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Spatially Resolved Imaging
of Myocardial Function
with Strain-encoded MR:
Comparison with Delayed
Contrast-enhanced MR
Imaging after Myocardial
Infarction

Strain-encoded magnetic resonance
(MR) imaging was prospectively eval-
uated for direct imaging of systolic
myocardial strain and compared
with cross-registered delayed con-
trast material–enhanced MR imag-
ing in five healthy volunteers and
nine patients with infarction. Local
contractile performance was de-
creased in infarcted myocardium ver-
sus that in remote and adjacent myo-
cardium (P � .01) and in adjacent
versus remote myocardium (P �
.05). The extent of dysfunctional
myocardium, as assessed with strain-
encoded MR imaging, was greater
than that of hyperenhancement, as
assessed with delayed contrast-en-
hanced MR imaging (P � .05). Strain
values obtained with strain-encoded
MR imaging were strongly correlated
with those obtained with three-di-
mensional tagged MR imaging (r �
0.75, P � .001). Strain-encoded MR
imaging provides spatially resolved
(1.5 � 2.5-mm) imaging and mea-
surement of myocardial strain in hu-
mans without the need for postpro-
cessing, which may improve routine
comprehensive evaluation of myo-
cardial viability.
© RSNA, 2004

The detection of myocardial viability has
important therapeutic and prognostic
implications in patients with acute myo-

cardial infarction (MI) or chronic isch-
emic left ventricular (LV) dysfunction (1–
3). The assessment of local inotropic
reserve with stress echocardiography
(4,5) and myocardial perfusion with scin-
tigraphy (6) is used routinely in the clin-
ical assessment of myocardial viability.
Ideally, accurate determination of local
viability requires comprehensive assess-
ment of the extent of ischemic tissue
damage, along with detailed information
on segmental LV function to enable more
accurate prediction of functional recov-
ery. By providing detailed assessment of
regional LV function at rest and with ad-
ministration of dobutamine (7,8), or
more recently, by allowing direct imag-
ing of irreversibly damaged myocardium
(9,10), magnetic resonance (MR) imaging
has emerged as the technique that could
provide accurate determination of local
myocardial viability. However, obtaining
detailed three-dimensional (3D) images
of myocardial strain requires tedious off-
line postprocessing of tagged images (11–
13).

In contrast to conventional tagging,
strain-encoded MR imaging is a tech-
nique that uses tag surfaces that are par-
allel, not orthogonal, to the image plane,
combined with out-of-plane phase-en-
coding gradients in the perpendicular
section-select direction (14). Because lo-
cal frequency of the tag pattern is related
to myocardial strain (15,16), we hypoth-
esized that strain-encoded MR imaging
might provide direct myocardial longitu-
dinal strain (Ell) imaging embedded on
short-axis images of the LV. This tech-
nique may have potential in the online
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assessment of intrinsic myocardial con-
tractility and may therefore represent a
powerful addition to the assessment of
myocardial viability by quantifying local
function automatically. Thus, the pur-
pose of our study was to prospectively
evaluate strain-encoded MR imaging as a
method for direct imaging of regional LV
function that precludes the need for post-
processing and can be used in combina-
tion with contrast material–enhanced
MR imaging in the assessment of local
myocardial viability.

Materials and Methods

Study Population

Over a 3-month period, 28 patients ad-
mitted for acute MI were consecutively
screened. To be included, patients had to
have symptoms of a first-time acute MI,
no history of coronary artery disease or
other cardiac disease, single-vessel coro-
nary disease with a clearly identified cul-
prit artery, and no contraindication to
MR imaging. Nine patients with MI (two
women and seven men; mean age, 56
years � 10; five with anterior MI and four
with inferior MI; mean peak creatine ki-
nase level � standard deviation, 2150
IU � 450) were included. The diagnosis
of infarction was confirmed with coro-
nary angiography and by the presence of
chest pain, ST segment elevation of more
than 1 mm in at least two contiguous
leads at electrocardiography, and sub-
stantial elevation of creatine kinase-MB
isoenzymes (more than twice the highest
normal value). All patients underwent
successful (residual stenosis of less than
30%, Thrombolysis in Myocardial Infarc-
tion trial grade 3 flow) direct coronary
angioplasty of the culprit vessel (left an-
terior descending coronary artery in five
patients and right coronary artery in
four) 3 hours � 2 after the onset of chest
pain, along with stent implantation (n �
1.2 stents per patient). Five healthy vol-
unteers (one woman and four men; mean
age, 30 years � 4; P � .05) with no his-
tory of cardiac disease and normal find-
ings at physical examination were also
included. The study protocol was ap-
proved by the Joint Committee on Clin-
ical Investigation of the Johns Hopkins
Medical Institutions. Written informed
consent was obtained from all patients
and volunteers.

Data Acquisition

Clinical research studies were per-
formed with a 1.5-T MR imager (Signa;
GE Medical Systems, Milwaukee, Wis).

Anterior and posterior phased-array sur-
face coils were used for signal acquisition.
Strain-encoded MR images and 3D
tagged MR images, which were used as a
reference for measurement of myocardial
strain, were acquired sequentially in all
subjects. In addition, gadolinium (Gd) di-
ethylenetriaminepentaacetic acid (DTPA)–
enhanced MR imaging was performed in
patients with MI who underwent cardiac
MR imaging 3 days � 1 after acute MI.

Strain-encoded MR imaging.—Strain-en-
coded MR imaging uses tag planes paral-
lel and not orthogonal to the LV short-
axis image plane. We used a modified 1–1
spatial modulation of magnetization tag-
ging pulse sequence with a magnetic field
gradient oriented in the section direction
to spatially modulate the longitudinal
magnetization in a sinusoidal pattern, so
that planes of constant sinusoidal phase
are parallel to the image plane. During
systole, the healthy human LV undergoes
displacement and deformation along its
long axis (longitudinal direction). The
tag pattern moves with the tissue and
undergoes compression, while the LV
shortens along the long axis. Thus, myo-
cardial tissue strain affects the frequency
of the tag pattern locally. More specifi-
cally, myocardial Ell is proportional to
the local frequency vector of the tag pat-
tern in the longitudinal (z) direction.

Strain-encoded MR imaging is used to
measure the frequency and orientation
of the tag pattern within each voxel and
provides all that is needed to calculate a
high-resolution map of Eulerian Ell on a
short-axis section (14). Strain is defined
as the change in length per unit length.
To measure the local frequency within
each voxel, we used a modified electro-
cardiographically triggered segmented k-
space fast gradient-echo imaging pulse
sequence (17). From the long-axis scout
image, we prescribed three equidistant
sections that spanned the entire LV. Out-
of-plane 1–1 SPAMM tags with a tag pe-
riod of 2.5 mm were applied at end dias-
tole, parallel to the image plane, and a
phase-encoding gradient (Gz)—which we
call the tuning gradient—was applied in
the z direction (section-select direction)
before readout. For measurement of Ell,
the method requires acquisition of two
images per location corresponding to two
different tuning gradients orthogonal to
the image plane. The selected tuning val-
ues depend on initial tag separation and
expected changes in tag frequency as a
result of regional tissue shortening. Tag
frequency corresponds mathematically
to the reciprocal of tag separation. We
chose a tag separation of 2.5 mm, which

corresponds to a 0.40-mm�1 tag fre-
quency. Since we expected maximal sys-
tolic longitudinal shortening to be about
15%, the corresponding tag frequency
was 0.46 mm�1. These two tuning values
(0.40 and 0.46 mm�1), chosen to corre-
spond to a 0%–15% range of strain values
(14), were applied at each section loca-
tion (one per breath hold) (Fig 1). From
these two images, a strain image was au-
tomatically produced, of which signal in-
tensity is directly related to Ell (Appen-
dix). Typical imaging parameters were a
400-mm field of view; 10-mm section
thickness; 256 � 160 matrix; repetition
time msec/echo time msec, 6.8/1.8; flip
angle, 20°; one signal acquired; and
1.56 � 2.50-mm in-plane resolution.
Breath-hold time was about 10 seconds.
This sequence was used to generate five
to seven images throughout systole with
a temporal resolution of about 50 msec.

Conventional 3D tagged MR imaging.—An
electrocardiographically triggered seg-
mented k-space fast gradient-echo imag-
ing pulse sequence was used (17). The
tagging pulse sequence consisted of non-
selective radiofrequency pulses separated
by spatial modulation of magnetization
encoding gradients to achieve a tag sep-
aration of 7 mm. After scout images were
obtained, contiguous stacks of five base-
to-apex short-axis cross sections were
prescribed. Two sets of identical one-
dimensional tagged short-axis views were
acquired (the second set was rotated 90°).
This imaging sequence allowed us to ac-
quire five sections within five breath
holds of about 12–16 seconds. From the
most basal section, six equidistant radi-
ally oriented (every 30°) long-axis sec-
tions were prescribed. Imager settings
were as follows: 360-mm field of view,
7-mm tag separation, 8-mm section
thickness, 6.5/2.3, 15° flip angle, 256 �
160 matrix, and between five and seven
phase-encoded views obtained through-
out systole.

Delayed Gd-DTPA–enhanced MR imag-
ing.—Gd-DTPA–enhanced MR imaging
has been used to characterize acute MI
and represents an accepted technique for
infarct delineation in humans (9,10). Be-
cause of the increased volume of distri-
bution and altered wash-in and washout
kinetics of the extravascular contrast
agent within infarcted myocardium, im-
ages acquired 10–15 minutes after contrast
agent injection demonstrate regional hy-
perenhancement in the infarcted area rel-
ative to the remote area. After conven-
tional 3D tagging and strain-encoded
acquisitions were completed, images were
acquired 10–15 minutes after administra-
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tion of an intravenous bolus of 0.1
mmol/kg Gd-DTPA (Omniscan; Sanofi-
Synthélabo, Paris, France). We prescribed
six short-axis sections spanning the entire
LV from base to apex. We used an inver-

sion-recovery prepared fast spoiled gradi-
ent-echo pulse sequence with an inversion
time between the 180° inversion-recovery
pulse and the radiofrequency imaging
pulse of 200–270 msec (250–270 msec in

eight patients and 200 msec in one), which
was found to provide optimal contrast be-
tween remote and infarcted myocardium.
Imaging parameters were as follows: 256 �
192 image matrix, 6.0/2.3, 360-mm field of
view, 7-mm section thickness, and 20° flip
angle. Each section was acquired in a single
breath hold of about 8–10 seconds. Mean
total time spent in the imager for a patient
was about 45 minutes.

Data Analysis

Strain-encoded MR imaging.—Two short-
axis images with two different tuning
values in the direction orthogonal to the
image plane were acquired at each sec-
tion location. From these images, a dense
map of Ell was automatically generated
by using a mathematic equation, as de-
scribed in the Appendix. On this strain
image, coordinates of the posterior right
ventricular–LV insertion point were cal-
culated on the most basal section and
used as reference landmarks for segmen-
tation of the LV into five segments: infe-
rior, inferolateral, lateral, anterior, and
septal wall. For each short-axis section of
the heart, the same five-segment model
was then applied for cross-registration
between imaging modalities, and mean
maximal Ell (five points per segment) was
automatically computed at end systole in
the subendocardium and subepicardium
of each myocardial segment at the base,
middle LV, and apex. Ell depends directly
on the intensity of the Ell image and was
automatically determined (Appendix).
For measurement of maximal systolic
strain, the still frame exhibiting maximal
deformation at end systole was selected.
For assessment of reproducibility, analy-
sis was performed by two independent
observers (J.G. and N.F.O., both with 9
years experience in cardiac MR imaging),
who were blinded to each other and
other data. Also, the area of dysfunc-
tional myocardium was visually assessed
on the strain image and manually con-
toured (J.G.).

Conventional 3D tagged MR imaging.—
Maximum myocardial Ell was assessed
(B.L.G., 9 years of experience with car-
diac MR imaging) off-line at end-systole
in the subendocardium and subepicar-
dium by using an established tracking
motion technique (13), as previously de-
scribed (16). Images were processed by
using a validated software program that
requires interactive and time-consuming
detection of myocardial contours and tag
lines from short- and long-axis tagged
cardiac images to generate a dense mo-
tion map (13). Ell was computed at the

Figure 1. Phase-encoded images obtained with strain-encoded MR imaging throughout systole
(from top to bottom, 55-msec resolution time) in a healthy subject (left panel) and a patient with
recent anterior MI (right panel), with 0.40-mm�1 and 0.46-mm�1 tuning values, respectively.
With tuning of 0.40 mm�1, the myocardium appears bright on the first image during systole, and
this signal disappears progressively throughout systole; this is indicative of myocardial longitu-
dinal shortening in the normally contracting myocardium. In contrast, with tuning of 0.46
mm�1, the myocardium is initially dark, and then the contracting myocardium becomes pro-
gressively brighter throughout systole. At end-systole, the two phase-encoded images are homo-
geneous in the healthy subject, whereas the anterior dysfunctional region is clearly seen in the
patient with infarction (arrows).
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base, middle LV, and apex. The time re-
quired for a complete quantitative anal-
ysis was about 6–8 hours per subject. To
ensure adequate cross-registration between
strain-encoded, contrast-enhanced, and 3D
tagged MR imaging, the three anatomic
levels along the LV long axis were auto-
matically copied and acquired with each
imaging modality.

Delayed Gd-DTPA–enhanced MR imag-
ing.—The same five-segment model was
applied to identical section locations by
using the same landmark for cross-regis-
tration. Segments were categorized as in-
farcted or not, on the basis of the pres-
ence or absence of hyperenhancement
on delayed contrast-enhanced images
(J.A.C.L., 15 years of experience with car-
diac MR imaging). In each segment, in-
farct transmurality was determined visu-
ally as being more or less than 50% of
myocardial wall thickness. For the pur-
pose of analysis, infarctions were consid-
ered nontransmural when less than 50%
of myocardial wall thickness and trans-
mural when more than 50%. Myocardial
segments that were immediately contig-
uous to the infarct region either radially
or longitudinally were labeled as adja-
cent. Segments that were neither in-
farcted nor adjacent were categorized as
remote. For each segment, the analysis
was performed in the subendocardium
(inner half) and subepicardium (outer
half). Areas of hyperenhancement were
contoured manually (J.A.C.L.).

Statistical Analysis

Values are shown as mean and stan-
dard error. Comparisons between myo-
cardial strain obtained with strain-en-
coded MR imaging in remote, infarcted,
and adjacent myocardium were assessed
with repeated-measures analysis of vari-
ance with post-hoc Tukey correction.
Comparisons between the two methods
for assessment of Ell were performed with
the paired Student t test. Correlations be-
tween the two techniques were assessed
with linear regression analysis and Bland-
Altman plots. Interobserver reproducibil-
ity of strain-encoded MR imaging was as-
sessed with linear regression analysis,
and the coefficient of variability between
the two series of measurements was com-
puted. Proportions were compared with
�2 analysis. All tests were two tailed and
considered to indicate a statistically sig-
nificant difference when the P value was
less than .05.

Results

Strain-encoded MR Images in Healthy
Volunteers

In healthy volunteers, maximal systolic
deformation obtained with strain-encoded
MR imaging was homogeneous at each sec-
tion location and along the LV long axis,
which is in agreement with the concept of
homogeneous LV function in this popula-
tion (Fig 2). For the five volunteers, maxi-
mal systolic Ell obtained automatically
from strain-encoded MR images was
greater in the septum (�10.6% � 0.5) and
less in the lateral free wall (�9.5% � 0.4;
P � .05, as calculated with post hoc analy-
sis of variance). We observed only moder-
ate variations of Ell from the base to the
apex in a given myocardial segment (from
�10.6% � 0.5 to �10.1% � 0.4 in the
septum and from �9.5% � 0.4 to
�9.1% � 0.4 in the lateral free wall, P �
.05).

Strain-encoded MR Imaging versus
Delayed Contrast-enhanced MR
Imaging

Gd-DTPA-enhanced MR imaging con-
sistently showed regional hyperenhance-
ment in the anterior wall among the five
patients with anterior MI and in the in-
ferior wall among the four patients with
inferior MI. When contrast-enhanced MR
imaging was used for infarction delinea-
tion, strain-encoded MR imaging consis-
tently showed decreased Ell (blue color
on the strain-encoded image) in infarcted
regions relative to remote regions (Fig 3).
In all patients, the dysfunctional region
on strain-encoded images (blue color, de-
creased Ell) matched the region of hy-
perenhancement on delayed contrast-en-
hanced images. Of 270 analyzed myocardial
sectors (135 segments � two layers), 68
were infarcted on contrast-enhanced MR
images, and 118 were dysfunctional on
strain-encoded MR images (� 2 standard
deviations from normal mean in controls
in the same sector). By means of planim-
etry, the mean and standard deviation of
the area of hyperenhancement on delayed
contrast-enhanced images (percentage of
LV surface area) and the extent of dys-
functional myocardium on strain-en-
coded MR images were 20.0% � 5.7
(range, 12%–31%) and 28.0% � 7.2
(range, 18%–39%), respectively (P � .05).
In six patients, the extent of dysfunc-
tional myocardium, as assessed with
strain-encoded MR imaging, was larger
than the hyperenhanced region on de-
layed perfusion images (31.5% � 5.6 vs

20.2% � 6.9 of LV surface area, P � .01)
(Fig 3).

Interobserver reproducibility for mea-
surement of Ell with strain-encoded MR
imaging in all patients was good (y,
1.02x � 0.09; r � 0.98; P � .001; coeffi-
cient of variability, 2%). Among 270
myocardial sectors analyzed with con-
trast-enhanced MR imaging, 68 were
classified as infarcted, 70 as adjacent, and
132 as remote. In infarcted myocardium,
Ell was assessed with strain-encoded MR
imaging and was decreased relative to ad-

Figure 2. Ell images of the LV throughout
systole (successive time frames during R-R in-
terval from top to bottom) in the same healthy
subject (left) and patient (right) as in Figure 1.
A strain image is produced automatically by
combining the two phase-encoded images (Ap-
pendix). The dysfunctional myocardium ap-
pears blue (arrows) on the strain image, and
normally contracting myocardium appears
red.
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jacent myocardium (�3.6% � 0.2 vs
�7.5% � 0.3, P � .01 with repeated post
hoc analysis of variance) and remote
myocardium (�8.3% � 0.2, P � .01). The
LV myocardium adjacent to the infarct
territory showed decreased Ell relative to
remote myocardium (P � .05). Ell was
lower in remote myocardium compared
with healthy myocardium (�8.3% � 0.2
vs �9.8% � 0.1, P � .01). Finally, there
was a trend toward greater myocardial
deformation in patients with nontrans-
mural infarcts (�50% transmural extent,
n � 20 myocardial segments [ie, 20 sub-
endocardial sectors]) versus patients with
transmural infarcts (�50%, n � 24 myo-
cardial segments [ie, 48 sectors]) (�4.0% �
0.4 vs �3.1% � 0.3, P � .07).

Strain-encoded MR Imaging versus
Conventional 3D Tagged MR Imaging

Values of maximal systolic Ell obtained
directly from strain-encoded MR images
and standard 3D tagged MR images are
shown in patients with infarction (Ta-
ble). The concordance between Ell maps
as assessed with strain-encoded and con-
ventional 3D tagged MR imaging is illus-
trated in a patient with anterior MI in
Figure 4. For pooled data in patients with
infarcted, adjacent, or remote myocar-
dium, there was a good correlation be-
tween the two methods for assessment of

Ell (r � 0.75; standard error, 1.88; P � .01;
Fig 5a). When comparing individual dif-
ferences between the two techniques in
each segment, we observed slightly lower
Ell values with strain-encoded MR imag-
ing at the higher range and slightly
higher values at the lower range, as re-
flected by the Bland-Altman plot (Fig 5b).
The time for complete analysis of Ell in a
single subject was typically about 6–8
hours with 3D tagged MR imaging and
less than 30 seconds with strain-encoded
MR imaging. From the two phase-en-
coded images, a strain image is produced
in a fraction of a second (see equations in
the Appendix). The LV myocardium is
then divided in equally distributed radial
sectors, and quantitative data are ob-
tained automatically in about 5 seconds
(for time for segmentation of the LV and
for calculation of myocardial strain, see
Appendix).

Discussion

The results of this study demonstrate
the feasibility and accuracy of strain-en-
coded MR imaging in direct longitudinal
shortening strain imaging and measure-
ment of human LV myocardium. We also
propose an integrated MR approach,
through the use of strain-encoded and
delayed contrast-enhanced MR imaging,

for online comprehensive assessment of
segmental LV contractility and ischemic
tissue damage after acute MI. By provid-
ing online assessment of regional myo-
cardial deformation with accurate cross-
registration with Gd-DTPA-enhanced MR
imaging, strain-encoded MR imaging may
represent an important addition to the
evaluation of myocardial viability. This
method is based on the use of tag surfaces
parallel to the imaging plane. The local
frequency of the tag pattern (ie, through-
plane myocardial strain) can be measured
throughout systole in each voxel by us-
ing two different tuning gradients per-
pendicular to the image plane. We show
that Ell can be imaged from short-axis
sections of the LV and that the method
allows for accurate transmural assess-
ment of Ell across the wall in infarcted,
adjacent, and remote LV myocardium in
humans. Quantitative assessment of Ell

is produced automatically without the
need for additional postprocessing.

Importance of Myocardial Strain in
Infarcted, Adjacent, and Remote
Myocardium

By using MR tagging in sheep, Kramer
et al (18) reported a decrease in circumfer-
ential and longitudinal shortening strain
in adjacent myocardium relative to remote
noninfarcted regions. In human patients,
circumferential shortening strain was re-
duced in remote noninfarcted myocar-
dium in comparison with that in human
subjects (19). In dogs, Lima et al (20)
reported impaired systolic wall thicken-
ing in the nonischemic myocardium im-
mediately adjacent to the ischemic re-
gion and, to a lesser degree, in remote

Figure 3. LV Ell images obtained with strain-encoded MR imaging at
end-systole (left column) and corresponding delayed Gd-DTPA–en-
hanced MR images (right column) of patients with anterior (top row)
and inferior (bottom row) MIs (arrows). Dysfunctional myocardium
appears blue on the strain image, and normally contracting myocar-
dium appears red. Color maps were obtained with use of conven-
tional look-up table from gray-scale images for display purposes.

Figure 4. Ell map of the LV obtained with a tracking motion
technique from 3D tagged MR images (left) and longitudinal strain
image obtained with strain-encoded MR imaging (right) in a patient
with anterior MI (arrows). The conventional strain map is produced
in about 6–8 hours, whereas strain-encoded MR imaging provides a
strain image automatically and instantly without human interven-
tion. Dysfunctional myocardium appears blue on the strain map and
strain-encoded image; contracting myocardium is normally red.
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regions. In concordance with previous
findings, we report a decrease in longitu-
dinal shortening strain in adjacent myo-
cardium after acute MI, as compared with
that of remote myocardium. We also re-
port a decrease in tissue strain in remote
myocardium early after acute MI versus
tissue strain in the same segments in con-
trol subjects. The regional dysfunction in
adjacent and remote myocardium may
be due to increased wall stress or me-
chanical tethering to infarcted regions
and may be an important determinant of
LV remodeling after MI (18–20). More-
over, by depicting subtle differences in
regional function within ischemic, adja-
cent, and remote myocardium, strain-en-
coded MR imaging enables a detailed as-
sessment of LV mechanics during LV
postinfarct remodeling.

Advantages

The technique provides direct imaging
and assessment of Ell and permits com-
plete bypass of tedious interactive track-

ing of LV contours and tag motion over
time from both short- and long-axis
tagged images. In addition, tracking mo-
tion techniques with 3D tagged MR im-
aging require the use of complex algo-
rithms to reconstruct a 3D strain tensor.
A dense strain map is produced with in-
terpolation and averaging. Fusing of
short- and long-axis data requires careful
registration, which may be altered by pa-
tient movement over a long series of
breath holds. In contrast, strain-encoded
MR imaging provides greater spatial res-
olution for pixel-by-pixel assessment of
myocardial strain.

It has been shown that accurate infor-
mation about tag motion and tissue de-
formation can be obtained from one
spectral peak in k space for each direction
of tag line (15,16). The development of a
fast imaging pulse sequence with limited
k-space acquisition may have potential
for real-time strain-encoded MR imaging.
This would be of great importance for
real-time quantitative monitoring of re-

gional LV function during cardiac stress
MR imaging.

Limitations

This work does not provide new patho-
physiologic insights, but its aim was to
present initial validation of an attractive
and direct strain imaging and measure-
ment technique. Three sections were ac-
quired per patient, but there is no techni-
cal limitation for the number of sections
one can acquire with strain-encoded MR
imaging. The complex mechanics of the
LV are best described when myocardial
strain can be assessed in various direc-
tions. If used in combination with har-
monic-phase MR imaging (16), which
provides detailed assessment of two-di-
mensional myocardial strain in the cir-
cumferential and radial directions, the
automated detailed assessment of 3D car-
diac mechanics can be implemented in
humans. Maximal systolic strain was mea-
sured for validation purposes, but strain-en-
coded MR imaging enables determina-

Longitudinal Strain in Infarcted, Adjacent, and Remote Myocardium

Imaging Technique

Infarcted Myocardium (n � 68) Adjacent Myocardium (n � 70) Remote Myocardium (n � 132)

Subendocardium Subepicardium Subendocardium Subepicardium Subendocardium Subepicardium

Strain-encoded MR imaging �3.9 � 0.2*† �3.3 � 0.3† �8.2 � 0.4‡ �6.8 � 0.4*‡ �8.8 � 0.3* �7.7 � 0.3
3D tagged MR imaging �2.9 � 0.5 �2.9 � 0.5 �8.3 � 0.6 �5.8 � 0.6 �9.7 � 0.4 �7.9 � 0.4

Note.—Data are mean percentages � standard error.
* P � .05 versus 3D tagged MR imaging (paired Student t test).
† P � .01 versus adjacent and remote myocardium (repeated analysis of variance).
‡P � .05 versus remote myocardium (repeated analysis of variance).

Figure 5. (a) Correlation and (b) Bland-Altman plots for comparisons of the pooled Ell values obtained with strain-encoded MR imaging (b) and
a tracking motion technique from 3D tagged MR images (a) in patients with MI. Note the good correlation (a) and absence of significant and
systematic difference (SD) (b) between strain-encoded and 3D tagged MR imaging derived myocardial strain. f � infarcted myocardium. F �
adjacent myocardium. ƒ � remote myocardium.
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tion of myocardial strain at each phase
during systole, with a temporal resolu-
tion of about 50 msec. However, tag fad-
ing during diastole, along with 50-msec
temporal resolution, did not allow for ro-
bust and accurate assessment of postsys-
tolic thickening.

The two tuning values used in this
study were predetermined on the basis of
the normal range of Ell in healthy sub-
jects. Comparison with 3D tagged MR
imaging shows slightly lower strain val-
ues with strain-encoded MR imaging at
the higher range and slightly higher val-
ues at the lower range. However, differences
between the two modalities are moderate at
the extreme range of values (absolute dif-
ference in longitudinal shortening strain
is �4% in more than 95% of patients).
This indicates that slight variations in
tuning values have only moderate im-
pact on strain measurement. The method
requires two short breath holds per loca-
tion, but the total acquisition time for
assessment of Ell is substantially reduced,
since long-axis sections of the heart are
not needed. Although quantitative myo-
cardial strain imaging may provide more
information than visual assessment, the
clinical relevance of the technique re-
mains to be formally demonstrated.

Strain-encoded MR imaging provides
direct spatially resolved imaging and
quantification of myocardial Ell in hu-
mans without the need for additional
time-consuming postprocessing. In pa-
tients with acute MI, we believe on-line
quantification of regional LV contractil-
ity may represent an important addition
to the evaluation of ischemic myocardial
damage with contrast-enhanced MR im-
aging. We also believe this integrated ap-
proach has great potential for improved
comprehensive evaluation of local myo-
cardial viability.

Appendix

Strain-encoded MR Images

To image the local frequencies of the
voxels (14), a gradient GT (�) is applied in
the section-select or z direction, which
corresponds to a tuning frequency in the
z direction by using the following equa-
tion:

	T � 
 � GT���d�.

The resulting image (I) is the integral in
the z direction of the longitudinal mag-

netization (M), multiplied by the tuning
frequency factor over the section profile
(s), as follows:

I� x,y,t;	T� ��
�



M�x,y,z,t�s�z�e�j	T zdz.

Two images are acquired: IL(x,y,t) �
I(x,y,t;	L) and IH(x,y,t) � I(x,y,t;	H), where
	L and 	H are the low- and high-tuning
frequencies, respectively.

Strain Image

The local frequency vector is �(x,y,t),
which is the component in the z direc-
tion that depends on the through-plane
strain, and it can be computed with the
following equation:

�(x, y, t)

�
	L�IL�x,y,t;	L�� � 	H�IH�x,y,t;	H��

�IL�x,y,t;	L�� � �IH�x,y,t;	H�� .

The local strain can then be computed
with the following equation:

ε� x,y,t� �
	0

�(x,y,t)
� 1.

The computed strain is then used to
color the image of the heart. Blue indi-
cates no contraction, while red indicates
contraction.
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