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Abstract

Purpose—to develop a 3D retrospective image-based motion correction technique for whole-
heart coronary MRA with self-navigation that eliminates both the need to setup a diaphragm
navigator and gate the acquisition.

Methods—The proposed technique uses 1D self-navigation to track the superior-inferior (SI)
translation of the heart, with which the acquired 3D radial k-space data is segmented into different
respiratory bins. Respiratory motion is then estimated in image space using an affine transform
model and subsequently this information is used to perform efficient motion correction in k-space.
The performance of the proposed technique on healthy volunteers is compared with the
conventional navigator gating approach as well as data binning using diaphragm navigator.

Results—The proposed method is able to reduce the imaging time to 7.1 = 0.5 min from 13.9 +
2.6 min with conventional navigator gating. The scan setup time is reduced as well due to the
elimination of the navigator. The proposed method yields excellent image quality comparable to
either conventional navigator gating or the navigator binning approach.

Conclusion—We have developed a new respiratory motion correction technique for coronary
MRA that enables 1 mm? isotropic resolution and whole-heart coverage with 7 min of scan time.
Further tests on patient population are needed to determine its clinical utility.
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Introduction

Free-breathing whole heart coronary MRA (CMRA) is a promising noninvasive method for
diagnosing coronary artery disease. Currently, respiratory motion is detected by placing a
pencil beam navigator on the dome of right hemi-diaphragm (RHD). The position of the
lung-liver interface is then found using an edge detection algorithm. The segmented
acquisition is typically gated using a fixed end-expiratory window, and a slice tracking
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approach is used with a correlation factor of 0.6 between diaphragm and heart motion to
compensate for residual motion within the gating window [1, 2]. This navigator technique
works rather well in practice, yet suffers from several shortcomings. Firstly, the diaphragm
navigator needs multiple scout scans and time-consuming setup to ensure that the pencil
beam is placed at the dome of RHD, the saturated slabs do not interfere with the region of
interest (ROI), and the lung-liver interface is within the search region of the edge detection
algorithm, which complicates workflow and requires specialized operator expertise.
Secondly, due to the low efficiency of respiratory gating, imaging time can become quite
long, which may cause patient discomfort, bulk movement, and drift in respiratory pattern
and heart rate, all of which will potentially degrade the image quality. Moreover, the
correlation between diaphragm and heart motions varies between subjects, thus using a fixed
correlation factor can cause inaccurate estimation of heart motion [3, 4]. Lastly, only
superior-inferior (SI) translation is accounted for. All other motion types, such as anterior-
posterior (AP) and left-right (LR) translations, rotation, scaling, and shearing are neglected.
It has been shown that, especially for larger acceptance windows, 3D translation or affine
transform models are needed for accurate motion modeling [5].

Many works explored alternative methods to detect respiratory motion, including subject-
specific heart-RHD correlation factors [6, 7], fat navigators [8—10], heart navigators [11],
low resolution 2D images [12], as well as self-navigation, which was first pioneered by
Larson et al for cardiac cine imaging [13], and subsequently used for coronary MRA with
1D [14-16] or 3D [17] motion detection capability. Another class of CMRA techniques has
sought alternatives to the conventional gating approach in order to improve scan efficiency.
For example, Moghari et al. proposed acquiring inner k-space lines with prospective
navigator gating while gating the acquisition of the outer lines without reacquisition, and
then using a compressed-sensing algorithm to reconstruct the undersampled k-space [18]. In
another work by the same group, the size and position of the navigator gating window are
adaptively determined for each subject to achieve a fixed scanning efficiency [19]. Several
works were able to achieve 100% gating efficiency and used advanced motion models such
as affine and non-rigid transform. Bhat et al. segmented 3D radial data into different
respiratory bins for subsequent affine motion registration and correction [20].

Schmidt et al. interleaved 2D low-resolution slices with imaging lines to populate a 3D
volume for non-rigid motion registration [21]. Both relied on the diaphragm navigator to
resolve the respiratory state of the acquired k-space data. Alternatively, Stehning et al. and
Piccini et al. proposed to detect and correct SI translational motion of the heart in a beat-by-
beat fashion using SI self-navigation projections. To retrieve motion information, the former
used the SI profile’s center-of-mass, while the latter used a cross-correlation based method
along with an automatic segmentation strategy for template selection [14, 16].

In this work, we report an improved respiratory motion correction scheme with self-
navigation and image-based affine motion correction to achieve 100% scan efficiency. The
general framework is adopted from Bhat et al [20]. However, 1D self-navigation is used in
place of the diaphragm navigator to provide information on respiratory motion, enabling an
easier and faster scan setup. The k-space data is then segmented into respiratory bins
according to its respective respiratory position. The motion estimation between different
bins is conducted in image space using an affine transform model, and the subsequent
motion correction is performed efficiently by modifying the phase of k-space data and the
shape of k-space trajectory. A final regridding concludes the reconstruction using the motion
corrected data and trajectory. Performing motion correction, instead of gating the
acquisition, reduces scan time and in turn improves robustness by reducing the chances of
subject bulk motion. Healthy volunteer studies were conducted to evaluate the performance
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of the proposed technique compared with both the conventional navigator gating and the
navigator-based binning approach in [20].

Methods

Self-navigation

The pulse sequence is modified to include two additional readouts in the SI direction
immediately before the imaging readouts (Fig. 1). With non-selective excitation associated
with the 3D projection reconstruction (3DPR) trajectory, the Fourier transform of these lines
represent the 1D Radon transforms (i.e. 1D projection) of the entire image volume. An AP
dephasing gradient is added to the second readout to suppress chest wall signal [15].
Averaging of the two k-space lines creates a sinusoidal modulation of the underlying
imaging volume. The following equation shows the calculation of the SI profile P(z) and
describes the modulation effect from averaging:

e(rplr)dedy+ [ clr)p(r)ed 7 ar¥dtap dudy ) ‘ o ws
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where x, y and z are LR, AP and SI directions, respectively, p(x, y, z) and c(x, y, z) are
magnetization distribution and coil sensitivity, respectively, vy is the gyromagnetic ratio, Gap
and Atpp are the amplitude and duration of the AP dephasing gradient, respectively.
Combined with an appropriate choice of the AP dephasing gradient strength, the chest wall
signal is effectively suppressed to improve motion detection (Eq. 1). In addition, only chest
coils are used to minimize signal from the back, which is also static.

Respiratory motion detection

The SI translation of the heart is detected from the acquired SI projection profile using a
cross-correlation based method. The image space profile is interpolated eight fold to achieve
sub-pixel resolution (~0.1 mm). The template is selected from a manually chosen end-
expiratory line. The normalized cross-correlation between the template and every self-
navigation profile is then calculated as follows:

3 [(f=T) (-]

wi= 2
Clu) (@), (2]

where f is the self-navigation profile, T is the template, and u is the translation. f,, and og(u)
are the average value and standard deviation of the profile within the template window,
respectively, and T and o are the corresponding average and standard deviation for the
template, respectively. The respiratory position d is then defined as the translation value (in
pixels) which renders the largest normalized cross-correlation:

d=argmax _ C(u) [3]

An example self-navigation profiles and the corresponding detected motion are shown in
Fig. 2.
Motion estimation and correction

The various degrees of freedom of respiratory motion in cardiac imaging are not limited to
rigid translations. A 3D affine transform, characterized by a linear transform of the
coordinates and 3D translations, is a more realistic model for respiratory motion as it
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includes translation, rotation, scaling, and shearing. Therefore, it is used in this work for
motion estimation. Taking into account the static features in the imaged FOV such as chest
wall and spine, the motion estimation is performed after applying a 3D mask containing only
the heart region. The motion estimation program is written in C using the Insight Toolkit
(ITK), an open-source image processing toolkit [22]. Rather than prospectively rejecting any
portion of the acquired data, all of the k-space lines are segmented into six respiratory bins
according to the corresponding respiratory positions hence achieving 100% scan efficiency.
From each bin a low-resolution 3D image is reconstructed. Since the k-space pattern in each
bin is generally non-uniform and undersampled, straightforward regridding using the
analytical 1/k,? density compensation will show a considerable amount of streaking artifacts.
To suppress these artifacts, a low-pass filter is computed adaptively based on the Nyquist
radius of the undersampled k-space and is then applied to the k-space data before regridding.
One of the six bins is identified as end-expiratory and the corresponding low-resolution
image is set as the reference. The other five bins are then registered to the reference using
the masked affine model, resulting in an affine matrix and a translation vector for each bin,
which will be stored for subsequent motion correction, as described next.

It is well known that translations in image space correspond to linear phase modulations in
k-space. In fact, a general affine transform of image space coordinates corresponds to an
affine transform of k-space coordinates [23]. Therefore, knowing the image-space transform
parameters, motion correction can be directly conducted in k-space, without the need to grid
the k-space data and perform time-consuming image space interpolation as in [20]. The
following equation describes the relation between the acquired and affine-motion-corrected
datasets:

e (ot aAT)
Py (k)=

Fo(A Tk, 14

where Fp(k) and F (k) are the acquired and corrected k-space for bin n, respectively, and Ay
and by, are the corresponding affine matrix and translation vector, respectively. The new k-
space data and trajectory are fed into a regular regridding program to reconstruct the final
motion corrected image. Compared with the image-domain registration method in [20] using
ITK, this approach is significantly faster (<1 min vs. 25 min, for a four channel dataset). Fig.
3 summarizes the workflow of the proposed method.

In vivo experiments

In vivo experiments were performed on clinical 1.5 T scanners (MAGNETOM Espree and
Avanto, Siemens AG Healthcare, Erlangen, Germany) with institutional review board
approval and written consent obtained before each exam. A 12-channel cardiac coil was
used for data acquisition. Whole-heart coronary MRA images were acquired using an ECG-
gated, T2-prepared, fat-saturated bSSFP sequence with a 3D radial trajectory [24]. The
sequence was modified to include self-navigation readouts, while the diaphragm navigator
module was kept for comparison purposes. The scan parameters were as follows: TR/TE =
3.2 ms/1.6 ms, FOV = 2603 — 300° mm?, matrix size = 2563, voxel size = 1.0 - 1.2 mm?
interpolated to 0.5 — 0.6 mm?, 250 pis hard pulse with flip angle = 90°, readout bandwidth =
781 Hz/pixel, 15 preparation pulses in each heartbeat with linear flip angle modulation [25],
T2-prep duration = 40 ms, chemically selective fat-saturation, 25 — 40 lines per heartbeat in
data acquisition windows of 80 — 130 ms, 16000 to 16800 total projections. A four chamber
cine scan was performed to determine the quiescent imaging window.

In order to compare the proposed method with conventional navigator gating, a first group
of five healthy volunteers (average age 26.7+3.0 years, 1 woman, 4 men) were scanned with
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the above sequence and the acquisition was gated by respiratory navigator. From the raw
dataset, a motion-free and a motion corrupted dataset were extracted as shown in Fig. 5. In
the gated acquisition, each k-space segment was repeatedly acquired until the navigator
position falls into the acceptance window. Therefore, the gated data was obtained by
extracting the last repetition of each segment, and extracting the first repetitions generated a
free-breathing, motion-corrupted data. This approach minimizes confounding factors such as
patient movement and heart-rate variation between scans. Three 3D images were
reconstructed for each subject: one from the prospectively gated data (Gated), one from the
motion corrupted data without any correction (NC), and one with the proposed motion
correction technique applied to the motion corrupted data (TRIM).

To further determine the performance of the proposed self-navigated technique, a second
group of 12 healthy volunteers (average age 33+7.6 years, 3 women, 9 men) were scanned.
Specifically, the new technique was compared with the previous navigator-based binning
method that uses the same pulse sequence. Both diaphragm navigator and self-navigation
data were collected but the acquisition was not gated. By this means, self-navigation was
compared with diaphragm navigator as a data binning method, with the same k-space
sampling strategy [20]. Three 3D images were reconstructed from a raw dataset: without
correction (NC), corrected with navigator binning (NAV-bin), and one with the proposed
technique (TRIM).

Image reconstruction is done off-line using MATLAB (Mathworks, Natick, MA) with
parallel computing toolbox on a Dell Precision T7500 workstation. All images were
reformatted using CoronaViz software (Siemens Corporate Research, Princeton, NJ).
Quantitative measurement of LAD, LCX and RCA length and sharpness were performed
automatically using the same software. Qualitative image scoring was also performed by
two independent and experienced readers that were blinded to different techniques on a five
point scale (0—4): 0, no coronary arteries are visible, 1, coronary arteries are visible but of
non-diagnostic quality; 2, coronary arteries are of diagnostic quality but very blurred; 3,
coronary arteries are of diagnostic quality and slightly blurred; 4, excellent image quality
with minimal to no blurring.

For the comparison between NC, Gated and TRIM, both Gated and TRIM showed better
(P<0.05) image qualities than NC in terms of qualitative scores and LAD, LCX and RCA
length and sharpness. No significant differences were found between Gated and TRIM in
both qualitative and quantitative evaluations. Notably, imaging time with TRIM (7.1 £ 0.5
min) was significantly shorter than that using Gated (13.9 £ 2.6 min) due to 100% gating
efficiency (P<0.05). Results are summarized in Fig. 5.

Fig. 6 shows a coronal slice as an example comparison between NC, Gated and TRIM.
Without any motion correction, the image is blurry and has poor visualization of the
example RCA segment. The navigator gated image shows good image quality at a cost of a
significantly longer scan time. With imaging time same as the ungated one, the proposed
method significantly reduces motion blurring and yield excellent coronary artery
visualization.

For the comparison between NC, NAV-bin and TRIM, both NAV-bin and TRIM had better
(P<0.05) image qualities than NC in terms of qualitative scores and LAD, LCX and RCA
length and sharpness. In addition, no significant differences in image qualities were found
between NAV-bin and TRIM. The scan time is 7.6 £ 1.5 min for all three methods. Results
are summarized in Fig. 7.
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Fig. 8 shows reformatted coronary artery images from five healthy subjects comparing NC,
NAV-bin and TRIM. Without any motion correction (first column), the images are blurry
and have poor visualization of the coronary arteries. With imaging time unchanged and
without the need to set up a navigator, the proposed motion correction technique (second
column) significantly reduces motion blurring and shows excellent coronary artery
visualization. The navigator binning approach (third column) shows similar improvements.

Discussion

We have presented in this work a retrospective image-based respiratory motion correction
method with self-navigation for whole-heart coronary MRA. The self-navigation signal is
used to segment k-space data into different respiratory bins, facilitating affine motion
estimation of the moving bins with respect to a selected reference bin. The motion correction
is conducted very efficiently by modifying k-space phase and trajectory, and the final image
is reconstructed by regridding the motion-corrected data.

The proposed method provides a number of advantages compared with previous works.
Firstly, prescribing the diaphragm navigator requires additional time to perform multiple
scout scans in order to position the crossed pair of slices onto RHD. The time-consuming
procedure complicates the setup process of CMRA protocols and requires specialized
operator expertise. Therefore, compared with techniques that require navigators [6—11, 18—
21], using self-navigation will save a significant amount of scanner time and make whole-
heart CMRA protocols much more user friendly. Secondly, the scan duration with navigator
gating is usually significantly prolonged and unpredictable, due to the fact that the scan
efficiency (ratio between accepted and total acquired data) is usually low (around 40%) and
highly dependent on the subject’s breathing pattern. In addition, especially low navigator
efficiency usually indicates an unsuccessful scan [26, 27]. By accepting all free-breathing
data and performing retrospective binning and image-based motion correction, the proposed
method is able to make the scan time both shorter and less variable, which reduces subject
discomfort, and in turn the chances of bulk motion and respiratory pattern drift, thus
improving the robustness of CMRA. Thirdly, the proposed method performs motion
correction using an affine transform, which better characterizes the respiratory motion than
translation-only models [6, 7, 14—17]. This is especially necessary for larger acceptance
windows [5]. Lastly, it has been shown that there can be a hysteresis between diaphragm and
heart motion, resulting in inaccurate motion detection with the diaphragm navigator [28].
Although not shown in this study, self-navigation can avoid this potential error by directly
tracking heart position. On healthy volunteers, the proposed method was able to provide
excellent coronary artery delineation and 1 mm isotropic spatial resolution with a scan time
of around 7 min, or 500 heartbeats. In the future, it needs to be further tested on CAD
patients in order to evaluate its performance in visualizing coronary stenoses of various
degrees and at different locations.

The proposed method has several limitations, upon which future improvements can be
made. Firstly, Bhat et al concluded by simulation that approximately 40 heart beats are
needed in each bin in order to guarantee an accurate motion estimation [20]. This is often
violated for subjects with irregular breathing patterns. For example, as shown in Fig. 9,
outlier respiratory positions will result in some bins having too few projections to
reconstruct an adequate image for motion estimation. Currently, if a first binning results in
one or more bins with insufficient number of projections, the data corresponding to the
outliers (defined as more than two standard deviations away from the median) are discarded,
and the remaining data is reprocessed. Secondly, for subjects with very deep breathing,
using a fixed number of bins may result in a good amount of residual intra-bin motion.
Alternatively, the number of bins, as well as the size and position of each individual bin may
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be adaptively determined to better segment k-space data; hence, trading between the
accuracy of motion estimation, which corresponds to the amount of data in one bin, and
residual motion, which corresponds to bin size.

Moreover, it is shown that for some subjects there is a hysteresis between RHD and heart
position, therefore a particular diaphragm position may correspond to two different heart
positions and shapes for inspiration/expiration [28]. The proposed method uses self-
navigation to avoid this ambiguity but still assumes a one-to-one relationship between the SI
heart translation and other motion parameters, such as AP and LR translation. It has been
shown that hysteresis can be present in between SI/AP or SI/LR translations [17], which
could be a potential source of residual motion artifacts in some subjects and needs further
investigation.

Lastly, the most time-consuming step in the current reconstruction scheme is the 3D affine
motion estimation with the ITK software package. The overall processing time of the
proposed method (~1 hour) significantly limits its clinical feasibility, even though we have
employed parallel computing to achieve multi-fold acceleration (by processing different
channels and bins simultaneously). The motion estimation program uses a gradient descent
algorithm that converges slowly especially when the motion is significant, e.g., for bins far
away from the reference bin. It is possible to detect bulk translation parameters, in a beat-by-
beat fashion, from self-navigation projections in one or more directions. Correcting for
translations first will accelerate the iterative motion estimation process as the bins to be
registered are now “closer” to the reference. This may also help in resolving some of the
intra-bin translational motion.

Conclusions

In conclusion, we have developed a respiratory motion correction method for whole-heart
coronary MRA combining self-navigation and image-based motion correction to achieve
100% gating efficiency, eliminating both the need of setting up a diaphragm navigator and
gating the acquisition, hence provides a smooth workflow and enables high isotropic
resolution (1 mm?) and whole heart coverage in a short scan time (7 min). Excellent image
quality was achieved in healthy volunteers. The clinical utility of the proposed method needs
to be tested on patients.
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Figure 1.
Schematic of the pulse sequence showing the acquisition scheme for one heartbeat. The
ECG gated, free-breathing scan acquires the data during a total of ~500 heartbeats.

Magn Reson Med. Author manuscript; available in PMC 2015 January 0O1.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Pang et al.

Page 11

35

SI Position (pixels)
== = kR W
o v O th O

[4,]

o

1 101 201 301 401 501 601
Heartbeat Index

Figure2.
Top: time series of the self-navigation profiles. Bottom: detected SI motion of the heart
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Workflow of TRIM: K-space data is first segmented into different respiratory bins, and then
from each bin a low resolution image representing different respiratory stage is
reconstructed. With one bin as reference the affine motion parameters of all other bins are
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Figure4.

Schematics of data extraction. In this example, for the motion-free dataset the extracted
blocks will be 1-3, 2-1, 3-2, 4-1... and for the motion-corrupted dataset the blocks will be
1-1, 2-1, 3-1, 4-1...
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Figure5.

Comparisons of the performance of NC, Gated and TRIM. (*P<0.05)
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Figure6.

Comparison of ungated and uncorrected image (left), image with conventional navigator
gating (middle) and with the proposed motion correction method (right). As can be seen the
proposed method delivers excellent image quality without the penalty in scan time.
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Figure8.

Comparison of the reformatted images: no correction (left), NAV-bin (middle), TRIM
(right). As can be seen TRIM delivers excellent image quality without the need for a
diaphragm navigator.
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Figure9.

Effect of outlier respiratory positions on binning. In this example, the original respiratory
pattern (a) has outlier positions around the 250th heartbeat. The corresponding binning result
(b) has bin 1 and bin 6 with insufficient number of heartbeats. The processed respiratory
pattern (c) with the outliers discarded results in a more uniform binning result (d) that allows
subsequent accurate motion estimation.
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