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Abstract
Segmented cine MRI generally requires breath-holding, which can be problematic for many patients.
Navigator echo techniques, particularly successful for free-breathing coronary MRA, are
incompatible with the acquisition strategies and SSFP pulse sequences commonly used for cine MRI.
The purpose of this work is to introduce a new self-gating technique deriving respiratory gating
information directly from the raw imaging data acquired for segmented cine MRI. The respiratory
self-gating technique uses interleaved radial k-space sampling to provide low-resolution images in
real time during the free-breathing acquisition that are compared to target expiration images. Only
the raw data-producing images with high correlation to the target images are included in the final
high-resolution reconstruction. The self-gating technique produced cine series with no significant
differences in quantitative image sharpness to series produced using comparable breath-held
techniques. Because of the difficulties associated with breath-holding, the respiratory self-gating
technique represents an important practical advance for cardiac MRI. Published 2004 Wiley-Liss,
Inc.†
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INTRODUCTION
Cardiac magnetic resonance imaging (CMR) generally requires data acquisition during a
breath-hold to minimize respiratory motion artifacts. Except in the case of single-shot imaging,
CMR images are typically reconstructed from data acquired in a segmented fashion over a
number of cardiac cycles during a single breath-hold. In the clinical setting, many patients have
difficulty performing the necessary breath-holds to allow the use of segmented acquisition
strategies. Severely ill, incapacitated, or uncooperative patients often cannot perform voluntary
breath-holds. Although real-time or single-shot imaging strategies may eliminate the need for
breath-holding, segmented acquisitions can provide higher spatial resolution, temporal
resolution, and signal-to-noise ratio (SNR).

Respiratory gating approaches for free-breathing MRI were initially developed for imaging of
the chest and abdomen and incorporated the use of pneumatic bellows signals for either gating
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(1) or reordering of phase-encoding steps (2) to minimize motion artifacts. Bellows respiratory
gating strategies have recently been successfully applied to free-breathing segmented cardiac
cine applications (3). However, gating strategies utilizing such approaches may be ineffective
if the chest wall position varies relative to the heart position over multiple respiratory cycles.
Ideally, gating technique for free-breathing CMR should be based on changes in heart position
relative to respiration.

Most recently developed free-breathing imaging approaches involve the interleaved
acquisition of navigator (NAV) echoes to monitor diaphragm position (4). The NAV
respiratory gating information is used to accept or reject acquired image data (5,6) and
prospectively modify slab position (7). NAV respiratory gating techniques have allowed
significant SNR and spatial resolution improvements for coronary MRA. NAV techniques
have generally been applied in CMR strategies involving image acquisition during only a short
sampling window within each cardiac cycle. For these strategies, a single NAV echo is typically
acquired immediately prior to the image acquisition window. Only a short time period elapses
between the acquisition of the NAV echo and the acquisition of imaging data. However, in
cine acquisitions, imaging data are acquired throughout the cardiac cycle and therefore a single
NAV echo acquisition during each cardiac cycle is insufficient for respiratory gating.
Potentially, the acquisition of additional NAV gating echoes could be interspersed with the
acquisition of imaging data throughout the cardiac cycle. However, such an approach would
significantly decrease sampling efficiency by halting the acquisition of imaging data for short
time intervals during each cardiac cycle to acquire the NAV echoes. Furthermore, such an
approach would be less compatible with conventional SSFP cine imaging sequences (8) that
require constant RF excitation to maintain the magnetization in steady state.

Ideally, to optimize imaging efficiency and avoid interrupting the acquisition to sample
separate gating signals, the respiratory gating information for SSFP cine imaging applications
should be derived from the same data acquired for image reconstruction. We have recently
demonstrated that a cardiac gating signal can be successfully derived from the raw imaging
data (9). It will be shown in this work that the same basic principal of “self-gating” can be used
to derive a respiratory motion signal for free-breathing cine MRI.

Hardy et al. and Sussman et al. recently described such strategies for adaptive free-breathing
2D coronary MRA (10-12). The techniques of Hardy et al. involved repeatedly acquiring
images in real time using an interleaved-spiral pulse sequence with one of four separate
subtrajectories. Region-of-interest (ROI) cross-correlation provided information regarding
whether a particular interleave was acquired with the tissue at the same spatial position as a
reference image containing the desired vessel. The separate interleaves with corresponding
images exhibiting sufficient correlation to the reference image were combined for a high-
resolution image reconstruction. The technique of Sussman et al. involved repeatedly acquiring
k-space interleaves with a variable density spiral sequence while reconstructing low-resolution
images from the inner spiral in real time for correlation comparison to a previously acquired
template image within a chosen ROI. High-resolution images were reconstructed from those
full interleaves resulting in inner-spiral images with sufficient correlation to be considered
identical to the template.

The method we propose for free-breathing cine MRI involves extending this gating approach
based on image correlation to multiple cardiac phase cine imaging while using radial k-space
sampling and SSFP acquisition techniques (13). With an interleaved radial k-space sampling
scheme, subsets of sequentially acquired views can be combined to produce low-resolution
gating images in real time. The 2D correlation coefficient can be computed between a gating
image and a target image previously acquired at a similar cardiac phase and the desired
respiratory cycle position. Ultimately, this correlation coefficient can be used to determine
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whether the views included in the reconstruction of a low-resolution gating image should be
included in the final high-resolution reconstruction.

The purpose of this work is to introduce this new free-breathing respiratory self-gated cine
MRI technique and investigate its potential in a study of normal volunteer subjects. The results
obtained using free-breathing respiratory self-gated cine are compared to free-breathing k-
space averaging techniques as well as conventional breath-hold cine techniques.

MATERIALS AND METHODS
Radial TrueFISP Acquisition and Image Reconstruction

The 2D radial TrueFISP sequence was identical to that utilized for a previously described
cardiac self-gating implementation (9). Image acquisition was preceded by the application of
an α/2 RF pulse (14) followed by 400 additional dummy RF pulses (for approximately 1.2 s)
to bring the magnetization to steady state prior to readout of imaging data. Imaging parameters
included a 1-kHz/pixel bandwidth, 55° flip angle, 192 readout samples, 6-mm slice thickness,
300 × 300 mm2 isotropic in-plane FOV (1.6 × 1.6 mm2 in-plane voxel size), 40 views/segment
(VPS), 160 total views/image, and symmetric echo sampling (TR/TE = 3.0/1.5 ms). All
imaging experiments were performed on a Siemens 1.5-T Magnetom Sonata scanner (Siemens
Medical Solutions, Erlangen, Germany) with a two-channel quadrature array coil and a six-
channel spine array (typically only one of these channels were selected for use based on
orientation).

A regridding reconstruction algorithm incorporating a 3 × 3 Kaisser–Bessel kernel function
(15) and Ram–Lak density compensation weighting (16) was used for image reconstruction.
Reconstruction time was minimized by precomputing the kernel and density compensation
values needed for all sampled k-space data points and storing this information in a look-up
table for repeated reference while regridding (17). Magnitude images reconstructed from each
coil were combined using a self-weighting root sum of squares technique (18).

Each 40-view segment was acquired in an interleaved fashion such that subsets of 20
sequentially acquired views spanned roughly 180° in k-space. During each free-breathing scan,
low-resolution images, I(x,y), were reconstructed in real time at 16 frames/s, including 40
views/image (factor-of-2 view-sharing) and using only the center 80 of 192 readout points
acquired for each view (3.75 × 3.75 mm2 in-plane voxel size). These images were reconstructed
at less than half of the spatial resolution provided by the full 192 sample readout to limit the
amount of streak artifacts resulting from the 40-view image reconstruction.

The physiologic monitoring unit of the Sonata scanner (optical three-lead ECG recorder with
400-Hz R-wave detection processor) provided R-wave trigger time stamps with each k-space
readout. These time stamps were representative of the time interval between the sampling of
a k-space readout and the most recently detected R-wave. Along with each low-resolution
image was stored the ECG trigger time stamp accompanying the 21st k-space readout, which
represented the temporal center of each particular image.

No custom computing hardware was utilized for this work. All image reconstruction algorithms
and prospective feedback controls were implemented within the existing software development
environment of the Magnetom Sonata scanner.

Derivation of Cardiac Phase Dependent Respiratory Target Images
Prior to the respiratory self-gated scan, single-shot True-FISP localization images (Cartesian
k-space sampling) were acquired using imaging parameters of TR/TE = 2.8/1.4 ms, 360 × 288
mm2 FOV, 6-mm slice thickness, 128 × 83 matrix size, 2.8 × 3.5 mm2 in-plane voxel size
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during a single heartbeat breath-hold. From these localization images, a square ROI mask, from
50 × 50 to 100 × 100 mm2, was chosen to include either the septum and left ventricle apex in
long axis orientations or the septum and posterior right ventricle insertion position in short axis
orientations. The ROI size was limited to reduce subsequent correlation coefficient
computation times.

Each self-gated acquisition was immediately preceded by a 20-s free-breathing “target-
acquisition” (TA) period (Fig. 1) during which the first k-space segment was repeatedly
sampled to produce a low-resolution series with 330 images, ITA (x,y,n) with 0 ≤ n ≤ 329. At
the end of the TA period the average cardiac cycle length, RRave, was calculated from the ECG
trigger time stamps. Based on the time stamp stored with each image, each of the 330 low-
resolution images acquired during the TA period were mapped to the nearest corresponding
cardiac phase, n̂, from 20 cardiac phase positions spaced equally throughout a time interval
spanning RRave (0 ≤ n̂ ≤ 19). Next, 300 potential respiratory target image series were generated,
hm(x,y, n̂) with 0 ≤ m ≤ 299. Each hm image set was derived from a sequential subset of ITA
using a single heartbeat sliding-window scheme (RRave temporal aperture). Only 300 potential
target image series were produced from the 330 image ITA series because the sliding window
generating the hm series would eventually overrun the end of the ITA series. Although the
particular value of m corresponding to ITA series sliding window overrun varies with heart rate,
a conservative maximum value of 300 was chosen to eliminate the possibility of overrun even
with relatively slow heart rates.

With this temporal aperture several of the 20 cardiac phases for each hm may not be sampled
because the low-resolution image acquisition rate was only 16 frames/s. When necessary, the
images for the missing phases were generated by simply setting the image function of the
missing cardiac phase equal to that of the nearest sampled phase within the same hm target
series.

The remainder of this derivation strategy relies on (a) the assumption that at least one of the
300 hm potential target image series was acquired with negligible respiratory motion and at
expiration and (b) the assumption that the most frequent and consistent heart position during
the TA period corresponded to expiration. These assumptions will be utilized to select which
hm series will be chosen as the respiratory target image series, hRT, and subsequently used for
correlation comparison to low-resolution images acquired during the remainder of the free-
breathing acquisition.

First, each of the 300 hm image sets were used to create 300 separate correlation signals,
Cm(n), by computing the 2D correlation coefficient between the ROI in each ITA(x,y,n) image
and the ROI of the image from hm with corresponding cardiac phase, n̂, for 0 ≤ n ≤ 329.

Because the ITA image series is acquired asynchronously to the cardiac cycle, each Cm(n)
function may contain cardiac cycle-related artifacts resulting from the correlation comparison
of low-resolution images acquired at slightly different cardiac phase position during different
heartbeats. Each Cm(n) may also contain high-frequency noise unrelated to respiration. To
suppress these artifacts, each Cm(n) signal was low-pass filtered with a 38th-order FIR filter.
The coefficients for the filter were derived using the Remez exchange algorithm with design
inputs of a transition band from 0.25 to 0.75 Hz, a desired response [1.0, 0.0] and weights [1.0,
1.818] (19). Two example Cm signals (postfiltering) derived using hm sets acquired at
expiration and inspiration are shown in Fig. 2.

For each of the 300 Cm(n) signals generated, the minimum, Cmin, and maximum, Cmax, were
determined and the total number of Cm(n) samples above the threshold 0.9(Cmax − Cmin) +
Cmin, R(m), was recorded for each particular hm set. The corresponding thresholds from the
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hm sets acquired at expiration and inspiration are also shown in Fig. 2. Based on the previously
stated assumptions, the hm set acquired nearest the expiratory phase of the respiratory cycle is
expected to produce a Cm signal with a greater R(m) and therefore the hm set with greatest R
(m) was chosen as the final cardiac phase-dependent respiratory target image series, hRT.

Acquisition of Respiratory Self-Gated Cine Imaging Data
Following the TA period, the segmented cine imaging data were acquired. As during the TA
period, low-resolution images continued to be reconstructed in real time at 16 frames/s. The
2D correlation between each current low-resolution image and the corresponding cardiac phase
of hRT was calculated. The respiratory self-gating signal, C(n), generated by these time series
of correlation comparisons was low-pass filtered with the previously described FIR filter. Each
of the 40 views included in a single low-resolution image were assigned the same correlation
coefficient value. The acquisition respiratory threshold, ART, was chosen as the 0.9(Cmax −
Cmin) + Cmin value from the TA Cm(n) signal corresponding to hRT.

The acquisition of each segment was halted following the sampling of at least 36 views (90%
of each 40 view segment) above the ART threshold at each of 25 cardiac phases (40 ms
reconstructed temporal resolution at 60 bpm heart rate). The cardiac phase positions were
spaced equally throughout a time interval spanning RRave and a view-sharing window of 80
ms allowed a single acquired view to be shared between neighboring cardiac phases. The
selection of an 80-ms view-sharing window, while acquiring 40 views/segment (120 ms for
the acquisition of each 40 view segment) required that each segment be sampled over multiple
cardiac cycles in order to provide the necessary views for each cardiac phase.

Initially following completion of the acquisition, the raw data for reconstruction of images at
each cardiac phase was selected based on ART criteria as well as the 80 ms cardiac phase
inclusion window. If multiple views at the same k-space position were acquired fulfilling the
same criteria, the views were linearly weighted based on temporal proximity to the particular
cardiac phase position and combined to produce a composite view for inclusion in the final
reconstruction. These first few schemes would result in the derivation of at least 90% of the
views required for reconstruction at each cardiac phase. The remaining views were derived by
first incrementally increasing the cardiac phase view-sharing window time to 100 ms and next
by incrementally decreasing the respiratory threshold. Following derivation of the full raw data
sets at each of the 25 cardiac phases, the previously described algorithms were used for the
final image reconstruction.

Volunteer Studies
Eight healthy volunteers (N = 8; 5 male, 3 female) were imaged in mid-cardiac short-axis and
long-axis (four-chamber) orientations while breath-holding and while free-breathing. For the
breath-hold examinations, only cardiac gating criteria were considered (ART prospectively set
to zero and no “target acquisition period”) and therefore the breath-hold durations were
typically less than 15 s. The previously described imaging parameters were used for both the
breath-held and free-breathing acquisitions for optimal comparison purposes. For the free-
breathing scans, in addition to the respiratory self-gated image series, image series were
reconstructed from the same raw data set, including all of the acquired data (ART
retrospectively set to zero) to provide an initial comparison to simple k-space averaging
techniques. Therefore, for each imaging orientation, three images series were reconstructed:
breath-hold (BH), respiratory self-gating (RSG), and k-space averaging (AVE).

Quantitative Image Sharpness Analysis
The first image in each series was chosen for comparison of myocardium edge sharpness.
Bilinear interpolation was used to increase (factor of 6) the number of pixels in the horizontal
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and vertical dimensions from 192 to 1152. For each image, using MATLAB software (The
Mathworks, Inc., Natick, MA), an intensity profile was measured across the septum to left
ventricle blood pool boundary, Fig. 3. The local maximum and minimum intensity values
across the profile boundary were determined, Imax and Imin, which corresponded to blood pool
and myocardium pixel intensities respectively. Next, the distance, d, between 0.80(Imax −
Imin) + Imin and 0.2(Imax − Imin) + Imin across the profile was measured and the sharpness value
for that particular image reported as 1/d mm−1. The sharpness quantization strategy was similar
to that used by Shea et al. (20) for vessel sharpness scoring of coronary MRA techniques.
Intensity profiles from images of corresponding free-breathing and breath-held acquisitions
were measured at identical positions.

Qualitative Cine Image Series Analysis
Each cine image series was recorded as an image stack such that each could be replayed as a
cine loop (25 frames/s) using the Scion Image (Scion Corp., Frederick, MD) software package.
For each imaged slice, the cine loops reconstructed using each of the three techniques, BH,
RSG, and AVE, were combined into a horizontal 3-on-1 display. Placement within the 3-on-1
display was randomized, and all 3 cine series were simultaneously and synchronously
displayed dynamically as cine loops. Two independent reviewers, both cardiac MRI specialists,
independently assigned each image series an absolute score for sharpness of definition of fine
anatomic structures from 1 (poor) to 4 (excellent) using the following scoring system: 1 = poor
definition of anatomic structures with blurring precluding structure visualization, 2 = adequate
overall definition of fine anatomic structures sufficient for interpretation, 3 = good overall
definition of fine anatomic structures, 4 = excellent overall definition of fine anatomic
structures. This qualitative image scoring system was similar to that used by White et al. in
previous work describing wireless ECG gating techniques (21). Additionally, to assess subtle
differences between the techniques, each cine loop was assigned a sharpness rank (1 = best, 3
= worst) relative to the others within each 3-on-1 display.

RESULTS
Respiratory Self-Gating Signals

A representative correlation coefficient respiratory self-gating signal, C(n), before and after
FIR low-pass filtering, is shown in Fig. 4. Notice the suppression of signal modulations due
to cardiac cycle related artifacts and high-frequency noise and artifacts unrelated to respiration.

Acquisition Times and Respiratory Scan Efficiency
The BH acquisitions required scan times of 14.8 ± 3.4 s. The free-breathing RSG acquisitions
required overall scan times of 76.4 ± 16.6 s, with short-axis and long-axis acquisitions requiring
scan times of 72.0 ± 15.7 s and 80.9 ± 17.3 s respectively. These reported scan times do not
include the 20 s “target-acquisition” period. Overall respiratory scan efficiency for the RSG
technique was 21.8 ± 5.6%, whereas short-axis and long-axis scan efficiencies were 21.1 ±
3.6% and 21.4 ± 4.6% respectively. The differences between the mean scan time in both
orientations and scan efficiency in both orientations were not statistically significant.

Respiratory Self-Gated Cine Images
Representative end-diastolic and end-systolic short-axis and long-axis images acquired while
breath-holding and free-breathing reconstructed with k-space averaging and respiratory self-
gating are shown in Figs. 5 and 6, short-axis and long-axis respectively. Notice the blurring of
fine anatomic structures (papillary musculature and myocardial trabeculations) in the k-space
averaging images and the relatively indistinguishable image quality provided by the breath-
held and respiratory self-gated images.
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Quantitative Cine Image Series Analysis
The mean quantitative image sharpness scores for both short-axis and long-axis imaging
orientations are shown in Table 1. One-way ANOVA with Tukey post hoc analysis revealed
that the differences between the mean scores of the BH images and mean scores of the free-
breathing AVE images were statistically significant as were the differences between the mean
scores of the free-breathing AVE images and RSG images (P < 0.05). Differences between the
mean scores of the BH images and the mean scores of the RSG images were not statistically
significant.

Qualitative Cine Image Series Analysis
The mean qualitative image sharpness scores for reviewers 1 and 2 are also shown in Table 1.
One-way ANOVA with Tukey post hoc analysis was used for the determination of statistically
significant differences (P < 0.05) between the qualitative absolute image sharpness scores for
each technique. For both reviewers, there were no significant differences between image
sharpness scores of the BH and RSG short-axis image series. For the first reviewer, there was
also no significant difference between image sharpness scores of the BH and RSG long-axis
image series. For the second reviewer, the long-axis image sharpness scores of the BH image
series were significantly higher than the RSG image series. For both reviewers, the image
sharpness scores of both the BH image series and RSG image series were significantly higher
than the AVE image series in the short-axis and long-axis orientations.

The mean image series ranking scores for each reviewer are also shown in Table 1. For both
reviewers, a Friedman nonparametric comparison of ranks provided sufficient evidence to
suggest a difference between the mean ranking scores. For both reviewers, Wilcoxon pairwise
comparisons revealed the rankings of the AVE image series to be significantly poorer than the
rankings of the BH and RSG images series in both long-axis and short-axis orientations. For
both reviewers, these pairwise comparisons also revealed the rankings of the BH image series
to be significantly better than the RSG image series in the short-axis orientation.

DISCUSSION
A significant portion of the patient population has difficulty performing the necessary breath-
holds for conventional segmented cine MRI. Overall image quality (temporal and spatial
resolution, SNR, or CNR) could be sacrificed to reduce the breath-hold duration. In this work
we present the respiratory self-gating technique as an alternative that does not require such
trade-offs, ideally decoupling the choice of relative imaging parameters from breath-hold
duration.

A study comparing breath-holding to free-breathing with respiratory self-gating in normal
volunteers demonstrated no significant difference in quantitative assessments of image
sharpness while respiratory self-gating demonstrated significant improvements over simple k-
space averaging. With the exception of the long-axis orientation scores for Reviewer 2,
comparisons between breath-holding and respiratory self-gating qualitative image sharpness
scores demonstrated no significant differences between breath-holding and respiratory self-
gating with significant improvements over simple k-space averaging in both orientations.
However, ranking of image sharpness resulted in statistically significant superior rankings for
the breath-hold image series relative to the respiratory self-gated image series. Most of the
respiratory self-gated image series exhibited a subtle background temporal intensity variation
that was only discernable when replaying each image stack as a cine loop. These resulted from
the combination of views at different cardiac phases that were sampled while the imaged tissue
was at slightly different positions in the respiratory cycle. Though not affecting the quantitative
measures, these subtle intensity variations may have influenced the absolute qualitative scoring
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or ranking by the reviewers when viewing the series side by side as a dynamic cine display.
Future patient studies are necessary to evaluate whether such subtle variations affect the clinical
utility of the respiratory self-gating technique.

The overall imaging time required for the free-breathing respiratory self-gated acquisitions
were much longer than those required by comparable breath-hold strategies. Even while taking
into consideration the recovery time necessary between breath-held acquisitions, such
increases in scan time could potentially hinder patient comfort by increasing the overall
examination time. To reduce acquisition time, the scan efficiency could potentially be increased
by utilizing some of the motion correction techniques already described by Hardy et al. (10,
11). Alternatively, a reduction in the total number of views acquired for each image should be
possible. In an effort to focus this work on the derivation of gating signals rather than on the
salient properties of undersampled projection reconstruction (22,23), we chose to acquire 160
total views/image, effectively 20% less undersampled than previously reported radial
TrueFISP segmented cine techniques (13). Decreases of in scan time should be possible by
simply incorporating similar imaging parameters. Small additional decreases in scan time can
likely be achieved by reducing the number of dummy pulses applied to achieve steady state
prior to data acquisition.

The particular choices of ROI position were based on previous observations of significant
blurring in these regions when using averaging techniques while imaging during free-
breathing. Although other ROI positions may have sufficed, we chose to use a single position
for each orientation to maintain a consistent methodology. An ROI with dimensions smaller
than those necessary to cover the entire heart were used for these studies to reduce correlation
coefficient computation times allowing near real-time generation of the respiratory gating
signal during the acquisition. However, the necessity to manually select a limited ROI,
specifically located at an anatomic position sufficiently reflective of respiratory motion, could
add undesirable procedural complications if utilizing respiratory self-gating techniques in a
clinical setting. Initial off-line postprocessing investigations of simply using a much larger
ROI covering the entire heart for respiratory self-gating have demonstrated that such a strategy
produces gating signals very similar to those produced from a reduced ROI. An example
comparing the self-gating signal produced using a smaller ROI (50 × 50 mm2) and larger ROI
covering the entire heart (120 × 120 mm2) are shown in Fig. 7. However, more rigorous studies
are necessary to confirm that the larger ROI strategy continues to produce signals sufficient
for respiratory gating. Provided that sufficient gating signals can be produced and that
algorithms and software can be improved to handle the added computational requirements
necessary using a larger ROI, such a strategy could significantly reduce procedural burdens
when utilizing the respiratory self-gating techniques.

The choice of 20 cardiac phases for the respiratory target image series was based on the
common use of 15 to 20 cardiac phases for conventional cine imaging. Further investigations
into optimum ROI choice in different imaging orientations and the optimum number of target
cardiac phases could provide improvements to the respiratory self-gating technique.

For this initial respiratory self-gating work, low-resolution gating images were reconstructed
as opposed to full-resolution gating images, including all 192 sampled readout points for each
view. Reconstruction of full-resolution gating images would have resulted in significant under-
sampling streak artifact. The position of these artifacts would change according to the particular
k-space segment sampled and thereby compromise the correlation comparisons between
images reconstructed from imaging data acquired at different k-space segments. Intuitively,
one might expect that the use of these lower resolution images for gating signal derivation
might result in an inability to detect in-plane rigid displacements of distances smaller than the
low-resolution image voxel dimensions. However, as rigorously described by Sussman et al.
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(12,24) who refers to the work of Hajnal et al. (25), image resolution is actually not a limiting
factor given sufficient image SNR. However, future studies are certainly necessary to
determine (a) the minimum displacement discernable with the RSG technique given the use of
a relatively high SNR TrueFISP pulse sequence implementation and (b) the optimal gating
image spatial and temporal resolution for free-breathing cine MRI, particularly to measure
displacement for motion correction.

Previous work has described the development of image correlation, complex echo-peak and
center-of-mass (COM) cardiac self-gating strategies for “wire-less” segmented cine MRI (9).
Although each of these self-gating strategies can provide respiratory gating information, we
chose the correlation approach for this initial feasibility study because it provides a gating
signal derived from 2D image space, thereby avoiding corruption of the respiratory gating
signal by tissues external to the selected ROI. Image-domain correlation-based approaches can
provide respiratory gating information based on changes in the position of the heart rather than
remote changes in diaphragm or chest wall position. This property should be useful while
imaging free-breathing patients exhibiting erratic respiratory patterns; however, further
comparison studies with bellows and NAV echo techniques are still necessary. The cardiac
self-gating strategies can be combined with the respiratory self-gating strategy described by
this work to allow free-breathing segmented cine MRI without the need for ECG triggering
(26). However, previous work combining the self-gating strategies utilized only retrospective
respiratory gating, potentially much less efficient than the prospective respiratory gating
approach described by this work. Furthermore, the accuracy of self-gated cardiac cycle
synchronization during free-breathing has yet to be established. Ideally for combined cardiac
and prospective respiratory self-gating, efficient signal processing techniques are necessary to
allow real-time separation of the respiratory and cardiac gating signal components and real-
time detection of cardiac phase and respiratory position based on these signals.

Although rigorous clinical validation of the respiratory self-gating technique has not been
performed, wall motion abnormalities should not pose any complications for respiratory self-
gating provided that heart motion remains constant relative to respiratory cycle position.
However, particularly because of the long overall acquisition times for the respiratory self-
gating scans, arrhythmias producing intermittent changes in cardiac motion could certainly
pose problems for the proposed gating signal derivation strategy. Further investigations are
necessary to evaluate the sensitivity of the respiratory self-gating technique to intermittent
changes in cardiac motion patterns.

Derivation of the respiratory target image series, hRT, based on the target acquisition strategy
proposed by this work, relies on an assumption that the hm set generated at expiration will
produce a correlation signal, Cm(n), having the greatest number samples above 0.9(Cmax −
Cmin) + Cmin. Although successful for these initial feasibility studies, such an assumption may
not always hold. In these cases it may be necessary to include additional information for the
derivation of the respiratory target image series, potentially provided by a COM signal derived
from the same raw data (26). Alternatively, a hybrid approach could be used that incorporates
a single-heartbeat breath-hold to derive hRT (10,11). Derivation of a gating signal
representative of respiration depends on adequate respiratory motion within the chosen ROI.
For this preliminary study, we investigated imaging in only two common cardiac cine imaging
orientations. Furthermore, the duration of the target acquisition period was empirically chosen
(20 s to sample 330 low-resolution images) based on initial failures of the strategy when using
shorter durations of only 10 s. Further studies are necessary to optimize target acquisition
duration and evaluate the respiratory self-gating technique in all clinically important
orientations.
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Parallel imaging techniques can allow significant reductions in breath-hold lengths for
segmented cine MRI (27-29) while continuing to provide sufficient spatial resolution, temporal
resolution, and overall image quality. These accelerated imaging strategies may be sufficient
to image patients who cannot maintain the breath-holds necessary for conventional segmented
cine techniques. However, the continued necessity for even a very short breath-hold remains
problematic for some patients. Future studies are needed to determine if parallel imaging
techniques, free-breathing respiratory gating techniques as described by this work, or some
combination provide the best practical solution for imaging patients having difficulties breath-
holding.

CONCLUSIONS
This work described the respiratory self-gating technique and in vivo experiments
demonstrated the feasibility of using the technique to acquire high-temporal-resolution and
high-spatial-resolution cine images while free-breathing. For this initial study, the respiratory
self-gating technique was able to produce cine series with no significant differences in
quantitative image sharpness scores to image series produced using comparable breath-held
segmented cine techniques. Because of the common difficulties associated with breath-
holding, respiratory gating techniques that permit segmented k-space acquisition while free-
breathing represent important practical advances for clinical cardiac MRI.
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FIG 1.
Flow chart graphically describing the procedural steps for deriving the cardiac phase dependent
respiratory target image series.
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FIG 2.
Example correlation signals derived using target mask series acquired at expiration (a) and
inspiration (b) along with corresponding 0.9(Cmax − Cmin) + Cmin thresholds (dashed lines).
Notice that the proportion of CA above threshold, R(a), is much greater than the proportion of
CB above threshold, R(b).
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FIG 3.
Example line drawn across the septum to left ventricle blood pool boundary (a) used to generate
a profile for assessment of edge sharpness (b). Open circles represent the 20% and 80%
positions between the maximum and minimum intensity values of the profile.
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FIG 4.
Representative correlation coefficient respiratory self-gating signal before (a) and after (b)
application of FIR low-pass filter. Notice the suppression of noise and cardiac cycle related
signal artifacts.

Larson et al. Page 15

Magn Reson Med. Author manuscript; available in PMC 2007 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG 5.
Representative end-diastole (top row) and end-systole (bottom row) short-axis images from a
single volunteer reconstructed from a breath-hold acquisition (a) and a free-breathing
acquisition with k-space averaging (b) as well as respiratory self-gating (c). Notice the blurring
of fine anatomic structures in (b), arrows, and the relatively indistinguishable image quality
between (a) and (c).
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FIG 6.
Representative end-diastole (top row) and end-systole (bottom row) long-axis images from a
single volunteer reconstructed from a breath-hold acquisition (a) and a free-breathing
acquisition with k-space averaging (b) as well as respiratory self-gating (c). Notice the blurring
of fine anatomic structures in (b), arrows, and the relatively indistinguishable image quality
between (a) and (c).
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FIG 7.
Comparison between the respiratory self-gating signal derived using a smaller ROI of 50 × 50
mm2 (a) and the respiratory self-gating signal derived using a larger ROI of 120 × 120 mm2

covering the entire heart (b). Notice the similarity between the two signals in this example.
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