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Abstract
A respiratory and cardiac self-gated free-breathing 3D cine SSFP imaging method using multi-
echo hybrid radial sampling is presented. Cartesian mapping of the k-space center along the slice
encoding direction provides intensity-weighted position information, from which both respiratory
and cardiac motions are derived. With radial sampling in plane every TR, no extra scan time is
required for sampling the k-space center. Temporal filtering based on density compensation is
used for radial reconstruction to achieve high SNR and CNR. High correlation between the self-
gating signals and external gating signals is demonstrated. This respiratory and cardiac self-gated
free-breathing 3D radial cardiac cine imaging technique provides image quality comparable to that
acquired with the multiple breath-hold 2D Cartesian SSFP technique in short axis, four chamber
and two chamber orientations. Functional measurements from the 3D cardiac short axis cine
images are found to be comparable to those obtained using the standard 2D technique.

Keywords
Self-gating; free breathing; k-space center; center of mass; multi-echo radial; 3D cardiac cine

INTRODUCTION
For volumetric coverage of the heart, clinically multiple slices are acquired using 2D SSFP
sequence during multiple breath-holds. However, breath-holding positions may vary from
slice to slice, causing slice misregistration (gaps or overlaps between successive slices).
Patients may also have limited breath-holding capability (1), leading to motion artifacts.
Clinical cardiac cine balanced steady-state free precession (SSFP) MR imaging requires
electrocardiographic (ECG) gating to synchronize heart motion across multiple heartbeats.
The external gating prolongs patient preparation and may become unreliable during
scanning due to the magnetohydrodynamic interference. Thus methods without breath-
holding and external ECG gating are desirable. In recent years, techniques by using acquired
MR data for both respiratory and cardiac gating have been developed.

Respiratory position may be measured by acquiring MR signal from internal organs
undergoing respiratory motion such as the diaphragmatic navigator (NAV) (2,3) and k-space
centers (4–8), or by using the image data itself (9,10). NAV gating often performs well for
free-breathing 3D coronary artery imaging where data are acquired during a limited portion
of cardiac cycle, but is not suited for cine SSFP imaging due to the interruption of the steady
state. K-space center gating methods have been applied to free-breathing respiratory self-
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gated coronary (4,5,7) as well as cine (6,8) imaging. Respiratory gating by using the image
data requires image reconstruction and registration calculation through the cardiac circle
(9,10).

Cardiac gating signals have been obtained using extra navigator echoes (11–14) or image
data (15). These cardiac self-gated methods typically use breath-holds to avoid the
complexity of separating cardiac motion from respiratory motion. During free breathing,
respiratory and cardiac motions superimpose but they occur at different frequencies and
therefore can be separated with appropriate filters. Approaches without external respiratory
or cardiac gating have been proposed for 2D human imaging (16–18), 2D mouse imaging
(19,20) and 3D mouse imaging (21).

Compared to 2D imaging, 3D imaging provides thinner slices and contiguous volume
coverage without slice misregistration errors (22) and is a better imaging method for
accurate volume measuring and post-processing. 3D imaging also generates higher signal-
to-noise ratio (SNR), although blood-to-myocardium contrast-to-noise ratio (CNR) may be
lower due to reduced flow enhancement effect associated with large volume imaging (23).
In this study, we present a free-breathing 3D cine imaging method using hybrid radial
sampling with both respiratory and cardiac self-gating (24). Motion is detected using the
center of mass of the projection of the imaging volume onto the slice encoding direction,
which is repeatedly acquired during radial scanning without any extra data sampling. Radial
sampling also provides the advantage of achieving high in-plane resolution and temporal
resolution by using temporal filtering (sliding window or view sharing) (25). An
approximately uniform dynamic imaging view order in which each projection acquired only
once is achieved with a golden ratio based sampling scheme (26). The developed respiratory
and cardiac self-gated free-breathing 3D cine imaging technique was compared with the
standard 2D breath-hold cine imaging in terms of SNR, CNR, contrast and the functional
parameters of the left ventricle.

METHODS
Data acquisition

A previously developed stack of multi-echo radial samplings with a Cartesian slice encoding
and radial sampling in the kx-ky plane was adapted for 3D cardiac cine imaging (27). Multi-
echo radial sampling maximizes data acquisition efficiency by acquiring data throughout the
entire readout gradient including dephaser and rephaser gradients (28). The multi-echo 3D
hybrid radial sampling pattern together with the view ordering scheme are shown in Figure
1a. All slice encodes for a given projection angle are acquired sequentially before switching
to the next projection angle. The projection angle is incremented by 180°/γ = 111.2°, where
γ is the golden ratio (1.618) to give perpetually distinct projection angles during scanning
(26). This interleaving view order provides approximately uniform k-space sampling at any
time point, allowing for robust sliding window reconstructions, and for variable temporal
resolution and arbitrary duration reconstructions (26). Note that radial acquisition samples
the in-plane (kx-ky) k-space center every TR, and the sequential slice encoding samples the
kz axis (kx = ky = 0) every nzTR, where nz is the number of slice encodes.

Extraction of self-gating signals
The slice encoded kx-ky centers (acquired once per cardiac phase) were Fourier transformed
into the image space to obtain the projection of the imaging volume onto the kz axis. Figure
1b shows a record of the projection profiles, illustrating the temporal signal variations due to
respiratory and cardiac motions. The motion signal was derived as the center of mass of this
projection, which is the average z position weighted by signal intensity (Figure 1c) (4). The
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changes in this z intensity-weighted position (ZIP) include both respiratory and cardiac
motions that occur during the data acquisition. Since these motions are known to have
different frequency contents (0.1–0.5 Hz for respiratory motion and 0.6–3 Hz for cardiac
motion) (18), they can be separated by filtering according to the frequency bands (Figure
1d&e). This filtering is an iterative process starting with initial rates, e.g. a respiratory rate
of 14 bpm (0.23 Hz) and a heart rate of 60 bpm (1 Hz). Local maximum (peak) and
minimum (valley) of the extracted motion signals were detected based on these initial rates
and were used to update the rates. A few iterations of this process generate robust motion
filtering and peak/valley detection.

Self-gating image reconstruction
Given the detected respiratory and cardiac motions, the respiratory and cardiac phase
associated with each data segment was determined. Because the R-R interval varies during
the long data acquisition, the number of cardiac phases for cine image reconstruction was
chosen based upon the most frequent R-R interval. Cardiac cycles that were 30% longer or
shorter than this interval were not used for image reconstruction in order to suppress the
effects of arrhythmia and any self-gating errors. Furthermore, a respiratory histogram was
calculated (Figure 2) and only data acquired within a given window (i.e., 50% of acquired
data) around the peak of the histogram were used for image reconstruction.

When multiple coil elements were used, the coil element with the smallest variance of the
detected R-R intervals was selected for cardiac gating, and similarly the coil element with
the smallest variance of respiratory peak or valley positions was chosen for respiratory
gating.

With the double gating scheme, the interleaved projections assigned to each cardiac phase
were less likely to be uniformly distributed, which increased the undersampling artifacts. To
reduce these artifacts, a temporal filtering technique based on the calculation of k-space
sampling density compensation was applied (25). A temporal function for each cardiac
phase controls how much high-frequency k-space data from adjacent phases was utilized. In
theory this can be designed by following the cardiac gating pattern of one cycle, which
corresponds to the correlation between the cardiac phases. In this study, a simple linear
decay function was used.

Human scans
Cardiac imaging was performed in seven normal volunteers (5 men and 2 women, mean age
of 30.8 years ± 6.9 standard deviation [SD]) using a 1.5T GE HDx scanner (33 mT/m
maximum gradient amplitude, 120 mT/m/s slew rate). The study was approved by the local
institutional review board and informed consent was obtained from all subjects prior to
imaging. An eight-channel cardiac phased-array coil was used for signal reception.

Respiratory and cardiac self-gated multi-echo 3D hybrid radial SSFP images of the left
ventricle (LV) were acquired in the standard short-axis (SA), two-chamber (2C) and four-
chamber (4C) views during free breathing. Typical imaging parameters were as follows: TR
= 4.4 ms, TE = 0.3/1.6/2.9 ms, flip angle = 40°, FOV = 32–34 cm, image matrix = 256 ×
256, readout bandwidth = ±125 kHz, slice thickness = 10 mm (SA) and 8 mm (2C and 4C),
number of slices = 10–14 (SA) and 8 (2C and 4C). The number of partial slice encodes was
10 to allow greater slab coverage without sacrificing temporal resolution. Temporal
resolution was 44 ms (SA) and 35 ms (2C and 4C). Both ECG and respiratory bellows
signals within the scan were recorded for comparison purposes.

For comparison, routine breath-hold 2D cine images were also obtained in the SA view
using the following typical imaging parameters: TR = 3.5 ms, TE = 1.2 ms, flip angle = 60 °,
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readout bandwidth = ±125 kHz, FOV = 34 cm, image matrix = 256 × 256, slice thickness =
6 mm, slice gap = 4 mm, number of slices = 12–14, views per segment = 20, number of
reconstructed cardiac phases = 28. Total 2D acquisition time was about 5 minutes including
resting periods between breath-holds. Total free-breathing 3D acquisition time was
approximately 5 minutes to match the total breath-hold 2D acquisition time.

Data analysis
External gating signals (ECG and bellows signals) were compared with the self-gating
signals over the five subjects with available external gating data. The correlation coefficient

between external and self-gating signals was calculated as ,
where E (·) is the expected value operator. The time indexes of the detected ECG and
respiratory triggers were also compared.

Image sharpness obtained during breath-hold and free breathing with different respiratory
gating windows was evaluated on the LV cavity-myocardium interface over seven subjects.
Eight signal profiles evenly spaced around the LV circumference and positioned across the
endocardial border were measured from mid-LV images acquired during end-diastole and
end-systole. The local maximum (Imax) and minimum (Imin) intensity values across the
endocardial border were determined, from which image sharpness was calculated as the
inverse of the distance between 0.8(Imax−Imin)+Imin and 0.2(Imax−Imin)+Imin (9). The image
sharpness of each subject was obtained by averaging over the eight profiles.

Functional measurements including LV end-diastolic volume (LVEDV), LV end-systolic
volume (LVESV), LV ejection fraction (LVEF), and LV end-diastolic mass (LVEDM) were
calculated for both 2D and 3D cine acquisitions using a fully automated myocardial
segmentation algorithm called LV Myocardial Effusion Threshold Reduction with
Intravoxel Computation (LV-METRIC) (29). Seven subjects were studied. Linear regression
and Bland-Altman analysis was used to assess the agreement between measurements
obtained with 2D and 3D imaging methods. All data are expressed as mean ± standard
deviation (SD).

A two-tailed paired-sample t-test was used to test the difference between the 2D and 3D
methods with p-value of less than 0.05 considered as statistically significant.

RESULTS
Figure 3 shows an example of the detected cardiac and respiratory self-gating signals as well
as the recorded ECG and respiratory bellows gating signals in one subject, demonstrating
good correlation. The correlation between the cardiac self-gating triggers and the ECG
triggers was excellent, with a correlation coefficient of 1.00 ± 0 and a linear regression slope
of 1.00 ± 0. However, there was a delay of 273.4 ± 20.7 ms from the ECG trigger to the
cardiac self-gating trigger. The respiratory self-gating signals also correlated well with the
respiratory bellows (0.82 ± 0.1 correlation coefficient). The delay between the respiratory
self-gating triggers and the bellows triggers (corresponding to detected valley positions) was
631.5 ± 230.8 ms. The cardiac cycle duration (RR) was 974 ± 176 ms and the respiratory
cycle duration was 4149± 356 ms. The standard deviations of delay between the self-gating
and external triggers were 20.7 ms (cardiac) and 230.8 ms (respiratory), demonstrating
rather small beat-to-beat and breath-to-breath variability with respect to the average RR
interval and the respiratory period, respectively.
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Figure 4 shows representative short-axis LV images acquired with the proposed self-gated
free-breathing 3D cine method. Note that a very narrow respiratory gating window (20% of
the acquired data) produced major streaking artifacts due to undersampling (Figure 4a) and
very large gating windows (75% and 100%) led to motion blurring of myocardial borders,
papillary muscles, and surrounding epicardial fat (Figure 4c&d). Accordingly, a 50%
respiratory gating window was chosen to balance between undersampling and motion
artifacts (Figure 4b). Further improvement in image quality (higher SNR and reduced
streaking) could be obtained with temporal filtering (Figure 4e).

Image sharpness (here referring to the left ventricular endocardium) obtained with different
respiratory gating windows is presented in Table 1. Maximum image sharpness was
obtained with approximately 50% gating window during both end-systole and end-diastole,
and sharpness degraded somewhat as the gating window was increased or decreased from
this optimal range. Utilization of the temporal filtering improved the image sharpness.
Compared to breath-hold 2D imaging, self-gated 3D imaging with 50% gating window
provided slight lower but statistically different image sharpness for end-diastole (p = 0.01),
while the image sharpness is similar for end-systole (p = 0.14).

Figures 5 and 6 demonstrate comparable cine image quality obtained with self-gated free-
breathing 3D imaging and breath-hold 2D imaging in the basal, mid and apical SA views, as
well as 4C and 2C views. Note that 3D images have slight blurring due to residual breathing
motion artifact and lower blood-to-myocardium contrast due to reduced flow enhancement
effect associated with thick volume imaging.

Figure 7 shows the reformatted cardiac four-chamber view obtained from breath-hold 2D
short-axis images. Note the slice misregistration error along the septum, which was not
present in the reformatted four-chamber view obtained with 3D imaging.

Comparison of the LV functional measurements is shown in Figure 8 and summarized in
Table 2, demonstrating excellent correlation and narrow limits of agreements between
breath-hold 2D and self-gated free-breathing 3D cine acquisitions. Note that the difference
in all LV functional parameters between 2D and 3D imaging was not statistically significant
(p>0.05).

DISCUSSION
In this study, a respiratory and cardiac self-gated free-breathing 3D cardiac cine imaging
method with multi-echo radial acquisition was demonstrated to provide similar image
quality and comparable LV functional parameters to that obtained with the standard breath-
hold 2D acquisition. The respiratory and cardiac self-gating signals were found to be highly
correlated with the respiratory bellows and ECG signals, respectively, suggesting good
motion sensitivity. The proposed technique was capable of tracking both respiratory and
cardiac motions and provided effective motion suppression for various cardiac imaging
orientations, including the standard SA, 2C and 4C views. This eliminates the need for ECG
electrodes and permits free-breathing acquisitions without requiring extra scan time for
motion detection.

Our proposed technique is robust against motion artifacts due to the acquisition scheme that
acquires radial sampling trajectories in-plane (kx-ky) (30) at perpetually distinct angles and
that traverses all slice encodes repeatedly. Compared to the projection sampling with
constant sequential angle increments during scanning, the golden ratio based projection view
order allows robust and flexible time-resolved reconstruction and is suitable for real-time
imaging. Especially with the double gating scheme, the constant sequential angle view order
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has less uniform angle distribution for generating cine images, compared to the golden ratio
view order.

A 2D radial self-gating technique has been proposed for mouse imaging by using the k-
space center point at echo time for gating (19). However, gradient delays and eddy current
errors may cause the derived gating signal to depend on the projection angles, making it a
less sensitive or less consistent measure of motion (19). With our acquisition sequence, three
k-space center points at different echo times were acquired per TR. In this study, we only
used the first k-space center signal acquired when the radial trajectory starts at the k-space
center in order to avoid gradient delays and eddy current errors.

Usually different coils were optimal for tracking respiratory motion and cardiac motion
respectively. While only individual coils were used for either respiratory or cardiac gating, a
combination of more or of all coils may provide more motion information and should be the
subject of further study.

For bright blood cardiac imaging, the variation in the k-space center data mainly originates
from the changes in blood volume when the heart contracts and relaxes, and from bulk
motion of the whole heart due to respiration. If the whole subject moves within the FOV and
there is no blood volume change, then the k-space center magnitude (kx=ky=kz=0) does not
change. Unless the object moves only along kx-ky plane, which may not occur for the typical
heart orientations used in clinical practice, ZIP will always catch a displacement. ZIP gating
is expected to be more robust than using a single k-space center point (31).

The current gating temporal resolution matches the image reconstruction temporal resolution
nzTR, while it can be improved up to TR by applying a sliding window to the k-space
centers acquired through time. Image reconstruction can also achieve the same resolution
with higher reconstruction computation cost. Current computation (not optimized) in
MatLab (The MathWorks, Natick, MA, USA) required 12 minutes per phase on a 2.8 GHz
MacBook.

Median positions of the peak and valley positions of the self respiratory gating signal,
plotted as solid lines in Figure 2 (left), were used to provide a robust range for calculating
the step size of the position histogram.

Figure 3a suggests that the cardiac self-gating signal corresponds to the change of the heart
blood volume. The cardiac self-gating signal has a minimum (valley) at the end of systole
(according to the ECG signal), when the contracted heart has minimal volume. This
behavior was observed in all cases.

The quantitative measurements of sharpness presented in Table 1 showed that the image
sharpness degraded as the respiratory gating window became large (75%, 100%). However,
a low gating window (20%) generated poor image quality and harmed the image sharpness.
Utilization of the temporal filtering not only reduced artifacts, but also improved the image
sharpness. Free-breathing imaging with minimized motion provided lower image sharpness
compared with breath-hold imaging.

The respiratory self-gating window was chosen to be 50% to balance the competing effect of
streaking artifact (with too narrow gating windows) and motion blurring (with too wide
gating windows) (Figure 4). All the cases have been examined to verify this choice as a
good balance. Temporal filtering was more powerful in removing streaking artifacts for
subjects with lower heart rates, for which each cardiac phase was assigned a smaller number
of projections, given a fixed total scan time of five minutes.
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3D imaging generally provides higher SNR than 2D imaging due to longer scan time.
However, saturation of the blood magnetization due to the thick slab excitation of 3D
imaging reduces the inflow effect, so blood SNR and blood-to-myocardium CNR usually
degrades when compared to 2D imaging (23,32). 3D radial imaging may also have lower
SNR and CNR compared to 2D Cartesian imaging due to streaking artifacts presented as
background noise. Because of the difficulty of noise estimation in the presence of these
streaking artifacts, SNR and CNR measurements were excluded from this study.

The 3D slices at the edge of the slab have lower blood to myocardium contrast than the
central slices due to imperfect slice profile, which may be improved by using a better RF
pulse. 3D cardiac cine imaging can be performed after the injection of Gadolinium contrast
agent to improve the contrast between the blood and myocardium, for instance immediately
before the delayed contrast enhanced imaging of the heart.

The 2D multiple breath-hold method is usually used as the gold standard, however it suffers
from slice misregistration and hence has limited accuracy in cardiac chamber volume
quantification. Three-dimensional echocardiography (ECHO) has been shown to be accurate
and reproducible for cardiac function measurements (33). However, ECHO data were not
available for the volunteers in this preliminary study.

There are several technical possibilities for further improving image quality. Similar to
applying the temporal filtering along the cardiac phases, filtering could be performed along
the respiratory motion direction as well in order to further reduce undersampling artifacts.
The purpose of the respiratory gating is to maximize data efficiency within a certain motion
tolerance. Motion correction may be implemented to improve image quality (10,34).
Recently, many parallel imaging methods have been proposed to accelerate the image
acquisition and would in all likelihood further reduce the scan time in this study by a factor
of at least two.

In conclusion, free-breathing 3D cine SSFP imaging is achieved with simultaneous
respiratory and cardiac self-gating at different imaging orientations (short axis, four chamber
and two chamber views). An excellent correspondence between the self-gating and external
gating triggers is demonstrated. The 3D short axis cine imaging with the proposed technique
provides image quality and functional measurements comparable to those acquired with the
multiple breath-hold 2D Cartesian SSFP technique.
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Figure 1.
Respiratory and cardiac self-gating signals were derived from the center of mass of the z-
intensity profile in multi-echo hybrid 3D radial imaging. a) k-space sampling trajectories, b)
z-intensity profile evolving over time, c) center of mass of b) along z, d) respiratory motion,
e) cardiac motion.
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Figure 2.
The respiratory gating was determined based on the histogram of the respiratory motion
signal. Sampling projections were divided into multiple bins according to the position of the
respiratory motion (left). A histogram (right) was generated for employing a respiratory
gating window, such as 30% (dotted line) and 50% (dashed line). Note that the gating
windows are expressed as the fraction of the total amount of the acquired data.
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Figure 3.
Respiratory and cardiac self-gating signals were compared with bellows and ECG signals.
Cardiac self-gating (solid line) and ECG (dashed line) signals were synchronized in a),
presented by stars and circles, respectively. Respiratory self-gating (solid line) and bellows
(dashed line) signals were synchronized in b). Amplitudes of all curves were rescaled for
display purposes only.
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Figure 4.
Short axis views acquired with respiratory and cardiac self-gated free-breathing 3D
technique were compared by using different respiratory gating windows: a) 20%, b) 50%, c)
75%, d) 100%, and e) 50% with temporal filtering. Data were acquired in a healthy
volunteer with a heart rate of 75 bpm and a respiratory rate of 11 bpm. Images at end systole
are shown.
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Figure 5.
Short axis cine images obtained with the proposed self-gated free-breathing 3D technique
(right block) were compared with those with ECG-gated multiple breath-hold 2D technique
(left block). Data were acquired from a healthy volunteer with a heart rate of 53 bpm and a
respiratory of 19 bpm. Images of three representative slices (rows) at end diastole and end
systole are shown. A temporal filter and a respiratory gating window of 50% was used for
the 3D results.
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Figure 6.
Four-chamber (left block) and two-chamber views (right block) obtained with ECG-gated
breath-hold 2D technique a)c) and the proposed self-gated free-breathing 3D technique b)d)
are shown.
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Figure 7.
Reformatted four-chamber views of the standard 2D and the proposed 3D short axis images
were compared. The multiple breath-hold 2D imaging a) suffered slice misregistration
errors, which were not presented in 3D imaging, b).
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Figure 8.
Comparisons of functional measurements obtained with the standard 2D method and the
proposed self-gated 3D technique are presented. The first row exhibits the LVEDV,
LVESV, LVEF, and LVEDM measurements of the two techniques, with the 2D
measurements along the horizontal axis and 3D measurements along the vertical axis. The
second row shows the Bland-Altman plots of those measurements. The dashed lines show
the mean bias and the confidence interval.
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Table 2

Left ventricular functional measurements obtained with standard breath-hold 2D imaging and the proposed
self-gated free-breathing 3D imaging.

LVEDV (ml) LVESV (ml) LVEF (%) LVEDM (g)

2D 118.4 ± 19.0 31.3 ± 7.7 73.7 ± 5.2 122.2 ± 18.0

3D 112.4 ± 24.7 31.8 ± 6.1 71.0 ± 6.2 115.4 ± 20.1

bias 6.1 ± 8.9 −0.5 ± 2.7 2.7 ± 3.5 6.8 ± 14.1

p-value 0.12 0.65 0.09 0.25
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