolism Registry (ICOPER), intra-
cardiac thrombus was present in 42 of 1113
patients with a TTE at admission [141]. Patients
with a demonstrable intracardiac thrombus at the
time of the TTE were more hemodynamically
compromised as suggested by lower systemic
arterial pressure, higher prevalence of hypoten-
sion, faster heart rates, and frequent hypokinesis

of the RV as determined by TTE than patients
without a demonstrable intracardiac thrombus at
the time of diagnosis [141].

From a pathophysiological point of view, the
cascade of events resulting in aPE can be simplis-
tically explained not only by interference of both
the circulation and gas exchange at the pulmo-
nary level caused by the embolic material but
also by the disturbance created by that material
along the pulmonary-ventricular unit that ulti-
mately results in some variable degree of RV
mechanic disruption. Primary cause of death in
severe aPE has been singled out as RV failure
[142].

When occlusion of more than 30-50% of the
total cross-sectional pulmonary arterial bed by
thromboembolic material and local release of
vasoconstriction substances occur, we see eleva-
tion in pulmonary artery pressures as a result of
an increase in PVR [133, 143-145]. A marked
and sudden increase in PVR will dilate an other-
wise normal thin-wall RV that by the mechanisms
previously described would not be able to gener-
ate a mean pulmonary pressure above 40 mmHg
and consequently fail [125, 126, 143].

From a clinical point of view the estimated in-
hospital or 30-day mortality risk determines the
severity of an aPE event mainly determined by
the patient’s presentation. The latter will ulti-
mately stratify patients into either high- (shock or
persistent hypotension in the absence of arrhyth-
mia, hypovolemia, or sepsis) or no high-risk PE
with important diagnostic and therapeutic impli-
cations [143]. Differentiating patients based on
this approach facilitates diagnostic and therapeu-
tic strategies as reconciled on a recent guideline
document that integrates previous knowledge
into a more optimal and objective diagnostic and
management strategies for those patients present-
ing with either a suspected or a confirmed aPE
[143].

Clinical parameters based on severity index
have shown to be quite useful in assessing prog-
nosis and determining outcomes. The most vali-
dated score to date is the PESI in identifying
patients” worse 30-day outcomes [146-149]. A
simplified sPESI version is also available and has
been validated [150, 151]. These clinical param-
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Fig.14.11 Representative Doppler tracings used for PVR  the RVOT showing a velocity time integral (VTI) of 18 cm
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aPE
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Anatomical obstruction
+
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+
Vasoconstrictor factors
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+
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RV Dilatation

Massive aPE
(hypotension < 90 mmHg;
shock or cardiac arrest)

Mortality > 60%
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Non-massive aPE
(normotensive without RVD)

Mortality < 3%

Decreased RV output
+
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+
Decreased LV preload
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(normotensive with evidence
of RVD)

Mortality 15 - 20%
(30 days)

Fig. 14.12 Diagrammatic representation of the sequence of events during aPE and the potential clinical implications

of the thrombotic occlusion and resultant hemodynamic implications with associated mortality rates

eters become clearly important in assessing the
overall risk of adverse events and need for addi-
tional testing.

Traditionally, determination of the clinical
magnitude of the thrombotic occlusion and its
hemodynamic helps expedite therapeutic strate-
gies [152]. A massive aPE is defined as a patient
with hemodynamic compromise with significant
RV dysfunction. Based on the location of throm-
bus, it is further categorized as saddle, main
branch, or >2 lobar pulmonary emboli. It carries
an estimated 60% mortality, two-thirds of which
occur within the first hour after onset [122, 153,
154]. In contrast, sub-massive aPE occurs in
hemodynamically stable patients who demon-
strate evidence of right-heart strain, which is
most commonly identified by TTE or elevation of
cardiac enzymes [122, 154]. It carries an esti-
mated 15-20% 30-day mortality rate and has
been associated with chronic thromboembolic
pulmonary hypertension and subsequent devel-

opment of cor pulmonale [155]. Finally, a non-
massive aPE is characterized by a normotensive
patient with no evidence of RV dysfunction. A
diagrammatic representation of this interrelation-
ship is seen in Fig. 14.12. In summary, a high
index of clinical suspicion is required to identify
patients at risk as subtle findings can make the
difference between life and death as shown in
Fig. 14.13.

A recent publication by Jimenez and associ-
ates sheds light into most recent trends regarding
hospital stay and 30-day mortality for aPE. Data
from 23,858 patients from 2001 to 2013 taken
from a large international aPE (RIETE) registry
was used. For comparison purposes, results were
divided into two time periods, first period
between 2001 and 2005 and second period
between 2010 and 2013. Using a multivariate
regression model, these investigators found
improvements in the overall length of stay (reduc-
tion from 13.6 to 9.3 days: 32% relative reduc-
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Fig. 14.13 Schema of
relationship between
suspected and actual
cases of pulmonary
embolism (PE). (From
Ryu JH, Olson EJ,
Pellikka PA. Clinical
recognition of
pulmonary embolism:
problem of unrecognized
and asymptomatic cases.
Mayo Clin Proc
1998;73:877; with
permission)

tion, p < 0.001) and reductions in mortality
(risk-adjusted rates for all-cause mortality from
6.6% to 4.9% and rates for aPE-related mortality
from 3.3% to 1.8%, p < 0.01) [156].

Acute Pulmonary Embolism, Right
Ventricular Architecture,
and Myocardial Mechanics

In addition to causing an obvious sudden increase
in PVR, an acute occlusive pulmonary thrombus
also disrupts normal RV ejection due to RV myo-
cyte lysis and induction of a proinflammatory
phenotype [157-159]. Experimental data of aPE
in the rat model suggests that neutrophils are
present in the RVOT region between 6 h and 18 h
of the thrombotic insult. Current data suggests
that this inflammation is independent of the dam-
age caused by the obstructive thrombus and also
amplifies the initial thrombotic injury [160, 161].
In humans, an elevated concentration of circulat-
ing myeloperoxidase as well as other inflamma-
tory biomarkers has been demonstrated in the
aPE setting [162-164]. Hence, it has been sug-
gested that an inflammatory response might be a
primary part of the development of acute RV dys-

Suspected

function in the setting of aPE in both clinical and
experimental models [134].

Advances in the understanding of myocardial
fiber orientation have been instrumental in
advancing our knowledge of how the RV responds
to an increase in afterload in response to
aPE. Specifically, the RV free wall is mainly
comprised of transverse fibers while the LV is
encircled by oblique fibers [165]. Oblique fibers
from the interventricular septum (IVS) also
extend into the RVOT [166]. A schematic repre-
sentation of this fiber orientation is shown in
Fig. 14.14. It is now well established that the
comparison of varying fiber orientations shows
marked differences in contractile performance.
Helical or oblique fibers are responsible for twist-
ing and untwisting, while transverse fibers exert a
compressive bellows-like activity [166]. From a
mechanical perspective, helical or oblique fibers
are at a considerable mechanical advantage com-
pared with transverse fibers [167].

In the healthy state, transverse fibers are the
principal fiber group maintaining RV perfor-
mance, with some assistance from the helical or
oblique fibers from the LV (through the IVS)
[168, 169]. In fact, left ventricular activity con-
tributes to about 80% of the flow and up to two-
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Fig. 14.14 Schematic representation of the myocardial
fiber orientation relationship of the IVS, composed of
oblique fibers that arise from the descending and ascend-
ing segments of the apical loop, surrounded by the trans-
verse muscle orientation of the basal loop that comprises
the free RV wall. (Reproduced with permission from
Buckberg G D, and the RESTORE Group Eur J
Cardiothorac Surg 2006; 29: S272-S278)

thirds of the pressure generated by the RV during
systole [168]. The influence of LV contractile
function on RV contractile function via the shared
IVS is part of the concept of ventricular
interdependence.

However, in situations resulting in elevation in
PVR, as it occurs in aPE, contribution from the
IVS helical or oblique fibers becomes increas-
ingly significant [170]. This contribution depends
on the overall contractile state of the LV.

An acute increase in PVR results in systolic
IVS flattening causing loss of the oblique orien-
tation of the septal fibers as seen in Fig. 14.15
[24]. This contributes to the RV systolic dysfunc-
tion with aPE. In addition, the RV dilatation due
to significant increases in PVR results in a shift
of the IVS towards the LV causing LV underfill-
ing [24-28]. This impaired LV performance and
output add to the hemodynamic effects of aPE
with catastrophic consequences as shown in
Fig. 14.16.

Careful analysis of IVS in patients with
chronic PH has led to the identification of two
types of septal motions. Type A has been

A. Lépez-Candales and S. Vallurupalli

Fig. 14.15 Short-axis TTE view of the LV at the level of
the papillary muscle showing a dilated RV that is causing
significant flattening of the IVS as a result of an acute rise
in PVR

Fig. 14.16 Short-axis TTE view of the LV at the level of
the papillary muscle showing a markedly dilated RV caus-
ing significant flattening of the IVS as a result of an acute
rise in PVR resulting in both LV underfilling and impair-
ing LV performance associated with hemodynamic com-
promise in cases of massive aPE. A pericardial effusion
(PE) is also noted
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described as marked anterior motion in early sys-
tole while type B shows marked posterior motion
in early diastole [171]. Type A IVS motion is
mainly seen in patients with worse hemodynamic
profiles and worse clinical outcomes when com-
pared to those with type B IVS motion [171].
Deviation of the IVS towards the LV can thus
compromise LV systolic as well as diastolic func-
tion [172-174].

The study of RV mechanics and IVS motion
highlights not only the intricate hemodynamic
and mechanical interdependence of the
RV-pulmonary circulation unit, but also the
importance of identifying RV dysfunction, par-
ticularly since aPE mortality is indisputably
dependent on the presence and magnitude of RV
strain [116, 119, 122, 142, 172, 175-183].

Diagnosis and Assessment of Right
Ventricular Function in Acute
Pulmonary Embolism

Unfortunately, the limited sensitivity and speci-
ficity of some signs and symptoms in certain
clinical situations hinder aPE recognition [184—
187]. Henceforth, a keen clinical judgment is
critical at all times. The latter has certainly proven
useful on several large series but lacks standard-
ization for which prediction models have been
developed [188-195]. Most importantly, when-
ever clinical presentation raises the suspicion for
aPE, prompt objective testing is urgently required.

Introduction of multi-detector computed tomo-
graphic (MDCT) angiography with high spatial
and temporal resolution has certainly revolution-
ized the assessment of suspected aPE patients and
cemented its status as the preferred imaging
method of choice for these patients [196—-198].
With a reported sensitivity of 83% and a specific-
ity of 96%, data from PIOPED II also highlighted
the importance of combining clinical probability
based on the Wells rule with CT findings [199].
For example, patients presenting with a low or
intermediate clinical probability of aPE and a
negative CT had a high negative predictive value

for PE (96% and 89%, respectively) with only
60% in those with a high pretest probability [199].
On the other hand, the positive predictive value of
a positive CT was high (92-96%) in patients with
an intermediate or high clinical probability while
it was only 58% in patients with a low pretest like-
lihood of aPE [199].

Additional CTPA findings in aPE are shown in
Figs. 14.17, 14.18, and 14.19. In contrast,
Figs. 14.20 and 14.21 show examples in which
CTPA was useful to distinguish acute from
chronic PE cases. Finally, Fig. 14.22 lists poten-
tial patient- and technique-related artifacts as
well as anatomic mimickers that are important to
be recognized when using multi-detector CT
when evaluating patients with a presumptive
diagnosis of aPE.

In other words, MDCT documentation at seg-
mental or more proximal levels is sufficient proof
for aPE diagnosis when the clinical suspicion is
high and a negative MDCT should with confi-
dence exclude aPE in cases with low clinical sus-
picion; however, what to do in cases of high
clinical suspicion and a negative MDCT is less
clear and there is paucity of data if additional
testing is needed.

Lastly, three instances involving CT require
our attention. First, isolated identification of sub-
segmental aPE on CT: this has been reported in
4.7% of patients when imaged by single-detector
CT angiography and in 9.4% of those undergoing
MDCT [200]. Based on the lower positive pre-
dictive value and poor inter-observer agreement
when distal pulmonary segments are being evalu-
ated, the use of compression venous ultrasonog-
raphy might be considered to exclude the
presence of DVT that might require treatment
[201]. Second, combination of computed tomo-
graphic venography with CT angiography as a
single procedure using one intravenous injection
of contrast is an alternative being proposed based
on the PIOPED II data [199, 202]. Though this
combination increased sensitivity for aPE diag-
nosis from 83% to 90% with similar specificity
(95%), there was no significant increase in its
negative predictive value [199, 202].
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Fig. 14.17 (a) Sagittal and (b) coronal reformatted vascular enlargement (arrows) as compared with the adja-
images in a 56-year-old man with chest pain and dyspnea  cent patent vessels. (Reproduced with permission from
reveal thrombosed lower lobe posterior basal segmental ~Chhabra A, et al. Applied Radiology 2007)

artery branches. Notice the relative associated abnormal

L R 4

Fig. 14.18 (a) The donut sign in the left lower lobe pul-  of acute pulmonary emboli. (Reproduced with permission
monary artery (arrow) and (b) tram track sign (arrows) in ~ from Chhabra A, et al. Applied Radiology 2007)
bilateral upper lobe segmental pulmonary arteries in cases
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Fig. 14.19 (a, b) Acute right lower lobe subsegmental pulmonary embolus (arrows) in a 60-year-old man with periph-
eral pulmonary infarct. (Reproduced with permission from Chhabra A, et al. Applied Radiology 2007)

Furthermore, since CT venography yields
similar results to the compression venous ultraso-
nography [202], the latter should be used instead
as it would further reduce the total radiation dose.
Finally, when an incidental pulmonary embolism
is seen on CTs done among cancer, atrial fibrilla-
tion, and heart failure patients this might create
some decision-making problem. Although
accounting for only 1-2% of all CT cases [203—
206], no robust treatment recommendations have
been provided. However, it should be noted that
most experts suggest that anticoagulation should
be administered for incidental clots if found on
lobar or more proximal level pulmonary circula-
tion segments [207].

However, it is important to point out that the
effectiveness of this imaging modality relies on
identifying vascular obstruction and RV dilata-

tion as a response of the former; however, it does
not provide any information regarding RV
function.

Ventilation—perfusion scintigraphy (V/Q scan)
has been for some time a useful imaging modal-
ity used in the assessment of both acute and
chronic PE considerations [208—-210]. With lack
of radiation and use of contrast material, V/Q
scans have been preferentially used in outpatients
with low clinical probability and for normal chest
X-rays particularly among females, and in
patients with a history of contrast-induced aller-
gies, renal compromise, multiple myeloma, and
paraproteinemic syndromes [211].

Though initial diagnostic criteria used for
V/Q scan interpretation prompted revision into
more useful management of high-probability
scans and of normal perfusion V/Q scans, a high
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Fig. 14.20 A 56-year-old man with a history of treated
pulmonary embolism in the left lower lobe segmental
arteries presented with acute chest pain. No evidence of
acute embolism was seen. This volume-rendered coronal
image reveals an abrupt cutoff in the left lower lobe seg-
mental arteries (yellow arrow) with visualization of
dilated bronchial collaterals. (Reproduced with permis-
sion from Chhabra A, et al. Applied Radiology 2007)

number of nondiagnostic intermediate probabil-
ity scans continue to be problematic as addi-
tional diagnostic testing is required [212-217].
This problem might have been solved by using
single-photon emission computed tomography
(SPECT) data acquisition imaging with or with-
out low-dose CT [218-221]; however, large-
scale prospective studies are required to validate
this approach. Once again, V/Q scan imaging

also falls short in providing any information
regarding RV function.

For decades, pulmonary angiography was
seen as the “gold standard” imaging modality
tool when assessing aPE patients [222]. Though
currently replaced by the less invasive and equally
effective method in providing diagnostic accu-
racy as CT angiography technique, pulmonary
angiography is still used when guiding percuta-
neous catheter-directed treatment for aPE.

Associated procedure-related mortality for
pulmonary angiography has been reported at
0.5% while minor and major complications have
been quoted at 5% and 1%, respectively [223].
As expected, deaths are most likely related to
either hemodynamic compromise or respiratory
failure and bleeding-related complications if
thrombolysis follows a diagnostic pulmonary
angiogram [224].

Digital subtraction angiography is a fluoro-
scopic technique that improves visualization for a
better accurate depiction of blood vessels by
eliminating surrounding structures. Though this
technique improves peripheral visualization of
pulmonary arterial branches with identification
of thrombi as small as 1-2 mm, main trunk imag-
ing is compromised by cardiac motion [225,
226]. Direct visualization of a filling defect or
amputation of a pulmonary arterial branch con-
stitutes the only validated diagnostic sign of aPE
as none of the proposed indirect signs have been
validated [187].

Obviously, a heightened clinical suspicion
when we encounter a patient with the right risk
profile sets in motion a series of diagnostic test-
ing modalities that according to the situation
allow to exclude or confirm aPE in order to insti-
tute appropriate treatment. At times, due to the
critical nature of patients, a simple bedside ultra-
sound detection of a venous thrombus in the
lower extremity is often enough to initiate the
treatment for presumed aPE. However, absence
of DVT by ultrasound does not preclude aPE
diagnosis while the presence of DVT by ultra-
sound is not confirmatory of aPE [227].

Once a diagnosis of aPE is made, determining
the RV response to this challenge by clinical,
laboratory, and imaging methods influences clin-
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Fig. 14.21 (a) Coronal and (b) sagittal reconstructions in
a 70-year-old man with a history of bilateral acute pulmo-
nary embolism and a 6-month history of warfarin treat-
ment. These scans show chronic pulmonary emboli
forming obtuse angles with the vessel wall in the left

Artifacts and Mimics on Multidetector CT for aPE

¢ Patient-related artifacts:
— Respiratory motion
— Body habitus
— Flow related Vascular resistance
* Anatomic pathologic mimics:
— Peribronchial lymph node
— Unopacified veins
— Mucus-filled bronchi
— Perivascular edema
e Technique-related artifacts:
— Poor timing
— Window setting
— Patial voluming
— Staristep

Reproduced with permission from Chhabra A, et al. Applied Radiology 2007

Fig. 14.22 List of potential patient- and technique-
related artifacts as well as anatomic mimickers on multi-
detector CT for aPE. (Reproduced with permission from
Chhabra A, et al. Applied Radiology 2007)

lower lobe pulmonary artery and its posterior segmental
branch. (Images courtesy of Dr. Drew A. Torigian, MD,
Hospital of the University of Pennsylvania, Philadelphia,
PA; Reproduced with permission from Chhabra A, et al.
Applied Radiology 2007)

ical management and prognosis. Prompt hemo-
dynamic stability and RV function assessment
are critical.

Once a diagnosis of aPE is made, determining
the RV response to this challenge by clinical,
laboratory, and imaging methods influences clin-
ical management and prognosis. Prompt hemo-
dynamic stability and RV function assessment
are critical. Risk stratification algorithms have
been proposed to help physicians identify high-
versus low-risk aPE patients in order to expedite
diagnosis and treatment, as shown in Fig. 14.23.

While hemodynamic stability is often discern-
ible by clinical examination, identification of
high-risk features associated with significant RV
strain and impending circulatory collapse with
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Fig. 14.23 Pulmonary o i

embolism severity index Clinical Predictors Score
(PESI). (Modified with

permission from |. Demographics:

Aujesky D, Perrier A, Age Years
Roy PM, et al. Male sex - +10
Validation of a clinical Il. Comorbid conditions:
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1df3nt1fy low-risk patients Chronic obstructive pulmonary disease +10
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clinical aspects,

imaging, and
biomarkers. Vasc Health
Risk Manag. 2009; 5:

567-575) ¢

|

Low Risk aPE Patients

e <65 class |, mortality 0.7% o
* 66-85 class Il, mortality 1.2% o

High Risk aPE Patients

86-105 class lll, mortality 4.8%
106-125 class IV, mortality 13.6%

* > 125 class V, mortality 25%

imaging can be challenging. Commonly used
imaging modalities such as computed tomogra-
phy and TTE are less than ideal in studying the
true anatomic and functional derangements of the
RV (Fig. 14.24) but are readily available and can
detect simple markers that identify patients at
risk of hemodynamic instability in aPE. Table 14.4
summarizes the most commonly associated vari-
ables currently used in the identification of
abnormal RV strain. Figure 14.25 shows a picto-
rial representation of normal TTE RV findings
that can be contrasted to abnormal RV strain find-
ings as seen in Fig. 14.26.

Risk stratification algorithms have been pro-
posed to help physicians identify high- versus
low-risk aPE patients in order to expedite diagno-
sis and treatment [228-232]. While hemody-
namic stability is often discernible by clinical
examination, identification of high-risk features
associated with significant RV strain and
impending circulatory collapse with imaging can
be challenging.

Although the electrocardiogram (ECG) has
traditionally been one of the first diagnostic tests

obtained from patients presenting with symptoms
suggestive of aPE, it has not been incorporated
into any risk stratification models. However,
there are certain ECG findings in aPE that have
been correlated with the presence of RHS [233—
236]. Consequently, the American Heart
Association has recommended risk stratification
for aPE patients based on RHS [237].
Furthermore, in a study by Hariharan and associ-
ates, these investigators described 3-ECG find-
ings that were independently associated with
RHS [238]:

e TWIin leads V1 through V3 (5 points)
e S wave in lead I (2 points)
e Sinus tachycardia (3 points)

Using this score, these investigators were able
to risk-stratify 85% of the aPE they studied [238].
Specifically, when the score was 5 or greater, it
was 93% specific for RHS while a score of 2 or
less excluded the presence of RHS with 85% sen-
sitivity [238]. These results were similar to find-
ings reported by other investigators [239, 240].
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Fig. 14.24 (a) Open-cut macroscopic view of heart in a
four-chamber view depicting the thin-walled RV in rela-
tion to the LV. (b) Computed tomographic view of a rep-
resentative four-chamber view showing the same
anatomical relationship of the macroscopic specimen.
Image shows corresponding reformatted four-chamber

Although these results might be encouraging fur-
ther research should be undertaken not only to
define the appropriate role of ECG in the assess-
ment of RV involvement in aPE but also to clarify
the potential role of ECG in aPE risk stratifica-
tion models.

Biomarkers such as cardiac troponin, a well-
known, reliable marker of injury, have been used

contrast-enhanced ECG-gated MDCT scan. (Both (a) and
(b) were reproduced with permission from Dupont MV,

et al. Right ventricular function assessment by
MKDCT. AJR 2011; 196: 77-86). (¢) TTE representation
of the RV and LV obtained from the same four-chamber
apical view orientation as represented in (a, b)

in patients presenting with chest pain and dys-
pnea mainly with the aim of identifying an acute
coronary syndrome; however, elevated cardiac
troponins have been shown to occur in aPE as a
result of acute RV dilatation and dysfunction
[241]. Specifically, elevation in cardiac troponin
levels can identify those aPE patients at higher
risk of hemodynamic collapse [242]. Furthermore,
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Table 14.4 Common markers of RV strain

RV end-systolic and end-diastolic dilatation

Increased RV-to-LV maximal diameter cavity ratio
Dilated RV apex

Dilated tricuspid annulus

Presence of IVS flattening

Increased pulmonary artery pressures
Increased PVR
Reduced measures of RV systolic function:
Fractional area change
TAPSE
Tricuspid annular TDI systolic velocity
Abnormal pulsed Doppler signal across RVOT
Reduced RVOT systolic excursion

Regional RV wall motion abnormalities
Reduced RV myocardial velocity generation
Reduced RV strain generation

Presence of RV dyssynchrony

Increased diameter of the superior vena cava

Reflux of contrast medium or color flow signal into
the inferior vena cava

Increased circulating levels of troponin I in the
absence of left-heart abnormalities

Increased circulating levels of brain natriuretic peptide
Abnormal electrocardiographic changes

the utility of cardiac troponin assessment among
normotensive aPE patients has also been found
useful to exclude RHS [243]. It is always impor-
tant to keep in mind which clinical conditions
affect cardiac troponin levels independently of
cardiac injury [244].

In terms of the brain natriuretic peptide (BNP),
a well-characterized peptide with numerous
mechanistic actions known to primarily be
secreted by the ventricles in response to stretch-
ing and wall tension, it is another biomarker with
potential use in aPE patients [245-249].
Consequently, the value of measuring BNP levels
in aPE patients with an initial stable hemody-
namic status was considered. However, a meta-
analysis of BNP levels found that while elevated
BNP levels might be useful in identifying aPE at
high risk of death and adverse outcome events,
the high negative predictive value of a normal
BNP level was certainly more useful in selecting
those aPE patients with a likely uneventful fol-
low-up [250].

In contrast to all the abovementioned imaging
tools and blood markers, TTE provides a unique

rapid, accurate, and reproducible opportunity to
evaluate aPE. It could also potentially provide
supportive evidence (such as presence of a throm-
bus in transit or presence of new RHS). As seen
in Fig. 14.27 panels a and b depict the presence of
a RV apical thrombus in a patient with biventric-
ular dysfunction due to nonischemic cardiomy-
opathy. Two days later, the patient developed
pleuritic chest pain and CTA of pulmonary arter-
ies showed pulmonary embolism (Fig. 14.27c¢).
Venous duplex of lower extremities was negative
for thrombus.

In addition, it also aids in the hemodynamic
evaluation of the extent and magnitude of the
thrombotic burden that can be used to assess
prognosis. Even though detection of clot burden
in transit or identification of a proximal pulmo-
nary artery thrombus is challenging by TTE on a
regular basis, most routinely TTE’s role basically
resides in hemodynamic assessment and evalua-
tion of RV function.

Since clinical hemodynamic stability appears
to be dependent on RV function rather than the
magnitude of clot burden in aPE, particularly
within the first hour, confirmation and assess-
ment of mechanical stability of RV function are
promptly required once this diagnosis is enter-
tained (Fig. 14.28).

While echocardiography is clinically used to
suggest the presence of aPE (via the presence of
RV dysfunction in a patient with suspected aPE
but unable to obtain a diagnostic test), several pit-
falls in this setting need to be borne in mind.
First, presence of RV strain may represent a
chronic finding (such as COPD or chronic pul-
monary HTN). Thus, without a prior echocardio-
gram showing normal RV function, assuming
that the RV dysfunction is due to aPE may result
in unnecessary and potentially dangerous treat-
ment for aPE. Second, new-onset RV dysfunction
can occur with ARDS or other pulmonary inju-
ries. Finally, in the supine, ventilated, critically ill
patients, echocardiographic windows are often
poor and a partially visualized RV can be consid-
ered normal in size and aPE be falsely ruled out.
Despite past skepticism regarding the predictive
value of TTE in assessing RV dysfunction among
hemodynamically stable aPE patients, TTE
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Fig. 14.25 Pictorial representation of normal TTE markers
of RV size and systolic function. (a) Representative end dia-
stolic four-chamber apical frame showing normal relation of
RV size when compared to the LV; the right (RA) and left
(LA) atria are also seen. (b) End-systolic four-chamber api-
cal frame showing a normal-size relationship between the
RV and LV denoted by straight white lines. (¢) Representative
end-diastolic four-chamber apical frame showing normal-
size relationship between RV and LV (dashed lines) as well
as a normal tricuspid annular size, denoted by the solid line.
(d) Representative short-axis view at the level of the papillary

muscles showing a normal relationship between RV and
LV. Please note the crescent shape of the RV cavity at this
level as well as the normal curvature of the IVS. (e)
Representative tricuspid regurgitation signal that peaks early
in systole with a peak velocity of 2.54 m/s. (f) Representative
tricuspid annular plane systolic excursion from a normal
patient with a maximum amplitude of 3 cm. (g) Representative
tricuspid annular tissue Doppler imaging signal from a nor-
mal patient showing a normal systolic velocity of 0.14 m/s or
14 cm/s. (h) Representative pulsed Doppler signal across the
pulmonic valve showing a normal RVOT envelope
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remains a useful imaging modality in the initial
evaluation and follow-up of aPE patients [239,
240]. In view of the above, the 2011 American
Society of Echocardiography appropriate use cri-
teria (AUC) assign TTE a score of 2 (inappropri-
ate) for diagnosis of aPE while assigning a score
of 8 (appropriate) to guide therapy [251].

To become a serious imaging contender,
TTE has to offer critical data that surpasses
rudimentary information based on subjective

A. Lépez-Candales and S. Vallurupalli

interpretation of RV size and wall motions,
abnormal IVS motion, presence of tricuspid
regurgitation, and lack of collapse of the infe-
rior vena cava during inspiration [252]. In gen-
eral, RV systolic dysfunction can be easily
quantified by measuring either tricuspid annu-
lar plane systolic excursion (TAPSE, <1.6 cm)
or fractional area change (FAC <35%). In addi-
tion to these, other simple echo markers of RV
strain have been described.

Fig. 14.26 Pictorial representation of abnormal TTE
markers of RV strain. (a) Representative end-diastolic
four-chamber apical frame from a patient with a con-
firmed aPE showing a dilated RV in comparison to the LV;
a pericardial effusion (PE) is also appreciated. (b) End-
systolic four-chamber apical frame showing a markedly
dilated RV when compared to the LV denoted by the
dashed white lines. (¢) Representative end-diastolic four-
chamber apical frame showing a dilated RV when com-
pared to the LV. In addition, a dilated tricuspid annulus is
also seen (solid line). Furthermore, stretched RV apex is
also noted by the arrow and can be easily contrasted to the
normal RV apex seen in Fig. 14.18b. (d) Representative
short-axis view at the level of the papillary muscles show-
ing a markedly dilated RV and small compressed LV. In
addition, please note the flattened IVS that bows against

the LV. (e) Representative tricuspid regurgitation signal
that peaks late in systole with a velocity of 2.98 m/s in a
patient with aPE. (f) Representative tricuspid annular
plane systolic excursion from a patient with hemodynami-
cally significant aPE that is hypotensive. Please note the
significant reduction in the maximum amplitude of less
than 1 cm. (g) Representative tricuspid annular tissue
Doppler imaging signal from a patient with a hemody-
namically significant aPE showing significant reduction in
the systolic velocity of 5 cm/s. (h) Representative pulsed
Doppler signal across the pulmonic valve showing a
markedly abnormal RVOT envelope from a hypotensive
patient with a confirmed aPE; please note the narrow
width (lines) of the signal and the mid-systolic indentation
in the signal (arrows)
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Fig. 14.26 (continued)

McConnell’s sign has been traditionally
used to describe regional RV dysfunction that
spares the apex and was initially felt to aid
both in the diagnosis of aPE and in the detec-
tion of RV strain. Initial studies reported sensi-
tivity of 77%, specificity of 94%, positive
predictive value of 71%, and negative predic-
tive value of 96% to diagnose aPE [253].
However when applied in routine clinical prac-
tice for the diagnosis of aPE, McConnell’s sign
is not as reliable since similar pattern can be
found in other right-heart pathologies such as
acute RV infarct [254].

Doppler echocardiography is also useful in the
evaluation of aPE patients. The acute increase in
PVR often results in a rapid acceleration time and
mid-systolic notching. An altered RVOT Doppler
signal has been shown to be useful not only in
characterizing PH severity, but also in overall RV
systolic performance [255-257]. Representative
RVOT images from a normal patient (Fig. 14.29a,
b) and a patient with a confirmed aPE are shown
(Fig. 14.30a, b).
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The 60/60 sign refers to the presence of a short
RVOT signal acceleration time (<60 ms) along
with an estimated RV systolic pressure <60 mm
of Hg [258]. This sign reflects the acute increase
in PVR compared to a more chronic cause such
as chronic pulmonary arterial hypertension.
Similar to McConnell’s, this sign is insensitive
for the diagnosis of aPE.

As noted above, the clinical effects of aPE
depend both on clot burden and the underlying
cardiac reserve—some patients with a massive
aPE but excellent cardiac reserve might behave
similarly to patients with sub-massive aPE but
compromised cardiac reserve [259, 260].
Untreated aPE can be fatal in up to 30% of
patients largely depending on the degree of RV
compromise [176, 261-263]. Since -clinical
hemodynamic stability appears to be dependent
on the RV function rather than the magnitude of
clot burden in aPE, particularly within the first
hour, confirmation and assessment of mechanical
stability of RV function are promptly required
once this diagnosis is entertained [264—287].
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Fig. 14.27 (a, b) Depict the presence of a RV apical
thrombus (red arrows) in a patient with biventricular dys-
function due to nonischemic cardiomyopathy. Two days
later, the patient developed pleuritic chest pain and CTA

New Frontiers in the Assessment
of Right Ventricular Function
in Acute Pulmonary Embolism

Integrity of RV function plays a pivotal role in
determining the prognosis after aPE [124, 177,
179, 264-287]. Experimental data using healthy
dogs has revealed that acute embolization using
microbead injections induces dramatic stiffening
of the PA leading to increased RV stroke work
[288]. In this particular model, the use of both
invasive and magnetic resonance imaging mea-
sures to assess PA stiffness and RV systolic func-
tion revealed that the RV was able to shift its

of pulmonary arteries showed pulmonary embolism (c) as
denoted by the red arrow. Venous duplex of lower extrem-
ities was negative for thrombus

working conditions, preserve function, and
maintain hemodynamic coupling with the PA
despite the acute insult [288]. This however
occurs at the expense of a reduction in RV effi-
ciency [288]. This interaction between RV and
PA has clarified our understanding of RV func-
tion and it is now clear that RV systolic function
cannot be studied in isolation, as both RV and
PA work in series [289]. Evolution of RV pathol-
ogy from normal to a decompensated state paral-
lels the evolution of pulmonary vascular
pathology; hence studying the RV and the PA as
a unit will be critical to understanding the true
performance of the RV [289].
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Clot Burden

Pulmonary Bed Obstruction

225
but
< 50%

4

Resultant

clinical manifestation

Mean

pulmonary

pressure 2 20
mmHg

+
RV dilatation
Fig. 14.28 Diagrammatic representation of the relation-

ship between clot burden and approximate degree of pul-
monary bed obstruction and corresponding clinical effect

Fig. 14.29 Representative short-axis views at the level of
the aortic valve demonstrating (a) RVOT end-diastolic
length and (b) end-systolic length by the white arrows

RV-PA coupling is critically important, and this
relationship is best demonstrated by changes in
hydraulic load occurring in the setting of PA stiff-
ening as it will occur in aPE. As the RV is met with
increased hydraulic wave reflection, its workload

Mean Mean

pulmonary pulmonary
pressures < 40 pressure 2 40
mmHg mmHg

+ +
RV dilatation RV failure

in the absence of previous cardiopulmonary history and
normal RV reserve

from a normal patient demonstrating excellent RVOT sys-
tolic function (RVOT end-diastolic length — RVOT end-
systolic length)/RVOT end-diastolic length x 100

increases to maintain forward flow. It is important
to remember that up to one-half of the hydraulic
power in the main PA is contained in the pulsatile
components of flow. Thus, acute changes in PA
impedance, a measure of opposition to these pul-
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Fig. 14.30 Representative short-axis views at the level of
the aortic valve demonstrating (a) RVOT end-diastolic
length and (b) end-systolic length by the dashed white
arrows from a patient with confirmed aPE. No significant

satile components of flow, would be crucial to
study, though unrealistic, unless they are measured
in animal models. This is however unrealistic
except when measured in animal models. The
elastic properties of the pulmonary vasculature are
vitally important as the heart would not be able to
generate forward flow without them [290-292].

From a mechanistic perspective, RV ejection is
dependent on PVR as well as on the oscillatory or
pulsatile component of flow that is dissipated as
wasted energy through the PA system with each
RV ejection [292-295]. Hence, PA elasticity is cru-
cial to maintain RV efficiency [292-295]. Since
hemodynamic instability unmistakably predicts
adverse outcomes and 30-day mortality in aPE
patients when RV dysfunction is confirmed, a pro-
posed scheme of high-risk features for the potential
development of hemodynamic instability in aPE is
listed in Fig. 14.31 [234, 265-287, 296-300].

As  previously outlined above, the
McConnell’s sign suggests a regional rather than
a global RV dysfunction in aPE [253, 254].
However, assessment of myocardial deformation
with the use of velocity vector imaging often
detects significant reduction in global myocar-
dial strain generation of all main RV chamber
segments, including the RV apex rather than
regional abnormality [301]. Why only some
patients present with regional compared to
global RV dysfunction remains unknown and the
role of the RV apex in aPE and its influence on
overall prognosis have not been fully elucidated
[301-303]. A representative velocity vector

difference between RVOT end-diastolic and end-systolic
lengths corresponding to a reduced RVOT systolic excur-
sion based on the formula listed in the figure legend of

Fig. 14.29

Time from onset to Presentation
and aPE Symptoms

I

Confirmation of
diagnosis

I

Assessment of cardiac
markers

|
Underlying
cardiopulmonary
status andrisk factors

I

Presence and extent of|
RV strain

|
Hemodynamic
stability at 1 hour post
aPE

I

Additive Elements of Adverse Outcomes

<€

Disposition

Fig. 14.31 Schematic diagram demonstrating high-risk
features on admission that helps in the identification of
poor prognosis in aPE

imaging sample from a normal RV showing nor-
mal longitudinal strain of all segments, includ-
ing the RV apex, is shown in Fig. 14.32a—f. In
sharp contrast, a representative velocity vector
image is also shown from a patient with con-
firmed aPE (Fig. 14.33a—f) that shows signifi-
cant reduction in overall systolic deformation
from all segments, a very abnormal RV apical
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Fig.14.32 Representative LV speckle tracking imaging sig-
nals obtained from the short-axis view at the level of the pap-
illary muscles from an individual with normal biventricular
systolic function. Color-coded representation is similar for
all images and the green corresponds to the anterior septum;
light purple to anterior wall; light blue to the lateral wall; dark
blue to the posterior wall; yellow to the inferior wall; and
deep purple to the inferior septum. (a) Radial velocity is
shown for all six segments with the systolic component rep-

[accuracy +/- 10.975]
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2758 ms.
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resented by S, early diastole by E, and late diastole by A. (b)
Representative rotation rate showing normal synchronous
counterclockwise as well as clockwise rotation of all seg-
ments. (¢) Normal radial displacement curves of all six LV
segments. (d) Representative radial rotation displacement
curves showing normal synchronous counterclockwise as
well as clockwise rotation of all segments. (e) Normal radial
strain curves for all six LV segments. (f) Normal circumfer-
ential strain curves for all six LV segments
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Fig. 14.32 (continued)
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Fig. 14.32 (continued)
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Fig. 14.33 Representative LV speckle tracking imaging
signals obtained from the short-axis view at the level of
the papillary muscles from a patient with confirmed aPE
and RV dysfunction and abnormal strain. Color-coded
representation is similar for all images as listed in
Fig. 14.30. Green corresponds to the anterior septum;
light purple to anterior wall; light blue to the lateral wall;
dark blue to the posterior wall; yellow to the inferior wall;
and deep purple to the inferior septum. (a) Radial velocity
is shown for all six segments with the systolic component

c..'é\
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represented by S, early diastole by E, and late diastole by
A. (b) Representative rotation rate showing dyssynchro-
nous counterclockwise and clockwise rotation abnormali-
ties of all segments. (¢) Abnormal radial displacement
curves of all six LV segments. (d) Representative radial
rotation displacement curves showing dyssynchronous
counterclockwise and clockwise rotation abnormalities of
all segments. (e) Abnormal radial strain curves for all six
LV segments. (f) Abnormal circumferential strain curves
for all six LV segments
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Fig. 14.33 (continued)
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Longitudinal Strain (Endo)

1080 1620

Fig. 14.34 Representative velocity vector imaging from
a normal RV showing normal longitudinal strain curves
from all six segments. Individual segment recognition is
as follows: RV free wall annulus side is green; mid RV
free wall is lilac; apical side of the RV wall is light blue;

segment signature, and significant temporal dys-
synchrony among all six RV segments when
compared to the well-coordinated peaking of all
RV segments in Fig. 14.32.

As previously illustrated, RVOT systolic
excursion has also been a useful echocardio-
graphic variable used in estimating global impair-
ment in RV contractility as well as acute
hemodynamic derangement [304]. However, the
ratio between main chamber RV fractional area
change and RVOT systolic excursion appears to
be markedly abnormal in patients with proven
bilateral proximal embolus by
CTPA. Furthermore, this ratio was also found to
be a very useful TTE finding when trying to dis-
tinguish aPE from chronic PH [305].

Furthermore, speckle tracking strain imaging
has been shown to be not only extremely accurate
and reproducible, but also extremely useful in

[accuracy +/- 3.536]

4251 ms.

2160 2700 3240 3780

IVS base is dark blue; mid IVS is yellow; and apical side
of the IVS is purple. Please note that all six segments have
a normal negative deflection in systole with normal peak
values of approximately —20%. Specifically, note the nor-
mal movement of the RV apical segment

identifying subtle wall motion as well as systolic
function abnormalities [306-309]. Tissue
Doppler and speckle tracking imaging have been
invaluable for assessing myocardial mechanics in
chronic pulmonary hypertension [172, 310-314],
especially in quantifying global as well as seg-
mental longitudinal RV peak systolic strain and
defining the presence of RV dyssynchrony in aPE
patients [315]. Moreover, these abnormalities in
RV heterogeneity and dyssynchrony resolve after
the acute aPE insult and return to normal values
[315]. Thus, speckle tracking as a portable, accu-
rate, and reproducible imaging modality holds
particular promise in offering prompt and reli-
able information that can be used not only at the
bedside for diagnostic purpose, but also for fol-
low-up of aPE patients once appropriate therapy
is instituted. Representative speckle tracking
images from a normal individual (Fig. 14.34) and
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Fig. 14.35 Representative velocity vector imaging from
an aPE patient showing abnormal longitudinal strain
curves from all six segments. Individual segment recogni-
tion is similar as noted for Fig. 14.34. Please note that all
six segments have significant reduction in the overall sys-

from a patient with confirmed aPE (Fig. 14.35)
are shown.

In order to link the RV-PA unit with the LV, it
will then be useful to review our current under-
standing of myocardial fiber direction. As pro-
posed by the late Torrent-Guasp, if indeed there
is a continuum of subepicardial RV muscle fibers
forming a plane along the posterior LV to the
region of the left fibrous trigone and these fibers
do descend from the left fibrous trigone to the LV
apex [316, 317], then whichever process affects
the RV will certainly impact the LV. It has been
shown that potential traction on this muscular
band by RV dilatation adversely affects basal LV
rotation in cases of chronic PH [172]. Whether
this represents a functional continuity between
the ventricles or is merely a static anatomical
entity mediated by the IVS remains largely
unknown. Therefore, it is reasonable to believe
that similar interactions do occur with sudden
increase in RV afterload in aPE. In addition, bow-

[accuracy +/- 1.561]

1340 ms.

680 850 1020 1190

tolic deformation. Specifically, note the very abnormal
RV apical segment signature. Finally, a significant amount
of dyssynchrony is also noted as time to peak of all six
segments is different when compared to the well-
coordinated peaking of all segments in Fig. 14.34

ing of the IVS towards the LV has been shown to
alter global LV kinetics in the rat model, even if
intrinsic LV systolic function is normal [318]. In
humans, aPE has shown to induce reversible
global LV dysfunction; nonuniformity of LV con-
tractility in the radial, longitudinal, and circum-
ferential directions; and discoordination of radial
LV wall motion [315]. Once again, all these
abnormalities were found to be reversible and
normalized with treatment after patient stabiliza-
tion [315]. Recent evidence in experimental ani-
mal models suggests that aPE mainly impairs LV
performance by primarily altering septal strain
and apical rotation [319]. Similarly, even though
mainly recognized in case of human chronic PH,
abnormal LV diastolic function might be likely
affected by the similar mechanisms during aPE
[172, 173, 320, 321]. Unfortunately, to date none
of these mechanisms that directly affect LV dia-
stolic function in cases of aPE have been clini-
cally investigated.
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After Acute Pulmonary Embolism
Diagnosis

In summary, it is clear that certain clinical condi-
tions predispose to the development of DVT and
also aPE; however, these conditions are also
found in otherwise healthy people, and aggres-
sive investigation for potential pulmonary embo-
lism is likely to find an incidental clot without
clinical consequence [322]. In fact, in up to 90%
of autopsy reports an identifiable new or old PE
might be found, particularly if microscopic
examination is done on numerous blocks of lung
tissue [323-325]. Therefore, it becomes some-
times difficult to determine how often any of
these clots are clinically significant. Similarly,
the advent of advanced diagnostic modalities has
allowed detection of very small thrombi of other-
wise unknown clinical significance [297], partic-
ularly when healthy outpatients present with
severe pleuritic chest pain.

Several developments have taken place with
regard to risk, diagnosis, and management of
VTE since the last European Society of
Cardiology (ESC) guidelines and update of the
American College of Chest Physicians in 2016.
In particular, it is important to take into consid-
eration the very comprehensive 2019 ESC
guidelines which were developed in collabora-
tion with the European Respiratory Society
[326]. Here are the most remarkable highlights:

Risk Assessment

1. Pretest probability scores include the revised
Geneva score and the Wells rule [188, 327].
Based on the current data, aPE is expected to
be confirmed according to pretest probability
in 10% of cases when pretest probability is
low compared to 30% in moderate and 65% in
high pretest probability.

2. The Pulmonary Embolism Rule-out Criteria
(PERC) score should be limited to patients
seen in the emergency department with low
pretest probability that any additional diag-
nostic testing is intended. This PERC score
includes eight parameters [328]:

(a) Age <50 years

(b) Pulse <100 beats/min

(c) Oxygen saturation >94%

(d) No unilateral leg swelling

(e) No hemoptysis

(f) No recent trauma or surgery

(g) No VTE history

(h) No previous oral hormone use

3. D-dimer [329]:

(a) Point-of-care D-dimers only to be used in
patients with a low pretest probability due
to their reduced sensitivity (88%) com-
pared with the standard laboratory-based
assay (95%).

(b) In patients with low-to-intermediate clini-
cal probability of aPE, D-dimer should be
the initial test. If negative, no treatment is
indicated. If positive, CTPA should be
performed for definitive diagnosis.

(c) Age-adjusted D-dimer (age x 10 mcg/l)
for patients older than 50 years should be
considered to identify low-risk patients
(Class Ila).

(d) D-dimer cutoff values adjusted for age or
clinical probability can be used as an
alternative to the fixed cutoff value.

4. Definition of hemodynamic instability:

(a) Cardiac arrest

(b) Obstructive shock (systolic blood pres-
sure [BP] <90 mmHg or need for vaso-
pressors to achieve BP >90 mmHg and
end-organ hypoperfusion)

(c) Persistent hypotension (systolic BP
<90 mmHg or systolic BP drop
>40 mmHg lasting longer than 15 min
and not due to another identifiable cause)

5. Initial test to be obtained in patients deemed to
be at a high clinical probability of PE is CTPA.

Imaging

1. Accepted diagnosis for VTE and aPE:
Proximal DVT confirmed by compressive
ultrasonography in a patient with clinical sus-
picion for aPE.

2. TTE alone cannot be used to rule out

aPE. However, it is quite useful in suspected
high-risk aPE, in which the absence of echo-
cardiographic signs of RV overload or dys-



248

A. Lopez-Candales and S. Vallurupalli

function essentially rules out aPE as the

reason for hemodynamic instability.

3. Availability of imaging studies for aPE
diagnosis:

(a) CTPA is the most accessible not only with
an excellent specificity (96%) but also
helping to provide an alternative diagno-
sis. Main concerns are concern for breast
radiation exposure (3—10 mSv) for young
women, renal dysfunction, and iodinated
contrast allergy.

Even though planar V/Q scan is inexpen-
sive with few contraindications and rela-
tively low radiation exposure (2 mSv), it
is unable to provide an alternative diagno-
sis and it could be inconclusive in 50% of
all cases.

(c) V/Q single-photon emission CT provides
the lowest rate of nondiagnostic tests
(<3%), has few contraindications, and
uses low radiation (2 mSv). Unfortunately,
it does not provide an alternative diagno-
sis and to date there has been no validated
outcome data.

Pulmonary angiography is the gold stan-
dard, but it is an invasive procedure with
the highest radiation dose (10-20 mSv).

(b)

(d)

Prognosis

1. An initial risk stratification is to be performed
in all patients with suspected or confirmed
aPE. Prognostic assessment should include
clinical parameters (simplified Pulmonary
Embolism Severity Index [PESI] score, RV
function, hemodynamics, and elevated bio-
markers) [147, 149, 330, 331].

2. Markers associated with an unfavorable short-
term prognosis in aPE have been associated
with the presence of tachycardia, low systolic
BP, respiratory insufficiency, and syncope.

3. TTE findings associated with a poor progno-
sis are an RV/left ventricular diameter ratio
>1.0 and TAPSE <1.6 cm.

4. An RV/left ventricular diameter ratio >1.0 on
CT is associated with a 2.5-fold increased risk
of all-cause mortality and 5-fold increased
aPE-related mortality.

5. High-sensitivity troponin has a 98% negative
predictive value when <14 pg/mL for exclud-
ing an adverse in-hospital clinical outcome.

6. B-type natriuretic peptide, N-terminal pro-B-
type natriuretic peptide, and troponin have
low specificity and positive predictive value
for early mortality for normotensive patients
with PE.

7. Elevated lactate, high-serum creatinine, and
hyponatremia are some of the other laboratory
markers of adverse prognosis.

8. Prognostic assessment strategy is recom-
mended for patients without hemodynamic
instability:

(a) Low risk (PESI Classes I-II, simplified
PESI of 0)

(b) Intermediate low risk (elevated PESI
score with or without RV dysfunction or
elevated troponin)

(c) Intermediate high risk (elevated PESI
score with both RV dysfunction and ele-
vated troponin)

(d) High risk (hemodynamic instability)

In addition, the 2019 ESC writing group also
recommended the following regarding which
patients are at increased risk of recurrence and
how to institute follow-up of these patients [326].

Groups at Increased Risk
of Recurrence (High at >8%/Year)

1. A strong (major) attributable transient or
reversible risk factor, such as major surgery or
trauma

2. Persistence of a weak (minor) transient or
reversible risk factor or a nonmalignant risk
factor for thrombosis

3. Index episode that occurred in the absence of
any identifiable risk factor

4. One or more previous episodes of VTE

Major persistent prothrombotic condition

6. Active cancer

e

In terms of follow-up of these patients, the
2019 ESC authors recommend performing either
the Medical Research Council Scale or the World
Health Organization Functional Scale Assessment
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3-6 months after aPE diagnosis with dyspnea
(Class I) [332, 333]. Furthermore, a TTE should
be ordered if the patient has persistent dyspnea at
3—6 months (Class I1a) post-aPE. Finally, a V/Q
scan should be considered at 3—6 months if there
are concerns for PH to be assessed for chronic
thromboembolic PH (Class Ila), with referral to a
PH or chronic thromboembolic PH specialist if
abnormal (Class I).

Finally, treatment was also addressed by this
2019 document as follows [326]:

1. Prompt institution of anticoagulation is
required in all high- or intermediate-
probability aPE while awaiting results of
diagnostic testing (Class I):

(a) Low-molecular-weight heparin (LMWH)
and fondaparinux are preferred over
unfractionated heparin (UFH) given lower
risks of major bleeding or heparin-
induced thrombocytopenia (Class I).

(b) UFH should be reserved for hemodynam-
ically unstable patients or patients await-
ing reperfusion therapy.

2. Oral anticoagulants:

(a) Based on current data, direct-acting oral
anticoagulants (DOACs) are noninferior
to LMWH and vitamin K antagonist
(VKA) with lower rates of major bleeding
and are recommended over VKA in eligi-
ble patients (Class I).

(b) Recommended dosing regimens:

e Dabigatran parenteral anticoagulation
for >5 days followed by dabigatran
150 mg BID

e Rivaroxaban 15 mg BID for 3 weeks
followed by 20 mg QD

* Apixaban 10 mg BID for 7 days fol-
lowed by 5 mg BID

e Edoxaban UFH or LMWH for >5 days
followed by 60 mg daily or 30 mg
daily if creatinine clearance =
30-50 mL/min or body weight <60 kg

() If VKA is given, UFH, LMWH, or
fondaparinux should be continued for >5
days and until international normalized
ratio is 2.5 (range 2.0-3.0) (Class I).

(d) Recommended initial starting dose of
warfarin may be 10 mg when <60 years in

healthy patients while 5 mg could be used
initially in all others.

(e) Novel oral anticoagulants are contraindi-
cated with severe renal impairment, during
pregnancy and lactation, and in patients
with antiphospholipid syndrome (Class III).

. In terms of systemic thrombolytic therapy this

should be reserved for high-risk, hemodynam-
ically unstable patients (Class I). When throm-
bolytic therapy fails or patients are not
considered adequate candidates, then surgical
embolectomy should be recommended (Class
I). Catheter-directed thrombolysis should be
reserved for high-risk patients in whom
thrombolysis has failed or is contraindicated
(Class IIa).

. Routine use of inferior vena cava filters is still

not routinely recommended (Class I1I), though
it could be considered if there are absolute
contraindications to anticoagulation (Class
ITa) or in cases of recurrent PE despite thera-
peutic anticoagulation (Class Ila).

. Early discharge from hospital with continua-

tion of home anticoagulation therapy should

be considered in the following cases:

(a) Use of the Hestia exclusion criteria that
utilizes a checklist of clinical parameters
or questions integrating aspects of aPE
severity, comorbidity, and feasibility of
home treatment. The use of this bedside
tool gives the healthcare professional the
ability of identifying that when one or
more of the questions are answered with a
“yes,” then the patient cannot be dis-
charged early. Consequently, when all
Hestia criteria are negative, the risk of
early aPE-related death or serious compli-
cation is low [326].

(b) No serious comorbidity or aggravating
conditions warranting hospitalization.

(c) Logistically intact and identifiable proper
outpatient care resources and follow-up
ability.

Duration of Anticoagulation

1. Based on current data, all patients should

receive 3 months of therapy (Class I).
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2. Discontinuation of therapy is recommended
after 3 months if index PE/DVT due to major
transient or reversible risk factor (Class I).

3. The risk of recurrence is similar when therapy
is withdrawn at 3—6 months versus 12-24
months.

4. Extended duration of anticoagulation
increases bleeding risk but decreases recur-
rence risk by <90%.

5. Indefinite anticoagulation for recurrent VTE
not related to a major transient or reversible
risk factor (Class I).

6. Indefinite anticoagulation with VKA is rec-
ommended for patients with antiphospholipid
syndrome (Class I).

Currently recommended algorithm for risk
stratification, diagnostic, and treatment strat-
egy to assess aPE is shown in Fig. 14.36 [179,

334-337]. As already reviewed it is critically
important that objective imaging assessment of
RV dysfunction (Fig. 14.37) or RV strain is
done with the use of elevated cardiac biomark-
ers (Fig. 14.38) [334-343]. Pooled diagnostic
sensitivities, specificities, and negative and
positive predictive values for the use of TTE,
CTPA, and cardiac biomarkers are shown in
Fig. 14.39.

Chronic Pulmonary Embolism

It is important to now shift gears and discuss a
prevalent clinical entity found in survivors of
aPE: a condition known as chronic thromboem-
bolic pulmonary hypertension (CTEPH). The lat-
ter results from either a single or a recurrent
pulmonary embolism event(s) that for the most

Hypotension
Hemodynamic Normotensive ypshockl
Clinical exam PESI < 85 PESI > 85
Biomarkers BNP - 55,07
and tropo - or tropo+
Echocardiography No RV RV
or CT dilatation dilatation
Risk Intermediate Intermediate .
SaEesten Low less-severe more-severe High
Treatment LMWH or Fx LMWH or Fx UFH Thrombolysis
New anticogulants? ¢ ¢
. Outpatient o
Location early discharged Hospitalization ICU ICU

Fig. 14.36 Risk stratification, diagnostic, and treatment
algorithm for patients with aPE. BNP brain natriuretic
peptide, Fx fondaparinux, /CU intensive care unit, LMWH
low-molecular-weight heparin, PESI pulmonary embo-

lism severity index, RV right ventricle, fropo troponin,
UFH unfractionated heparin. (Reprinted with permission
from Penaloza A, et al. Curr Opin Crit Care. 2012; 18:
318-325)
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Study Exposed Non-exposed RR (fixed) Weight RR (fixed)
or sub-category (n/Ny (n/Ny (95% Cl) (%) (95% Cl)
01 Echocardiography
Grifoni et al. 4/65 3/97 —r 17.44 1.99 (0.46-8.60)
Vieillard-Baron et al. 1/32 2/63 — 9.76 0.98 (0.09-10.45)
Kucher et al. 2/19 0/40 T > 237 10.25 (0.52-203.61)
Kostrubiec et al. 10/60 3/38 —1— 26.61 2.11 (0.62-7.18)
Pieralli et al. 4/35 0/26 — s> 414 6.75 (0.38-120.10)
Subtotal (95% CI) 211 264 e 60.32 253 (1.17-5.50)
Total events: 21 (Exposed), 8 (Non-exposed)
Test forheterogeneity: y* = 2.09, df = 4 (P=0.72), P = 0%
Test foroverall effect: Z=2.35 (P = 0.02)
02 Computed tomography
Ghuysen et al. 3/24 3/47 — 14.69 1.96 (0.43-8.98)
van der Meet et al. 10/69 3/51 +—— 24.99 2.46 (0.71-8.50)
Subtotal (95% Cl) 93 98 . 39.68 228 (0.87-5.98)
Total events: 13 (Exposed), 6 (Non-exposed)
Test for heterogeneity: * = 0.05, df = 1 (P=0.82), # = 0%
Test foroverall effect: Z=1.67 (P = 0.09)
Total (95% Cl) 304 362 2 100.00 243 (1.33-4.45)
Total events: 34 (Exposed), 14 (Non-exposed)
Test for heterogeneity: * = 2.14, df =1 (P=0.91), # = 0%
Test foroverall effect: Z=2.88 (P = 0.004)

0.01 0.1 1 10 100

Fig. 14.37 Prognostic value of right ventricular dysfunc-
tion for mortality in patients with pulmonary embolism
without shock. The outcome was in-hospital mortality for

No RV dysfunction RV dysfunction

all studies, except two: (*) 40-day mortality and (") 90-day
mortality. (Reprinted with permission from Sanchez, O,
et al. Eur Heart J. 2008; 29: 1569-1577)

Study Exposed Non-exposed RR (fixed) Weight RR (fixed)
or sub-category (n/N) (n/N) (95% Cl) (%) (95% Cl)
01 BNP
Tulevski et al. 0/3 0/11 Not estimable
Kucher et al. 2/21 0/38 —_—s—> 1441 8.86 (0.45-176.44)
ten Wolde et al. 9/36 2/74 —— 52.30 9.25 (2.11-40.61)
Pieralli et al. 4/20 0/41 —————a—>» 13.32 18.00 (1.02-318.87)
Tulevski et al. 2/14 0/14 —tY—a— 1998 5.00 (0.26-95.61)
Subtotal (95% Cl) 94 178 i 100.00 9.51 (3.16-28.64)
Total events: 17 (Exposed), 2 (Non-exposed)
Test forheterogeneity: 3* = 0.38, df = 3 (P=0.95), £ = 0%
Test foroverall effect: Z=4.00 (P < 0.0001)
02 pro-BNP
Pruszczyk et al. 11/56 0/14 —_—ts—— 23091 6.05 (0.38-96.95)
Kostrubiec et al. 9/21 6/79 —i— 76.09 5.64 (2.26-14.08)
Subtotal (95% CI) 77 93 o 100.00 574 (2.18-15.13)
Total events: 20 (Exposed), 6 (Non-exposed)
Test for heterogeneity: x* = 0.00, df = 1 (P =0.96), F = 0%
Test for overall effect: Z= 3.53 (P = 0.0004)
03 Cardiac troponin
Kucher et al. 2/16 0/43 T——=—> 1043 12.94 (0.65-255.89)
Kostrubiec et al. 9/18 6/82 — 80.84 6.83 (2.78-16.78)
Tilevski et al. 2/6 0/22 —a——> 873 16.43 (0.89-303.42)
Subtotal (95% Cl) 40 147 o 100.00 831 (357-19.33)
Total events: 13 (Exposed), 6 (Non-exposed)
Test for heterogeneity: ? = 0.48, df =2 (P = 0.79), F = 0%
Test for overall effect: Z=4.92 (P < 0.00001)

0.01 0.1 1 10 100

Low level  Elevated level

Fig. 14.38 Prognostic value of cardiac biomarkers for
mortality in patients with pulmonary embolism without
shock. The outcome was in-hospital mortality for all stud-

ies, except two: () 40-day mortality and () 90-day mor-
tality. (Reprinted with permission from Sanchez, O, et al.
Eur Heart J. 2008; 29: 1569-1577)



252 A. Lopez-Candales and S. Vallurupalli
Test
Echocardiography Computed tomography BNP Pro-BNP Cardiac troponin
Sensitivity (%) (95% Cl) 70 (46-86) 65 (35-85) 88 (65-96) 93 (14-100) 81 (23-100)
Specificity (%) (95% Cl) 57 (47-66) 56 (39-71) 70 (64-75) 58 (14-92) 84 (77-90)
Negative predictive value (%) (95% Cl) 60 (55-65) 58 (51-65) 76 (73-79) 81 (65-97) 73 (68-78)
Positive predictive value (%) (95% Cl) 58 (53-63) 57 (49-64) 67 (64-70) 63 (50-76) 75 (69-80)

Fig. 14.39 Pooled diagnostic indexes for echocardiography, computed tomography, brain natriuretic peptide (BNP),
pro-BNP, and cardiac troponin. (Reprinted with permission from Sanchez, O, et al. Eur Heart J. 2008; 29: 1569-1577)

part originates from a lower extremity vein DVT,
although any venous thrombosis site can be
responsible.

Even though the majority of aPE episodes
typically resolve and restoration of normal pul-
monary hemodynamics, gas exchange, and exer-
cise tolerance occurs, in some patients there is
incomplete embolic resolution with some resid-
ual degree of obstruction or significant narrowing
of the central pulmonary vessels by organized
scar tissue [344]. The latter would then result in
CTEPH. When CTEPH is left untreated progres-
sive RV failure and even death can occur [345].

Even though the full spectrum leading to
CTEPH has not been fully defined, it appears
that incomplete recovery of perfusion after the
initial aPE insult is a common requisite.
However, it is now known that changes in the
distal pulmonary vascular bed, referred to as a
secondary small-vessel vasculopathy, are also
critically important for the evolution of this clin-
ical entity in conjunction with a series of other
characterized steps such as impaired fibrinolysis
and fibrinogen mutations, endothelial dysfunc-
tion and defects in neoangiogenesis, differential
gene expression, platelet dysfunction, and
inflammation [346, 347]. However, it is impor-
tant to point out that in approximately 25% of all
CTEPH cases no identified preceding PE can be
found [348].

As already established, for the majority of
CTEPH cases to occur aPE patients must survive
the initial event and complete adequate anticoagu-
lation resulting in a whole spectrum of cases in
which patients may have complete restoration of
normal perfusion to significant residual chronic
clot rising that raises the pulmonary pressures
[349]. Recent data suggest that after 6 months of

anticoagulation in patients treated for an initial
aPE event, abnormal perfusion scans can be found
between 30% and 50% of cases [350, 351]. So not
only a persistent residual perfusion is a well-
known requisite to develop CTEPH but also the
larger the residual defect the more likely it is to
progress to CTEPH [351]. Though the majority of
patients with persistent perfusion defects after an
aPE are for the most part either asymptomatic or
mildly limited with no evidence of resting PH, in
10% of aPE patients with persistent perfusion
defects, resting PH develops [350].

Even though there is paucity of data regarding
true estimates of the incidence of aPE events, it
has been suggested that approximately 300,000
aPE events occur yearly in the United States; of
these aPE survivors some 3000 new cases of
CTEPH should prospectively be diagnosed per
year [352]. These estimates do not include the
potential 25% of all CTEPH cases, not associated
to a prior PE event [348], simply stating the fact
that CTEPH is largely underdiagnosed.

To complicate matters even further, rates for
identifying CTEPH patients might be compli-
cated by the way studies have been conducted
and what definition was employed in each clini-
cal trial [353-356]. Specifically, estimates for the
incidence of CTEPH using data from active sur-
veillance studies following aPE patients range
from 0.1% to 8.8% within 2 years of initial diag-
nosis [353-356].

Based on current data, CTEPH patients could
be divided into those who survive aPE and those
patients in whom a particular profile is seen more
frequently with CTEPH rather than with idio-
pathic  pulmonary  arterial  hypertension.
Consequently, CTEPH has been associated with
the following [357-360]:
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e Unprovoked aPE cases (odds ratio [OR]: 20.0;
95% CI: 2.7-100)

* When there is a delay in diagnosis of greater
than 2 weeks from symptom onset (OR: 7.9;
95% CI: 3.3-19.0) (28)

e RV dysfunction at the time of aPE

* Initial estimated RV systolic pressure by TTE
>50 mmHg (3.3 times higher odds of persis-
tent PH at 12 months)

e Antiphospholipid antibodies or the lupus anti-
coagulant is the only hypercoagulable state
more commonly seen in CTEPH

* Infected ventriculoatrial shunts

e Splenectomy

e History of malignancy

* Hypothyroidism

In terms of diagnosing CTEPH, identification
of chronic thromboembolic material obstructing
the pulmonary arteries is required with a precap-
illary PH mean pulmonary artery pressure
>20 mmHg and a PVR >3 Wood units in the set-
ting of a pulmonary artery occlusion pressure
<15 mmHg [361].

However, in order to get diagnosed a high
index of suspicion is required from the onset.
Unfortunately, the current median time between
symptom onset and final CTEPH diagnosis is
14.1 months [348, 360]. A delay that likely con-
tributes is secondary vasculopathy [362].
Therefore, it is important that once signs and/or
symptoms of pulmonary hypertension are
encountered in patients (regardless of a prior his-
tory of PE or not), obtain a TTE. This imaging
modality, as previously mentioned, will not only
provide objective evidence of PH while giving an
estimate of RV size and function but also give an
overall assessment of left ventricular size and
function, valvular structures, and presence of
intracardiac shunts [362].

If PH is identified, a V/Q scan continues to be
a very useful imaging modality in the continued
evaluation of these patients with suspected
CTEPH. Diagnosis requires identification of at
least one but more commonly several segmental
or larger mismatched perfusion defects.
Unfortunately, V/Q scans might underestimate
the extent of pulmonary artery obstruction if

recanalization of previously occluded segments
has occurred [363]. If no mismatched segmental
segment is identified, the patient might be
referred for further evaluation to a pulmonary
hypertension center for additional management.
If, on the other hand, with mismatched defects, a
CTPA should be considered unless a nonthrom-
botic condition is identified as the cause of the
PH. CTPA is an excellent diagnostic modality for
detecting CTEPH when performed at specialized
centers as interpretive scanning difficulties are
known to occur otherwise leading to a falsely low
sensitivity for CT-PA [364-366]. However, even
when properly interpreted, a negative CT-PA
scan cannot exclude the possibility of CTEPH
and consequently a V/Q scan remains as the pre-
ferred initial imaging test for screening [362].

Final CTEPH confirmation requires a right-
heart catheterization with selective digital sub-
traction pulmonary angiography (DS-PA) that
not only provides a comprehensive radiographic
and hemodynamic assessment but can also be
done with or without exhaled gas analysis.

Once CTEPH has been diagnosed, surgical
consideration is given to every patient with the
intention of offering the potential for cure with a
low perioperative mortality (<5%) at experienced
surgical centers [367].

Surgical resection of the occluding thrombo-
embolic material to re-establish flow requires
experienced surgeons that can result in signifi-
cant improvement for most patients immediately
post-surgery; however, the presence of residual
PH can result in significant postoperative mor-
bidity for which a number of pharmacological
treatment options remain available for those
patients and for inoperable CTEPH [362].

Conclusion

Acute pulmonary embolism encompasses a very
heterogeneous patient population whose man-
agement continues to evolve with not only sev-
eral unresolved issues to be answered by future
or ongoing research but also better risk stratifica-
tion strategies. Considerable progress has been
made regarding identification of intermediate-



254

A. Lopez-Candales and S. Vallurupalli

high-risk patients, but ongoing discussion still
debates whether patients classified as low risk
based on clinical parameters should undergo
additional imaging, particularly testing for RV
function. Surely many will argue one way or
another; some opponents will state that routine
testing has not been shown to have therapeutic
implications while others will cite time- and cost-
intensive data. The fact of the matter is that this is
still a fluid field and as new data continues to be
collected, we should be able to change our posi-
tion, if needed.

For the time being it is thoroughly clear that
aPE is as much a disease of the RV as it is of the
pulmonary arteries. While the pulmonary burden
may predict the severity of symptoms, it is the
RV that determines hemodynamic response and
survival. Prompt assessment of RV function can
direct treatment and influence prognosis.
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