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Introduction

CMR allows for a highly accurate description of segmen-
tal wall motion and quantitation of contractile function.
The excellent contrast between the endocardium and blood
pool improves measurement of wall thickness, end-diastolic
and end-systolic volumes, and LV ejection fraction using
steady-state free precession (SSFP) images. Advancement in
3D echocardiography techniques has improved upon limi-
tations of geometric assumption, but additional limitations
regarding imaging windows and endocardial definition per-
sist. Computed tomography (CT) has emerged as a new tool
to evaluate cardiac function, but the radiation risk and low
temporal resolution hamper its value in assessing regional
function. CMR has been the noninvasive method of choice
for the evaluation of regional myocardial movement since
myocardial tagging was invented almost 30 years ago. A
number of developments and improvements on the technique
have taken place to improve image resolution, quality, three-
dimensional image acquisition, and scan time. The purpose
of this chapter is to describe the methods and clinical appli-
cations of these techniques for assessment of segmental ven-
tricular function.
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Methods and Techniques
Motion Quantification

Analysis of cardiac motion is closely related to engineering
principles of continuum mechanics. Many aspects of motion
(kinematics) are well beyond the scope of this chapter, and
there are many excellent books [1] and reviews [2] on this
topic. The discussion here is limited to brief definitions of
quantitative motion parameters, such as displacement, strain,
and torsion.

From the viewpoint of kinematics, the heart is a continu-
ous material, and its behavior is the summative property of
many cardiac myocytes, their extracellular space, and nearby
vascular space. This assumption is valid because the MRI
spatial scale (voxel volume ~ 1-40 mm?®) is much larger than
the microscopic scale. The initial position of cardiac muscle
at end-diastole is the reference configuration, and different
positions during the cardiac cycle are the deformed config-
urations. The displacement is the distance and direction of
tissue motion between the reference and deformed configu-
ration, and the displacement field is a description of all tissue
displacements.

The displacement field is also a spatial map that pro-
vides useful information about regional myocardial health.
Ischemic tissue may have reduced displacement in regions
of impaired contractile function. One shortcoming of the dis-
placement field technique is that it reports both regional and
global translation and rotation. Global and regional displace-
ment in opposite directions would be incorrectly interpreted
as impaired function without first accounting for global
displacement.

Myocardial strain is a parameter derived from displace-
ment that simplifies the analysis of myocardial motion.
The concept is that myocardium will undergo local stretch-
ing, shortening, or shearing as it transitions from reference
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to deformed configurations. Strain quantifies local motion
without the influence of confounding global motion.
Unlike tissue displacement, which is an absolute quan-
tity, strain may be defined in several ways. For instance,
Cauchy strain is a dimensionless quantity defined as the
ratio of displacement to a reference length and is expressed
as a percentage.

The myocardial displacement is a 3D vector quantity with
components Ug, Uc, and ug, where the subscripts R, C, and L
refer to local radial, circumferential, and longitudinal wall
coordinates. The Green-Lagrange strain is a tensor quantity
(a 3 x 3 matrix)
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where the diagonal elements quantify stretch or shrink and
off-diagonal elements measure shear. Strain could also
be reported with respect to the local fiber orientation, also
called the principal strain, a diagonal tensor

The velocity and strain rate are the time rate of change of
displacement and strain, respectively.

CMR Motion Imaging: Strain and Displacement

Normal myocardial architecture consists of ventricular
myocytes organized in helical layers of fiber bundles with
a preferential transmural orientation [3—5]. The maximum
principal strain ey is presumed to correspond to the myocar-
dial fiber orientation. As will be discussed further, both dis-
placement and strain are readily obtained from tagged MRI
and displacement encoding of stimulated echoes (DENSE)
MRI techniques.

Magnetic resonance imaging offers multiple advantages
to radio-opaque marker [6, 7] or ultrasonic transducer
(sonomicrometry) [8, 9] motion tracking for cardiovas-
cular applications, including its noninvasive nature, a
closely packed displacement field, and 3D spatial cover-
age. Numerous MRI methods have been introduced to
quantitatively assess regional myocardial function, and
the scope of topics is broad, so we refer interested readers
to more detailed reviews of MRI methodology [2, 10, 11]
and image analysis [10]. This section will focus mainly on
tagging, displacement encoding (DENSE), strain encoded
(SENC), velocity mapping, and feature tracking MRI
techniques.

Myocardial Tagging

Myocardial tagging refers to MR imaging techniques that
generate noninvasive deformable lines or grids to track myo-
cardial motion. The imaging sequence employs magnetiza-
tion preparation for grid encoding followed by cine MRI to
monitor grid deformation [12, 13]. Spatial modulation of
magnetization (SPAMM) [13] uses a radiofrequency pulse
pair and magnetic field gradient to generate deformable lines
in one dimension, although multidimensional tags allow for
2D or 3D motion field imaging [14].

Computer vision algorithms extract grid deformation and
produce closely packed displacement fields using optical flow
[14-16], image registration [17], deformable models, splines
[18, 19], and Gabor filters [20]. The displacement field spa-
tial resolution is determined by tag grid density and is larger
than the pixel resolution, although most algorithms produce
dense displacement fields at native image resolution [14].
To improve upon magnitude image-based motion detection,
frequency domain detection, called harmonic phase (HARP)
imaging, extracts motion from cardiac phase [21-24].

Validation studies have been performed with sonomicrom-
etry [25, 26] and in vitro systems [27, 28]. Sonomicrometry
exhibited reduced circumferential shortening compared to
tagging, suggesting that the transducers impaired local func-
tion [26].

There are several limitations to myocardial tagging tech-
niques. Tag persistence is associated with myocardial water
spin relaxation (T, and T,) and cine pulse sequence param-
eters. Muscle T, is approximately 1 s at 1.5 T, and tags
are known to fade in the middle and late diastolic cardiac
phases, although it is possible to prolong tag persistence with
increased T at a higher magnetic field strength or with com-
plementary [29] (Fig. 5.1) or cascaded [30] SPAMM.

DENSE Imaging

DENSE performs displacement encoding by using a pair of
magnetic field gradients separated by a mixing period to spa-
tially encode displacement as MR signal phase information
[31]. DENSE displays motion information by regional vec-
tors with motion direction and length representing the magni-
tude of motion. DENSE provides excellent myocardial border
definition since it is based on a black blood sequence and is
highly reproducible and quantitatively equivalent to myocar-
dial tagging sequences in in vivo experiments (Fig. 5.2) [32].

SENC Imaging

SENC is a newer variation of the tagging technique. In
some ways, it is similar to DENSE as its basis is a stimu-
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Fig. 5.1 CSPAMM tagging of a subject at end-diastole (a) and at end-systole (b). Well-adapted CSPAMM sequences provide excellent persis-

tence of tagging into diastole with high spatial and temporal resolution

Fig.5.2 Representative
end-systolic (left column)
displacement, (middle
column) E., and (right
column) E, field maps of a
control, as well as those of a
49-year-old male patient with
nonischemic cardiomyopathy
and ejection fraction of 45%.
These examples demonstrate
the sensitivity of fast cine
DENSE MRI to detect
regional variation in
contractile function.
Compared to the control
subject, the patient exhibited
considerably lower
displacement and magnitude
of E.. and E, (Reprinted from
Feng et al. [32], with
permission from John Wiley
and Sons)

Displacement

Patient

lated echo acquisition mode pulse sequence, but in contrast
to DENSE, the strain information is contained in the mag-
nitude rather than phase images and has the advantages of
measuring high-resolution strain with simple post-process-
ing. In contrast to conventional tagging, SENC is applied
in the through-plane direction by creating a stack of mag-
netization-saturated planes that lie inside and parallel to the
image plane and therefore obtains a through-plane strain
map. SENC has been validated against conventional tag-
ging and has been shown to be accurate and reproducible
(Fig. 5.3) [33].

0.3

Velocity Encoding

Velocity mapping uses a bipolar magnetic field gradient to
encode velocity as MR signal phase information [34, 35].
The maximum encoded velocity, ve,, is set to account for
peak anticipated tissue velocity to prevent aliasing. Long
acquisition times have hampered clinical application and
require prospective respiratory gating to mitigate breathing
motion artifacts. New image acquisition and reconstruction
strategies may reduce total scan times. Self-gating has been
used to derive motion information directly from under-sam-
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Fig.5.3 Strain measurements obtained by SENC and MR tagging. (a)
CINE image (four-chamber view) of a healthy volunteer. (b) Color-
coded functional SENC image in the same plane orientation. Maximum
contraction is illustrated in red. (¢) The circumferential strain results
obtained by SENC. (d) CINE image (short-axis view) of the same
healthy volunteer. (e) Color-coded MR tagging image in the same plane

pled MR images [36] and may improve scan efficiency and
image quality.

Feature Tracking

MR feature tracking (FT) (Fig. 5.4) [37] infers quantitative
motion parameters directly from myocardial tissue features,
such as contours, trabeculations, and other distinctive car-
diac anatomy, with computer vision [38, 39]. Rapid clinical
adoption is now possible since several commercial software
packages are now available, motion is quantified from cine
SSFP images, and no additional MR pulse sequences are
required.

Validation studies showed close correlation between FT
and tagging using HARP analysis in normal subjects, in
Duchenne muscular dystrophy population [40], and in pedi-
atric cancer survivors [41]. Circumferential (ecc) and radial
(err) LV strain appear to be most reproducible [42]. Radial
strain was reported to have the best sensitivity and specific-
ity for detection of postinfarction scar [43]. Reproducibility
and strain values from FT algorithms are also reduced when
derived from post contrast injection cine images [44].

Feature tracking algorithms are currently not standard-
ized, so discrepancies between software have been reported
[45]. Incorporation of myocardial incompressibility con-
straints may potentially improve robustness and preserve
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orientation as the short-axis slice (midventricular) for comparison of
circumferential strain obtained by MR tagging to SENC imaging as
SENC is a technique that uses tag surfaces that are parallel—not
orthogonal—to the image plane. (f) The circumferential strain results
calculated by MR tagging (Reprinted from Neizel et al. [33], with per-
mission from John Wiley and Sons)

physiologic conditions [46]. Large-scale adoption of this
technique and establishing cutoffs to guide clinical practice
are hampered by lack of standardization in sequence param-
eters and analytic tools, but the potential utility of FT con-
tinues to expand.

Clinical Applications
Normal Regional Function

The accurate assessment of regional LV function has been
improved greatly with myocardial tissue tagging. Lima et al.
[25] showed in an animal model that CMR with tissue tag-
ging allows accurate assessment of systolic wall thickening,
with good correlation to invasive methods using sonomi-
crometers. The strongest correlation between MR imaging
and percent systolic wall thickening by sonomicrometer
crystals is achieved by using the three-dimensional volume
element approach, by accounting for obliquity between the
image plane and the left ventricular wall.

In the normal human LV, there is transmural heterogene-
ity of circumferential shortening with endocardial segments
> mid wall > epicardial segments and longitudinal hetero-
geneity of circumferential shortening with apical segments
> basal segments [47]. There are also patterns of regional
heterogeneity of myocardial contraction and relaxation that
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Fig.5.4 Feature tracking in short-axis and long-axis orientation. The figure shows a representative example of the tracking in short-axis and long-
axis orientation of the left ventricle (LV) and the right ventricle (RV) (Reprinted from Schuster et al. [37])

occur with aging resulting in increased apical systolic rota-
tion and reduced apical relaxation [48, 49].

CMR has been the gold standard to evaluate the right ven-
tricular (RV) volume and function. The RV myocardial con-
traction pattern is more difficult to describe as compared to
the LV due to its complex shape and its very thin wall, which
makes strain analysis more challenging. For the left ventri-
cle, a 2D tag grid can be used to track intersection points
within the myocardial wall; however, the RV is too thin for
this to be practical. Instead, investigators have used either 1D
tags or bidirectional tags with tracking of the intersection of
the tag lines with the mid wall of the RV, rather than track-
ing intersection points of grid lines. New techniques such as
SENC are able to provide higher-resolution strain analysis
of the RV [50].

For normal RV regional function, increasing regional
short-axis shortening from the RV outflow tract to the RV
apex has been described using 1D, 2D tagging and SENC
[50-52]. Longitudinal contraction is found to be greater at the
apex and base, with a decrease in mid-ventricular segments
by SENC [50]. The apex also appears to reach peak shorten-
ing earlier than mid-ventricular and basal segments [50].

Myocardial Ischemia
Using myocardial tagging in a radial orientation, Azhari and

Denisova demonstrated that subendocardial dysfunction was
the best discriminant of ischemia [53, 54]. The analysis of

wall motion abnormalities with dobutamine stress echocar-
diography is an established method for detection of myocar-
dial ischemia. CMR has been combined with stress modalities
for the evaluation of CAD. Dobutamine CMR with tag-
ging has been shown to detect significantly more new wall
motion abnormalities than cine imaging alone in a study of
207 patients with known or suspected CAD [55]. Similarly,
combining SENC with dobutamine CMR, Korosoglou et al.
demonstrated the incremental value of strain by detecting
a significantly larger number of patients with ischemia as
compared to wall motion analysis alone [56]. SENC also has
been shown to improve the diagnostic accuracy in detecting
myocardial ischemia during dobutamine stress at an interme-
diate dose as compared to cine imaging, using quantitative
coronary angiography as the standard of reference [57]. In
a study using adenosine triphosphate (ATP) to induce per-
fusion abnormalities in ischemic segments, circumferential
strain by tagging was shown to decrease in ischemic seg-
ments, as opposed to nonischemic segments, where circum-
ferential strain increased compared to resting images [58].

Myocardial Infarction

CMR is also an especially good tool for the detection and
quantification of myocardial infarction (MI). Infarction is a
heterogeneous process involving predominantly the endo-
cardium in smaller infarcts or can be more transmural in
more substantial infarcts. An MI can result in multiple
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patchy areas of necrosis surrounded by viable myocardium.
CMR with tissue tagging can highlight areas of infarction
and can also assess the effects of infarction on the non-
infarcted regions of the ventricle. Circumferential and
longitudinal strains are decreased not only in the infarcted
areas but also in the remote zones in patients with reper-
fused anteroapical infarction [59]. This study also showed
increases in the radius of curvature of the ventricular walls
in both the infarcted and remote zones. A similar study [60]
using tagged CMR and two-dimensional finite element anal-
ysis early after anteroapical infarction clearly demonstrated
decreased wall strain and reorientation of the short-axis vec-
tor of myocardial contraction away from the centroid of the
left ventricle. Early after infarction remote zone hyperfunc-
tion was seen, indicating a possible compensatory increase
in function remote from the infarcted area. Average short-
and long-axis strain values decreased to approximately 25%
of normal in infarcted regions. A third study [61] demon-
strated similar findings of decreased deformation not only in
anteroapical MI but also in infarcts of all coronary distribu-
tions. Together, these findings imply an increase in segmen-
tal wall stress in regions distant from large infarcts resulting
in globally decreased function and frequently leading to a
post-MI chronic cardiomyopathy.

Microvascular obstruction (MO) is an important predictor
of unfavorable remodeling after MI by preventing adequate
healing early after myocardial infarction. This phenomenon
is also referred to as a “no-reflow” territory as seen after
angioplasty of acute infarcts fail to return adequate flow to a
vessel. A canine infarct model has been used to explore the
relationship of the extent of MO and its effect on regional
and global function [62]. Animals with a greater extent of
MO had a significantly greater risk of developing unfavor-
able remodeling within 10 days of infarction as assessed by
CMR functional imaging. Myocardial strain decreased sig-
nificantly in the infarcted regions, and the greater the area of
MO within the infarct, the greater the decrease in myocardial
strain. Not only was strain decreased in infarcted areas but
also in regions adjacent to the infarct with normal perfusion.

Peak systolic circumferential strain measured by SENC
is able to differentiate non-transmural from transmural
infarcted myocardium with high sensitivity and specificity
correlating well with tagging in acute MI [63].

Viability

Assessment of viability is important in the management of
ischemic heart disease because revascularization of dys-
functional but viable myocardium can improve function and
survival. Traditionally, viability can be assessed through the
evaluation of mechanical function (dobutamine echocar-
diography) or perfusion and metabolism (SPECT and PET).

CMR has been developed to also evaluate mechanical func-
tion (dobutamine CMR +/— tagging) or perfusion and metab-
olism (contrast CMR and spectroscopic analysis) in addition
to delayed enhancement to assess myocardial viability.

Low-dose dobutamine echocardiography is an established
method for the detection of viability. As with dobutamine
echocardiography, dobutamine CMR can similarly detect
increased function in dysfunctional but viable myocardium.
When compared to PET, dobutamine CMR correlates well,
with a sensitivity of 88% and a specificity of 87% [64].
Sayad et al. described quantitation of left ventricular wall
thickening using CMR with myocardial tagging in patients
with segmental wall abnormalities at rest [65]. Each subject
underwent CMR scanning with low-dose dobutamine infu-
sion (up to 10 pg/kg/min) at baseline and 4-8 weeks after
revascularization. Using CMR with tagging, resting end-
diastolic and end-systolic wall thicknesses in abnormal seg-
ments at rest were compared with those measured at peak
dobutamine and again after revascularization. It was found
that end-systolic wall thickness after low-dose dobutamine
infusion predicted improvement in segmental function after
revascularization. Alternatively, segments with a resting
end-systolic wall thickness of <7 mm did not improve after
revascularization [65]. 3D myocardial strain analysis using
tagging with low-dose dobutamine can also be used to dif-
ferentiate viable from nonviable myocardium. While at rest,
circumferential strain was decreased compared to controls
in both the viable and nonviable segments. When compared
with resting images, dobutamine stress imaging resulted in
an increase in circumferential strain in the viable segments
and no change in the nonviable segments [66].

Dobutamine CMR with myocardial tagging can also be
used in the setting of revascularized acute myocardial infarc-
tion to predict recovery of function. Geskin et al. performed
tagged dobutamine CMR studies in 20 patients within an
average of 4 days after infarction with revascularization [67].
At approximately 8 weeks, a CMR without dobutamine was
performed to assess for recovery of function. Those patients
with a normal intramyocardial circumferential segment
shortening on the initial study had greater recovery of func-
tion on the follow-up CMR.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM), an autosomal domi-
nant genetic disease caused by a defect in one of a number
of genes of the sarcomere, is characterized by left ventricu-
lar hypertrophy and myofibrillar disarray. There are many
morphological variants, and frequently the pattern of hyper-
trophy is asymmetrical. Histologically, patients often have
patchy areas of fibrosis, which may be visualized as areas of
delayed enhancement [68].
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To further characterize contractile function in HCM,
Young et al. [69] performed a strain analysis on 2D SPAMM
tagging CMR images from 7 HCM and 12 normal volunteers.
A 3D finite element model was used to associate the short-
axis and long-axis data. On a regional level, strain analysis
revealed that circumferential shortening was reduced in the
entire septum and most other regions in the HCM patients
when compared to the normal controls. While contractile
function was reduced, left ventricular torsion in the HCM
group was increased by approximately 5° [69].

Similarly, Kramer et al. [70] found prominent regional
heterogeneity using 2D tagging in cardiac function in 10
HCM patients with a predominant pattern of asymmetric
septal hypertrophy vs. normal subjects. While circumferen-
tial shortening was less in the septal, inferior, and anterior
walls, it was not significantly different in the lateral wall.
At all short-axis levels, circumferential shortening was
decreased in HCM, and longitudinal shortening was mark-
edly reduced at the basal septum [70]. A number of reports
also describe the association of decreased myocardial strain
with areas of delayed enhancement using tagging [71] or fea-
ture tracking [72].

Not surprisingly, diastolic function is also abnormal in
HCM. Ennis et al. [73] studied eight patients with HCM
and found that, in addition to decreased systolic strain,
regional diastolic strain was reduced as well. The patients
had decreased early diastolic strain rates, indicative of a pro-
longed early filling phase. The strain rate was then seen to
increase during mid-diastole, signifying a continued slow
filling phase and abnormal relaxation throughout diastole.

On many levels, HCM appears to be a heterogeneous pro-
cess, with regional variability in the degree of wall thickness,
the pattern of delayed enhancement, and contractile function.

Pressure Overload Left Ventricular
Hypertrophy

Patients often develop concentric left ventricular hypertro-
phy (LVH) as a result of disorders associated with elevated
afterload, such as systemic hypertension or aortic stenosis.
Compensatory hypertrophy may also lead to contractile
dysfunction. Palmon et al. [74] studied 30 patients with
hypertension and concentric LVH using SPAMM tagging
to more accurately quantitate regional contractile function.
Circumferential and longitudinal shortening was depressed
by approximately 5-10% when compared to normal vol-
unteers. Unlike the normal volunteers, patients with hyper-
tensive LVH had regional variability with the greatest
circumferential shortening occurring in the lateral wall and
the least shortening occurring inferiorly.

Patients with concentric LVH and preserved systolic
function in large cohort studies such as MESA (Multi-Ethnic

Study of Atherosclerosis) were evaluated with CMR. Rosen
et al. [75] analyzed tagged CMR studies in 441 such patients
with the HARP analysis method and found that, as with
previous smaller trials, left ventricular systolic strain was
decreased. This reduction in strain had regional variability
with a more pronounced effect in the LAD distribution. In
another analysis of the MESA patients, Edvardsen et al. [76]
studied 218 patients with concentric LVH and found no dif-
ference in systolic strain between the LVH patients and the
normal controls but found a noticeable difference in diastolic
function where the LVH patients had significantly reduced
regional diastolic strain rates signifying a more prolonged
and slower diastolic relaxation.

Dilated Cardiomyopathy

In the endocardium, both fiber and cross-fiber shorten-
ing are greatly reduced in dilated cardiomyopathy (DCM)
[77]. Myocardial strain analysis has allowed assessment of
mechanical dyssynchrony in DCM which is a key predictor
for responsiveness to LV pacing [78]. Regional heterogene-
ity has been demonstrated in DCM using tagging with the
anteroseptum and inferoseptum as most affected segments
and the inferolateral wall as the least affected segments as
compared to normal [79, 80]. A great majority but not all
patients with LBBB demonstrate systolic lengthening in
the septum shown by myocardial tagging and consequently
greater dyssynchrony compared to non-LBBB patients [81].
There is a decrease in systolic torsion magnitude in DCM in
addition to discontinuing counter-clock rotation of the apex
before end-systole [82].

Valvular Heart Disease

While the heart valves may be evaluated by CMR through
direct visualization of the leaflets and quantification of regur-
gitation volume through phase contrast methods, the impact
of ventricular remodeling with abnormal loading conditions
can be best evaluated by CMR.

In the pressure overloaded state of severe aortic steno-
sis, there are contractile abnormalities as with hypertensive
heart disease. Stuber et al. [83] reported in patients with
aortic stenosis that torsion was significantly increased and
diastole was delayed, as indicated by late peak diastolic
untwisting. Similar results were reported by Nagel et al. [84]
showing that maximal systolic torsion was increased in the
aortic stenosis patients (from 8° to 14°) and that diastolic
untwisting was delayed and prolonged. The abnormal patho-
logic changes associated with the high afterload state of
aortic stenosis can actually be reversed, as demonstrated by
Sandstede et al. [85] in their study of 12 patients with aortic
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stenosis who underwent aortic valve replacement. Compared
with eight healthy volunteers, the aortic stenosis patients
prior to valve replacement had significantly higher torsion
(25° compared to 14°). One year after surgery, the apical tor-
sion had normalized to 16°.

Aortic regurgitation (AR), due to the increased volume
and pressure load on the left ventricle, leads to left ventricu-
lar dilatation and eccentric hypertrophy. Optimal timing for
surgery can be difficult to determine, as patients may remain
relatively asymptomatic even as their left ventricle becomes
markedly abnormal. The quantification of regional left ven-
tricular function using tagged CMR could potentially detect
subtle changes in myocardial function, which could herald
the need to replace the aortic valve prior to the develop-
ment of irreversible LV dysfunction. However, the results
of myocardial strain in chronic AR patients are less than
useful. Ungacta et al. [86] studied six patients with chronic
severe aortic insufficiency using tagging pre and post AVR
and showed no difference in various contractile parameters
such as global circumferential shortening or radial thicken-
ing compared to controls. The postsurgery study 5 months
later also showed no significant difference in overall circum-
ferential shortening or radial thickening despite a decrease in
LV volume and a return to a more normal ventricular geom-
etry as compared to controls. On a regional basis, however,
posterior wall strain was reduced [86]. In a later study of 14
chronic AR patients, [87] the pre-surgery strain was not dif-
ferent compared to controls. At 28 + 11 months of follow-up
post AVR, 3D minimum principal, longitudinal, and circum-
ferential strain were decreased as compared to controls.

Severe mitral regurgitation (MR) can result in abnor-
mal myocardial contractile function, despite having normal
global parameters such as ejection fraction. Mankad et al.
[88] studied regional strain in seven patients with severe
mitral regurgitation before surgery and again approximately
8 weeks after surgery. Prior to surgery, maximum strain
(similar to radial thickening) was increased compared to nor-
mal and became even greater after surgery. Prior to surgery,
minimum strain (comparable to circumferential shortening)
was decreased compared to normal and further declined after
surgery. Heterogeneity of myocardial longitudinal and cir-
cumferential strains are also demonstrated in chronic MR,
shown as decreased strain in the LV septum and increased
strain in the LV lateral wall in 15 patients with asymptomatic
chronic severe MR [89].

Pericardial Disease

The pericardium can be well visualized with CMR, despite
having an average thickness of 1.5-2 mm [90]. Differentiating
between constrictive pericarditis and restrictive cardiomyop-
athy can often be difficult; CMR adds additional informa-

tion in these cases. In addition to more clearly defining the
anatomic structure of the pericardium through standard cine
CMR imaging, tagged CMR allows the interpreter to discern
whether the pericardium is adhered to the heart [91]. In nor-
mal hearts, the pericardium and the underlying heart move
independently, where the underlying myocardium twists
and the overlying pericardium does not (a relative “sliding”
motion of the visceral and parietal pericardium). This can be
visualized by using 1D- or 2D-tagged CMR. At end-diastole
the tag lines cross both the pericardium and myocardium,
and with systole, the visceral pericardial/myocardial tags
move together and become displaced relative to the parietal
pericardium and its tags in normal hearts. In cases of con-
striction, since the parietal pericardium is often adhered to
the underlying visceral pericardium/myocardium, no slid-
ing motion occurs, and the parietal pericardial tags remain
aligned, and move and deform with, the visceral pericar-
dium/myocardium and the associated tag lines. It is impor-
tant to remember that constriction is a complex diagnosis
and that the presence of pericardial adhesion(s) alone is not
pathognomonic for the diagnosis.

Right Ventricular Function

The ability to accurately assess global and regional right
ventricular (RV) function is very valuable in the study of
diseases affecting the RV such as pulmonary hypertension,
congenital heart disease, and arrhythmogenic RV dysplasia/
cardiomyopathy (ARVD/C).

Fayad et al. [51] showed that in normal patients, RV
regional shortening was not uniform, and in the pulmonary
hypertension patients, both short- and long-axis regional
shortening was decreased, most prominently in the RV out-
flow tract and the basal septum. In 21 patients with pulmo-
nary arterial hypertension (PAH), high temporal resolution
(14 ms) tagging MRI was performed, and Marcus et al.
showed that there is left-to-right delay caused by lengthening
of the duration of RV shortening, which is correlated with
leftward septal bowing and decreased LV filling [92]. Voeller
et al. further investigated RV strain change as a response
to mild pressure overload versus severe pressure overload
before the occurrence of RV dilation in a canine model [93].
They demonstrated that in mild RV pressure overload, there
was no change in RV strain or function as compared to severe
RV pressure overload, where there was a significant decrease
in RV circumferential strain, with RV filling became depen-
dent on the RV conduit function [93].

Bomma et al. [94] studied global and regional right
and left ventricular function in patients with ARVD/C and
found that global RV systolic function was reduced and
RV volumes were increased in these patients as compared
to controls. Both of these findings were more pronounced
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toward the base of the RV. Tandri et al. [95] performed
assessment of regional RV function in 20 patients with
idiopathic right ventricular outflow tract (RVOT) tachycar-
dia and found no difference in global and regional param-
eters as compared to controls. These results argue against
the hypothesis that RVOT tachycardia may be an early form
of ARVD/C.

In congenital heart disease, tagged CMR may provide
a more quantitative approach to assessment of ventricular
function that could permit more precise titration of medica-
tions or choice of surgical approaches based on long-term
functional measures [96]. In a recent report of 372 patients
with repaired tetralogy of Fallot, LV circumferential strain
and RV longitudinal strain using feature tracking from cine
images emerged as predictors of adverse outcome, inde-
pendent of QRS duration, ejection fraction, ventricular vol-
umes, New York Heart Association class, and peak oxygen
uptake [97].

Conclusions

CMR methods are powerful tools for noninvasive assess-
ment of regional left and right ventricular function. As
modern cardiovascular care involves more difficult deci-
sion-making, the need exists for a greater understanding
of the complex three-dimensional contractile patterns of
both ventricles. An integrated knowledge of the effects of
through-plane motion, torsional displacement, and strain
measurements independent of incident ultrasound beam
angle are only a few of the advances that modern CMR
techniques have provided. The clinical applications for
these methods continue to expand. Evaluation of cardio-
myopathies, myocardial viability, ventricular remodeling,
and assessment of patients for resynchronization therapy
are examples of disorders where CMR has elucidated a
new understanding of the mechanisms underlying these
processes. More rapid acquisition and analysis methods,
some of which are nearing clinical use, will further expand
the clinical utility of these tools. The emergence of feature
tracking techniques on cine CMR holds the potential to rap-
idly advance the application of myocardial regional assess-
ment in heart diseases.
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