
Z Intensity-weighted Position (ZIP) Self Respiratory Gating
Method for Free Breathing 3D Cardiac CINE imaging

Pascal Spincemaille, Ph.D., Jing Liu, Ph.D., Thanh Nguyen, Ph.D., Martin R. Prince, M.D.
Ph.D., and Yi Wang, Ph.D.
Department of Radiology Weill Medical College of Cornell University 416 East 55th Street New
York, NY 10022

Abstract
A free-breathing 3D cine SSFP technique was developed using the Z Intensity weighted Position
(ZIP) which is the center of mass of a projection along the slice direction as a respiratory gating
signal. The ZIP signal was continuously acquired using a slice encoded k-space center sampling in
every TR. The performance of this gating method was compared with a method using the k-space
center signal (KC) and with conventional 2D breath-hold cine SSFP in healthy subjects by
measuring image quality and left-ventricular function. The preliminary data obtained here
demonstrated that the ZIP gating method provided superior respiratory motion artifact suppression
when compared to the KC gating and provided left-ventricular ejection fractions, end-diastolic and
end-systolic volumes similar to those obtained with the breath-hold 2D cine SSFP acquisition.

INTRODUCTION
Self-gated 2D cine balanced steady-state free precession (SSFP) imaging of the heart has
been introduced as a wireless alternative to the conventional electrocardiographic (ECG)
gating which is susceptible to magnetohydrodynamic interference and may cause poor
image quality in cases of arrhythmia1–4. Self-gating has also been proposed for respiratory
gating in free-breathing abdominal imaging5 and cardiac cine imaging6. Typically the center
of k-space is acquired at a very high temporal resolution – once per repetition time (TR) –
either from the data themselves (when using radial or spiral sampling) or using a short
additional readout (when using Cartesian imaging). These self-gating signals have the
advantage of not interrupting the steady state, which is a concern when more traditional
diaphragm navigator approaches, such as those used in segmented coronary artery MRA7,8,
are applied to 2D cine SSFP imaging of the heart9.

There are several pitfalls associated with using the center of k-space signal (KC) for
respiratory gating. It is the signal sum over all image voxels and depends heavily on slice
orientation, position and thickness as well as on the exact anatomy and its movement
(including flow) within the slice10. Therefore, the KC gating may lead to poor and
inconsistent image quality as its sensitivity to motion within a slice may be highly variable.
The respiratory level determined by the KC signal may also vary from slice to slice, leading
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to gaps and overlaps between successive slices due to slice misregistration similar to what
may occur in standard breath-hold 2D cine imaging. Finally, a 2D acquisition generally has
limited signal-to-noise ratio (SNR).

Three dimensional imaging techniques have been developed to provide higher SNR and
complete coverage of the left ventricle (LV) without slice gaps and misregistration. Breath-
hold 3D cine imaging typically offers limited spatial and temporal resolution11, with better
resolution obtained using radial acquisition12,13, spiral acquisition14, parallel imaging15,16 or
spatial-temporal undersampling techniques17. Free-breathing whole ventricle 3D cine
acquisitions have been introduced for sagittal orientations18 using a self-nav projection to
detect motion without interrupting the steady state. The use of KC gating for free-breathing
3D cine imaging may not be straightforward, because the significantly increased slab
thickness associated with 3D volumetric imaging may lead to reduced motion sensitivity of
the KC signal.

The objective of this study was to investigate an alternative respiratory self-gating signal
called the z intensity-weighted position (ZIP) for free-breathing 3D cine imaging of the
heart. Specifically, k-space signal was acquired after the slice encoding but before the phase
encoding and frequency readout in each TR, and a special view order with an inner slice
encoding loop was used to generate a full kz-encoded line per cardiac phase. After Fourier
transforming this data to image space, a projection of the imaging volume onto the slice
encoding axis is obtained after which the ZIP signal was calculated as the center of mass of
this projection profile. The motion suppression of the KC and ZIP gating approaches were
compared using 3D cine SSFP in a motion phantom and healthy volunteers. In addition, left-
ventricular function measured with this approach was compared to that obtained with a
routine multiple slice 2D breath-hold SSFP acquisition.

MATERIALS AND METHODS
Experiments were performed at 1.5T using a GE Signa HDx scanner (maximum gradient
amplitude 33.0 mT/m, slew-rate 120 T/m/s, Excite 14M5 software version; GE Healthcare,
Waukesha, WI, USA). For phantom imaging, a sphere of 10 cm radius was filled with doped
water and placed on the scanner table undergoing a pre-programmed periodic motion in the
head-foot direction (1 cm amplitude, 1 sec rest at both bottom and top of the motion wave
form). A respiratory bellows attached to the moving scanner table detected its motion. A 3D
axial slab was prescribed to completely cover the phantom. Scanning parameters were: flip
angle = 50°, TR/TE = 3.7/1.2 ms, readout bandwidth = ± 62.5 kHz, FOV = 32 cm, phase
FOV factor = 0.5, imaging matrix = 256×160, slice thickness = 6 mm, 32 slices and the
body coil for signal reception. A partial acquisition was used in the slice direction such that
23 kz encodings were actually acquired with zero filling to be performed before
reconstruction. A synthetic trigger signal (60 BPM) was used to simulate the ECG gating
signal.

Human experiments were carried out in nine normal volunteers (mean age of 29 years ± 7
standard deviation [SD]). The study protocol was approved by the Institutional Review
Board and written informed consent was obtained from all subjects prior to imaging.
Subjects were imaged supine using a standard eight-channel cardiac phased-array coil for
signal reception, vector ECG gating for cardiac synchronization, and a respiratory bellows
wrapped around the abdomen for respiratory monitoring.

Short-axis cine SSFP images of the left ventricle (LV) were acquired with both routine
breath-hold 2D and free-breathing self-gated 3D sequences using the following scanning
parameters: 1) 2D imaging: TR/TE = 3.6 ms/1.2 ms, flip angle = 60°, readout bandwidth =

Spincemaille et al. Page 2

Magn Reson Imaging. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



±125 kHz, imaging matrix = 256×192, views per segment = 20, FOV = 32 cm, slice
thickness = 6 mm, slice gap = 4 mm, 12–14 slices to cover the entire LV; and 2) 3D
imaging: TR/TE = 4.2 ms/1.9 ms, flip angle = 50°, readout bandwidth = ±62.5 kHz, imaging
matrix = 256×160, FOV = 32 cm, phase FOV factor = 0.65–0.85 depending on subject size,
slice thickness = 6 mm, number of slices = 26–28 with partial kz acquisition factor = 0.75
resulting in 19–21 actual acquired slice encodings, and image resolution 1.25×2×5 mm3.
The number of slices was chosen such that the entire LV was well within the 3D slab to
counteract the lower flip angle at the edges due to imperfect RF excitation profile.

A view ordering with an inner slice encoding loop was used for both the phantom and
human experiments. For each cardiac phase, all slice encodings associated with one
particular phase encoding were acquired, starting with even slice encodings and followed by
odd slice encodings. This was done to facilitate the data sharing method in the
reconstruction for improved temporal resolution. The acquisition of cardiac phases with a
constant phase encoding was repeated for a subject-specific number of R-R intervals chosen
to cover an entire respiratory cycle based on the cardiac and respiratory rate reported by the
scanner console (typically four to six). In each TR, one additional readout containing 30
sampling points, which were averaged to obtain a single complex value, was placed
immediately after the slice refocusing and encoding gradient but before the readout pre-
winder and phase encoding gradient (“Self-Nav” in Figure 1). Since all slice encodings were
acquired for each cardiac phase, this allowed the repeated acquisition of the kz axis (kx = ky =
0). After 1D Fourier transform of this line data, the projection of the entire imaging volume
onto the slice axis was obtained.

Retrospective image reconstruction19 was performed using both KC and ZIP respiratory
gating signals. Given a projection profile consisting of a series of NZ points with complex
values Iz (z = 0,…, NZ – 1), the magnitude of the KC signal was calculated as the magnitude

of the complex sum of all values along the profile , while the ZIP signal was
calculated as the center of mass of the magnitude projection profile

. A KC signal can also be obtained by selecting the central kz
signal once per cardiac phase. For both KC and ZIP signals, a band pass filter was used to
remove noise and cardiac motion induced signal variations as well as a very low frequency
modulation (Hamming window, 0.04 & 0.5 Hz cutoff frequencies). When multiple
respiratory signals were available, such as for the cardiac phased-array coil, a principal
component analysis was performed and the component corresponding to the largest
eigenvalue was selected as the final gating signal. This step may be seen as determining the
most important common signal variation among all coil elements. From the respiratory
signal, a histogram was calculated. The retrospective reconstruction selected image data
acquired at the respiratory positions around the peak of this histogram and at twenty evenly
distributed cardiac phases.

For image analysis, a representative mid-ventricular slice was selected. SNR for
myocardium and LV blood was defined as the mean signal Smyo and Sblood within a ROI
placed in the septal wall and LV cavity respectively, divided by the standard deviation σair
within a ROI of background air (correction for multiple coils and sum of square
reconstruction was not used since it was constant for all reconstructions). Blood-to-
myocardium contrast-to-noise ratio CNRblood-m yo was defined as (Sblood−Smyo)/σair. In
order to account for the differences in scanning parameters between 3D and 2D acquisitions,
SNR and CNR efficiency was calculated by normalizing 2D SNR and CNR by a factor

equal to , where Δ3D and Δ2D are the voxel volumes, TS3D and TS2D are the
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readout lengths (TS = Nx 2BW with Nx the number of readout points and BW the readout
bandwidth) and TR3D and TR2D the repetition times for each 3D and 2D phase20. Statistical
differences in SNR and CNR efficiency were assessed using a two-tailed paired-sample t-
test. Image quality was assessed by an experienced reader using two different qualitative
scores: presence of blurring (0 = severe, 1 = moderate, 2 = negligible) and the level of
motion ghosting artifact suppression: 0 = none (i.e. non-diagnostic), 1 = poor, 2 = moderate,
3 = good, 4 = excellent (i.e. ghosting was absent). The statistical significance of differences
in image quality scores was assessed using a two-tailed Wilcoxon paired-sample signed rank
test. End diastolic volume, end systolic volume and ejection fraction was measured for all
3D and 2D cine acquisitions using LV-METRIC, a highly automated LV segmentation
software21. A two-tailed paired-sample t-test and Bland-Altman analysis was used for
assessing differences between the 2D and 3D techniques. A p-value of less than 0.05 was
considered to indicate statistical significance. All values are expressed as mean ± SD.

RESULTS
Figure 2 shows 3D cine SSFP images of the motion phantom obtained with ZIP and KC
gating methods. Ghosting artifacts are severe in the KC image, while they are suppressed
with the ZIP method. The corresponding ZIP and KC gating signals are shown in Figure 3,
where they are compared with the respiratory bellows signal (all signals are scaled to the [0,
1] range). While the ZIP signal is highly correlated with the bellows signal (r2 = 0.95), the
correlation between the KC signal and the bellows signal is poor (r2 = 0.20).

3D CINE SSFP was obtained successfully in all subjects. The average scan time was 8.2 ±
1.1 minutes and the average heart rate 60± 8 beats per minute. Figure 4 shows an example of
a systolic and diastolic frame obtained with KC gating, demonstrating severe ghosting
artifacts and blurring of sharp structures such as myocardial walls and papillary muscles. On
the contrary, ZIP gating provided better image quality due to the improved suppression of
ghosting and blurring artifacts. Figure5 shows a portion of the ZIP and KC gating signals
compared with the respiratory bellows signal as obtained for the example shown in Figure 4.
Figure 6 shows another example where free-breathing 3D imaging with ZIP gating provided
similar image quality to that of breath-hold 2D imaging, while 3D images obtained with KC
gating suffer from motion artifacts.

Over all nine subjects, the blurring assessment score was 1.8 ± 0.4 for ZIP vs. 1.1 ± 0.3 for
KC (p = 0.031) while the motion ghosting score was 2.9 ± 0.3 for ZIP and 2.0 ± 0.5 for KC
(p = 0.016). The differences in end-diastolic volumes, end-systolic volumes and ejection
fractions between the 2D breath-hold acquisitions and the 3D ZIP and KC reconstructions
were found to be statistically non-significant (Figure 7). Bland-Altman plots comparing the
3D ZIP and KC reconstructions with the breath-hold 2D acquisition with respect to end-
diastolic and end-systolic volumes and ejection fractions are shown in Figure 8,
demonstrating very similar limits of agreements. Small biases in ejection fraction (<1%)
were found for both 3D techniques.

Figure 9 summarizes the SNR and CNR efficiency measurements. Compared to breath-hold
2D imaging, 3D imaging with ZIP gating provided higher myocardium SNR (63.7 vs. 21.7,
p < 0.001), as did 3D imaging with KC gating (52.5, p = 0.015). LV blood SNR efficiency
was higher for both 3D self-gated imaging methods compared to 2D, resulting in an average
increase in blood-to-myocardium CNR efficiency of 64% (p < 0.001) and 19% (ns) for the
3D ZIP and KC technique, respectively.
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DISCUSSION
The data presented in this preliminary study demonstrate that for self-navigated free-
breathing 3D cine SSFP a center of mass of the projection of the imaging volumes onto the
slice axis (z intensity-weighted position, ZIP) is preferred over the k-space center signal.
The ZIP gating technique provided less motion blurring and ghosting artifacts and a higher
blood and myocardium SNR and CNR efficiency. Compared with breath-hold 2D cine SSFP
imaging for LV assessment, free-breathing 3D imaging with KC and ZIP gating provided
similar enddiastolic and end-systolic volumes and ejection fractions.

The improved motion artifact suppression is likely due to the higher sensitivity of the ZIP
method to motion that takes place within the imaging volume compared to the KC signal. In
a thick slab used for whole ventricle 3D coverage in the short-axis orientation, there is
substantial anatomy that moves within the imaging volume. The KC signal is the signal sum
of all voxels within the imaging volume and therefore provides low sensitivity to LV motion
when the LV is fully encompassed by the imaging volume as is the case with whole LV 3D
imaging. The ZIP method will, on the other hand, be sensitive to this kind of motion because
the signal averaged z-position is detected. This was clearly seen in the phantom experiment
(Figure 2) where the KC signal is not expected to change significantly for the global motion
of the phantom occurring completely within the excited slab, as opposed to the center of
mass ZIP method which measures the global z-displacement accurately. The corresponding
derived gating signals (Figure 3) reflect this basic difference with a much higher linear
correlation (r2 = 0.95 for ZIP vs. 0.20 for KC). For in vivo imaging, the ZIP method also
provided significantly improved image quality (Figure 4) as well as much higher correlation
with the bellows signal (Figure5) compared to the KC gating, indicating better sensitivity to
breathing motion for thick slab imaging.

The center-of-mass method was previously used in free-breathing or self-cardiac-gated
techniques for radial imaging using the imaging projections themselves3,22, where radial
projections are acquired repetitively in every cardiac cycle, or in sagittal acquisitions, in
which the superior-inferior readouts are available for motion detection18. For general
orientation Cartesian sampling, such projections along the motion axis are not available.
Some techniques, therefore, have added one extra signal readout within each TR to sample
the center of k-space only4. An alternative approach consists of periodically inserting
specialized readouts into the SSFP signal train for which least squares or maximum
correlation coefficients are then used to detect motion23,24. The ZIP method proposed here
can detect the z-value of the center of mass without using extra projections, whose gradients
may cause eddy current artifacts in SSFP. Among the volunteers in this study, the short-axis
orientation forms an angle of 53°± 14° with the superior-inferior direction – the direction of
the primary component of the respiration induced motion of the heart – leading to good
motion sensitivity. In addition to the center of mass, more sophisticated motion extraction
algorithms such as the least squares matching used for conventional navigator echoes25 may
be used for more accurate motion detection from projection profiles.

The ZIP method relies on a repeated sampling of all slice encodings throughout the scan. In
the current implementation, this is done using a linear view order with the slice encoding on
the inner loop. As a result, the temporal resolution of the ZIP signal is equal to the temporal
resolution of the imaging data. In order to increase the temporal resolution of the imaging
data, this view order can be modified to acquire in one RR interval only even and odd slice
encodings in even and odd cardiac phases respectively while acquiring the other slice
encodings in another RR interval. Since the ZIP signal can be acquired independently from
the phase encoding, the temporal resolution of the ZIP signal remains the same as before,
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while that of the imaging data is doubled. This would allow a high temporal resolution for
CINE imaging even for a large number of slices.

We have shown the feasibility of the ZIP method for respiratory gating of 3D SSFP cardiac
cine imaging in the short-axis orientation. A major advantage of 3D acquisition over
standard 2D breath-hold imaging is contiguous spatial coverage at higher SNR without slice
misregistration. Although similar resolution and coverage can be achieved in a single ~21s
breath-hold using a k-t accelerated approach17, image quality will be crucially dependent on
the ability of the patient to hold their breath. In contrast, the self-gating method developed
here will allow free breathing acquisition, eradicating the patient compliance problem of
breath-holding. The retrospective gating reconstruction method chosen in this preliminary
study does not require real-time hardware capability and is easier to implement, but the 4–6
fold increase in scan time may limit its clinical utility. Due to the much increased SNR of
3D imaging, parallel imaging or the above mentioned k-t acceleration approach may be used
to reduce scan time. The ZIP gating technique can be applied to non-Cartesian sampling in a
straightforward manner26, further increasing the data acquisition efficiency. Prospective or
real-time respiratory gating may be used to improve both the efficiency and effectiveness of
the developed ZIP gating method in suppressing motion artifacts27. The band-pass filtering
needed to filter out noise and distinguish the cardiac from the respiratory component may be
replaced by a real-time Kalman filter previously used for a prospective self respiratory
gating in 2D cine SSFP acquisition of the heart28.

Although the measured blood-to-myocardium CNR efficiency is higher for the 3D
acquisition, the relative blood-to-myocardium contrast ratio, defined as (Sblood – Smyo)/
Smyo

20, was 2.8 ± 0.4 for 2D compared to 1.6 ± 0.3 for 3D. This is likely due to the use of
thick slab 3D imaging which reduces the blood inflow effect and is consistent with previous
findings29,30. An additional factor in the decreased contrast ratio is the lower flip angle of
50° used to satisfy SAR constraints. In this preliminary study, however, this reduced relative
contrast ratio did not lead to significant differences in LV functional measurements.

In conclusion, the center of mass of the projection along the slice direction provides a better
respiratory gating signal than the center of k-space magnitude, leading to a greater
suppression of motion artifacts for 3D short-axis cardiac cine SSFP imaging. Furthermore,
free-breathing 3D cine imaging provides similar LV functional measurements to that of
conventional breath-hold 2D cine imaging.
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Figure 1.
Pulse sequence diagram for self-respiratory gated cine SSFP acquisition. a) the Self-Nav
acquisition is positioned after the slice encoding to allow the acquisition of an entire kz line
(kx = ky = 0) in one cardiac phase. b) for each cardiac phase all slice encodings kz are
acquired simultaneous with a set of slice encoded Self-Nav data, which is then Fourier
transformed to obtain a projection of the imaging volume onto the slice axis, followed by a
center-of-mass calculation and a temporal band-pass filtering operation (ZIP). The phase
encode (ky) is kept constant through the entire R-R interval. In the free-breathing
experiments, each phase encode ky was acquired repeatedly during a subject-specific number
of successive RR intervals (shown here is 3) for retrospective respiratory gating
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Figure 2.
Image quality comparison in a motion phantom. Severe ghosting artifacts are clearly visible
in the KC reconstruction (b), but are absent using the ZIP method (a)
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Figure 3.
Comparison of motion gating signals obtained in the motion phantom experiment Squared
linear correlation with the simultaneously acquired respiratory bellows signal (RESP) was r2

= 0.20 for KC vs. r2 = 0.95 for ZIP. For illustrative purposes, all signals are scaled and
shifted to the [0, 1] range, and only a fraction of the total waveform (10,000 TRs or about 42
sec.) is shown.
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Figure 4.
Comparison of free-breathing 3D cine SSFP images obtained with KC and ZIP self-gating
methods during systole (a, b) and diastole (c, d). Motion blurring and ghosting artifacts are
severe with the KC gating (b, d), while they are well suppressed by the ZIP gating (a, c)
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Figure 5.
Comparison of in vivo motion gating signals obtained from the example shown in Figure 4.
Squared linear correlation with the simultaneously acquired respiratory bellows signal
(RESP) was r2 = 0.36 for KC vs. r2 = 0.87 for ZIP. For illustrative purposes, all signals are
scaled and shifted to the [0, 1] range, and only a fraction of the total waveform (10000 TRs
or about 42 sec) is shown
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Figure 6.
Comparison of diastolic (top row) and systolic (bottom row) images obtained with breath-
hold 2D cine SSFP (a, d), and free-breathing 3D cine SSFP using ZIP gating (b, e) and KC
gating (c, f). KC gating produced images with severe ghosting and blurring artifacts, while
ZIP gating provided images of similar quality to that of the conventional 2D breath-hold
technique.
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Figure 7.
Comparison of end-systolic volumes (a), end-diastolic volumes (b), and ejection fraction (c)
obtained with breath-hold 2D cine SSFP (2D) and free-breathing 3D cine SSFP using ZIP
and KC self-gating.
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Figure 8.
Bland-Altman plots for end-diastolic volumes (a, d), end-systolic volumes (b, e) and ejection
fractions (c, f) obtained with free-breathing 3D cine SSFP using ZIP (a–c) and KC (d–f)
respiratory self-gating methods versus those obtained with conventional breath-hold 2D cine
imaging.
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Figure 9.
Comparison of myocardium SNR efficiency of (a), LV blood SNR (b), and blood-to-
myocardium CNR efficiency (c) obtained with breath-hold 2D cine SSFP and free-breathing
ZIP and KC respiratory self-gated 3D cine SSFP.
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