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Abstract
Objective Self-gating (SG) is a method to record cardiac
movement during MR imaging. It uses information from an
additional short, non-spatially encoded data acquisition. This
usually lengthens TE and increases the sensitivity to flow
artifacts. A new flow compensation scheme optimized for
self-gating sequences is introduced that has very little or no
time penalty over self-gating sequences without flow com-
pensation.
Materials and methods Three variants of a self-gated 2D
spoiled gradient echo or fast low angle shot (FLASH) seque-
nce were implemented: without (noFC), with a conventional,
serial (cFC), and with a new, time-efficient flow compensa-
tion (sFC). In experiments on volunteers and small animals,
the sequence variants were compared with regard to the SG
signal and the flow artifacts in the images.
Results Both cFC and sFC reduce flow artifacts in cardiac
images. The SG signal of the sFC is more sensitive to phys-
iological motion, so that a cardiac trigger can be extracted
more precisely as in cFC. In a typical setting for small ani-
mal imaging, sFC technique reduces the echo/repetition time
over cFC by about 23%/14%.
Conclusion The time-efficient sFC technique provides flow-
compensated images with cardiac triggering in both volun-
teers and small animals.
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Introduction

In magnetic resonance imaging (MRI), the fact that the
timescale for image acquisition is usually longer than the
timescale for physiological movements results in images con-
taminated with motion artifacts. To obtain artifact-free car-
diac images it is necessary to either synchronize the image
acquisition prospectively with the cardiac movement, or to
retrospectively sort the image data with respect to the phases
of the cardiac cycle. In either case, heart movement of the
patient needs to be recorded during the measurement. For
this, typically the ECG-signal is used either for triggering or
for gating.

The measurement of the ECG-signal during MRI can be
challenging for several reasons. Magnetically induced volt-
ages can distort the ECG signals which originate either from
the magnetohydrodynamic effect [1–3] (i.e., moving ions in
blood are deflected in the main magnetic field), from the
switching of the imaging gradients, or the RF pulsing [4–
8]. These effects become more pronounced at higher field
strengths and gradient strengths. Secondly, the positioning
of the ECG electrodes is a time-consuming process that pro-
longs preparation of either patient or animal. Also, patient-
related arrhythmia or large variations in heart rate during
image acquisition may lead to erroneous R-wave detection
[9]. In small animals it is especially difficult to acquire a good
trigger signal because the voltage differences are small and,
additionally, the presence of fur might hamper the place-
ment of the electrodes. Furthermore, ECG triggering units
use filters to suppress noise in the ECG signal—if the time
constants in these filters are not adapted to the length of the
RR interval, the system cannot be used for both human and
small animal experiments. In addition, the long wires and
the electrodes of the ECG system can be hazardous for the
patient during RF transmission [10].
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An alternative method to derive a cardiac trigger uses the
MR signal itself. Here, for each acquisition an additional
MR signal without gradient encoding is acquired for trigger-
ing. This self-gating (SG) signal shows temporal variations
that are correlated with the cardiac and the respiratory cycle,
which is especially pronounced when the slice is intersecting
with the heart [11,12]. The variations are caused by inflow of
unsaturated spins (time-of-flight effect) and velocity-depen-
dent phase changes (phase contrast).

Self-gating trigger times are often calculated by a signal
peak detection algorithm. To improve the accuracy of trigger
detection, Nijm et al. [13] used a template matching algo-
rithm that computes the cross-correlation of an SG template
function with the measured sample. The trigger positions are
then defined as the peaks of the cross-correlation signal. They
could show that this algorithm is more precise than a simple
sign change detection in the first derivative of the SG time
curve, which identifies the peaks in the SG signal.

Self-gating has been favorably combined with radial
k-space acquisitions where the central k-space point, which
is not spatially encoded, is automatically acquired for each
radial projection [14]. For Cartesian k-space sampling two
separate acquisitions are required for the SG signal and the
image data which leads to a slightly prolonged total acquisi-
tion time; however, comparison of radial and Cartesian SG
techniques in small animal data using high field systems
showed that Cartesian sampling delivers the more robust SG
signal [15].

In cardiac imaging, both blood flow and respiratory motion
can cause artifacts. Flow artifacts can be partially reduced
by introducing flow compensating gradients into the pulse
sequence which null higher order gradient moments (typi-
cally, the first moment only) at the time of the data acquisition
[16–18]. This reduces signal loss and ghosting image artifacts
that occur when there is pulsatile flow or periodic motion.
Also, intravoxel phase dispersion that occurs when there is a
range of flow velocities within a single voxel are eliminated
or reduced [19]. Flow compensation requires additional time
between radio-frequency (rf) excitation and data acquisition,
so that echo times and repetition times are increased. With
increasing echo time higher order gradient moments grow,
and the pulse sequence becomes more sensitive to secondary
motion effects such as acceleration. Due to the prolongation
of TE, Cartesian SG sequences show an increased sensitiv-
ity to flow artifacts and flow-compensation might be neces-
sary.

In this article, we implemented two strategies for flow
compensation in a 2D spoiled gradient echo or fast low angle
shot (FLASH) SG sequence: a longer serial flow compen-
sation, and a shorter time-efficient implementation. The two
flow compensation strategies were compared in both humans
and small animals with a SG sequence without flow compen-
sation.

Materials and methods

2D FLASH SG sequence

A Cartesian 2D FLASH SG pulse sequence was implemented
on a clinical 1.5 T MR system (Siemens Symphony, Erlan-
gen, Germany) equipped with a Quantum gradient system
(Gmax = 30 mT/m, smax = 100 mT/m/ms). A schematic
of the pulse sequence is shown in Fig. 1a. After a slice-
selective rf excitation, the moment of the slice selection gra-
dient (GSS) is refocused, and an FID signal is formed which
is sampled during a short SG data acquisition. Next, the con-
ventional phase encoding (GPE) and readout gradients (GRO)
are applied, and the image data is recorded. Finally, the gra-
dient moment in phase encoding direction is rewound, and a
spoiler gradient is applied in slice selection direction.

Flow compensation

Two different flow compensation techniques were imple-
mented to reduce flow artifacts in the images. A first order
flow compensation was implemented, which nulls the first
gradient moment

M1(t) =
t∫

0

G(t ′) · t ′dt ′ (1)

at the echo time. In a conventional, serial implementation
(cFC) the flow compensation gradients are applied directly
after the GSS and prior to GRO, respectively (Fig. 1b). Thus,
both SG-signal and image data are flow-compensated. In
the second, shorter implementation (sFC) symmetric bipolar
flow compensation gradients are inserted in slice selection
and readout direction, so that the first gradient moment is
nulled only during the imaging part (Fig. 1c). The amplitude
G of these compensating gradients is calculated according to

G = 3

√
1

2
(−M1) · s2

max (2)

where smax is the minimum rise time given by the hardware,
and M1 is the first moment of the other imaging gradients
along the respective gradient axis. Equation 2 was derived
assuming that the bipolar gradients have a vanishing plateau
time tp (i.e., triangular gradient shape). In the case that G
exceeds the maximum gradient amplitude Gmax of the MR
system, the amplitude of the bipolar gradient was set to Gmax,
and a non-vanishing plateau time tp was calculated to be

tp = −3

2

Gmax

smax
+

√(
Gmax

2 · smax

)2

− M1

Gmax
(3)
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Fig. 1 Three variants of the SG implementation in a Cartesian 2D
FLASH sequence. a In the noFC implementation the readout (RO) pre-
winders and the phase encoding (PE) gradients do not overlap with the
refocusing gradients in slice selection (SS) direction and the SG-ADC
(dashed) is inserted in-between. b With cFC additional gradients to
null the first order moments are inserted (black). c In sFC, first moment
nulling is achieved with bipolar gradients before and after the SG-ADC
(red), respectively. Note, that these gradients do not null M1 during the
acquisition of the SG-ADC

Since the first moments in both slice selection and readout
direction are not yet compensated, a larger variation of the SG
signal at different times during the cardiac cycle is expected
which might simplify the generation of a trigger event from
the SG data.

If the bipolar sFC gradients are not longer than the
imaging gradients applied simultaneously on the other gra-
dient axes, the sFC implementation has the same duration as
the SG sequence without flow compensation.

SG image reconstruction

A program for retrospective processing of the SG and image
data was implemented in the programming language IDL
(Version 6.3, Research Systems Inc., Boulder, CO). The fol-
lowing steps were implemented to reconstruct images at dif-
ferent cardiac phases:

For technical reasons, each SG signal consisted of not
only 1 but 8 data points. To increase the SG signal intensity
the absolute values of these 8 data points were added. Abso-
lute rather than complex data averaging was chosen to avoid
cancellation effects due to eddy current-induced phase shifts.

Since cardiac information is only contained in the signal
variation over time, next, the time-average of the SG signal
was subtracted. The signal was then bandpass-filtered with
the non-recursive, digital filter provided by IDL to remove
high frequency components from noise and low-frequency
variations due to respiratory motion. For mice, the lower and
upper frequency limits of the filter were set to 3 and 25 Hz,
whereas in humans a frequency range of 0.5–10 Hz was cho-
sen.

In the volunteer experiments, SG and image data were
acquired with several coil elements. In a next pre-processing
step, for each coil element the standard deviation (SD) of the
normalized and filtered SG data as a function of time was cal-
culated. Data from the coil channel that showed the highest
SD was used as the SG signal, since the remaining signal vari-
ations were assumed to be caused by cardiac motion. Data
of the different coils were not averaged, because it turned
out that the SG-signal from other coil elements shows dif-
ferent variation properties and averaging leads to a reduction
in signal variations. Exemplary normalized SG signals as a
function of time are plotted in Fig. 2 for a volunteer and a
mouse.

Next, cardiac trigger events were detected in the filtered
SG data. As a start the maximum of the magnitude of the SG
signal intensity during one expected heart cycle was defined
as a trigger. Subsequent trigger events were generated using
an auto-correlation algorithm. Therefore, a window of the
length of one expected heart cycle was shifted over the SG
signal, and the maximum of the cross correlation between
this windowed SG data and an averaged SG signal of the
first ten heart cycles was used to calculate the time point of
the next trigger event. The acquired image data were then bin-
ned into different heart phases using the time information of
the trigger events. If the same k-space line occurred various
times in the same bin, the data was added and normalized.
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Fig. 2 Typical detail of the normalized and filtered noFC SG signals
from a volunteer (thick line) and a mouse (fine line). The cardiac cycle
of the mouse is about five times faster than that of the volunteer. Times
of detected trigger events are marked with triangles

The images were reconstructed with the conventional sum-
of-squares image reconstruction for multiple coil elements.

Volunteer experiments

In ten healthy volunteers (six males, four females, mean age
26 years, range 22–29 years) 4-chamber-views of the heart
were recorded with each of the three pulse sequence variants.
The 4-chamber-view promises a higher flow-sensitivity due
to its more complex flow patterns compared to other orienta-
tions (both through and in-plane). MR data was received with
a six channel body anterior and a six channel body posterior
coil array. Eight SG data points were acquired with a band-
width of 80 Hz/pixel (SG-ADC). For the imaging part, the
following parameters were used: FOV = 340 × 276 mm2,
matrix = 256 × 256, slice thickness = 8.0 mm, α = 15◦,
bandwidth = 130 Hz/pixel, symmetric echo. The minimal
possible TR and TE values of 18 and 12.6 ms of the lon-
gest cFC sequence were chosen for all three pulse sequence
variants to assure direct comparability between the signal
intensities. To be able to reconstruct images at all times in the
cardiac cycle, each k-space line was acquired 80 times so that
even at very long RR-intervals of 80 × 18 ms = 1.44 s suffi-
cient image data were available. To demonstrate the effect of
the flow compensation the protocol parameters were selected
such that the resulting images were highly sensitive to flow
artifacts. Therefore, high first moments of the imaging gra-
dients were generated which resulted in a flow sensitivity
of VENC = 45 and 55 cm/s in slice selection and readout
direction, respectively, where

VENC (velocity encoding) = π

γ |�M1| (4)

with γ being the gyromagnetic ratio. By definition, when the
velocity component along the gradient direction is equal to
±VENC, the resulting phase difference is ±π . At optimal
imaging parameters (i.e., shorter gradient timing) a higher
VENC would be present which leads to a more homoge-
neous signal in the ventricle. For comparison, additionally
the ECG signal was recorded with an MR-compatible ECG
triggering unit.

The data was analyzed for differences in the SG signal
of the three implementations, for differences of the triggers
derived using SG or ECG, respectively, and for the effects of
FC. The SD of the SG signals was calculated. It was assumed
that a higher SD corresponds to a higher sensitivity of the sig-
nal to the physiological motion. To determine the reliability
of the SG trigger, the SD of the time difference between SG
trigger event and corresponding ECG trigger event was cal-
culated.

To assess the effect of the FC, image data were recon-
structed with a temporal resolution of 25 ms using the ECG
signal for triggering. A circular region of interest (ROI) with
a diameter of 40 pixels was placed in the left heart cham-
ber and the mean signal intensity Smean within this ROI was
calculated for each heart phase. For comparison, an average
over 30 heart phases was calculated. For one volunteer with
an extremely short heart cycle of down to 600 ms only 24
heart phases could be reconstructed and the average was cal-
culated from these. To allow for an easier comparison, Smean

is given in percent of the noFC result.

Animal experiments

Experiments were also carried out on four mice (two CD1
nude mice, two C57BL/6 mice, body weight 30 g) on the
same clinical 1.5 T MR system using a home-built small
animal Tx/Rx solenoid coil (inner diameter 26 mm, length
100 mm). Animals were anesthetized with 1.5% isoflurane
since Kober et al. [20] showed that, compared to
ketamine/xylazine, isoflurane is advantageous for small-
animal MR studies of the heart because it better maintains
cardiac function.

The following protocol parameters were used: FOV =
50×50 mm2, matrix = 256×256, slice thickness = 1.5 mm,
α = 25◦, BW = 130 Hz/pixel, echo asymmetry = 12.5%.
Due to the significantly shorter RR-interval of the animals,
only 30 repetitions were acquired for each k-space data set.
The TR/TE for the three pulse sequences were 17/7.6 ms
(noFC), 21/11.2 ms (cFC), and 18/8.64 ms (sFC), which
resulted in a total scan time of 130 s (noFC), 162 s (cFC), and
139 s (sFC). In the animal experiments the minimal TR/TE
times for each sequence variant were chosen. To make use of
the maximum gradient amplitudes of 30 mT/m, slices were
not angulated and a transverse slice position through the heart
was chosen.
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Table 1 Mean SD of the filtered and normalised SG signals of volun-
teers and mice as a function of the sequence variant

SD of the SG signal

noFC cFC sFC

Volunteers 0.46 ± 0.07 0.33 ± 0.07 0.46 ± 0.08

Animals 0.24 ± 0.11 0.28 ± 0.14 0.25 ± 0.12

Table 2 Mean SD of the time difference between trigger events derived
from the ECG-signal and from the SG signal for all three sequence vari-
ants

SD of mean time difference (s)

noFC cFC sFC

0.02 ± 0.02 0.11 ± 0.15 0.013 ± 0.005

The SD of the SG signals from the three implementations
was calculated to compare the sensitivities of the signals to
motion. To investigate the effect of flow compensation, six
heart phases were reconstructed using a trigger derived from
the SG signal, and Smean of a ROI covering the entire heart
of the animal was calculated for each heart phase.

Results

Volunteer experiments

The mean heart cycle of the volunteers was in the range of
600–1400 ms. In Table 1, the average SD of the SG signals
of all sequence variants are listed. Compared to the SD of the
noFC implementation, the SD of the cFC implementation is
significantly lower (paired t test: P = 0.002) whereas the
SD of the noFC and the sFC implementation are equivalent
(P = 1.0).

The mean time difference between ECG and SG trig-
ger events varies individually and between sequence vari-
ants. Table 2 lists the average SD of this time shift for each
sequence variant. The highest SD is observed in the cFC var-
iant. In two volunteers, in 49 and 59 ECG events no corre-
sponding SG events could be detected, and for the remaining
data a SD of 0.39 s was found. In all other volunteers, only
up to three SG events were not detectable. In contrast, the
SG data from both noFC and sFC variant provided reliable
triggers in all volunteers with average SD of 0.02 and 0.005 s,
respectively.

In Fig. 3 mean signal intensity Smean in a ROI is plotted
for one volunteer as a function of the heart phase as an exam-
ple. Both flow-compensated techniques cFC and sFC yield
comparable results. The noFC data show a strong reduction
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Fig. 3 Signal intensity S in the ROI in the left heart chamber of a
volunteer over the heart phase for all three sequence variants—one
cardiac phase lasts 25 ms

between the 15th and 25th heart phase which is not present
in the flow-compensated SG data.

The average Smean in the ROI in the left heart chamber are
given in Table 3. All values are normalized to the value of the
noFC implementation. The results show that Smean signifi-
cantly increases in the flow compensated sequence variants
(a paired t test between the noFC and the cFC/sFC values
results in P = 0.0038/0.0001).

MR images of the heart phase from 500 to 525 ms after
the ECG trigger are shown for one volunteer for all three
sequence variants in Fig. 4. All images were acquired under
free breathing which explains the ghosting artifacts of the
chest wall. The flow artifacts are strongly pronounced in the
noFC sequence, and structures in the heart are hardly distin-
guishable. In contrast, in both flow compensation sequences
the two heart chambers and atria can clearly be identified, the
septum can be distinguished and ghosting in phase encoding
direction is reduced.

In the volunteer experiments the resulting SG sequence
timing was suboptimal for clinical cardiac imaging as very
long TE times were used. Using an echo asymmetry of 12.5%,
maximum gradient amplitudes and slew rates as well as opti-
mized RF-pulses, TE could be reduced to 3.0/4.2/3.6 ms for
the noFC/cFC/sFC volunteer protocols, respectively, which
would be acceptable for clinical use. However, in this study
sequence parameters were intentionally chosen to demon-
strate the effect of flow compensation, and therefore the
images were highly flow sensitive.

Animal experiments

The mean heart cycle of the animals was found to be 130–
230 ms. As the bipolar compensating gradients are about
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Fig. 4 ECG-gated MR images from all three sequence variants of the
heart phase 500–525 ms after the ECG trigger event in one volunteer.
The noFC variant (top) shows strong flow artifacts, and structures in
the heart are hardly distinguishable. In contrast, in the cFC (middle)
and the sFC (bottom) sequence variant structures as the heart chambers
and the septum are clearly visible. The images still contain ghosting
artifacts from breathing motion

Table 3 Mean value of Smean of a ROI in the heart for volunteers and
animals for all three sequence variants

Smean (%)

noFC cFC sFC

Volunteers 100 119 ± 16 115 ± 8

Animals 100 111 ± 11 110 ± 13

The signal intensities are given in percent of the intensity in the respec-
tive noFC experiment

1 ms longer than the gradients in the other directions, TR
and TE of sFC is prolonged accordingly over the noFC vari-
ant; however, cFC is an additional 30%/17% longer than sFC
in TE/TR.

The SD of the SG signals of all sequence variants are listed
in Table 1. No difference in the SD of the sequence variants
could be observed in the animals. Table 3 gives the results for
the average Smean in the animals, which is found to be higher
in the flow compensated sequence variants, however, due to
the low number of measurements no statistical analysis was
performed.

In Fig. 5, MR images of one heart phase in a mouse
are shown for each sequence variant. As the SG-ADC data
was used for triggering, heart phases had to be chosen man-
ually. Increased signal intensity is observed in the flow-
compensated variants; however, regions with low signal
intensities are still visible, which are reduced in size over
the noFC variant.

The results of the animal experiments show that the sFC
variant is faster by 23% than the cFC in TE. Compared to
the variant without flow compensation, a prolonged sequence
timing was observed as the bipolar flow compensation gradi-
ents exceeded the imaging gradients by about 1 ms. In gen-
eral, the duration and amplitudes of the bipolar gradients are
a complicated function of the hardware parameters Gmax and
smax and the measurement parameters such as FOV, matrix
size, and slice thickness which influence the first moment to
be compensated. Nevertheless, with the presented sFC tech-
nique always a shorter gradient timing could be achieved
compared to the serial cFC.

Discussion

In this work, a time-efficient flow-compensation technique
sFC for a 2D FLASH SG sequence was presented. The sFC
method was compared to sequence variants without flow-
compensation and a conventional, serial flow-compensation
implementation.

In the volunteer images strong ghosting artifacts were
present which partially obscured important anatomical struc-
tures. In principle, the SG data could also be used to reduce
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Fig. 5 SG-gated MR images of
corresponding heart phases of a
mouse recorded with the noFC
(left), the cFC (centre) and the
sFC (right) sequence variant.
Both flow compensation
variants improve image quality,
but signal dephasing (arrow) is
still visible in the heart chamber

these respiratory artifacts [11]. To perform retrospective
respiratory gating imaging information for all phases of the
respiratory cycle are needed, which requires significantly
longer total acquisition times [21] as were used in these
experiments. However, the analysis of the effect of the flow
compensation was not affected by the ghosting artifacts, and
the improved image quality with flow compensation was
clearly visible.

The filtered and normalized SG signal of the sFC variant
showed a higher SD than the cFC variant in volunteers. The
SD of the SG signal was taken as a measure for its sensitiv-
ity to motion, since SG data are a spatial average over the
MR signal in the vicinity of the coil. Thus, in addition to
its time-effectiveness, the sFC technique has the advantage
over the conventional implementation that the sensitivity to
physiological motion is increased. An increased motion sen-
sitivity of sFC is expected, as the first gradient moment dur-
ing SG data acquisition is not compensated. Therefore, the
MR signal from moving spins in the heart can destructively
interfere with the signal from static regions, and these effects
are highly dependent on the different flow velocities present
during systole and diastole.

When comparing the SG and the ECG trigger times from
the measurements on volunteers, it is notable that the mean
time difference between both triggers is not constant but
depends on sequence variant as well as on the volunteer. This
is a systematic disadvantage of the SG technique because the
SG trigger cannot be assigned to a particular cardiac time
frame such as systole or diastole. The intra-volunteer and
intra-measurement time difference in noFC and sFC is very
stable, i.e. shows a small SD, whereas in some measurements
the SD of the mean time difference of the cFC sequence var-
iant is very high. This again illustrates that a more reliable
trigger can be derived from SG data that are not flow-com-
pensated.

In this analysis the ECG signal was taken as the gold
standard. As discussed in the introduction trigger errors com-
monly occur when ECG triggering is used during MR imag-
ing. However, if combined with appropriate imaging
sequences, ECG triggering works accurately in most cases.
Furthermore, in this study only healthy volunteers were

examined, so that the ECG trigger can be considered to be a
precise reference.

In this study, the image quality of the three sequence vari-
ants was not compared to a clinical standard pulse sequence
for cardiac imaging such as breath-held ECG-gated CINE
trueFISP, because the image contrasts of trueFISP and
FLASH acquisitions are very different. Similarly, a com-
parison between the standard breath-held technique and the
free-breathing acquisition was not performed, because this
would predominantly provide information about the breath-
ing artifacts, whereas this study intended to investigate the
flow-related signal variations. Finally, the long acquisition
times of several minutes made our image acquisitions prone
to gross volunteer motion, whereas the short breath-held
standard acquisitions are not affected by motion. Thus, a
voxel-to-voxel comparison of the images would be difficult
to perform. Instead, Smean in a region of high flow was found
to be a good indicator for the effectiveness of the flow com-
pensation.

Without flow compensation, a reduction of Smean is
observed during phases with significant amount of motion
in the volunteers. With first order flow compensation, the
mean signal intensity Smean during the whole heart cycle is
higher. As shown in Table 3, the averaged values over the
cardiac cycle in the volunteers are significantly higher with
flow compensation. In the animal experiments, an increase
of the average Smean is also observed, but due to the low
sample size no statistical significance can be deducted from
the data. The MR images show that the regions of signal
loss due to flow do not vanish completely in the cFC and
sFC variants but are reduced in size. The implemented flow
compensation only corrects for the velocity-dependent phase
effects, and higher order terms associated with acceleration
still create phase differences. This higher order intravoxel
dephasing is more pronounced in small animals due to the
limited gradient strength available on the whole-body MR
system which leads to longer echo times. Therefore, in the
animals the regions with signal loss due to flow still persist
but are reduced in size with flow compensation. To over-
come this limitation dedicated gradient inserts should be
used [22].
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In this study a clinical 1.5 T MR system with a dedicated
small animal coil was used to image mice. Though chal-
lenging, the feasibility of small animal imaging was already
demonstrated in various studies with similar experimental
set ups, and spatial resolutions down to 100 mm or less were
achieved [23–26]. Clinical MR systems are typically operat-
ing at lower field strength of 1.5–3 T as compared to dedicated
small animal systems which reduces susceptibility artifacts.
In addition, the translation of the results to human imaging is
facilitated, since comparable imaging contrasts are observed
and the same imaging protocols and post-processing software
can be used.

Conventional flow compensation in slice selection/read-
out direction can be achieved with two additional gradi-
ents that balance both zeroth and first moment of the slice
selection/readout gradients [27]. During these gradients an
echo (i.e., a zero crossing of the zeroth moment) is formed,
which could also be used to sample SG data. Such an imple-
mentation, though feasible, imposes restrictions upon the
choice of SG receiver bandwidth, since SG data are acquired
in the presence of a gradient. In our implementation, SG data
are always acquired in the absence of gradient activity. Thus,
SG data represent a true spatial average of the MR signal and
the SG-SNR can be increased by averaging of multiple SG
data points.

In our experiments, several advantages of the sFC tech-
nique were found: First, the SG signal of the sFC is more
sensitive to physiological motion and thus more adequate
to derive a trigger signal than the SG signal of the cFC
implementation. Second, the sFC implementation results in
a shorter overall sequence timing, which reduces the acqui-
sition time and minimizes higher order motion artifacts. With
this SG implementation it was possible to acquire time-
resolved cardiac images on both volunteers and small ani-
mals on a clinical whole-body MR system.
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