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Abstract

Objective—Respiratory motion can degrade PET image quality and lead to inaccurate
quantification of lesion uptake. Such motion can be mitigated via respiratory gating. Our objective
was to evaluate a data-driven gating (DDG) technique that is being developed commercially for
clinical PET/CT.

Methods—A data-driven respiratory gating algorithm based on principal component analysis
(PCA) was applied to phantom and FDG patient data. An anthropomorphic phantom and a NEMA
IEC Body phantom were filled with 18F, placed on a respiratory motion platform, and imaged
using a PET/CT scanner. Motion waveforms were measured using an infrared camera [the Real-
time Position Management™ system (RPM)] and also extracted from the PET data using the DDG
algorithm. The waveforms were compared via calculation of Pearson’s correlation coefficients.
PET data were reconstructed using quiescent period gating (QPG) and compared via measurement
of recovery percentage and background variability.

Results—Data-driven gating had similar performance to the external gating system, with
correlation coefficients in excess of 0.97. Phantom and patient images were visually clearer with
improved contrast when QPG was applied as compared to no motion compensation. Recovery
coefficients in the phantoms were not significantly different between DDG- and RPM-based QPG,
but were significantly higher than those found for no motion compensation (p < 0.05).

Conclusion—A PCA-based DDG algorithm was evaluated and found to provide a reliable
respiratory gating signal in anthropomorphic phantom studies and in example patients.

Advances in knowledge—The prototype commercial DDG algorithm may enable reliable
respiratory gating in routine clinical PET-CT.
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Introduction

Respiratory motion can significantly degrade PET image quality. The radioactivity
distribution is blurred by the motion, leading to an image that may be suboptimal for tasks
including diagnosis and quantitative assessment. Respiratory gating can be used to lessen the
effect of motion, but requires acquisition of a gating signal.1,2 Such signals can be obtained
from external devices such as a video camera or pressure belt; these may be inconvenient or
unavailable, but have been used with some success.3,4 A gating signal can also be extracted
directly from the acquired projection data using a variety of methods, commonly referred to
as data-driven gating (DDG).5-21 The aim of the current investigation is to evaluate a DDG
algorithm based on principal component analysis (PCA) which is currently being developed
by GE for routine clinical use.9,10 The evaluation is based on data from phantom
experiments complemented by two patient examples.

As PET data are acquired for several minutes at each bed position, the images represent a
time-averaged radioactivity distribution which is blurred by the many respiratory cycles if no
compensation for respiratory motion is made. The amplitude of respiratory motion varies
considerably for different organs and across different patients. The average motion in the
cranio-caudal direction, which is the main direction of motion, is about 24 mm for the liver
and pancreas, and about 17 mm for the kidneys.22-24 In addition to causing a blur in PET
images, respiratory motion leads to a mis-match between PET and CT images in PET-CT
scanning. This mis-match is the cause of common attenuation and scatter correction
artefacts, and can lead to mis-registration of lesions.25 Lesions in the dome of the liver
could for example be incorrectly interpreted as being near the base of the lung. The problem
can be mitigated using end-expiration breath-hold CT scanning (or quiet tidal respiration
CT) combined with respiratory gated PET-CT.26 If this approach is taken using a data-
driven PET respiratory gating technique, there is no requirement for an external respiratory
gating system to be used in any part of the respiratory gated PET-CT acquisition. Data-
driven gating for PET can hence be introduced with only minor changes to current
workflows.

The current implementation of DDG uses retrospective triggering. At the time of image
reconstruction, the DDG-waveform is processed and trigger points are determined. This
differs from the prospective gating used by the Real-time Position Management (RPM)
Respiratory Gating system (Varian Medical Systems; CA). While prospective triggering is a
requirement for radiotherapy treatment purposes, it could lead to inferior performance in the
case of PET imaging, especially for irregular respiratory motions that are difficult to predict.
27 It is hence possible for the RPM device to measure the same waveform as that extracted
from the data using DDG, but for the resulting gated images to differ due to differences in
the triggering algorithms.

Several studies support the use of respiratory gating for PET-CT.3,8,28,29 Guerra et al28
reported the benefits in reporting accuracy and quantification of lung lesions as found from a
multicentre, retrospective study comparing 3D PET-CT with 4D PET-CT, for which a cine
CT was used to provide phase-matched attenuation correction data. Biither et al8 also
reported benefits from PET respiratory gating in a prospective study of 74 patients, in which
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end-expiration breath-hold CT (3D CT) was combined with 4D PET. Improvements in
diagnostic image quality, increases in uptake, and decreases in metabolic volumes were
reported as compared to 3D PET images. In addition, Bither et al compared the results from
respiratory gating using a pressure belt system to those from data-driven gating. Three
algorithms were used to generate a DDG signal for each patient (segmented centre of mass,
geometric sensitivity, or the Kesner6 algorithm) after which they were scored, and one
chosen for use in the 4D PET reconstruction of that patient. Although Biither et al
demonstrated similar overall performance between belt-driven gating and data-driven gating,
the DDG algorithms used differ substantially from the PCA-based approach used in this
work.

Methods and Materials

Phantom experiments

The Abdo-Man™ phantom,30 which is a 3D printed torso phantom with fillable liver and
inserts, and on different occasions the NEMA IEC Body Phantom, were filled with F-18,
placed on the QUASAR™ respiratory motion platform (Modus QA; London, ON), and
imaged using a Discovery D710 PET/CT scanner (GE Healthcare; Milwaukee, WI). Each
phantom was filled and scanned on two separate occasions. The total activity in the Abdo-
Man phantom at the start of the scan was 5 MBq (0.14 mCi) for scan 1 and 27 MBq (0.73
mCi) for scan 2. For the NEMA IEC Body Phantom, the starting activities were 36 MBq
(0.97 mCi) and 43 MBq (1.16 mCi). In all cases, the contrast ratio between hot-spheres and
background was 4:1.

The respiratory motion platform was set to be either stationary or to move according to a
typical respiratory waveform (the waveform named Typicall, as supplied by the
manufacturer). The platform translated the phantom in the Z direction to simulate the cranio-
caudal motion of abdominal organs during respiration. The maximum displacement from the
central position was set to be £10 or £15 mm. Data were hence acquired with maximum
displacements between inhalation and exhalation of 0, 20 and 30 mm. The respiratory
motion platform includes a stage which rises and falls, in-time with the axial displacement
of the phantom. The RPM system (Varian Medical Systems; CA) was used to track the
position of a marker that was placed on this stage. A gating signal was also extracted from
the raw PET data using the manufacturer’s (GE Healthcare’s) prototype DDG algorithm.

For each phantom experiment, a helical CT scan was performed prior to the collection of 4D
PET data at a single bed position. Three repeated acquisitions of 4 min duration were made.
Data were then reconstructed using the manufacturer’s Bayesian penalised likelihood
algorithm (beta = 400),31 with and without quiescent period gating (QPG) for motion
compensation.32 Approximately 50% of the total emission data were retained within the
quiescent period. Data from the phantoms where no motion was applied were also
reconstructed using frames of 2 min duration to provide 6 images in total, allowing the effect
that acquisition duration has on the percent contrast recovery to be studied.
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Patient scanning

Two retrospective examples of DDG-based QPG applied to patient data are presented, for
which informed consent was not required at our institution. The examples, chosen to
illustrate the capabilities of DDG, are from the same scanner used for phantom experiments.
The indication for PET-CT was evaluation of colorectal cancer metastases within the liver in
example 1, and for evaluation of a lung mass in example 2. Each patient fasted for more than
6 h prior to injection of 4 MBq/kg 18F-FDG. After a 90-min uptake period, a free-breathing
helical CT scan was acquired followed by the collection of free-breathing PET images with
4 min per bed position. Images were then reconstructed in the same manner as that used for
phantom studies. Another example has been presented by Morley et al33.

Data analysis

Phantom data—The first of the two phantom acquisitions, using £10 mm displacements,
was used to assess the agreement between the gating traces and the driving waveform. The
trace created by the PCA-based DDG algorithm was compared to the corresponding trace
recorded by the RPM system by first applying a time-shift to the RPM trace for time
alignment of the recorded data. This time shift was performed manually via visual
inspection, making use of one distinct part of the driving waveform (similar to a cough). The
traces were compared for agreement visually and then their correlation was quantified
through calculation of Pearson’s correlation coefficient. The traces were then also compared
to the driving waveform used to move the motion platform.

After these initial tests of the validity of the DDG trace, the second set of phantom
experiments with +15 mm displacements were used to assess the difference between images
reconstructed with RPM- and DDG-based QPG. Images obtained from the phantom
experiments were compared visually and quantitatively through analyses of percent contrast
recovery (Q) and background variability which followed NEMA definitions.34 These
analyses made use of circular regions of interest placed in the coronal plane. For the
spherical inserts, an ROI with diameter equal to the known inner diameter of the insert was
placed at the centre of the sphere as determined visually on each individual PET image. This
accounted for the fact that due to respiratory motion, the PET images may not be perfectly
aligned with the CT image. 20 circular ROIs of 20 mm diameter were placed in the
background region of the phantom, maintaining at least 15 mm distance between the
boundary of the ROI and any non-background structure (/.e. insert or phantom edge). For the
Abdo-Man spherical insert with a solid core, the percent contrast of the cold core was
calculated as Q¢ = (1 — Cc/Cgnen) % 100%, where Cc is the ROI mean value of the cold core,
and Cgpne the ROI mean of the hot shell which excluded the core.

The percent contrast recoveries and background variability were compared for each sphere
separately across the four conditions: no motion, RPM-based QPG, DDG-based QPG, and
no motion compensation. For each condition and sphere size, the mean contrast recovery
was calculated from the three repeated acquisitions. The standard error on the mean was
estimated as the standard deviation of the three replicates divided by v3. To test for
statistically significant differences, a one-way analysis of variance was performed for each
sphere size, followed by Tukey’s Honestly Significant Difference (HSD) post-hoc test to
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account for multiple comparisons, when indicated at a significance level of 0.05. The
software used for statistical analysis was MS Excel 2010 and Python 2.7.

Patient examples—Standard uptake values (SUV max) for well-visualised foci in the
liver (example 1) or lung (example 2) were reported by a clinician using an Advantage
Workstation (v4.6, GE Healthcare; Milwaukee, WI). A coronal slice from each patient is
presented.

For both the Abdo-Man and NEMA IEC Body Phantom, the gating traces produced by the
DDG algorithm were in excellent visual agreement with those measured using the RPM
system and also with the waveform used to drive the platform. Representative portions of
these traces are shown in Figure 1. The calculated correlation coefficients are shown in Table
1.

The simulated respiratory motion led to visible blurring of the PET images in the Z-
direction. This was largely recovered through use of DDG- or RPM-based QPG, illustrated
by the images in Figure 2. The percent contrasts from these phantom acquisitions are shown
in Figures 3 and 4. The quantitative analysis confirms that DDG- and RPM-based QPG
provides images with similar levels of motion compensation. In all cases the recovery was
increased through the use of QPG, and in all cases the recovery was not significantly
different between the DDG- and RPM-based QPG images.

The percent recoveries of the hot shell and the cold core in the Abdo-Man phantom (Figure
3a) were significantly higher when using QPG when compared to no motion compensation,
but significantly lower than the case of no motion (all p < 0.05; Tukey’s HSD). For the 10,
20, and 40 mm spheres in the Abdo-Man phantom, DDG-based QPG provided significantly
higher recovery values compared to no motion compensation (p < 0.05; Tukey’s HSD), seen
in Figure 3b. For all except the smallest sphere in that phantom, the recoveries from QPG
were significantly lower than the recoveries found in the case of no motion (p < 0.05;
Tukey’s HSD). For the NEMA IEC Body Phantom, QPG provided significantly higher
recovery values compared to no motion compensation for all spheres (p < 0.05; Tukey’s
HSD) as seen in Figure 4. Furthermore, these recoveries were not significantly different
from those found in the case of no motion (with the exception of RPM-based QPG for the
largest, cold sphere).

The contrast recoveries in both the Abdo-Man phantom and the NEMA IEC Body Phantom
were not different when comparing the average of data reconstructed using 2 min frames,
with no motion applied, to the same dataset using 4 min frames. The average ratio Qomin/
Qamin Was 1.002 for the Abdo-Man phantom and 1.001 for the NEMA IEC Body Phantom,
with no individual sphere size showing a difference of more than 1%.

The results for background variability are shown in Figure 5. For the Abdo-Man phantom
the variability was significantly higher in the case of RPM- and DDG-based QPG as
compared to no motion correction (p < 0.05; Tukey’s HSD). There was no significant
difference between RPM- and DDG-based QPG, and no difference between no motion
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compensation and the case of no motion. The results from the NEMA IEC Body Phantom
followed a similar trend to those from the Abdo-Man, but the only significant difference was
for RPM-based QPG when compared to no motion. The background variability in the
NEMA IEC Body Phantom was greater than that for the Abdo-Man phantom, as expected
since the activity concentration in the background region of the NEMA IEC Body Phantom
was approximately half that of the Abdo-Man phantom.

The first patient example showing DDG-based QPG is provided in Figure 6. The example
demonstrates improved clarity of lesions with the application of DDG-based QPG, as
compared to no motion compensation with a matched count-level. The lesions appear more
compact with QPG, in agreement with an observed increase in the SUV of a prominent liver
lesion; the lesion had an SUV max of 6.4 without motion compensation, increasing to 10.1
after DDG-based QPG. A second example is provided in Figure 7, for which both DDG and
RPM-based gating were available and are presented alongside the non-gated image. This
example demonstrates improved clarity of thoracic lesions with reduced blurring in the
cranio-caudal direction. The SUV max from three distinct areas of focal uptake, shown in
Figure 7 by a long dashed arrow (pulmonary nodule), a short arrowhead (right hilar nodes),
and an arrow (left hilar nodes), was measured in the non-gated image, the DDG-based QPG
image and the RPM-based QPG image. For the pulmonary nodule, SUV max values were
9.4, 11.1 and 10.8 respectively. For the right hilar nodes the values were 9.9, 9.5 and 10.0.
For the left hilar nodes the values were 7.6, 7.8 and 5.8.

Discussion

Our results demonstrate strong association and excellent visual agreement between the
gating signals generated by DDG and those measured using an external, camera-based
device. This agreement was found using the NEMA IEC Body Phantom and for the Abdo-
Man anthropomorphic phantom. Analysis of images created using QPG verified that these
gating signals are appropriately triggered to provide images in which the effects of
respiratory motion are mitigated. Visual analyses were confirmed by quantitative measures
of recovery, which found DDG- and RPM-based QPG to perform similarly, and for both to
provide superior recovery values as compared to no motion compensation. There was
however some motion within the 50% of retained data used for QPG, and this is likely the
reason for which the QPG images were inferior to those obtained when no motion was
applied to the phantom. This is not a feature of DDG per se, but a feature of the chosen
method of respiratory compensation. The reduced number of coincidences retained in the
QPG dataset could also negatively affect the measured contrast recoveries, but the results
found for the 2 min duration frames, having similar contrast to 4 min frames, implies that
this was not the case for these datasets.

The example provided in Figure 6 demonstrates that respiratory gating may have a large
impact for liver lesions, owing to the fact that respiratory motion extends beyond the lungs.
We plan to assess the benefit of data-driven respiratory gating for lesions in the liver and
other abdominal organs in a future study. A previous study making use of an external gating
system found respiratory gating to be beneficial to image quality for liver lesions, with
increased SUV max and decreased metabolic tumour volumes.29
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Occasionally, a small discrepancy between the DDG trace and the driving waveform was
noticed, as seen at the second peak in Figure 1. We consider the small discrepancies at some
peaks and valleys to be sufficiently small to not impact the performance of respiratory
gating. It is possible that these discrepancies, which correspond to 1-3 mm, were caused by
a limitation of the mechanics of the respiratory motion platform if the phantom stage was
not moved exactly as intended when the direction of motion was switched.

Although there are many evaluations of respiratory gating techniques for PET in the
literature, most of these do not report phantom data in which the ground truth was known.
Simulations validated by phantom experiments performed by Liu et al35 found that
respiratory motion can lead to reductions of around 30% in SUV max for liver and lung
lesions, with increases in lesion volumes. Bowen et al36 found respiratory motion applied to
a phantom to cause a decrease of 20% in the ratio of hot sphere SUV max to background. In
the current study we quantified contrast recovery based on SUV mean rather than SUV max,
and found reductions of nearly 50% when comparing motion (without correction) to no
motion. Ren et al11 evaluated a data-driven gating technique on 10 patients and compared
the data-driven respiratory waveform to that provided by a pressure belt system. The
correlation coefficient between the two varied between patients, averaging 0.79 with a
maximum of 0.89. Kesner et al6 evaluated a data-driven method on 22 subjects and found
average correlation coefficients of <0.6. These can be compared to the correlation
coefficients of >0.97 found in the current work for the case of a moving but rigid phantom.

The use of phase-matched gating to create a sequence of images across the respiratory cycle,
followed by non-rigid registration and addition, could mitigate the respiratory motion to a
greater extent and will be investigated in future studies. Such an approach was not chosen
for the current evaluation, as a robust comparison between DDG and RPM was the main
focus of this investigation, as opposed to assessing the optimal method of respiratory motion
correction. Furthermore, quiescent period gating is available on many PET systems.

The results for background variability were as expected based on the effective acquisition
time, and thus number of coincidences, for each of the four conditions. Both QPG images
were reconstructed from only half of the acquired coincidences, and hence the background
variability increased. This increase was to a level consistent with the background variability
found when the no-motion data were reconstructed using 2-min frames.

One of the benefits of using DDG as opposed to an external gating system is in the time that
can be saved; there is less time required to train staff in the use and setup of equipment, there
is no need to coach the patient or explain the workings of an external system, and there is no
time spent in setting up a gating device for each patient. Patient comfort may also be
improved. Another benefit of DDG is the inherent time-synchronisation with the scanner,
which can be a source of significant error if external gating systems are mis-calibrated.8
External gating systems are also subject to operator-based errors, which can occur in a
significant proportion of patients (e.9. 13%),37 typically yielding no suitable respiratory
signal.
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A limitation of PET DDG is that this approach does not provide a gating signal for 4DCT.
While 3DCT using either shallow breathing or a breath-hold technique is acceptable for
most clinical applications, and impart less radiation dose than 4DCT, they do not provide
phase-matched attenuation correction data. Note however that it may be possible to re-align
a breath-hold CT to each phase of the 4D PET when this is desired.37 As PET DDG
methods such as the one investigated here operate on the PET data, they are transferable to
PET-MR systems.21

The current evaluation of DDG has some limitations, notably it is performed primarily using
phantoms. These phantoms are useful due to the fact that the driving waveform was both
realistic and known, the phantoms themselves were reasonably anthropomorphic, and the
ground truth for the radioactivity distribution was also known. However, the phantom
motion still represents rigid-body mation which is not typically the case in human
respiration. For patients one can compare DDG to RPM or another external gating system,
but these external systems are not always reliable. Evaluations of image quality and the
quantification of lesions within large patient cohorts, combined with the success rates for
DDG in such groups, will be performed in future work.

Conclusion

A data-driven gating method for PET, based on principal component analysis of the raw PET
data, was evaluated and found to provide a reliable respiratory gating signal in
anthropomorphic phantom studies and in example patients. The method obviates the need
for external gating equipment, and may enable respiratory gating to become routine practice
for clinical PET-CT in the near future.

Acknowledgements

The Abdo-man phantom was loaned from Sirtex Technology Pty Ltd/The Institute of Cancer Research. Oxford
University Hospitals NHS Foundation Trust has a research contract with GE Healthcare covering loan of
equipment. The authors thank Ribale Chebib, Rob Johnsen and Scott Wollenweber for their assistance with DDG
processing. DM is funded by a National Institute for Health Research (NIHR)/Health Education England (HEE)
Clinical Lectureship. This paper presents independent research funded by the NIHR and HEE. The views expressed
are those of the authors and not necessarily those of the NHS, the NIHR, HEE or the Department of Health.

References

1. Nehmeh SA, Erdi YE. Respiratory motion in positron emission tomography/computed tomography:
a review. Semin Nucl Med. 2008; 38:167-76. DOI: 10.1053/j.semnuclmed.2008.01.002 [PubMed:
18396177]

2. Pépin A, Daouk J, Bailly P, Hapdey S, Meyer ME. Management of respiratory motion in PET/
computed tomography: the state of the art. Nucl Med Commun. 2014; 35:113-22. DOI: 10.1097/
MNM.0000000000000048 [PubMed: 24352107]

3. Nehmeh SA, Erdi YE, Ling CC, Rosenzweig KE, Schoder H, Larson SM, et al. Effect of respiratory

gating on quantifying PET images of lung cancer. J Nucl Med. 2002; 43:876-81. [PubMed:
12097456]

4. Grootjans W, de Geus-Oei LF, Meeuwis AP, van der Vos CS, Gotthardt M, Oyen WJ, et al.

Amplitude-based optimal respiratory gating in positron emission tomography in patients with
primary lung cancer. Eur Radiol. 2014; 24:3242-50. DOI: 10.1007/s00330-014-3362-z [PubMed:
25097133]

Br J Radiol. Author manuscript; available in PMC 2018 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Walker et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20

21.

Page 9

. Biither F, Dawood M, Stegger L, Wilbbeling F, Schéfers M, Schober O, et al. List mode-driven

cardiac and respiratory gating in PET. J Nucl Med. 2009; 50:674-81. DOI: 10.2967/jnumed.
108.059204 [PubMed: 19372491]

. Kesner AL, Kuntner C. A new fast and fully automated software based algorithm for extracting

respiratory signal from raw PET data and its comparison to other methods. Med Phys. 2010;
37:5550-9. DOI: 10.1118/1.3483784 [PubMed: 21089790]

. Schleyer PJ, O'Doherty MJ, Marsden PK. Extension of a data-driven gating technique to 3D, whole

body PET studies. Phys Med Biol. 2011; 56:3953-65. DOI: 10.1088/0031-9155/56/13/013
[PubMed: 21666288]

. Biither F, Vehren T, Schéafers KP, Schafers M. Impact of data-driven respiratory gating in clinical

PET. Radiology. 2016; 281:229-38. DOI: 10.1148/radiol.2016152067 [PubMed: 27092660]

. Thielemans, K., Rathore, S., Engbrant, F., Razifar, P. Device-less gating for PET/CT using PCA.

2011 IEEE Nuclear Science Symposium Conference Record; Valencia. IEEE; 2011. p. 3904-10.

. Thielemans, K., Schleyer, P., Marsden, PK., Manjeshwar, RM., Wollenweber, SD., Ganin, A.
Comparison of different methods for data-driven respiratory gating of PET data. 2013 IEEE
Nuclear Science Symposium and Medical Imaging Conference (2013 NSS/MIC); Seoul. IEEE;
2013. p. 1-4.

Ren S, Jin X, Chan C, Jian Y, Mulnix T, Liu C, et al. Data-driven event-by-event respiratory
motion correction using TOF PET list-mode centroid of distribution. Phys Med Biol. 2017;
62:4741-55. DOI: 10.1088/1361-6560/aa700c [PubMed: 28520558]

Bertolli O, Arridge S, Wollenweber SD, Stearns CW, Hutton BF, Thielemans K, et al. Sign
determination methods for the respiratory signal in data-driven PET gating. Phys Med Biol. 2017;
62:3204-20. DOI: 10.1088/1361-6560/aa6052 [PubMed: 28346222]

Bundschuh RA, Martinez-Moeller A, Essler M, Martinez MJ, Nekolla SG, Ziegler Sl, et al.
Postacquisition detection of tumor motion in the lung and upper abdomen using list-mode PET
data: a feasibility study. J Nucl Med. 2007; 48:758-63. DOI: 10.2967/jnumed.106.035279
[PubMed: 17475964]

Schleyer PJ, O'Doherty MJ, Barrington SF, Marsden PK. Retrospective data-driven respiratory
gating for PET/CT. Phys Med Biol. 2009; 54:1935-50. DOI: 10.1088/0031-9155/54/7/005
[PubMed: 19265207]

Kesner AL, Bundschuh RA, Detorie NC, Dahlbom M, Ziegler S, Czernin J, et al. Respiratory
gated PET derived in a fully automated manner from raw PET data. IEEE Trans Nucl Sci. 2009;
56:677-86. DOI: 10.1109/TNS.2009.2016341

Buther F, Ernst I, Dawood M, Kraxner P, Schéfers M, Schober O, et al. Detection of respiratory
tumour motion using intrinsic list mode-driven gating in positron emission tomography. Eur J Nucl
Med Mol Imaging. 2010; 37:2315-27. DOI: 10.1007/s00259-010-1533-y [PubMed: 20607534]

Buther F, Ernst I, Hamill J, Eich HT, Schober O, Schéafers M, et al. External radioactive markers
for PET data-driven respiratory gating in positron emission tomography. Eur J Nucl Med Mol
Imaging. 2013; 40:602-14. DOI: 10.1007/s00259-012-2313-7 [PubMed: 23238525]

Mengdie, Wang, Ning, Guo, Hui, Zhang, Elfhakri, G., Guangshu, Hu, Quanzheng, Li, et al.
Retrospective data-driven respiratory gating for PET using TOF information. Conf Proc IEEE Eng
Med Biol Soc. 2015; 2015:4520-3. DOI: 10.1109/EMBC.2015.7319399 [PubMed: 26737299]

Kesner AL, Chung JH, Lind KE, Kwak JJ, Lynch D, Burckhardt D, et al. Validation of software
gating: a practical technology for respiratory motion correction in PET. Radiology. 2016; 281:239-
48. DOI: 10.1148/radiol.2016152105 [PubMed: 27027335]

. Presotto, L., Bernardi, ED., Gilardi, M., Gianolli, L., Bettinardi, V. Performances of principal
component analysis for the extraction of respiratory signal from time-of-flight PET coincidences
stream. 2014 IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC);
2014. p. 1-4.

Manber R, Thielemans K, Hutton BF, Barnes A, Ourselin S, Arridge S, et al. Practical PET
respiratory motion correction in clinical PET/MR. J Nucl Med. 2015; 56:890-6. DOI: 10.2967/
jnumed.114.151779 [PubMed: 25952740]

Br J Radiol. Author manuscript; available in PMC 2018 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Walker et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 10

Balter JM, Ten Haken RK, Lawrence TS, Lam KL, Robertson JM. Uncertainties in CT-based
radiation therapy treatment planning associated with patient breathing. Int J Radiat Oncol Biol
Phys. 1996; 36:167-74. DOI: 10.1016/S0360-3016(96)00275-1 [PubMed: 8823272]

Clifford MA, Banovac F, Levy E, Cleary K. Assessment of hepatic motion secondary to respiration
for computer assisted interventions. Comput Aided Surg. 2002; 7:291-9. DOI:
10.3109/10929080209146038 [PubMed: 12582982]

Bussels B, Goethals L, Feron M, Bielen D, Dymarkowski S, Suetens P, et al. Respiration-induced
movement of the upper abdominal organs: a pitfall for the three-dimensional conformal radiation
treatment of pancreatic cancer. Radiother Oncol. 2003; 68:69-74. DOI: 10.1016/
S0167-8140(03)00133-6 [PubMed: 12885454]

Sureshbabu W, Mawlawi O. PET/CT imaging artifacts. J Nucl Med Technol. 2005; 33:156-61.
[PubMed: 16145223]

Fin L, Daouk J, Morvan J, Bailly P, El Esper I, Saidi L, et al. Initial clinical results for breath-hold
CT-based processing of respiratory-gated PET acquisitions. Eur J Nucl Med Mol Imaging. 2008;
35:1971-80. DOI: 10.1007/s00259-008-0858-2 [PubMed: 18581114]

Didierlaurent D, Ribes S, Batatia H, Jaudet C, Dierickx LO, Zerdoud S, et al. The retrospective
binning method improves the consistency of phase binning in respiratory-gated PET/CT. Phys
Med Biol. 2012; 57:7829-41. DOI: 10.1088/0031-9155/57/23/7829 [PubMed: 23135238]

Guerra L, De Ponti E, Elisei F, Bettinardi V, Landoni C, Picchio M, et al. Respiratory gated
PET/CT in a European multicentre retrospective study: added diagnostic value in detection and
characterization of lung lesions. Eur J Nucl Med Mol Imaging. 2012; 39:1381-90. DOI: 10.1007/
500259-012-2148-2 [PubMed: 22588628]

Suenaga Y, Kitajima K, Aoki H, Okunaga T, Kono A, Matsumoto I, et al. Respiratory-gated 18F.
FDG PET/CT for the diagnosis of liver metastasis. Eur J Radiol. 2013; 82:1696-701. DOI:
10.1016/j.ejrad.2013.05.019 [PubMed: 23768610]

Gear JI, Cummings C, Craig AJ, Divoli A, Long CD, Tapner M, et al. Abdo-Man: a 3D-printed
anthropomorphic phantom for validating quantitative SIRT. EINMMI Phys. 2016; 3:17.doi:
10.1186/s40658-016-0151-6 [PubMed: 27495914]

Teoh EJ, McGowan DR, Macpherson RE, Bradley KM, Gleeson FV. Phantom and clinical
evaluation of the bayesian penalized likelihood reconstruction algorithm Q.Clear on an LYSO
PET/CT system. J Nucl Med. 2015; 56:1447-52. DOI: 10.2967/jnumed.115.159301 [PubMed:
26159585]

Liu C, Alessio A, Pierce L, Thielemans K, Wollenweber S, Ganin A, et al. Quiescent period
respiratory gating for PET/CT. Med Phys. 2010; 37:5037-43. DOI: 10.1118/1.3480508 [PubMed:
20964223]

Morley NC, McGowan DR, Gleeson FV, Bradley KM. Software respiratory gating of positron
emission tomography-computed tomography improves pulmonary nodule detection. Am J Respir
Crit Care Med. 2017; 195:261-2. DOI: 10.1164/rccm.201607-13711M [PubMed: 27755923]
NEMA. Performance measurements of positron emission tomographs (PETs) NEMA NU 2-2012.
Rosslyn, VA, USA: National Electrical Manufacturers Association; 2013.

Liu C, Pierce LA, Alessio AM, Kinahan PE. The impact of respiratory motion on tumor
quantification and delineation in static PET/CT imaging. Phys Med Biol. 2009; 54:7345-62. DOI:
10.1088/0031-9155/54/24/007 [PubMed: 19926910]

Bowen SR, Nyflot MJ, Herrmann C, Groh CM, Meyer J, Wollenweber SD, et al. Imaging and
dosimetric errors in 4D PET/CT-guided radiotherapy from patient-specific respiratory patterns: a
dynamic motion phantom end-to-end study. Phys Med Biol. 2015; 60:3731-46. DOI:
10.1088/0031-9155/60/9/3731 [PubMed: 25884892]

Wells RG, Ruddy TD, DeKemp RA, DaSilva JN, Beanlands RS. Single-phase CT aligned to gated
PET for respiratory motion correction in cardiac PET/CT. J Nucl Med. 2010; 51:1182-90. DOI:
10.2967/jnumed.109.070011 [PubMed: 20660386]

Br J Radiol. Author manuscript; available in PMC 2018 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Walker et al.

Amplitude (a.u.)

Page 11

Driving Waveform
=== RPM
- = =DDG

S 10 15
Time (s)

Figure 1.
A 20 s portion of the gating trace for Abdo-Man (5 MBq at scan start; 10 mm motion). The

three traces are overlain. The results are representative all phantom acquisitions (both Abdo-
Man™ and the NEMA IEC Body Phantom).
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Figure 2.
A representative coronal slice from PET images obtained from the Abdo-Man phantom.

Images are shown for the case of no applied motion, and for +15 mm motion with either
data-driven quiescent period gating (DDG-QPG), externally driven quiescent period gating
(RPM-driven QPG), or no motion correction. DDG, data-driven gating; PET, positron
emission tomography; QPG, quiescent period gating; RPM, Real-time Position
Management™ system.
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Figure 3.

antrast recovery for different spheres in the Abdo-Man phantom. The plotted data are
mean values from three repeated acquisitions. The error bars on each data point represent
standard errors on the mean. (a) Results for the sphere with a solid core. (b) Results for the
four hot spheres. In almost all cases, contrast recoveries for no motion are significantly
greater than those for motion with respiratory gating [data-driven (DDG) or externally
driven (RPM)], which are greater than those for motion without gating (all p< 0.05). DDG,
data-driven gating; RPM, Real-time Position Management system.
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Contrast recovery for the six spheres in the NEMA IEC Body Phantom. The plotted data are
mean values from three repeated acquisitions. The error bars on each data point represent
standard errors on the mean. In almost all cases, contrast recoveries for no motion are not
significantly different from those for motion with respiratory gating (data-driven (DDG) or
externally driven (RPM)). Application of motion without gating led to significantly lower
contrast recoveries (all p< 0.05). DDG, data-driven gating; RPM, Real-time Position
Management system.
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Figure 5.

(a? Background variability for 20 mm circular regions in the Abdo-Man phantom. The
background variability in the case of data-driven or externally driven gating is significantly
higher than the variability without gating (7.e. no correction) (v < 0.05). (b) Corresponding
results for the NEMA IEC Body Phantom. Presented values are the mean from three
replicates, with error bars representing the standard error on the mean.
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Figure 6.
Example images from a patient demonstrating the improved contrast and visual image

quality that can be obtained using respiratory gating. A coronal slice is shown. (a) Without
motion compensation (using 2 min of data). (b) With data-driven quiescent period gating
(using 4 min of data, reduced to approximately 2 min after gating). The linear grey scale is
from an SUV of 0-6. SUV, Standard uptake value.
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Figure 7.
Example images from a patient demonstrating the improved contrast and visual image

quality that can be obtained using respiratory gating. A coronal slice is shown. (a) Without
motion compensation (using 2 min of data). (b) With data-driven quiescent period gating
(using 4 min of data, reduced to approximately 2 min after gating). (c) With externally
driven (RPM) Quiescent Period Gating (using 4 min of data, reduced to approximately 2
min after gating). The linear grey scale is from an SUV of 0-6. SUV, Standard uptake value.
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Table 1

Quantitative comparison of gating traces

Phantom Traces under comparison | Pearson’s correlation coefficient
Abdo-Man; 5 MBq at scan start; £10 mm motion. RPM and DDG 0.98

RPM and driving waveform 0.99

DDG and driving waveform 0.97
NEMA IEC Body Phantom; 36 MBq at scan start; +10 mm motion. | RPM and DDG 0.98

RPM and driving waveform 0.98

DDG and driving waveform 0.99

DDG, data-driven gating; RPM, Real-time Position Management™ system.
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