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Abstract

Magnetic Resonance Imaging (MRI) is fast becoming an indis-
pensable tool for the diagnosis of heart disease. Myocardial
tagging is a cardiac MRI technique that allows one to perform
a detailed kinematic analysis of the heart muscle. This allows
clinicians to non-invasively identify areas of damaged cardiac
muscle tissue. Myocardial tagging involves magnetically mark-
ing the heart muscle with a set of lines, and monitoring the de-
formation of these lines as the heart contracts. Harmonic phase
(HARP) analysis is a procedure that facilitates the rapid quan-
tification of material displacement and strain from tagged im-
ages. There is currently no reliable means of outlining the walls
of the heart muscle in tagged images, thus making any inter-
pretation of muscle strain prone to inaccuracies. This paper
presents a novel method of extracting the heart muscle contours.
The method is based on the fact that the harmonic phase of the
heart muscle in a tagged image behaves in an ordered manner
over time relative to the enclosed blood and surrounding cavi-
ties. This method exposes new prospects for research involving
kinematics of the heart, particularly of the right ventricle.

1. Introduction
Heart disease is a leading cause of death in the Western world.
In 2000, cardiovascular disease (CVD) caused 39% of deaths
in the United States [1], and in 2001 the CVD-related mortality
in the United Kingdom was slightly higher than this [2]. CVD
is also South Africa’s number one killer, being responsible for
19,8% of all deaths each year [3].

Over the past decade, magnetic resonance imaging (MRI)
has become a powerful diagnostic tool for heart disease. My-
ocardial tagging is a cardiac MRI technique that allows one to
measure strain and displacement of material points within the
heart muscle. The tagging involves using specialised MRI se-
quences to mark (ortag) bands of heart muscle tissue. These
tags are material properties of the tissue, and they can be seen
to deform as the heart contracts. If the deformation of the tags is
monitored, concepts from continuum mechanics can be applied
to determine strain and displacement fields, which in turn can
be used to identify the strains and wall motion abnormalities
associated with a number of heart diseases.

The MRI scanning process can capture a series of tagged
images undergoing deformation in a cine format. Two out of the
eight frame cine series used in this paper are shown in Figure 1,
which gives an example of a tagged image before the heart con-
tracts, at end-diastole, and after the heart has completely con-
tracted, at end-systole. The annulus in the centre of Figure 1(b)
is the left ventricle (LV), and the crescent-shaped cavity shown
on the left of this is the right ventricle (RV). The pleural cavity,
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Figure 1: Example of a tagged image showing the dark bands
of saturation (a) undeformed, at end-diastole, and (b) deformed,
at end-systole.

comprising the left lung in this image, is indicated above and to
the right of the heart.

These tag lines give an indication of motion and deforma-
tion in a direction orthogonal to the lines. A second set of tag
lines placed perpendicular to the first, can also be acquired, giv-
ing an indication of motion and deformation in two dimensions.
It is also possible to investigate motion and deformation in a
third dimension, but this requires further imaging planes and is
beyond the scope of this document. As is depicted in Figure
2, the tasks involved in analysing tagged images are typically
fourfold:

1. Identify the tag line intersections in each frame of a se-
ries of images, and track the motion of these intersec-
tions from frame to frame.

2. Represent the behaviour of the heart using a model. This
is done in order to quantify the motion of the tagged
points from one image to the next in a realisable man-
ner.

3. Generate triangular elements with corners corresponding
to the tag intersections. These triangles can be treated as
finite elements and the strain and rigid body displace-
ment can be determined by examining their deformation
and displacement respectively.

4. Outline the borders of the heart muscle, or myocardium.
This includes both the internal border, or endocardium,
and the external border, or epicardium of each ventricle.

Recently a technique has been developed for tracking tags
based on the concept of harmonic phase (HARP) [4]. The
HARP method is completely automated and is capable of de-
veloping strain maps at a pixel resolution.



Figure 2: Tagged image of the left ventricle indicating the re-
quired image registration. Image adapted from [5].

It is the last of the above tasks that this paper addresses. De-
lineating the myocardium accurately is important for a number
of reasons. Firstly, clinicians often find it useful to quantify the
amount of myocardial wall thickening. Secondly, because of the
flow of blood within the ventricles and of air within the lungs,
the magnetic resonance (MR) signal of these areas is very noisy.
As a result of this, when developing strain maps, the values of
strain depicted within the blood and lungs will be completely
nonsensical and often elaborately large. A clinician could thus
easily be prone to making a misdiagnosis if it is unclear where
the borders of the myocardium lie.

This paper proposes a novel method of outlining the my-
ocardium based on excluding areas where the MR signal is be-
having in a random fashion, i.e. in fluid-filled areas such as
blood and lungs. This is achieved by tracking material points
(at a pixel resolution) in the images from frame to frame. Points
based within stationary tissue or within the myocardium behave
in a similar manner to neighbouring points. These points can
thus be distinguished from the areas in the blood and lungs by
their relatively high short-range correlations. Outlining the my-
ocardium is currently one of the final hurdles preventing my-
ocardial tagging from becoming a clinically acceptable method-
ology.

2. Harmonic Phase (HARP) Analysis
2.1. Overview

Harmonic phase, or HARP, analysis is a fast and elegant tech-
nique for processing tagged images. It was first proposed by
Osman and Prince [6], and has fuelled a considerable number
of research efforts since.

When looking at a tagged image in the Fourier domain, it it
seen that the original untagged image is modulated onto a num-
ber of spectral peaks, as can be seen in Figure 3(a). These peaks
are located at the tag frequency and integer multiples thereof.
By filtering out all but one of the two spectra corresponding to
the tag frequency, and then performing an inverse Fourier trans-
form, a complex image results. The magnitude of this com-
plex image is merely a crude version of the original untagged
image. It can be shown that the angle of this complex image
is a material property of the tissue, and can thus be related to
myocardial motion and deformation [4, 7]. This has the excit-
ing consequence that the resolution for the analysis of tagged
images is not limited to the tag spacing. In two dimensional
tagged images, where one is able to track motion in two dimen-

sions, material points in the myocardium can be tracked on a
pixel-by-pixel basis.

2.2. Myocardial tagging

Prior to acquiring a standard cine sequence of the heart, selec-
tive excitation can be used to produce a pattern of dark, satu-
rated lines of altered magnetisation. Currently, the most com-
mon form of myocardial tagging is the spatial modulation of
magnetisation (SPAMM) sequence [8]. Here, the tissue is spa-
tially modulated in a sinusoidal manner, where the dark lines
correspond to the troughs of the sinusoids.

A SPAMM sequence is immediately followed by a stan-
dard MRI cine sequence. A grid of tag lines can be obtained
by applying a further orthogonal SPAMM sequence prior to the
cine acquisition. It is important to note that the saturated lines
of magnetisation become less distinct with time, a phenomenon
known as tag fading. The time constant for this relaxation is
800 ms in myocardium, which is typically sufficient for the tag
lines to be visible throughout systole.

2.3. HARP images

The effect of simple SPAMM sequences can easily be described
mathematically [9]. It can be shown from this that, in the
Fourier domain, a SPAMM image is the summation of a base-
band spectral pattern and a number of sinusoidally modulated
patterns at integer multiples of the tag frequency [6].

Let end-diastole be considered to be at timet = 0, and
let every material point in the heart be marked by its position
p = [p1 p2] at this reference time. As the heart deforms, a
material point within the myocardium moves from its reference
pointp to a new spatial positionx = [x1 x2] at timet. This can
be characterised by the reference mapp(x, t). If I0(p(x, t))
is the intensity of this material pointp in the absence of the
tag pulse sequence, then the application of a SPAMM sequence
modifies this intensity according to the relation [10]:

I(p(x, t)) =

K∑
k=1

I0(p(x, t))ck(t)ejωT
k p(x,t) (1)

where the spatial frequenciesωk are the locations of the spectral
peaks, andK, which is a function of the SPAMM sequence,
represents the number of spectral peaks present in the Fourier
domain. The coefficientsck are derived from the parameters of
the SPAMM sequence, account for the fading of tag patterns.

The spatial frequencyωk (in radians per pixel) in the direc-
tion perpendicular to the tag lines, has magnitude

ωk =
2πwc

N
(2)

whereN is the number of pixels spanning the width of the
square image, andwc is the number of pixels between the zero
frequency and the centre of the selected spectral peak.

Equation 1 shows that the underlying image is modulated
by the SPAMM sequence, and that a SPAMM-tagged image is
the sum ofK complex harmonic images, each corresponding to
a distinct spectral peak identified by the frequency vectorωk.
The spectral peaks in the Fourier domain arise because the si-
nusoids in the SPAMM tag pattern amplitude modulate (AM)
the underlying image, acting as carriers that shift the underly-
ing spectrum into various positions.

The displacement fieldis defined as the transition from
the reference configuration to the current configuration, that is
u(x, t) = x − p(x, t). Using this relation in the phase compo-
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Figure 3: Bandpass filtering of the spectral content of the peak
situated at the fundamental tag frequency. (a) The Fourier do-
main representation of Figure 1(a) and corresponding bandpass
filter, (b) the magnitude image, (c) the phase image of the in-
verse Fourier transform of the filtered image, and (d) the phase
image derived from Figure 1(b).

nent of Equation 1, and another analogy from communications
theory, it is seen that Equation 1 represents a phase modulation
(PM) of the underlying carrier by a measure of displacement.
Thus if the phase of the information that is modulated onto the
underlying carrier can be quantified, so can the motion of any
material point within the myocardium.

An estimate of this phase image can be extracted by cap-
turing the spectral peak at the tag frequency using a two dimen-
sional bandpass filter with dimensions large enough to encom-
pass the maximum spreading of the energy around the peak.
Note that only one peak out of the symmetric pair is chosen,
otherwise there will be phase cancellation. The design of this
bandpass filter is a tactful process, and has been investigated
in detail [10, 11]. Performing an inverse Fourier transform on
this filtered image will result in a complex image with a phase
that depicts the tag positions. Figure 3 shows an estimate of
the bandpass filter, as well as both magnitude and phase images
of this complex image. Figure 3(d) is the phase image derived
from Figure 1(b).

2.4. Displacement fields

The phase in Figure 3(c) and 3(d) is wrapped from−π to π due
to thearctan operation. If the images are unwrapped, the mo-
tion of each pixel in the image can be uniquely defined in the
direction perpendicular to the tag lines. If two such unwrapped
images are acquired for orthogonal tagging planes, the two di-
mensional motion of each point in the image can be uniquely
tracked. Unfortunately, these phase images are too noisy to
unwrap directly. However, if the phase images from two suc-
cessive frames are subtracted from each other, and the motion

(a) (b)

Figure 4: Images used to construct a displacement field. (a) Mo-
tion in the left-right direction. Light pixels depict displacement
to the left and dark pixels depict displacement to the right. (b)
Motion in the up-down direction. Light pixels depict upwards
displacement and dark pixels depict downward displacement.

during this frame duration is less than half the tag spacing, then
phase unwrapping can easily be performed.

Assume that two phase imagesφk1(x, t) and φk2(x, t)
have been obtained with linearly independent spatial frequency
vectors ωk1 and ωk2 respectively. The subtraction of two
successive frames of phase images gives the wrapped image
4φk(x, tn′) = φk(x, tn+1) − φk(x, tn), with the unwrapped
version bring represented as4φ∗k(x, tn′). Heren is a discrete
frame number and the prime indicates the time segment span-
ning the framesn to n + 1. Thus for a series withF frames,
n runs from 1 toF and n′ runs from 1 to(F − 1). In the
context of this frame subtraction, the displacement field can
be more generally defined for each frame pair asu(x, tn′) =
p(x, tn+1)− p(x, tn).

In order to relate4φ∗(x, tn′) (in grey levels) tou(x, tn′)
(in pixels), two scaling factors are required. Firstly,κ is intro-
duced as the wrapping angle divided by the number of image
grey levels. This typically corresponds to2π/255. The sec-
ond constant, which converts radians into pixels, is simply the
inverse of the spatial frequency magnitudeωk, given by Equa-
tion 2. Thus the two dimensional displacementu2 = [u1 u2]
can be calculated according to

u2(x, tn′) = κ

[
4φ∗k1(x, tn′)/ωk1

4φ∗k2(x, tn′)/ωk2

]T

(3)

Equation 3 only holds if the motion between frames is less than
half the tag spacing, i.e.|ωkiu| < π for i = 1, 2 [10].

Figure 4(a) gives an example of4φ∗k1(x, tn′) for motion in
a horizontal direction. Light pixels indicate motion towards the
left and dark pixels indicate motion towards the right. Similarly,
Figure 4(b) depicts the corresponding4φ∗k2(x, tn′) for motion
in a vertical direction. Light pixels indicate upwards motion
and dark pixels indicate downwards motion. Note the clear ra-
dial contraction of the annulus-shaped left ventricle. The dis-
placement field vector plot can easily be derived from these two
images.

2.5. Determining strain

Strain can be described as the normalised change of fiber length
in a particular direction. Section 2.3 demonstrated that the tag
pattern phase is a material tissue property which remains con-
stant despite tag fading. As can be seen by comparing Fig-
ure 3(c) to Figure 3(d), it is the gradient of the phase that



changes during deformation, doing so in a manner that is in-
versely proportional to the deformation.

Strain can be directly calculated for each frame using the
deformation gradient matrix, which is given byF (x, tn) =
∇xp(x, tn) where∇x is the gradient with respect tox.

Assume again that two phase images have been obtained
with linearly independent spatial frequencies. Ife ∈ R2 is a
unit vector in the image plane, then the apparent strain in the
direction ofe is given by [7]:

ε2(x, tn; e) = ‖[∇xφ(x, tn)]−1We‖ − 1 (4)

whereW = diag(ωk1, ωk2) and the Euclidian norm serves to
give a scalar value atp(x, tn) in the direction ofe. The vectors
e can for example be positioned in a circumferential direction
relative to a manually selected point in the centre of the left
ventricle.

3. Myocardial Contour Detection
3.1. Overview

The displacement fields and strain maps contain a vast amount
of information about the behaviour and condition of the heart in
question. Interpretation of these images is however made diffi-
cult by the inability to discern the myocardium from the lungs,
ventricular blood pools, and other surrounding tissues. The of-
ten large random values of strain depicted in the lungs and blood
pools could in fact lead to a dangerous misinterpretation of the
heart’s condition.

A very efficient method of outlining the myocardium was
devised by Osmanet al. [4]. It simply involves performing a
thresholding procedure on the magnitude image of the complex
Fourier-filtered image, such as that shown in Figure 3(b). The
resulting masks are crude and become progressively less accu-
rate with time.

Active contour models have also been used to extract en-
docardial contours from normal cine cardiac MRI images [12].
Processing times for this method are acceptable, and only a few
minutes are required to outline the left ventricular blood pool for
an 80 frame series. The author has found no records of active
contour models being applied to tagged images. This applica-
tion seems obvious because the active contour models can be
tuned to remain relatively unaffected by the discontinuities of
the tags.

Immediately after tags are applied, and before the blood in
the ventricles has had time to flow out of the imaging plane, the
tags show up clearly in the blood pools. This has the implica-
tion that the endocardium in the first few frames of a sequence is
greatly obscured by the tag lines in the blood, as is clear in Fig-
ure 1(a). Image processing methods based on image intensity
are completely powerless for these frames. Even marking the
myocardium manually, which is currently the method of choice
for an accurate outline, is impossible here.

3.2. Short-range correlations of cumulative displacement
fields

3.2.1. Cumulative displacement fields

A cumulative displacement field refers to the tracking of ma-
terial points through an entire sequence by adjoining displace-
ment field vectors end-to-end. For the purposes of this descrip-
tion, a forward mapx = x(p, t) is used instead of the reference
mapp = p(x, t) used previously. Let̂i1 and î2 be unit basis
vectors forp1 andp2 respectively. A forward map gives the

Figure 5: Cumulative displacement field for an eight frame se-
quence. Vector density reduced tenfold for display purposes.

present position of the particle that occupied the pointp at time
t = 0 relative to the referential coordinatesî1 and î2. A more
detailed description of these maps can be found in any contin-
uum mechanics text.

If all of the reference pixelsp = [p1 p2] lie on a uniform
grid at timet1 = 0, then they can be considered to lie on the de-
formed grid[x1(p, tn) x2(p, tn)] at timetn. The displacement
field is described in material coordinates byu(p, t) = x(p, t)−
p. Between two successive frames, this can be adapted to
u(p, tn′) = x(p, tn+1)− x(p, tn). Thus the displacement field
vectors for each frame differencetn′ originate at the deformed
grid position defined byx(p, tn). The cumulative displacement
field is shown by plotting[u(p, t1′), . . . , u(p, t(F−1)′)] on the
same axes. HereF is the number of frames in the cine series.
Figure 5 shows the cumulative displacement field for the eight
frame sequence used in this study. The contraction of the left
ventricle is depicted very clearly. Note that the vector density
has been reduced tenfold for display purposes.

3.2.2. Myocardium mask based on short-range correlations

A striking feature in Figure 5 is the chaotic behaviour of the
cumulative displacement vectors in the pleural cavity and blood
pools. In the pleural cavity, this is because no tags can be placed
in spaces containing air and hence any readings of harmonic
phase can simply be classified as noise. The tags initially placed
in the blood pools are washed away as blood is ejected from
the ventricles, resulting in similar nonsensical harmonic phase
readings for these areas.

It is proposed here that the chaotic behaviour of the lungs
and blood pools versus the more ordered behaviour of the my-
ocardium be used as a means of differentiating between these
areas. One way of achieving this is to identify short range cor-
relations between the vector components making up the cumu-
lative displacement fields.

This can be done here by calculating spatial derivatives
on the vector components for all the frames of a series. Vec-
tors behaving in a manner similar to their neighbours will have



Figure 6: Image of the myocardium for the first frame based on
performing spatial derivatives on the vector components for all
the frames of a series.

low spatial derivatives, whereas random behaviour will result in
higher values.

The cumulative displacement field can be thought of as
two sets of three dimensional matrices containing the spatio-
temporal coordinatesx(p1, tn) andx(p2, tn) respectively, for
all imagesn = 1, . . . , F . One matrix thus contains coordinates
for the î1 direction, and the other contains coordinates for the
î2 direction. Note that the two sets of two dimensional matrix
entries corresponding tot1 simply describe the initial grid point
coordinates. The corresponding entries for the latter frames de-
scribe the coordinates of these (deformed) grid points at these
frames. The pair of three dimensional matrices thus portrays
the motion of the material area described by each image pixel
throughout the entire cine series. Using this representation, any
data analysis performed on a set of coordinates through all time
frames of a series can be mapped to the original position on the
first frame.

The myocardium mask for the first frame of a sequence can
be obtained by calculating

M(x(pk, t1)) ≈
F−1∑
n′=1

[(
∂u(pk, tn′)

∂ î1

)2

+

(
∂u(pk, tn′)

∂ î2

)2
]

(5)
for k = 1, 2, and summing M(x(p1, t1)) and

M(x(p2, t1)). In summary, the spatial derivatives with respect
to bothu(p1, tn′) andu(p2, tn′) are taken in botĥi1 and î2 di-
rections. The results are squared and summed for all(F − 1)
frame differences.

Figure 6 is the image that results when applying this method
to the full-resolution version of the cumulative displacement
field data set presented in Figure 5. A simple smoothing and
thresholding procedure can be applied to this image to give
a mask of the myocardium that can be used as a canvas for
the strain map of the first frame. The distinction between my-
ocardium and blood/lung is typically large enough to make the
threshold level relatively unimportant.

3.2.3. Tracking and error analysis

Tracking the myocardium mask fromt1 through totF is eas-
ily done given the two sets of three dimensional matrices
of x(p, tn). Because the displacement fields are calculated
to a sub-pixel resolution, rounding artifacts appear as stretch

(a) (b)

(c) (d)

Figure 7: Myocardium mask overlaid onto a summation of ver-
tical and horizontal tagged images. (a) Frame 1, (b) frame 3, (c)
frame 5, and (d) frame 7. The arrows indicate an ‘additional’
tag line that has arisen because of motion perpendicular to the
image plane.

lines on the subsequent masks. These can easily be removed
by scanning the image for small blocks of non-myocardium
sandwiched between myocardium, and labelling these as my-
ocardium. Figure 7 shows the myocardium outlines superim-
posed onto a summation of vertical and horizontal tagged im-
ages for four out of the eight frames of the sequence. Note
that the myocardium outline is completely invisible to the hu-
man eye for the first frame, when the tag lines appear in the
blood pools. The accuracy of tracking points using a cumu-
lative displacement field is calculated by comparing the phase
coordinates att1 (= 0) with those attF . The slope of the har-
monic phase image attF in the directionŝi1 and î2 is used to
give an estimate of the tracking error in pixels. This tracking
error is depicted in Figure 8. It is interesting to note that the
tracking error of the areas exhibiting chaotic behaviour is far
higher than that of the myocardium, adding further evidence to
the random nature of the harmonic phase in the lungs and blood
pools. For the data set presented in this paper, the mean track-
ing error and standard deviation are 4.52 and 5.00 pixels respec-
tively for the entire image, and 1.42 and 2.26 pixels respectively
for the myocardium (as defined by the spatial derivative mask).
The processing time required to calculate the full 464 by 464
pixel cumulative displacement field for eight frames was 109
seconds on a 1.6 GHz Pentium 4, with a further minute being
required to calculate the eight myocardium masks. A more ac-
curate method for tracking harmonic phase coordinates from
frame to frame has also been developed [4]. This method in-
volves using a Newton-Raphson iterative procedure to locate
the closest set of identical harmonic phase coordinates in the
subsequent frame. The accuracy obtained is about 0.1 to 0.2
pixels, but the processing time would amount to over an hour
for this data set [4].



Figure 8: Tracking error in pixels, represented on the first frame
of a eight frame sequence.

4. Discussion
Quantifying the precision of this method of outlining the my-
ocardium is made difficult by the inability of the human eye
or other processing methods to accurately undertake the task.
One method of quantifying the precision would be to acquire
a normal MRI cine series with the same spatial and timing pa-
rameters as a cine sequence with tags.

A shortcoming of the two dimensional HARP technique
presented here is that it applies only for apparent motion, i.e.
motion in the plane of the image. Motion perpendicular to the
plane of the image can not be detected, and only the component
in the plane of the image is portrayed on the displacement field.
For a mid-ventricular view of the left ventricle, this is not very
problematic, since the motion perpendicular to the plane of the
image is fairly uniform throughout the left ventricle [10].

The motion of the right ventricle is not this simple, and a
three dimensional analysis would be required for an accurate
study. The arrows in Figure 7(c) and 7(d) indicate a tag line that
has moved into the image due to out-of-plane motion. This has
resulted in a large portion of the right ventricle that has not been
identified. The three dimensional application of both HARP and
this new contour detection will be the focus for future work in
this area.

5. Conclusion
Despite the fact that the concept of myocardial tagging was de-
veloped almost fifteen years ago, it has still not found its way
into a routine clinical environment. Over a decade of extensive
research has honed the tagged image processing techniques, and
a complete strain analysis is now a relatively fast and accurate
procedure. Delineating the myocardium using methods based
on pixel intensities is not a trivial task, and no acceptable meth-
ods have evolved. The development of a suitable method would
be an important step towards the routine clinical use of myocar-
dial tagging for the analysis of cardiac strain.

The method introduced in this paper uses short range corre-
lations on cumulative displacement fields to discern between the
myocardium and its adjacent cavities. The processing times for
the technique are reasonable. Outlining the myocardium in the
first few frames is impossible using techniques based on image
intensity because of the presence of tag lines in the ventricu-
lar blood pools. The accuracy of the method still needs to be
verified on normal cine images.

Cardiac strain maps have the important potential applica-

tion of assisting in the diagnosis of ischaemic heart disease,
which is a leading cause of mortality in the Western world. Is-
chaemic areas of myocardium would not contract properly, and
would in turn be stretched by the surrounding healthy muscle,
leading to distinct strain patterns.

By nature of its thin walls and unruly kinematics, the be-
haviour of the right ventricle is notoriously difficult to analyse.
This difficulty is not restricted to MRI, but is a generalisation
for other imaging modalities as well. If this new contour detec-
tion method can be extended to three dimensions, it will provide
exciting prospects for the analysis of right ventricular wall mo-
tion.
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