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The characterization of tricuspid valve and right-heart anatomy has been gaining significant interest in the setting of new

percutaneous transcatheter interventions for tricuspid regurgitation. Multimodality cardiac imaging provides a wealth of in-

formationabout theanatomyand functionof the tricuspidvalveapparatus, rightventricle, and right atrium,which ispivotal for

diagnosis and prognosis and for planning of percutaneous interventions. The present review describes the role of echocardi-

ography, cardiacmagnetic resonance, andmultidetector rowcardiac computed tomography for right heart and tricuspid valve

assessment. (J Am Coll Cardiol Img 2019;12:516–31) © 2019 by the American College of Cardiology Foundation.
T he impact of right-heart (RH) disease is a sub-
ject of increasing interest. It has been shown
that isolated tricuspid regurgitation (TR) is

prognostically significant (1). TR status also nega-
tively predicts prognosis in the setting of post-
surgical (2,3) and post-transcatheter procedures for
the aortic and mitral valves (4,5). Because the impor-
tance of treating tricuspid pathology is increasingly
recognized, identification of tricuspid valve (TV)
and RH pathology and anatomical planning for percu-
taneous interventions will become crucial. Multimo-
dality cardiac imaging is the linchpin of TV and RH
assessment. This paper describes the role of multimo-
dality imaging including echocardiography, cardiac
magnetic resonance (CMR), multidetector row
computed tomography (MDCT), and fluoroscopy in
the evaluation of TV and RH anatomy (Central
Illustration).
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BRIEF OVERVIEW OF NORMAL RH ANATOMY

The TV apparatus includes the 3 leaflets, the annulus,
and the subvalvular apparatus (chordae tendineae,
papillary muscles), and is closely linked with the right
atrium (RA) and the right ventricle (RV) in the so-
called “valve-ventricular complex” (6). The TV is the
largest among the 4 cardiac valves. In relation to the
mitral valve (MV), the TV is located more apically
(#10 mm), anteriorly, and to the right (Figure 1). The
tricuspid leaflets are thinner than the mitral leaflets
and therefore are more difficult to image. The TV
annular plane is oriented nearly vertically and is
rotated w45� from the sagittal plane (7). The TV
usually has 3 leaflets assigned anatomically as the
septal, anterior, and posterior which close in a trifo-
liate fashion (Figures 1A and 1B). The tricuspid
annulus (TA) is a complex, saddle-shaped, dynamic
https://doi.org/10.1016/j.jcmg.2019.01.006

rt and Valve Center, Columbia University Medical

estern Hospital, Minneapolis, Minnesota; cDivision

University of Medicine and Pharmacy, Department

ascular Sciences, University of Padua, Padua, Italy;

ec, Canada; and the gIRCCS, Instituto Auxologico

Khalique is a member of the Speakers Bureau for

. Dr. Cavalcante has received research support from

consultant for, has received research support from,

Imaging. Dr. Piazza is a consultant for HighLife,

from the Romanian Society of Cardiology. All other

nts of this paper to disclose.

2019, accepted January 10, 2019.

https://doi.org/10.1016/j.jcmg.2019.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmg.2019.01.006&domain=pdf


AB BR E V I A T I O N S

AND ACRONYM S

3D = 3-dimensional

CMR = cardiac magnetic

resonance

LV = left ventricle

LVEF = left ventricular

ejection fraction

MDCT = multidetector row

computed tomography

MV = mitral valve

PH = pulmonary hypertension

RA = right atrium

RH = right heart

RV = right ventricle

RVEDVi = right ventricular end

diastolic volume index

RVESVi = right ventricular end

systolic volume index

TA = tricuspid annulus

TEE = transesophageal

echocardiography

TR = tricuspid regurgitation

TTE = transthoracic

echocardiography

TTVI = transcatheter tricuspid

valve interventions

tricuspid valve
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structure (8). The nonplanar TA has higher points in
the anteroseptal and posterolateral portions and
lower points in anterolateral and posteroseptal por-
tions (Figures 1 and 2). TA size and shape change
significantly during the cardiac cycle.

RIGHT VENTRICLE. The RV is triangular in shape and
crescent-shaped when viewed in cross-section. The
RV chamber is divided into 3 components: inlet, api-
cal trabecular, and outlet. The TV separates the RV
inlet from the RA. The apical component of the RV
has coarser trabeculations than the left ventricle (LV)
apex. The RV outlet presents a “crossover” relation-
ship with the LV outflow tract (Figure 1B). The RV roof
is formed by the crista supraventricularis (or supra-
ventricular crest) consisting of the ven-
triculoinfundibular fold and the trabecula septo-
marginalis, which contains the right bundle branch
and continues as the moderator band (Figures 1B and
1E). Because of the complex shape of the RV, the 3
components are difficult to simultaneously image in a
single cross-sectional view by using 2-dimensional
(2D) echocardiography (2DE).

A complete anatomical overview of the RH can be
found in an accompanying publication (9).

INTERVENTIONAL CONSIDERATIONS. Several structures
adjacent to the TA are relevant for interventional
procedures (Table 1). 1) The anteroseptal commissure
is adjacent to the noncoronary sinus of Valsalva
(Figures 1A and 1C); there is risk of aortic perforation
with devices that require anchoring at this level. 2)
The His bundle is located 3 to 5 mm posterior to the
anteroseptal commissure adjacent to the TV septal
leaflet attachment on the membranous septum: there
is risk of heart blockage if pressure is applied to this
region. 3) The right coronary artery within the right
atrioventricular groove is adjacent to the anterior and
posterior regions of the TV annulus along the RV free
wall (separated by only 2 mm in some patients); there
is risk of injury and acute ischemia with annular
anchoring devices (Figure 1A).

As opposed to the LV, in which there is anatomic
continuity and functional coupling between the
atrioventricular and the semilunar valve, the TV is
separated from the pulmonary valve by the ven-
triculoinfundibular fold (Figure 1B). The wide sepa-
ration between the TV and pulmonary valve
minimizes the risk of outflow tract obstruction during
transcatheter TV procedures.

ECHOCARDIOGRAPHIC IMAGING OF

THE TV AND RH

Echocardiography is the first-line imaging modality
for the assessment of TV anatomy and function (10).
Compared to other imaging modalities, the
availability, safety, portability, lower costs,
and excellent temporal resolution represent
significant advantages, enabling patient
evaluation wherever necessary. Three-
dimensional echocardiography (3DE) allows
full appreciation of the complexity of the TV
and a better understanding of the distinctive
features of TV anatomy and function, all of
which provide a strong foundation for the
planning and execution of complex inter-
ventional procedures (11).

TRANSTHORACIC ECHOCARDIOGRAPHIC

IMAGING. Transthoracic echocardiography
(TTE) is the preferred initial imaging tech-
nique for evaluating RH anatomy and function
and should include a combination of views
(RV inflow and short-axis, standard apical 4-
chamber, apical RV-focused 4-chamber, sub-
costal 4-chamber, and short-axis) for optimal
image definition and alignment of Doppler
measurements.

The TV area can be measured by planim-
etry, and generally this is accomplished by
3DE, as 2DE does not allow obtaining routine
proper short-axis views at the edges or tips of
the valve leaflets. The normal TV area is 7 to 9

cm2, and the transvalvular mean gradient is low (<2
mm Hg).

The structural integrity of the TV leaflets is the key
feature that discriminates secondary (functional)
from primary (organic) valve lesions and should be
assessed from multiple views. Adjacent landmarks
(aortic valve, septum, and coronary sinus) help to
identify the leaflets on the basis of their anatomic
relationships. However, due to its complex structure
and anatomic variability, accurate identification of
the leaflets from 2DE longitudinal planes remains
challenging.

En face views of the entire TV by 3DE enable more
reliable identification of the leaflets and commissures
(Figure 1) and their spatial relationship with pace-
maker leads, which is key for the diagnosis of
pacemaker-related regurgitation (Figure 3). Excessive
leaflet motion may indicate the presence of myxo-
matous valve disease or iatrogenic valve damage
(after biopsy), whereas the presence of mobile masses
attached to the leaflets suggests endocarditis. Thick-
ening and restrictive motion of the leaflets can be
caused by carcinoid syndrome or rheumatic involve-
ment (Figure 3) (12).

In functional TR, the leaflets are structurally
normal with normal or restricted leaflet motion due to

TV =



CENTRAL ILLUSTRATION Strengths of Imaging Modalities

• right heart size and function
• leaflet morphology
• subvalvular apparatus
• annulus size
• TR quantification
• intraprocedural guidance

• right heart size and function
• tissue characterization
   (scar/infiltration)
• TR quantification
• leaflet morphology
• subvalvular apparatus

• annulus size
• right heart size and function
• subvalvular apparatus
• trabeculations
• coronary visualization
• vena cavae and femoral veins
• procedural planning

MDCT

CMR

Echo

Khalique, O.K. et al. J Am Coll Cardiol Img. 2019;12(3):516–31.

CMR¼ cardiac magnetic resonance; Echo¼ echocardiography, MDCT¼multidetector row computed tomography; TR¼ tricuspid regurgitation
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RV enlargement and remodeling. From an imaging
standpoint, the most relevant parameters to describe
TV geometry in functional TR are annulus size and
leaflet coaptation.

TA size is quantified in the apical 4-chamber RV-
focused view at end diastole. Measurements per-
formed in other views and at different times during
the cardiac cycle may yield more variable results (13).
The normal TA diameter in adults is 28 � 5 mm, and
significant dilation has been defined by a diastolic
diameter of >40 mm or >21 mm/mm2, although these
cutoff values have been recently questioned (14).
Valvular regurgitation and RH dilation are associated
with a more circular, flatter, and less dynamic TA
(15,16). Very large TA and lack of calcification in pa-
tients are important anatomical challenges to percu-
taneous interventions. It is known that 2DE
underestimates the TA maximal dimension compared
with 3DE, CMR, and MDCT measurements (17–19).

The mode of leaflet coaptation can be described as
normal, abnormal, and absent (aka, coaptation gap).
Normally, the TV leaflets coapt in a body-to-body
fashion, allowing sufficient coaptation length of at
least 4 mm to prevent valve incompetence. Under
pathologic conditions, the TV leaflets may demon-
strate reduced leaflet coaptation that can be either
symmetrical (edge-to-edge), resulting in central TR,
or asymmetrical (edge-to-body), resulting in eccentric
TR (20). Leaflet tethering can be quantified in terms of
tenting distance and tenting area at end systole (by
2DE) (Figure 4), and tethering/tenting volume (by
3DE). Severe, functional TR is associated with a
tethering distance of >8 mm and tenting area of
>1.6 cm2 (21). Leaflet tethering is an important



FIGURE 1 Tricuspid Valve Anatomy
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(A) Anatomical specimen with the TV anterior, septal, and posterior leaflets shown. The right coronary artery courses adjacent to the anterior portion of the tricuspid

annulus in the right atrioventricular groove (courtesy of Prof. Cristina Basso, Cardiovascular Pathology, University of Padua, Italy). (B to E) 3D echocardiographic views

of the anatomy of tricuspid valve apparatus from the ventricular aspect (B), atrial aspect (C), 4-chamber and papillary muscles (D and E). APM ¼ anterior papillary

muscle; LC ¼ left coronary cusp; LVOT ¼ left ventricular outflow tract; MV ¼mitral valve; NC ¼ non-coronary cusp; PPM ¼ posterior papillary muscle; PV ¼ pulmonary

valve; RC ¼ right coronary cusp; RCA ¼ right coronary artery; TV ¼ tricuspid valve; orange asterisk ¼ anteroseptal commissure; blue asterisk ¼ posteroseptal

commissure; green asterisk ¼ anteroposterior commissure.
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mechanism of valve incompetence and has profound
implications for the selection and outcomes of repair
techniques. Consequently, the coaptation mode and
leaflet tethering should be routinely evaluated and
FIGURE 2 Tricuspid Valve Annulus Geometry and Spatial Orientatio
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TABLE 1 Assessment of Tricuspid Valve and RH Anatomy and Related Interventional Considerations

General Assessment Interventional Therapy Considerations

Right atrium

Linear dimensions
Area
Maximal volume

Space to manipulate devices (MitraClip, Gate)
Reached from the IVC, SVC, direct puncture

Right ventricle

Linear dimensions
Areas
Volumes (end-diastolic and end-systolic)
Position of papillary muscles
Location and extent of trabeculations and moderator band

Clear pathway to anchor into RV apex (Forma)
RVOT obstruction risk absent

Tricuspid annulus

Linear dimensions
Annular area
Distance to right coronary artery at anterior aspect
Width of annular shelf

Anchoring of devices onto annulus (Trialign, Gate, Cardioband)
Impingement of RCA

Tricuspid leaflets

Number of leaflets
Coaptation gap(s) size and location
Coaptation distance
Tenting area and volume

Ability to close coaptation gap (MitraClip)

Tricuspid subvalvular apparatus

Position of papillary muscles and distance from tricuspid leaflets
Length of chordae tendinae (presence of shortening)

Navigation of devices toward RV apex (Forma)

IVC and SVC

Linear dimensions and area
Position of hepatic vein

Anchoring of devices (heterotopic Sapien implantation, TriCinch)

IVC ¼ inferior vena cava; RCA ¼ right coronary artery; RV ¼ right ventricle; RVOT ¼ right ventricular outflow tract; SVC ¼ superior vena cava.

FIGURE 3 Tricuspid Valve Disease Processes by 3D Echocardiography

FUNCTIONAL

RHEUMATIC

PACEMAKER-RELATED TRAUMATIC/IATROGENIC

CARCINOIDENDOCARDITIS

Anatomy in different tricuspid valve disease processes, illustrated by transthoracic 3-dimensional echocardiography.
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FIGURE 4 Measurements of Tricuspid and Right Ventricular Geometry by Conventional 2D Echocardiography

Red marker on the ECG tracings shows the timing of the measurement for each parameter. ECG ¼ electrocardiography.
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RV size can be evaluated by measuring linear di-
mensions and end-diastolic area from an apical RV-
focused view (Figure 4). Proper adjustment of probe
position and rotation is important to obtain a non-
foreshortened, dedicated 4-chamber RV view with
the largest RV transverse dimension. RV basal diam-
eter of >41 mm, mid-cavity diameter of >35 mm, end-
diastolic area of >24 cm2 for men and >20 cm2 for
women indicate RV enlargement (22). 3DE-derived RV
volume correlates well with CMR and is more accu-
rate and reproducible than 2D RV size measurements
(22,23).
Several indices of global RV shape and regional
geometric remodeling can be obtained by echocardi-
ography. RV eccentricity index can be quantified by
using 2D TTE as the ratio of the major-to-minor RV
diameters in the parasternal short-axis view
(Figure 4). An increased end-systolic RV eccentricity
index (>2) is an independent determinant of func-
tional TR severity (21). RV sphericity can be quanti-
fied as the longitudinal-to-mid-cavity diameter ratio
or as [(mid-cavity � longitudinal diameter])/[basal
diameter]) ratio (Figure 4). A more spherical or ellip-
tical shaped RV in systole may explain the severe



TABLE 2 Multimodality RH Reference Values

Echo (82)* CMR (32)* CT (83)*

Mean � SD Normal Range Mean � SD Range* Mean � SD† 95% CI

Right ventricle

RV EDV indexed to BSA, ml/m2
– – – – – –

Men 61 � 13 35–87 91 � 15 61–121 96 � 15 92–100

Women 53 � 10.5 32–74 80 � 16 48–112 88 � 12 85–91

RV ESV indexed to BSA, ml/m2
– – – – – –

Men 27 � 8.5 10–44 39 � 10 19–59 42 � 19 37–47

Women 22 � 7 8–36 32 � 10 12–52 36 � 15 32–40

3D RV EF, % 58 � 6.5 $45 – – 59 � 15 56–62

Men – – 62 � 5 52–72 58 � 16 54–62

Women – – 61 � 5 51–71 61 � 14 51–65

Right atrium

RA area, cm2
– – 22 � 3.8 14–30 – –

RA volume index, ml/m2
– – – – – –

Men 21 � 6‡ <30 (26)* – – – –

Women 25 � 7‡ <28 (26)* – – – –

3D RA volume index, ml/m2 29 � 7 (27)* – 53 � 16 (61)* 21–85 59.7 � 15.0 (71)* 30.3–89.1

Men 31 � 8 – – – – –

Women 27 � 6 – – – – –

*References indicate sources of measurement reference values for that modality, unless specifically indicated adjacent to specific measurements. †Mean � 2SD. ‡Simpson’s single plane
measurement.

BSA ¼ body surface area; CMR ¼ cardiac magnetic resonance; CT ¼ computed tomography; EF ¼ ejection fraction; RA ¼ right atrium; RV ¼ right ventricle.
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leaflet tethering and valve regurgitation despite
modest annular dilation in functional TR due to pul-
monary hypertension (PH) (6). Although 3DE is more
challenging for the RV than LV due to artifacts, 3DE
allows for the quantification of RV regional curvature
(24) without geometric assumptions, which could be
useful as a metric of RV remodeling and disease
progression.

RV function can be reliably measured with several
echocardiographic indices. Tricuspid annular plane
systolic excursion (TAPSE) toward the apex in the 4-
chamber view is easy to obtain from any 2DE study.
A TAPSE of <17 mm suggests RV systolic dysfunction.
Tricuspid annulus systolic tissue Doppler velocity
of <9.5 cm/s in the 4-chamber view suggests RV
systolic dysfunction. An RV 4-chamber fractional area
change of <35% indicates systolic dysfunction. RV
speckle-tracking strain has shown prognostic value in
a number of disease processes. 3D RV ejection frac-
tion (RVEF) is a more global measurement of systolic
performance that has been validated in a comparison
with CMR (25).

The RA volume is routinely evaluated from a
dedicated apical 4-chamber view by using either
single-plane disk summation or the area-length
method. The normal ranges for 2D RA volume
indexed to body surface area are shown in Table 2
(22,26). 3DE enables a more accurate measurement of
atrial volumes without geometric assumptions (27).
TRANSESOPHAGEAL ECHOCARDIOGRAPHY. Because of
the anterior position of the TV, transesophageal
echocardiographic (TEE) imaging is more challenging
for the TV than for the MV. When the acoustic win-
dow is satisfactory, TTE imaging of the TV may be
superior in quality to TEE. If TTE windows are sub-
optimal, then TEE should be performed. For adequate
TV imaging during interventional procedures, a
combination of TEE with fluoroscopy, TTE, and
intracardiac echocardiography may be necessary. If
TR is suspected clinically, TEE should be performed
in addition to TTE for full evaluation of TR and
anatomic planning for transcatheter interventions.

Mid- and deep esophageal and transgastric views
are commonly used for TEE imaging of the TV. The TA
is usually measured in the mid-esophageal 4-chamber
view. As with 2D TTE, 2D TEE measurements may
underestimate the maximal dimension of the TV
annulus. The transgastric basal short-axis view is the
only 2DE view that can provide simultaneous visual-
ization of all 3 TV leaflets. 3D TEE allows recon-
struction of the TV from transgastric, mid- or deep
esophageal views and visualization from the atrial
and ventricular aspects.

CMR IMAGING OF THE TV AND RH

The ability to dynamically visualize the heart without
body habitus limitations or need for ionizing



FIGURE 5 Creation of RV Long-Axis Views From the Short-Axis Views

Short axis 4 chamber

RV outflow tract

RV 2 chamber RV 3 chamber

The RVOT view is created perpendicular to the RV 3-chamber view. Visualization of the tricuspid leaflets includes the septal (blue), anterior (yellow), and posterior

(purple) leaflets. One of the 2 leaflets is always reliably visualized in each RV long-axis view, but the other may vary based on slice positioning. RV ¼ right ventricular;

RVOT ¼ RV outflow tract; Red ¼ 4-chamber; green ¼ RV 3-chamber; blue ¼ RV 2-chamber.
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radiation makes CMR ideally suited to assess TV pa-
thology and RH remodeling. RV and RA volume
measurements are accurate and reproducible, and
when combined with phase-contrast–derived pul-
monic flow measurements, can be used to quantitate
the degree of TR. Thorough evaluation of regional
wall motion abnormalities and tissue characterization
are uniquely possible using CMR.
RV VOLUMES AND FUNCTION. RV volumes, func-
tion, mass, and wall motion are best assessed using
both short- and long-axis cine images. Balanced
steady-state free-precession acquisitions yield excel-
lent signal-to-noise ratios and high blood-to-
myocardium contrast (28). A short-axis stack of
images is planned from LV scout images to ensure full
coverage from the base to the apex, with a slice
thickness of 6 to 8 mm and a 2- to 4-mm interslice gap
(29). These images will typically capture the entire
RV. However, when the RV is dilated, care should be
taken to ensure that the lateral subtricuspid region is
included, as it may be the most basally displaced
portion of the ventricle. Although the standard 4-
chamber RV long-axis view is routinely acquired,
specialized views are required for thorough assess-
ment of the RV, including the RV inflow (RV
2-chamber) view, the RV inflow/outflow (RV 3-
chamber) view, and the RV outflow tract (RVOT)
view (Figure 5). These specialized views are planned
from the stack of short-axis and acquired long-axis
views. Of note, for generating the 4-chamber view,
it is important to prescribe the angle from the short-
axis view that reveals the largest RV dimension
possible (30). Acquired cine images should achieve a
temporal resolution of <45 ms per phase or >22
frames/s and can be achieved typically within a
breath holding sequence of 5 to 8 s (29).



FIGURE 6 Simpson’s Approach to RV Volumes With Colocalization Between Short-and Long-Axis Images, Using Post-Processing Software
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By tracing the RV endocardial borders in each
short-axis slice, volumes can be quantified using the
Simpson’s method of discs (Figure 6). Delineating the
RV base in the short-axis orientation can be
ic Phase Contrast Imaging to Determine Velocities and Flow

PA

e image. (Middle) Velocity map measuring flow through the main pulmonar

lume using post-processing software. AO ¼ Aorta; PA ¼ pulmonary artery.
challenging; however, newer post-processing soft-
ware allows colocalization of short-axis views with
long-axis views to improve slice position accuracy.
The end-systolic and end-diastole phases are
Flow vs Time

72 ml

y artery (purple outline). (Right) Integral of flow-time curve to



FIGURE 8 CMR Late Gadolinium Enhancement of the

Right Ventricle

Bright areas (orange arrows) represent fibrosis of right

ventricular insertion points into interventricular septum,

typical of right ventricular pathologies. CMR ¼ cardiac magnetic

resonance image.
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manually identified based on the smallest and largest
volumes, respectively. In cases of dyssynchronous
contraction, end-diastolic and end-systolic phases
may vary between the LV and RV and should be
individually traced. Trabeculations should be traced
as part of the ventricular cavity (31). Stroke volume
and EF can be mathematically determined from end-
systolic and end-diastolic volumes. Normal RV vol-
umes by CMR are endorsed by society guidelines (32).
Normal reference ranges for RV volumes are higher in
younger patients, males, and higher body surface
areas (32).

Most studies have shown an underestimation of
cardiac volumes by 2D and 3D echocardiography
compared to CMR volumes (33–35). CMR short-axis
stack volume tracings are accurate within 2%
compared to ex-vivo animal and human heart vol-
umes, using direct water displacement techniques as
the gold standard (36,37). Some studies have advo-
cated an additional stack of axial slices for quantifi-
cation of RV volumes and EF (38,39). Although this
approach was initially proposed to sidestep the diffi-
culty in identifying the basal ventricular slice, it may
no longer be necessary with the advent of colocali-
zation features in most current post-processing
software.

Similar to RV volumes, RV mass is calculated with
the Simpson’s method by tracing the epicardial and
endocardial borders and excluding the papillary
muscles. RV mass is reproducible with intraclass
correlation values of >0.85 for intraobserver, inter-
observer, and interstudy variability (40). Normal
reference ranges are published for RV mass, with
higher masses observed in males, younger patients,
and higher body surface areas (32).

Flow measurements use phase-contrast sequences
which generate magnitude images and phase velocity
maps (Figure 7). The magnitude image is used for
anatomic orientation of the imaging slice and to
identify the boundaries of the vessel imaged. The
phase map encodes the velocities within each pixel
for each phase in the cardiac cycle. A region of in-
terest can be traced by using both of the images at
each time point, and flow is quantified by integrating
the velocity of each pixel and its area over the cardiac
cycle. Unlike echocardiography, the imaging plane is
prescribed perpendicularly to flow direction and does
not make assumptions that the vessel cross-sectional
area is constant throughout the cardiac cycle. CMR
flow measurements have extensive validation in both
in-vitro and in vivo studies (41–44).

Accurate and reliable measurements of ventricular
volumes and function make CMR well suited to
assess both the ventricular remodeling that is a
consequence of TV pathology and the reverse
remodeling that may occur with valvular in-
terventions. In patients undergoing TV surgery for
functional TR, studies by Choi et al. (45) and Kim
et al. (46) demonstrated post-operative reductions in
RV end-diastolic volume index (RVEDVi) and RV
end-systolic index (RVESVi) measured by CMR. Kim
et al. (46) found that, in patients with reduced RV
systolic function, a pre-operative RVEDVi of <164
ml/m2 was associated with a post-operative return to
normal RV systolic function. Park et al. (47) showed
incremental value of CMR RV volume and function
measurements in patients with severe isolated TR
requiring surgery who underwent both pre-operative
echocardiography and CMR. After a mean post-
operative follow-up of 57 months, the only parame-
ters associated with cardiac death were
CMR-quantified RVEF and RVESVi, with a hazard
ratio of 0.7 per 5% increase in RVEF and 1.2 per 10
ml/m2 increase in RVESVi (47).
RV REGIONAL WALL MOTION ASSESSMENT.

Regional wall motion abnormalities are prevalent in
the setting of myocardial infarction, pulmonary em-
bolism, and PH. Owing to CMR’s ability to dynami-
cally visualize the RV in any imaging plane, this mode
is ideal for assessment of regional RV wall motion
abnormalities. Although a short-axis stack is used for
assessment of volumes and function, a stack of long-



FIGURE 9 MDCT-Based Tricuspid Valve Apparatus Measurements

A B

DC 2ch Tethering Area and Height Anatomical Tricuspid ROA

4ch Tethering Area and Height

A multiplanar reconstruction of the tricuspid apparatus is shown. (A) Sagittal view of the right ventricle. (B and C) Measurements of tethering area and height,

respectively. (D) Measurement of anatomical regurgitant orifice area that can be obtained by MDCT. MDCT ¼ multidetector row computed tomography; ROA ¼
regurgitant orifice area.
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axis cines is recommended for assessment of regional
RV wall motion abnormalities, especially for locations
that are difficult to appreciate, such as the RVOT and
RV free wall (48).

Feature tracking, similar in concept to speckle
tracking in echocardiography, has been attempted to
detect subtle changes in wall motion. Strain analysis
is more sensitive than conventional measurements of
RV wall motion and can predict future outcomes in
specific cohorts of arrhythmogenic RV dysplasia and
PH (49,50). However, this technology is still under
investigation and is limited by poor interstudy and
intervendor reproducibility (51,52).

TISSUE CHARACTERIZATION. Tissue characteriza-
tion of the RV, using late gadolinium enhancement
and native T1 imaging, is currently challenged by the
spatial resolution of these imaging sequences for the
thin-walled RV (29). Given the normal RV thickness of
3 to 5 mm, partial volume effects can create difficulty
for nontransmural RV pathology (53). Alternatively,
late gadolinium enhancement can be appreciated in
transmural RV infarction and under conditions of
increased RV wall thickness such as acute
myocarditis, amyloidosis, and PH (54–57) (Figure 8).
Similarly, native T1 assessment is possible under
conditions of increased RV wall thickness, most
notably in Anderson-Fabry disease and PH (58).
Newer investigational techniques to improve the
ability for accurate native T1 mapping include RV
systolic imaging, when the wall is thicker, or high-
resolution image acquisition using navigator-gated
3D techniques (59,60). Such techniques need further
validation, and the latter technique would benefit
from additional technological advances to decrease
image acquisition times (59,60).

RA AND TV. Each long-axis view can visualize 2 of the
3 TV leaflets (Figure 5); however, only 1 leaflet can be
reliably localized. If an abnormality is identified be-
tween 2 leaflets, a continuous stack of thin slices
(4 to 5 mm) without an interslice gap, parallel to the
leaflets in question, should be acquired to better
delineate specific pathology (29). Leaflet tenting, re-
striction, prolapse, regurgitation, thickening, and
perforation can be visualized with CMR. Cine images
represent a consolidation of data acquired over
several cardiac cycles, and therefore, objects with



FIGURE 10 MDCT Analysis of Tricuspid Valve Apparatus for Percutaneous Tricuspid Interventions

A B

DC

(A) Measurement of the tricuspid annulus using semiautomated cubic spline analysis. (B) Curve of coplanar angiographic projections for

guidance of percutaneous tricuspid annulus interventions. (C) MDCT-derived angiographic simulation. (D) Location of the right coronary

artery in relationship to the tricuspid annulus is shown. This may be relevant for percutaneous interventions affecting the tricuspid annulus,

which could theoretically impinge upon the RCA. The RCA runs near the annulus in the right atrioventricular groove adjacent to the RV free

wall. RCA ¼ right coronary artery; other abbreviation as in Figure 9.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 2 , N O . 3 , 2 0 1 9 Khalique et al.
M A R C H 2 0 1 9 : 5 1 6 – 3 1 Multimodality Imaging of the Tricuspid Valve

527
highly irregular or random motion may not be well
visualized. This applies to torn chordae and small
mobile masses.

The RA is generally visualized in 2 long-axis views:
the standard 4-chamber and the specialized RV
3-chamber views. RA volumes can be estimated by
using a single-plane area-length method in the 4-
chamber view at ventricular end systole. Similar to
RV volumes, normal RA volume reference ranges are
higher in males, younger subjects, and those with
larger body surface areas (61). A more extensive and
reproducible assessment of volume can be calculated
if a stack of short-axis images is acquired through the
RA, at the expense of additional scan time (61).
CMR EVALUATION IN THE PRESENCE OF CARDIAC

ARRHYTHMIA. It is important to note that patients
with isolated TV or TV and MV disease often present
with atrial dilation that predisposes them to atrial
arrhythmia. In the presence of arrhythmia, accuracy
of quantification of volumes and/or EF may be
compromised. In the ideal scenario, multiple cardiac
cycles should be averaged. Breath-held, segmented,
steady-state free precession is the routine pulse
sequence used in CMR for evaluation of systolic
function in patients with normal sinus rhythm.
However, use of CMR in patients with atrial fibrilla-
tion is associated with motion artifacts. One solution
is real-time cine imaging with free breathing. This
produces cine images similar to those in echocardi-
ography, albeit with lower temporal and spatial res-
olution, given its short interval for acquisition.
Technological advances in CMR with new pulse se-
quences and imaging reconstruction algorithms allow
creation of real-time free-breathing cine images with
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excellent quality and with superior spatial and tem-
poral resolution compared to conventional breath-
held, segmented acquisition (62,63).

For flow quantification in patients with cardiac
arrhythmias, free-breathing phase-contrast acquisi-
tions with an increased number of signal averages
(minimum of 3) should provide an average of multiple
cardiac cycles and allow quantification similar to
breath-held acquisitions (64).

MDCT IMAGING OF THE TV AND RH

MDCT ACQUISITION OF THE RH. The complex and
large anatomy of the TV makes MDCT acquisition
challenging. Adequate opacification of the RH requires
specific acquisition protocols. In order to avoid streak
artifacts, a triphasic contrast bolus admixture
(contrast, then contrast/saline, and then saline) pro-
tocol at a specific injection rate and total contrast
volume should be used. Protocols that combine
weight, LVEF, and heart rate have been suggested (65).

Equally important are the specifications of the
MDCT scanner. Atrial fibrillation poses a challenge to
older generation MDCT scanners, where a lower
number of detector rows and lower temporal resolu-
tion may cause motion and misregistration artifacts
(66). High temporal resolution (<80 to 100 ms) can be
achieved by use of dual-source scanners or multi-
segmented reconstruction algorithms for single-
source scanners. In the latter protocol, the 180� data
required is obtained from $2 consecutive heart beats.
The tradeoff is longer scanning time, greater radia-
tion dose, and contrast volume. Heart rate control is
also needed to avoid motion and misregistration ar-
tifacts (66).

MDCT: FUNCTIONAL RIGHT-SIDED EVALUATION.

Multiphasic, cardiac-gated acquisition encompassing
the entire cardiac cycle is key to enabling data se-
lection for image reconstruction from these patients,
from the most stationary phase of the cardiac cycle. In
addition, MDCT provides the opportunity to evaluate
dynamic changes in systole and diastole and to
evaluate RA and RV size, remodeling, and systolic
function. Although the patient is exposed to
increased radiation compared to conventional coro-
nary protocols where only diastole is imaged, newer
generation scanners with greater z-axis coverage
have allowed for substantially shorter scan times, less
iodinated contrast, and lower radiation dose.

Evaluation of cardiac function by MDCT angiog-
raphy involves semiautomated segmentation of the
ventricles, using at least 10 phases of cardiac cycle
(5% to 95% of R-R interval) (67,68). High-spatial
resolution images from MDCT provide excellent
definition of the endocardial-blood pool interface.
Studies comparing cardiac magnetic resonance im-
aging to MDCT functional assessment of RV volumes,
RVEF, and stroke volumes have shown excellent
correlations (69,70). MDCT is an important alterna-
tive in patients with certain implantable cardiac-
defibrillators/resynchronization therapy devices
which have not been considered safe for CMR scan-
ning. Large, multicenter registry data have provided
normal values for the RA and RV in healthy, normal
control subjects free of hypertension and obesity (71).

MDCT FOR TR: ANATOMICAL CHANGES. In the
context of TR, precise delineation of the right-sided
anatomy and morphological changes can be clearly
depicted by MDCT. Nemoto et al. (72) concluded that
even patients with mild TR, compared to those with
none or trace TR, demonstrated significant biatrial
and tricuspid annular dilation. RV dilation is seen
more commonly in those with severe TR and there-
fore could suggest a late phenomenon (72). Atrial
fibrillation is a secondary insult which perpetuates
the cycle of RA-TA enlargement that facilitates atrial
fibrillation recurrence and begets more TR. Interest-
ingly, TR, rather than PH, is a stronger driver of the
remodeling changes seen by MDCT in the RA and TA
for patients with a wide spectrum of TR severity (73).

MDCT is useful for the anatomical evaluation of the
TA and the complex 3D anatomy of the RV and its
components (Figure 9A). In addition, parameters such
as TV leaflet tethering height, tethering area, and
anatomical tricuspid regurgitant orifice area can be
measured by MDCT (Figures 9B to 9D). Importantly,
some of these parameters have been associated with
recurrence of TR after surgical intervention (74,75).
The utility of these parameters in the prediction of
procedural success for transcatheter TV interventions
(TTVI) will require further validation.

Retrograde contrast opacification of the inferior
vena cava and/or hepatic veins on MDCT is a specific
but not sensitive sign of RH disease (TR, PH, and/or
RV systolic dysfunction) (76).

MDCT FOR TTVI. Several percutaneous methods have
been developed for TTVI. These include coaptation/
spacer devices (Forma, Edwards Lifesciences, Wash-
ington, DC), annular reduction (TriCinch, 4Tech Car-
dio Ltd., Galway, Ireland), Trialign (Mitralign, Inc.,
Tewksbury, Massachusetts), Millipede (Millipede,
Inc., Santa Rosa, California), Cardioband (Edwards
Lifesciences), edge-to-edge repair (MitraClip, Abbott,
Abbott Park, Illinois), heterotopic caval valve im-
plantation, and total transcatheter TV replacement
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(Gate, Navigate Cardiac Structures Inc., Lake Forest,
California) (77).

Comprehensive reviews of the specific imaging
requirements for those TTVI therapies have been
recently published (78–80). Given this rapidly
evolving field, specific details of MDCT imaging
analysis should therefore be reviewed by a heart team
to ensure that the specific anatomical measurements
of each of these therapeutic interventions is per-
formed (79,80). TA sizing is important for plication
and valve replacement. The distance between the
right coronary artery and the TA is of potential
importance for avoidance of coronary injury from
annuloplasty devices (Figure 10D). Anatomical plan-
ning to achieve a perpendicular angle of the implant
and avoid parallax can also be achieved with dedi-
cated software (Figures 10A to 10C). Characterization
of RV anatomy and trabeculations is critical for de-
vices anchored in the endocardium. The role of MDCT
for TTVI planning will continue to grow as percuta-
neous methods are established.

FLUOROSCOPIC RH ANATOMY

Standard views obtained on cross-sectional modal-
ities such as echocardiography, CMR, and MDCT are
possible fluoroscopically. Although these fluoro-
scopic views do not provide the details obtained from
the aforementioned modalities, the need to correlate
RH anatomical landmarks such as the RA, RV,
interatrial septum, TA, IVC, coronary sinus, and right
coronary artery fluoroscopically is gaining impor-
tance as tricuspid interventions are investigated.
Generally, achievable fluoroscopic views can be used
to simulate basal short-axis (“1-chamber”) and 2-, 3-,
and 4-chamber cross-sectional views of the RH and
can be predicted by MDCT. Achievement of these
views has been discussed extensively in a prior re-
view (81).

CONCLUSIONS

Multimodality imaging is crucial in the complete
evaluation of RH and TV anatomy. Its importance will
continue to increase as the TV and RH are targeted for
percutaneous transcatheter interventions.
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