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Abstract

Purpose—To develop a robust motion estimation method for free-breathing body MRI using
dense coil arrays.

Methods—Self-navigating pulse sequences can measure subject motion without using external
motion monitoring devices. With dense coil arrays, individual coil elements can provide localized
motion estimates. An averaged motion estimate over all coils is often used for motion
compensation. However, this motion estimate may not accurately represent the dominant motion
within the imaging volume. In this work, a coil clustering method is proposed to automatically
determine the dominant motion for dense coil arrays. The feasibility of the proposed method is
investigated in free-breathing abdominal MRI and cardiac MRI, and compared with manual
motion estimate selection for respiratory motion estimation and electrocardiography (ECG) for
cardiac motion estimation.

Results—Automated motion estimation achieved similar respiratory motion estimation
compared to manual selection (averaged correlation coefficient 0.989 and 0.988 for abdominal
MRI and cardiac MRI respectively), and accurate cardiac triggering compared to ECG (averaged
temporal variability 17.5 ms).

Conclusion—The proposed method can provide accurate automated motion estimation for body
MRI using dense coil arrays. It can enable self-navigated free-breathing abdominal and cardiac
MRI without the need for external motion monitoring devices.

Keywords

parallel imaging; motion correction; coil arrays; self-navigated MRI; abdominal MRI; cardiac
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Introduction

Patient motion remains one of the main sources for MRI artifacts. For body MR, respiratory
motion and cardiac motion are two major types of motion that can significantly degrade

Address correspondence to: Tao Zhang, Packard Electrical Engineering, Room 212, 350 Serra Mall, Stanford, CA 94305-9510, TEL:
(650) 723-3810, tzhang08@stanford.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 2

image quality. While some fast imaging techniques can avoid respiratory motion by reducing
the scan time to a breath-hold, some patients, such as young children and some diseased
adults, cannot voluntarily suspend their respiration. Most clinical abdominal and cardiac
MRI protocols consist of MRI sequences with long scan time that also require careful
consideration of respiratory motion and cardiac motion (1).

External devices, such as respiratory bellows, electrocardiography (ECG) and
plethysmography (PG), are usually applied to monitor these two types of motion. Using
respiratory bellows, the acquired data can be ensured to fall within a similar respiratory state
by respiratory triggering or gating (2). ECG is also widely utilized for cardiac gating/
triggering (3-5). However, external motion monitoring devices require additional patient
preparation time. They can also be ineffective in some cases. For example, respiratory
bellows may not provide reliable respiratory signals for small children. The ECG signal can
be corrupted due to RF/gradient interference and magnetohydrodynamic effects (6).

By modifying standard MR pulse sequences, motion information can be extracted without
the use of external motion monitoring devices. This can be achieved by adding navigator
echoes throughout the scan, or using self-navigating pulse sequences (7-26). The measured
motion is usually perfectly synchronized with the acquired MR data for effective respiratory
gating/triggering or cardiac gating/triggering. Some self-navigating techniques, such as
Butterfly (27) and radial trajectories (28, 29), have been clinically evaluated. Effective and
robust motion compensation has been reported in different clinical applications, including
free-breathing abdominal MRI and cardiac MRI (30-33).

Dense coil arrays with small coil elements and high channel counts can provide additional
information about subject motion (34-36). For self-navigating pulse sequences, each coil
element can generate a motion estimate within a local region. For example, respiratory
motion and cardiac motion can be difficult to directly separate using a single-channel
receiving coil in free-breathing cardiac MRI. However, with coil arrays, individual coil
elements may be manually selected for respiratory motion or cardiac motion estimation due
to localized coil sensitivities (37). Virtual coils with desired coil sensitivity for respiratory
motion or cardiac motion estimation can also be synthesized from the original coil arrays
(38). It is possible to separate respiratory motion and cardiac motion by filtering based on
their intrinsic frequency differences as well (28, 39, 40). In all of these approaches, the
performance of the corresponding motion compensation/correction highly depends on the
chosen motion estimate. Manual selection of the desired motion estimate can guarantee ideal
motion compensation/correction, but is not viable for routine clinical use. Alternatively,
automatic averaging of motion estimates from all coils can be applied (30). Though its
performance can be compromised when undesired motion estimates are included.

In this work, a robust motion estimation method using coil clustering is proposed for 3D
free-breathing body MRI. We investigate whether the proposed method can automatically
determine the dominant motion by selecting the motion estimates from a subset of coil
elements in dense coil arrays. For abdominal imaging, we explore whether automated coil
clustering can effectively estimate respiratory motion. We then combine coil clustering with
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an appropriate filter design to determine the feasibility of estimating both cardiac motion
and respiratory motion for free-breathing cardiac cine MRI.

All imaging was performed with free breathing in this work. A modified self-navigating
sequence (Butterfly) was used to generate motion estimates. Butterfly is a modification of
the Cartesian trajectory, with the prewinder gradients traversing the same trajectory at the
beginning of each phase encode. With the traversing trajectory alternating at different
directions, translational motion estimation along all three directions (superior/inferior: S/I,
right/left: R/L, and anterior/posterior: A/P) can be achieved for 3D acquisitions. Detailed
descriptions of Butterfly can be found in reference (36,41).

Robust motion estimation using coil clustering

For MRI data acquisition with dense coil arrays, individual coil elements only provide
motion estimates within small regions due to localized coil sensitivities. Motion estimates
from different coil elements can vary significantly, and do not individually represent the
dominant motion within the entire imaging volume. For example, the S/I motion estimates
from a 32-channel coil during an abdominal MRI scan are shown in Fig. 1(a): only one
motion estimate from three selected coils accurately represents the dominant respiratory
motion. In fact, only a subset of coils can effectively track the dominant motion. This subset
of coils is referred to as a coi/ clusterfor the rest of the manuscript.

To automatically determine the coil cluster that represents the dominant motion, a coil
clustering technique is proposed. The coil clustering algorithm is illustrated in Fig. 1.
Assume that there is one dominant motion within the imaging volume (e.g., respiration for
abdominal imaging), and this dominant motion is accurately measured by multiple coils.
Define Sa coil cluster, djthe motion estimate from coil 7 and Athe total number of coils
used for data acquisition. Then the problem of finding the coil cluster that represents the
dominant motion can be equivalently formulated as:

maximize |S]
Ssc{1,2,..,N}

subject to |p(d;,d;)|>t,Vi,j € S 1)

where |8 is the number of coils (or cardinality) of the coil cluster, p(aj, d)) is the correlation
coefficient (range from -1 to 1) between motion estimates from coil 7and coil j, and ¢is the
threshold of the correlation coefficient.

This problem is in fact NP-hard. However, spectral clustering can be used to approximately
solve this problem (42). The major steps in the proposed algorithm are listed below:

1 Calculation of the correlation matrix C of the motion estimates (navigator
correlation matrix). Define X/, ) = p(d, @), Vi, j€ {1, 2, ..., N}. An example
of the navigator correlation matrix is shown in Fig. 1(b).
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2. Construction of the correlation graph G. This step requires an entry-wise
thresholding operation (shown in Fig. 1(c)).

L) >
G(Z’j)_{ 0, otherwise @

Note that the correlation graph highly depends on the chosen threshold ¢ The
nonzero entries in Fig. 1(c) represent navigator pairs whose correlation
coefficient is above the threshold.

3. Eigenvalue decomposition of the correlation graph G.

G=USsuT (3)

As shown in Fig. 1(d), the eigenvalues in Sdecay dramatically, which
represents the low-rank property of G.

4 Coil clustering based on the eigenvector corresponding to the largest
eigenvalue. Note that this eigenvector (highlighted in Fig. 1(d)) only has a few
significant (non-zero) entries. This essentially represents the support of the coil
cluster. Define ¢ the eigenvector corresponding to the largest eigenvalue of G.
The coil cluster can be found by another thresholding operation:

if lui(i)] >eies .
{ if ur(d)| <eigs @ ELZ N )

where € is the threshold for the eigenvector ¢4. In this work, e was empirically
chosen as 0.1 and kept constant for all studies. The rank of the correlation
graph of the final coil cluster should be 1 (shown in Fig. 1(e)).

After these steps, the coil cluster Scan be found. The final motion estimate can be generated
by averaging of the motion estimates within the coil cluster. If the number of coils within the
coil cluster is only one, the motion estimate is assumed unreliable and set to zero. Note that
sometimes the motion estimates within the coil cluster can be negatively correlated. That is,
the motion estimates from two different coils can represent translational motion in opposite
directions (as shown in Supporting Figure S1). Therefore, motion estimates within the coil
cluster need to be first automatically aligned based on the sign of the correlation coefficient
before averaging so that they do not cancel out.

For 3D abdominal MRI using Butterfly, motion estimates in the S/I, A/P and R/L directions
can all be acquired. The proposed coil clustering method should be applied separately in
each direction for accurate motion estimation. For further motion compensation/correction,
motion estimates in different directions can be used individually or combined (e.g., square
root of sum of squares).
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Motion estimation for 3D free-breathing cardiac MRI

For free-breathing cardiac MRI, the motion estimates usually contain both respiratory
motion and cardiac motion. Therefore, additional motion estimation processing steps are
required to separate these two types of motion. In this work, bandpass filtering (40) was
applied. Based on empirical studies, the subject heart rate was assumed to range from 70%
to 140% of the heart rate recorded prior to the cardiac exam or estimated from the motion
estimates (28). For example, if the heart rate prior to the exam is 60 beats per minute (BPM),
then the heart rate during the cardiac exam is assumed to range from 42 to 84 BPM. To
extract cardiac motion, a bandpass filter was designed according to this heart rate range. A
Kaiser-windowed finite impulse response filter of order 500 and £ = 4.5 was applied.
Bandpass filtering was performed in both the forward and reverse directions to yield zero
group delay (18). The remaining lower-frequency signal is assumed to be the respiratory
motion. An example of the Butterfly navigators from a 3D phase-contrast cardiac cine scan
is shown in Fig. 2. Coil clustering can be applied separately on both the cardiac motion
estimates and respiratory motion estimates for further motion compensation/correction.

In vivo studies

To investigate the feasibility of the proposed method in a clinical setting, in vivo free-
breathing abdominal and cardiac studies were carried out. For each study, ten subjects
referred for MRI of the respective body parts were recruited at our institution. Subject
demographics in these studies are listed in Supporting Tables S1-S3. All imaging was
performed on a 3T GE scanner (GE Healthcare, Waukesha, WI) using a 32-channel cardiac
coil. Both studies were approved by the institutional review board, and informed consent/
assent was obtained prior to imaging.

Self-navigated 3D free-breathing abdominal imaging—To evaluate the performance
of the proposed method in abdominal imaging, 3D coronal free-breathing dynamic contrast-
enhanced MRI was performed using a modified RF-spoiled gradient echo sequence with
self-navigation, fat saturation and variable density sampling patterns (30, 43). The
acquisition parameters were flip angle 15°, TE 1.2-1.4 ms (partial echo), TR 3.2-3.4 ms,
bandwidth + 100 kHz, slice thickness (A/P) 2.0-3.0 mm (mean: 2.4 mm), S/I field of view
(FOV) 26-42 cm, spatial resolution 0.9-1.3 mm (S/1) and 1.2-1.9 mm (R/L), and frame rate
8.2-11.7 s. Gadobutrol (Bayer Healthcare, Leverkusen, Germany) injection was initiated at
the end of the first frame, and 18 frames in total were acquired. Respiratory bellows signal
during the scan was recorded. Most subjects were sedated in this study.

Butterfly motion estimates in the S/I, R/L and A/P directions were calculated for each coil
element. The reference motion estimate that best represents respiratory motion was
manually selected from the coil arrays. The correlation coefficients of the motion estimates
between the reference and different methods were calculated. To determine the optimal
threshold #in the proposed coil clustering method, three representative patients with
different age and size were first selected. Coil clustering with twenty different thresholds in
the range of [0, 0.99] were performed on the three subjects. The number of coils selected
and the corresponding correlation coefficients with different thresholds were recorded and
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compared. Next, the proposed method with empirically chosen thresholds = 0:95 and ¢=
0:90 was performed. Averaged motion estimate from all coils was also computed.

Self-navigated 3D free-breathing cardiac imaging—To evaluate the performance of
the proposed method in cardiac imaging, 3D phase-contrast cardiac cine MRI was
performed using a modified RF-spoiled gradient echo sequence with self-navigation,
unbalanced flow encoding and variable density sampling pattern (41). Imaging parameters
were flip angle 15°, TE 1.8 ms, TR 9.1 ms, velocity encoding range (VENC) 250 cm/s, and
bandwidth + 83.33 kHz, slice thickness (S/1) 1.0-2.0 mm (mean: 1.5 mm), R/L FOV 20-30
cm (mean: 25 cm), and matrix 320 x 224 x 120. Ferumoxytol (AMAG Pharmaceuticals,
Waltham, MA, USA) was injected prior to the study for blood pool enhancement. Most
subjects were sedated in this study. The acquisition was performed with prospective ECG
triggering. The ECG trigger points were recorded and used as the reference in the following
evaluations.

Butterfly motion estimates in the S/I, R/L and A/P directions were calculated for each coil
element. Cardiac motion and respiratory motion were separated using bandpass filtering
described previously. The proposed coil clustering method with empirically chosen #= 0:95
and ¢#= 0:90 was performed to generate a robust motion estimate. An averaged motion
estimate from all coils was also computed. Similar to the previous abdominal imaging study,
respiratory motion was evaluated with manual selection as the reference. To assess the
cardiac motion estimates, self-gated cardiac triggered points were calculated using a
template matching algorithm for cardiac synchronization (17). To quantify the difference
between self-gating and ECG gating, temporal variability (TV) and mean trigger delay
(MTD) were used. TV between the self-gating trigger points S and a set of recorded ECG R-
wave trigger points R is defined by the following equation:

1 & 5
TV=, —— > ((S, — R,) — MTD)?,
JN_lnzl(( ) ) -

where Nis the total number of cardiac cycles and MTD is the mean trigger delay,

1 N
MTD==Y(S,—R,).
N 7;1( ) (6)

All signal processing and image reconstruction were conducted in MATLAB (MathWorks,
Natick, MA).

Self-navigated 3D free-breathing abdominal imaging

The results of threshold selection analysis for coil clustering on three subjects are shown in
Supporting Figure S2. A range of 0.9 to 0.95 achieved near optimal correlation coefficient in
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all cases. Different motion estimation processing methods from a representative dataset are
shown in Fig. 3. As the threshold ¢decreased from 0.95 to 0.90, more coils were selected for
the coil cluster (Fig. 3(a, b)). The averaged motion estimates from coil clustering resembled
that with manual selection. The amplitude of the averaged motion estimate within the coil
cluster decreased with the reduced threshold #in the S/l and A/P direction. Note that
different coils were selected for motion estimation in different directions. The S/I motion
estimates selected by the proposed coil clustering were mostly from coil elements near the
diaphragm, where pencil beam navigators are commonly used. Respiratory motion was also
observed in the R/L and A/P direction, though the amplitude of the estimated motion was
smaller in the R/L and A/P direction compared to S/I. Respiratory bellows signal during the
scan was also recorded. However, as shown in Fig. 3(c), the shape of the respiratory bellows
signal did not correlate well with the manually selected motion estimate, likely due to poor
positioning of the bellows. Retrospective respiratory gating based on the motion estimates
from different methods was performed and compared in Fig. 3(d). Similar image quality was
observed between manual selection and coil clustering.

The results of different motion estimation processing methods compared to manual selection
on all subjects are shown in Supporting Table S1. A correlation coefficient smaller than 0.9
compared to the reference manual selection (highlighted in bold in Supporting Table S1)
was considered failed motion estimation. Coil clustering achieved robust motion estimation
in the S/I direction for all the subjects, while averaging over all coils was more likely to fail
in the R/L direction. Coil clustering with £=0.95 and #= 0.90 yielded similar motion
estimation performance.

Self-navigated 3D free-breathing cardiac imaging

The results of the respiratory motion analysis in the cardiac imaging study are shown in
Supporting Table S2. Similar to abdominal imaging, coil clustering was able to consistently
find a respiratory motion estimate that highly correlated with the manual selection in the S/I
direction, while averaging over all coils did not provide robust motion estimation for some
subjects in this study, especially in the R/L direction. Coil clustering with #= 0.95 performed
slightly better than with #= 0.90 for respiratory motion estimation in this study.

An example of the estimated cardiac motion by coil clustering and averaging over all coils is
shown in Fig. 4. Coil clustering achieved robust self-gating and matched well with the
recorded ECG triggers (with noticeable MTD in the R/L and A/P direction). However, the
estimated cardiac motion by averaging over all coils was corrupted in the S/l and A/P
direction, which led to inaccurate self-gating and unreliable triggered points. We labeled this
situation as failed self-gating, and the corresponding TV value was not calculated. An
example of ECG-gated and self-gated cardiac cine reconstruction is shown in Fig. 5. Similar
image quality was achieved by both methods.

The results of the TV analysis of all subjects are shown in Supporting Table S3. Coil
clustering succeeded to find trigger points for all cases in all three directions. However,
averaging over all coils failed in some cases. The averaged TV was smaller for the coil
clustering method with #=0.90 than ¢#=0.95. The R/L direction provided the most reliable
trigger points (averaged TV = 17.5 ms).
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Discussion

The proposed coil clustering method can achieve robust motion estimation for dense coil
arrays. It enabled self-navigated free-breathing MRI acquisition for both abdominal and
cardiac MRI without using any external motion monitoring devices. The automatically
determined motion estimate by coil clustering matched the manually selected motion
estimate or recorded ECG signal for all subjects recruited in this work. Fully automated
image reconstruction with motion compensation/correction can be achieved using coil
clustering.

The major parameter in the proposed method is the threshold of the correlation coefficient of
different navigators in Eq. 1. As the threshold reduces, more coils will be selected.
Averaging of all coils can be considered as the extreme case of setting the threshold to zero.
As shown in the experiments, a threshold between 0.95 and 0.90 has consistently provided
acceptable results, and is recommended for abdominal and cardiac MRI. As recommended
by (42), the other parameter in Eq. 4 was empirically chosen as 0.1 and kept constant in this
work.

Because of the Butterfly technique used in this work, translational motion in three directions
(S/1, A/P, and R/L) was all estimated. Although only Butterfly was used in this study, the
proposed method is expected to work with other methods that can generate coil-by-coil
motion estimates. For abdominal MR, the S/I direction is recommended for respiratory
motion estimation; for cardiac MRI, R/L is recommended for cardiac motion estimation. In
some cases, the coils selected for cardiac motion can also be selected for respiratory motion.
However, based on our experience, the coil clusters selected for respiratory motion and
cardiac motion do not correlate much. The coil cluster pattern varies by subjects and motion
types and directions.

The focus of this work is to automatically determine the dominant motion within large
imaging volumes. Although averaging within the coil cluster was used to generate the final
motion estimate, other operations can be applied as well. For example, the motion estimate
with the maximum amplitude within the coil cluster can be selected, which in fact is
expected to be exactly the manually selected motion estimate. For the retrospective
respiratory gating and cardiac gating applied in this work, different methods of generating
the final motion estimate from the coil cluster are not expected to significantly impact the
results. They will be further investigated for other motion compensation/correction in the
future work.

A limitation of this work is that the proposed method was only evaluated using quantitative
objective metrics. Subjective image quality comparison by radiologists is beyond the scope
of this work, and will be the subject of future work. Manual motion estimate selection was
served as the reference for evaluating respiratory motion. Depending on the selected
reference, the correlation coefficient between the reference and motion estimates by other
methods can vary slightly. Although respiratory bellows could be used, we were unable to
obtain reliable respiratory bellows signals for young children.
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The proposed motion estimation method for free-breathing cardiac MRI requires prior
knowledge of the subject heart rate. The filter design to separate cardiac and respiratory
motion highly depends on this input. The cardiac datasets in this work were acquired with
prospective ECG triggering, and the heart rates were already available. If not measured, the
heart rate can also be approximately estimated by a simple frequency analysis of the raw
navigators (28, 39, 40). The use of a passband filter to extract cardiac motion may affect
cardiac gating performance in cases of arrhythmia. Further investigation on the performance
with different filter designs in cases of arrhythmia will also be the subject of future work.

Conclusion

A robust motion estimation method using coil clustering for free-breathing body MRI has
been presented. The proposed method can automatically detect the dominant motion within
the imaging volume for dense coil arrays. The feasibility of such automated coil selection
for navigation was demonstrated in a pilot study on various in vivo datasets for both
respiratory motion estimation and cardiac motion estimation. It has enabled free-breathing
abdominal or cardiac MRI without the need for external motion monitoring devices, and
fully automated motion compensation/correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Demonstration of the coil clustering method. (a) S/I motion estimates (navigators) from
three individual coil elements (red, pink, and green) vary significantly due to localized coil
sensitivities. The proposed method consists of the following major steps to automatically
find a subset of coils to determine the dominant motion: (b) calculation of the correlation
matrix of the navigators; (c) construction of a correlation graph by thresholding the
correlation matrix; (d) eigenvalue decomposition (EVD) of the correlation graph; (e)
thresholding of the eigenvector corresponding to the largest eigenvalue. The significant
entries in the thresholded eigenvector represent the selected coils in the coil cluster. The
correlation graph of the coil cluster shows good approximation of the highly correlated coil
subset in ().
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Example of 3D motion estimates in free-breathing cardiac MRI. (a) Typical imaging volume
of a 3D phase-contrast cardiac MRI; (b) 3D motion estimates (navigators) from an example
coil element (highlighted in (a)) are shown to demonstrate the separation of cardiac motion
and respiratory motion using bandpass filtering. The raw motion estimate contains both
cardiac motion and respiratory motion, which can be separated by bandpass filtering prior to
coil clustering.
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Figure 3.

Comparison of 3D motion estimates for abdominal MRI using manual selection, averaging
of all coils, coil clustering, and respiratory bellows. Selected coil elements with two different
coil clustering parameters (#= 0.95 and 0.90) are highlighted by red in (a) and (b)
respectively. The manually selected coil element is highlighted by yellow in (a) and (b). As
the threshold #decreased, more coils were selected by coil clustering. The corresponding
motion estimates by all methods are shown in (c). Retrospective respiratory gating was
performed using each of the motion estimate in (c), and the corresponding images are shown
in (d). The proposed coil clustering method achieved very similar image quality compared to
that with manual selection, with sharp delineation of branches of the heptic veins (arrows).
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Comparison of self gating (SG) methods using averaged cardiac motion estimates from all

coils and cardiac motion estimate by coil clustering of a 4-year-old subject. Both the
recorded ECG trigger points and the self-gated trigger points using a template matching
algorithm are shown. In the S/l and A/P directions, the self-gating method using an averaged
motion estimate from all coils failed to provide accurate cardiac trigger points. However,
coil clustering provided robust self-gated triggered points in all three directions. Note that
mean trigger delay (MTD) varied at different directions. The temporal variability (TV) with
coil clustering was 13.8 ms, 11.7 ms, and 12.2 ms, for the S/I, R/L and A/P directions
respectively.
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Figure5.
Example of cardiac cine MRI retrospectively temporally-interpolated using the recorded

ECG signal and the proposed self-gating method (SG). Systolic and diastolic images of a
9.5-year-old subject are shown. The differences (scaled by a factor of 10) between images
with two cardiac trigger methods are also shown. Similar image quality was observed for
both methods. All images are displayed with the same window width and window level. The
temporal variability was 20.7 ms.
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