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Abstract

Accurate functional measurement in cardiovascular diseases is important as inaccuracy
may compromise diagnostic decisions. Cardiac function can be assessed using displacement
encoding with stimulated echoes; resulting in three signal components. The FID, arising from
spins undergoing T1-relaxation, is not displacement encoded and impairs the displacement
acquired. Techniques for suppressing the FID exist; however, a residual will remain. The
effect of the residual is difficult to distinguish and investigate in-vitro and in-vivo. In this
work, the influence of the FID as well as of off-resonance effects is evaluated by altering the
phase of the FID in relation to the stimulated echo. The results show that the FID and off-
resonance effects can impair the accuracy of the displacement measurement acquired. The
influence of the FID can be avoided by using an encoded reference. We therefore recommend
the assessment of this influence of the FID for each DENSE protocol.
Key words: DENSE, myocardium, function, strain, MRI

Introduction

Displacement encoding with stimulated echoes
(DENSE) [1] is a phase-based imaging method
which enables a non-invasive in-vivo quantifi-
cation of deformation in the beating heart.
The displacement encoding in DENSE is per-
formed in two steps. The first step is an en-
coding preparation, usually performed at the
R-wave in the ECG. The second step is to pre-
cede the readout with a decoding sequence,
as illustrated in Figure 1. To acquire the
displacement, DENSE uses a stimulated echo
acquisition which results in three spin sub-
populations; the displacement-encoded stim-
ulated echo, the displacement-encoded stimu-

lated anti-echo and the FID. In contrast to the
stimulated echoes, the FID does not originate
from the encoding preparation and is not dis-
placement encoded. This fact makes the FID
an undesired signal component in the DENSE
acquisition, as its contribution impairs the ac-
curacy of the displacement acquired. Different
principles are used to suppress the influence
of the FID: inversion recovery [2], k-space fil-
ters [3], strong displacement-encoding to sep-
arate the signal components [1, 2, 4], and RF
phase cycling [5, 6, 7, 8]. However, the sup-
pression of the FID is never perfect and an
undesired residual signal will remain. Unfor-
tunately, the effect of this residual signal is
easily overlooked. In-vivo, its effect is difficult
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Figure 1: DENSE pulse sequence diagram.

to detect as the true displacement is unknown,
and in stationary phantoms the phases of the
stimulated echo and the FID are most likely
to be correlative. Dynamic phantoms could
be used to evaluate the effect of the motion on
the residual; however, such phantoms are more
complex in design and to use than stationary
phantoms.

The DENSE measurement can also be
affected by phase contributions due to off-
resonance. These contributions are unwanted
and are commonly compensated with a phase
reference scan, a method which also is used
for phase contrast velocity mapping. However,
in contrast to phase contrast velocity map-
ping DENSE data are acquired as a stimulated
echo. The off-resonance effects in DENSE
can therefore also result in a modulated signal
magnitude [9]. This modulation may further
enhance the influence of the FID.

In this work we studied how the un-
encoded FID and the phase contribution from
off-resonance effects may influence the accu-
racy of displacement measurements.

Methods

The influence of the un-encoded FID was eval-
uated both in-vitro and in-vivo by impos-
ing an additional phase to the FID in rela-
tion to the phase of the stimulated echo, as
described later. This was achieved with a
quadrature combined measurement analogous
to CANSEL [6]. The phase alteration gives the
FID and the stimulated echo different phases,
which makes any influence of the FID easier

to detect than in the normal situations where
the phase of these signal components are cor-
relative.

Off-resonance effects were evaluated in-

vitro with measurements on regions with dif-
ferent Larmor frequencies, while the in-vivo

evaluation was performed by altering the mea-
surement frequency.

DENSE acquisition strategies

Three DENSE encoding strategies were used
to evaluate the influence of the FID and the
off-resonance effects. Not all of these strate-
gies are suitable for practical use but they
were chosen for evaluative purposes. The
three different encoding strategies are referred
to as un-encoded non-complementary, un-
encoded complementary and encoded comple-
mentary, and an overview of these is shown
in Table 1. The reference part of the mea-
surement for both the un-encoded strate-
gies was acquired without displacement en-
coding gradients (all RF pulses were ap-
plied). While the un-encoded complemen-
tary reference was acquired complementary to
suppress the FID [10], the un-encoded non-
complementary reference did not include this
suppression. The encoded complementary
strategy used an oblique encoding approach
[11] in which the reference part for the encoded
complementary strategy was acquired using
non-zero displacement encoding [1]. The en-
coded complementary strategy consequently
has effectively twice the displacement encod-
ing gradient area compared to the other two
strategies. For all three approaches, all the
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Table 1: Summary of the reference encodings using encoding gradients in X (GX), Y (GY ) and
Z (GZ) direction. The asterisk (∗) denotes two complementary acquisitions obtained by 180 degree
phase cycling of the second RF pulse. The number of encodings used for each of the three encoding
approach is given for both measurements; conventional cosine only / quadrature combined.

X-encoding Y-encoding Z-encoding Reference No. of
encodings

Un-encoded
non- complementary






+GX

0

0




 ∗






0

+GY

0




 ∗






0

0

+GZ




 ∗






0

0

0




 7/14

Un-encoded
complementary






+GX

0

0




 ∗






0

+GY

0




 ∗






0

0

+GZ




 ∗






0

0

0




 ∗ 8/16

Encoded
complementary






+GX

−GY

−GZ




 ∗






−GX

+GY

−GZ




 ∗






−GX

−GY

+GZ




 ∗






−GX

−GY

−GZ




 ∗ 8/16

Table 2: A0, A90, A180 and A270 are acquisitions performed with 0, 90, 180 and 270 degrees phase of
the second RF pulse. The table shows how these acquisitions are combined for each of the reference
encoding strategies and the resulting signal obtained. Gray text indicates that the encoding gradient
have shifted the position of the signal component in k-space. Theoretically, the combination could be
used to fully suppress one or two of the signal components. Practically, the combination is imperfect
and an undesired residual signal may remain.

Combination Signal
Un-encoded cosine ref. A0 MSTE +MFID +MSTAE

non-complementary meas. A0 −A180 2MSTE+2MSTAE

quad. ref. A0 − iA90 2MSTE + (1− i)MFID

meas. A0 − iA90 −A180 + iA270 4MSTE

Un-encoded cosine ref. A0 −A180 2MSTE + 2MSTAE

complementary meas. A0 −A180 2MSTE+2MSTAE

quad. ref. A0 − iA90 −A180 + iA270 4MSTE

meas. A0 − iA90 −A180 + iA270 4MSTE

Encoded cosine A0 −A180 2MSTE+2MSTAE

complementary quad A0 − iA90 −A180 + iA270 4MSTE
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non-reference parts of the measurements were
acquired with a complementary acquisition.

Phase cycled acquisitions (0, 90, 180 and
270 degree phase cycling of the second RF
pulse in the encoding preparation) allowed to
combine each of the three different encoding
strategies in two different ways; cosine only
and in quadrature, as shown in Table 2. The
cosine only combination only used the 0 and
180 degree phase data while the quadrature
combination used all four phase cycled acqui-
sitions. As seen in the table, all combinations
not only constructively combine the stimu-
lated echo but also unavoidably affect the
phase of the other two signal components, e.g.
the un-encoded non-complementary quadra-
ture combined reference results in a 45 degree
phase shift of the FID. This shift in phase is
generally an unwanted side-effect of the com-
bination, but in this study it is used to reveal
the influence of the FID.

In-vitro evaluation

The phase contribution from the FID was eval-
uated on a homogeneous stationary phantom.
Mean and standard deviation of displacement
and strain were computed for the three encod-
ing strategies over a region of interest (ROI)
of 60 × 60 pixels. Strain was obtained using
a quadratic form of the Euler-Almansi strain
tensor [12] using three adjacent pixels, (x, y),
(x+ 1, y) and (x, y + 1). Minimum and maxi-
mum strains for each tensor were obtained as
the minimum and maximum eigenvalues of the
strain tensor. The stationary phantom consti-
tuted a well defined reference where any devia-
tion from the ideal result, that is zero displace-
ment and strain, was related to measurement
error.

The influence of off-resonance effects was
evaluated on a phantom consisting of two re-
gions. These regions had different Larmor fre-
quencies; one region on-resonance made by a
gelatin mixture, and one region off-resonance
made from butter. Due to these well de-

fined regions, the phantom constitutes a re-
liable source of off-resonance effects. Mean
and standard deviation of displacement and
strain were computed for the three encoding
strategies over a ROI of 30 × 5 pixels. As
this phantom was stationary too, any devia-
tion from the ideal result, that is zero displace-
ment and strain, was related to measurement
inaccuracy.

The measurements were performed on a
1.5 T MRI scanner (Philips Achieva, Philips
Medical Systems, Best, The Netherlands) with
a 5 element phased array cardiac coil using
an ECG-triggered k-space segmented EPI ac-
quisition. The ECG-triggering was performed
using a simulated 60 bpm ECG. The fol-
lowing parameters were used for the acquisi-
tions: EPI-factor 7, k-space segmentation fac-
tor 3, TR/TE 10.6/4.9 ms, 20 degree flip an-
gle, 15 time frames evenly distributed over
the simulated cardiac cycle, acquisition ma-
trix 140×126, FOV 350×350 resulting in an ac-
quired voxel size of 2.5×2.8 mm, slice thickness
8 mm, displacement encoding strength 0.35
cycles per pixel. Data were reconstructed with
a 144×144 reconstruction matrix to 2.43×2.43
mm pixels on the MRI scanner. Displacement
maps were produced off-line, using an in-house
developed post processing toolkit. The FID
was suppressed by subtracting the complex
image data from the complementary acquisi-
tion, where applicable.

In-vivo evaluation

Six healthy volunteers were examined with
the three DENSE reference strategies. The
RF phase of these measurements was cycled
in four steps, which allowed combining data
from the same measurement both for the con-
ventional cosine only combination and for the
quadrature combination. To avoid misregis-
tration of the myocardium, all RF phase acqui-
sitions of each direction of displacement were
acquired in a single breath hold. Six time
frames were acquired, evenly distributed over
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the cardiac cycle, and SENSE with a reduction
factor of 2 was used. Apart from this, the in-

vivo measurements were performed with iden-
tical acquisition parameters as for the in-vitro
measurement, with ECG triggering on every
heart beat. This resulted in three breath holds
of 18 R-R intervals for the un-encoded non-
complementary strategy and 24 R-R intervals
for the un-encoded complementary and en-
coded complementary strategies.

To evaluate the influence of the FID, the
myocardium was manually segmented and the
difference in displacement between the con-
ventional cosine only combination and the
quadrature combination was calculated per
pixel within myocardium. The result is pre-
sented as the mean absolute difference of all
pixels.

To evaluate the influence of off-resonance
effects, the measurements were acquired at
three different frequencies; one on-resonance
and two off-resonance. The on-resonance fre-
quency was determined by the MRI system in
a pre-scan in the beginning of each examina-
tion. In addition to this frequency, measure-
ments were acquired with a relative frequency
offset of -70 Hz and +214 Hz, corresponding
to peak-to-peak variation within the heart [13]
and to the chemical shift of fat [14]. The
mean displacement over the myocardium was
computed for each measurement. The stan-
dard deviation of the displacement over the
three measurement frequencies was calculated
for the three reference strategies. As the dis-
placement from the measurements with dif-
ferent frequencies sometimes differs substan-
tially, the phases were unwrapped to produce
the smallest standard deviation for each of the
three encoding strategies. The order of the
three DENSE reference strategies and three
different frequencies were performed in ran-
domized order, and the study was approved
by the regional ethical review board.

Results

Displacement data were successfully acquired
with the three DENSE acquisition strategies,
both with and without imposing the addi-
tional phase to the FID in relation to the stim-
ulated echoes. No major image artifacts were
seen in any of the acquisitions.

In-vitro

The data from the homogeneous phantom
were evaluated in terms of displacement off-
set and strain, and are presented in Fig-
ure 2 and Figure 4 respectively. In Figure
2d-f, a temporally varying displacement off-
set is evident in all three directions for the
un-encoded non-complementary strategy with
the quadrature combined data; the combina-
tions which impose an additional phase on
the FID. The varying phase approaches an
asymptote, as seen in Figure 3. This behav-
ior seems to match the magnitude of the FID.
In the early time frames, when the magnitude
of the stimulated echo dominates, the offset
in displacement is small; as time advances,
while the magnitude of the FID increases, the
phase offset increases. The un-encoded non-
complementary strategy with conventional co-
sine only measurement also results in a small
temporal variation in displacement, as shown
in Figure 2a-c. This small temporal varia-
tion may be explained by a small phase differ-
ence between the FID and the stimulated echo
caused by off-resonance effects. Neither the
un-encoded complementary nor the encoded
complementary strategies, which both employ
suppression of the FID, show any evident tem-
poral variation in displacement. No major dif-
ferences were found in terms of the standard
deviation of the displacement or in the estima-
tion of strain, as shown in Figure 2 and Figure
4.

Data from the on- and off-resonance phan-
tom were evaluated in terms of magnitude
and mean displacement offset for the two re-
gions which had different Larmor frequen-
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cies. With the conventional cosine only mea-
surement, the mean displacement is seen to
differ between the two regions for both the
un-encoded non-complementary and the un-
encoded complementary strategies, as shown
in Figure 5. This could be related to the
low magnitude achieved in the off-resonance
region for these approaches, as seen in Fig-
ure 6. This deviation could not be seen for
the encoded complementary strategy or while
using the un-encoded complementary strat-
egy with quadrature combination. These mea-
surements also result in higher signal magni-
tude. For the quadrature combined data with
the un-encoded non-complementary strategy a
temporally varying displacement offset is seen,
as shown in Figure 5. Furthermore, the be-
havior of the off-resonance differs from that
of the on-resonance. This difference could
be related to the corresponding signal mag-
nitude, as shown in Figure 6. The magnitude
of the on-resonance region is seen to decrease
as would be expected from a stimulated echo.
The magnitude of the off-resonance region, on
the other hand, increases. Given the fixed flip
angle, this would require contribution from the
FID.

The characteristics of the strain in the on-
and the off-resonance regions were analogous
to the strain in the stationary phantom. In the
off-resonance regions, larger absolute strain
terms were seen for all encoding strategies.

In-vivo

The in-vivo influence of the FID was evalu-
ated by comparing the phase and the corre-
sponding displacement from the conventional
cosine only and from the quadrature combined
data, as these two combinations result in a
different phase for the FID. The mean abso-
lute per-pixel difference between cosine-only
and quadrature combined data of the three
encoding strategies is shown in Table 3. A
paired T-test showed that the encoded com-
plementary strategy resulted in a significantly
smaller influence of the FID in terms of phase
than did either of the un-encoded strategies
(p<0.05 for each of the three encoding direc-
tions separately). No significant difference in
phase was found when the two un-encoded
strategies were compared. In-vivo, the influ-
ence of different resonance frequency is pre-
sented as the standard deviation of the mean
displacement, as shown in Table 4. Using
the conventional cosine only combination, a
paired T-test shows that the encoded com-
plementary strategy resulted in a significantly
lower standard deviation due to off-resonance
effects, than either of the un-encoded strate-
gies (p<0.05 for each of the three encoding
directions separately). No significant differ-
ence was found between the two un-encoded
strategies using the conventional cosine only
combination. For the quadrature combina-
tion on the other hand, both the un-encoded
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Table 3: Influence of the FID in-vivo in terms of absolute difference in phase and displacement (in
brackets) between the cosine only and the quadrature combined data. The table shows the mean
and standard deviations of the difference in radians and mm respectively.

Frequency encoding Phase encoding Through-plane
direction direction direction

Un-encoded 0.77± 0.33 0.90± 0.46 0.87± 0.48

non-complementary (1.02± 0.44) (1.02± 0.52) (3.15± 1.74)

Un-encoded 0.69± 0.33 0.69± 0.28 0.65± 0.23

complementary (0.90± 0.44) (0.79± 0.31) (2.38± 0.82)

Encoded 0.16± 0.03 0.19± 0.05 0.20± 0.08

complementary (0.15± 0.02) (0.15± 0.04) (0.50± 0.20)

Table 4: Influence of the off-resonance effects. The table presents the standard deviation of the
displacement acquired with three difference measurement frequencies; on-resonance, -70 Hz and +214
Hz. The displacement values are presented in mm.

Frequency encoding dir. Phase encoding dir. Through-plane dir.
cosine quad. cosine quad. cosine quad.

Un-encoded 1.10± 0.42 0.99± 0.40 0.84± 0.43 0.77± 0.31 2.77± 1.60 2.27± 0.98

non-complementary
Un-encoded 1.02± 0.57 0.22± 0.12 0.76± 0.39 0.20± 0.07 2.45± 1.60 0.55± 0.31

complementary
Encoded 0.19± 0.07 0.18± 0.08 0.21± 0.09 0.20± 0.10 0.53± 0.30 0.53± 0.31

complementary
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complementary and encoded complementary
strategies produce significantly lower standard
deviations due to off-resonance than the un-
encoded non-complementary strategy (p<0.05
for each of the three encoding directions sepa-
rately). Using the quadrature combined data,
no significant difference was found between the
un-encoded complementary and encoded com-
plementary strategies.

Discussion

We have studied the influence of the un-
encoded FID and off-resonance effects on
DENSE acquisitions for different encoding
strategies. This was achieved both by acquir-
ing DENSE data with and without an addi-
tional phase imposed onto the FID in relation
to the stimulated echo, as well as by perform-
ing the measurements at different resonance
frequencies.

The effect of the un-encoded FID and off-
resonance effects are difficult to detect and as-
sess in-vivo, and even on a stationary phantom
with a conventional measurement acquiring
only the cosine component of the stimulated
echo, where the FID and the stimulated echo
result in a similar phase, artificially masking
the effect. However, imposing an additional
phase to the FID in relation to the phase of
the stimulated echo, in combination with per-
forming the measurement with different fre-
quencies, revealed the influence of the FID and
off-resonance effects. Using this technique,
we showed that the accuracy of DENSE MRI
can be severely impaired by the un-encoded
FID and off-resonance effect, as seen for the
un-encoded non-complementary strategy, but
that this effect can be reduced by a suitable
choice of reference strategy, as seen for the en-
coded complementary strategy.

The effect of the un-encoded FID, shown
in Figures 2 and 3, can be explained using
the theory presented in the appendix. For
the un-encoded strategies, the three signal
components from the DENSE acquisition co-

incide in the center of k-space. The phase
of these signal components differs, as seen
in the appendix. Moreover, the magnitude
of these three signal components also differs
and, importantly, varies over time. The sig-
nal magnitude depends on both T1 and T ∗

2

relaxation effects. In contrast to the stim-
ulated anti-echo, the T ′

2 decay of the stimu-
lated echo is partially refocused by the pulse
sequence; hence the signal magnitude for the
stimulated echo is larger than that of the stim-
ulated anti-echo. If the timing of the pulse se-
quence is chosen appropriately to provide com-
plete T ′

2 refocusing, the stimulated echo will be
purely T2-weighted, while the stimulated anti-
echo will be T ∗

2 -weighted. The T1-recovery,
on the other hand, causes the signal magni-
tude of the FID echo to increase over time,
while the signal magnitude of the two stimu-
lated echoes declines. The signal magnitude
of the un-encoded non-complementary refer-
ence is therefore mainly based on the stimu-
lated echo in the early time frames, while it is
mainly dependent on the FID in the later time
frames. Consequently, the phase acquired in
early time frames are mainly based on the
phase of the stimulated echo, which is dis-
placement encoded. The phase acquired in the
later time frames, on the other hand, is mainly
dependent on the phase of the FID, which is
not displacement encoded. Thus, the increas-
ing influence of the non-displacement encoded
FID could cause the drift seen in Figures 2 and
3 for the un-encoded non-complementary ref-
erence. The results in Figure 3 indicate that it
is not the stimulated anti-echo that causes the
drift. All acquisitions shown in Figure 3 have
suppressed stimulated anti-echo due to the
quadrature combination. The difference be-
tween the un-encoded non-complementary ref-
erence (does not suppress the FID and shows
drift) and un-encoded complementary refer-
ence (suppresses the FID and does not show
drift) is therefore likely caused by the FID and
not the stimulated anti-echo. However, this in-
fluence of the FID is related to the un-encoded
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reference. A sufficiently strong encoding gra-
dient will separate the three signal compo-
nents and consequently allow for acquisition
of either the T2-weighted stimulated echo or
the T ∗

2 -weighted stimulated anti-echo without
influence of the FID.

The magnitude in stimulated echo mea-
surements has also been shown to be sensi-
tive to B0-inhomogeneities. This effect has
been seen for T ∗

2 -weighted imaging. A quadra-
ture combination of the signal magnitude from
the cosine and sine components has previously
been proposed as a remedy for these effects
for T ∗

2 -weighted imaging [9]. This quadra-
ture combination was, however, reported to
be sensitive to the signal from the FID if
not suppressed, as seen for T ∗

2 -weighted im-
ages with delays in the effective read-out [9].
For DENSE, a quadrature combination of the
complex signal has been proposed to suppress
the signal from the FID as well as the stim-
ulated anti-echo [7]. However, any residual
of the FID in any of the displacement en-
codings or reference measurements will not
only influence the image magnitude, as for the
T ∗

2 -weighted imaging, but also its phase since
the combination is performed on the com-
plex signal. This influence is seen for the un-
encoded non-complementary strategy in Fig-
ure 3. This artifact can be avoided by suf-
ficiently suppressing (e.g. by complementary
acquisition or CANSEL) and shifting the FID
in k-space (by displacement encoding the mea-
surements), as seen for the encoded comple-
mentary strategy in Figure 3.

Contrary to phase contrast velocity map-
ping, off-resonance effects influence DENSE
in two ways, and may thus influence the ac-
quired displacement even though a phase ref-
erence is used. This influence can be seen in
Figure 6, where the signal magnitude in the
off-resonance region is low in the first time
frames. The low magnitude is explained by off-
resonance modulation [9], which in the worst
case could result in total loss of signal for the
stimulated echo. This signal loss enhances

the influence of the FID and further impairs
the accuracy of the displacement acquired. In
later time frames, the signal magnitude is seen
to recover in the off-resonance region due to
T1-recovery of the spins which consequently
is not displacement encoded. The bandwidth
of the RF pulses could potentially contribute
to an increasing signal magnitude. However,
this effect would affect the un-encoded com-
plementary strategy in the same way as the
un-encoded non-complementary strategy. The
decreasing signal magnitude of the un-encoded
complementary acquisition therefore suggests
that the bandwidth of the RF pulses is suf-
ficient for the experiment. The full width at
half maximum of the three RF pulses was 3.9,
3.9 and 5.0 kHz. An encoded complementary
strategy, or a quadrature combined measure-
ment, may prevent the sensitivity to such off-
resonance effects. The in-vitro study indicates
that both of these approaches are effective in
preventing the influence of off-resonance ef-
fects. This result is also supported by the in-

vivo study.

The influence of FID and off-resonance ef-
fects can be larger in-vivo than in-vitro. For
the in-vivo measurements, the suppression of
the FID in DENSE can never be expected
to be perfect. Due to the natural variations
between individual heart beats, a residual of
the FID will remain. Furthermore, for in-vivo
measurements, the behavior of the signal com-
ponents differs due to the motion of the heart.
The phase of the stimulated echo, which is dis-
placement encoded, will be proportional to the
displacement, while the un-encoded FID will
not. The phase of these two signal compo-
nents will therefore not be correlative in-vivo

even if that could be the case in-vitro. Hence,
the measurement may appear unaffected or
only slightly affected in a stationary setting,
although it may cause problems in a dynamic
setting.

In-vivo, off-resonance effects arise due to
magnetic field inhomogeneities or to fat sur-
rounding the heart. In this study, the in-vitro
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setting had clearly defined regions with dif-
ferent Larmor frequencies; water and fat. In-

vivo, the off-resonance effect was revealed by
varying the frequency; one measurement was
preformed with the on-resonance frequency
and two measurements were performed with
different off-resonance frequencies. The varia-
tions of the off-resonance frequencies were kept
within a clinically relevant span [13, 14], and
our results should thus resemble what can be
expected in the clinical setting.

Even though the three encoded strategies
produced similar strain (seen in Figure 4),
the un-encoding strategies may be more prone
to deteriorate the accuracy of the estimated
strain. As predicted in theory in Table 5
and observed experimentally in Figure 2, the
FID may influence the displacement, intro-
ducing an offset as seen for the un-encoded
non-complementary strategy. This offset de-
pends on off-resonance and main field inhomo-
geneities, to some degree making it system and
patient dependent. Spatial variation of the off-
resonance and the main field inhomogeneities
would produce a spatially varying displace-
ment offset, which would consequently dete-
riorate the strain accuracy. As other encoding
strategies are less influenced by off-resonance
and main field inhomogeneities, these are less
prone to deteriorate the strain accuracy.

The temporally increasing deviant average
strain values shown in Figure 4 are probably
not related to a displacement offset. In fact,
the characteristics of this variation closely
match the influence of a declining SNR. This
agrees also with the observed larger variation
in the fat regions, where the shorter T1 re-
sults in a faster drop in signal, and therefore
faster decrease of SNR. Low SNR also results
in large deviations in strain in the later time
frames. This deviation is large compared to
the strain expected during diastole in clinical
use. However, a different acquisition protocol
may provide sufficient SNR to acquire reliable
strain estimates during diastole. The aim of
this work has been to evaluate the influence

the FID and the off-resonance effects, and the
measurement may therefore not reflect a clin-
ical examination in terms of SNR.

This study shows that the effect of the
FID and off-resonance effects can be reduced,
e.g. by using an encoded complementary
strategy or quadrature combination. The en-
coded complementary strategy requires less
scan time than the quadrature combination,
while the quadrature combination can also be
used to suppress the stimulated anti-echo. In
this study, a specific implementation of the
encoded complementary strategy was used.
Other possible variations of encoded reference,
with different encoding directions and encod-
ing strengths, could have been used instead.
The choice of encoding strength, especially the
through-plane encoding, will affect the mea-
surement accuracy. Better displacement mea-
surement could also be obtained with a tar-
geted protocol with fewer time frames, or by
combining the encoded complementary strat-
egy with other approaches, like the balanced
multipoint encoding [15]. Fat suppression
could also be used to suppress the signal
from the fat; however, as seen in the in-vitro

study, with an unsuitable DENSE encoding
approach, fat suppression could potentially
also increase the influence of the FID.

Given the result found in this study, we
recommend DENSE users to evaluate the in-
fluence of the FID and sensitivity for off-
resonance effect for their respective DENSE
protocols. This could be performed using the
technique presented in this study.

Conclusions

The un-encoded FID and off-resonance effects
may influence DENSE measurement despite
the use of a phase reference. These effects
compromise the displacement measured, and
could thereby complicate diagnostics. The ef-
fects can be evaluated in a stationary phantom
or in-vivo by imposing an additional phase
to the FID relative to the stimulated echo,
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Table 5: Phase for the three displacement encoding strategies. The ideal result is γkδ. The phase
of the un-encoded complementary reference for large t depends on how well the FID is suppressed β.
If that signal component is fully suppressed, the phase becomes γkδ; however, if the FID is large in
comparison to the stimulated echo the phase will become γkδ − S1 − γkr2 + θ.

Small t Large t

Un-encoded γkδ γkδ − S1 − γkr2 + θ

non-complementary
Un-encoded γkδ β (γkδ) + (1− β) (γkδ − S1 − γkr2 + θ)

complementary
Encoded γkδ γkδ

complementary

and by altering the frequency of the measure-
ment. This study showed that the accuracy of
the displacement acquired with an un-encoded
strategy was severely impaired by the FID and

off-resonance effects, while the displacement
acquired with an encoded strategy was almost
unaffected.
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Appendix

The initial step in the DENSE sequence is a 1-1 SPAMM sequence which consists of two RF pulses.
The phase ϕ1, accumulated during the time τ between the two RF pulses, is dependent on off-
resonance ωoff, main field inhomogeneities ∆B0 and the position r1 in relation to the displacement
encoding gradient moment k [2].

ϕ1 = ωoff (r1) τ + γ∆B0 (r1) τ + γkr1 = S1 + γkr1 (1)

The transverse magnetization prior to the second RF pulse can be written as

Mxy = Mf (τ, T ∗

2 ) e
iϕ1 (2)

where M is the z-magnetization prior to the first RF pulse. The signal is attenuated, denoted by
f , due to T ∗

2 -relaxation over the time τ .
The second RF pulse, with the RF phase of θ, tips Mxy components that are orthogonal to the

RF pulse back to the z-axis, where it will be preserved. Any remaining transverse magnetization
will rapidly decay due to T ∗

2 -relaxation or to the application of a crusher gradient.

Mz = Re
(
Mxy

)
cos θ + Im

(
Mxy

)
sin θ

=

(

Mf
(
τ, T ∗

2

)

2
eiϕ1 +

Mf
(
τ, T ∗

2

)

2
e−iϕ1

)(

eiθ

2
+

e−iθ

2

)

+

(

Mf
(
τ, T ∗

2

)

2i
eiϕ1 −

Mf
(
τ, T ∗

2

)

2i
e−iϕ1

)(

eiθ

2i
−

e−iθ

2i

)

=
1

2
Mf (τ, T ∗

2 )
(

ei(ϕ1−θ) + e−i(ϕ1−θ)
)

(3)

The initially encoded signal will decay due to T1-relaxation, and the magnitude of the FID will
grow.

Mz =
1

2
Mf (τ, T ∗

2 )
(

ei(ϕ1−θ) + e−i(ϕ1−θ)
)

e−t/T1 +
(

1− e−t/T1

)

M0 (4)

where M0 is the thermal equilibrium of the z-magnetization.
The third RF pulse, with a flip angle of α, tips part of the magnetization into the transverse

plane for readout.

Mxy =
1

2
Mf (τ + TE, T2) e

i(ϕ2−ϕ1+θ)e−t/T1 sinα
︸ ︷︷ ︸

Stimulated echo

+

M0f (TE, T ∗

2 )
(

1− e−t/T1

)

eiϕ2 sinα
︸ ︷︷ ︸

FID

+

1

2
Mf (τ + TE, T ∗

2 ) e
i(ϕ2+ϕ1−θ)e−t/T1 sinα

︸ ︷︷ ︸

Stimulated anti-echo

(5)

where

ϕ2 = ωoff (r2) τ + γ∆B0 (r2) τ + γkr2 = S2 + γkr2 (6)

and r2 is the position at readout.
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As seen in equation 5, the phase θ of the second RF pulse contributes to the stimulated echo
acquired. This additional phase θ is subtracted in a post processing step to produce an image
in which the stimulated echo is independent of the phase θ. This is a general approach which
corresponds to the phase shift needed to combine quadrature acquisitions.

An image I for which the phase contribution θ is subtracted can therefore be written in the
following manner. For clarity we introduce the displacement δ, where δ = r2 − r1.

I =
1

2
Mf (τ + TE, T2) e

iγkδ+i(S2−S1)e−t/T1 sinα
︸ ︷︷ ︸

Stimulated echo

+

M0f (TE, T ∗

2 )
(

1− e−t/T1

)

eiγkr2+S2−θ sinα
︸ ︷︷ ︸

FID

+

1

2
Mf (τ + TE, T ∗

2 ) e
−iγkδ+i(2γkr2+S2+S1−2θ)e−t/T1 sinα

︸ ︷︷ ︸

Stimulated anti-echo

(7)

The phases acquired with the three different encoding strategies are found by subtracting the
phase from two measurements, according to Table 1 and 2, and the result is shown in Table 5.
Two things that should be taken into account are that f (τ + TE, T2) > f

(
τ + TE, T ∗

2

)
, and that the

three signal components coincide in the center of k-space for non-encoded measurements while
they are separated for non-zero encodings.

The phase acquired with the three DENSE encoding strategies is shown in Table 5. If the
time t, under which the T1-recovery takes place, is sufficiently small, the phase of all three strate-
gies is proportional to the displacement. However, only the encoded complementary reference is
proportional to the displacement for a large t.
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