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Fig. 1. Pulse sequence used in cine cardiac
imaging. The basis for imaging is a steady-state
free precession. The flip angles of the RF
pulses are £ 60 degrees. TR and TE for the se-
quence are 5 ms and 2.5 ms, respectively.
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Fig. 2. Timing chart for echo acquisition synchronized by ECG output.
Each period between R-waves is divided into windows. Sixteen echoes,
each with a different phase encoding, are acquired in each window.
Phase encoding of the first echo in each window is set to zero, and this
echo provides a projection from which respiratory phase can be obtained.
Images are reconstructed by using retrospective ECG gating.
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Fig. 3. Schematic sequence of the new method for monitoring respirato-
ry motion. The subject first breathes out, then remains at the end of expi-
ration for about 5 s. A reference projection is acquired by averaging the
projections obtained during one heartbeat within this period. After that,
the patient breathes freely, during which time the pulse sequence pro-
ceeds in the way shown in Fig. 2.
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free breathing

(a) imaged section
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(b) time series behavior of projections
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(c) respiratory tracking waveform

Fig. 4. Procedure and result of the monitoring of respiratory motion. The imaging slice (a) is a
transaxial image with the direction of readout from left to right. A display of the projections of
this slice over time is given as (b). The linear correlation coefficient (c) with the reference
projection is calculated as a measure of motionin the projections.
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Fig. 5. Reconstructed images (a), respiratory phase distributions of the images (b) and echo
usage (echoes within the rectangles are used in reconstruction) in the monitoring waveform (c),
with and without suppression of artifacts by using the proposed technique for respiratory motion
monitoring (the first frames of 10-frame transaxial AP images are shown). The reconstruction is
done by a combination of retrospective respiratory and ECG gating. Respiration-induced ar-
tifacts are effectively suppressed by using the quarter of all echoes that have the largest linear
correlation coefficients in (a). This is because the coefficients of the echoes in the images for
which monitoring was used are more even than those where monitoring was not used, as we see

in (b).
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Fig. 6. Transaxial cine images with 10 frames per heartbeat. These images are reconstructed by
using the quarter of the total echoes that have the largest linear correlation coefficients.
Respiration-induced artifacts are suppressed in all of the images.
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slice 1

slice 2

monitoring waveform  without monitoring 1/4 of all echoes used monitoring waveform  without monitoring  1/4 of all echoes used

Fig. 7. Transaxial (a, b, ¢, d), sagittal (e, f, g, h) and coronal (i, j, k, 1) cine images from 10-
frame sequences (first frame shown) . Respiration-induced artefacts are effectively suppressed in
all of the images, even though the respiratory waveforms during the sagittal and coronal slices
with head-to-foot phase-encoding direction (g, h, k, 1) are not stable. For these slices, the readout
direction of the projections (here, anterior-posterior and right-to-left) can be changed to head-to-

foot for better waveforms.
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Suppression of Respiratory Motion Artifacts in Cine Cardiac-MR Imaging
during Free Breathing
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Respiratory motion leads to artifacts such as blurring and ghosts in cardiac magnetic resonance
(MR) images. In imaging coronary arteries, these artifacts are suppressed by respiratory gating us-
ing navigator echoes. In cine MR imaging, however, scanning time is prolonged if pulses for naviga-
tion occur during imaging, causing spins in the slice to change to an unsteady state.

To address these issues, we have developed a new method to monitor respiratory motion using
linear correlation coeflicients between a reference projection and time-series projections of the imag-
ing slice. In the proposed method, the subject first breathes out and stays at end-expiration for a short
time, during which time the reference projection is acquired. The patient then breathes freely, during
which time the pulse sequence for imaging is performed and phase encoding of the sequence is set to
zero every 80 ms to acquire projections for monitoring respiratory motion. Information from the
imaging slice is used to detect the phase of respiratory motion, and spins in the slice are maintained in
a steady state.

Experiments were performed on a 1.5T whole-body scanner. Because the stability of the method
may depend on the orientation of the imaging slice, the proposed method was evaluated for three
typical slice directions (transaxial, sagittal, and coronal). Retrospective cardiac-gated cine images
were obtained for all slices, with the proposed method providing the timing for retrospective respira-
tory gating. Echoes were obtained over 90 heart beats while the subject was freely breathing, and
cine images with 10 frames per heart beat were reconstructed from the quarter of all echoes that had
the largest linear correlation coeflicients with the reference projection. As a result, cine images that
were free of respiratory-induced artifacts were obtained for all slices.
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