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Single breath-hold displacement data from the human heart
ere acquired with fast-DENSE (fast displacement encoding with

timulated echoes) during systolic contraction at 2.5 3 2.5 mm
n-plane resolution. Encoding strengths of 0.86–1.60 mm/p were
tilized in order to extend the dynamic range of the phase mea-
urements and minimize effects of physiologic and instrument
oise. The noise level in strain measurements for both contraction
nd dilation corresponded to a strain value of 2.8%. In the human
eart, strain analysis has sufficient resolution to reveal transmural
ariation across the left ventricular wall. Data processing required
inimal user intervention and provided a rapid quantitative feed-

ack. The intrinsic temporal integration of fast-DENSE achieves
igh accuracy at the expense of temporal resolution.
Key Words: cardiac; function; DENSE; STEAM; tagging; phase

ontrast; stimulated echoes; fast-DENSE; heart; PC; stimulated
cho.

INTRODUCTION

Cardiac MRI has seen tremendous growth during the
ew years. Technological advancements in both the soft
nd the hardware of commercially available MR scanners
llowed for faster data acquisition as well as improved im
uality from EKG-gated single breath-hold exams in hum
oreover, the same technology allows current research to

ocus on obtaining data without breath-holding the patient.
ajor questions that need to be addressed in a cardiac
tion diagnostic exam are usually associated with heart
my, tissue metabolism, perfusion, and function. Faster
ore robust imaging methods make MR cardiac exams

andidates for both diagnosis and screening.
Myocardial function is one of the areas where cardiac M

uperior to other imaging modalities. Experiments involv
yocardial tagging have already been implemented with

ess during the past few years. Regional functional data i
nd 3D have been the focus of such experiments (1–5). Re-
ently, the processing and interpretation of time-course
ata sets have added to the understanding of how the
ehaves under abnormal electrical conduction and ectopic
eneration (6). However, techniques involving regional my
ardial strain evaluation with tagging lack high spatial res
ion since they require clear tag-grid definition. Tagging

ntails significant data processing effort on behalf of the useS
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agging grid identification remains one of the major hurdle
his methodology despite attempts to automate the proce
rid tracking (7).
Magnetic resonance phase contrast (PC) velocity enco

f the myocardial wall (8–13) can provide functional informa
ion at high spatial resolution. Data processing with PC da
asily performed since velocity information is directly extra
ble from the complex digitized signal. Bulk motion and ro

ion correction via postprocessing (14) can allow for data
isualization with minimal user effort. However, PC veloc
ncoding techniques sample the first derivative of displace
ith respect to time and therefore signal-to-noise ratio ca
limiting factor when considering strain-rate calculatio

ntegration of time-course PC velocity data has allowed
train estimation (11) but image registration complicates d
rocessing and introduces error in the strain estimates.
Displacement encoding with stimulated echoes (DENS

ovel method in cardiac MRI based on work by Reeseet al.
13), was previously demonstrated in caninesin vivo (16).
ENSE encodes displacement onto the phase of the
uring the mixing time TM of a STEAM experiment. As su
xtracting displacement information from the phase imag
imilar to PC velocity-encoding methods. The measured
lacement has sufficient precision for accurate strain cal

ions. Data processing involves little operator interaction
ur original work, data from the canine heart were collecte
4T whole-body magnet at onek-space line per respirato

ycle. To acquire 2D mechanical strain data for humans
his technique, the scan would require approximately 15
er slice.
In this work we present initial 2D functional data from

uman heart acquired with a multishot segmentedk-space EP
ampling scheme we call fast-DENSE. Fast-DENSE colle
ingle-slice 2D data set in one breath-hold. The signal-to-n
atio in these displacement data sets allowed for transm
echanical strain analysis at relatively high spatial resolu

METHODS

All experiments were performed on a dedicated cardio
ular 1.5-T Signa LX2 MR scanner (General Electric Med

r.ystems, Milwaukee, WI). The system was fitted with a three-
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a bl
o -on
p ign
d rio
s iv

R
e ac
c lf
T nt
m ed
a

we
t tud
n on
d ere
p lle
v ers
p f T
a ns
a

T at t
n

se
o m
e d
f f t
r rt
t

s arising
f ere
s e, in
b
a two
h lse
a this
d rved
s on-
t ince
e ding
d e in
o tions
s both
t to dis-
p the
D

onto
t lses
a a
s f the
p the
t coded
v e
R s
w e
fi ains
w and
r called
t es
w le
S e of
1 fore,
e nt per
h SE
d oded,
a s col-
l ffec-
t at a
b ms.

KG-
t ntric
k ffec-
t pro-
v t-
r was
a 48
k ime.
S ight
s Each
g same
R roups

42 ALETRAS, BALABAN, AND WEN
xis body gradient coil set capable of 23 mT/m in dou
blique planes at slew rates up to 150 T/m/s. The receive
hased array supplied with the system was utilized for s
etection. This consisted of two anterior and two poste
urface coils, each sampled through an independent rece
The stimulated echo experiment consisted of a 90°

xcitation pulse followed by position encoding. This was
omplished by means of gradient pulses during the first ha
E (Fig. 1) at up to 0.86 mm perp radians (net gradie
oment ofM 1 5 13,680ms*mT/m). The phase accumulat
t a locationr 1 in space was

w~r 1! 5 gM1r 1.

Following the second 90° RF pulse, the encoded spins
hen preserved for approximately 100 ms along the longi
al axis. During this period of time (TM), cardiac moti
isplaced the phase-tagged myocardial voxels to a diff
osition r 2. The position-encoded magnetization was reca
ia a train of small flip angle RF pulses onto the transv
lane as described later. There, during this second half o
gradient momentM 2 5 M 1 imparted phase to the spi

ccording to

w~r 2! 5 gM2r 2.

hus, the measured residual phase for spins that moved
ew locationr 2 during TM was

wRES5 gM1r 1 2 gM2r 2 5 gM1Dr .

In the original paper (16), to ensure that the residual pha
bserved was accumulated only as a result of the displace
ncoding, a reference scan withM 1 5 M 2 5 0 was subtracte

rom the encoded data set. The actual implementation o
eference scan with fast-DENSE was revised to include pa

FIG. 1. Fast-DENSE pulse sequence timing diagram.
he encoding moments (Fig. 1) as discussed later. In boc
e
ly
al
r

er.
F
-
of

re
i-

nt
d
e
E,

his

ent

he
of

cans, it was necessary to adequately suppress signal
rom magnetization that had relaxed during TM. These w
pins that did not pertain to the stimulated echo. Therefor
oth scans, an additional gradient moment of 6500ms*mT/m
long the slice-encoding direction was added during the
alves of TE. Crushing the FID signal with a gradient pu
long the slice direction was deemed necessary since
irection is the most effective for this purpose. The obse
ignal for a pixel is the combined signal from the spins c
ained in the pixel integrated along all three directions. S
ach pixel has its longest dimension along the slice-enco
irection, less gradient power is required along the slic
rder to adequately dephase unwanted signal contribu
uch as the FID. Since this crusher pulse was applied in
he encoded and the reference scan, phase shifts due
lacement along the slice direction were zeroed out in
ENSE data set.
Recalling the position-encoded prepared magnetization

he transverse plane via a train of small flip angle RF pu
llowed for several lines ofk-space to be acquired from
ingle STEAM preparation. For each RF pulse, a portion o
osition-encodedMZ magnetization was recalled onto

ransverse plane and subsequently was displacement-en
ia the second gradient moment,M 2 (Fig. 1). For each of thes
F shots, following the application ofM 2, two gradient echoe
ere formed and acquired. Thus, two lines ofk-space wer
lled for each RF pulse. (Acquiring data at longer echo tr
as considered but it always resulted in poor image quality

educed signal-to-noise ratios.) Subsequent RF pulses re
he remainingMZ magnetization. A total of six 30° RF puls
ere utilized to encode 12 lines ofk-space from a sing
TEAM preparation. A typical experiment had a matrix siz
28 3 96 that corresponded to a rectangular FOV. There
ach image was acquired in eight segments at one segme
eartbeat, triggered by the EKG signal. For 2D fast-DEN
ata three images were collected, i.e., X-encoded, Y-enc
nd the reference. As such, a complete 2D data set wa

ected in 24 heartbeats within a single breath-hold. The e
ive echo time was 4.7 ms and points were sampled
andwidth of 62 kHz. The TR between RF shots was 4.3
Since each of the images was collected in eight E

riggered segments, a modification of the segmented ce
-space-encoding scheme was utilized to minimize the e
ive echo time. In addition, this modified centric scheme
ided smooth transitions ink-space. Out of the two gradien
ecalled echoes formed following each RF shot, the first
ssigned to the central half ofk-space. As such, the central
-space lines were filled with echoes of 4.7 ms echo t
ince a train of six RF shots was utilized for each of the e
egments, these 48 lines were arranged in six groups.
roup consisted of eight echoes that corresponded to the
F shot in the RF trains of the eight segments. The echo g
thorresponding to earlier RF shots in the train were positioned
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43FAST-DENSE STRAIN ANALYSIS OF HUMAN HEART
loser to the center ofk-space. The outer half ofk-space wa
lled with the second echo of each RF shot in a similar man
Short-axis multislice displacement data from six nor

olunteers (five males, one female, ages 25 to 42) were
ected with fast-DENSE. Since nonselective RF pulses
tilized to store the magnetization along the longitudinal a
ach slice required a separate breath-hold. Displaceme
oding was performed as previously described at up to
m/p. With rectangular FOV, the pixel size was 2.53 2.5 mm

or a slice thickness of 7 mm. The selected slice thickness
etermined experimentally. Thicker slices sometimes res

n severe signal loss due to intravoxel dephasing whe
hinner ones resulted in unacceptable SNR. Displacemen
ecorded with DENSE over the last 100 ms of systole
ser-programmable delay allowed for accurate positionin

he encoding period. The onset of the encoding period
pproximately 230 ms from the QRS complex. This delay
olunteer dependent and was determined from a cine loop
as acquired subsequent to the localizing scans. As

maging was performed at end-systole.
Processing of rawk-space data was done with custom w

en programs in IDL (Research Systems Inc., Boulder, C
hase map differences were constructed from the refe

FIG. 2. Short-axis magnitude image
can and each of the encoded images (17). Following manual p
r.
l
l-

re
,

en-
6

as
ed
as
as

of
as
s
at
h,

).
ce

yocardial border segmentation, the maps were phas
rapped and scaled to the position-encoding gradient stre
ielding separate displacement maps for the X and Y d
ions. The combination of the 1D displacement maps prod
D displacement arrow plots as described under Results
eformation of each square of four neighboring pixels
issociated into a rotation and two principle directions of st
18) via eigenvector and eigenvalue computations. The pr
al strain directions were plotted with color coding that
ected the percentage of strain. Two color maps were cre
he first charted the principal direction of contraction

herefore contained only eigenvectors with eigenvalues sm
han 1.0. Similarly, the second displayed the principal direc
f myocardial dilation. A rotation map, which describes h

issue depicted by four neighboring pixels twists from
riginal orientation, was also computed via this anal
ethod. The average value of rotation was reported. Ty
ata processing time for a DENSE set was less than 1 m
Pentium 200-MHz computer. This time included user in

ction with the software.
In order to determine the noise level and to separate in
ent-generated noise from measurement errors that we
uced by physiological motion, experiments were performe

he human heart acquired with fast-DENSE.
hantoms andin vivo. Multislice data from a stationary agar
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44 ALETRAS, BALABAN, AND WEN
hantom, positioned at the location in the scanner wher
eart is usually present, were collected with fast-DENSE
ameters identical to those applied for the human experim
hese served to map and quantify spatially dependent p
rrors induced by eddy currents and Maxwell terms. In
anner, instrument-generated systematic noise was quan
To verify displacement measurement accuracy, data

lso acquired from a rotating cylindrical agar phantom (8
iameter, rotating at 34.3 revolutions per minute). These
ets also served as the means for evaluating software p
ance. As previously described, since the imaging pa

ast-DENSE persists for 50 ms, phantom rotation of 10
ccurs during that period of time. Due to this constant and
ngular velocity of the phantom, axial images exhibited se
otion artifacts that were not present in the human data
o counter this effect, the DENSE phantom data were

ected in 48 segments. For each segment, one RF sho
pplied and two gradient-recalled echoes were acquired.

imited the imaging portion of the sequence to 4.5 ms, w
as sufficient to eliminate motion artifacts. As expected, im
cquisition was prolonged by a factor of 6 when compare

he in vivo case. This artifact constraint was not present in
uman heart since the rotational component, over 50 m

FIG. 3. X displacement phase map of the hum
nd-systole, is at least an order of magnitude smaller than thm
he
a-
ts.
se

is
ed.
re

ta
or-
of
°
h
re
ts.
l-
as
is

h
e

to
e
in

bserved in phantom experiments and as a result doe
anifest as a problem. Pixel size for the phantom data wa
t 1.53 1.5 mm. DENSE encoding was set at 0.86 mm pp
adians. Average rotation and strain were computed fo
otating phantom and compared with the known rate of r
ion. Since acquisition parameters for these experiments a
dentical to the ones used for human exams, the data from
otating phantom merely served to verify that both the p
equence calibration and the data processing software
unctioning as expected. Any other comparison with respe
NR values and artifacts would not be valid.
Total noise quantification in humans was considered to

articular importance for DENSE measurements. Besides
om noise, other sources of phase errors are motion insi

nhomogeneous static field during TM and timing jitter int
uced by physiological heart rate and EKG trigger variati

n vivo control data sets were collected in order to measur
verall noise level in DENSE experiments. In these data

nstead of acquiring the reference along with X- and Y
oded complex images, all three images had the same enc
radients. To cover all cases, three control data sets
ollected with gradients corresponding to X, Y, and refere
ncoding strengths. Therefore, these control data sets

heart over the last 105 ms of systole. Range is6180°.
ataps that reflect the noise of the measurement between three
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45FAST-DENSE STRAIN ANALYSIS OF HUMAN HEART
cans with identical acquisition parameters. If no noise
resent then such maps would show zero displacement
ontrol scans had net gradient moments along the X-, Y-
-axes identical to those used for thein vivo experiments
train computation on these control sets provides quantit
stimates of the noise that is present in thein vivo strain map
f the human heart. To ensure that this is an accurate es

ion of the total noise level of thein vivo results, experiment
arameters were set as previously described except fo
forementioned difference in the encoding scheme. Onc

otal noise level had been determined, repeated DENSE
cquisition from the same location was performed in orde
erify the reproducibility of the experiment.

RESULTS

Typical short-axis magnitude data from the apex of
uman heart are shown in Fig. 2 (male, age 25, weight 88
he center of this slice was prescribed 4 mm below the ba

he papillary muscles. The phase maps that depict X a
isplacement are shown in Figs. 3 and 4. Note the mu
ycle wrapping of the phase over the FOV that is accompli
y 0.86 mm/p encoding. The corresponding 2D displacem

FIG. 4. Y displacement phase map of the hum
rrow plot is displayed in Fig. 5. The computed strain maps as
s
he
d

ve

a-

he
he
ata
o

e
).
of
Y
le
d
t
FIG. 5. 2D displacement arrow plot of the human heart (in mm) ove

ast 105 ms of systole computed from the X and Y displacement phase

rehown in Figs. 3 and 4. The horizontal arrow at the bottom left is 10 mm long.
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47FAST-DENSE STRAIN ANALYSIS OF HUMAN HEART
resented as pairs of contraction and dilation in Figs. 6 a
he contraction maps depict the eigenvectors associated

he eigenvalues smaller than 1.0 with colored bars. The
epresents the deviation of the magnitude of the correspo
igenvalue from 1.0. Similarly, the dilation strain maps sh

he eigenvectors with eigenvalues greater than 1.0. Note
ontraction occurs in a circumferential direction while dilat
s radial. Furthermore, the endocardial strain is higher tha
picardial strain, as expected. The distribution of strain in
yocardium of a typical volunteer is shown in Fig. 8.
Stationary phantom data yield information with respec

nstrument-generated noise. The phase map difference
ween each of the encoded directions minus the reference
re presented in Figs. 9 and 10 for X and Y displacem
espectively. A range of620 degrees around zero is show
he corresponding average phase over the total area o
hantom was 0.012 (SD5 1.4) and 0.15 (SD5 1.4) degree

or X and Y displacements, respectively. As a result of the
ncoding strength, these translate to 0.008-mm uncertain
isplacement measurements. No spatially dependent phas
ients were observed. The computed strain was 0.2% (S5
.2%) for both contraction and dilation. The calculated ove
verage rotation was 0.001° (SD5 0.1).

FIG. 6. Contraction strain map of the human heart over the last 105
ia colored bars and is mainly circumferential. Color scale represents 0
FIG. 7. Dilation strain map of the human heart over the last 105 ms of

FIG. 8. Distribution of percentage dilation and shortening among
yocardial pixels. Data were obtained from a typical 25-year-old male
nteer (88 kg) with fast-DENSE. Histogram bin size is 3% strain.
ars and is mainly radial. Color scale represents 0 to 20% dilation. Averag
7.
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.
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Displacement measurement accuracy was determine
otating phantom experiments. The displacement arrow p
hown in Fig. 11. Each arrowhead points to a pixel in
hantom depicted in the magnitude image. An arrow tail
esents the initial position of a given pixel 50 ms earlier. T
osition was calculated as previously described. The data
bserved in Fig. 11 is caused by an empty tube positi
arallel to the rotational axis, inside the agar phantom.
ignal void could act as a displacement marker to mea
otational speed with conventional imaging methods. The
ary directions of contraction and dilation are shown in F
2 and 13, respectively. The ceiling for this display is se
train of 2%. Since the agar phantom was rotating at a con
peed and had neither contraction nor dilation associated
t, these plots represent the noise level introduced by
nstrument in the strain calculation measurements. This is
nly for the given set of acquisition parameters. The nois
.5 and 0.6% strain for contraction and dilation, respectiv
he average rotation calculated from the data set was 1
SD 5 0.36). This matches the actual rotation of the phan
ver the encoding period, which was set to 10.28°. The c

ated average rotation deviates from the actual rotatio
.26°. The jitter introduced in the phantom’s rotation by
echanical coupling between the motor and the agar con

s probably responsible for this deviation.
Total noise data in two humans were collected by using

ame encoding gradients for all three images in a DENSE
et as described under Methods. The highest noise leve
urred when all three images had encoding strength tha
esponded to Y encoding. The phase maps that would c
pond to X and Y displacement for a normal DENSE se
hown in Figs. 14 and 15, respectively. Strain computa
ielded the contraction and dilation maps presented in Fig
nd 17, respectively. The principal directions of contrac
nd dilation were largely random. The average values in
ontraction and dilation maps were 2.8% (SD5 2.5%) and
.9% (SD5 2.5%), respectively. These values represen
verall noise level in the actual human DENSE measurem

ncreased noise is observed in DENSE strain measureme
he posterior wall of the heart (Figs. 16 and 17). The geom
f the RF receiver coils is such that image SNR is low in th
reas.

DISCUSSION

DENSE data allowed for high spatial resolution strain e
ation in the human heart. The overall noise level in st
aps computed via control experiments was less than 3

of systole corresponding to Fig. 5. The principal direction of contractio
20% contraction. Average strain is 11.5%.
tole corresponding to Fig. 5. The principal direction of dilation is shown v

e
l-
ms
to
sys
e strain is 13.4%.
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48 ALETRAS, BALABAN, AND WEN
omparison, systematic noise due to eddy currents and
ell terms was evaluated to be negligible for the hardw
sed. Pulse sequence calibration and data processing so
ccuracy verification were demonstrated via rotating pha
xperiments.
The main incentive for implementing DENSE in myocard

train mapping is the extended phase dynamic range it pro
y recording displacement over a long period of time and
ssociated insensitivity to both physiological and instrum
enerated noise. These will be addressed in detail later
ith other signal-to-noise ratio considerations. In addit
ENSE has several other features that make it a good c
ate for cardiac functional imaging. First, black-blood cont

s an inherent property of images acquired with stimul
choes at long TM periods (Fig. 2). The incoherent motio
lood during the displacement-encoding period results in
ere intravoxel dephasing and subsequent signal loss. Thi
f image contrast is advantageous for separating the my
ium from the ventricular blood pool. Moreover, artifacts
hase contamination pertaining to blood motion are elimin
Another feature of fast-DENSE is the suppression of si

urrounding the heart. This eliminates sources of motion
acts, especially from the chest wall areas proximal to

FIG. 9. X displacement phase ma
urface coil (Fig. 18). In the past, several approaches to lima
x-
e
are
m

l
es
e
t-
ng
,
di-
t
d
f
e-
pe
ar-

d.
al
ti-
e

ng the FOV without aliasing artifacts have been propo
19, 20). STEAM field of view localization can be eas
mplemented with DENSE by having the first two nonselec
F pulses converted to slab-selective along the X an
irections. Even though the signal-to-noise ratio of the si
reath-hold experiment is the limiting factor and does
llow for dramatic changes in FOV dimensions, this appro
ould prove to be useful in animal models where such
onstraints are not present. In any case, suppressing the
riginating from the adipose tissue of the chest wall remov
otential source of motion-related artifacts.
An additional intrinsic feature of fast-DENSE is that d

lacement quantification is not susceptible to through-
otion problems. In 2D cardiac functional imaging, with b

agging and phase methods, through-slice motion introd
rror in the data. With this implementation of fast-DEN
hase position-encoding during the STEAM preparatio
one for the entire heart. This is accomplished via the
onselective RF pulses of the preparation (Fig. 1). Since a
pins are phase-tagged, when the imaging RF train of sele
ulses recalls longitudinal magnetization onto the transv
lane, it is guaranteed that the recalled spins will have alr
een encoded for position. As such, out-of-slice motion is

the stationary phantom. Range is620°.
it-concern for fast-DENSE.
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49FAST-DENSE STRAIN ANALYSIS OF HUMAN HEART
The density of strain data that can be computed with
ENSE is only limited by pixel size. Since the phase of e
ixel is modulated by displacement, strain data between n
oring pixels can be extracted. With the current impleme

ion, 2D strain can be calculated for a voxel size of 2.53 2.53
.0 mm. This data density is superior to amplitude-modul

agging methods and equivalent to that obtained by p
ontrast velocity techniques. However, PC velocity meas
ents suffer from intrinsic SNR problems as will be discus

ater.
Data processing of DENSE phase maps to yield disp
ent arrow plots is straightforward. Following phase subt

ion from the reference scan, the X and Y displacem
ncoded phase maps are combined and phase-unwrap
reate an arrow plot as previously described. The only i
ction between the processing software and the operator
f delineating the endocardial and epicardial borders. This

s facilitated by black-blood contrast. Local strain am
eighboring pixels is computed within the defined myocar
rea. If the displacement arrow plot is not required and
train needs to be computed, then phase-unwrapping c
one at a local level. Thus, myocardial delineation is no lo

FIG. 10. Y displacement phase ma
ecessary and as a result operator intervention can be elim
-

d
se
e-
d

e-
-
t-
d to
r-
hat
sk

l
ly
be
r

i- FIG. 11. 2D displacement arrow plot of the rotating phantom.
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51FAST-DENSE STRAIN ANALYSIS OF HUMAN HEART
ated all together. Therefore, data processing ease is one
ajor advantages of DENSE.
DENSE displacement data can be considered as the

ntegral of PC velocity measurements over the TM period.
nherent process of integration results in phase maps
ncreased SNR and multiple-cycle phase-wrapping. At
ame time, DENSE sacrifices temporal resolution for the s
urpose. This can be partially compensated for by acqu
isplacement data at different time points during systole
horter encoding periods. However, in doing so, the afore
ioned inherent advantages of DENSE are compromised.
as to weigh between temporal and spatial resolution to s
method suitable for a particular need.
In the future, gradient system performance could conc

bly allow PC velocity techniques to acquire data free of p
rtifacts induced by eddy currents and Maxwell terms. Fur
ore, such technological advancements could potentiall

FIG. 12. Contraction strain map of the rotating phantom. The princip
ontraction. Average strain is 0.5% (SD5 0.5%).
FIG. 13. Dilation strain map of the rotating phantom. The principal dire

FIG. 14. X displacement phase map of the human heart over the la
ext). Grayscale range is620°.
verage strain is 0.6% (SD5 0.6%).
the

e
e
th
e
e
g
h
n-
ne
ct

v-
e
r-
l-

ow for faster data acquisition and eliminate other SNR p
ems that are discussed below. However, physiolog
imitations may ultimately limit the allowable gradient stren
21). Indeed, the first-order gradient moment required for
elocity mapping to encode adequately for cardiac motion
/s) without wrapping the phase multiple times across the
f view is approximately 3500ms*G/cm. In order to increas
NR in PC velocity data, the phase will have to be wrap
nd thus this moment will have to be increased to a level w
eripheral nerve stimulation may be a concern.
Signal-to-noise ratio is of particular importance when c

idering cardiac functional methods that utilize informa
tored onto the phase of the spins. Not only is overall com
ata SNR critical, but also any systematic source of p
oise can limit the scope of experiments performed via p
ethods. Such sources of noise are eddy currents and Ma

erms. A major goal of functional cardiac methods is preci

direction of contraction is shown via colored bars. Color scale represen

on of dilation is shown via colored bars. Color scale represents 0 to 2% c.

05 ms of systole with X encoding substituted by an additional referenc
al

cti
st 1
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train estimation, which is demanding on data SNR. S
ifferentiation is required to calculate mechanical strain am
djacent pixels, the SNR of the data has to be high. There
are has to be exercised during data collection to ensur
NR of the resulting strain maps.
Stimulated echoes have been applied to cardiac ima
ith limited success in the past. One of the reasons is

nherent loss of 50% of the signal. Pioneering experimen
he human heart with STEAM by Frahmet al.(22) showed tha
ther confounding factors for using stimulated echoes
canner hardware performance in terms of RF coils and
ient system speed. Phased arrays and ultrafast gradien

ems that are only limited by physiological constraints are
eadily available. These technological advancements sh
ift the hardware barrier with respect to acquiring STEA
ingle breath-hold images at long TM encoding periods.
DENSE experiments are in some respects more dema

han single-shot STEAM imaging (22). In their original paper
rahmet al.present data from the human myocardium at 4
M. In addition, TE crushers along the slice direction al
rush the imaginary part of the signal. The selection of

FIG. 15. Y displacement phase map of the human heart over the la
ext). Grayscale range is620°.
arameters results in ample SNR for single-shot STEAM imn
e
g

re,
he

ng
e

in

re
a-
ys-

w
ld

ing

s
e
h

ging since motion, contraction, and slice rotation are hard
ssue for such short TM periods. DENSE requires a prolon
ncoding TM period and strong encoding TE gradient puls
rder to map displacement without compromising dyna
ange and therefore data SNR. As such, both tissue defo
ion and slice rotation become important in determining
pproach to be considered when samplingk-space. A seg
ented approach was found to be more favorable to single
radient-recalled EPI imaging for these reasons. For
egment, a train of six RF pulses sampled the DENSE-pre
agnetization. For each RF pulse, two echoes were acq
s described under Methods, the views corresponding to
es with minimum TE and RF saturation were pushed tow

he center ofk-space. Therefore, echoes near the cente
-space suffered less from the depletion ofMZ magnetization
ue to preceding RF shots. With the current readout sch

here is a trade-off between SNR and speed. Since the ult
oal is to create strain maps of the myocardium, one has
autious about how much SNR can be sacrificed for ima
peed. With fast-DENSE, the uncertainty introduced in s
easurements was 2.8% at 2.5 mm in-plane resolution. A h

05 ms of systole with X encoding substituted by an additional referenc
st 1
-oise level would likely decrease the usefulness of the strain data.
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If the encoding gradient strength and duration along
hree different axes are set too high (23), then rotation an
issue deformation due to contraction can result in additi
ignal loss (24). This is due to intravoxel dephasing. As su
he first-order moments of the gradients have to be adju
arefully. Figure 19 shows an example where the enco
radients along the slice direction caused such intrav
ephasing in the free left ventricular wall. According to Fisc
t al. (23), a signal drop of 20% should be expected as a r
f tissue deformation. Slice rotation about an arbitrary axis

ies in the slice also results in a mismatch of the gradi
racketing the encoding period. However, it is estimated t

ess than 1%. Such effect does not influence image qualit
ast-DENSE.

It is interesting to note that theoretical signal loss du
issue deformation in the presence of TE gradients alon
hree directions exists mostly as a result of the gradient p
long the slice direction. This is true even when the mom
tilized along all three directions are similar. The signal
erved from a voxel is the integral of spins contained in it a
ll three dimensions. Gradient pulses during TE along the
irection have the potential for degrading image quality m

han any other. This is a direct manifestation of the vo
aving its longest dimension along slice. A given phase
ersion per unit length will result in most efficient sig
ttenuation when integrated along the longest dimension
oxel. For fast-DENSE, the first-order gradient moment
uired for encoding 0.86 mm/p along the X and Y direction

s 1370ms*G/cm. With the initial approach to DENSE (16) the
ncoding moment was solely applied to the X- and Y-enco

mages. The displacement phase maps were construct
ubtracting the encoded images from a reference scan
atter was acquired with a zero first-order moment along X
. With fast-DENSE the encoding moment was equally
ided between the reference and the encoded scans wi
osite polarities. This approach allowed for higher enco
oments without losing signal. Implementing high encod
oments diminishes the effect of systematic phase error

o static field inhomogeneity, eddy currents, and Max
erms on the displacement measurements.

In several cases, regional signal loss was observed with
t 100 ms. Increasing the encoding gradient pulses to v
reater than 0.86 mm/p also caused signal dropout. The m
evere signal loss was usually observed in areas of vig
ontraction. Similarly, at encoding strengths of 0.86 mmp,
ignal loss occurred when the encoding period was prolo
o 350 ms in order to capture systole at its entirety. This si
oss was higher thanT1 effects alone would predict. Therefo

trade-off between these two parameters has to be ma
ssence, prolonging TM will result in more displacement t
aptured and thus less encoding strength should be requi
reserve the SNR at the same level. In some cases w
egional contraction inhomogeneity exceeds the dynamic r

hat fast-DENSE can capture, it may be necessary to perfot
e
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eparate scans in order to measure strain with acceptable
nother means for extending the dynamic range is by inc

ng the overall SNR of the image by utilizing imaging te
iques, such as fast spin echo, that do not depend on rec
agnetization via low flip angle RF pulses.
Cardiac motion inside an inhomogeneous static field

rovide yet another source for error when utilizing pha
ased methods.B0 inhomogeneity is a result of the pletho
f tissue–air interfaces around the heart. In an ideal se
hen conducting phase experiments, the reference
erves as a means for mapping every other source of
ccumulation except for the one that needs to be reco
ubtraction of the reference scan from the encoded da

esults in phase maps where only the desired contribu
re present. However, this process can prove to b
dditional source of error when considering a moving

ect. Unless the reference scan is acquired at exactly
ame cardiac phase, the phase accumulated due to
nhomogeneity will not cancel out in the resulting ph

ap. This occurs because the heart is at a slightly diffe
ocation for each of the two scans. There are two ways

inimizing errors originating from this process. Cor
pondingk-space lines of the two scans are either tem
ally spaced as close to one another as possible or acq
uring successive heartbeats at the same cardiac phas
rst approach results in phase maps where a contributi
0 inhomogeneity is present. Depending on how steep

nhomogeneity gradient is and how much the heart
oved, phase maps can be significantly distorted. Th
articularly true for PC velocity methods where motion o
–2 ms gives relatively small phase contrast while

emporal spacing between the two scans (TR) is on the
f 20 ms. Araiet al. (14) have shown that such phase er
an limit the applicability of PC velocity mapping in som
arts of the heart.
Minimizing B0 phase contributions by acquiring cor

pondingk-space lines of the reference and the enco
can at the same cardiac phase of successive heartbe
ts own problems. The uncertainty introduced by EKG t
ering, with respect to the actual point in time wher
articular phase is acquired, can introduce phase e
omparable to the ones already mentioned. The corresp
ng k-space lines can be acquired as far apart as on
nterval for PC velocity methods. Thus, for velocity m
urements, this approach is not any better than the
reviously discussed due to the jitter introduced in
cquisition window by the prospective real-time EKG tr
ering. It is also worth noting that PC velocity pulse
uences utilize gradient echoes and thereforeB0 effects are
trong. However, with DENSE the multiple heartbeat
roach works quite well. Acquisition jitter introduced
KG triggering is small when compared to the long enc

ng period. In addition, since the phase is wrapped mul

rmimes over the field of view,B0-induced phase errors be-
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ome less significant when considering the overall p
ynamic range. Last, the acquisition process itself is thro
timulated echoes that are in nature less susceptible to
nhomogeneity. Control data acquired with fast-DEN
rom the human heart, as described under Methods, sh
hat the error in strain measurements is approximately 2
n areas of the heart where the calculated strain falls b
his noise level, the principal contraction and dilation dir
ions tend to be random and do not reflect the actual mu
eformation.
It should be noted that in the normal heart, myocar

hortening is occurring along the fiber direction. Myocar
bers of the left ventricle are oriented in a helical patt
here the long axis of the helix is along the long axis of

FIG. 18. Short-axis magnitude image of the human heart that demon
he periphery of the FOV.

FIG. 16. Contraction strain map of the human heart over the last 10
he principal direction of contraction is shown via colored bars. Color sca

he physiological noise level.
FIG. 17. Dilation strain map of the human heart over the last 105 ms

rincipal direction of dilation is shown via colored bars. Color scale re

hysiological noise level.
e
h
ld

ed
.

w
-
le

l
l
,
e

eart. Therefore, DENSE data acquired with this 2D acq
ion scheme sample the projection of the actual displace
nto the imaged slice. As such, the calculated circumfere
train is a weighted average of the strains along the cir
erence and the long axis.

The current implementation of fast-DENSE requires ac
ition windows of 24 heartbeats. Even though this is adeq
or normal volunteer exams, patient scans will need to b
east twice as fast. This may be feasible by recalling
maging the STEAM-prepared magnetization via fast spin e

ethods. We hope that such an approach will yield DEN
ata of similar spatial resolution in 12 heartbeats in the fu
imiting fast-DENSE data to the last 100 ms of systole
lso a result of the low flip angle imaging scheme. Fast

ates how X and Y slab selection can be utilized to attenuate signal orig

s of systole with Y encoding substituted by an additional reference sca
epresents 0 to 20% contraction. Average strain is 2.8% (SD5 2.5%) and represen

systole with Y encoding substituted by an additional reference scan (se
sents 0 to 20% dilation. Average strain is 2.9% (SD5 2.5%) and represents t
str
5 m
le r

of
pre
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56 ALETRAS, BALABAN, AND WEN
cho acquisition could provide the improved data SNR tha
otentially allow strain analysis at high resolution over the

ime course of systole.

CONCLUSIONS

We demonstrated that fast-DENSE can provide 2D s
aps from the human heart at 2.53 2.5 mm in-plane resolu

ion with high precision in a 24-heartbeat breath-hold. D
rocessing is fast and requires little human interaction. Co
xperiments performed in normal volunteers yielded a n

evel of 2.8 and 2.9% for circumferential and radial stra
espectively. Stationary phantom data showed that
urrents and Maxwell terms induced an order of magni
ess noise than that detected underin vivo conditions. The
rinciple of the method was verified via rotating phan
xperiments.
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