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Abstract

Subject motion is unavoidable in clinical and research imaging studies. Breathing is the most
important source of motion in whole-body positron emission tomography (PET) and magnetic
resonance imaging (MRI) studies, affecting not only thoracic organs but also those in the upper
and even lower abdomen. The motion related to the pumping action of the heart is obviously
relevant in high-resolution cardiac studies. These two sources of motion are periodic and
predictable, at least to a first approximation, which means certain techniques can be used to
control the motion (e.g. by acquiring the data when the organ of interest is relatively at rest).
Additionally, non-periodic and unpredictable motion can also occur during the scan. One obvious
limitation of methods relying on external devices (e.g. respiratory bellows or the ECG signal to
monitor the respiratory or cardiac cycle, respectively) to trigger or gate the data acquisition is that
the complex motion of internal organs cannot be fully characterized. However, detailed
information can be obtained either using the PET or MRI data (or both) allowing the more
complete characterization of the motion field so that a motion model can be built. Such a model
and the information derived from simple external devices can be used to minimize the effects of
motion on the collected data. In the ideal case, all the events recorded during the PET scan would
be used to generate a motion free/corrected PET image. The detailed motion field can be used for
this purpose by applying it to the PET data before, during or after the image reconstruction.
Integrating all these methods for motion control, characterization and correction into a workflow
that can be used for routine clinical studies is challenging but could potentially be extremely
valuable given the improvement in image quality and reduction of motion-related image artifacts.

INTRODUCTION

Positron emission tomography (PET) and magnetic resonance imaging (MRI) are both
powerful imaging modalities widely used for oncologic and cardiac research and clinical
imaging studies. With a spatial resolution on the order of a few millimeters full-width-at-
half-maximum for state-of-the-art PET scanners and in the submillimeter range for MR,
even small amplitude motion can have a substantial effect on the acquired data. In PET
studies, motion makes difficult the detection of small lesions, the accurate quantification of
tracer uptake in therapy monitoring studies, the precise definition of the tumor volume for
radiotherapy and surgical planning. Furthermore, the mismatch between the attenuation and
emission data when the two are acquired sequentially, leads to inaccurate quantification and
image artifacts. In the case of MRI, even small amplitude motion can severely blur the
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images or introduce artifacts due to incorrect sampling of the data in the Fourier domain (k-
space).

Numerous methods have been proposed for controlling the respiratory or cardiac motion or
minimizing its effects. More interestingly, methods to characterize and compensate for this
motion have been developed. The algorithms proposed for motion compensation can be
broadly classified in three classes based on the way the motion information is used for
generating the motion-corrected PET images (i.e. pre-, during or post-reconstruction). Each
class of methods has its own advantages and disadvantages and is more suitable for certain
applications (1).

Recently, integrated whole-body PET/MRI scanners capable of simultaneous data
acquisition have been introduced (2, 3) and proof-of-principle studies in various patient
populations have been performed (Figure 1). There is great excitement about the potential
research and clinical applications of this novel imaging modality (4) but motion needs to be
addressed before PET/MR can reach its full potential. This is not only a challenge but also a
great opportunity from a methodological perspective, as improved motion correction in
PET/MRI scanners could be a game-changer much the same way CT-based attenuation
correction has proven to be in the PET/CT field (5, 6).

MOTION IN WHOLE-BODY IMAGING STUDIES: SOURCES AND
MAGNITUDE

Respiratory motion

In inspiration, the contraction of the intercostal muscles and diaphragm leads to the
expansion of the thoracic space and a decrease in the intrathoracic pressure. As a result, the
lungs expand and fill with air. In expiration, the muscles relax and the air is expelled from
the lungs. Early studies have suggested that the diaphragmatic contribution to the respiration
is three times that of the rib cage muscles but there is a lot of variability between subjects
and even between breathing cycles for the same individual (7). Although respiration can be
assumed to be periodic, the path along which the various organs travel during inspiration is
different than the one followed in expiration, a phenomenon termed hysteresis. The
amplitude of the motion also depends on the type of respiration. During normal breathing,
the diaphragm moves 1.5 cm and the chest circumference changes 0.7 cm in the supine
position, while the range of values following a deep inspiration is 7-13 cm and 5-11 cm,
respectively (7).

The effect of breathing on the motion of lung tumors was investigated in the context of
radiotherapy planning by analyzing the displacements of the gross tumor volumes delineated
from the CT images acquired in different parts of the respiratory cycle (8) or from
respiration-correlated CT data (9). The mean displacements observed were 1, 0.9 and 0.8 cm
in the cranio-caudal, anterior-posterior and lateral directions, respectively. More
importantly, significant intra-patient variability was observed (8).

Interestingly, even the heart moves rigidly with the respiration (in addition to the more
complex motion due to the cardiac contraction discussed in the next section), the ranges
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reported were from 3.8 to 23.5 mm, -1.3to 11.5 mm and -1.8 to 6.1 mm in the cranio-
caudal, anterior-posterior and right-left direction, respectively (10). Similar values and a
predominantly cranio-caudal respiration-induced motion correlated to the motion of the
diaphragm in the same direction were also reported in other studies (11). In this context, it is
worth mentioning the more complicated impact of respiration on heart motion, the heart rate
and motion being different in the two parts of the respiratory cycle (12). Furthermore, the
breath hold techniques routinely used for PET and MRI data acquisition lead to changes in
the heart rate (13).

Studies aimed at investigating the motion of the liver secondary to respiration have
predominantly reported cranio-caudal translations ranging from 10 to 26 mm in normal
inspiration and up to 75 mm in deep inspiration (14-16). Subsequent studies (mostly
performed using MRI) revealed up to 10 mm translations in the anterior-posterior and lateral
directions (17). A more advanced study also demonstrated non-rigid transformations (i.e.
deformations) of the liver on the order of 10 mm averaged across the whole liver (18).

Although the displacement of the spleen was not routinely analyzed or reported in many
studies, it appears to be quite variable between subjects and on the order of 2 cm in the
cranio-caudal direction, 1 cm in the anterior-posterior direction and 5 mm in the lateral
direction (19).

The motion of tumors in the pancreas was studied using cine MRI (20) or volumetric cine
CT (21). The range of motion in the cranio-caudal direction was 13-42 mm, while in the
anterior-posterior direction was 3-13 mm. Non-rigid deformation of the pancreas with
respiration was also observed. The motion of neither the diaphragm or the abdominal wall
was correlated with the motion of the pancreatic tumor borders, suggesting these are not
adequate surrogates for monitoring the motion (20).

The translations of the kidney as assessed from 4D CT data by the displacement of the
center of gravity of the organ ranged from 2.5 to 20.5 mm, 0.6 to 8 mm and 0.4 to 5.9 mm in
the cranio-caudal, anterior-posterior and lateral directions (22). While similar mean
displacements on the order of 7.4 mm were reported for the left and right kidneys, the
amplitude of the liver dome or abdominal wall motion, which are sometimes used as motion
surrogates, was correlated only with the right kidney displacement. Only the abdominal
motion of the diaphragm was moderately correlated with that of the kidney (23). However,
even this potential surrogate was demonstrated to be unreliable in predicting the kidney
position in pediatric patients (24). Interestingly, the same study demonstrated that the
amount of motion in the cranio-caudal direction increases with age, while the motion in the
lateral direction increases with height.

A true fast imaging with steady-state precession (TrueFISP) MR sequence was used to
acquire dynamic imaging of the prostate at 3 frames/second for several breathing cycles in
healthy volunteers and patients with adenocarcinoma of the prostate (25). In approximately a
third of the patients, the motion of the prostate was assessed with and without an endorectal
coil present for the MR examination. While the range of the movement of the base of the
prostate was 0.5 to 10.6 mm and 0.3 to 10 mm in the cranio-caudal and anterior-posterior
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direction, respectively, in 69% of the patients the displacement of the prostate was smaller
than 3 mm. Not surprisingly, the presence of the endorectal coil significantly reduced the
displacements in both directions. No statistically significant differences in prostate motion
were observed between healthy volunteers and patients, although it was noted that this
finding might depend on the stage of the disease.

One aspect that should be emphasized is that the motion path of abdominal organs is also
different in the two parts of the respiratory cycle (19).

Cardiac motion

Motion of the cardiac ventricles throughout the cardiac cycle is very complex, involving
longitudinal and radial contractions, as well as rotations of the apex and the base in opposing
directions (26). The directions and magnitudes of these displacements for the left ventricle
not only vary from the base to the apex (i.e. longitudinally), but also for the different walls
(i.e. circumferentially), as well as from the epicardium to the endocardium (i.e. radially). For
example, the mean maximal displacement was 11.2 mm for the base, 6.9 mm for the
midpoint and only 2.6 mm for the apex (27) of the ventricle. The mean radial strain
(reflecting wall thickening in systole) was approximately 30% (translating in ~5 mm inward
displacement), while the mean circumferential strain was —21% for the base and —25.3% for
the apex (negative strains represent segment shortening). A 16.8% variation between the
mean maximal circumferential strains measured in the epicardium and endocardium was
reported (27).

While cardiac motion does not have a significant influence on abdominal organs, its impact
on the adjacent organs is not negligible. For example, lateral motion on the order of 1 to 4
mm was observed in lung tumors, particularly those located close to the heart (28). A
maximum displacement of the esophagus in the transverse direction of 10 mm due to cardiac
motion was also reported. This displacement was also dependent on the phase of the cardiac
cycle and varied in the cranio-caudal direction (29). The region of the liver adjacent to the
heart is displaced by approximately 4 mm in normal controls. Interestingly, this value is
actually smaller in cirrhotic patients due to the higher stiffness of the liver (30).

Other sources of motion

There are other sources of motion that are more localized in terms of their effect but are
relevant in specific studies. For example, the impact of deglutition (swallowing) has been
studied using MRI in head-and-neck cancer patients. The gross tumor volume was displaced
up to 13.7, 12, 28.4 and 19.4 mm in the anterior, posterior, superior and inferior direction,
respectively. Significant displacements were observed in several other structures, such as the
soft palate, vocal cord and epiglottis. Intersubject variability in terms of frequency and
duration of deglutition was also reported (31).

Peristalsis is known to reduce the quality of abdominal imaging exams and often bowel
relaxants are administered to minimize its effects. The rectum can distend due to
accumulation of air and fecal material during the imaging session and this could have an
impact on the position of adjacent organs. For example, a 4.2 mm mean displacement of the
prostate in the anterior-posterior direction due to this source of motion was reported (32).
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Similar amplitude drifts of the prostate in the posterior and inferior directions were observed
in a different study and were attributed to gradual bowel movements or relaxation of the
pelvic musculature (33). Clenching of the pelvic muscles has also been discussed as a source
of intermittent prostate motion (32). The position of the prostate could also be affected by
the degree of filling of the bladder. Although clear instructions are given to the subjects to
void before the imaging exam, the bladder can refill during long studies. It was actually
shown that the dimensions of the bladder change by 2.1, 1.1 and 1.6 cm in the cranio-caudal,
anterior-posterior and lateral directions, respectively (34).

Coughing leads to a contraction of the abdominal wall muscles. For example, the range of
motion of the prostate due to coughing was 0.6 to 27 mm and 0.7 to 26 mm in the cranio-
caudal and anterior-posterior directions, respectively, values that were significantly larger
than those observed during normal respiration in the same group of subjects (25).

In addition to all these “physiological” and largely unavoidable sources for motion, patients
often adjust their position in the scanner voluntarily or involuntarily which leads to bulk
motion and unpredictable and non-periodic displacements and deformations of the internal
organs. Patient preparation, padding to restrict the motion, sedation/anesthesia in pediatric
patients are used to minimize these sources of motion (35).

TECHNIQUES TO CONTROL MOTION OR MINIMIZE ITS EFFECTS

Respiratory motion

Gating techniques have been proposed to minimize the effects of respiratory motion on the
PET images by dividing the emission data in short duration bins corresponding to the
various parts of the respiratory cycle. This is accomplished using an external device to
obtain the respiratory signal, which is used as a surrogate for internal organ motion. A
motion model relates this respiratory signal to the displacement of the organs of interest
(36). During the imaging study, the respiratory signal is recorded and synchronized with the
PET data acquisition. Various external devices are currently used for respiratory gating in
PET studies performed using stand-alone or PET/CT scanners (37). For example, a pressure
sensor mounted in a chest belt can be used to monitor the changes related to the
displacement of the thoracic cage. Alternatively, optical based methods can be used track the
position of reflective markers placed on the subject’s thorax. More involved methods
include the monitoring of the changes in temperature of the air in the upper airways changes
or of the volumes of air inhaled and exhaled during respiration (38). Methods to derive the
same information directly from the emission data have also been proposed (39-42). For
example, in one of these approaches, a dynamic series of sinograms of 100 ms duration were
generated from the list mode data. The regions in the sinogram space that were affected by
motion were selected using spectral analysis to generate a mask. The respiratory signal was
estimated from the plot of the summed counts in the mask versus time and was shown to
correlate very well with that obtained using the optical-based approach (41).

Once the respiratory signal is available, the respiratory cycle can be divided into several bins
either as a function of time or amplitude and the emission data corresponding to these bins
can be presented in a histogram (43). A larger number of bins would lead to a minimization
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of the motion effects. However, this would also mean shorter duration gates and hence a
decrease in the signal-to-noise ratio (SNR) in the resulting images. An additional factor that
has to be considered is that only one attenuation map is usually available. Since this map
might be obtained in a position that does not match any of the bins, an attenuation-emission
mismatch could be present, leading to artifacts in the resulting images. To minimize this
effect in PET/CT imaging and given the fact that the diagnostic CT is usually performed at
end-inspiration, a deep-inspiration breath-hold protocol was proposed (44). As the name
suggests, the emission data in this case are collected over several end-inspiration breath
holds, with the patient relaxing between these acquisitions. VVarious other techniques have
been proposed for reducing the respiration-induced emission-attenuation mismatch in
PET/CT imaging but they will not be further discussed here given the different nature of the
MR data acquisition compared to CT.

Breath holding can also be used to minimize the effect of motion in MRI studies. As
opposed to PET, one segment of the k-space is sampled during each breath hold until all the
data are acquired. This requires patient compliance to “freeze” the mation in the same
position between successive breath holds. Even in this case, it was shown that the diaphragm
can drift substantially at the end of long breath holds (45). Interestingly, the displacements
during an end-expiration breath hold were smaller (2.6 versus 29.9 mm) than after a deep
inspiration, which is the preferred method for thoracic CT studies.

To avoid these limitations, the respiratory signal can be derived from surrogate data under
the assumption that these data are correlated with the actual motion of the organ of interest.
The respiratory bellows or optical devices discussed in the previous section can be used for
deriving the respiratory signal. Alternatively, navigator pulses derived directly from the MRI
data could track the cranio-caudal motion of the right hemi-diaphragm (46). These very
short acquisitions can be performed right before the imaging data are acquired and allow the
monitoring of the displacement of the lung-liver interface. If the position is in the desired
range, the data are acquired; otherwise the corresponding k-space segment is reacquired. In
an approach termed slice tracking, the estimated displacement can be used to adjust the
position of the imaging volume in a prospective manner (47). The surrogate data can be
obtained using even higher dimensional data (36). Furthermore, these advanced navigators
can be used to test the validity of the motion model (48).

Motion can be derived directly from the MR data without the need for navigators, an
approached called self-navigation (49). These techniques require that the k-space be
sampled in a motion-insensitive manner (e.g. radially or spirally). The free-breathing motion
can be detected by repeatedly acquiring a central profile in k-space and comparing each
projection to a reference position obtained in the “learning” stage. This is performed in real-
time so that the motion-corrupted data (i.e. k-space segment) can be reacquired (49).

Cardiac motion

The cardiac cycle can also be divided into short frames (e.g. 50-100 ms) to minimize the
effect of the motion related to the cardiac activity and the ECG signal has proven very
reliable for this purpose. If the PET data are acquired in list mode format, images
corresponding to each of the bins can be reconstructed. Alternatively, the real-time detection
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of certain features of the ECG signal (usually the R-wave that precedes the ventricular
contraction) allows the triggering of the acquisition only in a certain part of the cardiac cycle
when the heart is almost at rest. Although the motion effects can be greatly reduced using
these approaches, the SNR in the resulting images is very low due the fact that most of the
data are discarded.

Given the high-resolution capabilities of MRI, it is essential to minimize the motion in
cardiovascular studies. Although numerous techniques have been proposed for this purpose
(12), the ECG-based gating is the most widely used. Similar to respiratory gating, ECG
gating can be performed prospectively or retrospectively. In the former case, the data are
acquired over multiple cardiac cycles but only a segment of the k-space is sampled during
each cycle after a certain delay after the R-wave. In the latter case, images acquired
continuously are time-stamped so that they can be retrospectively binned (50).

Arrhythmia-rejecting algorithms can be used to minimize the effects of heart rate variability
on coronary MR angiography (51, 52). Another aspect that has to be considered in the case
of MRI is that the ECG signal can be corrupted by radio-frequency interference with the
MR’s components (i.e. transmit/receive and gradient coils). Even the static magnetic field
can change the amplitude of the R-wave, a phenomenon termed magneto-hydrodynamic
effect (53). To minimize these effect, advanced algorithms for the detection of the R-wave
have been suggested (54).

The MR data can also be used to obtain a cardiac signal, an approach called cardiac self-
gating (55, 56). Similar to the detection of the respiratory signal, an ECG-like signal is
obtained from a profile of the k-space repeatedly acquired. The obvious advantage of this
method is that it eliminates the need for placing ECG leads.

Combined respiratory and cardiac motion

In cardiac studies, it is critical to minimize both respiratory- and cardiac-related motion.
Dual-gating was recently demonstrated in a PET/CT scanner using the real-time positioning
system (RTM, Anzai) and an ECG device to send respiratory and cardiac triggers to the list-
mode data. Dividing the PET data into four cardiac bins and eight respiratory amplitude bins
provided the best results (57).

Real-time respiratory self-gating combined with ECG-gating has been proposed for three-
dimensional cine-MRI (49). Even more advanced methods that allow the non-linear
correction of the breathing-related motion seem to be required for imaging the small
coronary arteries using magnetic resonance angiography (58).

One disadvantage of these methods is that separate devices are used for respiratory and
cardiac gating, which increases the technical complexity and limits the clinical usefulness.
As an alternative, it was shown that the ECG leads could also be used to derive a respiratory
signal using bioimpedance measurements and the feasibility of performing dual-gating using
this method in clinical cardiac PET studies has recently been demonstrated (59). A self-
gated approach that eliminates the need for ECG-gating or breath holding in cine cardiac
MR studies has been demonstrated. This method uses periodically rotated overlapping
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parallel lines with enhanced reconstruction (PROPELLER) encoding (60) and post-
processing to rearrange the k-space data into groups corresponding to the respiratory and
cardiac phases (61).

MOTION CHARACTERIZATION

PET data driven approaches

Optical flow algorithms have been proposed for deriving the motion field directly from the
PET images. Similar to gated studies, the respiratory cycle is first divided into multiple short
frames and the corresponding PET images are reconstructed from these data. Next, the
transformations between these images have to be estimated. For this purpose, the
assumption in optical flow methods is that the voxel brightness does not change between
frames close in time, meaning there is a correspondence between the voxels in those
volumes. Specifically, the pixel intensity after motion depends on the velocity (optical flow)
in each direction and the change in pixel intensity in the corresponding directions. The other
required assumption is that the motion of adjacent voxels of the same type is smooth. To
overcome the limitations of the early approaches (low density flow vectors and smoothness
across boundaries), a combined local-global optical flow energy function (dependent on the
image gradient and the smoothing constraint) minimized using a nonquadratic approach was
proposed (62). To preserve discontinuities across organ boundaries, a weighting function
was used to reduce the effect of the smoothing at the edges of the organs.

Similar methods have been used for estimating the motion of the left ventricle during the
cardiac cycle (63-65). The additional challenge in this case is that the assumptions
mentioned above are not correct for the voxels corresponding to the blood pool, which are
adjacent to those from the left ventricle. A variable smoothness weighting which does not
penalize motion discontinuities in regions with high image gradients (such as at the border
between the myocardium and the chamber) has been proposed (63). In this early study, the
authors acknowledged the difficulty in estimating the complex motion of the heart given the
limited spatial resolution of the PET scanner and the lack of visible structures that could be
tracked in the myocardium.

Another factor that complicates the motion estimation problem in this case is the partial
volume effects that affect the accurate quantification in PET, being mainly dependent on the
size of the structure of interest. However, the thickness of the myocardium changes
significantly during the cardiac cycle, which means the ability of the PET scanner to resolve
the actual uptake is better in systole than in diastole. Since this violates the brightness
consistency assumption mentioned above, an alternative method relying on the conservation
of mass assumption has recently been proposed (66) and relies on the fact that the total
activity in organs does not change between gates (i.e. the activity is just redistributed even in
the presence of partial volume effects).

Another class of algorithms that was proposed for deriving the deformation field between
the gated PET images and the reference position uses B-spline deformable registration (67,
68). The local smoothness in this case was imposed by assuming the deformation field
follows a Markov random field (67).
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MR-based approaches

Progress with motion compensation in PET/CT has been hampered by the increased
radiation exposure and the assumption that the resulting PET and CT phases match in spite
of the sequential acquisition. As a consequence, the focus in PET/CT has been on motion
control rather than motion characterization and compensation. However, MR does not
involve ionizing radiation and the MR and PET data can now be acquired simultaneously.
Numerous techniques have been proposed for characterizing the motion using MRI (12, 35).

In the simplest approach, the respiration model can be constructed from a series of 2D
images repeatedly acquired over several respiratory cycles (69). The sagitally oriented
images acquired using a 2-D multi-slice gradient-echo sequence are used to generate a series
of 3-D volumes corresponding to the different points during the respiratory cycle. The
workflow for simultaneous PET/MRI data acquisition, MR-based motion estimation using
this approach and PET mation correction is summarized in Figure 2. Alternatively,
respiratory-gated MR volumes can be acquired using a 3-D radial stack-of-stars spoiled
gradient echo sequences (70). The motion fields can be generated from these volumes using
a non-rigid registration algorithm.

More advanced MR techniques such as tagged MRI, phase contrast MRI and pulse field
gradient methods can also be used to estimate the non-linear motion of internal organs (71).
In this section, several of these approaches will be discussed, mainly focusing on those that
have been proposed in the context of PET/MRI.

In MRI tagging techniques, the tissue of interest is “labeled” using a selective radio-
frequency pulse (72) or through the spatial modulation of the magnetization (SPAMM) (73)
or using a train of RF pulses as in the delay alternating with nutation for tailored excitation
(DANTE) sequence (74). In an image acquired before the full recovery of longitudinal
magnetization, there will be a difference in signal intensity between the tagged and untagged
voxels. A certain pattern (e.g. parallel bands or a grid) is superimposed on the tissue of
interest and the choice of the MR sequence parameters (i.e. flip angle, direction, strength
and amplitude of the warping gradient, etc.) controls the shape, orientation and spacing
between these tagging bands (73). They act like virtual fiducial markers and the deformation
of the pattern is dependent on the mation of the underlying tissue. One disadvantage of these
techniques is that the tagging contrast fades due to longitudinal magnetization relaxation. A
complementary SPAMM (CSPAMM) sequence addresses this limitation by increasing the
flip angle throughout the acquisition to compensate for the loss of tagging contrast (75).
Although the analysis of the resulting images allows a visual assessment of the tag
displacement, more advanced methods are required for quantifying the organ motion from
these images. Examples include active contour methods, optical flow techniques or template
matching approaches.

Phase contrast velocity encoding MRI relies on the fact that the phase accumulated is
proportional to the velocity (76). Thus the values obtained at each pixel by subtracting two
phase images acquired using different velocity encoding gradients will be proportional to the
tissue motion (72, 73).
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Pulsed field gradients methods can also be used for motion encoding being able to directly
measure the tissue displacement. Two such techniques are the harmonic phase imaging
(HARP) (77) and the displacement encoding via stimulated echoes (DENSE) sequence (78).
The first was initially proposed for analyzing the tagging images and allows the acquisition
of high-resolution data. DENSE was first used to estimate motion from the phase data.
Subsequently, a strain-encoded (SENC) sequence (79) was developed to derive the strain
information from the magnitude images.

In the context of PET/MRI, tagged-MRI was first suggested for tracking the respiratory
motion in the abdomen and proof-of-principle studies were performed in phantoms and
animals (80, 81). CSPAMM was used for tagging while the motion fields were estimated
using regularized HARP (80). A single value of the regularization parameter was shown in
simulations to provide accurate estimates of the motion fields at low and high noise levels
(Figure 3). Alternatively, a B-spline non-rigid image registration algorithm can be used (81).
However, scaling up to humans proved more difficult because of the fading of the tag lines
(particularly in the liver). Instead, a navigated single-slice steady-state free precession
(TrueFISP) MRI sequence was used to track the respiratory motion on the whole-body
Siemens Biograph mMR scanner (82).

Generalized reconstruction by inversion of coupled systems (GRICS) (83) was proposed to
obtain the respiratory motion model (and the corresponding motion corrected MR image)
from the MR data acquired with a conventional sequence (84).

The feasibility of performing cardiac tagging on an integrated PET/MR scanner was also
demonstrated using a cardiac beating phantom (85). Again a SPAMM sequence was used
for tagging the myocardium and non-rigid B-spline registration algorithm (86) for estimating
the motion fields in all three directions from the tagged MRI volumes. On the other hand,
tagging might not be the optimal method when imaging the coronary arteries. Instead, it was
recently suggested that the motion of these vessels could be estimated using fat-MRI (87).
Even more challenging is to use tagging for estimating the motion of the lung tissue given
its reduced SNR in MRI. In fact, in some of the methods already discussed, lung tissue was
either masked out to avoid introducing bias in the adjacent regions (80) or the lung motion
fields were interpolated from those estimated at the boundaries (48).

MRI can also be used for detecting non-rigid bulk motion (e.g. caused by the subject’s
repositioning on the table). For this task, a 3D high-resolution radial phase encoding (RPE)
scheme can be used to reconstruct MR images with different temporal resolutions from the
same data. From the high temporal resolution images, the times when bulk motion occurred
can be detected so that the acquired data can be grouped into multiple bulk motion states.
Next, the corresponding MR images are reconstructed and the non-rigid body mation
between the various states is estimated. Finally, this information can be used to generate
motion-corrected MR (and PET) images (88).

Joint estimation approaches

An interesting opportunity in the case of simultaneous PET and MRI data acquisition is to
use the information derived from both modalities to estimate the motion (89). In principle,
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the same deformation fields should be derived from both datasets. However, this is not
always the case since the information provided by each modality is different. A registration
functional was proposed to address this problem but instead of applying it to each dataset
independently, the two functionals were combined into one. In this way, the influence of the
PET data can be seen as a regularizer whose influence can be adjusted by modifying a single
parameter, which is used in addition to a hyperelastic regularizer that penalizes changes in
volume, area, and length. A preliminary evaluation of this method was performed in a
simulated phantom and demonstrated improvements in the heart, lung and focal lesions (89).

MOTION COMPENSATION OF PET DATA

Pre-reconstruction techniques

This class of methods has been more widely used for rigid-body head motion correction
(90), including MR-assisted motion correction in an integrated PET/MRI scanner (91).
However, the respiration-related motion of several organs in the body can be approximated
using rigid body parameters. For example, as already discussed, the heart can be assumed to
move rigidly with the respiration and a method to account for this motion before
reconstruction was proposed (92). The line-of-response corresponding to each event is first
spatially transformed and then assigned to a new line-of-response using nearest neighbor
interpolation. In other words, an event detected in a pair of crystals is assigned to a different
pair of crystals based on the transformation matrix derived from the three rotations and three
translations that define the rigid-body motion. The corrections for variable detector
efficiencies and attenuation have to be performed in the line-of-response space before the
reconstruction.

Reconstruction techniques

A more elegant method for using the detailed motion field is to incorporate it in the
reconstruction so that all the recorded counts can be used to reconstruct an image of the
organ of interest “frozen” in the chosen position. This is accomplished by modifying the
PET system matrix (that relates the actual activity distribution to the measured data) to
account for the non-rigid change in the activity distribution (68). The biggest advantage of
this class of methods is that the counting statistics are significantly improved when
compared to the standard gating techniques since no events are discarded. Furthermore, the
Poisson nature of the data is maintained after correction as opposed to the post-
reconstruction techniques.

The motion field can be incorporated in the list-mode maximum likelihood (MLEM)
reconstruction algorithm (80). The “moved” system matrix is obtained by combining the
original system matrix with the motion-warping operator, which is computed from the
estimated motion field by linear interpolation. Similarly, the motion field can be
incorporated in the system matrix of a list-mode ordered-subsets expectation maximization
(OSEM) algorithm (81). The static MR coils (e.g. head & neck, spine arrays, etc.)
attenuation and sensitivity corrections can also be integrated in the system matrix. To
account for the motion-dependent subject attenuation, the attenuation map corresponding to
the reference frame is deformed to match every motion frame and included in the “moved”
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system matrix. Representative motion-corrected images obtained using this approach in a
non-human primate are shown in Figure 4. Additionally, the scanner point spread function
can also be included in the motion-dependent system matrix (82).

Given the close relationship between image reconstruction and motion estimation, it was
suggested that these two steps could be performed simultaneously (93, 94). The advantages
of this class of methods are that the motion blur in the gated frames is reduced and the SNR
in the data used for estimating the motion is increased.

Post-reconstruction techniques

Finally, the motion fields can be used to warp the reconstructed images corresponding to
each of the gates to a common reference frame. The final image is obtained by simply
summing all these individual images. This simple approach was used in some of the early
studies in which PET-derived motion fields were applied to the each of the gated frames
(57) but also in the recent studies performed on the integrated PET/MR scanner using MR-
derived motion fields (69). A representative image highlighting the improvements in image
quality (e.g. improved contrast, reduced noise) after motion correction is shown in Figure 5.

WORKFLOW AND USABILITY IN CLINICAL PRACTICE

In principle, all the techniques discussed in the previous sections for controlling and
characterizing the motion of internal organs can be used in an integrated PET/MR scanner.
Although the main focus of most of the approaches proposed for PET/CT studies was on
minimizing the emission-attenuation mismatch, it is likely that a further reduction of
motion-related blurring and an increase in contrast can be achieved in integrated PET/MR
scanners.

Not surprisingly, virtually all the studies in which motion control or correction was
performed showed a substantial improvement in lesion delineation and uptake quantification
when comparing the motion corrected to the uncorrected data. Using all the recorded events
to generate the final image is desired given the SNR increase when compared to single gate
reconstructions. Furthermore, the motion-compensated reconstruction algorithms provide
additional benefits over the post-reconstruction methods. For example, the former result in
lower variance for maximum-likelihood reconstruction and they also outperform the latter
when using penalized-likelihood reconstruction up to a certain degree of smoothing (95).
These results were also confirmed by an analysis of the theoretical noise properties of some
of these methods using an analytical approach (96).

Ideally, very high temporal and spatial resolution motion information should be derived
from the free-breathing data acquired for clinical purposes and matching motion-corrected
PET and MR images should be generated automatically shortly after the examination.
However, substantial progress is required in the PET/MR field to achieve such an optimistic
goal. To drive future developments, new methods have to be tested in realistic situations so
that the clinical utility of motion correction can be demonstrated. It is likely that a
distinction will have to be made between research and clinical PET/MRI studies. In a
research setting, it might be possible to use the most advanced methods to acquire the data,
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the most sophisticated post-processing algorithms to derive the motion fields from these data
and to integrate this information in the PET image reconstruction. Unfortunately, the data
collected with many of the advanced MR techniques (e.g. tagged MRI) cannot be used for
clinical diagnosis. Furthermore, in a clinical setting the data have to be acquired fast, with
no additional equipment, patient preparation and operator training so that the routine clinical
protocol is minimally modified. Furthermore, the cost associated with these examinations
should be minimized, which is particularly difficult in the case of PET/MRI.

Although in the near feature motion control and gating approaches will continue to be used
in integrated PET/MRI scanners, the field will likely move more towards data-driven
approaches (42). Given the lack of ionizing radiation exposure in MR as compared to CT, an
interesting opportunity in an integrated PET/MR scanner is to cross-validate the various
techniques that have previously been proposed for PET- and MR-based motion
characterization. Real-size phantoms capable of simulating respiratory and cardiac motion
(97) will be invaluable for this task given the fact that obtaining motion-free data in human
studies is impaossible and a gold standard for motion characterization is not available.
Subsequently, the respiratory-related motion could be estimated from one modality and the
cardiac-related motion from the other modality. Alternatively, the information derived from
one could be used for quality assurance and control for the other one.

A combination of these approaches and likely future developments will have to provide the
right balance between accuracy, robustness, usability and cost-effectiveness before motion
correction finds widespread clinical use for whole-body applications.
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Figure 1.
Proof-of-principle whole-body PET/MRI study in a patient with metastasized thyroid

cancer. The PET/CT and PET/MRI exams were performed sequentially on the same day.
The 18F-FDG PET acquired on the PET/CT scanner is displayed as a maximum-intensity
projection (A) and overlaid (in orange) on the corresponding low-dose CT image (B).

The 18F-FDG PET acquired on the PET/MRI scanner is shown overlaid (in orange) on the
corresponding water-weighted Dixon MR image (C) and displayed as a maximum-intensity
projection (D). This research was originally published in JNM (2). © by the Society of
Nuclear Medicine and Molecular Imaging, Inc.

Semin Nucl Med. Author manuscript; available in PMC 2015 November 01.
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Figure2.

Overview of a potential workflow for data acquisition, motion estimation and PET motion
correction in an integrated PET/MRI scanner. The dashed line represents the standard PET
data processing, while the solid lines show the data flow with motion correction. This

research was originally published in JNM (69). © by the Society of Nuclear Medicine and

Molecular Imaging, Inc.
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Motion estimation using regularized HARP. The reference motion field (upper row) as well
as those derived from the tagged MRI data simulated at two noise levels with and without
regularization (lower rows) are shown. This research was originally published in Medical

Physics (80).

Semin Nucl Med. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Catana

Page 21

A Uncorrected (6 min) Gated (6 min)

Figure 4.
Proof-of-principle MR-based motion compensation in the reconstruction in a free-breathing

non-human primate. (A) The contrast in the motion corrected and gated images is
significantly increased compared with the uncorrected image. The noise in the motion
corrected image is reduced compared to the gated image. The quality of the motion
corrected image is similar to that of the five-times longer gated acquisition. (B)
Corresponding tagged MR image and the estimated motion field during inspiration. This
research was originally published in JNM (81). © by the Society of Nuclear Medicine and
Molecular Imaging, Inc.

Semin Nucl Med. Author manuscript; available in PMC 2015 November 01.
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Figure5.
Proof-of-principle MR-based motion compensation post-reconstruction in a cancer patient.

The uncorrected (A), gated (B), and corrected (C) sagittal PET images demonstrating
multiple FDG avid lesions in the spleen (A7) and lung (A8) are shown. The lesion in the
spleen is significantly smaller in the gated and corrected images. The lung metastasis (A8) is
only observed in the gated and corrected images. The noise is increased in the gated images
(see zoomed regions). This research was originally published in JNM (69). © by the Society
of Nuclear Medicine and Molecular Imaging, Inc.
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