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Abstract
Purpose of Review Cardiac positron emission tomography
(PET) images often contain errors due to cardiac, respiratory,
and patient motion during relatively long image acquisition.
Advanced motion compensation techniques may improve
PET spatial resolution, eliminate potential artifacts, and ulti-
mately improve the research and clinical capabilities of PET.
Recent Findings Combined cardiac and respiratory gating has
only recently been implemented in clinical PET systems.
Considering that the gated image bins contain much lower
counts than the original PET data, they need to be summed
after correcting for motion, forming motion-corrected, high-

count image volume. Furthermore, automated image registra-
tion techniques can be used to correct for motion between CT
attenuation scan and PET acquisition.
Summary While motion correction methods are not yet wide-
ly used in clinical practice, approaches including dual-gated
non-rigid motion correction and the incorporation of motion
correction information into the reconstruction process have
the potential to markedly improve cardiac PET imaging.

Keywords Cardiac PET imaging . Gated PET . Coronary
imaging . PETmotion correction

Introduction

Cardiac positron emission tomography (PET) imaging is a
useful non-invasive tool in the diagnosis and risk stratification
of patients with suspected coronary artery disease (CAD).
Cardiac PET is widely utilized in clinical practice, and mea-
sures of myocardial blood flow and perfusion provide an as-
sessment of ischemic burden which can in turn guide the cli-
nician towards management decisions including the need for
revascularization. In future clinical practice, coronary PET
imaging may provide valuable information about plaque vul-
nerability and the presence and extent of high-risk disease
activity. By providing absolute quantification of tracer distri-
bution, cardiac PET can provide detailed information about
physiological as well as molecular and biological processes.
With the increasing availability of hybrid PET/CT and PET/
MR imaging systems, anatomical information can be obtained
alongside the biological data from PET, thereby allowing
more precise localization of PET signal.

Due to the relatively long PET acquisition times (5–
30 min), resulting images are blurred by cardiac, respiratory,
and gross patient motion. Motion artifacts may degrade image
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quality and lead to inaccurate interpretation, which could in
turn lead to misdiagnosis. To deal with the errors caused by
motion, one solution is to use PET data gating; the entire raw
dataset is divided in subsets, or bins, representing a particular
cardiac or respiratory phase. This method provides image
datasets with reduced motion, at the expense of lowering
count statistics, since the total raw counts are spread over the
multiple bins. To overcome the PET statistical count drop, the
different cardiac and/or respiratory phase bins can be summed
together after correcting for respiratory or cardiac motion be-
tween the bins. Although these techniques are not yet used in
clinical routine, they have great potential to improve the qual-
ity of PET in cardiovascular imaging. In this review, we will
discuss the novel motion correction techniques which may be
applied to gated cardiac PET data. We will also discuss the
potential problems and solutions related to patient motion be-
tween the CT scan and PET scan.

Motion Degrades PET Image Quality

Cardiac, respiratory, and patient motion can degrade PET im-
ages and lead to a loss of spatial resolution. This is particularly
problematic when imaging the small-caliber, tortuous coro-
nary arteries and may ultimately hinder the clinical utility of
high-resolution PET for this novel application [1]. Natural
tidal breathing causes the heart tomovemore than 1 cm during
each respiratory cycle, predominantly in the cranio-caudal di-
rection [2]. In a recent study of 11 patients undergoing
respiratory-gated PET [3], an average of 8 mm of motion
occurred during the PET acquisition as a consequence of res-
piration. Cardiac motion also degrades the PET signal. It has
been reported that each cardiac cycle leads to a mean myocar-
dial motion of 12–13 mm [4]. Furthermore, average coronary
artery motion has been found to be 8–26 mm, the right coro-
nary artery (RCA) presenting the most noticeable motion [5].
In addition to cardiac and respiratory motion, gross patient
motion during image acquisition can be of further detriment
to image quality. For example, in cardiac studies of 18F–
flurpiridaz involving data acquisition over 10 min, patient
motion of up to 5 mm was described [6]. It may be assumed
that studies requiring data acquisition over a longer period,
such as up to 30 min required for coronary imaging, may
result in a higher degree of gross patient motion. Therefore,
accurate detection and correction of such motion is of key
importance in minimizing diagnostic errors and maximizing
the clinical utility of cardiac PET [7].

In order to appreciate the difficulties arising frommotion, it
is important to compare the respiratory, cardiac, and patient
motion amplitude with the resolution of PET. The latter may
reach 4 mm for static objects [8], but in a clinical setting,
maximal resolution is more likely to reach 6–8 mm [9].
However, the recent development of novel high-resolution

reconstruction techniques, which take advantage of resolution
recovery compensation, could enable PET to reach a static
resolution of 2 mm [10]. Indeed, these new techniques have
been applied to cardiac PET, demonstrating improvements
[11]. Thus, when such new reconstruction techniques are uti-
lized, the effect of physiological and patient motion is likely to
have a greater influence on clinical image quality than the
physical resolution of the PET scanner.

Image Gating

To overcome the effects of cardiac and respiratory motion,
PET gating methods are used during acquisition. Gating con-
sists of dividing the raw PET signal into subsets or bins. It is
typically performed either as phase gating (binning signal into
identical percentage locations within a cycle) or as amplitude
gating (binning signal into identical displacement locations).
Phase gating is widely accepted to be sufficient for cardiac
gating, considering that displacement of the heart wall is fairly
consistent from beat to beat. Amplitude gating has been found
to be more appropriate for respiratory gating, particularly for
patients with highly variable respiratory patterns [12, 13].
Respiratory gating can be achieved by use of external devices
such as elastic respiratory belts with sensors to monitor chang-
es in pressure throughout the respiratory cycle [14] or alterna-
tively by a video camera that follows chest wall movement
[15]. Respiratory-gating systems send trigger signals at the
beginning of a respiratory phase and/or displacement level in
order to organize data into specific bins. Cardiac gating is
usually performed using the patient’s electrocardiogram
(ECG) tracing to organize data into phases of the cardiac
cycle.

In the context of cardiac PET imaging, the need for gating
time cardiac and respiratory motion simultaneously (so called
dual-gating) presents a greater challenge. The use of external
devices for respiratory gating may lead to increased patient
discomfort as well as greater complexity of cardiac imaging
protocols. Moreover, stress imaging and use of isotopes with a
short half-life such as 82Rbmake a dual-gating technique even
more difficult to set up. To overcome these challenges, use of
signals obtained from standard ECG electrodes during cardiac
PET [3], bio-impedance approaches, and techniques based on
accelerometers [16] allowing simultaneous acquisition of both
respiratory- and cardiac-gating signals have recently been sug-
gested. These techniques have the potential to minimize logis-
tical barriers in the adoption of dual-gating for cardiac PET in
the clinical setting.

Data-driven (or self-gated) techniques have further been
considered. As an alternative to using an external device, these
techniques utilize the raw list-mode PET data to compute
respiratory-gating signals retrospectively [17–19]. One soft-
ware approach involves following the respiratory motion
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of the myocardium from the PET data alone, by means of
image-processing techniques; the centroid of the myocardial
activity is tracked without external respiration measurements.
This method has been evaluated in cardiac imaging and has
demonstrated comparable results with techniques using exter-
nal respiratory monitoring [17]. However, such software tech-
niques rely upon a PET tracer signal in the organs of interest
and therefore, in coronary PET imaging, where only a small
activity is observed in the myocardium, these techniques may
be more difficult to apply.

Attenuation Correction Issues from Motion

Prior to image reconstruction, PET data are corrected for nu-
merous degrading effects such as scatter events, random
events, and detector efficiency. The largest correction is for
photon attenuation that can lead to 10- to 150-fold reductions/
errors in detected signal depending on patient morphology
[20]. In PET/CT systems, attenuation correction is performed
with an attenuation map derived from the CT acquisition.
Considering that PET imaging is acquired over multiple respi-
ratory cycles and CT imaging is acquired at essentially only
one location in the respiratory cycle, misalignment of these
temporally different scans is common and often occurs in the
diagnostic region of interest (along anterior and lateral free
wall of myocardium adjacent to the left lung), leading to mod-
erate to severe artifacts in 40% of cardiac PET-helical CT
acquisitions [21], as illustrated in Fig. 1. These misalignment
artifacts are well appreciated in cardiac PET/CT [22, 23],
representing one of the leading challenges in performing ac-
curate cardiac PET imaging in the presence of respiratory
motion [24].

Ideally, PET images would be formed from phase-matched
attenuation maps [25, 26]. In PET/CT, phase-matched CTs
can be generated from gated 4D CT acquired in cine mode
using “step-and-shoot” techniques or using low-pitch helical
mode [15, 27–29]. Considering the complexity of generating
phase-matched CT images, free-breathing CT, end-expiration
CT, or the average of cine CT images [30, 31] are preferably
used in clinical practice. Along with these clinically available

techniques, there has been a multitude of proposed future so-
lutions for this problem such as image-based and data-domain
registration of PET and CT data [15, 32–34]. Vendors soft-
ware solutions for attenuation maps registration are becoming
available for routine clinical use [34].

Coronary PET Imaging

The increase in PET resolution has allowed the study of small
structures of interest. Indeed, coronary plaque imaging has
become feasible, and it has been demonstrated for several
tracers despite the small caliber and tortuous nature of coro-
nary vessels and small volumes of coronary plaques. In coro-
nary plaque imaging, PETactivity originating from the arterial
wall needs to be quantified with respect to standard uptake
value (SUV) and target-to-background ratio (TBR). The de-
velopment of PET/CT scanners with high-end 64-slice or
higher CT has permitted the localization of small coronary
plaque lesions using accurate superposition with high-
resolution CT angiography [7, 35–37].

Coronary PET imaging and tracer quantification are ex-
tremely sensitive to motion of the arteries, which can lead to
loss of an already limited image resolution and significantly
reduce SUV or TBR measures. In the case of coronary PET
using 18F–FDG, an additional limitation is posed by uptake of
the tracer by the metabolically activemyocardium, which may
obscure plaque activity due to arterial/myocardial motion
[38]. Interfering cardiac motion may be one of the key reasons
why studies investigating the role of 18F–FDG in measuring
coronary plaque inflammation have been less promising than
in the study of the larger, stationary carotid vessels [35, 36,
39]. To overcome blurring of the PETsignal as a consequence
of cardiac motion during imaging of the coronary arteries, one
approach has been to utilize only one cardiac bin (the diastolic
phase), therefore using only 25% of the counts from the entire
PET acquisition [7]. In a recent study using 18F–sodium fluo-
ride, this method enabled improved localization of coronary
plaques but at the cost of an increase in noise and reduction in
measured counts (standardized uptake value). However, this
method only partially compensates for cardiac motion and

Fig. 1 Example of cardiac PET/CT perfusion exam with PET and CT
misalignment. The CT acquisition was performed at a location in the
respiratory pattern with more inspiration than the average location

during PET imaging. This leads to misalignment along the lateral free
wall and an artifactual perfusion defect at that location
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does not account for respiratory or gross patient motion.
Nonetheless, eliminating more of the PET data to account
for respiratory motion would lead to a further increase in noise
and loss of count statistics, reducing the accuracy of the
results.

Motion Correction Techniques

Segmentation-Based Methods

One solution to preserve count statistics in cardiac PET imag-
ing is to correct for motion between the individual cardiac and/
or respiratory bins. If the gated images provide a clear defini-
tion of the myocardium, cardiac motion may be estimated
straightforwardly by detecting the myocardium and tracking
its contours. “Motion-frozen” cardiac motion correction ap-
proaches have previously been proposed, aimed at increasing
imaging resolution in cardiac SPECT and PET [4, 40]. First,
the motion vectors are determined by tracking the movement
of the left ventricle segmentations in the gated data. Then,
non-linear registration techniques are applied to transform
the gated images according to these motion vectors. This mo-
tion correction method showed improvements compared to
classical reconstruction techniques regarding myocardial wall
thickness and contrast-to-noise ratio [40] and diagnostic out-
come [41].

Registration-Based Methods

In coronary PET imaging, the structures of interest do not
allow direct warping from the left ventricular segmentation
results because there may be no clear uptake in the myocardi-
um. In a recent 18F–NaF coronary imaging study [42•], a
motion correction method was employed to enhance image
quality and improve uptake estimates. PET data from 17 pa-
tients was reconstructed using 10 cardiac phases (bins).
Subsequently, all the bins were registered locally to the end-
diastolic bin, using a non-linear motion correction method
[43] guided by the coronary arteries extracted from the same
patient CT angiography. The motion-corrected images were
then created by summing of all registered bins. These images
were compared with the reference standard of using only the
end-diastolic image of PET data with 25% of the counts as
used in previous studies or ungated images [7]. The motion-
corrected data created from 10 bins resulted in a significantly
higher TBR (+11%) and a greatly reduced noise (−50% due to
the use of counts from all the cardiac gates), as seen in Fig. 2.

Other algorithmic solutions were explored recently in
the context of 18F–NaF coronary imaging [44], aiming at
comparing demons [45] versus level-set [43] non-linear
registration techniques for registration of the coronary ar-
tery PET images. This study showed that the demons

method produces smoother and more realistic motion
fields, while keeping the improvements in terms of TBR
and noise reduction, as compared to the use of only one
bin of PET data [7].

Cardiac motion correction was also applied to 18F–NaF PET
imaging of the aortic valve in patients with aortic stenosis in
order to improve the reproducibility of quantitative tracer up-
take in the aortic valve [46]. For this purpose, 15 patients with
aortic stenosis underwent two combined 18F–NaF (125 MBq)
PET and CT angiography scans within 2 months. A motion
correction algorithm [47] was then applied to align PET images
from four cardiac gates in both PET studies, leading to im-
proved reproducibility (measured as the SUV difference) be-
tween the two repeated studies, as compared to ungated and
one bin data. Thus, motion correction may lead to enhanced
value of 18F–NaF aortic valve PET in risk stratification and
guiding clinical management of patients with aortic stenosis.

Motion Correction Within Reconstruction

Each of the registration methods described previously are ap-
plied after PET reconstruction. Ultimately, a motion correction
method which is directly incorporated into image reconstruc-
tion is desirable [48] as this has been shown to produce less
noise and bias in the images than conventional post-
reconstruction correction methods [49, 50]. Furthermore, the
potential misregistration of attenuation maps with the PET
data can only be corrected for during the reconstruction.
Some preliminary studies have demonstrated that a motion
correction step can indeed be integrated directly into the re-
construction process. In the work by Hong et al. [51, 52], a
mass preservation optical flow method [53] was applied to
cardiac-gated PET images after reconstruction. Then, the
resulting motion vectors were integrated back into the recon-
struction process. The resulting images presented a superior
signal-to-noise ratio, without sacrificing spatial resolution.
Respiratory non-rigid motion correction has also been inves-
tigated to be integrated in a list mode-based reconstruction on
phantom data [54]. Further studies should evaluate the bene-
fits of such a reconstruction-based motion correction over
techniques applying post-processing motion correction.

Dual-Gated Motion Correction

In cardiac PET, dual cardiac and respiratory gating presents
significant challenges in maintaining image quality due to the
fact that count statistics in individual bins are much lower than
original ungated or static images. A consequence of utilizing
only a limited number of bins to compensate for motion is the
increase in noise observed in each frame containing only
counts from certain phases of the cardiac and respiratory
cycle. Indeed, the noise observed in each bin is greater than
that observed in the image acquired from the entire cardiac
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and respiratory cycle. Thus, the compromise between gating
and image noise must be carefully considered [55]. However,
dual cardiac and respiratory gating has demonstrated to favor
improved spatial resolution and discrimination of the myocar-
dial walls when compared to an ungated acquisition [3].

In a recent study [56•], motion correction was applied to
dual-gated Flurpiridaz F18 cardiac PET data. The dual-gating
data consisted of eight cardiac and four respiratory bins, as
shown in Fig. 3. Therefore, a single-image bin contained less
than 5% of the counts as compared to the ungated image. The
dual-motion correction method was then applied in two con-
secutive steps. First, the cardiac-gated images were non-

linearly registered to the end-diastolic gate by motion tracking
of the detected left ventricle endocardial and epicardial bor-
ders using the segmentation-based method described previ-
ously [40]. Then, to compensate for respiratory motion, the
four cardiac end-diastolic, motion-corrected bins (one for each
respiratory gate) were registered to the end-inspiration bin
using a rigid transformation [6]. This dual-motion correction
method resulted in a final motion-free, end-diastole/end-inspi-
ration static image with better contrast-to-noise ratio and de-
creased wall thickness compared to ungated data, as illustrated
in Fig. 4. This final motion-corrected image includes all
counts from the full cardiac and respiratory cycles.

Fig. 2 Three-dimensional rendering of one-bin image (25% of PET
counts) as in the study of Joshi et al. [7] (left) and motion-corrected
image (right) superimposed on rendered CCTA volume. Increased
uptake is seen in right coronary artery (RCA), left anterior descending
(LAD), and left circumflex (LCX) coronary arteries in high-noise, one-

bin image and remains clear in motion-corrected image (This research
was originally published in JNM. Rubeaux et al. Motion correction of
18F–NaF PET for imaging coronary atherosclerotic plaques. J Nucl Med
2016; 57(1): 54–9. © by the Society of Nuclear Medicine and Molecular
Imaging, Inc.) [42•]

Fig. 3 Illustration of dual-respiratory/cardiac motion correction (MC)
technique. 1. Cardiac-MC processing separately in each respiratory
phase (contoured red bins) to end-diastolic phase (solid red bins). 2.
Respiratory-MF processing of cardiac end-diastolic bins (contoured
blue bins) to end-inspiration bin (solid blue bin). 3. Final motion-free

image in end-diastole/end-inspiration (solid green bin). ECG:
electrocardiography (This research was originally published in JNM.
Slomka et al. Dual-gated motion-frozen cardiac PET with Flurpiridaz
F18. J Nucl Med. 2015;56(12):1876–81. © by the Society of Nuclear
Medicine and Molecular Imaging, Inc.) [56•]
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Following the same methodology, other motion correction
schemes have been investigated [58] in the context of dual-
gated PET imaging on phantom and patient data. This study
led to the conclusion that a non-rigid motion correction model
gives better results as compared to using only the diastolic
image, showing also that relatively straightforward registra-
tion schemes, like an affine model, could be employed suc-
cessfully. Therefore, dual-gated motion correction techniques
could be useful in clinical practice. However, no clinical car-
diac studies so far have demonstrated the clinical utility of
such technique.

Conclusions

Cardiac PET is a useful clinical tool with many current and
promising future clinical applications. Recent studies have
suggested its potential for coronary imaging, which could rep-
resent a major advance in cardiac risk stratification and in the
management of patients with coronary artery disease. Despite
this, significant challenges are presented by cardiac, respirato-
ry, and gross patient motion, each of which degrades PET
image quality and impairs effective image resolution.
Ultimately, these challenges hinder the clinical utility of car-
diovascular PET imaging. In order for this imaging modality

to fulfill its potential in imaging of small structures, including
the coronary arteries, sophisticated techniques are required for
the recovery of spatial resolution lost as a consequence of
motion. Established techniques including respiratory and car-
diac gating have led to improvements but have limitations
resulting from a trade-off between reduced motion and in-
creased noise. To overcome this drawback, advanced software
registration may be required to correct for motion in dual-
gated acquisitions. The most promising techniques include
dual-gated non-rigid motion correction methods, as well as
the incorporation of motion correction within the reconstruc-
tion process. With the development and adoption of these
techniques, the potential for evolution of cardiac PET in
non-invasive cardiac and coronary imaging is high.
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Fig. 4 A 42-year-old female patient with low likelihood of coronary
artery disease (weight 86.2 kg [190 lbs]; body mass index 34.7)
injected with 284.9 MBq (7.7 mCi) of Flurpiridaz F18 during exercise
stress and acquired in dual (cardiac and respiratory) mode. Short-,
vertical-, and horizontal-axis views of adenosine stress images. One
phase: one cardiac gate in end-inspiration; MC: motion correction; dual
MC: dual (cardiac/respiratory) MC; cardiac MC: no respiratory gating;

ORG: optimal respiratory gating, a reconstruction technique designed to
keep 35% of the PET counts in one optimal respiratory gate in which
breathing motion is minimal [57] (This research was originally published
in JNM. Slomka et al. Dual-gated motion-frozen cardiac PET with
Flurpiridaz F18. J Nucl Med. 2015;56(12):1876–81. © by the Society
of Nuclear Medicine and Molecular Imaging, Inc.) [56•]

14 Page 6 of 8 Curr Cardiol Rep (2017) 19: 14

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Di Carli MF, Dorbala S, Meserve J, El Fakhri G, Sitek A, Moore
SC. Clinical myocardial perfusion PET/CT. J Nucl Med.
2007;48(5):783–93.

2. Martinez-Möller A, Zikic D, Botnar R, Bundschuh R, Howe W,
Ziegler S, et al. Dual cardiac–respiratory gated PET: implementa-
tion and results from a feasibility study. Eur J Nucl Med Mol
Imaging. 2007;34(9):1447–54.

3. Koivumaki T, Nekolla SG, Furst S, Loher S, Vauhkonen M,
Schwaiger M, et al. An integrated bioimpedance—ECG gating
technique for respiratory and cardiac motion compensation in car-
diac PET. Phys Med Biol. 2014;59(21):6373–85.

4. Slomka PJ, Nishina H, Berman DS, Kang X, Akincioglu C,
Friedman JD, et al. “Motion-frozen” display and quantification of
myocardial perfusion. J Nucl Med. 2004;45(7):1128–34.

5. Shechter G, Resar JR, McVeigh ER. Displacement and velocity of
the coronary arteries: cardiac and respiratory motion. IEEE Trans
Med Imaging. 2006;25(3):369–75.

6. Woo J, Tamarappoo B, Dey D, Nakazato R, LeMeunier L, Ramesh
A, et al. Automatic 3D registration of dynamic stress and rest
(82)Rb and flurpiridaz F18 myocardial perfusion PET data for pa-
tient motion detection and correction. Med Phys. 2011;38(11):
6313–26.

7. Joshi NV, Vesey AT, Williams MC, Shah AS, Calvert PA,
Craighead FH, et al. 18F-fluoride positron emission tomography
for identification of ruptured and high-risk coronary atherosclerotic
plaques: a prospective clinical trial. Lancet. 2014;383(9918):705–
13.

8. Jakoby BW, Bercier Y, Conti M, Casey ME, Bendriem B,
Townsend DW. Physical and clinical performance of the mCT
time-of-flight PET/CT scanner. Phys Med Biol. 2011;56(8):2375–
89.

9. Townsend DW. Physical principles and technology of clinical PET
imaging. Ann Acad Med Singap. 2004;33(2):133–45.

10. Panin VY, Kehren F, Michel C, Casey M. Fully 3-D PET recon-
struction with system matrix derived from point source measure-
ments. IEEE Trans Med Imaging. 2006;25(7):907–21.

11. Le Meunier L, Slomka PJ, Dey D, Ramesh A, Thomson LE, Hayes
SW, et al. Enhanced definition PET for cardiac imaging. J Nucl
Cardiol. 2010;17(3):414–26.

12. Dawood MBF, Lang N, Schober O, Schäfers KJMP. Respiratory
gating in positron emission tomography: a quantitative comparison
of different gating schemes. Med Phys. 2007;34(7):3067–76.

13. Tsutsui Y, Kidera D, Taniguchi T, Akamatsu G, Komiya I, Umezu
Y, et al. Accuracy of amplitude-based respiratory gating for PET/
CT in irregular respirations. Ann Nucl Med. 2014;28(8):770–9.

14. Li XA, Stepaniak C, Gore E. Technical and dosimetric aspects of
respiratory gating using a pressure-sensor motion monitoring sys-
tem. Med Phys. 2006;33(1):145–54.

15. Nehmeh SA, Erdi YE. Respiratory motion in positron emission
tomography/computed tomography: a review. Semin Nucl Med.
2008;38(3):167–76.

16. Jafari Tadi M, Koivisto T, Pankaala M, Paasio A. Accelerometer-
based method for extracting respiratory and cardiac gating informa-
tion for dual gating during nuclear medicine imaging. International
journal of biomedical imaging. 2014;2014:690124.

17. Büther F, Dawood M, Stegger L, Wübbeling F, Schäfers M,
Schober O, et al. List mode–driven cardiac and respiratory gating
in pet. J Nucl Med. 2009;50(5):674–81.

18. Kesner AL, Chung JH, Lind KE, Kwak JJ, Lynch D, Burckhardt D,
et al. Validation of software gating: a practical technology for respi-
ratory motion correction in PET. Radiology. 2016;281(1):239–48.

19. 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(6):890–6.

20. Kinahan PE, Hasegawa BH, Beyer T. X-ray-based attenuation cor-
rection for positron emission tomography/computed tomography
scanners. Semin Nucl Med. 2003;33(3):166–79.

21. Gould KL, Pan T, Loghin C, Johnson NP, Guha A, Sdringola S.
Frequent diagnostic errors in cardiac PET/CT due tomisregistration
of CTattenuation and emission PET images: a definitive analysis of
causes, consequences, and corrections. J Nucl Med. 2007;48(7):
1112–21.

22. Le Meunier L, Maass-Moreno R, Carrasquillo JA, Dieckmann W,
Bacharach SL. PET/CT imaging: effect of respiratory motion on
apparent myocardial uptake. J Nucl Cardiol. 2006;13(6):821–30.

23. Lautamaki R, Brown TL, Merrill J, Bengel FM. CT-based attenua-
tion correction in (82)Rb-myocardial perfusion PET-CT: incidence
of misalignment and effect on regional tracer distribution. Eur J
Nucl Med Mol Imaging. 2008;35(2):305–10.

24. Goerres GW, Burger C, Kamel E, Seifert B, Kaim AH, Buck A,
et al. Respiration-induced attenuation artifact at PET/CT: technical
considerations. Radiology. 2003;226(3):906–10.

25. Nehmeh S, Erdi Y, Pan T, Yorke E, Mageras G, Rosenzweig K,
et al. Quantitation of respiratory motion during 4D-PET/CT acqui-
sition. Med Phys. 2004;31(6):1333–8.

26. Nagel CC, Bosmans G, Dekker AL, Ollers MC, De Ruysscher DK,
Lambin P, et al. Phased attenuation correction in respiration corre-
lated computed tomography/positron emitted tomography. Med
Phys. 2006;33(6):1840–7.

27. Pan T, Lee T-Y, Rietzel E, Chen GT. 4D-CT imaging of a volume
influenced by respiratory motion on multi-slice CT. Med Phys.
2004;31(2):333–40.

28. Low DA, Nystrom M, Kalinin E, Parikh P, Dempsey JF, Bradley
JD, et al. A method for the reconstruction of four-dimensional syn-
chronized CT scans acquired during free breathing. Med Phys.
2003;30(6):1254–63.

29. Keall PJ, Starkschall G, Shukla H, Forster KM, Ortiz V, Stevens
CW, et al. Acquiring 4D thoracic CTscans using a multislice helical
method. Phys Med Biol. 2004;49(10):2053–67.

30. Alessio AM, Kohlmyer S, Branch K, Chen G, Caldwell J, Kinahan
P. Cine CT for attenuation correction in cardiac PET/CT. J Nucl
Med. 2007;48(5):794–801.

31. Pan T, Mawlawi O, Nehmeh SA, Erdi YE, Luo D, Liu HH, et al.
Attenuation correction of PET images with respiration-averaged CT
images in PET/CT. J Nucl Med. 2005;46(9):1481–7.

32. Alessio AM, Kinahan PE, Champley KM, Caldwell JH.
Attenuation-emission alignment in cardiac PET/CT based on con-
sistency conditions. Med Phys. 2010;37(3):1191–200.

33. Daou D. Respiratory motion handling is mandatory to accomplish
the high-resolution PET destiny. Eur J Nucl Med Mol Imaging.
2008;35(11):1961–70.

34. Slomka PJ, Diaz-Zamudio M, Dey D,Motwani M, Brodov Y, Choi
D, et al. Automatic registration of misaligned CT attenuation cor-
rection maps in Rb-82 PET/CT improves detection of angiograph-
ically significant coronary artery disease. J Nucl Cardiol.
2015;22(6):1285–95.

Curr Cardiol Rep (2017) 19: 14 Page 7 of 8 14

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



35. Cheng VY, Slomka PJ, Le Meunier L, Tamarappoo BK, Nakazato
R, Dey D, et al. Coronary arterial 18F-FDG uptake by fusion of
PET and coronary CTangiography at sites of percutaneous stenting
for acute myocardial infarction and stable coronary artery disease. J
Nucl Med. 2012;53(4):575–83.

36. Tawakol A, Migrino RQ, Bashian GG, Bedri S, Vermylen D, Cury
RC, et al. In vivo 18F-fluorodeoxyglucose positron emission to-
mography imaging provides a noninvasive measure of carotid
plaque inflammation in patients. J Am Coll Cardiol. 2006;48(9):
1818–24.

37. Tawakol A, Migrino RQ, Hoffmann U, Abbara S, Houser S,
Gewirtz H, et al. Noninvasive in vivo measurement of vascular
inflammation with F-18 fluorodeoxyglucose positron emission to-
mography. J Nucl Cardiol. 2005;12(3):294–301.

38. Cheng VYSP, Ahlen M, Thomson LE, Waxman AD, Berman DS.
Impact of carbohydrate restriction with and without fatty acid load-
ing on myocardial 18F-FDG uptake during PET: a randomized
controlled trial. J Nucl Cardiol. 2010;17(2):286–91.

39. Tahara N, Kai H, Ishibashi M, Nakaura H, Kaida H, Baba K, et al.
Simvastatin attenuates plaque inflammation: evaluation by
fluorodeoxyglucose positron emission tomography. J Am Coll
Cardiol. 2006;48(9):1825–31.

40. Le Meunier L, Slomka PJ, Dey D, Ramesh A, Thomson LE, Hayes
SW, et al. Motion frozen (18)F-FDG cardiac PET. J Nucl Cardiol.
2011;18(2):259–66.

41. Suzuki Y, Slomka PJ, Wolak A, Ohba M, Suzuki S, De Yang L,
et al. Motion-frozen myocardial perfusion SPECT improves detec-
tion of coronary artery disease in obese patients. J Nucl Med.
2008;49(7):1075–9.

42.• Rubeaux M, Joshi NV, Dweck MR, Fletcher A, Motwani M,
Thomson LE, et al. Motion correction of 18F-NaF PET for imaging
coronary atherosclerotic plaques. J Nucl Med. 2016;57(1):54–9.
This paper provides a motion correction method to deal with
gated 18F-NaF coronary PET data. It demonstrates the
feasability of motion correction in this context, that leads to a
reduction of image noise as well as an increase in TBR

43. Vemuri BC, Ye J, Chen Y, Leonard CM. Image registration via
level-set motion: applications to atlas-based segmentation. Med
Image Anal. 2003;7(1):1–20.

44. Rubeaux M, Joshi N, Dweck MR, Fletcher A, Motwani M,
Thomson LE, et al. Demons versus level-set motion registration
for coronary 18F-sodium fluoride PET. Proc SPIE Int Soc Opt
Eng. 2016;9784:97843Y.

45. Vercauteren T, Pennec X, Perchant A, Ayache N. Symmetric log-
domain diffeomorphic registration: a demons-based approach.
Medical image computing and computer-assisted intervention–
MICCAI. 2008;754–61.

46. Rubeaux M, Pawade T, Cartlidge T, Otaki Y, Dweck M, Dey D,
et al. Cardiac motion compensation improves reproducibility of

18F–sodium fluoride PET uptake quantification in the aortic valve.
J Nucl Med. 2016;57 Suppl 2:506 (abstract).

47. Gigengack F, Ruthotto L, Burger M,Wolters CH, Jiang X, Schafers
KP. Motion correction in dual gated cardiac PET using mass-
preserving image registration. IEEE Trans Med Imaging.
2012;31(3):698–712.

48. Qiao F, Pan T, Clark Jr JW, Mawlawi OR. A motion-incorporated
reconstruction method for gated PET studies. Phys Med Biol.
2006;51(15):3769–83.

49. Livieratos L, Stegger L, Bloomfield PM, Schafers K, Bailey DL,
Camici PG. Rigid-body transformation of list-mode projection data
for respiratory motion correction in cardiac PET. Phys Med Biol.
2005;50(14):3313–22.

50. Chun SY, Fessler JA. Noise properties of motion-compensated to-
mographic image reconstruction methods. IEEE Trans Med
Imaging. 2013;32(2):141–52.

51. Hong I, Furst S, Jones J, Casey M. The strategy of elastic motion
corrections. Nuclear Science Symposium and Medical Imaging
Conference (NSS/MIC); 2013: IEEE.

52. Hong I, Jones J, Casey M. Elastic motion correction for cardiac
PET studies. In: (NSS/MIC) INSSaMIC (ed.) Nuclear Science
Symposium and Medical Imaging Conference (NSS/MIC): IEEE;
2013. p. 1–3.

53. Dawood M, Gigengack F, Jiang X, Schafers KP. A mass
conservation-based optical flow method for cardiac motion correc-
tion in 3D-PET. Med Phys. 2013;40(1):012505.

54. Lamare F, Carbayo MJL, Cresson T, Kontaxakis G, Santos A, Le
Rest CC, et al. List-mode-based reconstruction for respiratory mo-
tion correction in PET using non-rigid body transformations. Phys
Med Biol. 2007;52(17):5187–204.

55. Teras M, Kokki T, Durand-Schaefer N, Noponen T, Pietila M, Kiss
J, et al. Dual-gated cardiac PET-clinical feasibility study. Eur J Nucl
Med Mol Imaging. 2010;37(3):505–16.

56.• Slomka PJ, RubeauxM, LeMeunier L, DeyD, Lazewatsky JL, Pan
T, et al. Dual-gated motion-frozen cardiac PETwith flurpiridaz F18.
J Nucl Med. 2015;56(12):1876–81. This paper presents dual-
gated (respiratory/cardiac) perfusion imaging with
Flurpiridaz F18, showing that dual motion correction method
improves image resolution, contrast, and contrast-to-noise ratio

57. van Elmpt W, Hamill J, Jones J, De Ruysscher D, Lambin P, Ollers
M. Optimal gating compared to 3D and 4D PET reconstruction for
characterization of lung tumours. Eur J Nucl Med Mol Imaging.
2011;38(5):843–55.

58. Lamare F, Le Maitre A, Dawood M, Schafers KP, Fernandez P,
Rimoldi OE, et al. Evaluation of respiratory and cardiac motion
correction schemes in dual gated PET/CT cardiac imaging. Med
Phys. 2014;41(7):072504.

14 Page 8 of 8 Curr Cardiol Rep (2017) 19: 14

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

