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Abstract
The four-dimensional (4D) coronary MR angiography (MRA) approach has been developed to
eliminate the need for accurate determination of the acquisition window and trigger delay time.
Diaphragm navigator (NAV) has been the conventional respiratory gating method for free-breathing
coronary MRA. However, NAV echo acquisition interrupts the continuous radiofrequency pulse
application required for 4D steady-state free precession coronary MRA. The objective of this work
was to investigate the feasibility of a respiratory self-gating (RSG) technique for 4D coronary MRA
and its effectiveness by comparing with retrospective NAV gating. Data were acquired continuously
throughout the cardiac cycle and retrospectively remapped to cardiac phases based on the
electrocardiogram signal simultaneously recorded. An RSG signal extracted from a direct
measurement of the heart position was used for retrospective respiratory gating and motion
correction. In seven healthy volunteers, 4D MRA images were reconstructed, allowing retrospective
assessment of the cardiac motion of the coronary artery and selection of the images with the best
vessel delineation. Statistical analysis shows that 4D RSG provides coronary artery delineation
comparable to mid-diastole images acquired using NAV. Respiratory self-gating is an effective
method for eliminating respiratory motion artifacts and allows 4D coronary MRA during free
breathing.
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Overcoming cardiac and respiratory motion artifacts remains to be the major challenge in
coronary MR angiography (MRA). Segmented data acquisition in combination with
electrocardiogram (ECG) triggering is the conventional method to suppress cardiac motion
artifacts. This method is intended to synchronize data acquisition with the period of minimal
cardiac motion, usually the mid-diastole. Empirical formulas have been proposed to estimate
the trigger delay time for mid-diastole (1,2). However, a cine scout scan and motion evaluation
are usually required to accurately determine the trigger delay and acquisition window duration
(3), because the optimal acquisition time not only varies among subjects, but also depends on
the particular segment of the coronary artery being evaluated (4,5). Alternatively, cardiac
motion-resolved (four-dimensional, 4D) coronary MRA was recently introduced to deal with
the cardiac motion effect (6,7). With 4D data acquisition, coronary artery image sets throughout
the cardiac cycle are reconstructed and the best delineation of coronary arteries can be selected
retrospectively. However, resolving respiratory motion during cine data acquisition is thereby
necessitated for high spatiotemporal-resolution 4D coronary MRA.
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To suppress respiration-induced motion artifacts, various respiratory gating and correction
methods have been developed (8–13). Among them, diaphragm navigator (NAV) is the most
commonly used method for free-breathing coronary MRA (12,13). However, acquiring NAV
echo before 4D coronary MRA acquisition at each cardiac phase will interrupt steady-state
magnetization, resulting in potential image artifacts. Therefore, NAV has limited compatibility
with 4D coronary MRA.

A few respiratory self-gating (RSG) schemes were recently proposed for cardiac or coronary
artery imaging (14–16). Spiral or radial k-space sampling was used and data acquisition was
interleaved such that a low-resolution two-dimensional (2D) image was reconstructed from
each interleaf of k-space data. Information concerning the position of the heart can be extracted
from the low-resolution image data for respiratory gating. With direct measurement of the heart
position, the accuracy of respiratory synchronization and motion correction is expected to
improve as compared to NAV techniques. However, with current MR imaging technology, it
is impractical to achieve a sufficiently high sampling rate of three-dimensional (3D) low-
resolution images for accurate respiratory gating signal derivation. Therefore, these interleaved
k-space strategies are currently limited to 2D imaging.

Alternatively, Larson et al. (17) proposed a radial sampling-based self-gating method for
tracking motion of the heart. Each radial k-space line was used to reconstruct a projection of
the heart to derive the heart motion information for cardiac gating in cine imaging. Stehning
et al. (18) used a similar method for respiratory gating in whole-heart coronary MRA. The
respiration-induced bulk heart motion in the superior–inferior (SI) direction was estimated by
calculating the shift of the center of mass of a SI projection derived from a center k-space line
acquired before each segmented data acquisition.

The purpose of this work was to investigate the feasibility of acquiring 4D coronary MRA with
RSG. A one-dimensional (1D) projection profile signal is acquired before each cardiac phase
to track respiratory motion of the heart and is used for both retrospective respiratory gating
and motion correction. Healthy volunteer studies were performed to demonstrate the
effectiveness of the method in reducing respiratory motion artifacts by comparing with mid-
diastole images acquired using retrospective NAV gating.

THEORY
In this work, an RSG k-space line is obtained before each cardiac phase by acquiring the center
k-space line of the imaging volume, from which an RSG projection can be reconstructed using
an inverse Fourier transform. According to the central section theorem of Fourier transform,
the RSG projection, P(x), represents the line-integral of the entire imaging volume along the
phase-encoding (PE) direction, where x is the frequency-encoding (Freq) direction. For
coronary MRA, because the target, defined as the region of the heart in the imaging volume,
is not static due to respiratory and cardiac motion, P(x) varies when repeatedly measured.
Previous studies have shown that respiratory motion of the heart is dominated by a global 1D
translation in the SI direction (19,20). Therefore, if Freq is in the SI direction, respiratory
motion of the target is captured by the variation of P(x). Two methods, Center of Mass (CM)
and Least Squares (LS), were considered for deriving the breathing-induced displacement of
the target from P(x,t), the repeated measurement of the RSG projection.

CM, calculated with Eq. [1], is a first-moment measurement of the target position.
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[1]

Early reports have demonstrated that C(t), the change of CM, is synchronized with cardiac and
respiratory motion and at a single cardiac phase provides an estimation of the respiratory motion
of the target (17,18). However, unavoidably the relatively stationary signal from the anterior
chest wall is superimposed into the RSG projection and may impair the accuracy of the derived
target displacement. Furthermore, the extent of this undesired effect is determined by the ratio
of the target signal to the total signal of the imaging volume and consequently is subject-
dependent and orientation-dependent.

The LS method is capable of deriving subpixel displacements by matching the profile of a RSG
projection with the profile template (21). The deviation (DEV(Δx)) of an RSG projection from
the template at a displacement value Δx is calculated according to Eq. [2], where h(x) represents
the template projection. The Δx resulting in the minimum deviation value is taken as D ̄(t), the
estimated displacement of the target at time t.

[2]

Without steep edges defined by the boundaries between high-signal blood and low signal
myocardium, the projection profile of the chest wall signal is relatively smooth compared with
that of the heart signal such that the profile of the target is outstanding in the RSG projection.
Due to this geometrical property, the LS method, based on detecting the shift of the target
profile, is not sensitive to the superimposed chest wall signal.

To assess the effects of the chest wall signal on target displacement estimation, simulations
were performed using a sagittal MR image through the left ventricle. The projection of the
target and the projection of the anterior chest wall were simulated by integrating the complex
signals along the anterior–posterior direction in the manually selected regions of the heart and
the anterior chest wall in the image, respectively. As shown in Figure 1a, the anterior chest
wall signal is comparable to the heart signal in magnitude and thus can substantially affect the
target displacement estimation using CM. On the other hand, apparently the profile of the chest
wall projection is much smoother than that of the heart projection. To simulate respiratory
motion, the target projection was artificially shifted by integral pixels in the SI direction and
the corresponding target displacements were estimated using the above two methods. As
clearly shown in Figure 1b, compared with the CM method which underestimates the actual
target shift by a factor of 0.676, the LS method is approximately a one-to-one measurement of
the respiratory motion. To achieve more accurate respiratory motion correction, the LS method
was used to derive the RSG signal as will be described later.

METHODS
Human studies were conducted in seven healthy volunteers (five males and two females; age:
39 ± 9) using a 1.5 Tesla (T) Magnetom Avanto clinical MRI scanner (Siemens Medical
Solutions, Inc., Erlangen, Germany). In accordance with our institutional review board, written
consent was obtained from each volunteer before imaging. For each study, first the heart and
the diaphragm were localized from a low-resolution scout scan with three orthogonal views.
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Next, a double-oblique plane covering the right coronary artery (RCA) was determined. Then,
4D free-breathing coronary MRA was performed using the RSG acquisition scheme (described
in the next paragraph). To investigate the efficacy of RSG, coronary imaging was also
performed using retrospective NAV gating. For a fair comparison between them, 3D NAV and
4D RSG scans were performed in the same slice position with identical spatial resolution. For
both scans, the volunteer was allowed to breathe freely and the total scan time was
approximately 6 min depending on the heart rate of the subject under study. All data processing
and image reconstruction were performed off-line using the MATLAB software package (The
Mathworks, Inc., Natick, MA).

Data Acquisition
A 4D RSG sequence was implemented based on a 3D SSFP cine sequence with retrospective
cardiac gating and Cartesian k-space sampling (22). An additional RSG k-space line (a center
k-space line with zero PE and partition-encoding gradients) was acquired before data
acquisition of each cardiac phase. Because the in-plane respiratory motion of the target
presumably corresponds to the projection of SI heart motion in the imaging plane, the in-plane
rotation angle of the imaging volume was fixed to zero to automatically orient the Freq direction
parallel to the direction of maximum in-plane respiratory motion. Imaging parameters
included: 320 × 245 mm2 field of view, 1.4 mm slice thickness, 12 partitions (interpolated from
6 partitions), 320 × 204 matrix size, 1.0 × 1.2 mm2 in-plane resolution, 12 lines/per cardiac
cycle, 60° flip angle, TR\TE = 4.0\2.0 ms. The average cardiac cycle length of the volunteer
was individually estimated from the detected ECG signal before the 4D RSG scan. To resolve
respiratory motion, each segmented data acquisition (1 RSG k-space line and 12 imaging k-
space lines) was repeated for an acquisition window approximately covering four consecutive
heartbeats.

Image Reconstruction
Data acquisition was synchronized with cardiac motion retrospectively using the
simultaneously recorded ECG time stamps (23), indicating the time interval between the
acquisition of a k-space line and the latest R-wave detection. Each k-space line was linearly
remapped into the nearest cardiac phase of 15 evenly spaced phases based on the ratio of its
time stamp to the duration of the corresponding cardiac cycle. Next, an RSG signal
representative of the breathing-induced heart displacement was derived from the RSG
projections to perform retrospective respiratory gating and motion correction. The
reconstruction procedure consisted of three major steps: (i) generation of cardiac phase-specific
profile templates, (ii) derivation of the RSG signal, and (iii) retrospective respiratory gating
and motion correction.

Step 1: Generation of Cardiac Phase-Specific Profile Templates—Using the LS
method, the displacement of the target along the Freq direction can be estimated by matching
the profile of the RSG projection with the profile of the projection template. Because of both
cardiac and respiratory motion, the profile of the RSG projection changes substantially during
a scan. As shown in Figure 2a, the RSG projections acquired at end-expiration show
dramatically different profiles at mid-systole (dotted line) and mid-diastole (solid line). In
Figure 2b, distortions in addition to a global shift of the RSG projection are observed when
comparing an end-inspiration profile (dashed line) to an end-expiration profile (solid line) at
the same cardiac phase. The profile distortion at different respiratory phases can be attributed
to nonrigid motion of the heart and through-plane motion in free-breathing volume-targeted
imaging. To accurately estimate the global shift of the RSG projection during breathing, profile
distortions due to cardiac and respiratory motion need to be eliminated. Cardiac motion effects
can be suppressed by generating a profile template for each cardiac phase. As shown in Figure
3, the significant cardiac-motion modulations of the target shifts derived using single-phase
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profile matching (Fig. 3a) were substantially reduced by using cardiac phase-specific profile
matching (Fig. 3b). To minimize the effects of breathing-related profile distortions, the profile
template at an end-expiration position near which data are accepted for image reconstruction
should be used. The CM method was used to determine the reference respiratory position,
because, although inaccurate quantitatively, CM is synchronized with respiratory motion at
each cardiac phase and can be directly calculated from the RSG projections. Specifically, the
CM of each RSG projection acquired during the first 30 sec was calculated and the respiratory
position corresponding to the most superior CM value at each cardiac phase was identified as
the reference end-expiration position for that cardiac phase at which the profile template was
calculated. Heart rate variations during a scan may cause mismapping of the selected profile
templates with the cardiac phases and result in artifacts in the derived profile shift signal. To
reduce these artifacts, at each cardiac phase, the profile template was generated by averaging
the first five RSG projections acquired at the reference end-expiration position.

Step 2: Derivation of the RSG Signal—Profile shift in the RSG projection was derived
using the LS method. To reduce the contamination of the signal from surrounding structures,
profile matching was confined in the region of the heart in the RSG projections which was
defined manually in the profile templates.

The profile-shift signal derived hereby is an estimation of the in-plane respiratory motion of
the heart with residual cardiac motion modulation as well as high-frequency noise. In a normal
subject, respiratory motion is of relatively low frequency (<0.4Hz), while cardiac motion is of
relatively high frequency (0.8–1.5 Hz). Therefore, the profile-shift signal was low-pass filtered
(pass frequency of 0.5 Hz and cut-off frequency of 0.6 Hz) to obtain an RSG signal representing
the breathing-induced bulk displacement of the heart. The position with the maximum
frequency of occurrence during the scan, normally near the end-expiration, was then chosen
as the RSG position.

Step 3: Retrospective Respiratory Gating and Motion Correction—Adaptive
averaging (described in the next paragraph) of measurements within the gating window (GW)
was used to optimize signal-to-noise ratio (SNR). Generally, a choice of a wider GW includes
more data in image reconstruction and, therefore, benefits SNR. However, this also introduces
an increased risk of blurring due to breathing-induced heart deformation and through-plane
motion. To be consistent with retrospective NAV gating using a fixed GW along the SI
direction, the GW for 4D RSG was individually calculated based on the angle between the
Freq direction and the SI direction. In the current work, a GW corresponding to the projection
of ± 1.5 mm of SI heart motion (as will be used in NAV gating) in the Freq direction was used.

Respiratory gating was performed by selecting k-space segments with consistent target position
retrospectively. The displacements of the two RSG projections acquired before and after a k-
space segment were averaged to estimate the target displacement during acquisition of the k-
space segment. Each k-space segment was repeatedly acquired for roughly four cardiac cycles
and, therefore, was acquired multiple times at each cardiac phase. Among them, those with a
displacement within the GW were accepted as consistent data. In the case that none of them
was qualified for acceptance, the acquisition with the smallest displacement was accepted.
According to the Fourier shift theorem, respiratory motion causes a linear phase modulation
in k-space. This effect can be suppressed by applying an inverse phase modulation M(k) in the
accepted k-space lines (Eq. [3]).

[3]
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where Δx is the derived displacement of the target from the RSG position in the unit of pixel,
k and Nx are the sample index (center k-space sample: k = 0) and the total number of samples
in a k-space line, respectively. Subsequently, at each cardiac phase, all accepted samples in the
same k-space point were averaged to fill the 4D k-space for image reconstruction.

Phase-Sensitive Fat Suppression
Signal from fat was suppressed using the phase-detection method (24) previously used for
breath-hold 4D coronary MRA (7). Briefly, this method is capable of separating fat and water
signals based upon the phase difference between fat and water signals in the complex images
obtained using SSFP acquisition schemes (7,24). For these studies, local phase correction was
applied in each block of 10 × 10 pixels and phase-corrected images were then used for fat/
water separation according to the polarity of the real part of the signal in each pixel.

3D NAV
Before 3D NAV imaging, the optimal acquisition window in a cardiac cycle, presumably at
mid-diastole, was estimated by identifying the interval with minimal RCA motion from a cine
scout scan at a four-chamber orientation. The 3D coronary MRA was performed using the
predetermined trigger delay using a conventional 3D SSFP sequence with retrospective NAV
gating, T2-preparation, and spectrally selective fat-saturation pulses (13,25). The NAV beam
was positioned through the right semi-diaphragmatic dome and a flip angle of 70° was used.
Other imaging parameters were the same as those for the 4D RSG scan. Similar to the 4D RSG
scan, the same data acquisition per heartbeat was repeated four times to approximately cover
a respiratory cycle.

Diaphragmatic motion was derived from the repeatedly measured NAV echo using a
conventional edge-detection method (13) and multiplied by 0.6 to estimate SI heart motion
(19). Next, heart motion in the SI direction was projected to the three orthogonal axes of the
imaging coordinate, namely, frequency-, phase-, and partition-encoding directions. In each
cardiac cycle, motion compensation was performed in the imaging coordinate by multiplying
k-space samples with an inverse phase modulation term, M′ (k) (Eq. [4]).

[4]

where, k, l, and m represent the k-space indices in the frequency-, phase-, and partition-encoding
directions, respectively. Nx, Ny, and Nz are the k-space matrix sizes in the frequency-, phase-,
and partition-encoding directions, respectively. Δx, Δy, and Δz are the derived heart
displacements in the unit of pixel in the frequency-, phase-, and partition-encoding directions,
respectively. Subsequently, similar to RSG, the most consistent respiratory position was
selected as the gating position and adaptive averaging was performed using a GW of ±2.5 mm
(corresponding to ± 1.5 mm for SI heart motion).

Statistical Analysis of Image Quality
Images were reconstructed using both 4D RSG and 3D NAV gating and preliminary
comparisons were made between them to assess the effectiveness of the RSG technique on
eliminating respiratory motion artifacts. The mid-diastolic phase was individually identified
by selecting the cardiac frame providing the best coronary artery depiction from 4D RSG image
series. Maximum-intensity-projection (MIP) images from the seven volunteers were displayed
in seven rows separately. In each row, the mid-diastole RSG image and the NAV image were
placed side by side with their order of placement (right or left) randomized. These images were
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independently scored by two experienced cardiac MRI specialists blinded to the reconstruction
technique. A scoring system (0–4) was designed to evaluate the image quality based on
coronary artery delineation: “0” indicates completely unintepretable image quality (coronary
artery invisible); “1” indicates poor image quality (coronary artery visible, with markedly
blurred edges); “2”indicates acceptable image quality (coronary artery visible, with moderately
blurred edges); “3” indicates good image quality (coronary artery visible, with mildly blurred
edges); “4”: indicates excellent image quality (coronary visible, with sharply defined edges).

The scores from the two reviewers were averaged as the overall qualitative evaluation of
coronary vessel delineation for a given image. The image scores for 4D RSG and 3D NAV
were compared using a Wilcoxon signed rank test with significance level of 0.05.

RESULTS
RSG Signal

Figure 4a shows a typical segment (~40 s) of the repeatedly acquired RSG projection. The
region of the heart, shown as the region between the two white dotted lines, exhibits a
characterized motion pattern consisting of a relatively slow respiratory motion component and
a relatively fast cardiac motion component. The corresponding profile-shift signal of the target
derived using the LS method is shown in Figure 4b, with residual cardiac motion modulations
evident. After low-pass filtering, these cardiac-motion artifacts as well as high-frequency noise
were suppressed to obtain a smooth RSG signal representing the breathing-induced
displacement of the target (Fig. 4c). Consistency between the derived RSG signal and the
respiratory motion of the target in Figure 4a can be clearly appreciated.

Based on the derived RSG signal, the histogram of target position during the scan was obtained
and plotted in Figure 5. Target position was linearly mapped into indexes 1 to 20, with 1 for
the lowest target position (end-inspiration) and 20 for the highest target position (end-
expiration). The position with the highest frequency of occurrence (indicated by the solid bold
line in Fig. 4c and the black bar in Fig. 5) was chosen as the RSG position.

Respiratory Gating and Adaptive Averaging
Figure 6 is a cine show of the MIP images acquired using 4D RSG. In-plane and through-plane
motion of RCA throughout the entire cardiac cycle is clearly visualized in the multi-phase
image series. The best vessel delineation was obtained in the mid-diastolic frame at cardiac
phase 12 (Fig. 7a). Figure 7b shows the image acquired using NAV from the same volunteer.
Similar coronary artery depiction was observed in these two images. However, a closer scrutiny
reveals that the medial segment (black arrows) of RCA is visualized with sharper edges but
exhibits slight signal drop in the RSG image as compared with the NAV image.

Figure 8 shows another example. With 4D imaging, cardiac motion of the coronary artery
throughout the entire cardiac cycle is captured and contiguous phase images from early-diastole
to late-diastole (Fig. 8e–g) can be visually assessed. Clearly, RCA is best visualized at cardiac
phase 11 in this case. Noticeably, a distal segment (white arrows) of RCA indistinguishable at
mid-diastole (Fig. 8f) is visualized in a late-systolic frame (Fig. 8d). Overall vessel delineation
is comparable in the mid-diastole images acquired using 4D RSG (Fig. 8f) and 3D NAV (Fig.
8i).

Image Quality Analysis
The mean image quality scores from the two reviewers along with the averaged scores are
shown in Table 1. On average, both reviewers graded the RSG images slightly higher than the
NAV images. The difference between them is not statistically significant (P > 0.05).
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DISCUSSION
Over the past decade, segmented data acquisition with NAV-gating and ECG-triggering has
been successfully applied for free-breathing coronary MRA. In this study, we presented a new
4D RSG technique capable of resolving respiratory motion during cine imaging and yielding
multi-phase image series characterizing cardiac motion of the coronary artery throughout the
entire cardiac cycle.

An advantage of our method is that the respiratory gating data are acquired in the imaging
volume without disturbing steady-state magnetization and remarkably affecting temporal
resolution such that cardiac motion-resolved SSFP imaging can be performed. By selecting
the images with the best vessel delineation, postsynchronization of data acquisition with the
optimal acquisition time can be achieved. Thus, protocol set-up is simplified. Contrarily, time-
resolved imaging with high spatial resolution is impractical with conventional breath-holding
and NAV techniques, because of its requirements for long scan time and cine data acquisition.

Furthermore, the 4D RSG method is capable of real-time and direct measurement of heart
position. Using the phase-specific profile matching method, an RSG signal representing the
breathing-induced motion of the target can be derived. Up-to-date target position information
can be obtained for each k-space segment from the two neighboring RSG projections (separated
by approximately 50 ms) and used for respiratory gating and motion correction. In comparison,
conventional NAV measures diaphragm motion and uses a fixed correlation factor of 0.6 to
correct the heart motion based on the diaphragm position shift (26), while the correlation factor
that best represents the relationship between the SI coronary motion and diaphragm motion is
both subject-dependent and artery-dependent (27). An inaccurate correlation factor and the
hysteretic property of the correlation can lead to residual image artifacts (26). Therefore,
compared with the NAV, this RSG technique potentially is self-adapted to the individual
subject under study and can lessen the time-delay problem existing in the NAV technique.
Further quantitative evaluation is necessary to investigate the accuracy of this RSG method in
heart position measurement.

In addition, as opposed to the original RSG methods discussed in the introduction (14–16),
this new RSG strategy is compatible with 3D data acquisition and, therefore, more appropriate
for high-definition coronary MRA. Moreover, the RSG signal derived in our work was
extracted from 1D projections. Processing of 1D signals is far less computationally intensive
than the reconstruction and processing of real-time 2D images as required by the previous RSG
strategies (14–16). This feature is especially beneficial to on-line implementation and
prospective gating.

These preliminary studies were conducted with volume-targeted imaging. Only the
displacement in the imaging volume can be detected. Therefore, when scanning left coronary
artery systems with more transverse orientations, the dominant SI respiratory motion is
through-plane and can cause inaccurate respiratory motion detection. Moreover, as observed
in our volunteer studies, the target coronary artery may move out of the imaging volume and
thus cannot be visualized in some cardiac phases due to significant cardiac motion. This
impedes capturing the motion of the coronary artery throughout the cardiac cycle. However,
these limits in orientation and coverage are not intrinsic problems in this RSG technique. Future
work should extend the RSG scheme to whole-heart coronary MRA, where the SI respiratory
motion can be assessed based on RSG projections acquired in this direction (28) and the entire
coronary artery system is imaged.

An underlying assumption in the 1D-projection-based RSG technique is that the respiratory
motion of the heart can be approximately reduced to a 1D SI translation. In accordance with
early investigations (19,20), this feature was observed in all of our volunteer studies: in-plane
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respiratory motion of the target exhibited primarily 1D translation corresponding to the
projection of the SI respiratory motion of the heart in the imaging plane. However, it must be
noted that translations in the anterior–posterior and left–right directions as well as rotation and
deformation may be sufficient to cause considerable motion artifacts, especially with a large
GW (29). Therefore, similar to NAV, appropriate selection of GW is critical to suppression of
motion artifacts as well as reduction of scan time. The value of this optimal GW is dependent
on both the accuracy of this RSG method in approximating global heart translation and the
severity of non–SI-translation motion components. Further experiments should be done to
quantitatively evaluate these factors such that an empirically optimal GW can be determined
for the RSG technique.

Another issue worth noting is that respiratory motion was resolved by retrospective gating in
this work. However, such a repeated sampling scheme leads to great redundancy in data
acquisition. Furthermore, retrospective gating cannot ensure acquisition of all necessary data
at consistent respiratory positions and thus retain considerable respiratory motion artifacts
(30). The relative low image quality due to retrospective gating as well as the incomplete
motion detection for RSG with volume-targeted data acquisition may affect the comparison
between RSG and NAV. Thus, future work should implement prospective RSG and perform
a more complete comparison between these two techniques.

Additionally, fat saturation is a challenging issue for time-resolved SSFP imaging. We
currently used a phase-detection method to separate fat signals from water signals. The major
advantage of this method is it can be simply fitted to conventional cine SSFP imaging.
However, this method is susceptible to partial-volume effects (24). Due to cancellation of
oppositely phased fat spins and water spins in the same voxel, signal intensity at the edge of
the coronary artery may be reduced and small branches of the coronary artery may not be
visible. This effect may have contributed to the reduced signal intensity of the medial RCA in
the 4D RSG image in Figure 7. Recently, Derbyshire et al. (31) proposed a new fat suppression
technique, Spectrally Selective Suppression with SSFP, and reported promising results in real-
time cardiac imaging. This approach can significantly attenuate fat signals without disturbing
SSFP steady state and, therefore, should be a better solution to fat saturation in 4D coronary
MRA.

In conclusion, with the volunteer studies, we have demonstrated the feasibility of using the
new 4D RSG strategy for high-quality free-breathing time-resolved coronary MRA and
preliminarily validated its effectiveness by comparing with retrospective NAV. Future work
will implement real-time prospective RSG and quantitatively evaluate the accuracy of this
technique for suppressing respiratory motion in comparison with conventional NAV
techniques.
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FIG. 1.
Simulation of the effects of anterior chest wall signal on target position estimation. a: The
profiles of the simulated heart projection (dark) and the simulated anterior chest wall projection
(gray). b: The target displacements in pixels (unit: 1.2 mm) estimated using CM and LS versus
the simulated respiratory motion. The gray line (y = 0.676 × +5.500 × 10−5) and the dark line
(y = 0.998 × +0.154) represent the linear regression lines fitted to the displacements derived
using CM and LS, respectively.
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FIG. 2.
Variations of the projection profile due to cardiac motion (a) and respiratory motion (b).
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FIG. 3.
RSG profile shifts in the number of pixels (y axes) derived using the LS method with a single-
phase template (a) and phase-specific templates (b). The x axes indicate the index of the
acquired RSG projections and the time interval between two successive RSG projections is
51.6 ms. Notice that the signal in (a) is corrupted by cardiac motion while the signal in (b)
shows a clear respiratory motion pattern.
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FIG. 4.
a: A segment of the time-series plot of the RSG projection. The dotted lines represent the upper
and lower boundaries of the target region. b: The profile shift signal derived using LS. c: The
corresponding RSG signal representing the breathing-induced target displacement after low-
pass filtering. The solid bold line represents the RSG position and the two dashed lines represent
the upper and lower boundaries of the GW. In (b) and (c), the y axes (unit: 1.0 mm) indicate
the derived target position and the x axes (unit: 52.0 ms) indicate the RSG projection index.
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FIG. 5.
Determination of the RSG position. The position corresponding to the index with the most
frequent occurrence was indicated by the black bar.
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FIG. 6.
a– h: MIP images acquired using 4D RSG at cardiac phase 1, 3, 5, 7, 9, 11, 13, and 15,
respectively.
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FIG. 7.
The mid-diastolic frame (cardiac phase 12) identified from 4D RSG images and the image
acquired at mid-diastole using NAV.
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FIG. 8.
a– h: The cardiac frames acquired using 4D RSG at phase 1, 3, 5, 7, 9, 11, 13, and 15,
respectively. i: The mid-diastole image acquired using NAV.
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Table 1

Scores of the images reconstructed using NAV and RSG

Reconstruction methods Reviewer 1 Reviewer 2 Averaged

NAV 2.86 ± 0.48 3.21 ± 0.70 3.04 ± 0.55

RSG 2.91 ± 0.47 3.43 ± 0.45 3.17 ± 0.43
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