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Displacement encoding with stimulated echoes (DENSE) was
eveloped for high-resolution myocardial displacement mapping.
ixel phase is modulated by myocardial displacement and data
patial resolution is limited only by pixel size. 2D displacement
ector maps were generated for the systolic action in canines with
.94 3 1.9 mm nominal in-plane resolution and 2.3 mm/p dis-
lacement encoding. A radial strain of 0.208 was measured across
he free left ventricular wall over 105 ms during systole. DENSE
isplacement maps require small first-order gradient moments for
ncoding. DENSE magnitude images exhibit black-blood contrast
hich allows for better myocardial definition and reduced motion-

elated artifacts.
Key Words: cardiac; function; STEAM; PC; phase contrast;

timulated echoes; heart.

In recent years magnetic resonance imaging has deve
he capability to evaluate myocardial perfusion and func
1). Functional studies provide information on the contrac
ction of the cardiac muscle, a potential indicator of its via

ty (2–7). This paper introduces a phase contrast metho
isplacementencoding via stimulated echoes (DENSE) tha
as the ability to extract myocardial motion data at high sp
ensity over segments of the cardiac cycle.
To date, two categories of pulse sequences have bee

osed in order to evaluate cardiac function with magn
esonance imaging. The first relies on tagging the magn
mages with a grid of signal voids during RF excitation
ubsequently tracking the tags when the signal is acq
8–10). Such a grid can be implemented through selec
aturation (8) or through modulation of the magnetizat
ector by gradient fields (9). Both approaches are easily ap
able on standard clinical scanners. Data acquired with ta
rovide information with respect to muscle deformat
2, 3, 9–16). While easy to visualize and implement, tagg
ethods suffer from low spatial resolution. The need to
uately define the saturation grid and the fact that myoca
ignal is deliberately suppressed limit the resolution. Th
ore, it is difficult to measure transmural variations in mot
ith tagging methods.
The other approach to functional cardiac imaging is thro
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hase contrast (PC) velocity encoding of the myocardial s
17). With this method, spins acquire phase that is proporti
o their velocity. This is achieved through the application
ipolar gradient lobes along the desired direction prior to si
cquisition. Since the phase of a pixel is modulated by velo
ne can attain functional data with maximum resolution s
ach pixel contains velocity data (18–21). However, shor
eriods of motion are recorded with PC velocity encoding
ncode low velocities, larger first-order gradient moments

o be applied. This results in prolonged echo times and p
istortion. The latter is a direct manifestation of eddy curr
nd Maxwell terms. Gradient system performance is critic
ccurately extracting velocity information with PC metho
oreover, additional phase distortion due to cardiac motio
reas of high susceptibility boundaries further degrades
uality. Such susceptibility interfaces are found in the post

eft ventricular wall.
Combining the advantages of both tagging and phase v

ty mapping methods has the potential of yielding a me
apable of measuring large displacements over long pe
hile maintaining high spatial resolution. Recently, such
ults pertaining to magnetic resonance elastography were
ented through manipulation of the spin phase in a stimu
cho imaging experiment (22). In an effort to quantify dis
lacement resulting from deformation induced by exte

orces, the phase of each pixel was modulated according
osition rather than its velocity.
Based on the same principle, adisplacementencodingstim-

latedecho method was developed to provide a high sp
ensity of displacement measurements in the myocardium
timulated echoes. This technique encodes motion over
ime intervals. The encoded displacements are large; ther
mproved phase contrast is obtained with moderate gra
trength. In this paper we present the details of this techn
nd preliminary results obtained with DENSE from caninein
ivo.
To encode displacement over a time comparable toT1, the
agnetization vector must be stored along the direction o

tatic magnetic field to avoidT*2-related signal decay. This w
ccomplished with stimulated echoes.
1090-7807/99
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The basic pulse sequence is schematically presented i
. After an initial RF excitation, phase dispersion was in
uced with a single gradient lobe along the desired direc
or example, along the read direction the gradient pulse
et atG5 G/cm and durationt enc. Subsequently, a second
ulse was applied to preserve the magnetization along

ongitudinal axis. Displacement was encoded during a
ixing period TM followed by a third RF pulse that broug

he magnetization onto the transverse plane. There, a s
radient pulse of amplitudeG6 (whereG5 5 G6) rewound the
hase dispersion from the first lobe. For stationary spins
hase rewinding was complete. For spins that had moveDx
etweenG5 andG6 along the read direction, a phase ofw 1 5

HG5t encDx was accumulated. Imaging was performed w
lice selection during the third RF pulse followed by seque
-space sampling at one view per excitation. The sequenc
epeated once more with altered amplitude of the pos
ensitizing gradient pulses (whereG*5 5 G*6). The phas
ccumulated was thenw 2 5 gHG*5t encDx. The phase differenc
etween the images wasDw 5 gHt enc(G5 2 G*5)Dx. This
quation was used to measureDx. Other phase contribution
ommon to both images were canceled. SinceDx occurred
ver approximately 100 ms, large phase differencesDw were
btained with moderate encoding gradient pulses. To me
isplacement along the read and slice directions, the c
ponding encoding gradient amplitudes were modified ac
ngly.

All experiments were performed on a 4-T Oxford mag
Oxford, England) equipped with a whole-body three-axis
ient set capable of 1.3 G/cm. Signal was acquired wi
urrey Medical Imaging Systems console (Surrey, Engl
utfitted with a digital receiver and digital gradient dri
oards. A quadrature transmit/receive coil of 27 cm in diam
23) was utilized for excitation/reception.

In vivo displacement data from beagles were collecte

FIG. 1. DENSE pulse sequence. Spin phase wrapping occurs throu
pplication of gradient pulsesG1, G3, and G5. The corresponding gradie
ulsesG2, G4, andG6 totally unwrap the phase for static tissue. Spins
ave moved during the TM period will retain phase as described in the
ig.
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tudy the contraction of the heart. The animals were exter
entilated and the cardiac muscle was paced to an in
ultiple of the respiratory frequency. Following a cardi

riggered fast gradient echo sagittal localizer, short-axis pl
slice thickness of 5 mm) were prescribed with DENSE. C
as taken to ensure that the heart was located at isocente
iew per external respiratory triggering pulse was sample
00 kHz. The matrix size was set to 2563 128 for a field o
iew of 240 3 240 mm. The TM period was gated to oc
ver the 105 ms before end systole. This allowed for mea
ent of systolic displacement. Image acquisition at end sy
as used to maximize wall thickness and improve transm
patial resolution. In order to account for through-plane
ion, the first two RF excitations were performed with non
ective 600-ms pulses. Due to the long TR period dictated
he respiratory triggering process, the slice-selective sin
ulse following the TM period was 90°. The magnetiza
ector remained in the transverse plane for a total perio
E 5 6 ms. During that time, displacement encoding gradi
Fig. 1) along the required axis were applied at grad
trengths of 0.3, 0.9, and 0.15 G/cm for the slice (G1, G2), read
G5, G6), and phase (G3, G4) axes, respectively (plateau5
00ms, ramp5 600ms). The maximum first-order moment

he Z gradient direction was kept at 840mspG/cm to keep
ignal loss due to through-slice contraction low. The sec
isplacement sensitizing gradient pulses (G2, G4, G6) also
erved as means of dispersing the FID signal following
lice-selective RF pulse. The TM period was set to 105
rusher gradients (G7–G9) at 0.75 G/cm (30 ms in duratio
ere applied during TM to suppress signal not pertaining to
timulated echo experiment. Crushers were also applied
nd of each TR period along the read and slice axes.
The stimulated echo imaging sequence was repeated a

f four times to acquire displacement encoded short-axis
rom a midventricular slice of the heart. The first repetit
erved as a reference scan. Each of the remaining three
itions was carried out with a modified amplitude of the
lacement encoding gradient along a specific direction.
rst moment of the difference between the gradient pulse
he reference scan and each of the remaining sets was se
.3 mm/p displacement encoding. The difference phase m
etween such a data set and the reference scan yielded
ation pertaining to the displacement of the cardiac mu
long a given direction.
Static phantom displacement maps were collected from

gar phantom (8 cm diameter) with imaging parameters si
o those used for thein vivo studies. These maps were utiliz
n order to evaluate baseline phase errors arising from in
uate gradient performance with respect to eddy current
ression. The phantom was located at isocenter in order to
hase errors at the same location where thein vivoexperiment
ere performed.
Raw data were processed with IDL (Research Systems

he

t
t.
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249COMMUNICATIONS
oulder, CO) to produce phase maps. Knowing the dura
nd amplitude of the displacement encoding gradient pu

he phase differences were converted to displacement ve
o correct bulk translational motion of the heart, a regio

nterest (ROI) was defined to include both the left and the
entricles. The average displacement vector of all pixels in
OI was calculated and subtracted from the displace
ector of each pixel.
The phase errors in all three orthogonal directions from

gar phantom are shown in Fig. 2. The 0th order phase
erm recorded along theY and Z directions does not affe
ardiac motion studies since bulk motion is corrected
oftware. The small first-order term alongX is likely due to
ddy currents and represents an error of less than 3% of th
cale. This is equivalent to 0.26-mm error in displaceme
he edges of the field of view for thein vivo experiments. In
rinciple, this systematic error can be corrected during
rocessing. In practice, the heart is positioned at the cen

he field of view, thus this error is negligible. Also, Maxw
erms were not considered as a source of phase error sin
xperiment was performed at isocenter (24).
Magnitude data from the reference scan are shown in F

n short-axis format. Note the black-blood feature cause
he long TM period and ataxic motion of the blood in
entricle.
A DENSE displacement map for in-plane motion is p

ented in Fig. 4a. The plot is a series of vectors represe
ndividual pixels on ax–y position map. The vector length
caled to the actual amount of displacement occurring ove
05-ms encoding period in systole. A more detailed view o

eft ventricular free wall is shown in Fig. 4b. The displa
ents range from 1.8 to 3.4 mm with a gradient of displ
ent (i.e., radial strain) from epicardium to endocardium
.208 mm/mm (Fig. 5).
Through-plane motion in the same slice is shown by m

FIG. 2. Phase error introduced by poor hardware performance. Since
hantom DENSE data were acquired at isocenter; this residual phase is
y eddy currents and by the poor high-frequency response of the gr
ystem rather than Maxwell terms.
n
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s of a grayscale in Fig. 6. A grayscale is used since th
ow run in and out of the plane of the paper. The maxim
cale corresponds to 4-mm displacement of myocardial
long the long axis of the heart. Note that the least thro
lane displacement occurred in the septum.
DENSE provided a high-density measure of myocar

isplacement in the intact canine heart. Using the cu
maging parameters, approximately up to seven points a
he free left ventricular wall were measured. This is well ab
onventional tagging resolution. The displacements wer
he order of 1.5 mm over the 105-ms encoding period.
aximum displacement was 5.14 mm at the tip of a papi
uscle.
The contraction of this myocardial slice was not isotro

Fig. 4). Displacement in the free wall of the left ventricle
ainly in a radial direction for systolic action. Wall deform

ion can be described by the radial gradient of displace
25). A positive radial gradient of 0.208 mm/mm was measu
rom the epicardium to the endocardium (Fig. 5). This valu

tic
sed
nt

FIG. 3. Magnitude short-axis DENSE image. Black-blood contras
nherent to data acquisition with stimulated echoes at long TM periods.
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adial strain agrees with previously published data (26). In the
ntraventricular septum, a deviation from pure radial displ

ent is observed and rotational components become
revalent. The physical location and contraction of the r
entricle likely cause this anisotropic displacement.
In principle, the SNR of the displacement measureme

imited by the image signal-to-noise ratio. The signal-to-n
atio in the magnitude images was 17:1 as measured at th
entricular free wall. As a result, the corresponding phase n
s 0.0588 rad. This translates to 43.1mm of displacemen
ncertainty, since encoding was performed at 2.3 mm/p. As

FIG. 4. (a) Short axis displacement vector map over 105 ms. The m
all. The radial strain along the solid line was 0.208 over the 105-ms e

FIG. 5. The radial displacement gradient as measured along the sol
n Fig. 4b from endocardium (2.6 mm) to epicardium (10.6 mm).
-
re
t

is
e
left
se

iscussed earlier, systematic errors due to eddy current
axwell terms were not significant in this study. Genera

hese errors can be mapped and taken into account durin
rocessing if needed.
Besides its ability to collect displacement data at high

lution, DENSE is advantageous due to its intrinsic bla
lood T1 contrast (Fig. 3). This type of image contras
esirable in cardiac MRI studies for separating the myo
ium from the ventricular cavity. Moreover, the lack of bri
lood signal helps reduce motion artifacts along the p
irection.
A significant signal loss occurs with this technique du

ntravoxel dephasing caused by the gradient pulses brack
he TM period. Not only tissue deformation and rotation,
lso perfusion, can contribute to the pixel intensity drop.
eed, when the TE encoding gradients were increase
trength (data not shown) there was signal loss within
yocardial tissue due to the aforementioned reasons.

arly, prolonging the encoding period up to 300 ms resulte
nisotropic and regional signal loss that can not be contrib

o T1 as evidenced by saturation recovery experiments
REC up to 300 ms. In either case, such effects have alr
een reported (27, 28). It is difficult to separate the contrib

ion of each term to the overall signal lossin vivo.As such, one
as to experimentally balance among the need for ade
ID signal crushing, sensitivity of displacement measurem
nd the intravoxel dephasing-related signal loss when co

ed area of the LV is shown in more detail in (b). (b) Detail from the left v
ding period.
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ring the first-order moment of the displacement-enco
radient pulses. Signal attenuation due to intravoxel deph
lso limits the extent of muscle deformation that can be
oded (27). Therefore, for a given encoding strength, card
isplacement must be observed over a limited duration w
uch effects are not dominant. During systole in the ca
odel, the empirical limit for the observation time (TM) w

ess than 105 ms. On the other hand, intravoxel deph
ould provide a measure of deformation by itself and fur
nvestigation is warranted.

With the current implementation, DENSE data are acqu
lowly (4.3 min per image), making clinical application di
ult. Agar phantom experiments showed that it is possib
ompress the imaging sequence to accommodate multipkY

ine sampling during each heartbeat by applying a trai
mall flip angle RF pulses in place of the soft 90° to acq
egmentedk-space data. A preliminary human heart im
sing stimulated echoes with a dedicated 1.5-T cardiac sc

s presented in Fig. 7. The combination of high-speed STE
RI (28) with DENSE encoding has the potential of yield
seful 2D displacement data from the human myocardiu
2 s. Frahmet al.(28) presented single-shot STEAM images

he heartin vivo in 1991. According to the authors, these res
ere SNR limited by inadequate hardware with respect to
nd gradient coil characteristics and the requirement for si
hot image acquisition. High-performance gradient sets
hased array coils specifically designed for cardiac imagin

FIG. 6. Through-plane motion DENSE data. Maximum scale corresp
o 4-mm displacement normal to the slice plane.
g
ng
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ow readily available. These technological advancemen
onjunction with image acquisition over multiple cardiac
les, could yield high-quality fast-DENSE data. Furtherm
y varying the length of the TM period, images from differ
ardiac phases can be obtained while view sharing can pr
dditional phases of the cardiac cycle at no expense of im

ime. This approach would be desirable in breath-hold hu
ardiac imaging.
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