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patients were discharged with a diagnosis of
VHD (Roger et al. 2011). According to echocar-
diographic data, the prevalence of VHD increases
with age from 0.7 % in adults from 18 to 44 years
to 13.3 % in individuals over 75 years (Nkomo
et al. 2006). Cardiac valves are composed of
fibromuscular tissue, which may be affected by
age-related changes such as myxomatous degen-
eration, collagen accumulation, sclerosis, and
calcification. Common aging phenomena include
calcification of the aortic and mitral leaflets and
annulus. Aortic stenosis is considered the most
frequent indication for valve replacement in
elderly individuals (Vahanian et al. 2007; Bonow
et al. 2006). Coronary atherosclerosis and aortic
calcifications are directly correlated in elderly
patients with an increased risk of major cardiac
events (Pohle et al. 2001). Hypertension or isch-
emic heart disease may cause mitral valve regur-
gitation, while pulmonary hypertension and heart
failure can lead to tricuspid or pulmonic regurgi-
tation. Elderly patients may undergo valve
replacement with an increased risk of infection
and complications (Dauterman et al. 2003).
Echocardiography has been widely deployed
for the evaluation of VHD because of its acces-
sibility and cost-effectiveness (Vahanian et al.
2007; Bonow et al. 2006). Three-dimensional
techniques such as magnetic resonance imaging
(MRI) and computed tomography (CT) have
been implemented recently in VHD imaging.
MRI could evolve into becoming a reference
standard because of its high reproducibility and
lack of ionizing radiation exposure. Despite the
exposure to radiation, CT may be useful in preop-
erative planning of VHD to exclude coronary
artery disease (CAD) and in the follow-up of
valve replacement. This chapter provides the
basis of VHD pathophysiology in the elderly with
reference to echocardiographic diagnostic crite-
ria and finally focuses on the most recent clinical
applications of MRI and CT in this setting.

12.2 Anatomy of the Cardiac Valves

The heart is a hollow organ divided into four
chambers, two atria and two ventricles, coupled
into two atrioventricular pumps (right and left

heart) independent of each other and separated
by interatrial and interventricular septa. The heart
is a pump that circulates the blood in the vessels
by the pulmonary and systemic circulations. The
superior and inferior vena cava lead the systemic
venous blood to the right atrium and from here
via the tricuspid valve to the right ventricle.
Systolic contraction pumps the blood via the pul-
monary valve into the pulmonary artery and pul-
monary circle. Oxygenated blood is conveyed to
the pulmonary veins (usually four, often with
variable number and branching), which drain into
the left atrium and from here via the mitral valve
into the left ventricle. Then, systolic contraction
pumps the blood through the aortic valve into the
systemic circulation.

Therefore, cardiac valves regulate the unidi-
rectional flow between the cardiac chambers and
the great vessels. The tricuspid and mitral valves
regulate the atrioventricular flow. The tricuspid is
the three-flapped (composed of septal, inferior,
and anterosuperior leaflets) valve of the right sec-
tion of the heart, while the mitral is the two-
flapped (composed of aortic and mural leaflets)
valve of the left section. The mitral valve area
ranges from 4 to 6 cm?. In the longitudinal cardiac
axis, the tricuspid valve is always positioned more
cranially to the mitral valve. Chordae tendineae
(thickness 0.4—1.2 mm for the mitral valve) con-
nect the leaflets to the papillary muscles of the
ventricles, preventing valve prolapse and backflow.
The apparatus of the tricuspid incorporates three
papillary muscles: anterior (the largest), medial,
and inferior. The apparatus of the mitral valve
includes two paired papillary muscles incorpo-
rated in the anterolateral and posteromedial walls
of the left ventricle (Ranganathan et al. 1970).

The pulmonic and aortic valves are called
semilunar because of their crescent shape. The
pulmonary valve is placed at the junction of the
right ventricle and pulmonary artery; the aortic
valve is positioned at the junction of the left ven-
tricle and aorta. Both valves lack chordae
tendineae. The semilunar valves are made up of
three leaflets which open as pressure rises in the
ventricles and close as pressure increases in the
pulmonary artery and aorta, preventing backflow
of blood from the great arteries into the ventri-
cles. The pulmonary artery arises from the
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outflow tract of the right ventricle via the pulmo-
nary valve. The infundibular muscles separate the
leaflets of the pulmonic and tricuspid valves. The
aortic valve presents usually three leaflets with
corresponding sinuses, commissures, and coro-
nary artery ostia; the area of the normal aortic
valve varies from 2.5 to 4 cm? (Brickner et al.
2000). The aortic root connects the aorta to the
atrioventricular fibrous annulus and myocardium.
The first tract of the aorta is dilated, because of
the swellings of the sinuses, and is called the
bulb. There are usually three aortic sinuses
(known also as the Valsalva sinuses): the right
anterior sinus giving rise to the right coronary
artery, the left posterior sinus giving rise to the
left coronary artery, and the posterior noncoro-
nary sinus. The junction between the aortic root
containing the sinuses of Valsalva and the ascend-
ing aorta is called the sinotubular junction. The
right coronary artery arises from an ostium
located in the middle of the right sinus of Valsalva.
The left main coronary trunk originates from the
middle portion of the left sinus of Valsalva giving
rise to the left anterior descending and circumflex
arteries. A split origin of the left anterior descend-
ing and circumflex arteries from the left sinus of
Valsalva may be observed (0.67 %), as well as a
large number of coronary origin and course
anomalies (Angelini et al. 2002).

The most common congenital valve anomaly is
the bicuspid aortic valve which involves 0.5-1 %
of the population (Basso et al. 2004) and occurs in
13.7 per 1,000 people (Hoffman and Kaplan 2002).
The bicuspid valve is typically made of two
unequal-sized cusps instead of three. It is often
asymptomatic in childhood and misdiagnosed.
However, the abnormal shear stress leads progres-
sively to valve calcification and stenosis, or in
some cases to aortic root dilation (Tzemos et al.
2008). Bicuspid aortic valve may be associated
with aorta coarctation (Ciotti et al. 2006).

12.3 Valvular Heart Disease
12.3.1 Pathophysiology

Although VHD is less common in developed
countries than CAD, heart failure, or hypertension,

aging populations and considerable advances in
diagnosis and treatment have led to a new interest
in the field. The decline of acute rheumatic fever
due to better prophylaxis of streptococcus infec-
tions highlights the decrease in the incidence of
rheumatic valve disease, whereas increased life
expectancy accounts for the raise of degenerative
VHD in western countries. Nowadays, the most
frequent VHD are aortic stenosis (AS) and mitral
regurgitation (MR), whereas aortic regurgita-
tion (AR) and mitral stenosis (MS) have become
less common. However, rheumatic heart disease
is still present in developed countries because
of immigration and sequelae of rheumatic fever
in elderly patients. The treatment for severe
and acute VHD is valve replacement with pros-
thetic devices by means of conservative surgical
approaches or with new percutaneous interven-
tional techniques.

12.3.1.1 Mitral Stenosis

The major cause of MS is rheumatic fever,
which affects women more frequently and
induces progressive changes of the mitral valve:
inflammatory responses, such as thickening at
the leaflet edges, fusion of the commissures, and
chordal shortening, and scarring features, such as
fibrosis, increased collagen and tissue cellular-
ity, and finally calcification (Sagie et al. 1996).
The valve may present a “fish mouth” appearance
because of the symmetric fusion of the commis-
sures resulting in a small oval orifice in diastole.
Atend stages the thickened leaflets may be adher-
ent and rigid leading to combined MS and MR.
Reduction of mitral valve orifice (<1.5 cm? in
moderate MS; <1 cm? in severe MS) determines
an increase in transmitral gradient, and sequen-
tially in the left atrial, pulmonary circle, and right
heart pressures. Exertional dyspnea may be pre-
cipitated by tachycardia and atrial fibrillation in
elderly patients and trigger loop mechanisms of
left atrial pressure elevation (Fuster et al. 2006).
Left atrial enlargement is associated with an
increased risk of thrombus formation and sys-
temic embolism. A number of conditions in the
elderly may simulate the pathophysiology of MS:
extensive mitral annular calcification, thrombus
or myxoma in the left atrium, and large vegeta-
tions of infective endocarditis.
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12.3.1.2 Mitral Regurgitation
Abnormalities in any component of the mitral
valve apparatus may lead to MR. The most com-
mon causes of organic MR include mitral valve
prolapse, rheumatic heart disease, infective endo-
carditis, ischemic heart disease (with papillary
muscle rupture), and collagen vascular disease.
MR may be also functional and secondary to
dilation of the left ventricle. MR may be acute in
case of chordae tendineae or papillary muscle
rupture, or infective endocarditis. Mitral valve
prolapse (1-2 % of the population) refers to a
systolic billowing of mitral leaflets into the left
atrium, which is usually asymptomatic, but may
lead to severe MR (Freed et al. 2002). In severe
MR, the unprepared left cardiac chambers cannot
accommodate the regurgitant volume, which
causes pulmonary congestion and edema. In these
patients valve repair or replacement must often
be performed urgently. Patients with mild to
moderate MR may remain asymptomatic for
many years; however, MR tends to develop over
time with a slightly increase in volume overload
due to an enlargement of the effective orifice area
(Enriquez-Sarano et al. 1999). Eccentric left ven-
tricle hypertrophy and dilation may consequently
compensate the increase in volume overload.

12.3.1.3 Aortic Stenosis

AS has become the most frequent type of VHD
in Europe and North America, primarily present-
ing as degenerative calcific stenosis in the
elderly. Defined as an irregular valve thickening
without obstruction to left ventricular outflow,
AS is present in about 25 % of adults over
65 years. AS is widely associated with cardio-
vascular risk factors (Stewart et al. 1997) and
adverse clinical outcome (Otto et al. 1999). The
left ventricle gradually adapts to the systolic
pressure overload through concentric hypertro-
phy. However, if the hypertrophic process is
inadequate and relative wall thickness does not
increase in proportion to pressure, wall stress
increases and the high afterload causes a decrease
in ejection fraction (Krayenbuehl et al. 1988).
Unfortunately, the hypertrophic heart may have
reduced coronary perfusion, even in the absence
of CAD (Bache et al. 1981). Then, exercise or

tachycardia can produce a misdistribution of
coronary blood flow and subendocardial isch-
emia, which can worsen left ventricular dysfunc-
tion. Another issue that is particularly common
in elderly patients, especially in women, is the
inappropriate degree of hypertrophy associated
with high perioperative morbidity and mortality
(Aurigemma et al. 1994).

12.3.1.4 Aortic Regurgitation

Etiology of AR includes idiopathic dilation of the
aorta, congenital abnormalities (bicuspid valves),
calcific degeneration, rheumatic disease, infective
endocarditis, systemic hypertension, myxoma-
tous degeneration, dissection of the ascending
aorta, and Marfan syndrome. AR may be acute
(infective endocarditis, aortic dissection, and
trauma) or more often chronic. Dilation of the
aortic root determines tension and bowing of the
individual cusps, which may thicken, retract, and
become too short to close the orifice. AR second-
ary to marked dilation of the ascending aorta is
now more common than primary valve disease in
patients undergoing valve replacement (Gelfand
et al. 2006). The left ventricle responds to the
overload of chronic AR with a series of com-
pensatory mechanisms, including an increase in
end-diastolic volume and chamber compliance,
and a combination of eccentric and concentric
hypertrophy. In a large subset of patients, the bal-
ance between afterload excess, preload reserve,
and hypertrophy cannot be accommodated
indefinitely, so that the reduction of ejection frac-
tion leads to dyspnea, and the diminished coro-
nary flow reserve leads to exertional angina and
myocardial ischemia (Nitenberg et al. 1988). In
acute severe AR, compensatory mechanisms are
not efficient to accommodate the volume over-
load and patients present with pulmonary edema
or cardiogenic shock.

12.3.1.5 Right-Sided Valve Disease

Tricuspid stenosis (TS), which is almost exclu-
sively of rheumatic origin, is rarely observed.
It is almost always associated with left-sided
valve lesions which dominate the presentation.
A relatively modest diastolic pressure gradient
(>5 mmHg) is usually sufficient to elevate right
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atrial pressure to levels that result in systemic
venous congestion. Tricuspid regurgitation (TR)
is more often a functional rather than a primary
lesion, depending on the annular dilation second-
ary to right ventricular pressure and/or volume
overload associated with pulmonary hypertension
and left-sided VHD. TR can also occur secondary
to right ventricle infarction (Rivera et al. 1993).

Pulmonary valve stenosis is often congenital,
while regurgitation may occur secondary to pul-
monary hypertension and dilation of the pulmo-
nary artery in connective tissue disorders.

12.3.2 Echocardiography

Echocardiography still remains the reference
standard to evaluate valve structure and function

(Figs. 12.1 and 12.2). It has been widely deployed
for the assessment of VHD because of its high
accessibility and cost-effectiveness (Vahanian
et al. 2007; Bonow et al. 2006). The main
limitations of echocardiography are operator
dependence and poor acoustic window in obese
patients.

12.3.2.1 Mitral Stenosis

Transthoracicechocardiography (TTE)is the main
method to assess the severity and consequences
of MS. Severity of MS should be quantified
using two-dimensional planimetry and the pres-
sure half-time method, which are complementary
approaches for measuring valve area (Table 12.1)
(Bonow et al. 2008). Echocardiography may also
evaluate pulmonary artery pressures, the presence
of associated MR, and the size of the left atrium.

Fig. 12.2 TTE images of mitral valve in diastolic (a) and systolic (b) phase
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Transesophageal examination (TEE) should be
performed to exclude left atrial thrombosis before
percutaneous mitral commissurotomy, or after an
embolic episode, or when TTE provides subop-
timal information. Stress tests may be helpful in
patients with unclear symptoms.

12.3.2.2 Mitral Regurgitation

Echocardiography is the pivotal examination and
must include the assessment of severity and con-
sequences of MR. Several methods can be used
to determine the severity of MR (Table 12.2)
(Bonow et al. 2008). TTE may reveal a central
color flow jet in a structurally normal appara-
tus suggesting annular dilation from left ven-
tricle dilation or tethering of the posterior leaflet,
because of regional dysfunction in patients
with ischemic heart disease. TTE may display
eccentric flow jet of MR with abnormalities of
the valve apparatus (calcifications, thickening,
and redundancy of leaflets) indicating organic
MR. Color flow mapping of regurgitant jets is
the easiest diagnostic method, but its accuracy is
limited. Quantitative methods to measure regur-
gitant fraction, regurgitant volume, and effective
regurgitant orifice area are more accurate. In
the hemodynamically stable patient, if CAD is
suspected, conventional coronary angiography

Table 12.1 Echocardiographic criteria of mitral stenosis
severity

Features Mild Moderate Severe
Mean gradient (mmHg) <5 5-10 >10
Pulmonary artery systolic <30  30-50 >50
pressure (mmHg)

Valve area (cm?) >1.5 1.0-1.5 <1.0

should be performed to plan a potential myocar-
dial revascularization.

12.3.2.3 Aortic Stenosis

TTE is useful for evaluation of aortic valve anat-
omy and function and for determining the left
ventricle response to pressure overload. Severity
of AS can be easily defined with Doppler echocar-
diographic measurements of aortic jet velocity,
mean transvalvular pressure gradient, and valve
area (Table 12.3) (Cheitlin et al. 2003; Bonow
et al. 2008). Stress echocardiography using low-
dose dobutamine may be helpful to distinguish
truly severe AS from the rare case of pseudo-
severe AS, in which patients present a functional
small valve area. Severe AS shows only small
changes in valve area (<0.2 cm?) with increasing
flow rate but significant increase in gradients
(>50 mmHg). TEE is needed when valve planim-
etry of TTE is inadequate.

12.3.2.4 Aortic Regurgitation
Echocardiography may identify the cause of AR
by demonstrating bicuspid valve, thickening of
the cusps, prolapse, flail leaflet, or vegetations.
TTE is useful for the measurement of left ventri-
cle end-diastolic and end-systolic dimensions
and volumes, ejection fraction, and mass. In addi-
tion, the size and shape of the aortic root can be
evaluated, although visualization of the ascend-
ing aorta is not always adequate and may require
additional imaging procedures such as TEE, CT,
or MRI. Doppler echocardiography and color
flow Doppler imaging are the most accurate tech-
niques in the evaluation of AR (Table 12.4)
(Bonow et al. 2008).

Table 12.2 Echocardiographic criteria of mitral regurgitation severity

Features Mild
Color Doppler jet area <4 cm?

<20 % LA area
Doppler vena contracta width (cm) <0.3
Regurgitant volume (ml/beat) <30
Regurgitant fraction (%) <30
Regurgitant orifice area (cm?) <0.20

Left atrial size
Left ventricular size

LA left atrial, MR mitral regurgitation

Moderate Severe

Greater than mild >40 % of LA

No criteria for severe MR Swirling in LA

0.3-0.69 > (.70

30-59 >60

30-49 >50

0.2-0.39 >0.40
Enlarged
Enlarged
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12.3.2.5 Right-Sided Valve Disease

TTE may assess tricuspid valve structure and
motion (severe TS: valve area <1 cm?). Doppler
echocardiography permits estimation of the
severity of TR (severe TR: vena contracta width
>0.7 cm, systolic backflow in hepatic veins)
(Bonow et al. 2008). TTE may also show abnor-
mal motion of the septum which is characteristic
of right ventricle volume overload in diastole
and/or septal flutter. Abnormal Doppler signals
in the right ventricle outflow tract are observed in
patients with severe pulmonic stenosis (jet veloc-
ity >4 m/s; gradient >60 mmHg) or with pul-
monic regurgitation secondary to pulmonary
hypertension (color jet; continuous signal with a
sharp deceleration slope) (Bonow et al. 2008).

12.4 Magnetic Resonance Imaging
12.4.1 Technique

Doppler echocardiography with color flow map-
ping has considerably affected the diagnostic
work-up for the evaluation of VHD. However,
TTE may not be conclusive in patients with poor
acoustic windows; it is operator dependent and
relies on several geometric assumptions particu-
larly for the quantification of regurgitant lesions

Table 12.3 Echocardiographic criteria of aortic stenosis
severity

Features Mild Moderate Severe
Jet velocity (m/s) <3.0 3.04.0 >4.0
Mean gradient (mmHg) <25 2540 >40
Valve area (cm?) >1.5 1.0-1.5 <1.0
Valve area index (cm?*/m?) <0.6

and the measurement of left ventricular systolic
function. Invasive techniques such as cardiac
catheterization may be employed in the preopera-
tive evaluation of the coronary arteries,
quantification of cardiac hemodynamic, or inves-
tigation of discrepancies between symptoms and
echocardiography data. Several papers have dem-
onstrated that MRI may be a promising alterna-
tive or complement to TTE (Globits and Higgins
1995). Noninvasive MRI supplies three-dimen-
sional anatomy and functional assessment, with a
potentially more accurate measurement of ven-
tricular function than echocardiography (Higgins
and Sakuma 1996).

The most widely used cine pulse sequence
on MRI to assess valve anatomy and ventricle
function is the balanced steady-state free pre-
cession (b-SSFP) sequence (Fig. 12.3). High
contrast between blood pool and surrounding
structures is achieved with excellent spatial (in-
plane resolution of 1.4 mm) and temporal reso-
lution (~35 ms). SSFP sequences have several
monikers, such as TrueFISP (Siemens), balanced
FFE (Philips), and FIESTA (General Electric)
(Karamitsos and Myerson 2011). All fast gradi-
ent echo (GE) sequences are SSFP. b-SSFP is a
special type of SSFP sequence in which the gra-
dient-induced dephasing within repetition time is
exactly zero. Within repetition time each applied
gradient pulse is compensated by a pulse with
opposite polarity, which ensures the complete
recovery of transverse magnetization. While the
classic spin-echo sequence shows either a T1- or
a T2-weighted (T1w or T2w) contrast, b-SSFP
combines T1 and T2 contributions (Bogaert et al.
2005). b-SSFP requires a short repetition time
(3-6 ms) to minimize artifacts and relatively

Table 12.4 Echocardiographic criteria of aortic regurgitation severity

Features Mild

Color Doppler jet width

Doppler vena contracta width (cm) <0.3
Regurgitant volume (ml/beat) <30
Regurgitant fraction (%) <30
Regurgitant orifice area (cm?) <0.10

Left ventricular size

LVOT left ventricular outflow tract, AR aortic regurgitation

<25 % of LVOT

Severe
>65 % of LVOT

Moderate

Greater than mild;
no criteria for severe AR

0.3-0.6 >0.6
30-59 >60
30-49 >50
0.10-0.29 >(.30
Increased
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Fig. 12.3 Post-processing software for detection of endocardial and epicardial borders and assessment of functional

parameters with b-SSFP images

broad flip angles (between 50° and 80°) to gener-
ate the highest signal. Images are acquired with
RRinterval electrocardiography-synchronization.
Thirty frames are usually sufficient to evaluate
the entire cardiac cycle in a cine loop, allowing a
dynamic approach.

Phase contrast (PC) sequences employ the
phenomenon of phase shift. PC sequences allow
assessment of the blood flow qualitatively and
quantitatively in the arterial and venous circle
providing information on volume, speed, and
direction of flow. Both stationary spins and mov-
ing spins along the direction of field gradient
undergo phase variations. The variations in the
spins that constitute stationary tissue depend on
their spatial position and always keep the same
intensity with a linear function. On the other side
the moving spins act differently since the phase
variation induced by the field gradient in one

direction depends on the position as well as on
the speed and direction of flow which varies pro-
portionally with time (Lombardi and Bartolozzi
2004). A bipolar gradient (first positive, then
negative) with equal but opposite amplitude is
applied to the GE sequence. Due to the bipolar
pulse, flowing spins acquire a phase angle that is,
in a first approach, proportional to the amplitude
of the gradients and the velocity of the spins. The
velocity of the spins can thus be measured from
the phase angle. The bipolar gradient is applied
independently in each direction (x, y, z) of the
magnetic field and presents an amplitude propor-
tional to the flow the operator requires (VENC,
velocity encoding value). Stationary field inho-
mogeneities due to high magnetic susceptibility
may be avoided by acquiring two identical
sequences that differ only in the activation of the
bipolar gradient; the two data sets are subtracted,
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Fig. 12.4 Db-SSFP three-chamber view of the heart to
plan phase contrast sequence
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removing the signal of the stationary tissue. The
signal related exclusively to the blood flow is
maintained (Figs. 12.4 and 12.5).

Currently, the morphologic fast spin-echo
(FSE), turbo spin-echo (TSE), or black-blood
T1w or T2w sequences are not the first choice for
evaluation of patients with VHD but sometimes
may provide valuable additional information.
Visualization of myocardial edema is optimal
with T2w acquisition, whereas other indications
such as ventricular wall thickness and pericardial
thickening benefit from Tlw acquisition. The
visualization of enhancing structures (infarction,
mass, fibrosis) after intravenous injection of con-
trast agents also needs a T1w approach. In T1lw

Fig. 12.5 Phase contrast
images of ascending aorta:
conventional image (a), flow
signal within the ROI (red
circle) (b), and graph plotting
flow volume vs. time for a
specific ROI (red circle) (c)



268

L.La Gruttaetal.

the echo time (TE) is kept short (5-15 ms) and
repetition time is chosen to overlap with one sin-
gle RR interval of the ECG. Images are acquired
by obtaining a number of k-space lines (typically
9-15) every diastole to reduce motion artifacts.
T2w acquisitions can be performed with faster
protocols. In T2w TSE the turbo factor is usually
higher (21-33) and the repetition time is longer
(two or three heartbeats), which is advantageous
for T2w contrast acquisitions. Furthermore,
image contrast may be increased by fat-
suppression techniques or by black-blood pulse
(Bogaert et al. 2005).

Coexisting myocardial infarction, even
unknown, is not an atypical finding in patients
with VHD. Patterns of focal fibrosis (nonisch-
emic cardiomyopathy) or scarring due to prior
myocardial infarction can be identified with the
late gadolinium enhancement technique which
employs an inversion recovery gradient echo
(IR-GE) with an initial 180° inversion pulse
greatly increasing the T1w of images. The acqui-
sition is performed in diastole, whereby it is nec-
essary to define carefully the inversion time (TI),
labeled as the time between the application of the
180° prepulse and the center of k-space (Simonetti
et al. 2001). In this phase the magnetization of
the normal myocardium is close to zero. Hence,
the viable myocardium is hypointense, while the
necrotic myocardium appears clearly hyperin-
tense. If the acquisition sequence is properly
optimized (TI ranges from 150 to 600 ms at
1.5T), the signal intensity of the necrotic area is
>500 % compared to baseline and a clear distinc-
tion between necrotic and viable tissue is depicted
(Fieno et al. 2000).

12.4.2 Applications

Cardiac magnetic resonance (CMR) is consid-
ered a second-level technique with respect to
echocardiography; however, it may be extremely
useful in selected patients with MS. CMR pro-
vides optimal visualization of the restricted mitral
leaflets, particularly on the left ventricular outflow
tract view. Elevation of left atrial outflow resis-
tance occurs when the mitral valve area is below

2 cm? This leads to an increase in the diastolic
transmitral gradient, which can be assessed by
measuring the peak velocity across the mitral
valve. Peak velocity measurements across the
mitral valve with short-axis view below the val-
vular plane correlate well with Doppler measure-
ments at TTE (Heidenreich et al. 1995). However,
plane positioning must be accurate to obtain pre-
cise measurements of the valve area. Diastolic
flow and velocity can also be measured in this
plane, and pressure half-time calculated as for
TTE (Lin et al. 2004), although associated atrial
fibrillation in severe MS decreases the accuracy
of flow measurements (Myerson et al. 2010). In
severe MS the pulmonary vein flow is inverted.
The consequences of MS such as left atrial
enlargement, pulmonary edema, right ventricular
dysfunction, and pulmonary valve regurgitation
may be comprehensively evaluated. Moreover,
the presence of atrial thrombus secondary to
fibrillation should be assessed in all patients.
CMR can evaluate mitral leaflet morphology
and establish the cause of MR with good agree-
ment to TEE. Multislice contiguous cine acquisi-
tion of 5-mm thickness may be employed for a
comprehensive assessment of morphology and
detection of prolapse/regurgitation (Chan et al.
2008). The qualitative assessment of the severity
of MR can be obtained by visualization of the
signal void of the regurgitant jet on cine SSFP
sequences (Fig. 12.6). A narrow jet suggests
lower degrees of regurgitation, while a wide jet
with a core of high signal indicates a more severe
regurgitation. Quantification of MR is usually
performed indirectly by subtracting aortic sys-
tolic flow (measured by aortic flow mapping)
from left ventricular stroke volume (Kramer et al.
2008). Direct quantification of MR is possible
using through-plane flow mapping on the atrial
side of the mitral valve, although it is problematic
due to the rapidly moving valve and often eccen-
tric jets of regurgitation. A combination of SSFP
and PC is often used to obtain indirect
quantification of MR with reproducible agree-
ment with echocardiography and angiography,
predicting the future need for surgery in asymp-
tomatic patients (Kon et al. 2004). The mitral
orifice may be measured on images parallel to the



12 Valvular Heart Disease

269

annulus in systole, nonetheless with less accu-
racy in coexisting leaflet calcifications. CMR
may detect ultimate hemodynamic consequences
of MR such as left ventricle dilation and failure.

The excellent visualization of anatomy

provided by SSFP cines allows accurate evalua-
tion of the severity of AS with direct planimetry
of the orifice. A good agreement in valve area

Fig. 12.6 b-SSFP three-chamber view depicting a retro-
grade central signal void of a regurgitant mitral valve in a
patient with post-ischemic dilative cardiomyopathy

planimetry was found between CMR with SSFP
cines and TEE (John et al. 2003). Continuity
equations can also be used to estimate the valve
area with direct measurement of the left ventricle
outflow tract area (Figs. 12.7 and 12.8) (Garcia
etal. 2011). Measurement of velocity is beneficial
in distorted aortic roots, whereas ultrasound beam
alignment with the stenotic jet may be difficult.
Furthermore, stenotic jets are often not parallel to
the outflow tract and are incorrectly assessed with
TTE. Other benefits of CMR include the ability
to distinguish subvalvular from supravalvular AS
(cine images) and the ability to identify the site of
velocity acceleration (in-plane velocity mapping)
(Fig. 12.9). CMR may also quantify the increase
of left ventricular mass and display the dilation of
the aortic root in patients with bicuspid valve
(Alegret et al. 2003). The reduction of left ven-
tricular mass after aortic valve replacement may
be documented by CMR (Sandstede et al. 2000).
Late gadolinium enhancement provides useful
information in patients with severe AS since a
typical patchy midwall enhancement appears in
up to a third of patients, usually associated with
ventricle hypertrophy (Debl et al. 2006).

CMR provides a direct quantitative assess-
ment of the degree of AR regurgitation (AR vol-
ume measured in ml/beat) and its consequences

Fig. 12.7 b-SSFP images of aortic valve: qualitative assessment of valve leaflets motion (a), measurement of valve
area (b)



270 L.La Gruttaetal.

di Radiologia Univ PA

Fig. 12.8 b-SSFP images of stenotic aortic valve: qualitative assessment of aortic valve leaflets motion (a), measure-
ment of aortic valve area (b)
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Fig. 12.9 Flow analysis of aortic stenosis with graph of velocity mapping on phase contrast images
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Fig.12.10 Flow analysis of aortic regurgitation: conventional phase contrast image (a), flow map ROI (green circle) (b),
graph plotting view with quantification of aortic regurgitation over the baseline ROI (green circle) (c)

on left ventricle volumes and function. PC VENC
sequences in the slice direction can quantify the
regurgitant fraction within an oblique axial plane
above the valve (Fig. 12.10). The oblique plane is
perpendicular to two orthogonal planes through
the ascending aorta, to keep a correct through-
plane for the velocity vectors. Positioning of the
plane across the aorta is still controversial. In
vivo experience suggests that a position between
the coronary ostia and the aortic valve may be
more accurate than above the coronary ostia
(Chatzimavroudis et al. 1997). An alternative

approach to quantify AR by CMR is to compare
left and right ventricle stroke volumes with cine
images. A less accurate assessment of AR can be
performed by measuring the signal void of the
regurgitant jet on cine imaging (Fig. 12.11).
A large jet with an elevated void signal from lam-
inar flow indicates a more severe AR.

Although extremely rare, TS may be assessed
with CMR with a direct planimetry of the valve
area performed on an image slice through the
valve plane in diastole, similarly to MS. CMR
may assess TR with SSFP cine sequences
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Fig. 12.11 b-SSFP three-chamber view for qualitative
assessment of aortic regurgitation with signal void

similarly to MR. The TR jet is evaluated through
in-plane velocity mapping in a long-axis right
ventricular view. Wider jets (>7 mm) suggest a
more severe TR. The calculation of regurgitant
volume and fraction is similar to MR. The for-
ward stroke volume, measured in the pulmonary
artery with PC acquisition, is subtracted from the
total right ventricular stroke volume, acquired
with SSFP sequences (Mahle et al. 2003).

Pulmonary regurgitation may be assessed by
CMR similarly to AR, although the lower turbu-
lence on cine SSFP images may not allow good
visualization. Therefore, in-plane VENC sequences
placed just above the pulmonary valve are used to
display the regurgitant jet (severe >40 %).

12.5 Computed Tomography
12.5.1 Technique

Computed tomography coronary angiography
(CTCA) has been recognized as one of the major
innovations in diagnostic imaging over the last
decade. CTCA is used to rule out CAD because
of its high sensitivity and negative predictive
value (Taylor et al. 2010). Furthermore, advances
in retrospective ECG-gated CTCA allow
morphological and functional evaluation of the

cardiac valves. Assessment of valves requires
high spatial and temporal resolution to depict
small anatomical structures and to minimize car-
diac motion artifacts. State of the art 64-slice CT
provides a temporal resolution of approximately
165-210 ms, whereas recently introduced scan-
ners can supply an even lower temporal resolu-
tion. Compared to echocardiography and CMR,
CT provides faster acquisition time and higher
spatial resolution, but lower temporal resolution
(Chung et al. 2008).

The protocol is basically set up for coronary
artery evaluation. However, CT assessment of
cardiac valves should optimize image acquisition
and reconstruction parameters, as well as the
post-processing techniques. Prior to image acqui-
sition oral or intravenous -blockers may be cau-
tiously administered to lower the heart rate to less
than 65 bpm and improve image quality, apart
from patients with acute presentation or known
severe AS (Mahabadi et al. 2010; Vahanian et al.
2007). The patient is scanned in the craniocaudal
direction. Scan fields of view are dependent on
the desired clinical information (i.e., preoperative
evaluation of valves and coronary artery vs. full
thoracic aorta assessment). A breath-hold retro-
spective ECG-gated acquisition is employed to
obtain both static and cine images, with low pitch
values and technical parameters between 120 and
140 kV and 350 and 400 mAs.

Rapid intravenous injection of iodinated con-
trast material (5 ml/s) with bolus tracking is often
used. The region of interest is placed within the
aortic root, synchronizing the start of the scan
with the first arterial passage. The contrast bolus
is usually chased with a saline flush. The conven-
tional CTCA protocol aims at a pure arterial visu-
alization of coronary artery tree, aorta, and left
chambers, but may produce a heterogeneous
enhancement of the right side of the heart. For
specific indications (i.e., assessment of right
chambers and valves), a lower injection rate or a
triphasic protocol (i.e., high-flow infusion of con-
trast material followed by slower infusion of con-
trast material and a saline flush) may be employed
(Abbara et al. 2009).

Radiation-saving strategies such as prospec-
tive ECG gating cannot be used because valve
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assessment must be performed throughout the
entire cardiac cycle. Retrospective ECG-gated
images are reconstructed sequentially at every
5-10 % phase of the RR interval. Dose modula-
tion approaches may be carefully used to lower the
dose for a portion of the cardiac cycle depending
on the desired cardiac phase (systolic or diastolic)
to assess cardiac valves (Chen et al. 2009).
Post-processing of the data set is performed
on dedicated workstations and consists of soft-
ware applications allowing both static and cine
images. Multiplanar reconstructions (MPR),
maximum intensity projection (MIP), volume
rendering (VR), and virtual endoscopy are
employed. MPR are reconstructed according to
the reference echocardiographic views (four-
chamber long-axis, two-chamber long-axis, and
two-chamber short-axis views) and allow the

cross-section evaluation of valves along the cor-
rect planes. Cine images are similarly obtained
by combining 10-20 cardiac phases to evaluate
opening and closing of valves and ventricular
function (Raman et al. 2006).

12.5.2 Applications

CTCA is considered a valuable and appropriate
tool in a wide range of heart diseases and has
demonstrated its usefulness also in VHD. In par-
ticular, CTCA has emerged as a relevant noninva-
sive imaging technique to exclude CAD (Taylor
et al. 2010). In the context of VHD, CT allows
morphologic evaluation of the cardiac valves
(Figs. 12.12, 12.13, 12.14, 12.15, and 12.16) by
visualizing the number and thickness of valve

o
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Fig. 12.12 Axial CT views (a—d) depicting cardiac valves. Aortic root (R), aortic valve (AV), left atrium (LA), mitral
valve (MV), left ventricle (LV), papillary muscles (PM), chordae tendineae (black head arrows)
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Fig.12.13 Sagittal CT views (a—d) depicting cardiac valves. Aortic root (R), aortic valve (AV), pulmonary artery (PA),
left atrium (LA), pulmonary valve (PV), mitral valve (MV)

leaflets (i.e., bicuspid vs. tricuspid aortic valve)
as well as the presence of calcifications (Willmann
et al. 2002). CT may allow a functional assess-
ment of the valves in the setting of congenital and
acquired disorders (stenosis and regurgitation).
AS can be evaluated by assessing the thicken-
ing and calcification of the cusps and their num-
ber (i.e., bicuspid valve) (Fig. 12.17) and
excursion (Gilkeson et al. 2006), as well as mea-
suring the area of the valve, which correlates with

TEE (Feuchtner et al. 2006a). Aortic valve
calcification is associated with the severity of AS
(Koos et al. 2006) and presents an annual pro-
gression rate of 1.7 %, which increases
significantly with age (Owens et al. 2010). Best
image quality for aortic valve planimetry is
obtained during midsystole to minimize motion
artifacts (Abbara et al. 2007). Patients with AS
become symptomatic when the aortic valve area
reduces to approximately 1 cm? The subsequent
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Fig. 12.14 Coronal CT views (a—d) depicting cardiac valves. Pulmonary valve (PV), left ventricle (LV), aorta (AO),
aortic valve (AV), pulmonary artery (PA), mitral valve (MV)

increase of the transvalvular pressure gradient
causes the associated dilatation of the ascending
aorta, while left ventricular afterload rise leads to
concentric ventricular hypertrophy. Both indirect
signs of AS may be depicted by CT. CT may also
visualize the main findings of AR such as cusp
malcoaptation during mid-to-end diastole and
central leakage area, with excellent diagnostic
accuracy compared to TEE (Feuchtner et al.
2006b). Furthermore, the dilation of the aortic
root and the ventricular enlargement may be dis-
played (Fig. 12.18).

Mitral valve findings (fibrosis, thickening,
calcification of leaflets; left chamber enlargement;

pulmonary edema and congestion) may be better
evaluated in the two-chamber long-axis plane
during opening of middiastole. The correla-
tion between CT and TEE is excellent for MS
(Messika-Zeitoun et al. 2006). A common com-
plication of MS in the elderly is atrial fibrillation,
which may adversely affect ECG-gated CT due to
motion artifacts (Sato et al. 2005). Ischemic heart
disease due to papillary muscle dysfunction or
rupture and post-ischemic dilated cardiomyopa-
thy are considered common causes of functional
acute or chronic mitral MR in the elderly (Hickey
etal. 1985). CTCA may be helpful in this clinical
scenario (Fig. 12.19) (Taylor et al. 2010).
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Fig.12.15 MPR images in aortic and mitral valve planes of the heart during systole (a) and diastole (b); MPR images
long-axis views of the left ventricle during systole (c¢) and diastole (d). Aortic valve (AV), mitral valve (MV)

The right-side valves may be assessed with
specific protocols. Indirect signs of right-side
overload (dilation of the right chambers, regurgi-
tation of suprahepatic veins, and dilation of the
vena cava) may be depicted by CT.

A relevant limitation of CT in VHD assess-
ment is that a retrospective ECG-gated protocol
is needed, which requires higher exposure to
radiation than the increasingly widespread pro-
spective protocol. Therefore, CT is not primarily
used because information from other imaging
techniques (echocardiography and MRI) is usu-
ally adequate. Furthermore, CT cannot provide a
direct measurement of the transvalvular pressure
gradient. CT should be performed only in selected
patients when the TTE acoustic window is

inadequate, when TEE or catheterization are not
tolerated, or when MRI is contraindicated (i.e.,
patients with pacemakers). However, it is reason-
able to expect an increasing role for CTCA in the
evaluation of cardiac valves because of the tech-
nological advances and related dose-reduction
strategies.

Candidates for valve replacement may benefit
from preoperative CTCA, which can rule out
significant CAD (Fig. 12.17) (Meijboom et al.
2006). In addition, CTCA provides the angle of
orientation of coronary arteries (normally 120-
150°). In patients with bicuspid aortic valves,
coronary arteries may have an orientation of
180°. In the event of surgical replacement, it is
important to be aware of this condition
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Fig. 12.16 MPR images depict the aortic valve, closed during diastole (a) and open during systole (b); MPR images
display the mitral valve, open during diastole (¢) and closed during systole (d)

(Cademartiri et al. 2007). Coronary anomalies of
origin and course may be clearly displayed by
CTCA (Cademartiri et al. 2008).

Similarly, postoperative patients with pros-
thetic valves may benefit from CTCA to assess
function and complications, if echocardiography
and MRI are inadequate. The progress in CT

scanners has improved image quality of valve
replacement with considerably decreased arti-
facts (Habets et al. 2011). Prosthetic complica-
tions include thrombus, valve dehiscence,
pseudoaneurysm, infective endocarditis, or para-
valvular abscess and leaks (Fig. 12.20) (Manghat
et al. 2008).
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Fig. 12.17 A 63-year-old woman with severe aortic
stenosis. VR images display ascending aorta dilation (a, b);
a calcific stenosis of bicuspid valve is depicted by
MPR (c); accurate measurement of the aneurysm in the
cross-sectional view (d); MPR images exclude significant

coronary artery disease in the right coronary artery (e),
left anterior descending artery (a calcified nonsignificant
plaque is depicted in the midtract (f), and circumflex
artery (g)
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Fig. 12.18 A 70-year-old woman with aortic regurgitation. VR (a, b) and MPR images (c, d) display associated
ascending aorta dilation
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Fig. 12.19 A 72-year-old man with mitral regurgitation  artery (LAD), first diagonal branch (D1), second diagonal
and post-ischemic dilated cardiomyopathy. MPR images  branch (D2), circumflex artery (CRX) (c) and right coro-
display the thinning of the left ventricle walls (a, b) and  nary arteries (d)

significant atherosclerosis of the left anterior descending
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Fig.12.20 A 72-year-old man with aortic valve replacement complications. CT depicts the thickening of valve leaflets
(a, b) due to endocarditis and periprosthetic leaks (white head arrows, b—d)
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