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The harmonic phase (HARP) method provides automatic and
rapid analysis of tagged magnetic resonance (MR) images for
quantification and visualization of myocardial strain. In this
article, the development and implementation of a pulse se-
quence that acquires HARP images in real time are described.
In this pulse sequence, a CINE sequence of images with 1-1
spatial modulation of magnetization (SPAMM) tags are acquired
during each cardiac cycle, alternating between vertical and
horizontal tags in successive heartbeats. An incrementing train
of imaging RF flip angles is used to compensate for the decay
of the harmonic peaks due to both T1 relaxation and the applied
imaging pulses. The magnitude images displaying coarse anat-
omy are automatically reconstructed and displayed in real time
after each heartbeat. HARP strain images are generated offline
at a rate of four images per second; real-time processing
should be possible with faster algorithms or computers. A com-
parison of myocardial contractility in non-breath-hold and
breath-hold experiments in normal humans is presented.
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The ability to rapidly detect the onset of an ischemic event
is critical to patient safety during cardiac stress exams.
Currently, 2D and 3D cardiac function can be quantified
using several magnetic resonance (MR) techniques—e.g.,
phase contrast (PC) velocity imaging (1–4), stimulated
echo (SE) (5,6), and tagging (7–15). However, delayed and
unreliable detection of ischemia has limited the use of MRI
in cardiac stress exams.

In PC velocity imaging, strain-rate tensors are obtained
by computing spatial derivatives of the phase (2,4). Strains
are computed by integrating the velocity data and deter-
mining the trajectories of the displacement (1,3).

In SE techniques (5,6), the phase is proportional to the
displacement, and strain measures are obtained by com-

puting spatial phase gradients. Both PC and SE techniques
provide functional information at high spatial resolutions,
but generally require lengthy data acquisition protocols.

MR tagging spatially modulates the longitudinal magne-
tization at end-diastole, creating tag patterns that when
imaged reveal the underlying motion of the heart (7).

Clinical adoption of tagged MRI has been delayed
because of its lengthy image acquisition times and te-
dious image analysis requirements. For example, cur-
rently it may take eight to 20 heartbeats over a breath-
hold to acquire a CINE sequence of tagged images, and
5–10 min to process these images with manual assis-
tance (10,11,15,16).

The harmonic phase (HARP) method is a relatively new
technique that provides automatic postprocessing meth-
ods for strain analysis (12�14). In the Fourier domain,
spatial modulation of magnetization (SPAMM) tagged MR
data (8,9) has several spectral peaks. HARP uses the fact
that the phase of the image corresponding to an off-origin
spectral peak is directly related to the tissue motion. Spa-
tial derivatives of HARP are computed at each pixel to
obtain strain measures. The required computations are fast
and automated, and provide displacement or strain maps
from the acquired tagged data in seconds (12–14). It is
current practice to acquire conventional high-resolution
tagged images (usually higher-order SPAMM), and to use a
bandpass filter to extract the desired spectral peak for
HARP postprocessing.

In this work we present a pulse sequence called HARP-
MRI, which exploits the fact that only two spectral peaks
are sufficient for the computation of 2D-motion informa-
tion. The HARP-MRI pulse sequence acquires multiframe
HARP images in a single heartbeat for a given tag orienta-
tion. Data acquired in only two heartbeats are used to
compute in-plane quantities describing myocardial defor-
mation for a single slice, thereby reducing the required
breath-hold interval. To demonstrate and compare the per-
formance of HARP-MRI, we scanned six normal human
volunteers, acquiring non-breath-hold HARP-MRI data,
breath-hold HARP-MRI data, and breath-hold conven-
tional tagged MRI data.

BACKGROUND

Figure 1a shows the Fourier transform of a 1-1 SPAMM
tagged MR image. This image has three spectral peaks: a
DC peak centered at the origin of the Fourier space, and
two harmonic peaks centered at the tag pattern frequencies
(both positive and negative). The harmonic peaks result
from the modulation of the longitudinal magnetization
with the sinusoidal tag pattern.
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A harmonic image can be constructed by bandpass fil-
tering one of the off-centered harmonic peaks while pad-
ding the surrounding space with zeros (as illustrated in
Fig. 1b), and then taking the inverse Fourier transform.
The resulting image can be expressed as (12�14):

I �p, t� � D�p, t�ej��p, t�, [1]

where the vector p � (x,y) is the spatial position of a pixel
in the image plane, and t is the time that has elapsed after
tag application. The magnitude image D(p,t) is propor-
tional to the magnitude of the transverse magnetization at
point p and time t (see Fig. 1c), and the phase image �(p,t)
is related to the displacement in the motion-encoded di-
rection (which is perpendicular to the direction of the tag
planes) at position p and time t. We can compute a HARP
image a(p,t) � �I(p,t) from the observed harmonic image,
yielding a phase-wrapped version of the underlying true
phase with values ranging from –� to �� (see Fig. 1d).
Tissue displacement in the direction perpendicular to the
tag orientation is reflected as a local change in the phase of
the harmonic image, and the phase contours in these har-
monic images deform similarly to tag lines (13). It has
previously been shown that harmonic images can be used
to obtain measures of displacement and strain (12–14)
(Appendix A) and to generate synthetically tagged images
(17) (Appendix B).

METHODS

HARP-MRI Pulse Sequence

All experiments were conducted on a 1.5T Signa CV/i
whole-body MR system (GE Medical Systems, Waukesha,
WI) equipped with 40 mT/m imaging gradients with slew
rates up to 150 mT/m-ms. A gated, multiphase, inter-
leaved, gradient-echo EPI pulse program was modified to

provide a real-time HARP imaging pulse sequence, termed
HARP-MRI.

A complete HARP-MRI acquisition requires two heart-
beats (18). The sequence timing diagram in Fig. 2 shows
the HARP-MRI pulse sequence over one heartbeat. During
the first heartbeat, vertical 1-1 SPAMM tags are generated
at end-diastole triggered by the R wave of the ECG by
applying two 90° RF pulses (A and C), separated by a
tagging gradient (B) in the x direction. Crusher gradient
pulses are then applied to spoil residual magnetization in
the transverse plane. A tag separation of 8 mm is typically
used.

Once the tags are created, acquisition of a small region in
k-space around the selected spectral peak begins. Radio-
frequency (RF) imaging pulses (D) with an incrementing
train of flip angles �i that bear a specific relation with each
other (19,20) are applied to equalize the signal strength
(magnitude) in each cardiac phase by compensating for the
tag fading caused by longitudinal relaxation and imaging
pulses. To maximize the signal strength per cardiac phase,
a program is run before the scan to determine the optimal
final flip angle (typically 14–18°). A plot of the HARP
image contrast, defined as the ratio of the magnitude of the
harmonic image D(p,t) to the steady-state magnetization, is
generated (see Fig. 3). The curves are generated for com-
binations of final flip angles in the range of 1–50° and
percentage of the cardiac cycle not imaged in the range of
1–50%. The final flip angle is selected as the peak of the
curve corresponding to the percentage of the cardiac cycle
not imaged (as determined by the subject heart rate and
desired fraction of the heartbeat to image). The choice of
the myocardial tissue T1 value used in the computation of
the HARP image contrast is important. It can be shown that
overestimation (resp. underestimation) of the actual T1

value can result in dimming (resp. brightening) in the
magnitude in each subsequent TR acquisition. We used
T1 � 850 ms in our computations because this yielded
images with visually uniform signal strength. For example,
in one volunteer, we found a decrease in the signal-to-
noise ratio (SNR) of the harmonic magnitude images from
30 dB to 19 dB while imaging 60% of the cardiac cycle,
and using a constant imaging flip angle of 20°. Using the
incrementing train of imaging flip angles, with a T1 of
850 ms and an optimized final flip angle of 14°, the SNR
varied between 25 dB and 27 dB over all the cardiac
phases imaged.

FIG. 2. A timing diagram of the HARP-MRI pulse sequence.

FIG. 1. (a) The Fourier transform of a 1-1 SPAMM image and (b) an
isolated harmonic peak. (c) Harmonic magnitude and (d) HARP
images obtained by reconstructing b. Both c and d are masked for
improved visualization.

Real-Time Imaging of Cardiac Strain With HARP 155



To shift the center of the acquisition window to the
center of the harmonic peak, the read dephaser gradient (E)
and the phase-encoding table (F) areas are modified (Fig.
2). A gradient-echo EPI sequence (G) with four interleaved
shots is then used to acquire a 32 	 32 matrix in k-space
centered on the spectral peak. A bottom-up scheme is used
to traverse the k-space during each shot with an echo-train
of length 8. A receiver bandwidth of 62.5 kHz was found to
be an optimal compromise between acquisition time and
SNR for 32 readout samples for the given slew rate. These
parameters result in a TR of 9.7 ms. The effective TE used
was 2 ms.

Depending on the heart rate, seven to 20 images can be
acquired in one heartbeat, with a 40-ms total acquisition
time for each image. The second heartbeat is used to ac-
quire HARP images with an orthogonal tag orientation. To
accomplish this, the frequency (Gx) and phase (Gy) direc-
tions are swapped in the second heartbeat.

We refer to the two-heartbeat HARP-MRI acquisition as
the “single-shot” mode. HARP-MRI can also be run in a
“continuous” mode, in which HARP images are continu-
ously acquired with tags alternating between vertical and
horizontal orientations in successive heartbeats. In this
mode, HARP strain (or displacement) images can be ob-
tained every heartbeat by processing the images acquired
during the preceding two heartbeats.

Multicoil Data Combination

A receive-only, cardiac, four-channel, phased-array re-
ceiver coil (GE Medical Systems, Waukesha, WI) was used
to acquire the HARP data. Each coil i has a spatially
localized complex sensitivity profile that alters the under-
lying magnitude and phase of the image. Hence, the har-
monic image obtained from coil i can be expressed as

Ii�p,t� � D�p,t�ej��p,t� Mi�p�ej
i�p�. [2]

Artifact-free phase reconstruction relies on the accurate
measurement of the individual complex sensitivity pro-

files for each of the four coils, which is a time-consuming
process. In lieu of this, the combined magnitude image
was obtained using the standard sum-of-squares method,
which can be expressed as follows:

Dcomb�p,t� � ��i�1
4 �Ii�p,t��2. [3]

To obtain a combined phase image, a reference scan was
acquired just prior to every main scan. The reference scan
was identical to the main HARP acquisition sequence,
except that the acquisition window was centered on the
DC peak rather than the harmonic peak. The reference scan
required two heartbeats (one for each tagged direction),
during which multiframe images were acquired. The DC
images obtained by reconstructing these datasets for each
coil i can be characterized as follows:

FIG. 4. Harmonic magnitude images and HARP images obtained
using the HARP-MRI sequence with a two-heartbeat breath-hold at
(a and b) end-diastole and (c and d) end-systole.

FIG. 3. Plot of the HARP image contrast vs. the
percentage of the cardiac cycle not imaged, and
the final imaging flip angle in degrees. Heart rate �
60 bpm, TR � 9.7 ms, and T1 � 850 ms.

156 Sampath et al.



Ii
dc�p,t� � Ddc�p,t�Mi�p�ej
i�p�. [4]

Here, there is no motion-related phase term, so it becomes
clear that the DC images acquired at any given cardiac
frame and a given tagged direction can be used as a phase
reference for the harmonic image acquired during the same
cardiac frame and tag direction.

The phases were then combined using an extension of
the corrected phase difference method (21), which is math-
ematically described as

�comb�p,t� � arg��
i�1

4

Ii�p,t�*Ii
dc�p,t�
. [5]

Using the combined magnitude and phase terms from Eqs.
[3] and [5], respectively, the final image obtained after
combining the individual coil images can be expressed as

Icomb�p,t� � Dcomb�p,t�ej�comb�p,t�. [6]

Normal Volunteer Experiments

The imaging experiments in human subjects were ap-
proved by the Institutional Review Board of Johns Hopkins
University, and informed consent was obtained from all
subjects. The data presented here were obtained from six
normal human volunteers (mean age 30 � 8 years) with no
prior history of cardiac disease or chest pain. For each
volunteer, an oblique, short-axis, 10-mm-thick mid-ven-
tricular slice of the left ventricle was prescribed with a
field of view (FOV) in the range of 28–32 cm.

For all six volunteers, two kinds of HARP-MRI datasets
(non-breath-hold and breath-hold) were acquired. A refer-
ence scan was run to acquire the DC peaks, which were
used as the phase reference images during subsequent
phase-sensitive reconstruction. This was followed by a

FIG. 5. Eulerian circumferential
strain maps displayed on syn-
thetic tagged image sequences.
(a) A two-heartbeat breath-hold
HARP-MRI scan. (b) A non-
breath-hold HARP-MRI scan. (c)
High-resolution, “standard” tagged
data acquisition requiring two
breath-holds of 12 heartbeats
each.
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breath-hold scan lasting two heartbeats. The experiment
was then repeated with the volunteer breathing freely dur-
ing the scan. The free-breathing scan lasted about
10 heartbeats, but only data from the last two consecutive
heartbeats were analyzed. The magnitude images display-
ing coarse anatomy were automatically reconstructed and
displayed in real time after each heartbeat on a nearby
workstation (22–24).

Currently, HARP strain images are computed offline.
The raw data obtained from each coil were reconstructed
to size 256 	 256 by zero-filling, and the magnitudes and
phases were combined using Eqs. [3] and [5], respectively,
to produce a combined image using Eq. [6].

In three of the volunteer studies, conventional 1-1
SPAMM tagged, gated, segmented k-space, interleaved gra-
dient-echo EPI images were also obtained. This sequence
was used to acquire 15–20 cardiac phases of the same slice
using 1-1 SPAMM tagging. All three spectral peaks were
acquired. These images were acquired over two breath-
holds, one for each tag direction, each lasting
12 heartbeats. The size of the image matrix was 256 	 192,
with a FOV in the range of 28–32 cm. During each heart-
beat, two interleaved shots were acquired, with each shot
comprising of an echo train of length 8. A receiver band-
width of �125 kHz was used, resulting in a TR of 17.32 ms.
To use this data in HARP processing, two spectral peaks
(one horizontal and one vertical) were isolated using band-
pass filtering.

The three sets of acquired images were then processed
independently using the HARP software to generate two
different measures of strain: Eulerian and Lagrangian. Eu-
lerian circumferential strain maps, wherein the rate of
deformation at fixed points in space is computed regard-

FIG. 6. a: Circular grid superimposed on the left ventricular wall
depicting the approximate endocardium, midwall, and epicardium.
The left ventricular region is divided into octants. b: Lagrangian
circumferential strain evolution plots of points in the mid-wall for
each octant for a breath-hold HARP-MRI sequence (dotted line),
non-breath-hold HARP-MRI sequence (solid line), and standard 1-1
SPAMM sequence (dot-dashed line). The y-axis denotes the La-
grangian circumferential strain in percentage values, while the x-
axis denotes time in milliseconds. c: Maximal Lagrangian circum-
ferential shortening in the mid-wall (for the same volunteer as in b)
computed by a breath-hold HARP-MRI sequence (Y1), non-breath-
hold HARP-MRI sequence (Y2), and 1-1 SPAMM sequence (Y3).
Solid lines with crosses at the ends show the range of the measured
maximal shortening for all three methods in three volunteers. Dotted
lines with dots at the ends show the range of the measured maximal
shortening for the two HARP-MRI studies in six volunteers.

FIG. 5. Continued.
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less of the origin of the tissue, were obtained by computing
appropriate spatial derivatives of the HARP images (see
Ref. 13 and Appendix A). For better visualization, images
containing synthetic tags with Fourier series coefficients
(3.0, 2.0, 1.0, and 0.0625) for the two tag directions were
then computed (see Ref. 17 and Appendix B) and overlaid
on the Eulerian strain maps. After definition of an approx-
imately circular grid within the myocardium, plots of the
time evolution of circumferential Lagrangian strain were
computed in octants of the left ventricle (see Ref. 12 and
Appendix A). Lagrangian strains were measured by com-
puting the change in length between two points at the
current frame over the original length at the reference time
frame; i.e., the strain estimate follows a specific piece of
tissue in time. Comparisons between the Lagrangian cir-
cumferential strains for the three methods were quantified
using linear regression analysis and Bland-Altman plots.

RESULTS

Figure 4 shows the harmonic magnitude and HARP images
(with a mask applied) of one volunteer and one tag direc-
tion. The data were obtained in a two-heartbeat breath-

hold. Figure 4a and b are end-diastolic images (observe the
relatively straight lines in the phase image), while Fig. 4c
and d are end-systolic images (note the bending in the
phase wrap lines in Fig. 4d).

Figure 5a–c shows Eulerian strain maps overlaid by
synthetic tags, computed from the HARP images of one
volunteer for the three different scans. The time series
begins in early systole (34.6 ms) and ends in diastole
(622.8 ms). All three sequences reveal a progressive in-
crease in the circumferential shortening during systole
that can be visualized by the bending of the tag lines and
the increased dark blue coloration in the strain maps. The
diastolic images show a gradual decrease in the circumfer-
ential shortening.

Next, the approximate subepicardial and subendocar-
dial contours were defined on an end-systolic frame, from
which the mid-ventricular contour was computed, and the
myocardium was divided into octants (Fig. 6a). In each
octant, 10 pairs of points located on the midwall, with a
spacing of one-half of an octant between two points in a
pair, were tracked using HARP tracking (12), and their
Lagrangian circumferential strains were computed and av-
eraged to reduce noise (see Appendix A).

Figure 6b shows the temporal evolution of the mid-wall
Lagrangian strain in each of eight octants computed for the
three acquisitions for one volunteer. These results are rep-
resentative. The dotted line indicates a two-heartbeat
breath-hold HARP-MRI sequence (Y1), the solid line rep-
resents a non-breath-hold HARP-MRI sequence (Y2), and
the dot-dash line indicates a conventional double-breath-
hold (12 heartbeats each) 1-1 SPAMM MR tagging se-
quence (Y3). Positive values indicate circumferential
stretching, while negative values indicate circumferential
shortening. From these plots, it is observed that all octants
exhibit normal shortening. For octants 1–4, the trends of
the three curves appear to be very similar. Octants 5–8
appear to be noisier, and there is a greater discrepancy
between the three curves, especially at higher strain val-
ues. This could be because these octants are farther away
from the phased-array coils and therefore have higher
noise levels in the images themselves. Other factors, such
as differences in breath-hold strategies, pulse sequences,
and slice prescription, may also account for these discrep-
ancies.

Figure 6c shows bar plots of the maximal shortening for
eight octants in the same volunteer measured using all
three methods. Dotted lines with dots on their ends show
the range of maximal shortening measured for all six vol-
unteers during the two HARP-MRI scans, while the solid
lines with crosses on their ends show the range of maximal
shortening measured using all three methods for three of
the volunteers. From this plot, we see that in octants 1–5
there is a significant overlap in the ranges: the lower-limit
difference is not more than 3%, and the upper-limit dif-
ference is not more than 4–5%. In octants 6–8, these
differences are larger: the lower-limit difference is nearly
8%, and the upper-limit difference ranges between 3–7%.
It is also observed from this plot that in these volunteers,
the maximal shortening in the anterio-septal regions is
lower than in the posterio-lateral regions.

Figure 7 quantitatively compares the Lagrangian circum-
ferential strain (LCS) using linear regression analysis be-

FIG. 6. Continued.
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tween pairs of the three different scans. The correlation
coefficients and the slopes in the linear regression plots for
data obtained in all time frames were: 1) 0.86 and 0.92,
respectively, between Y1 and Y2 (Fig. 7a) in all six volun-
teers; 2) 0.832 and 0.80, respectively, between Y1 and Y3
(Fig. 7b) in three volunteers; and 3) 0.81 and 0.76, respec-
tively, between Y2 and Y3 (Fig. 7c) in three volunteers.
While these values are reasonable, we observed higher
correlation and slope values that were closer to unity
between the two HARP-MRI methods than between each
of the HARP-MRI methods and the conventional tagging
method. Figure 8 shows Bland-Altman plots comparing

the LCS between pairs of the three scans. The mean dif-
ferences were –0.005 � 0.037 (mean � standard deviation
(SD)) between Y1 and Y2 (Fig. 8a); 0.0142 � 0.038 between
Y1 and Y3 (Fig. 8b); and 0.013 � 0.04 between Y2 and Y3
(Fig. 8c). These plots illustrate an increase in the mean
value and SD in the Bland-Altman plots shown in Fig. 8b
and c, in agreement with the results shown in Fig. 7.

To demonstrate the reliability of motion tracking in
HARP-MRI images, several points in the myocardium were
manually selected in the first time frame of one volunteer
and then tracked in time. Figure 9 shows the tracked paths
for each of these points using the three methods. The
yellow dotted markers represent the selected points, and

FIG. 8. Bland-Altman plots for the comparison of Lagrangian cir-
cumferential strains between (a) Y1 and Y2, (b) Y1 and Y3, and (c)
Y2 and Y3. Y1 � breath-hold HARP-MRI, Y2 � non-breath-hold
HARP-MRI, and Y3 � conventional 1-1 SPAMM tagging.

FIG. 7. Correlation between Lagrangian myocardial circumferential
strains between (a) Y1 and Y2, (b) Y1 and Y3, and (c) Y2 and Y3.
Y1 � breath-hold HARP-MRI, Y2 � non-breath-hold HARP-MRI,
and Y3 � conventional 1-1 SPAMM tagging.
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the green colored lines depict the motion trajectories.
From Fig. 9, it is observed that the trends in the tracked
paths for all the three methods are similar.

DISCUSSION

The semi-automatic user-interface driven tag detection
and strain visualization program—FINDTAGS—has been
the gold-standard used in postprocessing tagged images
(25,26). A validation of the strain measurements obtained
from a conventional tagging sequence using HARP post-
processing against FINDTAGS has already been presented
(27). Accordingly, in this study we compared results ob-
tained from the HARP-MRI sequence against those from a
conventional tagging sequence. Both sequences were post-
processed using HARP.

Figure 5 revealed that strain maps generated from
HARP-MRI and from conventional tagging are qualita-
tively similar in appearance. The use of an optimized
incrementing train of imaging flip angles preserves the
SNR in the HARP-MRI images (20) over all cardiac frames,
preventing its characteristic deterioration (results not
shown, due to space considerations). In Fig. 5c, we notice
an apparent brightening of the images due to the increased
noise and interference from the DC peak at the later time
frames. The conventional tagging pulse sequence could
potentially be used with incrementing flip angles, but this
feature is not presently available in our standard pulse
sequence. We made the deliberate choice to demonstrate
motion over only 60% of the cardiac cycle, in return for
some additional signal per cardiac time frame, by allowing
more longitudinal magnetization recovery at the end of
each R-R interval.

The isolated yellow, orange, and red spots in Fig.
5 (especially at the two points where the right ventricle
inserts into the left ventricle) could be falsely interpreted
as diseased regions. Some of these artifacts become more
apparent during later time frames, and we believe that they
are due to the interference of the increasing DC peak with
the harmonic peak. Applying a complementary SPAMM
(CSPAMM) scheme (i.e., phase cycling of the second
SPAMM tagging RF pulse) in combination with the HARP-
MRI sequence should remove these artifacts (16). How-

ever, with CSPAMM, HARP-MRI would then take four
heartbeats, instead of two, to acquire the images that are
necessary to compute strain.

The strain evolution plots in Fig. 6b show that the
HARP-MRI pulse sequence delivers trends and measure-
ments of circumferential shortening, comparable to a con-
ventional pulse sequence. Figures 8 and 9, however, reveal
that there is greater similarity between the two HARP-MRI
scans than between the HARP-MRI scans and the conven-
tional tagging scans. Possible reasons for this difference
include: 1) the sample size in the comparisons of the Y1
(or Y2) with Y3 was one-half that of the sample size in the
comparisons between Y1 and Y2; 2) nonreproducibility in
cardiac motion over several heartbeats; and 3) errors due to
multicoil combinations using the FastHARP sequence. We
note that the nonreproducibility of cardiac motion is most
likely to negatively affect the conventional tagging se-
quence, because it requires 24 heartbeats to yield the re-
quired data. On the other hand, coil-combination prob-
lems will affect HARP-MRI exclusively, since conven-
tional tagging typically acquires magnitude images.
Despite these discrepancies, we believe that the results are
encouraging and reasonable for the intended use of this
sequence—to provide good qualitative strain measures in a
cardiac stress-test protocol.

Real-time imaging using HARP-MRI images only one
slice at a time. On each slice, 2D strain indices can be
computed, and the relationship between these quantities
and true 3D strain can be described mathematically (14).
Although HARP-MRI can be programmed to cycle through
a sequence of prescribed slices, there is no provision at
present to acquire data sufficient for true 3D strain com-
putations. However, a technique based on out-of-plane
tagging and HARP (28) can be used in conjunction with
HARP-MRI to obtain 3D strain information.

Ideally, slice motion in the out-of-plane direction is
negligible, and the same slice is imaged every cardiac
frame. In reality, the heart itself produces out-of-plane
motion due to longitudinal shortening, and breathing and
other subject motion can cause differences in the slice that
is imaged. Although these issues could be directly ad-
dressed using navigator echoes and the slice-following
technique (29) in conjunction with HARP-MRI, our pre-

FIG. 9. Tracked paths of randomly selected points in the myocardium at end-diastole for: (a) breath-hold HARP-MRI, (b) non-breath-hold
HARP-MRI, and (c) conventional breath-hold 1-1 SPAMM sequence.
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liminary results indicate there is no obvious deterioration
in the visual appearance or numerical trends in the strains
created using HARP-MRI with breath-hold and non-
breath-hold acquisitions. This makes a preliminary case
for the use of HARP-MRI in monitoring myocardial func-
tion during stress tests with free breathing.

It was previously shown that standard tag-tracking
methods (e.g., FINDTAGS ) have accuracies better than the
tag separation when there is a sufficiently high contrast-
to-noise ratio (CNR). Similarly, HARP can measure tag
displacements throughout the plane without restriction as
to where the tag is, provided that the motion is spatially
smooth (which is typical of normal heart motion). Under
sudden or abrupt spatial changes in the strain pattern, as is
the case with ischemic events, the use of a small acquisi-
tion box in k-space limits the dynamic range and resolu-
tion at which quantitative accuracy in strain measure-
ments can be obtained. However, it has been shown that
qualitative detection of ischemic regions whose dimen-
sions are smaller than the tag separation is achievable
(15,27).

To determine a more accurate quantification, however,
one would need to use a higher-resolution sequence (5,6),
which would require a much longer acquisition time.

In addition to the dynamic range, the speed of acquisi-
tion was another determining factor in the size of the
k-space box imaged, as we desired to acquire adequate
information to compute strain every 50 ms or better. Cur-
rently, our temporal resolution of 40 ms is close to stan-
dard temporal resolutions used in CINE cardiac MR im-
ages (�30–45 ms) (10). To improve the apparent temporal
resolution of HARP-MRI, each echo train could be treated
as a new piece of information, and the most recent four
echo trains could be used to make one image every 10 ms
using a sliding-window reconstruction technique. The ef-
fects of this procedure on strain computation should be
investigated in the future. Finally, we note that with future
optimization of the pulse sequence, it should be possible
to acquire a 48 	 48 region in k-space while maintaining
the same temporal resolution.

CONCLUSIONS
In this study the real-time acquisition of HARP images
using the HARP-MRI pulse sequence was developed and
demonstrated. Experimental results from six normal hu-
man volunteers depict 15–18 cardiac phases acquired over
60% of an R-R cycle with a time resolution of 40 ms. It was
shown that postprocessing of the datasets acquired from
just two adjacent heartbeats provides full quantification
and visualization of 2D myocardial strain. An increment-
ing train of imaging RF flip angles was used to prevent
rapid decay of the harmonic peaks, and thus provided high
tag contrast over a large fraction of the cardiac cycle. It is
hoped that the HARP-MRI sequence in combination with
real-time analysis will be useful for clinical monitoring
during dobutamine stress tests by providing a measure of
myocardial function each heartbeat with a one-heartbeat
delay.

APPENDIX A
From two harmonic images a1 and a2 with mutually per-
pendicular tag directions with tag frequencies �1 and �2,

respectively, the Eulerian strain (difference in displace-
ment between adjacent parts of the myocardium) is com-
puted as follows (13,14):

εa�p,t; n� �
��ƒ*a (p,t�]�1 W�Tn�

�n� � 1

where

a (p,t) � � a1 (p,t)
a2 (p,t) �, W � � �1

�2
�T

.

n is the direction along which the Eulerian strain is com-
puted, and the superscript T stands for the transpose of the
vector or matrix.

The Lagrangian strain between two points p1 and p2

(change in length over unit length) is computed by first
tracking the position of those two points in time. Since the
phase of material points remains unchanged with time, the
points are tracked to their new positions y(p1) and y(p2) by
tracking their wrapped HARP. Now, the Lagrangian strain
between the two points is given by (12):

ε�t;p1,p2� �
�y(p1,t) � y (p2, t)�

�p1 � p2� � 1.

APPENDIX B

To produce crisp, sharp tag lines from a harmonic image,
the following image is synthesized using the Fourier series
expansion (17):

Isynthetic � c0D�p, t� � c1D�p, t�sin(�(p,t))

� c2D�p, t�cos(2�(p, t)) � c3D�p, t�sin(3�(p, t))

where c0, c1, c2, and c3 are a set of coefficients that deter-
mine the sharpness of the tags.
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