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Abstract– The advent of cardiovascular PET/MR in clinic may
offer superior motion compensation capabilities by exploiting the
non-ionizing nature of MR to sufficiently track and model
respiratory and cardiac motion at high spatial resolution.
However, the estimated motion models need to be continuously
driven by the respiratory and cardiac motion phase for the
accurate motion correction of the PET and MR data, thereby
demonstrating the need for constant cardio-respiratory phase
tracking throughout the entire scan period. Although MR-based
continuous monitoring of cardio-respiratory phase is possible, it
could reserve valuable time from other diagnostic MR sequences,
thus diminishing PET/MR clinical potential. In this study, we
validate a readily applicable in clinic PET list-mode (LM) datadriven respiratory phase extraction method to enable robust
respiratory self-gating of PET data. The method relies on the
hypothesis that for certain tracers the total LM PET counts can
be sensitive to the periodic movement of hot or cold activity
regions in and out of the PET field of view during breathing. The
respiratory phase is tracked by continuously monitoring the total
LM counts temporal profile, after smoothing with moving
average filters (MAFs) to automatically correct for deep breath
hold and drifting patterns. Subsequently the phase is used to
drive the self-gating of the PET data into five respiratory gates
and a special breath-hold gate. The period of the respiratory
phase extracted with our proposed method matched well with the
expected period of normal human breathing. Moreover, the
automatically identified irregular LM PET count patterns
corresponded in time to breath-hold MR acquisitions. The
clinical application of the proposed method on our
cardiovascular PET/MR studies demonstrated feasibility, while
quantitative assessment of 18F-NaF coronary lesions detectability
suggested a 10% improvement in lesion contrast and contrast-tonoise scores for the self-gated PET images.

I. INTRODUCTION
recent advent in clinic of hybrid PET/MRI may
Tsignificantly
enhance specificity and sensitivity in multiHE
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parametric assessments of a range of diseases in cardiac and
cardiovascular domain [1-8]. Simultaneous PET/MRI
uniquely combines the superior soft tissue characterizations of
MR with the high PET quantification of specific molecular
mechanisms to provide multiple co-registered images of the
anatomical (MR) and molecular (PET) features of a spectrum
of biological mechanisms underlying normal physiology and
diseases [9-12]. Furthermore, PET/MR scans are associated
with less radiation doses, compared to PET/CT, thanks to the
absence of ionizing radiation in the MR component [9].
Therefore, the superior soft tissue contrast and non-ionizing
nature of the MR modality could be utilized, in the context of
a simultaneous PET/MR study protocol, to sample the
anatomical features in the spatiotemporal (4D) space and
estimate, via image registration methods, complex 3D nonrigid motion transformation fields at fine spatial and temporal
resolution levels [13-20]. In the case of sufficiently high PET
count statistics and regular periodic motion patterns, it may be
possible to estimate the motion transformations from the 4D
PET data alone, provided less complex transformations are
involved, such as respiratory-only motions, and the tracer
distribution provides sufficient uptake contrast in the targeted
regions of interest to permit the reliable tracking of the motion
effects in those [21-23].
Subsequently, the motion vector fields could be used to
model the tracked motion within the PET image
reconstruction and ultimately provide motion-compensated
PET images of superior quantification and resolution [24-38].
Alternatively, each PET gate may be reconstructed
independently followed by the motion transformations of all
generated gated PET images to a reference gate [31]. The
utilization of finely-sampled MR-based motion models can
become crucial for the compensation of highly complex
motion transformations at very small target regions, such as
the cardio-respiratory periodic non-rigid motions affecting the
different segments of the myocardium and the surrounding
coronary arteries in cardiovascular PET/MR studies [8].
In the meantime, also the time profile of the motion
transformations, or the motion phase in the case of periodic
motion, needs to be tracked to sort the PET list-mode data into
a pre-defined subsets of projection data, known as gates, based
on the periodic phase or amplitude of the transformations at
any given scan time [22]. Effectively, the motion phase can
guide the application of the MR-derived motion model on the
data, by ensuring the correct motion model transformations are
applied to the correct PET data gates [36].
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In the case of cardio-respiratory periodic motion correction,
the separate phases of respiratory and cardiac motion
components may be used to double-gate the entire PET dataset
first over a set of respiratory gates and then over a set of
cardiac gates at each respiratory gate [22], [39-42]. In the end,
a gated PET dataset is created for every possible combination
of respiratory and cardiac gates. The order of the doublegating process may also be switched between respiratory and
cardiac gating. Subsequently, the estimated cardio-respiratory
motion transformations are applied to the respective PET gates
either within or after their reconstruction to ultimately produce
a single motion-compensated PET image. In general, the
accurate estimation of both the motion model and the phases
are essential for the valid cardio-respiratory dual-gating of the
4D PET data and their subsequent motion-compensated
reconstruction [22],[41],[42]. Thus, the need for constant
cardio-respiratory phase tracking throughout the entire scan
period becomes apparent.
Although MR-based continuous monitoring of cardiorespiratory motion phase is possible, such an approach
deprives valuable MR resources in scan time and specialized
diagnostic sequences from being utilized in clinic, thus
diminishing a significant portion of the potential clinical value
of simultaneous PET/MR imaging. In fact, the clinical
adoptability of simultaneous PET/MR technology relies to a
great extent on the balanced utilization of the available PET
and MR resources [36].
Therefore, we believe that an efficient combination of MR
and PET resources, for the task of cardio-respiratory motion
compensation with PET/MR, is the estimation of the complex
non-rigid 3D motion transformation models from special
radial MR sequences over a minimum amount of time, while
continuously monitoring the respective cardiac and respiratory
motion phases throughout the entire scan from the PET data or
other than MR resources. In particular, the motion modeling
may be achieved by non-rigid registration of the highresolution anatomical MR images over an optimal number of
cardiac and respiratory phases. On the other hand, phase
monitoring can be realized with a combination of PET datadriven software gating tools [42-54], complemented with
external hardware gating devices [55-60], whenever datadriven methods may not yet be sufficient, such as for cardiac
gating. Besides, the continuous monitoring of the cardiac
phase is currently possible with the widely available ECG
monitoring devices, whilst the synchronization between the
true respiratory phase and the phase signal tracked by external
hardware devices, such as pneumatic bellows, MRindependent navigators, cameras, accelerometers or radars
[55-60], can be challenging and often unreliable [61-67].
In this study, we propose a practical and readily applicable
in clinic PET list-mode (LM) data-driven respiratory phase
extraction method permitting the device-less monitoring of the
one-dimensional (1D) phase signal, independently from the
MR and other external navigators. The extracted phase can
subsequently be used for the robust respiratory self-gating of
the PET data. Unlike previous device-less respiratory phase
monitoring techniques relying on principal component
analysis [46],[48] and projection binning of the list-mode data
[43],[45],[49-51], our software gating method utilizes the
simple and directly measurable surrogate metric of the total

LM PET counts temporal profile (LM sensitivity method) to
extract the respiration motion phase throughout the entire scan
[44]. Our approach can be easily supported by any modern
clinical PET system with list-mode PET data acquisition
capabilities. As the list-mode PET data are gated according to
a signal extracted from their own temporal sensitivity profile,
the presented method can be classified as a respiratory selfgating method. Thus, we alleviate any time synchronization
issues between the extracted phase signal and the PET LM
data itself for enhanced accuracy and robustness of the gating
process and any subsequent motion compensation.
Our specific aim in this study is to clinically demonstrate in
cardiovascular 18F-NaF PET/MR studies the feasibility of
extracting the respiratory motion phase simply from the
temporal profile of the total prompt counts in the list-mode
PET data and subsequently utilize it for accurate and robust
respiratory self-gating of the PET data [8]. The performance
of the proposed method will be evaluated in terms of human
coronary 18F-NaF lesion detectability. For that purpose, we
are employing human in-vivo PET/MR data from our ongoing
coronary 18F-NaF PET/MR clinical studies to account for
realistic levels of statistical noise and for the highly complex
nature of cardio-respiratory motions in our assessments.
II. METHODS AND MATERIALS
A. List-mode PET-driven respiratory phase monitoring
In this study, we present a PET LM data-driven respiratory
phase extraction method to support robust respiratory selfgating of the PET-data in the context of PET/MR acquisitions.
The proposed method has been streamlined for clinical
adoption and relies on the hypothesis that a simple figure of
merit, such as the total LM PET counts at any given 0.1sec
time bin, may provide a reliable indication of the current
respiratory motion phase by being sensitive enough to the
periodic movement of hot or cold activity regions in and out of
the total PET field of view during normal human breathing.

Figure 1. 18F-NaF LM PET total counts temporal profile (upper left) at
characteristic i) normal free-breathing periods (upper right) involving slow
drifting (bottom right) and ii) breath-hold intervals (bottom left).

The respiratory motion phase is tracked by monitoring the
total LM counts temporal profile throughout a 60min PET
scan session of a simultaneous cardiac PET/MR protocol
executed on a Siemens BiographTM mMR system [68]. The
LM PET counts profile was evaluated in time bins of 0.1sec
throughout the PET data acquisition. Subsequently, we
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normalized the regular breathing profile by its mean value, as
calculated from a moderately sized MAF kernel extending
over a single respiration cycle, to correct for total count
drifting effects due to the tracer physiological uptake kinetics
over long acquisition periods (Fig. 1).

As a result, time bins with LM count levels outside that
normal range would therefore be expected to correspond to
larger than normal breathing motion amplitudes, outside the
range defined by normal human end-inspiration and endexpiration amplitudes. Such extent of breathing motion would
most likely correspond to a breath-hold position after a deep
inhalation or complete exhalation, as instructed by the exam
operator to acquire certain breath-hold MR sequences included
in the PET/MR scan protocol.
The LM PET data corresponding to these time periods are
thus automatically designated as “irregular breathing” periods
and their corresponding data can later be histogrammed into a
special gate or excluded from further processing and clinical
interpretation. Then, the respiration phase is extracted from
the standardized, corrected LM PET temporal count profile
(Fig. 3).
B. Respiratory phase-based self-gating of PET data

Figure 2. Illustration of the MAF smoothing kernel application to
automatically detect in LM PET counts profile time segments associated with
irregular breathing patterns involving deep breaths followed by breath-hold
periods.

Each 0.1sec time bin of LM PET events is sorted into one of
five independent LM data streams according to its respiration
phase between end-expiration and end-inspiration, a process
known as phase-based respiratory gating (Fig. 4).

In addition, a second smoothing MAF kernel is applied to
calculate the mean counts over a broader period of 5
respiratory cycles. The latter is utilized to detect online any
time bins for which the LM PET count levels are significantly
different, as defined by a % threshold for each tracer, from
that average count level. This threshold can be determined by
the average of the % variance of the employed tracer counts
distribution during free breathing, which, in turn, may largely
depend on each tracer’s activity distribution close to the axial
edges of the PET FOV, as most human organs are translated
primarily along the axial direction during breathing (Fig. 2).

Figure 4. (1st column): Extracted respiratory motion phase signal (1st column)
for the three characteristic time segments and respective breathing patterns
illustrated in fig. 3. (2nd column): Illustration of the sorting of 0.1sec time bins
of LM PET events into five respiratory gates for each case.

Figure 3. Raw and smoothed LM PET total counts profile (1 st column) and
respective motion amplitude signal (2nd column) for three characteristic count
profile patterns: normal breathing within short periods (1 st row), and long
periods (2nd row) and breath-hold after deep breathing (3rd row).

Finally each of the five gated LM PET event streams can be
directly histogrammed into a corresponding emission PET
sinogram gate, which, in turn, can be reconstructed to obtain
the respective respiratory gated PET image.
In order to avoid any image reconstruction artifacts due to
respiratory motion-induced mismatches between attenuation
and emission PET data, the MR-based PET attenuation data
may also be motion-translated to the corresponding respiratory
phase position utilizing the MR-driven motion models.
Alternatively, in this study we purposely employed a fixed
PET attenuation map in the reconstruction of all gated PET
data to enforce an attenuation-emission mismatch artifact
sensitive to the assumed phase of each gate, thereby
permitting the validation of our phase-based gating method by
observing the artifact’s motion pattern.

Authorized licensed use limited to: Cornell University Library. Downloaded on July 21,2020 at 23:51:56 UTC from IEEE Xplore. Restrictions apply.

III. RESULTS AND DISCUSSION
A set of characteristic periodic respiratory motion amplitude
and phase patterns was observed in the processed LM PET
counts profile (Fig. 1), matching also with the expected period
of human normal breathing. Moreover, we confirmed the time
correspondence between the automatically identified irregular
LM PET count profile patterns (Fig. 2) and the instructed
breath-hold MR acquisitions.
In addition, the quantitative assessment of the performance
of our proposed method respiratory PET self-gating method
demonstrated improved coronary lesion contrast and contrastto-noise ratio scores by 10% for the gated (end-expiration) vs.
the non-gated PET images in our cardiovascular 18F-NaF
PET/MR study (Fig. 5).

already acquired PET data “for free” to enable their “selfgating”. Currently we are extending the in-vivo evaluation for
other widely employed radiotracers, such as 18F-FDG as well
as for dual-tracer 18F-FDG:18F-NaF PET/MR studies [7072]. In addition, we explore its feasibility for dynamic cardiac
[73],[74] and whole-body indirect [75-78] and direct 4D
parametric PET imaging protocols [79-82].
Our ultimate aim is to develop a data-driven gating
framework gating method that promotes a more efficient and
balanced utilization of the available PET and MR resources in
simultaneous PET/MR protocols, thereby paving the way for
the much needed routine adoption of respiratory PET gating
methods in modern clinical practice [83],[84].
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