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Tagged magnetic resonance imaging of the heart: a survey
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Abstract

Magnetic resonance imaging (MRI) of the heart with magnetization tagging provides a potentially useful new way to assess car-
diac mechanical function, through revealing the local motion of otherwise indistinguishable portions of the heart wall. While still an
evolving area, tagged cardiac MRI is already able to provide novel quantitative information on cardiac function. Exploiting this
potential requires developing tailored methods for both imaging and image analysis. In this paper, we review some of the progress
that has been made in developing such methods for tagged cardiac MRI, as well as some of the ways these methods have been
applied to the study of cardiac function.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Although heart disease is of great clinical importance,
there are many limitations of the conventional methods
used to assess cardiac function. Clinical assessment of a
patient�s symptoms and their functional or exercise tol-
erance impairment correlates poorly with conventional
imaging-derived measurements of their cardiac function,
such as ejection fraction (EF). Furthermore, although
there is a good overall statistical correlation between
measures such as EF and the subsequent clinical course,
in any individual subject they are of poor predictive va-
lue. In addition to the limitations of conventional func-
tion measures for clinical assessment, they are also very
limited as tools to investigate mechanical factors in-
volved in normal and abnormal cardiac function or to
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aid in the design and evaluation of new therapies for im-
paired cardiac function.

A major source of the limitations of conventional car-
diac function measurements is their inability to follow
the motion of individual portions of the heart wall.
The availability of tomographic imaging methods, such
as conventional magnetic resonance imaging (MRI), has
improved the reliability of global cardiac function mea-
surements, such as the ventricular volumes or stroke vol-
umes. However, the paucity of reliably identifiable
landmarks in the heart wall largely limits the assessment
of regional cardiac function to simply tracking the mo-
tion of the endocardial or epicardial boundaries of the
heart wall in such images and trying to infer the corre-
sponding distribution of intramural motion. Such con-
tour tracking is subject to potential error due to the
inability to reliably correct for the through-plane com-
ponent of the 3D motion of the heart relative to the
fixed image plane. Furthermore, any other components
of the heart wall motion, such as torsional components
between different ‘‘rings’’ of the heart muscle along the
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axis of the heart or within-wall components of motion
such as shearing or transmural variation of radial thick-
ening, are essentially invisible with conventional tomo-
graphic imaging methods. Although qualitative
assessment of regional cardiac motion by visual evalua-
tion of dynamic displays of tomographic MRI or ultra-
sound data can be clinically very useful, it is also very
subjective and difficult to compare between different
examinations and different subjects.

There is intrinsic sensitivity of MRI to motion, as was
recognized even early in the experience with in vivo nu-
clear magnetic resonance, before the development of
MRI per se. This motion sensitivity stems primarily
from two sources: (1) There is persistence (within the
limits of the relaxation times) of local alterations in
the magnetization of material (such as the heart wall),
even in the presence of motion; this allows us to deliber-
ately (and non-invasively) produce local perturbations
of the magnetization of the heart wall that will be visible
in the images and will serve as material tags within the
heart wall. (2) The motion of excited (signal-producing)
nuclei in the presence of the magnetic field gradients
used during MRI data acquisition has the potential to
induce a phase shift of their signal due to the motion
of the nuclei, e.g., due to heart wall motion, that is re-
lated to the velocity of or distance traveled by the nuclei.
While these effects can be seen in the course of the per-
formance of conventional MRI of the heart (Van Dijk,
1984), we can also design modified MRI pulse sequences
to produce images that specifically exploit these effects,
in order to use them to quantitatively assess motion.
Although these MRI motion characterization methods
have previously been primarily applied to the study of
blood flow, they can also be used to study the motion
of the heart wall (as discussed in Section 5). We will here
focus on a review of some aspects of the use of magne-
tization tagging in MRI of the heart to evaluate regional
cardiac function. This will include consideration of some
aspects of the imaging process itself, some approaches to
the process of analyzing the tagged images and extract-
ing quantitative information about cardiac function
from them, and some initial results of using these tagged
MRI methods to study cardiac function in health and
disease or models of disease. We will present a survey
of some current approaches to tagged MRI, rather than
original results, and will compare tagged MRI to some
other conventional methods for cardiac motion
assessment.
2. Tagged MRI methods for imaging local cardiac

function

Myocardial tagging with tag analysis is an MRI tech-
nique that can be used for quantitative assessment of
intramyocardial contractile function (Zerhouni et al.,
1988; Axel and Dougherty, 1989a). The principle of
myocardial tagging is based on producing a spatial pat-
tern of saturated magnetization within the heart wall,
e.g., at end diastole, and then imaging the resulting
deformation of the pattern as the heart contracts
through the cardiac cycle. Tagged MR imaging can be
divided into two separate stages: (1) producing a spa-
tially modulated pattern of saturated magnetization in
the heart using a combination of RF and gradient
pulses, and (2) imaging the deformation of the pattern
using virtually any desired electrocardiogram (ECG)-
gated pulse sequence. The following sections describe
the two stages of tagged MRI in more detail.

2.1. Tagging methods

The concept of spin tagging was first used for mea-
surement of blood velocity (Morse and Singer, 1970).
Zerhouni et al. applied this concept for visual assess-
ment of myocardial function using selective radio-fre-
quency (RF) excitation to produce a few saturated
parallel planes within the heart wall (Zerhouni et al.,
1988). Axel and Dougherty subsequently developed a
more efficient method, spatial modulation of magnetiza-
tion (SPAMM), that uses non-selective excitation to
produce saturated parallel planes throughout the entire
imaging volume within a few milliseconds (Axel and
Dougherty, 1989a). The saturated tags fade due to T1
relaxation and repeated RF excitations during imaging
(Reeder and McVeigh, 1994). One approach to minimize
the tag fading due to T1 relaxation is the use of comple-
mentary SPAMM (CSPAMM) (Fischer et al., 1993).
This technique acquires two tagged images with
SPAMM patterns that are 180 � out of phase with each
other and subtracts them. A disadvantage of CSPAMM
is that it increases the image acquisition time. Other
researchers have developed various tagging schemes,
including higher-order SPAMM (Axel and Dougherty,
1989b), DANTE (Mosher and Smith, 1990), sinc-modu-
lated DANTE (Wu et al., 2002), radial tags (Bolster
et al., 1990), and hybrid SPAMM/DANTE (McVeigh
and Atalar, 1992); each such tagging method has relative
advantages and disadvantages (Table 1). The limiting
factor in the fineness of the tagged pattern that can be
imaged is the resolution of the imaging method, rather
than the production of the tags themselves. The tag pro-
duction method chosen can be used as a ‘‘conditioning’’
module, prior to imaging with essentially any desired
cardiac MRI sequence. Fig. 1 shows an ECG-gated
1-1 SPAMM sequence that produces a sinusoidal varia-
tion of the magnetization along the direction of the gra-
dient (typically chosen along the frequency-encoded
direction in the image). In this example, a sinusoidal var-
iation of the magnetization is encoded immediately after
a trigger signal from the ECG. Subsequently, any de-
sired imaging pulse sequence can be used to acquire



Table 1
Some tagging pulses

Description Advantages Disadvantages

Selective tags Selective saturation bands Flexible Inefficient
1-1 SPAMM Gradient between RF pulses Fast, efficient Sinusoidal tags
CSPAMM Difference of phase-shifted 1-1 SPAMMM Longer net tag persistence;

suppresses untagged blood
Longer image acquisition;
sinusoidal tags

Higher order SPAMM Longer pulse trains with different strengths Sharper tags Slightly longer to play out
DANTE Train of RF pulses during gradient Faster than pulsing gradient Sinc-shaped tags if same RFs;

requires hard RF
Sinc-DANTE Sinc modulation of RF pulses Sharper tags Requires hard RF
SPAMM/DANTE Reduced gradient during RF Less demanding on RF than

full DANTE and
on gradients than fully pulsing them

Less benefits than either alone, too

Radial Selective tags in radial pattern Better orientation for assessing
circumferentially

Inefficient to create

Fig. 1. An ECG-gated 1-1 SPAMM sequence comprised of two 90�
RF pulses and a gradient pulse. The magnetization modulation
gradient is typically applied along the frequency-encoding direction. A
spoiling gradient is applied along the slice-select direction to dephase
the residual transverse magnetization. Virtually any desirable pulse
sequence can then be used to sample images over multiple cardiac
phases. FE: frequency-encoding; SS: slice-select.
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images over multiple cardiac phases. Fig. 2 shows repre-
sentative tagged images of a mid-ventricular short-axis
view at early systole and end systole. Cine images are
typically acquired over multiple cardiac cycles within a
Fig. 2. Representative tagged images of a mid-ventricular short-axis view at e
7-5 SPAMM module and an optimized FGRE-EPI sequence (available as m
breath-hold duration of 10–20 s. Myocardial tags fade
as a function of T1, which is on the order of 850 ms.
Therefore, myocardial tags are produced anew with
each cardiac cycle in order to compensate for relaxa-
tion-induced fading. Multiple researchers have validated
the reliability of tagged MRI as a reflection of the mo-
tion of the underlying tagged material with independent
optical measurement in phantoms (Young et al., 1993;
Moore et al., 1994) and with independent sonomicro-
metric measurement in vivo (Lima et al., 1993; Yeon
et al., 2001). The aforementioned techniques have suc-
cessfully been applied for the assessment of 2D intramy-
ocardial function. However, these 2D techniques are
prone to the effects of through-plane motion, as the
images acquired at different cardiac phases may not rep-
resent the same slice of the myocardium. The slice-fol-
lowing method has been proposed to account for the
effects of through-plane motion (Rogers et al., 1991;
Fischer et al., 1994).

The heart is a 3D structure with a highly complex
contraction pattern. Thus, it has been suggested that a
3D model of the cardiac motion and strain may be more
arly systole and end systole. These images were acquired using a 5-7-9-
ovie file, see Appendix A).



L. Axel et al. / Medical Image Analysis 9 (2005) 376–393 379
suitable to compare, for example, with the 3D fiber
architecture of the heart wall. There are two possible ap-
proaches for the reconstruction of a 3D model of car-
diac motion and strain. The first approach is to
combine multiple 2D short-axis and long-axis views
(Young and Axel, 1992; Moore et al., 2000). The second
approach is to perform 3D tagged imaging (Ryf et al.,
2002). We will discuss their relative merits in the follow-
ing section.

2.2. Imaging methods for tagging

Recent developments in commercial gradient systems
have provided an enormous increase in imaging speed.
Currently, various breath-hold sequences are available
for 2D myocardial tagging, including: segmented
k-space gradient echo (McVeigh and Atalar, 1992),
interleaved gradient-echo-planar imaging (Tang et al.,
1995; Stuber et al., 1999a,b,c), hybrid gradient-echo/
echo-planar imaging (Reeder et al., 1999; Kim et al.,
2003; Epstein et al., 1999), interleaved spiral imaging
(Ryf et al., 2004), undersampled projection reconstruc-
tion (Peters et al., 2001), and balanced steady state free
precession (Herzka et al., 2003; Zwanenburg et al.,
2003). Each pulse sequence entails a tradeoff between
imaging speed and artifacts or signal-to-noise ratio
(SNR) (Table 2). Therefore, imaging considerations
must be taken into account when choosing and design-
ing the appropriate tagging protocol, such as tag con-
trast (defined as the contrast-to-noise ratio between the
tagged and non-tagged myocardium), and spatial and
temporal resolution.

Some basic guidelines for myocardial tagged MRI
have become apparent: (1) The spatial resolution of
the strain computed from the tagged images is nomi-
nally defined as the distance between two adjacent tags.
Therefore, the spatial resolution of the imaging sequence
must be able to provide at least two tags across the myo-
cardial wall to assess radial strain. (2) The temporal res-
olution must be high enough to avoid motion blurring
of tags. This condition is particularly important for tag-
ging studies on diastolic dysfunction (e.g., the rapid fill-
ing phase of diastole) and wall motion abnormalities
induced by pharmacologic stressors such as dobuta-
mine, which also increases the heart rate. (3) Pulse se-
Table 2
Some pulse sequences for imaging tagging

Method Advantages

Segmented gradient echo Standard imaging
Echo-train readout (EPI) More time-efficient; less tag fading with fewer
Spiral Oversampling the center of k-space may impr

blood-myocardium contrast
Projection-reconstruction As for spiral
SSFP Higher SNR

3D imaging Better spatial registration
quences with a high data acquisition efficiency (e.g.,
spiral and EPI sample a large trajectory of k-space per
RF excitation) produce higher tag contrast and longer
tag persistence than conventional gradient echo se-
quences, but they are also more prone to sources of im-
age artifacts such as static magnetic field inhomogeneity
and motion.

Typical breath-hold techniques pose challenges for
achieving all three imaging considerations within a clin-
ically acceptable breath-hold duration of 15–20 s. One
approach to reduce the scan time (breath-hold duration)
is acquiring two orthogonal line-tagged images with
asymmetric k-space sampling, rather than a grid-tagged
image with isotropic resolution. In Fig. 3, a line-tagged
image and its corresponding k-space image are shown in
order to illustrate this point. In this example, a set of
parallel lines is saturated perpendicular to the fre-
quency-encoding axis (nominally x). The Fourier com-
ponents of this tagged image are located in k-space
near ky = 0 (Fig. 3(b)), and they shift and rotate in k-
space as the tags deform through the cardiac cycle. As
a result, approximately 30–40% of the k-space may be
sufficient to sample the Fourier components of a line
tagging pattern (McVeigh and Atalar, 1992; Fischer
et al., 1993). An orthogonal tagged image can be ac-
quired by swapping the frequency- and phase-encoding
axes. The combined images provide equivalent isotropic
resolution in the directions most important for resolving
the tags.

Here we discuss the relative advantages and disad-
vantages of 2D and 3D tagging. Contiguous multi-slice
imaging and full 3D imaging have equivalent data
acquisition efficiency. A major distinction between the
two methods is that multi-slice acquisition depends on
proper selective excitation while 3D imaging depends
on proper gradient modulation. A major advantage of
contiguous multi-slice imaging is that it is straightfor-
ward to implement. Disadvantages of multi-slice imag-
ing are that it typically produces imperfect slice
profiles and may not be able to achieve contiguous thin
slices. Volumetric imaging can potentially overcome
these limitations and provide an additional benefit of
higher signal-to-noise ratio (SNR). However, 3D imag-
ing also requires a form of respiratory tracking, which
may be more difficult to implement. In both cases, the
DIsadvantages

Less time-efficient
RFs More vulnerable to poor shimming
ove Inefficient sampling of k-space, as tagged peaks are located

away from the center; as for EPI readout
As for spiral
More vulnerable to poor shimming; transient artifacts
from tagging
Cannot breath-hold; oblique imaging of walls



Fig. 3. A line-tagged image (a) and its corresponding k-space image (b). The Fourier components of this tagged image are located in k-space near
ky = 0, and they shift and rotate in k-space as the tags deform through the cardiac cycle. As a result, approximately 30–40% of the k-space is sufficient
to sample the Fourier components of a line-tagging pattern. The area covered by the dotted lines represents the region of k-space most important for
resolving the tags.
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subject needs to maintain a consistent respiratory pat-
tern and body position for the duration of the imaging,
in order to able to achieve consistent 3D reconstruction
of the motion.

Respiratory motion artifacts are typically suppressed
by breath holding (Edelman et al., 1991) or navigator-
based gating to the respiratory cycle (Korin et al.,
1990; Ehman and Felmlee, 1989). Although the
breath-hold technique is the simplest method for sup-
pressing respiratory artifacts, it also poses challenges
for achieving adequate SNR within a clinically accept-
able breath-hold duration of 15–20 s and for spatially
registering multiple 2D images acquired with sequential
breath holding that may not be completely consistent.
Navigator methods can be used to track the diaphragm
motion and reduce motion artifacts by post-processing
(Sachs et al., 1995). The main disadvantage of using
navigators for cine tagging is that they take up a portion
of the imaging duty cycle and thus limit time available
for image acquisition. Alternatively, combined ECG
triggering and respiratory gating may be used to reduce
motion artifacts in cardiac MRI (Ehman et al., 1984;
Yuan et al., 2000). This alternative method is relatively
straightforward to implement and requires less patient
cooperation, but it can also increase the scan time by
as much as navigator methods (typically by 2–4 times).

Myocardial tagged MRI is a promising technique for
quantitative assessment of intramyocardial function. An
integrated approach that combines fast imaging pulse
sequences, joint ECG and respiratory gating, parallel
imaging, and dedicated cardiac coils may allow 3D tag-
ging to be more practical. Future developments and
refinements in 3D tagging may lead to more accurate
3D models of cardiac motion and strain.
3. Tagged image analysis

The analysis of tagged cardiac cine MR images yields
measures of global and regional cardiac function. The
analysis of tagged MR images may involve several steps,
including: (1) image preparation, (2) boundary surface
extraction, (3) tag tracking, (4) 3D motion reconstruc-
tion, and (5) intra/intersubject comparison, statistical
model formation and computer-aided diagnosis.

Image preparation facilitates subsequent analysis
through steps such as: (1) removing image artifacts such
as RF inhomogeneity, (2) suppressing noise and
(3) standardizing the intensities across subjects. Global
function measures of the heart, such as ventricular mass,
stroke volume, ejection fraction, and cardiac output (gi-
ven the heart rate), can be computed from tagged car-
diac MR images through the extraction of the
boundary surfaces of the right ventricle (RV) and left
ventricle (LV). These measures are comparable to those
from non-tagged images (Dornier et al., 2002). These
boundary surfaces can also be used to determine useful
local functional measures, such as wall surface curvature
(Moses and Axel, 2004) and wall thickening, and to
facilitate tag line tracking and 3D motion reconstruction
(Haber et al., 2000b; Park et al., 2003). By tracking the
motion of the tag lines within images of the heart wall
(Qian et al., 2003; Guttman et al., 1994; Amini et al.,
1994; Osman et al., 1999), deformation fields can be
computed. Given a two-dimensional array of tag motion
data, a 2D deformation field can be calculated. Combin-
ing the motion from orthogonal tag and image plane
orientations, a full 3D deformation field and related
strain maps can be reconstructed, which more fully char-
acterize the motion of the myocardium (Haber et al.,
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2000b; Park et al., 1996, 2003; Declerck et al., 1998).
When both the boundaries and the tag lines are ex-
tracted, information such as stress tensor maps can be
derived (Hu et al., 2003a,b), and intra/intersubject com-
parisons can be made with statistical models of regional
contractility (Augenstein and Young, 2001), enabling
computer-aided diagnoses. In addition, given the
boundary and regional contractility data, the contractil-
ity data can be spatially fused with data from other
modalities, including perfusion MR, electrical activation
(Sermesant et al., 2002) or blood flow (McQueen and
Peskin, 2000), thus forming a more comprehensive eval-
uation of the heart.

Manual and even semi-automated image analysis
methods, such as user-guided active contours or
‘‘snakes’’ (Fig. 4) (Kraitchman et al., 1995), for bound-
ary and/or tag segmentation are too time consuming for
routine clinical application, generally requiring many
hours per subject. To make tagged MR clinically viable,
an automated analysis method is essential (Amini and
Prince, 2001). Moreover, the trend in imaging is towards
increased spatiotemporal resolution, which further in-
creases the need for highly automated analysis methods.
Although there are many challenges in developing such
an automated system, it is an active area of research.

3.1. Image preparation

Image preparation typically involves three principal
steps: (1) suppression of background intensity variation
due to non-uniform RF fields, (2) suppression of ther-
mal noise, and (3) normalization of image intensities,
which intrinsically vary in MRI from subject to subject
or even for the same subject upon repeated scans. Sev-
eral researchers have developed general methods for
Fig. 4. Analyzed short-axis tagged image. In red are manually drawn
contours of endo- and epicardial surfaces. In green are the tag lines
tracked using active contours. These active contours rely on external
forces derived from the image, as defined by the endo- and epicardial
surfaces and the dark tag lines, to minimize their energy function. The
tag active contours only respond to image forces within the heart wall.
suppressing background intensity variation in MR
images (Sled et al., 1998; Wells et al., 1996), while others
have developed methods which are more specifically tai-
lored to tagged MR (Montillo et al., 2003a; Axel et al.,
1987). Suppression of thermal noise in MR images has
received much attention. Some methods target noise
suppression in isolation (Saha and Udupa, 2001), while
others combine the suppression of background intensity
variation with noise suppression (Montillo et al., 2003b).
The lack of an absolute scale for MR image intensities,
which can cause the same tissue to vary in nominal
intensity from one subject to the next, necessitates an
intensity normalization method. While this problem
has received less attention, a histogram modification
method previously proposed and tested on brain MRI
(Nyul et al., 2000) has recently been successfully adapted
for tagged cardiac MRI (Montillo et al., 2003a). When
the normalization is applied to successive frames from
the same subject, the method has also been shown to
help suppress the effects of tag fading.

3.2. Boundary surface extraction

The extraction of the endocardial and epicardial sur-
faces of the heart from tagged MR images is challenging
for several reasons including: (1) image artifacts and
noise should be suppressed and the tag lines should be
removed to help avoid interference with boundary detec-
tion, (2) features outlining the boundaries must be iden-
tified, (3) the image data generally samples the volume
of the heart with gaps and nonuniform spacing between
image planes, and the geometry of the heart is complex,
making initialization of boundary surfaces difficult.

As a result, most researchers have resorted to manual
entry for this task and focused on development of meth-
ods for other aspects of image analysis (Young, 1999;
Haber, 2000a; Park et al., 1996, 2003; Declerck et al.,
1998; Ozturk and McVeigh, 1999) that require the
boundary surfaces as input. Earlier technique develop-
ment focused on semi-automated methods in which
user-guided active geometry (Kraitchman et al., 1995;
Young et al., 1995; Kumar and Goldgof, 1994) was em-
ployed to locate the boundaries of the myocardium.
Other methods, which are either largely or completely
automated, rely upon morphological or matched-filter
operations to enable edge detection. Guttman et al.
(1994) proposed a method to locate the LV contours
using a sequence of steps including: (1) manual initiali-
zation of a ROI containing the heart, (2) application
of several morphological operations and (3) the minimi-
zation of a cost function using dynamic programming;
this method was extended to 3D (Goutsias and Batman,
2000). Guttman et al. (1997) located the LV contours
through a series of morphological operations followed
by a marker-driven watershed segmentation. Several
researchers (Denney, 1997; Chen and Amini, 2001) have
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applied Markov random fields to partially segment the
myocardium; however, they have stopped short of actu-
ally segmenting the contours themselves. Montillo and
Metaxas (2000) developed a fully automated method
that computes the location of the heart and segments
the epicardial and endocardial surfaces for a biventricu-
lar model, including the bifurcation of the RV into in-
flow and outflow tracts and the exclusion of fat from
myocardium. This method combines grayscale morphol-
ogy and 2D active geometry and integrates the image
preparation step into the overall data analysis. Recently,
this method was extended to fit 3D surfaces, using both
short- and long-axis image sets (Fig. 5) (Montillo et al.,
2003c). This extension included the development of a
method for extracting 3D image forces from the rela-
tively sparse set of parallel and radially arranged 2D
images (Fig. 6) and applying them to deform a single ac-
tive epicardial surface model (Fig. 7), as well as endocar-
dial models of the RV and LV (Fig. 8).

3.3. Tag tracking

Currently, most tagged MRI data consists of two or
three sets of 2D images acquired from parallel planes
through the thoracic region or from planes arranged in
a radially sampled pattern and intersecting at roughly
the long axis through the LV. During acquisition of this
data, the tagging planes are created in the heart in three
(mutually orthogonal) directions and these tag planes
are then manifested as dark lines through the myocar-
dium in the MR images. To reconstruct the myocardial
motion, the intensity heterogeneity representing the
tagged planes must be tracked over time. Since the
tracking is constrained to the image plane, only limited
components of the 3D myocardial motion can be recov-
Fig. 5. Deformable 3D model of epicardium (colored shell), simulta-
neously fit to long- and short-axis tagged images (selected images
shown). Dotted line shows manually drawn segmentation on the long-
axis image.
ered from a given set of 2D image data. Methods which
have been proposed for extraction of motion data from
tagged images have relied on using different aspects of
the myocardial intensity heterogeneity, including:
(1) tracking the dark tag lines as intensity minima,
(2) employing optical flow or (3) using harmonic phase
(HARP) methods. The latter two methods do not explic-
itly track the tags per se.

The first method involves developing a model of the
time-varying intensity profile of a tag line. The method
typically begins by having a user manually identify the
location of the tags in each imaged slice location at
end diastole. Then the method may use an intensity
model as a template to search the image to find, for each
tag line, the next most probable location of the tag.
Alternatively, the tags themselves can be segmented
using approaches such as morphological operations to
locate dark lines in the image (Guttman et al., 1994),
matched filters (Chen and Amini, 2001; Young, 1998)
or a Gabor filter bank (Qian et al., 2003). While the lat-
ter two techniques tend to be relatively robust with re-
spect to tag fading, a limitation of all tag line tracking
methods is that temporal correspondences are available
only for pixels along the tag lines and not for the pixels
in between them.

Optical flow-based techniques seek to overcome this
limitation of the relatively sparse tag data and provide
a spatially dense estimate of the 2D apparent motion
field. The basis for this technique is the brightness con-
straint equation. This method involves estimating the
spatial gradient of the intensity image, using finite differ-
ences of the intensities at neighboring pixels, as well as a
temporal intensity derivative which is estimated by sub-
tracting the intensity at a pixel from one time-frame to
the next in a cine acquisition. While in some research
(Denney and Prince, 1994) the time derivative of the
brightness of a myocardial pixel is assumed to be zero,
the brightness of a myocardial pixel may actually expe-
rience significant changes due to tag fading and through-
plane motion. Therefore, several researchers have
proposed strategies to either preprocess the images to
suppress the effects of tag fading (Dougherty et al.,
1999) or to model the tag fading portion of the variation
based on the MRI physics (Prince and McVeigh, 1992).
A somewhat related tag tracking approach is to use non-
rigid registration to match corresponding tagged regions
(Chandrashekara et al., 2002).

In 1-1 SPAMM tagging pulse sequences, tags are cre-
ated with a sinusoidal cross-sectional intensity profile.
At any point on or between the tags, the tissue has both
a magnetization intensity and a spatial phase of the peri-
odic tag magnetization pattern, which are dependent on
position. Researchers have shown that the phase of the
tag modulation pattern can be extracted from the image
and this phase can be used to label the pixels in the myo-
cardium. The HARP technique uses such an approach



Fig. 6. Gradient vector flow forces are derived from an edge map from each preprocessed 2D image and act as external forces that fit the model to the
patient data. (a) Forces acting on model points in the image plane; axial image with model viewed from the head looking towards the feet.
(b) Additional forces from the long-axis images also help fit the model. Forces from all data: both short- and long-axis image sets are combined and
then extrapolated to the FEMmodel nodes neighboring each model/image plane intersection point. (c) Forces from selected images acting on a node.
(d) Forces acting on all model nodes from all image data.

Fig. 7. Superimposing the 3D epicardial surface model over long axis images shows the shape of the contraction over systole and relaxation in
diastole. The model contracts throughout systole (phases 2–9) and expands during diastole (phases 9–13).
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to track the phase of the tissue tagging pattern in ‘‘an-
gle’’ images (Osman et al., 1999; Garot et al., 2000).
The angle images are derived from the phase of the com-
plex image which is computed from the Fourier trans-
form of the immediate neighborhood of the first
harmonic peak (corresponding to the frequency of the
sinusoidal tags) in the spectral domain data. This can
be acquired either directly from the MRI system or from
an inverse Fourier transform of the tagged image. One
can view this method as effectively optical flow in the
spectral domain, in which the constant pixel brightness
assumption is replaced by the potentially more reliable
constant pixel phase assumption. As the angle image re-
flects the effective phase of the tag pattern in the neigh-
borhood of a point, it may not be reliable near the edges
of the heart wall due to partial volume effects, as



Fig. 8. Fitted endocardial surface models of the LV and RV from various views: (a) axial and (b) coronal. Including fitted epicardial surface model:
(c) axial, (d) coronal, (e) sagittal.
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discussed further below. Typically, the baseline phase is
subtracted from the subsequent angle images to track
the motion of the tag pattern. Note that the aliasing
of the phase for shifts greater than 360� can lead to
ambiguity equivalent to the ‘‘off-by-one’’ (or more)
problem in tracking tags explicitly. If low spatial resolu-
tion is adequate, then just the spectral domain data near
the first harmonic can be sampled by the MRI scanner
(which intrinsically acquires images in the spectral do-
main), in order to increase the speed of acquisition of
angle images used to track the phase of the tag pattern
within the myocardial tissue.

All of the above methods are ill posed: thermal noise
and image artifacts can cause ambiguities in the tracking
of tag, optical flow or phase features. As a result,
researchers have used regularization methods to find a
motion field which balances fidelity to tag features with
a smoothness constraint imposed on the overall motion
field. While these methods often rely upon empirically
chosen coefficients to adjust the tradeoff between these
constraints, the regularization is often well worth the
added effort. A variety of active geometry methods have
been used to regularize intensity-based tag line tracking,
including interlocking grids of 1D splines (Kraitchman
et al., 1995), deformable templates and thin plate splines
(Amini et al., 1998) and 2D B-splines (Amini et al.,
1998). Temporal regularization approaches have also
been used (Clarysse et al., 2000). Optical flow techniques
have been cast in a variational framework (Prince and
McVeigh, 1992). Harmonic phase approaches have also
been regularized, using B-splines and finite element
models (Deng and Denney, 2003; Haber et al., 2001).
All of the above tracking methods tend to be prob-
lematic near the boundary, where the epicardial and
endocardial surfaces often appear as dark lines and thus
can be confused as tag features. The myocardium near
the boundary is also particularly difficult to characterize
because tag lines can appear or disappear due to a com-
bination of: (1) through-plane motion of the myocar-
dium and (2) the convexity of the myocardium. These
conditions near the boundaries can cause failures for
all the algorithms in several ways: (1) The intensity tem-
plate used by the tag line tracking may lock onto the
boundary instead of a tag. (2) The boundaries can oc-
clude tags and can act as spurious matches which con-
found the optical flow solution. (3) The boundaries
can introduce apparent shifts of the tagging pattern in
subendocardial and subepicardial tissue, which can
cause inaccuracies in the motion recovered from har-
monic phase method. These methods may benefit by
constraining the solution with the location of the bound-
aries, which can be extracted either manually (Young,
1999) or using an automated technique (Montillo
et al., 2002, 2003c).

3.4. 3D Motion reconstruction

Once the tags and contours have been segmented and
tracked on the set of 2D images, the 2D motion infor-
mation can be compiled to reconstruct a description of
the 3D motion. We will consider some aspects of this
3D reconstruction here.

When tracking the motion of a tag line in the image,
only one component of the underlying motion can be
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derived from the data (perpendicular to the original ori-
entation of the tag line), while at tag line intersections,
two components of motion can be measured. The tag
lines from adjacent images can be stacked to form a
tag sheet by inferring the correspondences either as:
(1) an additional step from their position relative to
the boundary contours (Park et al., 1996, 2003) or as
(2) an inherent part of the process of tracking the tags
(Kerwin and Prince, 1998). At tag sheet intersections,
all three components of the motion can be measured
(Kerwin and Prince, 1998; Amini and Prince, 2001).
When using optical flow methods (spatial or spectral),
two components of motion are typically available at
every pixel. In general, it is not possible to measure three
components of motion for any given point from 2D tag-
ging methods; however, methods such as slice following
(Fischer et al., 1994) or the SENC method (Osman et al.,
2002) may help eliminate this limitation. Although 3D
tagging approaches to 2D tagged MR imaging have
been proposed, they are difficult to analyze.

A variety of methods have been proposed which can
compile the 2D information into a dense, smoothly
varying, 3D motion field. These methods (Young,
1999; O�Dell et al., 1995; Deng and Denney, 2003; Oz-
turk and McVeigh, 1999; Declerck et al., 1998; Huang
et al., 1999; Park et al., 1996, 2003; Haber, 2000a; Rad-
eva et al., 1997; Chen and Amini, 2001) typically involve
fitting a model, using an optimization function which
balances fidelity of the final 3D motion field to the 2D
motion measurements and a smoothness constraint
which either (1) interpolates missing information, such
as motion between the sparse tag sheet intersections or
(2) suppresses errors in optical flow or harmonic phase
motion fields.

Several researchers (Park et al., 1996; Declerck et al.,
1998; Ozturk and McVeigh, 1999) have modeled the mo-
tion of the LV with a reduced number of parameters in
the hopes of obtaining a more revealing description of
normal and pathological motion. Park et al. (1996) used
spatially varying parameter functions to adapt a super-
quadric model to fit boundary contour and tag line mo-
tion information. Declerck et al. (1998) employed a 3D
B-spline tensor product to reconstruct the inverse defor-
mation field, and a 4D planispheric transform was then
estimated from the backward transformations and semi-
automatically segmented tag lines. The motion was
modeled as a 4D continuous displacement function in
time and space, and strain was derived by taking first or-
der derivatives. More general splines, with somewhat
higher number of parameters, have also been proposed,
including both 3D splines (Radeva et al., 1997; Young,
1999; Chen and Amini, 2001), and 4D spline models
(Huang et al., 1999) that include time as the fourth
dimension.

These models often have difficulties capturing the
motion of the apex. To compensate for this limitation,
both prolate spheroidal coordinates (Young, 1998;
O�Dell et al., 1995) and 4D planispheric coordinates
(Declerck et al., 1998) have been used to increase the
numerical stability over spherical coordinates when
reconstructing the motion at the apex of the LV.

Recently, biventricular motion reconstruction meth-
ods have been developed. When the RV is included in
the model, a single spheroidal coordinate system no
longer suffices. One approach is to model the biventric-
ular system as a patient-specific volumetric finite ele-
ment mesh (Haber, 2000a). Another approach that has
been used is to establish a common mesh for all subjects
(Park et al., 2003). In the latter method, three superqua-
dric surface models are fitted to the contour data of the
RV and LV at the beginning of systole and then used to
construct a generic mesh fit to these surface models.
Park et al. (2003) also modeled the base of the RV,
including the inflow and outflow tracts. The task of
obtaining tag data in these narrow extensions of the
RV, which undergo significant through-plane motion,
is particularly challenging.

Several general trends are noted when the literature in
tagged image analysis is examined. First, all of the steps
required for the analysis of cardiac tagged images are ac-
tive research areas, and the methods involved in each
step are steadily improving. Second, there are at least
two categories of methods. One category of methods
aims at obtaining only the deformation field, without
any attempt to locate the heart or the endocardial and
epicardial surfaces and feature points. In the short term,
this method appears most promising for real time strain
computation. The other category of methods, poten-
tially requiring somewhat more time, additionally aims
at extracting the bounding surfaces of the heart ventri-
cles and can be used for a wider set of applications.
These methods have begun to be used to facilitate:
(1) intrasubject comparison, (2) the construction of sta-
tistical models of cardiac physiology and pathophysiol-
ogy (Augenstein and Young, 2001), (3) the formation
of additional means of quantifying and visualizing that
physiology (Hu et al., 2003a,b), (4) the determination
of classical measures of cardiac function without requir-
ing an additional imaging step (Dornier et al., 2002) and
(5) fusing cardiac tagged MR with other sources of func-
tional information (Behloul et al., 2001). Thirdly, there
is a general trend towards modeling a greater extent of
the heart. In the initial years after the introduction of
tagged MR, only the left ventricle was studied; since
then, cardiac models have grown to include the right
ventricle and recently its inflow and outflow tracts. This
trend is likely to continue into the atria and to include a
more physiologically based model of the myocardium,
complete with anisotropic fiber orientations and laminar
sheets. We expect this will make the analyses more use-
ful for the non-invasive characterization of the whole
heart, both for clinicians as a viable diagnostic and
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treatment monitoring tool and for researchers as a pow-
erful investigative tool.
4. Applications of tagged cardiac MRI

While the methods of performing and analyzing
tagged cardiac MRI described above are still under
development, some interesting initial results of their
use are already available. We will briefly review some
representative examples below.

An important initial application of tagged cardiac
MRI is the mapping of the normal patterns of heart wall
motion. Previous imaging methods used to study heart
wall motion have been limited largely to following the
motion of the surface of the heart wall, due to the inabil-
ity to track the position of specific material points in the
images over time, while directly labeling material points
within the wall with conventional invasive techniques,
such as the implantation of metal beads or ultrasound
crystals, are both invasive (and potentially alter the mo-
tion itself) and are limited to a relatively small number
of such points that can be tracked in any individual sub-
ject. Thus, the more extensively sampled and non-inva-
sively derived motion data available on the normal
heart through tagged MRI studies can be used both to
provide new insight into the normal function of the
heart and to serve as a baseline against which to com-
pare the findings in patient studies. In carrying out this
normal motion analysis, we can look either at the 2D
cardiac motion revealed in individual 2D tagged image
sets obtained at given locations within the heart, or at
the full 3D cardiac motion as reconstructed from
‘‘stacked’’ 2D image sets covering the heart or from im-
age data acquired primarily as 3D image sets. In general,
multiple sets of such tagged image data, acquired in
multiple image plane orientations and with different
tag orientations, will be needed in order to fully sample
the motion, as described in the previous section. While a
full 3D reconstruction of the motion would be prefera-
ble if there were no other constraints, the limited time
generally available for imaging and image analysis
may also make it valuable to examine 2D motion data
as well, for example, in circumstances where the motion
data is only a portion of the information to be obtained
in an MRI examination.

The normal motion of the heart wall, as revealed by
tagged MRI, is considerably more complex than the
simple radial contraction and expansion one might na-
ively assume from the simplified accounts in many text-
books (Zerhouni et al., 1988; Axel et al., 1992; Young
and Axel, 1992; Young et al., 1994a,b; O�Dell and
McCulloch, 2000; Moore et al., 2000; Bogaert and
Rademakers, 2001; Clarysse et al., 2000). In addition
to the radial motion, there is a significant rotational
component to the motion, including a normal torsional
motion around the ventricular long axis, such that the
base and apex of the ventricle rotate in opposite direc-
tions during the cardiac cycle. Furthermore, there is a
significant longitudinal component of the motion, with
an axial gradient such that the apex of the ventricles
moves relatively little while there is a relatively large
excursion of the base of the ventricles, with a reciprocat-
ing motion of the atrioventricular valve plane such that
it moves roughly along the long axis during the cardiac
cycle. There are also other consistent normal regional
variations in the motion, such as a greater excursion
of the free wall of the ventricles than the septum, as well
as consistent transmural differences in strain and shear-
ing motions within the wall (relative to the conventional
cardiac-based radial, circumferential and longitudinal
directions). These gradients of the bulk motion of the
heart wall are less apparent in the normal heart when
we consider the distribution of the regional strain; this
reflects the fact that the strain provides a more coordi-
nate system-independent reference frame within which
to analyze the regional motion. The normal effects of
age on heart wall motion can also be studied with tagged
MRI (Fogel et al., 2000; Fonseca et al., 2003). Although
the LV is easier to study with tagged MRI than the RV,
due to its normally greater wall thickness, we can use
tagged MRI to study the motion of the normal RV as
well (Fayad et al., 1998; Young et al., 1996; Haber,
2000a).

Torsion of the heart is an aspect of cardiac motion
that was previously known through more invasive meth-
ods, but which is much more readily studied with tagged
MRI (Lorenz et al., 2000). Tagged MRI reveals that the
torsional and overall contraction phases of systole are
somewhat out of phase, with the torsion predominantly
occurring early in systole. Similarly, the untwisting por-
tion of diastolic relaxation primarily occurs early in
diastole. It has been proposed that the untwisting early
in diastole may provide a measure of relaxation that is
relatively independent of the filling volume of the heart
(‘‘preload’’) (Dong et al., 1999, 2001); the early twisting
component of systole may be similarly relatively inde-
pendent of the resistance to outflow (‘‘afterload’’).

Hypertrophy in response to pressure overload (e.g.,
due to either poorly controlled arterial hypertension or
aortic stenosis in the left ventricle or to pulmonary
hypertension or pulmonary valvular disease in the RV)
can ultimately lead to ventricular failure or sudden
death (presumably due to arrhythmia related to changes
in conduction of the wave of electrical activation
through the altered muscle). The effects of pressure over-
load hypertrophy may be more sensitively demonstrated
with tagging than with conventional global measures of
cardiac function (Palmon et al., 1994; Stuber et al.,
1999a,b,c; Sandstede et al., 2002). Although one ventri-
cle may be primarily involved by hypertrophy, the other
can be secondarily involved as well, either through the
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effects of having their circulations in series or, more di-
rectly, through sharing a common wall, the interventric-
ular septum (Dong et al., 1995). The motion of the
hypertrophied RV itself appears to be altered from its
normal patterns as well (Haber, 2000a). Hypertrophic
cardiomyopathy (HCM) is an uncommon condition
leading to focal or more diffuse thickening of the myo-
cardium in the absence of pressure overload, with the af-
fected areas having variable amounts of disorder in the
muscle fibers and infiltration with fibrosis. The result
is decreased contraction in the affected regions of the
heart wall, which can be demonstrated with tagged
MRI (Kramer et al., 1994; Young et al., 1994a,b).

Demonstration of motion alterations due to the
common clinical condition of ischemia, decreased
blood supply to the tissue (e.g., during stress studies),
is a natural potential application of tagged MRI
methods. Decreased or absent myocardial contraction
is one of the earliest manifestations of ischemia, and
is of obvious functional importance. Myocardial tag-
ging with strain analysis has been shown to be more
sensitive to regional wall motion abnormalities than
quantitative wall thickening analysis (Goette et al.,
2001), and dobutamine stress MRI combined with
tagging (Scott et al., 1999) has been shown to be more
sensitive to wall motion abnormalities than cine MRI
(Kuijpers et al., 2003; Kraitchman et al., 2003). The
subendocardial portion of the heart wall is the most
vulnerable to the effects of ischemia, and the ability
of tagged MRI to resolve transmural differences in
function should make it more sensitive to the presence
of such abnormalities than conventional imaging
methods. The mechanical effects and evolution over
time of myocardial infarction (irreversible tissue dam-
age due to prolonged ischemia) are another promising
area for study with tagged MRI. The infarcted region
itself permanently loses the ability to contract, and
this is manifested in the altered motion seen in tagged
MRI. Tagging studies may help detect viability after
infarction (Geskin et al., 1998; Croisille et al., 1999),
although delayed enhancement studies may be simpler
to use for routine applications. As mentioned above,
tethering effects may cause an alteration of the motion
of the adjacent regions and a discrepancy between the
apparent area of motion abnormality and the actual
area of infarction. Longitudinal studies of infarct evo-
lution in patients or experimental models with tagged
MRI (Kramer et al., 1996a,b; Marcus et al., 1997;
Bogaert et al., 1999) may help elucidate the mecha-
nisms of the clinical outcomes and could potentially
help lead to better treatment methods.

Masses of the heart wall can produce local alterations
of motion by replacing and locally ‘‘tethering’’ the myo-
cardium. These local alterations of motion can be re-
vealed with tagged MRI (Bouton et al., 1991). While
the presence of a mass can often be seen more directly
by its resulting local alteration of the contour or the
intensity of the heart wall, tagged MRI can be very help-
ful in distinguishing between a local mass-like area of fo-
cal hypertrophic cardiomyopathy and a true mass
(Bergey and Axel, 2000).

Constriction of the heart by pericardial disease can
have visible effects on the cardiac motion in tagged
MRI (Kojima et al., 1999). A common clinical question
is whether a clinically observed impairment of cardiac
function is due to interference with cardiac function,
particularly diastolic filling, by the constrictive effects
of pericardial disease (‘‘constriction’’) or whether it is
primarily due to restrictive primary disease of the myo-
cardium itself (‘‘restriction’’). Conventional imaging cri-
teria for distinguishing these conditions, such as the
thickness of the pericardium, are not fully reliable.
Tagged MRI may be able to help in distinguishing these
conditions.

Conventional cardiac MRI is already playing an
important role in the evaluation of congenital heart dis-
ease. Tagged MRI provides a promising new tool to help
evaluate the effects of congenital anomalies and their
treatment on cardiac function (Fogel et al., 1995, 1998).

Cardiac failure is an important and common health
problem. Conventional assessments of failure have fo-
cused on global measures such as the ejection fraction.
However, the additional measures of contractile func-
tion provided by tagged methods could potentially in-
crease the ability to assess the degree of mechanical
dysfunction in failure (MacGowan et al., 1997; Curry
et al., 2000) and provide new criteria to detect its pres-
ence and monitor its progression and treatment. Ap-
proaches to augment LV function by surgical means
can be evaluated with tagged MRI. These include both
approaches employing the use of externally applied de-
vices to reinforce the heart wall (Pilla et al., 2002) or
augment ventricular filling or contraction (Pusca et al.,
2000) and approaches to reshape the wall itself, so as
to have a more advantageous size or shape (Kramer
et al., 2002). If they were compatible with MRI, the ef-
fects on the ventricle of other implanted ventricular as-
sist devices might be similarly studied with tagged
MRI. Transplants can also be evaluated by tagged
MRI (Donofrio et al., 1999). Stimulation by electrical
pacing produces alterations in the mechanical activation
of the myocardium that can be seen and measured with
tagged MRI (Wyman et al., 1999). If acquired with suf-
ficient temporal resolution, tagged MRI can show the
progression of the wave of mechanical activation
around the heart wall from the site of initial electrical
activation at the pacing lead. This may lead to more in-
sight into aspects of ventricular pacing such as its use in
heart failure (Leclercq et al., 2002).

Stress–strain modeling of cardiac function is a prom-
ising potential application of the data derived from
tagged MRI. In this case, we have the ability to directly
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measure the dynamic changes in ventricular shape and
regional strain over the cardiac cycle. However, we can-
not directly determine the corresponding forces, or
stress, within the wall from imaging; in fact, it is essen-
tially impossible to reliably measure intramural stress
even with invasive methods. Thus, if we can make ‘‘rea-
sonable’’ estimates of the mechanical properties of the
heart wall, based on our knowledge of the usual patterns
of orientation of the muscle fibers within the wall and
the mechanical properties of fresh tissue specimens as
measured in vitro, we can model the expected distribu-
tions of the corresponding stress within the wall from
the geometry and strains observed with MRI, together
with additional boundary conditions from the pressures
assumed within the ventricular cavity and outside the
heart wall (Okamoto et al., 2000; Hu et al., 2003a,b).
5. Comparison with some alternative cardiac function

imaging methods

While other imaging methods, including new multi-
slice X-ray computed tomography, can provide good
quality cross-sectional images of the moving heart, only
MRI and ultrasound can provide noninvasive data on
the motion patterns within the heart wall.

In addition to the ability to track material points
through magnetization tagging, MRI offers the possibil-
ity of tracking their motion through motion-induced
phase shifts in their MR signal. The origin of these shifts
is the dependence of the frequency of the resonance on
the local magnetic field strength; motion along magnetic
field gradients like those used in MRI will generally re-
sult in a shift of the phase of the moving spins relative
to that of adjacent stationary spins. Suitably designed
MRI pulse sequences permit imaging of these motion-
induced phase shifts. The need to acquire baseline data
in order to correct for other sources of phase shift gen-
erally reduces the temporal resolution or increases the
image acquisition time relative to comparable tagged
imaging approaches. A given image will only provide
one vector component of the motion; in general, three
sets of such images will be needed to recover the full mo-
tion. As the phase shift will alias for values beyond
±180�, the motion sensitivity of the imaging must be ad-
justed to the range of the motion to be imaged. The MR
signal can be acquired as a gradient echo, in which case
the short duration of the measurement (limited by the
T2 relaxation time) essentially results in a velocity mea-
surement (Pelc et al., 1991). Alternatively, the MR signal
can be acquired as a stimulated echo, in which case the
longer duration of the measurement (limited by
the longer T1 relaxation time) permits measurement of
the net displacement over the measurement time, e.g.,
between end diastole and end systole (Aletras et al.,
1999). The gradient echo phase shift imaging approach
is readily adapted to multiphase ‘‘cine’’ imaging of
velocity. Analysis of the wall motion from velocity maps
will require integration over the cardiac cycle in order to
calculate the net displacement as a function of time
(Meyer et al., 1996). Integration error due to noise in
the phase measurement can lead to corresponding errors
in the displacement that can build up over the cardiac
cycle and limit the reliability of the results. While the
stimulated echo approach can directly yield displace-
ment images, it is generally most readily adapted only
to imaging of motion between fixed times in the cardiac
cycle. Stimulated echoes also generally have poorer
SNR (Kim et al., 2004).

Advantages of the phase shift techniques relative to
tagging methods include simpler analysis, with no need
to track the tags and interpolate the motion between
them, potentially greater density of spatial sampling loca-
tions (althoughnoisy datamay require averagingof regio-
nal data with resulting loss of effective spatial resolution),
and potentially greater sensitivity to small motions. Rela-
tive disadvantages of phase shift approaches include
longer data acquisition times (or decreased temporal res-
olution), than tagging approaches and potential problems
with phase aliasing. The use of tags also provides a more
direct measure of displacement.

The principal approach used for ultrasound imaging
of regional heart wall motion is the Doppler effect, the
frequency shift of ultrasound reflected from a moving
object. While more commonly employed for the study
of the velocity of moving blood, it can also be used to
image tissue velocity (Trambaiolo et al., 2001). In both
cases, only the component of the velocity along the
direction of the ultrasound beam can be measured.
While the velocity is a point measurement, the variation
of the velocity along the ultrasound beam can provide a
measure of the rate of the deformation along this direc-
tion, the strain rate. Maps of these motion-related data
can be created and displayed in essentially real time, e.g.,
as color overlays on the grayscale ultrasound image
data. The principal weakness of this ultrasound method
is the limitation of only being able to sample one com-
ponent of the velocity vector or the strain rate tensor.
The orientation of that component is limited by the
available acoustic windows, a fundamental limitation
of ultrasound imaging. In addition, if we wish to calcu-
late the net displacement or strain, we must integrate
over the cardiac cycle, leading to possible integration er-
rors as with phase contrast MRI studies of tissue veloc-
ity. There may be additional errors due to the inability
to account for motion in the unsampled directions.
6. Summary

While it still a relatively new area and is continuing to
undergo active development, tagged MRI of cardiac
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function promises to provide new insight into normal
and abnormal cardiac function. Achieving a greater
practical impact of tagged MRI will be dependent on
the further development of more efficient methods of
acquiring and analyzing the tagged image data. Chal-
lenges for tagged MRI include increasing spatial and
temporal resolution while decreasing imaging time.
While these are all competing objectives, ongoing ad-
vances in areas such as parallel imaging, respiratory mo-
tion compensation, and other aspects of data acquisition
should enable further progress. Achieving good spatial
registration between data acquired in different orienta-
tions is essential for 3D motion reconstruction, and will
also benefit from improved imaging methods. Image
processing and analysis will require development of
methods with improved speed and reliability in order
to permit more routine clinical applications of tagged
MRI. Thus, further research in these areas could have
important clinical rewards.
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