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Abstract

Purpose—To develop a patient-specific respiratory motion correction technique with true 100%
acquisition efficiency.

Methods—A short training scan consisting of a series of single heartbeat images, each acquired
with a preceding diaphragmatic navigator, was performed to fit a model relating the patient-
specific three-dimensional respiratory motion of the heart to diaphragm position. The resulting
motion model was then used to update the imaging plane in real-time to correct for translational
motion based on respiratory position provided by the navigator. The method was tested in a group
of 11 volunteers with 5 separate free-breathing acquisitions: FB — no motion correction, FB-TF —
free breathing with a linear tracking factor, Nav Gate — navigator gating, Nav Gate-TF — navigator
gating with a tracking factor, and PROCO - prospective motion correction (proposed). Each
acquisition lasted for 50 accepted heartbeats, where non-gated scans had a 100% acceptance rate,
and gated scans accepted data only within a £4 mm navigator window. Retrospective image
registration was used to measure residual motion and determine the effectiveness of each method.

Results—PROCO reduced the range/RMSE of residual motion to 4.08+1.4/0.90+£0.3mm,
compared to 10.78+6.9/2.97+2.2mm for FB, 5.32+2.92/1.24+0.8mm for FB-TF,
4.08+1.6/0.93+0.4mm for Nav Gate, and 2.90+1.0/0.63+0.2mm for Nav Gate-TF. Nav Gate and
Nav Gate-TF reduced scan efficiency to 48.84+9.31% and 54.54+10.12%, respectively.

Conclusion—PROCO successfully limited the residual motion in single-shot imaging to the

level of traditional navigator gating, while maintaining 100% acquisition efficiency.
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INTRODUCTION

Magnetic Resonance Imaging (MRI) has established itself as a safe and versatile imaging
tool with a wide range of clinical applications. Due to relatively slow data acquisition, MRI
is susceptible to motion-induced artifacts. These artifacts can lead to poor image quality,
repeated scans, and decreased throughput and remain an obstacle to clinical utility. This
problem is further amplified in cardiovascular magnetic resonance (CMR), where cardiac
and respiratory motions coexist (1), and respiratory motion of the heart can range up to over
20 mm (2). Breath holding is commonly used to avoid respiratory effects; however, a
significant fraction of patients cannot breath-hold. To allow free-breathing image
acquisition, respiratory gated sequences have been developed to mitigate respiratory motion
by “gating”, i.e., to restrict data acquisition to a narrow temporal window at end-expiration
to capture all data during the same (or similar) phase of the respiratory cycle. To achieve
this, a variety of methods are used to track the respiratory position, including respiratory
bellows (3,4), navigator pulses (5), and self-gating signals (6). Although these techniques
can reduce the effects of respiratory motion, they typically reject 50% to 70% of acquired
data, thereby increasing scan time by a factor of 2 to 3 (7). These methods may also suffer
from respiratory drift when the end-expiratory position changes over time, further reducing
acquisition efficiency. Adaptive navigator windowing (end-expiratory tracking) follows the
change in end-expiratory position (8,9); however, this combines data from disparate
respiratory positions, which can lead to artifacts including blurring and ghosting.

More recently, self-navigation has allowed highly simplified continuous acquisitions, using
signal fluctuations in the repeated scan of the same k-space data to track respiratory and
cardiac motions. The resulting data are retrospectively binned into motion states (6,10-12).
While this eliminates the need for a separate navigator gating pulse and is compatible with
steady-state imaging, self-gating without motion correction reduces efficiency to the same
degree as conventional gating when a single respiratory state is desired, as is the case for
many CMR applications such as first-pass perfusion, LGE, and relaxation parameter

mapping.

While rapid technigues allow the acquisition of an entire “single-shot” image within a single
heartbeat, fast enough to avoid respiratory motion artifact, applications incorporating single-
shot imaging often require registration across images for quantification purposes or to yield
adequate SNR. For example, single-shot imaging for T1/T2/T2* mapping (13-16), first-pass
perfusion (17,18), late gadolinium enhancement (LGE) (19), and diffusion tensor imaging
(DTI) (20) utilize registration across multiple images for averaging or quantification. While
retrospective image registration has been used to effectively correct for in-plane motion,
post-hoc registration cannot correct for through-plane motion and may fail under
exaggerated respiratory motion (21,22). This is especially important in parametric mapping
and quantification techniques which assume that all residual motion is eliminated and each
pixel is identical in anatomical position across multiple source images. In addition,
retrospective registration does not always guarantee 100% efficiency; LGE techniques that
employ motion correction to facilitate averaging generally acquire a large number of frames
and eliminate those with poor registration prior to averaging (19).
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Prospective mation correction techniques have been proposed to solve these issues; slice
position and orientation are adjusted in real-time, reducing through-plane motion and
allowing for increased acquisition efficiency (23). These techniques can use a variety of
signals related to respiratory motion to guide the position of the imaging plane. The earliest
and most commonly used methods employed a diaphragmatic navigator and non-patient-
specific tracking factor (typically a 0.6 ratio of heart motion to diaphragm motion) to adapt
slice position on-the-fly (2). This overly simplistic approach does not account for patient-to-
patient variation, the complete three-dimensional nature of the respiratory motion of the
heart, or previously observed hysteresis between inspiration and expiration (24,25). For
these reasons, prospective tracking is generally applied only within a narrow navigator
gating window (5mm to 8mm) to reduce residual motion (26); the narrower the gating
window, the less efficient the acquisition is.

Techniques have been proposed to incorporate patient-specific motion models that increase
efficiency and may eliminate the need for gating. One such method employed multiple
navigators simultaneously acquired with 3D image volumes to train affine motion models;
this requires significant setup time and image segmentation prior to affine registration for
location-specific feature tracking (27). Multiple navigators placed on the heart also eliminate
the possibility of myocardial imaging, given that the signal within the navigators may not
recover prior to image data acquisition. In addition, this work was performed in segmented
Cartesian imaging, where prospective slice tracking can induce ghosting as it cannot
simultaneously correct for disparate motions in different organs (28).

More recent work has fit elliptical models in two dimensions to account for non-linear
motion of the heart using a single diaphragmatic navigator and affine registered 2D frames
as training data; however, fitting motion models in a 2D plane is generally an over-
simplification of the full 3D motion of the heart (25). Additionally, affine registration
requires accurate segmentation of the region of interest, e.g., the heart, as the chest wall and
spinal column do not move in synchrony with the heart, increasing the time and complexity
of the model training process.

The aim of this project is to develop a patient-specific prospective motion correction
technique that is capable of characterizing three dimensional motion of the heart, able to
adapt to respiratory hysteresis, does not require selective segmentation of training data to
track specific regions of interest, and can be implemented with a single diaphragmatic
navigator signal to allow for real-time updates of the scan plane on a beat by beat basis for
single-shot imaging.

METHODS

The proposed method can be summarized as follows: first, a short training scan is performed
to acquire snapshot images of the heart at various respiratory positions along with a
diaphragmatic navigator. Retrospective nonrigid image registration across the snapshots is
used to extract spatially resolved motion information. The translational motion within the
region of interest is then fit to the navigator signal using fractional polynomial regression on
a separate computer. The regression coefficients are sent to the scanner and applied during
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real-time imaging, updating the central location of the image plane prior to each single-shot
2D acquisition.

Model Training

Fifty 2D single-shot gradient echo (Image Matrix: 140-182x192, FOV 400 mm, Temporal
Window 240-326 ms, Bandwidth 898-1532 Hz/Px, TE 1.79 ms, TR 3.68-4.02 ms) training
frames were acquired in two orthogonal views over multiple respiratory cycles as shown in
Figure 1. Image parameters were varied to optimize the sequence for spatial and temporal
resolution and diastolic timing on a per-subject basis. Many single-shot CMR applications
are acquired in the short-axis view, hence our two orthogonal views included short-axis
(SAX) and 2-chamber (2CH) views to most accurately capture heart motion in the image
coordinate system, defined by X}, Y; and Z;. While the 4-chamber (4CH) view could be
used as well, it is the most susceptible to through-plane motion and registration errors. To
reduce cardiac motion, each single-shot acquisition was performed at end-diastole.
\olunteers 1-6 were instructed to breathe naturally during the training phase, and volunteers
7-11 were instructed to take a deep breath at the beginning of training data acquisition,
followed by natural breathing, to investigate whether training over a wider range of motion
could improve model performance. A diaphragmatic navigator signal, 7, preceded the center
of k-space for each training frame by approximately 135 ms. Following data acquistion,
motion of the heart was estimated using non-rigid image registration (21). As shown in
Figure 2A, all frames were registered to an end-expiratory reference frame, producing
deformation fields that characterized the motion of each pixel, as shown in Figure 2C. The
resulting non-rigidly registered frames are shown in Figure 2B. To extract average
translational motion within a manually defined region of interest (ROI), each deformation
field was averaged within the same ROI to yield dYjand dXjfrom the SAX view, and d.Z;
from the 2CH view, which represent motion of the ROI in the image coordinate system as
described in Figure 1. This results in two data streams: [(K), dYA{K), dX{K)] from the SAX
view and [(K), dZ{K)] from the 2CH view, where &= 1:50 is the temporal index of training
frames. As shown in Figure 3, these translations were transformed into the MRI physical
coordinate system denoted as X, Y, and Z;, as both views are, in general, double-oblique to
the MR physical coordinate system, and therefore each image coordinate system dimension
has a vector component in all three physical coordinate system dimensions, with the
summation of all dimensional components reflecting the full motion of the heart. To
accommodate hysteresis, each set of [/(k), dX(K), dY(K), dZ,(K)] was classified as
inspiratory or expiratory and the fractional polynomial regression, performed individually
for X), Yjand Z,against the navigator, was likewise performed separately for inspiratory or
expiratory states. Respiratory phase was determined simply from the sign of the derivative of
the navigator curve. We chose fractional polynomial regression to model the nonlinear
relationship between cardiac motion and navigator signal;compared to high-order
polynomial regression, fractional polynomial regression is more robust to the errors at or
slightly beyond the limits of training data (29). We define the cardiac motion in terms of
navigator signal and its square-root:
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dik)y="a;+bpnk) +cpnk)

(1]

where gjrepresents the position of the heart along the j#/ dimension and &;, b and ¢;
represent model coefficients. The process is repeated for three different ortientations of /,
i.e., J€ [ Xy, Yy Zp)- The resulting coefficients from both training views were summed to
generate one composite model that explains translations of the ROI along X, Yy, and 2 as
a function of navigator-based diaphragm position. Through-plane motion is implicitly
captured by modeling in-plane translations in two-orthogonal views. Final regression
coefficients were applied with a modified pulse sequence that updated slice position in real-
time to correct for translational motion in three dimensions. The entire training phase lasted
approximately 3 minutes, with the acquisition of training data comprising 2 minutes and
another minute for model definition. Navigator setup time was not included in this
estimation, as it applies to all navigator-based methods. PROCO sample code and data can
be found at https://github.com/michaelbush1313/PROCO.

Testing in Healthy Volunteers

The method was tested in a group of 11 volunteers (4 female, 7 male, age 32.36+9.17). The
study was approved by the local institutional review board, and informed written consent
was obtained from all volunteers. All acquisitions were performed on a 3T scanner
(MAGNETOM Tim Trio, Siemens Heathineers, Erlangen, Germany). Five separate free-
breathing acquisitions were run in the following order;

. FB — free-breathing with no motion correction
. Nav Gate — navigator gating with a +4 mm acceptance window
. PROCO - patient-specific prospective motion correction

. FB-TF — free-breathing with 0.6 tracking factor

. Nav Gate-TF, navigator gating with a 24 mm window plus a 0.6 slice tracking
factor

The same acquisition order was used in all volunteers and the scans were queued up to run
consecutively without pause. Each method was tested in perpendicular short axis, 2-chamber
and 4-chamber views for each volunteer. Image matrices varied by volunteer with imaging
parameters identical to the training data resolution for each volunteer.

PROCO and FB-TF acquisitions prospectively update the imaging plane once per heartbeat
in single-shot image acquisitions. FB-TF takes the product of the tracking factor and the
difference between the current and reference diaphragm positions to shift the imaging plane
in the superior-inferior direction. A fixed tracking factor of 0.6 was used; this value is
commonly used in practice for prospective respiratory motion correction in cardiac imaging.
In contrast, PROCO updates the imaging plane in all three orthogonal directions (not only
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superior-inferior) based on patient-specific fractional polynomial regression coefficients that
convert the current diaphragm position into displacements. Each acquisition lasted for 50
accepted heartbeats resulting in 50 single-shot GRE images at the same prescribed slice
position. FB, FB-TF, and PROCO accepted all acquired images, and gated acquisitions (Nav
Gate and Nav Gate-TF) accepted images acquired only when the diaphragm was within a +4
mm window; adaptive gating to track the end expiratory position was applied in the two
gated acquisitions. Any frames mistakenly accepted due to incorrect navigator echo readings
were discarded; this occurred, e.g., when the edge detection algorithm incorrectly selected
anatomy other then the lung-diaphragm interface, or when the search window was poorly
defined.

Statistical Analysis

To analyze performance, all testing frames within each acquisition were retrospectively
registered to measure residual motion using the process defined in Figure 2. The first frame
in each acquisition was discarded, as PROCO’s model begins with the second frame to allow
for determination of respiratory phase from two consecutive navigator positions. To reduce
errors associated with registering to a potentially errant frame, all frames are first registered
to the first frame. Translations from each frame were binned and a frame from the most
populated bin was selected as a reference. Original frames were then registered again to this
reference, producing a set of [dX(k), dY(K)] where k= 2:50. Note the loss of the subscript i,
as each view is analyzed independently within its own 2D space. ROI’s for this analysis
covered the entire left ventricle in the short axis view, a mid-ventricular slice in the 2-
chamber view, and the lateral myocardial wall in the 4-chamber view as shown in
Supporting Information Figure S1; similar ROI’s were used in each volunteer. The
magnitude of the motion is defined as:

r(k) = \dY?(k) + dX*(k),
[2]

where (k) represents a single measure of motion at each frame. To provide a measure of
displacement over the duration of the scan, root mean squared error (RMSE) is defined as:

RMSE =\ 30 (k) = 7,

(3]

where 7 represents the value of raveraged over all frames. As () is a magnitude
measurement, the range is defined as:
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range = max(r(k) ).

(4]

The acquisitions showing the smallest value of both range of 7(4) and magnitude of RMSE
were deemed the best in terms of motion correction; this analysis was performed separately
in each of the 3 views, producing a single measure of RMSE and range for each volunteer
and view (N = 33). Measurements from all views and volunteers were then combined for a
single average measure of residual motion for each method. In addition, a spatial similarity
index (SSIM) was assessed across all frames for each method following retrospective image
registration. The SSIM of the FB acquisition with retrospective registration only was
compared against combined prospective/retrospective correction (FB-TF, PROCO, Nav-Gate
and Nav-Gate-TF) (30). SSIM provided a metric that was used to assess the improvements
afforded by prospectively correcting in and through-plane motion. Gating efficiency,
maximum range of navigator positions and estimated heart rate were also recorded for each
acquisition, where gating efficiency was the percentage of acquired frames that were
accepted.

RESULTS

Compared to FB acquisitions, Nav Gate-TF provided the greatest reduction in both the range
and RMSE of residual motion, followed sequentially by PROCO, Nav Gate and FB-TF, as
shown in Figure 4. Range and RMSE for all methods were found to have unequal variance,
and a group-wise Steel-Dwass test to maintain significance found FB greater than, and Nav-
Gate-TF smaller than all methods for both range and RMSE. In an individual comparison,
Welch’s test found a statistically significant (p < 0.05) difference between FB-TF and
PROCO measurements for both RMSE and range with p-values of 0.019 and 0.032,
respectively. FB acquisitions showed the lowest mean SSIM compared to all other methods,
as shown in Table 1; SSIM measurements showed equal variance, and a Tukey-Kramer test
found only a significant difference between FB and Nav-Gate-TF methods. In an individual
t-test comparison, PROCO had significantly higher SSIM than FB with p-value 0.012.
PROCO was comparable to gated methods while maintaining 100% scan efficiency, in
contrast with 48.84+9.31% and 54.54+10.12% efficiency for Nav Gate and Nav Gate-TF
respectively. Heart rate was not correlated with residual motion. Maximum navigator ranges
(mimimum to maximum diaphragm position across each acquisition) are reported in Table 2;
distributions had equal variance, and ANOVA testing found no significant differences
between breathing patterns encountered during each of the different techniques. Means and
standard deviations of maximum navigator ranges for each volunteer are reported in
Supporting Information Table S1. A standard t-test found no significant difference in
navigator ranges between FB-TF and PROCO acquisitions. Additionally, no difference was
found in residual motion in PROCO acquisitions between volunteers trained with a maximal
breath (N = 5) vs. natural breathing (N = 6).
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Average maximal Xp, Y and Z,, physical translations applied during PROCO acquisitions
were 3.51+3.07, 3.38+2.05, and 12.09+7.25 mm, respectively, and are displayed in Table 3.
For comparison, average maximal Z, translations during FB-TF acquisitions measured
15.12+7.61 mm (TF-Z, in Table 3). In addition, maximal error between FB-TF and PROCO
models are shown in Table 3. As FB-TF cannot distinguish between respiratory phase, error
is calculated with respect to PROCO inspiratory (TF-EI) and expiratory models (TF-EE) and
measured 3.41+2.32 and 4.21+3.02 mm, respectively. X, and Y/, translations represent error
associated with FB-TF as well, as FB-TF does not account for motion in these dimensions.

Figure 5 shows a sample analysis for a single volunteer in the short axis view; the magnitude
of residual motion (k) is plotted with respect to the 49 analyzed heartbeats for all 5 methods
alongside the singular value for RMSE. In this example, free-breathing motion was
significant, reaching an RMSE of 3.72 mm and a range of 15.76 mm. PROCO reduced this
motion to within the range of navigator gating while accepting every consecutive frame
(RMSE - 0.61 mm, range — 3.27 mm), in contrast to the FB-TF acquisition which showed
significant residual motion (RMSE - 2.44 mm, range — 11.92 mm). A video of all methods
applied in the all views for this volunteer is provided in the Supporting Information Video
S1. A sharp spike in residual motion due to a deep breath can be seen at the end of the FB-
TF acquisition in Figure 5, which is clearly visible in Supporting Information Video S1 as
well. Portions of the recorded navigator positions for all acquisitions in Figure 5 are
provided in Supporting Information Figure S2. Sample frames shown in Figure 6 from a
separate volunteer demonstrate the effects of respiratory motion and the efficacy of each
technique. A single frame at end-expiration (EE) from FB acquisitions is shown for each
view, along with frames at end-inspiration for all views and non-gated methods. Significant
through and in-plane mation is visible in all end-inspiratory FB frames, illustrating the need
for prospective correction in lieu of retrospective methods that cannot correct for this
motion. Inspiration induced errors include absence of papillary muscles in the SAX view,
nearly indistinguishable left-ventricular myocardium in the 4CH view, and loss of clarity of
inferior myocardium in the 2CH view. While FB-TF does significantly reduce this motion,
in-plane motion remains in both the short axis and four chamber views which translates to
through-plane mation in the two-chamber view, significantly degrading image quality.
PROCO reduces in-plane motion in all three views, and therefore reduces through-plane
motion as well; frames are similar in comparison to frames acquired at end-expiration. A
complete residual motion analysis of the short axis view for all 11 volunteers is included in
the Supporting Information Figure S3.

DISCUSSION

We have developed a novel method for prospective motion correction in CMR, modeling the
relationship between diaphragm position and the three-dimensional respiratory motion of the
heart and correcting for that motion in real time in single-shot imaging. Our patient-specific
technique reduces in-plane and through-plane motions while maintaining 100% acquisition
efficiency. PROCO has the potential to dramatically improve the efficiency and reliability of
CMR by reducing acquisition time and reducing misregistration across images acquired
during free-breathing. Respiratory phase specific fractional polynomial regression models
are capable of adapting to a wide variety of breathing patterns and account for hysteresis
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between inspiratory and expiratory motion of the heart. The use of non-rigid image
registration to train the model removes the need for pre-emptive segmentation of a specific
ROI, by using the entire FOV for the registration process. While manual selection of an ROI
following registration is still required for motion extraction, this allows for location specific
feature tracking, and creates an opportunity for prospective tracking of particular anatomical
features. In addition, our method only requires a single navigator and knowledge of the
previous navigator to calculate and update the new image position in real time, with a
feedback latency of less than 10 ms for the tested navigator technique and scanner hardware.

Our summary results in Figure 4 show that PROCO reduced residual motion to that of
traditional navigator gating, significantly reducing motion across all volunteers while
maintaining 100% acquisition efficiency. Navigator range was also found to be statistically
similar across all methods, confirming that breathing pattern did not vary significantly
between methods. Our results do show that FB-TF using the generally applied 0.6 tracking
factor in the superior-inferior direction was appropriate in some cases, and Nav-Gate-TF
offered a small improvement over Nav-Gate alone. FB-TF also showed significant
improvement over pure free-breathing, implying that for some individuals this generic
tracking factor is accurate. However, our results showed considerable residual motion when
the simple linear tracking factor was applied in some volunteers, particularly those with
large ranges of respiratory motion as seen in the Supporting Information Figure S3 for
volunteers 6, 7 and 11 and Supporting Information Video S1. Table 3 shows the maximal
applied translations averaged across all FB-TF and PROCO acquisitions, along with the
associated difference between FB-TF and PROCO models for Z, translations, as FB-TF only
corrects for Z, motion. FB-TF is not subject specific and cannot account for hysteresis
effects, which could explain the differences observed. In addition to this difference in Z,
motion estimation, FB-TF ignores Xp, and Y, translations which are non-zero and show high
standard deviations due to subject-subject variation.

Motion can occur in multiple dimensions, and the relationship between diaphragm position
and heart motion can change with inspiration and expiration as illustrated in Figure 3, which
shows the multi-dimensional and respiratory phase specific motion of a sample volunteer; a
simple linear tracking factor in the superior-inferior direction did not accurately characterize
this motion. In the presence of respiration induced motion of the heart that is highly subject-
specific, PROCO performed consistently well across all volunteers. PROCO acquisitions
were not performed immediately after model training, providing some evidence that it is
resistant to changes in breathing patterns; however, it is also likely that breathing patterns
remained largely similar in our group of volunteers as navigator ranges were not different
between any of the applied methods. Additional work is required to evaluate the stability and
effectiveness of PROCO models over time, perhaps including PROCO acquisitions at the
beginning, middle and end of the exam while randomizing the order of motion correction
methods, which was not done in this study.

FB-TF proved less accurate than PROCO in some circumstances, exhibiting several outliers.
This concept is illustrated in Figure 5, where FB-TF performed relatively well until this
subject took a deep breath at the end of the acquisition, skewing the results. In addition, the
effects of through-plane motion are clearly visible in the end-inspiratory frames of FB as
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shown in Figure 6, particularly in the two-chamber view. This amount of motion can
significantly alter the anatomy within the field of view; when the anatomy changes from
frame to frame due to through-plane motion, it is impossible for retrospective image
registration to recover this information. While this particular volunteer did not take a similar
deep breath during the PROCO acquisition however, when considering our results on a
group scale and the data showing that navigator range did not change over time between
acquisitions, we feel that the study represents a fair comparison between the techniques.

This study was performed in a cohort of healthy volunteers, free of any cardiac or
respiratory disease. The majority of these subjects demonstrated a shallow, steady breathing
pattern that is compatible with traditional navigator gated methods, with relatively stationary
end-expiratory position and high gating efficiency. Under these conditions, we have assumed
that PROCO models remain valid throughout the exam, but further testing must be
performed in patient populations that show greater variability in respiratory patterns. A
significant problem with navigator gated techniques can be respiratory drift, where the end-
expiratory position changes over time; this can cause increased scan times. However, if the
gating acceptance window is allowed to dynamically adapt to a changing end-expiratory
diaphragm position, this implies that data are being accepted at different respiratory
positions; if the reference position for slice tracking is allowed to shift as well, then
respiratory adaptation will certainly lead to slice-slice mismatch. While adaptive windowing
was enabled during our gated acquisitions, the end-expiratory position never drifted more
than 2 mm in this cohort of normal volunteers. However, if PROCO is adequately trained on
the full range of respiratory motion, then no adaptive gating window should be required.
PROCO is robust to drifts in respiratory position within the training range; however, should
the hysteresis loop of motion change during the acquisition some errors in motion estimation
will occur. Our results, however, would suggest that this did not occur in our study
population. Figure 7 shows sample model training for four separate volunteers, and further
illustrates the importance of patient-specific motion modeling, as each volunteer is
drastically different in terms of respiratory motion and 3-dimensional motion of the heart.
Each model is plotted only over the full range of binned respiratory phases acquired during
the training phase. Volunteers 1, 5 and 6 were not asked to take a deep breath during
training, and represent the full range of shallow to deep breathing we observed in our study.
\olunteer 8 was instructed to take a deep breath during training, and tidal range can be seen
as a smaller percentage of this range. Volunteer 1 shows hysteresis in the Z direction under
tidal breathing, as does Volunteer 6 in the X and Y directions. Likewise, Volunteer 8 shows
hysteresis within the tidal range and is able to account for a wider range of motion given the
trained deep breath. Trained deep breathing also allows for improved coverage of inspiratory
and expiratory range; volunteer 5 shows incomplete characterization of inspiratory and
expiratory curves due to rapid jumps in navigator position, whereas Volunteer 8 shows
complete characterization. However, in this study no significant difference in PROCO
efficiency was found between volunteers trained under normal breathing vs. instructed deep
breathing. Future work could explore both training and testing under conditions of normal
tidal breathing vs. coached breathing in order to explore the importance of training over the
full range of respiratory motion.
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Given the extremely shallow breathing shown in Volunteer 5, it is likely that some
misclassification of inspiration vs. expiration occurred, as Nyquist rate is effectively
violated. Other methods for tracking respiratory position could be combined with PROCO,
offering higher temporal sampling and other potential advantages over diaphragmatic
navigators. Respiratory bellows, for example, have the advantage of not interrupting the
pulse sequence but require additional setup time. Optical cameras have been proposed as a
calibration free method for tracking respiratory motion, but are generally expensive and
require location specific installations (31,32). Pilot tone signals have been proposed as an
alternative method for measuring cardiac and respiratory signals, have a one-time setup
calibration, and can be integrated directly into the pulse sequence design (33,34). If acquired
and analyzed in real-time, self-gating signals could be utilized as well, eliminating the need
for additional hardware. However, in volunteers with such shallow breathing, inspiratory and
expiratory models converge to be nearly identical with shifted ranges of training data; the
difference between each model is minimal and our models are still accurate, though a simple
linear tracking factor is sufficient.

Each method was compared with non-rigid image registration by evaluating SSIM over all
acquired frames as shown in Table 1, with the assumption being that if spatial similarity is
high, then motion correction has performed adequately. FB showed the lowest SSIM value,
followed by FB-TF, PROCO, Nav-Gate and Nav-Gate-TF. The addition of prospective
correction improved spatial similarity, implying that retrospective correction alone cannot
account for all motion related inconsistencies.

Limitations and Future Directions

A potential source of error in our method lies in the training data itself; in the presence of
significant through-plane motion, image content for a given view can change over the
respiratory cycle, leading to possible registration errors, particularly when the subjects were
asked to breathe deeply. While the current method has proven capable of estimating bulk in-
plane motion, in future work we propose the use of low-resolution, 3D volumes for training,
which would account for through-plane motion assuming the volumes are acquired in a
rapid, single heart beat fashion to mitigate intraview respiratory motion. In addition, we have
not considered rotations in this work; however, rotational respiratory motion of the heart is
generally small (35), and can be corrected with retrospective registration assuming bulk
through-plane motion has been corrected prospectively and through-plane rotations are
limited. Further improvements to the training process are currently being developed, where
translations from the two orthogonal views that share a common axis, Y7, are pooled
together, creating a single data stream of: [(K), dX{K), dY{K), dZ{K)], where dY{K)
includes data from both SAX and 2CH views. Another limitation to this work is the need to
acquire training data as a separate scan. Training consisted of 100 total acquired heartbeats,
50 frames for each orthogonal view. However, this number was arbitrarily chosen and no
attempt was made to determine the minimal number of training frames required. This work
represents a feasibility study, and several steps could be taken to improve the efficiency of
model development. The training sequence could be optimized to acquire both orthogonal
views within a single end-diastolic period with two navigators, further reducing training
time. While the training data are currently exported to a separate workstation for model
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fitting, this step can be incorporated onto the scanner software. In addition, while ROI’s for
model definition are currently selected manually, automatic ROl placement will be
implemented in the future by centering the training images on the ROI for automatic
extraction.

There are a wide range of cardiac imaging applications that could benefit from PROCO,
including T1/T2/T2* mapping, perfusion, late gadolinium enhancement (LGE), and
diffusion tensor imaging (DTI). Myocardial T1 and T2 mapping, and some T2* mapping
techniques (15,16) require multiple source images acquired at varying inversion recovery
(IR), T2 prep times, or echo times to be perfectly overlaid in order to perform pixel by pixel
parametric fitting; slice misregistration results in errors in fitting and inaccurate estimations.
Breath-holds and navigator gating are not always feasible for these techniques. MOLLI T1
mapping schemes require source images to be acquired from consecutive heartbeats after an
IR pulse, implying that all source images must be acquired within a single breath hold, and
navigator gating could indefinitely prolong the acquisition until the correctly timed heartbeat
falls within the gating window. T2 mapping is more readily adaptable to navigator gating;
however, scan time can still increase dramatically with its use (22). Breath-holding limits the
acquisition time of these techniques, reducing the number of sampled points for parameter
estimation and decreasing accuracy of the fit. The development of free-breathing,
prospectively motion corrected techniques would allow for increased sampling of the T1,
T2, or T2* recovery curves, potentially improving the accuracy and precision of the
measurement. Recent work has shown the benefits of prospective motion correction in
parametric mapping techniques with the application of a 0.6 tracking factor (36), which
could be further improved with PROCO as we have shown in our results. While PROCO is
most readily applicable to these single-shot imaging techniques, it could also be combined
with segmented imaging techniques acquired with non-Cartesian k-space trajectories such as
radial (37) and spiral (38) that are inherently robust to motion artifacts.

Likewise, single-shot, motion-corrected LGE requires multiple source images acquired over
multiple heartbeats and relies on retrospective in-plane correction to minimize slice
mismatch (19). Gating (rejection of frames) is not applicable to first-pass perfusion imaging,
and retrospective motion correction is unable to correct for through-plane motion. PROCO
would allow for continuous perfusion image acquisition while minimizing in-plane and
through-plane motion. DTI is an emerging technique that is limited by long scan times;
acquisition efficiency could be greatly improved with the use of prospective motion
correction (20). PROCO is readily applicable to such techniques and could significancly
improve efficiency while reducing both through and in-plane motion.

CONCLUSION

We have developed a patient-specific, prospective motion correction method (PROCO) that
can accurately characterize three-directional, respiratory phase specific motion of the heart
and correct for this in real-time by adjusting the center of the slice-plane. PROCO was
capable of reducing residual motion in multiple orthogonal views to a similar degree as
navigator gating while maintaining 100% data acquisition effeciency. This method is
particularly relevant to single-shot CMR techniques such as T1 and T2 mapping, first-pass
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perfusion, single-shot LGE with averaging, and DTI. PROCO can improve imaging
efficiency and mitigate slice-mismatching, potentially improving the efficiency and
performance of these and other techniques based on single-shot imaging.
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Figure 1.
Training sequence diagram. The Frame block represents a low resolution single shot GRE

image acquired 50 times in both the SAX and 2CH training views, resulting in 100 total
slices and 100 corresponding navigator positions used for training. Orthogonal training
views allow for description of a 3D space, with SAX comprising the dY;and aX;

components, and 2CH the dZ;component and shared ¢Y;.
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Figure 2.
Motion extraction. (A) Source images are acquired once per heartbeat over 50 heartbeats for

each training view. (B) Source images are registered to a reference frame acquired at end-
expiration using non-rigid image registration. (C) Deformation fields produced from non-
rigid registration are averaged within a single ROI to extract a set of navigator, dY;and d.X;
positions. This process is repeated on the orthogonal 2CH view, producing a set of navigator
and dZz;positions.
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Figure 3.

Motion extraction from training data produces sets of [(K), dY{K), dX{K)] from the SAX
view and [(K), dZ{K)] from the 2CH view for k= 1:50, where n(k) represents the navigator
position and dX{k), dY{K), dZ{K) the position of the heart in the image coordinate system.
Each set is classified as inspiratory or expiratory phase and transformed into the MR
physical coordinate system (denoted by the subscript “p”). Data within each dimension and
phase are then characterized with fractional polynomial regressions with respect to navigator
position; coefficients from corresponding models in both orthogonal planes are then
summed to produce final parameters for use with our modified pulse sequence.
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Summary residual motion analysis. All techniques reduce motion compared to FB
acqusitions, with Nav Gate-TF performing the best at the expense of increased scan time.
PROCO performs similarly to navigator gating, while maintaining 100% acceptance rate,
and reduces residual motion compared to the application of a purely linear 0.6 superior-
inferior tracking factor (FB-TF).
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Figure 5.
Sample residual motion analysis. /() represents the magnitude of residual motion over the

course of 49 acquired frames, and RMSE the root mean squared error of /(k), which are both
significant under free-breathing (FB) conditions. The application of a simple Inear tracking
factor of 0.6 in the superior-inferior direction (FB-TF) reduces this motion, but is susceptible
to errors under varied breathing patterns. PROCO reduces the motion to a similar degree as
navigator gated techniques (Nav Gate and Nav Gate-TF); however, PROCO frames are
acquired consecutively, and both navigator gated techniques accept frames only at end-
expiration, greatly reducing efficiency.
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Figure 6.
Sample method comparison. Single-shot frames at end-inspiration (EI) are shown for the

three free-breathing methods and 3 acquired views, along with frames at end-expiration (EE)
from FB acquisitions for reference. Severe in and through-plane motion can be seen in free-
breathing (FB) frames, which is largely eliminated in PROCO scans. FB-TF does reduce
motion, but some residual in-plane motion can be seen in the SAX and 4CH end-inspiratory
frames, which correspond to drastic through plane motion in the corresponding 2CH end-
inspiratory frames.
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Figure 7.

Sample motion models plotted over the range of binned respiratory positions. Models shown
are from a wide range of respiratory patterns, including shallow breathing (\V5), medium
depth breathing (V1) and consistent deep breathing (\V6). V8 illustrates a trained deep breath
followed by tidal breathing. Shallow breathing shows highly linear motion in the Z,
direction and minimal Xy and Y, translations, whereas deep breathing shows hysteresis in
the Z, direction and significant X, and Y, translations. Trained breathing in V8 shows
improved characterization of inspiratory and expiratory curves, which could improve model
accuracy in case of deep breathing during the acquisition.
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Table 1.

All frames from each method are retrospectively registered and analyzed for structural similarity index
(SSIM). Mean SSIM reflects the average spatial agreement with a reference frame, and is lowest in FB
acquisitions, which implies retrospective image registration alone cannot achieve similar image quality to
other methods.

FB FB-TF | PROCO | Nav-Gate | Nav-Gate-TF

Mean (mm) | 0.63 0.69 0.70 0.70 0.73

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Std (mm)

0.12

0.13

0.12

0.11

0.11
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Table 2.

Maximum navigator range was recorded for every acquisition and averaged within each method (N = 33, with
11 volunteers and 3 averages). No significant difference was found on a group scale, implying that respiratory
patterns remained consistent between methods.

FB FB-TF | PROCO | Nav-Gate | Nav-Gate-TF

Mean (mm) | 25.7 25.2 24.3 27.3 26.7
Std (mm) 13.4 12.7 11.6 11.6 15.0

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Magn Reson Med. Author manuscript; available in PMC 2020 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bush et al. Page 25

Table 3.

Maximal applied PROCO translations were calculated and averaged across each PROCO acquisition in X, Y,
and Z,, directions, along with maximal Z, translations for each FB-TF acquisition (TF-Z,). Maximal error
between FB-TF and PROCO models were calculated based on projected TF-Z, and the corresponding PROCO
applied Z,, for both inspiratory (TF-EI) and expiratory (TF-EE) models, as FB-TF cannot distinguish between
respiratory phases.

PROCO-X, | PROCO-Y, | PROCO-Z, | TF-Z, | TF-EI | TF-EE

Mean (mm) 3.51 3.38 12.09 15.11 3.41 421

std (mm) 3.07 2.05 7.25 761 | 232 3.02
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