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Abstract
Cardiac magnetic resonance imaging (CMR) provides unique opportuni-
ties for the assessment of right ventricular (RV) geometry, function, and
myocardial structure. These allow CMR to play a pivotal role in diagnosis,
monitoring, and decision-making in pediatric and congenital cardiology.
CMR is the reference standard for quantification of RV volume, ejection
fraction and mass. Phase contrast flow velocity mapping by CMR offers an
accurate measurement of pulmonary blood flow and of the degree of pul-
monary regurgitation in the presence of pulmonary valvar insufficiency, for
example after Tetralogy of Fallot repair. More recently, CMR has been
employed for the quantification of RV strain, rotation, and torsion. CMR
allows for the complete visualization of the RV as compared to echocar-
diography, but is hampered by inferior temporal resolution, particular for
the assessment of diastolic function. Scar imaging with late gadolinium
enhancement CMR is established as a risk predictor in certain types of
congenital and acquired heart disease, although it can be difficult to detect
scarring with certainty in the thin walled RV myocardium. For the same
reason, the assessment of diffuse myocardial fibrosis in the RV by CMR T1
mapping is challenging.

In this chapter we describe the technical underpinnings of CMR for the
RV, outline its utility and limitations in pediatric and congenital heart disease,
and provide examples on how CMR contributes to clinical decision making.
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One of the pivotal strengths of cardiac magnetic
resonance imaging (CMR) is the ability to accu-
rately and reproducibly quantify the size and
function of the right ventricle (RV) [1]. Using
techniques that include standard cine imaging,
myocardial deformation and tissue characteriza-
tion, CMR affords novel insights into the struc-
ture, myocardial composition, and function of the
RV. In clinical practice, CMR has become the
gold standard for quantification of RV volumes
and ejection fraction. This asset is of enormous
clinical importance in the care of patients with
congenital as well as acquired pediatric heart dis-

Fig.10.1 Short axis (a)
and axial stack (b) of
steady state free precession
images at end-diastole in a
patient with Tetralogy of
Fallot. See also Videos
10.1a and 10.1b

(rTOF) and pulmonary hypertension (PHTN), RV
size, ejection fraction, and mass by CMR have
been linked to outcomes and aid in clinical deci-
sion-making [2—4].

Imaging Techniques for Assessing
RV Size and Ejection Fraction

The current CMR technique of choice for the
quantification of RV size and systolic function is
by cine imaging using steady state free preces-
sion techniques (SSFP, Fig. 10.1; Videos 10.1a
and 10.1b). A variety of modifications, including
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Fig.10.1 (continued)

parallel imaging and partial Fourier imaging, are
routinely applied to accelerate the imaging acqui-
sition, allowing for shorter breathhold durations.
The temporal resolution should be adjusted to
allow for at least 20-25 true images per cardiac
cycle, not through interpolation. Decreasing tem-
poral resolution results in faster imaging time but
risks missing the true maximum and minimum
ventricular volumes at end- diastole and -systole,
respectively.

For RV volumetry, a stack of parallel slices is
acquired that cover the ventricle. Theoretically,
this can be done in any plane, as long as the entire
ventricle is included. In clinical practice, the RV
is measured from either a short axis stack or an
axial stack of images. Some studies have found
that measuring the RV in the axial plane has bet-
ter reproducibility [5] while others showed no
significant difference between the orientations
[6], and both approaches remain in wide clinical
use. In contrast to ventricular volume measure-
ments by echocardiography, cine CMR is not a

real time technique; end-systole and end-diastole
are not defined based on ECG, but on the smallest
and largest ventricular sizes, respectively. By this
definition, in patients with rTOF, who typically
have complete right bundle branch block, RV
end-systole often occurs later than LV end-sys-
tole due to delayed RV activation.

During post-processing, the area encompassed
by the RV endocardium is quantified in each slice,
by manually tracing the endocardial-blood pool
border. This area is multiplied by the sum of the
slice thickness and gap between slices, using the
method of disks. No assumptions are made about
the RV luminal area, as opposed to Simpson’s
method in echocardiography, which is based on
the RV diameter in one or two dimensions.
However, contouring the endocardial-blood bor-
der in the heavily trabeculated RV can be chal-
lenging (Fig. 10.2a), as numerous muscle bundles
cannot practically be excluded from the blood
pool and are therefore included in the ventricular
volume rather than in its mass. Alternatively, it is
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Fig.10.2 Postprocessing of right ventricular volume and
mass in short axis at end-diastole. The endocardial border
can be defined either by contouring (a, yellow line) or by

possible to detect myocardium by applying
‘thresholding” (Fig. 10.2b), via signal intensity
differences between the blood pool and the myo-
cardium. Using this approach, even complex tra-
beculations are readily included in the ventricular
mass. However, measurements performed with
thresholding differ from published normative
data, most of which were generated using the
classic contouring techniques, so that new norma-
tive data sets are necessary.

The greatest variability in the quantification of
RV volumes is introduced by contouring slices
around the tricuspid and pulmonary valve annuli.
A cine stack in the axial orientation is more ‘vul-
nerable’ to inaccuracies around the pulmonary
valve, while it is more difficult to identify the
border between atrium and ventricle in the short
axis orientation. Neither the tricuspid nor the pul-
monary valve annulus is entirely ‘flat” and, there-
fore, part of the imaging slice will be on the
‘ventricular side’ while part will be on the ‘atrial
side’. Nonetheless, in the short axis orientation
the imaging plane should be prescribed as paral-
lel to the valve annulus as possible, using the
double oblique technique [6, 7]. In addition, most
quantification software packages offer a cross-
referencing function, in which the location of the
short axis slice can be visualized in the vertical
and horizontal long axis cine images and vice
versa. Identifying the location of the pulmonary
valve annulus can be particularly difficult in indi-
viduals with rTOF, particularly after transannular

thresholding (b). Note how by thresholding the trabecula-
tions in the right ventricular cavity are included in the
muscle mass

patch repair when there is little residual pulmo-
nary valve tissue to visualize. In this case, knowl-
edge of the anatomy, including the expected
location of the pulmonary annulus, is helpful in
obtaining accurate measurements.

There are several published sets of normative
data for RV size and ejection fraction [8—11].
However, all such data in children are limited by
low sample sizes. For smaller children who typi-
cally require sedation or anesthesia for MRI
scanning normal values are nearly absent [9].
When using a normative dataset for comparison,
it is important to ensure that scanning and post-
processing techniques are similar (e.g.; axial vs.
short axis imaging for RV volumetry, use of seda-
tion, contouring vs. thresholding) and that the
patient population is consistent with that in the
reference used (e.g.; age, gender).

In general, 2-D echo measurements of the RV
do not correlate well with volume measurements
by CMR [12]. There are a number of reasons for
this discrepancy, including the fact that most
echocardiographic metrics of RV systolic func-
tion are based on longitudinal shortening in the
inlet and apical trabecular portions. Many patients
with rTOF, for example, have a dysfunctional
infundibulum, which these methods do not cap-
ture (Fig. 10.3). 3-D echo has been more promis-
ing, with better correlation but consistent
underestimation of right ventricular volume com-
pared to CMR, both in congenital heart disease
and other disease states [13, 14]. Knowledge-
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Fig. 10.3 Cardiac magnetic resonance steady state free
precession image of the right and left ventricles in short
axis (a) and four chamber view (b). The right ventricle is
dilated. Note the dilated and thin anterior wall of the

based reconstruction of 2-D echo data into a 3-D
data set, using pre-defined landmarks and a
‘library’ of lesion-specific RV shapes, has been
compared to CMR in rTOF patients with good
reproducibility and good correlation of volume
measurements [15].

Exact quantification of RV size and volumes is
important in a variety of congenital heart lesions,
most commonly in TOF, where RV volumes feature
prominently both in risk prediction and in decision
making regarding timing of pulmonary valve replace-
ment [16-19]. Other types of congenital heart disease
in which CMR volumetry is commonly applied
include functionally single ventricles with a domi-
nant RV [20], subsystemic RVs in transposition of
the great arteries [21] and Ebstein’s anomaly of the
tricuspid valve [22]. In addition, CMR measurement
of RV ejection fraction in pediatric pulmonary hyper-
tension is predictive of survival [3]. In arrhythmo-
genic right ventricular cardiomyopathy, RV ejection
fraction and end-diastolic volume are criteria in the
diagnostic score [23, 24].

Regional and Compartmental
Function of the Right Ventricle

While ejection fraction provides a useful gauge
for global systolic function, regional variations in
contractility have pathophysiological, diagnostic,
and even prognostic significance. In ARVC for

s &)

infundibulum. The red line on the short axis image delin-
eates the four chamber plane. Note that the four chamber
view does not include the dyskinetic infundibulum. LV
left ventricle, RV right ventricle

example [24], a positive imaging criterion is con-
ditional on the presence of regional wall motion
abnormalities (RWMAs) within the RV. In a
recent study of children under investigation for
ARVC [23], patients with greater certainty for
ARVC as per the revised Task Force Criteria [24]
were not only more likely to have RWMAs, but
also had more severe RWMA . Diagnosing sub-
tle RWMAs, even with the superior visualization
of the anterior wall of the RV provided by CMR,
is challenging, with considerable interobserver
variability [23].

The abilities of CMR to cover the entire heart
and depict RV geometry and function without
geometric assumptions make it an ideal tool for
the description of RV compartmental function.
The normal RV is composed of an inlet portion,
an apical trabecular portion, and an outlet. Global
RV dysfunction can be the result of (1) homoge-
nous hypocontractility of all of these segments,
(2) hypo- or akinesia of one of the segments, or
(3) dyssynchrony. Conversely, RV ejection frac-
tion can be preserved even in the presence of
dysfunction of one of its components. In contrast
to the left ventricle, there is no universally
accepted method for segmentation of the
RV. Wald et al. proposed to divide the RV into ten
segments [25], although the segment boundaries
are not well established by anatomical landmarks
in their model. Zhong and co-workers [26] intro-
duced a 13-segment model of the RV. Most
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studies, however, particularly in TOF, do not use
a segmental approach, but merely differentiate an
outlet or infundibular portion from the remainder
of the RV, sometimes referred to as the RV sinus.
As pointed out above, the distal RV outflow tract
in r'TOF is often grossly dilated and dyskinetic,
while the inferior wall and inlet portions of the
RV contract normally [27, 28]. The resultant
ejection fraction of an RV with aneurysmal out-
flow tract can be the same as that of a ventricle
with global dysfunction and normal sized out-
flow tract. In patients with a very dyskinetic
RVOT, global RV ejection fraction measured by
CMR can be up to 25% lower as compared to a
normally functioning RVOT [29]. Most rTOF
patients in the current surgical era have preserved
RV function outside of the outflow tract. Whether
or not the function of the RVOT or that of the
remainder of the RV is of greater significance for
the patient’s clinical status after TOF repair is
under debate. Wald et al. found that RVOT ejec-
tion fraction was the only RV parameter that was
associated with aerobic capacity as a surrogate of
clinical well-being [25]. In contrast, Bove and
Alghamdi and their respective co-workers
described a closer association between ejection
fraction of the RV ‘sinus’ portion [30] and RV
longitudinal shortening [29] and peak oxygen
uptake (VO,,.) during exercise than between
global RV or RVOT ejection fraction and VO,.
In Ebstein anomaly of the tricuspid valve, RV
longitudinal function is typically preserved and
sometimes even supranormal [31]. As compared
to a normal heart, the apical region contributes
relatively more to global systolic function.

Imaging Techniques for Assessing
Pulmonary Regurgitation

Pulmonary flow and regurgitation are measured
using phase contrast (PC MRI) flow velocity
mapping in the main pulmonary artery.
Quantification of pulmonary regurgitation is part
of the routine CMR examination in patients with

repaired rTOF. The authors suggest PC MRI be
performed during free breathing, since breath
holding can alter pulmonary blood flow [32].
Pulmonary regurgitation can be expressed as a
percentage of systolic forward flow, or “regurgi-
tant fraction” (Fig. 10.4), or as an absolute vol-
ume of retrograde flow per beat or per minute.
Pulmonary regurgitant volume appears to be a
better correlate of RV volume than regurgitant
fraction [33, 34].

There are important pitfalls to PC MRI: For
example, turbulent flow from RV outflow tract
obstruction can result in underestimation of vol-
ume and velocity of flow [35]. Newer 4-D PC
MRI sequences allow for flexibility in choosing
an area of the vessel that has less turbulence and
lower velocity of flow. Currently a research tool,
it is expected that 4D PC MRI sequences will be
part of the clinical armamentarium in the near
future (Fig. 10.5; Video 10.2). Underestimation
of flow volume in dilated pulmonary arteries is a
widely recognized problem. This may be in part
due to helical flow patterns and vortex formation
[36] and to translational motion of the main pul-
monary artery through the imaging plane in the
presence of significant pulmonary regurgitation.
In some situations it may be more accurate to
measure flows in both branch pulmonary arteries
and use their sum as a proxy for main pulmonary
artery flow, unless there is isolated unilateral PA
flow reversal [37].

Imaging Techniques for Assessing
Myocardial Deformation

Myocardial strain, measures the local change in
length or thickness of a myocardial segment
through the cardiac cycle, expressed as a per-
centage change. The components of strain
include circumferential, longitudinal and radial
deformation. If the myocardium shortens from
diastole to systole, as occurs in the circumferen-
tial and longitudinal directions, the strain is
described as a negative number, with a higher
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Fig.10.4 Flow curve
obtained from phase
contrast imaging
through the main
pulmonary artery. This
patient has severe
pulmonary regurgitation,
as evidenced by the
negative flow seen after
340 ms on the x-axis
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Fig. 10.5 Four-dimensional phase contrast imaging in a  movie courtesy of M. Rose, M. Markl, J. Robinson,
patient with Tetralogy of Fallot, depicting the streamlines ~ C. Rigsby, Northwestern University, Chicago, IL). LPA
of flow during systole (a) and diastole (b). Note the flow  left pulmonary artery, MPA main pulmonary artery, RPA

acceleration in the right ventricular outflow tract during  right pulmonary artery. See also Video 10.2

systole and flow reversal during diastole (images and
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magnitude equating to greater strain. In the
radial direction, the myocardium thickens in sys-
tole, leading to a positive strain value. Strain can
be described from a Lagrangian or Eulerian per-
spective. While an extended discussion of this
concept is beyond the scope of this chapter, the
values differ and it is important to recognize
which type of data is being measured by a given
software package.

The right ventricle poses particular chal-
lenges, mostly related to the thin free wall and the
more complex geometry, compared to the bullet-
shaped, thicker walled, LV. There are several
CMR-based techniques for measuring myocar-
dial strain in either the right or left ventricle.
These approaches can be compared to tissue
Doppler and speckle-tracking strain imaging by
echocardiography. In general, these techniques
offer  better temporal resolution than
CMR. However, echo remains dependent on
acoustic windows, and CMR offers more consis-
tent and superior visualization of all segments of
the heart, especially the RV [38, 39].

The most established method for measuring
myocardial strain by CMR is with tagged images.
This is accomplished with a sequence using spa-
tial modulation of magnetization (SPAMM),
resulting in a grid that is laid on top of the myo-
cardium (Fig. 10.6; Video 10.3). This grid
deforms with the myocardium throughout the
cardiac cycle. Post-processing software is used
track this deformation to obtain measurements of
strain. Short axis images are used to analyze cir-
cumferential and radial strain, and long axis
images to analyze longitudinal strain. However,
the tag line spacing is typically at least 6-8 mm,
making this technique of limited use for analyz-
ing the thin RV free wall.

Sensitivity-encoded MRI (SENC) is another
tagging-based sequence for measurement of
strain that has been used more successfully for
analysis of the RV [40, 41]. Unlike traditional
tagging sequences, the SENC tags are generated
in the through-plane, so that short axis images
are used to measure longitudinal strain, and long
axis images to measure circumferential strain.

L. Grosse-Wortmann and A.L. Dorfman

The spatial resolution for strain analysis is the
same as the imaging voxel size, which is why
SENC is a more viable technique for RV strain
analyses.

In DENSE (displacement encoding with stim-
ulated echoes), as for traditional tagging,
SPAMM is used to encode the position of myo-
cardium throughout the cardiac cycle. However,
DENSE provides phase-reconstructed images
that encode displacement at a voxel-level resolu-
tion of strain data (Fig. 10.7) [42]. A 3D DENSE
sequence has been developed more recently,
which may be of additional benefit for measuring
the complex deformation patterns of the right
ventricle [43].

As for SPAMM-based tagging sequences,
both SENC and DENSE require the acquisition
of specific sequences while the patient is in the
scanner. Feature-tracking, on the other hand, gen-
erates strain data using SSFP cine images. Thus,
no additional sequences are required and data can
be analyzed retrospectively, using the short axis

Fig.10.6 Tagged short axis CMR image. The grid super-
imposed on the heart deforms with the myocardium
through the cardiac cycle. Note that the spacing between
the tag lines is wider than the free wall of the right ven-
tricle, limiting the use of CMR tagging for analysis of
right ventricular mechanics. LV left ventricle, RV right
ventricle. See also Video 10.3
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Fig. 10.7 Two-dimensional cine displacement-encoded
MR (DENSE) phase image in the short axis plane.
Displacement is encoded into the phase of each voxel,
providing high spatial resolution that is necessary for
measuring RV strain (image courtesy of M. Fogel,
Philadelphia, PA). LV left ventricle, RV right ventricle

ngitudinal Strain (ende]

Fig.10.8 Cardiac magnetic
resonance feature tracking analysis
in a patient with repaired tetralogy
of Fallot, based on routine steady
state free precession cine images
(a), similar to Figure 10.3. Using
the endocardial contour through-

stack that was acquired for ventricular volumetry
(for circumferential and radial strain) as well as
two- and four-chamber cine sequences (for longi-
tudinal strain) (Fig. 10.8) [44].

Right ventricular myocardial deformation
imaging with the techniques described above
(tagging, SENC, DENSE, feature tracking) has
been applied predominantly in the rTOF popula-
tion, in the hope that changes in strain may be an
earlier finding of compromised RV ‘health’ than
size or ejection fraction, providing an opportu-
nity for more timely pulmonary valve replace-
ment before irreversible damage to the RV occurs
[45—47]. Right ventricular longitudinal strain has
been shown to be a predictor of adverse outcome
in this population, independent of ventricular size
or ejection fraction [48].

out the cardiac cycle and a
proprietary analysis algorithm, the
software derives segmental RV
longitudinal strain curves (b).
LV=left ventricle, RV=right
ventricle. See supplemental
material for movie file
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Imaging Techniques for Assessing
Myocardial Scarring and Fibrosis

Detection and Quantification
of Fibrosis with CMR

The detection and quantification of myocardial
scar and diffuse fibrosis is one of the unique assets
of CMR. Discrete scars surrounded by relatively
healthy myocardium are detected by late gado-
linium enhancement (LGE) imaging. Late gado-
linium enhancement CMR is based on different
wash in and washout kinetics of gadolinium con-
trast in healthy vs. scarred myocardium: In the
absence of scarring, gadolinium is rapidly taken
up, but also quickly cleared from the myocar-
dium, within a matter of minutes. In scarred tis-
sue, gadolinium becomes trapped within the
fibrous strands of the extracellular matrix. Similar
to chronic scars, acute necrosis, either through
infarction or inflammation, also produces LGE,
presumably due to gadolinium trapping within
necrotic tissue and ruptured myocytes [49]. LGE
sequences are T1 weighted, showing gadolinium
deposits as signal intense regions. The size of
these regions can be quantified and expressed as a
percentage of the total myocardium.

Importantly, LGE relies on a critical scar size
for detection as well as on the contrast between
healthy and diseased myocardium. Hence, if the
myocardium is uniformly fibrosed or if the scars
are very small, LGE imaging may be falsely reas-
suring as this technique is ‘blind’ to diffuse fibro-
sis. T1 relaxometry, often referred to as ‘T1
mapping,” iS a quantitative approach which
exploits the differences in tissue specific longitu-
dinal relaxation (or T1 recovery) kinetics
(Fig. 10.9; Video 10.4). Fibrosed myocardium
has higher T1 times as compared to healthy myo-
cardium. Using pre- and post-contrast T1 time
measurements, as well as the patient’s hemato-
crit, the extracellular volume (ECV) can be quan-
tified as an approximation of the patient’s
extracellular matrix, relative to the total myocar-
dial volume (within an imaging voxel). It must be
noted that the overlap of native T1 times and of
ECV between health and disease is significant,
limiting its wuse in identifying pathology.

Fig.10.9 Non-contrast T1 map in a patient with repaired
tetralogy of Fallot. Each color encodes for a specific T1
time. Higher T1 times are found in fibrotic myocardium.
Note the thin RV diaphragmatic (arrowheads) and free
walls, making it difficult to draw a region of interest that
excludes the blood pool as well as epicardial fat. LV left
ventricle, RV right ventricle

Nevertheless, T1 relaxometry has provided
important insights into pathophysiology and is
expected to become useful during serial monitor-
ing when followed within the same patient.
While a wealth of science and clinical experi-
ence is available on LV fibrosis imaging using
LGE and T1 relaxometry, the understanding of
RV fibrosis and its significance is limited. The
reasons for the paucity of data include not only a
scientific focus on the LV, particularly in acquired
heart disease, but also the technical challenges of
‘fibrosis imaging’ in the RV. The finite spatial
resolution of LGE CMR sequences and partial
volume effects (combining the signal properties
of two adjacent tissues) with blood and epicardial
fat render scar imaging in the RV challenging
[50]. In fact, in cases of confirmed RV infarction
the sensitivity of LGE to identify necrotic myo-
cardium was only 16% [51]. Some experts advo-
cate for the acquisition of LGE at end-systole
when the myocardium is thicker and the LGE
less prone to partial volume effects between
myocardium and blood. The accuracy of CMR
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Fig. 10.10 Late gadolinium enhancement imaging in
short axis orientation in (a) a patient with Ebstein anom-
aly of the tricuspid valve and (b) a patient with arrhythmo-
genic right ventricular cardiomyopathy with severe

sequences for native T1 and ECV measurements
in the RV is a topic of debate. One of the chal-
lenges of T1 relaxometry is that the maximum
spatial resolution of most sequences approaches
the myocardial thickness of the RV. As each ‘T1
map’ contains the composite information from
several (typically 5-11) ‘source’ images, T1
quantification also relies on the co-registration of
these images. Both the limited spatial resolution
relative to the RV thickness and imperfect image
registration can lead to partial volume effects
between myocardium and blood. As a result,
measurements of the myocardium are ‘contami-
nated’ by blood falsely elevating T1 and ECV.
Nevertheless, a recent T1 mapping study in
patients after TOF repair reported values in the
RV inferior wall and outflow tract with reason-
able  reproducibility  [52].  Experimental
approaches using segmented k-space sampling,
i.e. collecting the imaging data over multiple
heartbeats, rather than single shot techniques
which use the information from a single heart
beat to reconstruct the entire image, have shown
promise in measuring RV T1 times [53].

Overall, evidence is accumulating that RV
myocardial fibrosis, both diffuse and patchy, is
present in many patients with congenital heart
disease (Figure 10.10a), particularly in those
with increased afterload such as pulmonary
hypertension [54] and in RV hypoplasia [55].
There is early evidence that surgical factors play
a role in the development of fibrosis [56].

biventricular involvement. Arrows denote areas of right
ventricular scarring, as evidenced by the retention of gad-
olinium, giving high signal intensity on T1 weighted
imaging. LV=left ventricle, RV=right ventricle

Residual lesions also seem to be important [52].
However, we do not yet understand the exact
pathophysiological triggers, nor do we know
when fibrosis manifests and how it progresses.
Some patients with congenital heart disease
appear to have a profibrotic milieu, with an aug-
mented collagen metabolism, which is associated
with greater degrees of RV LGE by CMR [57]. A
certain genetic make-up and epigenetic phenom-
ena also appear to promote fibrosis [58].

In a study of adults after atrial redirection sur-
gery for transposition of the great arteries, half
had myocardial scarring by LGE in their systemic
right ventricles [59, 60]. The presence of LGE
was associated with electromechanical delay and
ventricular dyssynchrony, as well as with atrial
arrhythmias. One patient had progression in the
amount of LGE during follow-up, suggesting that
scarring is not static, but can worsen over time.
Adults after the atrial switch procedure also have
increased ECV within the interventricular sep-
tum, although the clinical significance of this
finding has yet to be demonstrated [61]. Although
the long-term cardiac health after the arterial
switch operation appears to be better than with the
atrial switch procedures, T1 mapping data in chil-
dren and adolescents after arterial switch suggests
an increased level of diffuse myocardial fibrosis
(Grotenhuis, unpublished data).

Patchy scarring within the RVOT is an inevi-
table consequence of surgical RV reconstruction
as part of the TOF repair. Not surprisingly, LGE
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within the RVOT is associated with dyskinesia of
that compartment of the RV [25]. The ventricular
septal defect patch also enhances routinely. In a
study of 92 TOF patients, Babu-Narayan et al.
found LGE in these regions in nearly every
patient [62]. However, one fourth also had LGE
outside of the patch and the RVOT. The mecha-
nism of LGE in these locations is less clear and
has been interpreted as a sign of chronic remodel-
ing rather than surgical trauma. These patients
were older, had later repair, and had higher RV
end-systolic volume. Patients with a greater RV
LGE extent were more likely to experience
arrhythmias and have decreased exercise toler-
ance. In another study, Park et al. showed that the
extent of RV LGE was associated with fragmen-
tation of the electrocardiogram QRS complex,
which signifies conduction abnormalities and
predisposes to arrhythmias [63]. Importantly,
most patients in these two studies had been oper-
ated in the 1970s and 1980s. Clinical experience
indicates that for patients who underwent opera-
tion in the current surgical era, LGE outside of
the predilection sites is rare, suggesting overall
healthier RV myocardium.

Two recent studies in adults with TOF found
elevated RV ECV in patients with TOF as com-
pared to controls [52, 64]. In one of them, greater
RV ECV was associated with female gender and
lower RV mass-to-volume ratio. Patients with
predominant RV volume overload as opposed to
pressure overload had higher ECV. A subsequent
study in children, using native T1 as a CMR
marker of fibrosis, also found evidence of
increased RV fibrosis in TOF patients and con-
firmed the associations with volume overload
[65].

An increased degree of myocardial fibrosis
and RV wall thinning [66] has also been recog-
nized in cardiomyopathic diseases
(Figure 10.10b). In arrhythmogenic right ventric-
ular cardiomyopathy (ARVC), for example,
fibrofatty replacement diagnosed by histology
during endomyocardial biopsy or pathology is
part of the revised Task Force Criteria for the
diagnosis of this condition. CMR, using LGE and

T2 weighted turbo spin echo sequences, has been
proposed as a noninvasive tool for the detection
of fibrotic changes and fatty remodeling of RV
myocardium. However, the ability of RV LGE to
detect scarring in ARVC has been questioned in
clinical practice. In a study of 142 pediatric
patients who were evaluated for ARVC, includ-
ing 23 with ‘definite’ ARVC, only three patients
had evidence of RV scarring by LGE [23].
Importantly, all three had other signs of myocar-
dial pathology, including global and regional RV
dysfunction so that the added clinical benefit
from a positive LGE result was incremental.

Myocardial Viability

Healthy myocardium contracts and thickens with
every heartbeat. With the exception of intrinsic
myopathic processes (not covered in detail here),
reduced myocardial contractility reflects an
imbalance between myocardial substrate demand
and supply. This imbalance manifests in coronary
ischemia, most often as a result of coronary artery
stenosis, compression, or thromboembolism; or
caused by low cardiac output or inadequate blood
pressure. Reduced myocardial contractility at
rest is a sign of severely compromised myocar-
dial perfusion. In patients with preserved con-
tractility at rest, a supply/demand deficit may be
unmasked by increasing the myocardial oxygen
requirement. This is accomplished with either
exercise [67] or pharmacological ‘stress’, most
often using dobutamine. The physiologic
response to both exercise and dobutamine admin-
istration is an increase in heart rate, ejection frac-
tion, and stroke volume, via a decrease in RV
end-systolic volume.

An abnormal RV stress CMR is often charac-
terized by a less than normal decrease in RV end-
systolic volume, resulting in a blunted increase in
ejection fraction. Such a response to exercise can
identify endurance athletes who are at risk for
ventricular arrhythmias [68]. In some patients
after TOF repair, the RV end-systolic volume by
CMR during dobutamine infusion fails to
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decrease, or even increases; this pathologic find-
ing is usually not predictable from examination at
rest [69]. Similarly, many patients after TOF
repair do not respond to exercise with an increase
in RV ejection fraction [70]. A weaker increase in
RV ejection fraction with dobutamine predicts a
steeper decline in exercise tolerance during fol-
low-up [71]. Fontan patients, and especially
those with dominant RVs, respond with an
increase in ejection fraction to low dose dobuta-
mine stress [72].

‘Stress CMR’ also provides clues to the pres-
ence of RV diastolic dysfunction: In TOF, an
infusion of low dose dobutamine at a concentra-
tion of 7.5mcg/kg/min reveals abnormal RV
relaxation. In a study of patients after atrial
switch operation for transposition of the great
arteries, an infusion of dobutamine leads to an
increase in RV contractility, but not to an aug-
mentation in cardiac output [73]. The authors
concluded that RV filling did not increase enough
to provide the preload necessary to support an
increase in cardiac output. Interestingly, patients
after atrial switch do not increase their RV ejec-
tion fraction with exercise and experience
regional wall motion abnormalities at rest and
exercise [74].

First pass gadolinium perfusion CMR is
widely used to assess LV myocardial viability in
coronary artery disease, but also in patients with
anomalous coronary artery origins, after coro-
nary artery transfer, or with Kawasaki disease. In
conjunction with myocardial deformation and
LGE it can help differentiate between scarred
(impaired contractility, reduced perfusion, posi-
tive LGE), hibernating (impaired contractility,
reduced perfusion, but no LGE), and stunned
myocardium (impaired contractility, normal per-
fusion, no LGE). However, the evaluation of first
pass perfusion of the thin-walled subpulmonic
RV with CMR is challenging due to the limited
spatial resolution of commercially available
sequences and not undertaken in clinical practice.
First pass perfusion of the hypertrophied sys-
temic RV may be more feasible, but no published
data are available.
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