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Abstract: Cardiovascular magnetic resonance (CMR) is a versatile tool that also allows comprehensive and
accurate measurement of both global and regional myocardial contraction. Quantification of regional wall
motion parameters, such as strain, strain rate, twist and torsion, has been shown to be more sensitive to early-
stage functional alterations. Since the invention of CMR tagging by magnetization saturation in 1988, several
CMR techniques have been developed to enable the measurement of regional myocardial wall motion,
including myocardial tissue tagging, phase contrast mapping, displacement encoding with stimulated echoes
(DENSE), and strain encoded (SENC) imaging. These techniques have been developed with their own
advantages and limitations. In this review, two widely used and closely related CMR techniques, i.e., tissue
tagging and DENSE, will be discussed from the perspective of pulse sequence development and image-
processing techniques. The clinical and preclinical applications of tissue tagging and DENSE in assessing
wall motion mechanics in both normal and diseased hearts, including coronary artery diseases, hypertrophic

cardiomyopathy, aortic stenosis, and Duchenne muscular dystrophies, will be discussed.
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Introduction

Cardiovascular disease (CVD) is one of the leading
causes of morbidity and mortality worldwide, accounting
for approximately one third of all deaths in 2008 (1).
A robust and accurate technique for early diagnosis of
CVD is of significant clinical value by allowing preventive
interventions. Although global myocardial parameters such
as left-ventricular (LV) ejection fraction and stroke volume
serve as a good indicator of CVD, the analysis of regional
myocardial wall motion has emerged as more sensitive
measures of early-stage functional alterations.
Computer-aided fluoroscopy in combination with the
implantation of radiopaque markers has been used for the
measurement of LV wall motion (2). However, such method is
highly invasive and is not practical for large scale clinical use.
Electrocardiography (ECG)-gated SPECT was also developed
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to measure global and regional wall motion but nevertheless
suffers from limited spatial and temporal resolution (3).
The echocardiographic techniques, such as tissue Doppler
imaging (TDI) (4) and speckle tracking (5), were developed
for noninvasive quantification of myocardial strain at high
temporal resolution (>250 frames/s) and have been used
in clinical studies. However, both methods are operator
dependent and are limited by poor acoustic windows. Thus,
an imaging modality, which can noninvasively and accurately
measures myocardial wall motion, will greatly facilitate the
diagnosis, prognosis, and management of cardiac diseases.
Cardiovascular magnetic resonance (CMR) provides a
unique tool for non-invasive and accurate measurement
of regional cardiac function. Since the invention of CMR
tagging by magnetization saturation in 1988 (6), several CMR
techniques have been developed to enable the measurement
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Figure 1 Deformation of left ventricular (LV) myocardium during contraction. (A) Myocardial wall strains in Radial-Circumferential-

Longitudinal (RCL) and the principal systems. The RCL system uses the geometry of the heart to define three orthogonal strains. The

radial strain (Egg), circumferential strain (Ecc), and longitudinal strain (E ;) describe the LV wall thickening in the radial direction and

shortening in the circumferential and longitudinal directions, respectively. The principal strain system uses myocardial fiber geometry to

define three orthogonal strains. E,, is along the direction of greatest length increase in myofiber and E,, is along the direction of greatest

length decrease in myofiber. E;; is along the direction orthogonal to both E;; and E,,. (B) LV wall undergoes a torsional deformation during

contraction with the apex twists counterclockwise and the base twists clockwise (viewing from apex to base).

of mechanical parameters that describe regional myocardial
wall motion such as strain, strain rate, twist, and torsion. In
this review, we will focus our discussion on two widely used
and closely related CMR techniques, tissue tagging and
displacement encoding with stimulated echoes (DENSE).
The clinical and preclinical applications of these methods in
both normal and diseased hearts, including coronary artery
diseases, hypertrophic cardiomyopathy, aortic stenosis, and
Duchenne muscular dystrophies, will also be discussed.

Quantification of regional myocardial deformation

The myofibers of mammalian hearts are organized in a
unique pattern. These fibers change gradually from a right-
handed helix in the subendocardium to a circumferential
arrangement in the mid wall, then to a left-handed helix in
the subepicardium. This intricate 3D fiber structure gives
rise to a complex pattern of deformation during contraction.
The LV shortens in the longitudinal direction while the
ventricular wall thickens in the radial direction. In addition,
the whole LV twists due to the opposite fiber orientation
at endo- and epicardial wall (7). As such, a comprehensive
assessment of myocardial wall deformation requires the
measurements of several parameters.

Strain

The deformation of a single myofiber can be described by
1D strain, which is a measure of the fractional change in fiber
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length. Similarly, the deformation of myocardial wall can
be described by a 3D strain tensor. Two coordinate systems
have been used to describe the 3D myocardial strain: the
Radial-Circumferential-Longitudinal (RCL) system and
the principal strain system (also known as the Fiber-Cross-
Fiber system). There are three normal strains in the RCL
system: the radial strain (Egy), the circumferential strain
(Ece), and the longitudinal strain (E;;). While Epg and Ecc
describe myocardial thickening and shortening in the short-
axis plane, E;; measures LV shortening in the longitudinal
direction (Figure 1A). In addition, strain changes that occur
in a plane between two of these three orthogonal directions
are referred to as the shear strains: Eg., Eg;, and Eg,
respectively. For example, Ey¢ represents the shear in the
Radial-Circumferential plane.

Similarly, in the principal strain system, E,;, E,,, and Es;
are the three principal strains (Figure 1A). The principal
strain system has the advantage of representing the complex
material deformation regardless of cardiac geometry and the
selected coordinate system (8). In contrast, the RCL system
appears more intuitive since it is defined by the geometry
of the heart. For both systems, a positive strain represents
lengthening or thickening of the myocardium, whereas a
negative strain represents shortening of the myocardium.

Strain rate

Strain rate is the rate of strain changes over the course of
time. It has been widely used in both echocardiographic
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and CMR measurements of LV function. Using strain rate
as an index of LV regional function, previous studies have
reported a significant decrease in the diastolic strain rate in
patients with asymptomatic LV hypertrophy (9).

Twist and torsion

In addition to myocardial thickening and shortening,
the heart also undergoes a wringing motion during
contraction due to the obliquely oriented subendocardial
and subepicardial helices (7). Viewing from the apex of
the heart, the base rotates in clockwise direction and the
apex rotates counterclockwise (Figure 1B). This rotation of
myocardial tissue is known as twist. Torsion is quantified
as the difference in twist between apical and basal slices
normalized by the gap between these two slices. Myocardial
twist and torsion are affected by myofiber orientation (10),
myocyte contractility (11), and the loading conditions (12).
They have been shown to be sensitive to subtle changes in
systolic and diastolic dysfunction. Stuber ez /. reported an
increased apical twist and ventricular torsion in patients
suffering from pressure overload due to aortic stenosis.
In addition, they observed a prolonged diastolic apical
untwisting, which may contribute to a tendency toward
diastolic dysfunction, in these patients (13).

CMR techniques for measurement of myocardial
wall mechanics

Myocardial tissue tagging

Myocardial tissue tagging was first developed by Zerhouni
et al. in 1988 (6). Noninvasive tissue markers, known
as tags, are placed in myocardium (usually immediately
after the detection of the R wave) by modulation of the
magnetization. These tags follow the myocardial motion
during contraction and can be detected by MR imaging.
Since then, extensive research efforts have been devoted to
the development of different tagging techniques. Although
tissue tagging provides the potential for comprehensive
assessment of myocardial wall motion, quantitative analysis
of tag deformation has been laborious and time-consuming.
A few semi-automated analysis methods, either magnitude
based or phase based, have been developed to facilitate the
analysis of tagged images.

Sequence development
Early myocardial tissue tagging used magnetization saturation
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to create fiducial markers in myocardium. Slice-selective
radiofrequency (RF) pulses were applied perpendicular to the
imaging plane to saturate the longitudinal magnetization at
the intersection of the selected slices and the imaging plane.
The saturated portion of the myocardium appeared dark in
the images acquired subsequently. By tracking the movement
of these dark lines, referred to as taglines, myocardial wall
strain can be calculated (6). The validity of this technique
in measuring myocardial wall motion was demonstrated
by comparing it to sonomicrometry (14). However, this
technique has some inherent limitations. First, a number
of RF pulses need to be implemented sequentially to create
multiple taglines, which increases the energy deposition
to patients. Second, the sequential implementation of RF
pulses creates non-uniform tag intensity. Further, only a few
taglines can be generated after the detection of R-wave, thus,
the tagging resolution is limited. Due to these limitations,
this technique is not used widely.

Axel et al. (15) developed a more efficient tagging
technique known as spatial modulation of magnetization
(SPAMM). This technique adds sinusoidal modulation to
the magnetization by applying only two equal-strength
non-selective RF pulses, separated by a magnetization
encoding gradient (Gpne) (Figure 24). Tagging frequency
is determined by the strength and duration of the encoding
gradient; a larger and longer gradient induces higher
tagging frequency. Shown in Figure 2B are representative
short-axis and long-axis tagged images at end-diastole and
peak systole, superimposed with traced taglines.

Sharper tagline profiles can be achieved by using higher
order SPAMM methods, which uses a binomial combination
of RF pulses instead of two RF pulses in 1-1 SPAMM (17).
A similar technique using delays alternating with nutation
for tailored excitation (DANTE) was developed by Mosher
et al. (18), which used a train of RF pulses to generate
sharper taglines. Subsequently, McVeigh et al. realized
tagging with variable density for improved sampling of
myocardial motion (19). However, one limitation of these
methods is the long tagging preparation time than the
original 1-1 SPAMM.

Regardless of the different tagging method in all these
CMR techniques, they share a common issue: the fading of
taglines due to T relaxation (Figure 2B). After the tagging
module, the tagged tissue will restore the equilibrium
magnetization at an exponential rate, which is determined
by the longitudinal relaxation time T'. As tagging module
is typically applied at the beginning of systole after the
detection of R-wave, the fading of taglines thereafter will
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Figure 2 MR tagging by SPAMM. (A) SPAMM pulse sequence; (B) representative short-axis (upper panels) and long-axis (lower panels)

tagged images at end-diastole (left panels) and peak systole (right panels) superimposed with traced taglines [B is reproduced with permission

from Zhong ez al. (16)]. MR, magnetic resonance; SPAMM, spatial modulation of magnetization.

cause diminished tagging contrast during diastole, leading
to inaccurate quantification of myocardial wall motion
during late diastole. Implementation of the balanced steady
state free precession (bSSFP) technique (20) and CMR
tagging at high magnetic field strength (21), e.g., 3T, can
offer better tagging contrast and longer tagging persistence.
Nevertheless, the fading of taglines remains in general.
Another issue associated with the conventional tagging
method is the through-plane motion. When the heart
contracts, myocardial motion occurs not only in the short-
axis plane but also in the longitudinal direction. Therefore,
a series of cine images acquired during a cardiac cycle
comprises of images from different myocardial tissue (22).
This through-plane motion can also give rise to inaccuracies
in strain calculation. To resolve these issues, Fischer et al.
developed complementary SPAMM (CSPAMM) (23).
In addition to the original SPAMM scan, a second scan
is acquired with the second 90° RF pulse inverted. By
subtracting these two images, the recovered magnetization
due to T, relaxation is removed. Further, the CSPAMM can
also effectively solve the through-plane motion problem by
using slice-selective RF pulses in the tagging module (24).
However, these improvements are at the expense of doubled
imaging acquisition time.

The deformation of the taglines is captured in the
cine images acquired after the implementation of the
tagging module. A high temporal resolution is desirable to
delineate myocardial wall motion during the entire cardiac
cycle, especially under stressed conditions. The gradient-
echo (GRE) sequence is one of the most basic CMR
imaging sequences. Segmented k-space GRE sequences
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were developed to accelerate image acquisition without
introducing significant artifacts (25,26). Echo planar
imaging (EPI) (27-29) and bSSFP (20,30,31) sequences
also showed their capability in improving imaging
efficiency. Other encoding schemes, such as radial (32)
and spiral (33) encoding, have also been performed in
CMR tagging to improve spatial and temporal resolution.
The development of parallel imaging techniques, such as
simultaneous acquisition of spatial harmonics (SMASH) (34)
and sensitivity encoding (SENSE) (35) provides further
opportunity to accelerate image acquisition. The combination
of CMR tagging with parallel imaging techniques brings
great benefits to cardiac imaging by reducing the breath-
hold duration and increasing the spatial resolution for a given
breath-hold duration (36).

Image analysis

The analysis of tagged CMR images can be divided into
two stages, the tracking of taglines and the calculation of
wall motion parameters. Several post-processing techniques
have been developed for extracting and tracking myocardial
tags. Algorithms such as Find Tags (37) or SPAMMVU (38)
typically use manual or semi-automatic methods to identify
the location of taglines and their intersecting points.
Calculation of myocardial wall strain has used modeling
approaches, including the finite element analysis (39,40),
the volumetric modeling (41-43), the statistical modeling
(40,44), and the 3D active contour modeling (45-48).
Despite the apparent differences in these post-processing
methods, they all require extensive user interaction and are
very laborious and time consuming.
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Figure 3 HARP analysis of a tagged image. (A) An MR tagged
image with vertical taglines; (B) the same tagged image in the
k-space; (C,D) the magnitude (C) and phase image (D) after
the inverse Fourier transform of the selected spectral peak in B.
[Reproduced with permission from Osman ez 4/. (49)]. HARP,

harmonic phase; MR, magnetic resonance.

The harmonic phase (HARP) analysis is a phase-based
method aimed at rapid and automated post-processing
of tagged images (49). The sinusoidal modulation of the
magnetization in the spatial domain by SPAMM sequence
gives rise to spectral peaks at the multiples of the tagging
frequency in the k-space (Figure 3). Tissue motion is
directly encoded in the phase images of the off-center
spectral peaks (harmonic peaks). Thus, taglines can be
traced automatically by tracking the iso-phase contours in
the phase images (50). Direct quantification of myocardial
wall strain is also possible by calculating the gradient of
the unwrapped phase images (51-54). Multiple validation
studies have been conducted to demonstrate the robustness
and accuracy of HARP analysis (14,52,55,56). HARP
analysis can significantly decrease post-processing time and
subjective user interference, which has made it the most
attractive method for strain quantification in CMR tagging.

HARP analysis is highly sensitive to the size and shape
of the filter used to extract the harmonic peaks, which
inevitably affects the resolution of the reconstructed image
and the accuracy of calculated strains. An elliptical filter
with a Gaussian edge has been shown to be effective (51).
In addition, simultaneous use of the positive and negative
harmonic peaks has been shown to be effective in improving
the SNR of HARP analysis (57). Finally, since the central
peak of a CSPAMM image is eliminated, HARP analysis
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of CSPAMM images offers more flexible filter choice and
more accurate wall motion quantification (58).

The HARP method also provides the opportunity for
real-time strain measurement. Since only the first-order
harmonic peaks are required for strain quantification, only
a small portion of the k-space needs to be sampled. As a
result, scan time can be significantly reduced. Sampath
et al. demonstrated real-time HARP by combining EPI
with parallel imaging (59). A similar technique, known as
FastHARP, was also developed for real-time measurement
of strain at a rate of 25 frames/s (60).

Displacement encoding with stimulated echoes (DENSE)

DENSE, a phase-based method for measuring tissue
displacement, was developed in 1999 by Aletras er al. (61).
Similar to HARP, tissue displacement is encoded directly
in the phase of the stimulated echo in a DENSE image. A
cine DENSE pulse sequence is shown in Figure 44. The
preparation module is a 1-1 SPAMM tagging sequence with
an encoding gradient Ggye. It is followed by an imaging
module that includes a refocusing gradient (Gpy) that
completely refocuses spin dephasing induced by the tagging
gradient for stationary tissues. As such, moving spins will
have an accumulative phase that is linearly proportional to
the displacement that occurs between the tagging module
and image readout. In the k-space, there are three distinct
spectral peaks in a DENSE image, representing the
stimulated echo, the T relaxation echo, and the stimulated
anti-echo, respectively (Figure 4B). Tissue displacement
is encoded in the phase of the stimulated echo. A
representative displacement map of a mid-ventricular slice
at peak systole is shown in Figure 4C. Similar to HARP,
DENSE also has the advantages of fast image acquisition
and data processing.

Strain quantification by DENSE is also impacted by
the size of the filter used to extract the stimulated echo.
Alternatively, the T, relaxation echo and the stimulated anti-
echo can be suppressed physically. The stimulated anti-echo
can be removed by using a relatively large displacement-
encoding gradient to shift it outside of the range of k-space
sampling domain (Figure 5A,B). The inversion recovery
technique has been used to suppress the T relaxation echo
by nulling the signal for a particular T, (Figure 5C,D).
However, the stripe artifact is still present from tissue with
other T, values (Figure SE,F) (64). In addition, this technique
is not suitable for CINE DENSE. A more effective way of
eliminating the T, relaxation echo is to use the alternating
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Figure 4 DENSE CMR. (A) DENSE pulse sequence. A 1-1 SPAMM tagging module with encoding gradient Gexe is used for displacement
encoding. A stimulated echo (STE) is formed after the slice-selective RF pulse. A displacement decoding gradient Gpgc is applied to shift
the stimulated echo to the center of k-space; (B) a representative DENSE image in k-space. Three echoes are formed: the STE, the T,
relaxation echo (T)), and the stimulated anti-echo (STAE); (C) a representative 2-D displacement map at peak systole by DENSE. [B
is reproduced with permission from Epstein et 4/. (62)]. DENSE, displacement encoding with stimulated echoes; CMR, cardiovascular

magnetic resonance; SPAMM, spatial modulation of magnetization; RF, radiofrequency.
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Figure 5 Suppression of the T relaxation echo and stimulated anti-echo in DENSE. (A,B) A relatively large encoding gradient can
eliminate the stimulated anti-echo but not the T, relaxation echo (A). As a result, stripe artifacts occur in the magnitude-reconstructed image
(B). (C,D) The inversion recovery (IR) method can effectively suppress the T relaxation echo if only a single T value is present (C) and the
magnitude-reconstructed image is artifact-free (D). (E,F) The IR method fails to eliminate all T relaxation echoes when multiple T, values
are present (E) and thus stripe artifact still occurs in the reconstructed magnitude image (F). (G,H) The subtraction of complementary data
sets can suppress the T-relaxation echo independently of T, (G) and produce artifact-free images (H). [Reproduced with permission from
Gilson et al. (63)]. DENSE, displacement encoding with stimulated echoes.
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phase CSPAMM method (63). The subtraction of the two
complementary displacement-encoded datasets produces
artifact-free images (Figure 5G,H).

Another approach for echo suppression is the CANSEL
(Cosine ANd Sine acquisitions to ELiminate artifact
generating echoes) acquisition scheme (62). In CANSEL,
four datasets are acquired by alternating the phase of both
RF pulses in the SPAMM tagging module. The elimination
of the stimulated anti-echo and the T, relaxation echoes
is realized by algebraic operation of these four datasets.
Although the data acquisition time is prolonged, CANSEL
has the advantage of improved SNR and accuracy. Further,
CANSEL can be used in combination with the parallel
imaging methods to shorten the scan time (65).

Applications of MR tissue tagging and dense

MR tissue tagging and DENSE have been extensively
used in both clinical and preclinical studies. They have
been applied to measure regional wall motion mechanics
in normal hearts and a spectrum of cardiac diseases such as
coronary artery diseases, hypertrophic cardiomyopathy, and
aortic stenosis, as well as diseases that may have an impact
on cardiac function, such as Duchenne muscular dystrophies
and diabetes.

Regional wall motion in normal bearts

A number of studies have reported transmural heterogeneity
of strain patterns in humans. Specifically, E.., E;;, and
Epg have all been shown to increase from epicardium to
endocardium (66-68). The same strain pattern was also
observed in animal studies (69,70). In addition, maximum
twist angle has also been shown to increase across the
LV wall from epicardium towards the endocardium in
both humans and animals. Although the similar trend of
intramural heterogeneity in regional function exists in both
human and animals, the study by Liu ez 4/. demonstrated
quantitative differences in regional ventricular wall motion
in mice, rats, and humans (71). Their findings suggest that
ventricular twist is conserved among the three species,
leading to a significantly smaller torsion in humans as
compared to mice and rats. In addition, both circumferential
strain and normalized radial shortening were the largest in
human subjects.

The effect of aging on normal myocardial function was
also evaluated. Studies by Fonseca et 4/. (72) and Oxenham
et al. (73) both reported a decrease in the peak rate of the
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relaxation of circumferential and longitudinal strain and
peak rate of torsion reversal in senescent hearts. In addition,
Oxenham er 4l. also observed increased peak apical rotation
and torsion during systole as well as significantly greater
apical rotation, torsion, circumferential, and longitudinal
strain persistence during myocardial relaxation and diastole
in elderly subjects. Another study by Lumens ez 4/. reported
elevated systolic torsion to endocardial circumferential
shortening ratio (torsion-to-shortening ratio; TSR) in
elderly subjects, indicating that the transmural homogeneity
of myofiber shortening is disrupted. In addition, they also
observed mild concentric hypertrophy in the aged subjects,
which may lead to subendocardial impairment. These
findings suggest that aging may lead to more pronounced
decrease of myofiber contraction in subendocardium than
in subepicardium (74).

Coronary artery disease

Several studies have investigated the relationship
between regional heart function and risk factors for
atherosclerosis using CMR tagging. Edvardsen ez 4/. have
compared regional left ventricular systolic function to
regional coronary calcium score measured by computed
tomography (75). Their findings suggest that high local
calcium score is associated with regional dysfunction in
the corresponding coronary territory among individuals
without a history of previous heart diseases, indicating
a link between atherosclerosis and subclinical regional
contractile dysfunction. Another study by Fernandes ez al.
reported that greater carotid intima-media thickness is
associated with compromised systolic and diastolic function,
suggesting a relationship between subclinical atherosclerosis
and incipient myocardial dysfunction in a population free of
clinical heart disease (76).

A number of studies have been conducted to investigate
the relationship between myocardial ischemia and regional
myocardial function. Studies by Kroeker er a/. (77) and
Garot et al. (78) found that myocardial ischemia can lead
to a decrease in LV twist. Several studies demonstrated
the importance of combining tagging with perfusion for
evaluating ischemic heart disease (79-81). Sayad et al.
reported that dobutamine CMR with myocardial tagging
can quantitatively predict the recovery of regional function
after revascularization (79). The study by Geskin er al.
showed that the response of intramyocardial function to
low-dose dobutamine after reperfusion can be quantified
with MR tagging and that dysfunctional tissue after
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myocardial infarction demonstrates a larger contractile
response to dobutamine than normal myocardium (80).
Kraitchman ez al. also showed the importance of integrated
CMR assessment of regional function and perfusion in a
canine model of myocardial infarction (81).

Numerous studies have demonstrated the utility of MR
tagging in the detection of myocardial infarction as well
as in the evaluation of post-infarct ventricular remodeling.
Gotte et al. showed that strain analysis by tagging is more
accurate than quantifying wall thickness in discriminating
dysfunctional from functional myocardium (82). The study
by Kramer et al. reported that LV dilatation and eccentric
hypertrophy during remodeling are associated with
persistent differences in segmental function between adjacent
and remote non-infarcted regions in sheep hearts (83).
Gerber et al. reported that in the early healing phase of
acute myocardial infarction, the extent of microvascular
obstruction in infarcted tissue was related to reduced
local myocardial deformation and dysfunction of adjacent
myocardium (84). Liu ez 4/. also investigated the applicability
and accuracy of HARP analysis for automatic strain
quantification in rat hearts with myocardial infarction (54).

DENSE CMR has also been used to measure myocardial
wall motion in post-infarct hearts. Aletras ez al. used
SENSE-accelerated DENSE CMR to detect abnormal
myocardial deformation in patients with myocardial
infarction (65). These investigators also performed a dog
study to evaluate whether edema imaging can delineate
the area at risk in reperfused hearts (85). DENSE has also
been used to study the anatomical correlation between
abnormal myocardial electromechanical events and infarct
morphology in canine hearts (86). Further, Gilson ez 4/.
measured myocardial wall motion in mice before and
after infarction using multi-slice DENSE (87). Later, they
developed a modified DENSE sequence that can also
detect contrast-enhanced infarcted myocardium from the
magnitude images of the same DENSE dataset (64).

Hypertropbic cardiomyopathy

In hypertrophic cardiomyopathy, a portion of the LV
wall is thickened and the blood pumping capacity of the
ventricle is compromised. Hypertrophic cardiomyopathy
is frequently asymptomatic until sudden cardiac death
occurs (88). Therefore, diagnosis and intervention at early
stage of the disease is of critical importance. MR tagging has
been used to measure the LV regional functions in patients
with hypertrophic cardiomyopathy. Maier et 4l. reported
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a reduced radial displacement in the inferior septal region
and a reduced cardiac rotation in the posterior region in
patients with hypertrophic cardiomyopathy (89). Similarly
changes were also observed and reported by Young et 4/. (90)
and Dong et al. (91). In addition, Young ez 4l. also observed
increased ventricular torsion in patients with hypertrophic
cardiomyopathy.

Hypertrophic cardiomyopathy can be caused by
decreased expression of cardiac myosin binding protein C
(cMyBPC) as a result of genetic mutations. A recent study
by Desjardins et a/. investigated the mechanisms that link
cMyBPC expression and hypertrophic cardiomyopathy
development in genetically manipulated mice using
DENSE (92). They reported decreased LV torsion and
circumferential strain, as well as circumferential strain rates
in early systole and diastole in mice with both homogeneous
and heterogeneous knockout of cMyBPC. Their results
suggest that a modest decrease in cMyBPC expression in
the mouse heart can lead to decreased contractile function
that may contribute to the development of hypertrophic
cardiomyopathy later in life.

Aortic stenosis

Aortic stenosis may lead to left ventricular hypertrophy and
dysfunction. MR tagging has been used to investigate the
impact of aortic stenosis on local myocardial motion. Stuber
et al. observed increased apical twist and prolonged diastolic
apical untwisting in patients with aortic stenosis, which may
contribute to diastolic dysfunction (13). Sandstede ez 4/. also
performed a tagging study on patients with aortic stenosis
to compare ventricular twist and contraction before and
after valve replacement. They also observed similar increase
in apical twist and ventricular torsion in patients before
surgical valve replacement (93). However, ventricular torsion
was normalized 1 year after the surgery. More recently,
Mahmod et al. reported that cardiac steatosis was involved
in the pathophysiology of aortic stenosis and can also be
reversed by valve replacement (94). In another study, these
investigators also reported the association of severe aortic
stenosis and abnormal myocardial energetics caused by
impaired perfusion reserve and myocardial oxygenation (95).
However, these changes were reversible upon relief of
pressure overload and hypertrophy regression.

Muscular dystrophy

Muscular dystrophy is an inherited disease characterized
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by early onset of skeletal muscle degeneration and
progressive weakness. However, early cardiac dysfunction
is frequently undetected due to physical inactivity and
generalized debilitation. Ashford ez /. measured myocardial
strain and torsion in pediatric subjects with Duchenne
muscular dystrophy but without clinically apparent heart
disease (96). They reported reduced mid-ventricular and
basal circumferential strain in patients. Interestingly, Li
et al. observed a biphasic change in myocardial wall strain
and torsion in dystrophin-deficient mdx mice, a mouse
model of Duchenne muscular dystrophy. Specifically, there
was an initial increase in myocardial wall strain and torsion
at young age, followed by progressive decrease at older
ages (11). In both the human and the mouse studies,
clinically used functional indexes of global ventricular
function, such as ejection fraction, were normal. Hence,
these two studies also demonstrated the sensitivity of CMR
tagging to functional alterations over the global functional
parameters.

Conclusions

MR tagging and DENSE provide the opportunity for non-
invasive and accurate measurement of regional myocardial
wall motion. Although developed independently, MR
tagging and DENSE share many similarities in pulse
sequence and post-processing. The wide array of studies
using MR tagging and DENSE in both clinical and
preclinical investigation has demonstrated their capability in
the delineation of normal myocardial wall motion patterns,
the diagnosis of cardiac diseases, and the elucidation of the
underlying mechanisms of disease development. In addition,
with the advance in fast imaging technology and post-
processing tools, the capabilities of these CMR techniques
will be further improved and their application will also
further enhance our understanding of the mechanical
complexities underlying the function of the normal and
diseased hearts.
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