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Purpose: 4D positron emission tomography and computed tomography (PET/CT) can be used to
reduce motion artifacts by correlating the raw PET data with the respiratory cycle. The accuracy of
each PET phase is dependent on the reproducibility and consistency of the breathing cycle during
acquisition. The objective of this study is to evaluate the impact of breathing amplitude and phase
irregularities on the quantitative accuracy of 4D PET standardized uptake value (SUV) measurements.
In addition, the magnitude of quantitative errors due to respiratory motion and partial volume error
are compared.
Methods: Phantom studies were performed using spheres filled with 18F ranging from 9 to 47 mm in
diameter with background activity. Motion was simulated using patient breathing data. The authors
compared the accuracy of SUVs derived from gated PET (4 bins and 8 bins, phase-based) for ideal,
average, and highly irregular breathing patterns.
Results: Under ideal conditions, gated PET produced SUVs that were within (−5.4 ± 5.3)% of
the static phantom measurements averaged across all sphere sizes. With breathing irregularities, the
quantitative accuracy of gated PET decreased. Gated PET SUVs (best of 4 bins) were (−9.6 ± 13.0)%
of the actual value for an average breather and decreased to (−17.1 ± 10.8)% for a highly irregular
breather. Without gating, the differences in the SUV from actual value were (−28.5 ± 18.2)%, (−25.9
± 14.4)%, and (−27.9 ± 18.2)% for the ideal, average, and highly irregular breather, respectively.
Conclusions: Breathing irregularities reduce the quantitative accuracy of gated PET/CT. Cur-
rent gated PET techniques may underestimate the actual lesion SUV due to phase assign-
ment errors. Evaluation of respiratory trace is necessary to assess accuracy of data binning
and its effect on 4D PET SUVs. © 2012 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4766876]
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I. INTRODUCTION

Integrated positron emission tomography and computed to-
mography (PET/CT) systems are widely used in the diagno-
sis, staging, and treatment of cancer and other disorders.1, 2

Fluorodeoxyglucose (18F)-FDG PET/CT, in particular, is rou-
tinely used for delineation of gross tumor volume3–9 in ra-
diation treatment planning. The standardized uptake value
(SUV) of the lesion is the most commonly used parameter
to assess tumor biology and evaluation of treatment response.

One of the key challenges of this semiquantitative method
for imaging thoracic tumors on current PET/CT systems is
the effect of respiratory motion.10, 11 The image acquisition
time required at each bed position typically ranges from 2 to
4 min. This gives rise to image blurring over multiple respi-
ratory cycles and alters the overall appearance and metabolic
measures of disease activity. One way to reduce motion arti-
facts is through respiratory gating.12, 13 Respiratory gated PET
is commonly referred to as 4D PET and is commercially avail-
able from all major PET/CT vendors. Studies have shown
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that gated PET images can reduce the effect of motion blur-
ring and give rise to higher SUV for the lesions examined.
PET images with reduced motion blurring appear sharper
and presumably provide reliably accurate measures of tumor
metabolism.14

Respiratory motion artifacts can be minimized using
breath hold techniques15 or 4D respiratory gating systems.16

These 4D systems work by correlating PET data acquisi-
tion with the breathing phase, enabling multiple PET im-
ages of different respiratory phases to be reconstructed as dis-
tinct scans. By splitting the raw data into multiple phases or
bins, each phase image will, in principle, have reduced mo-
tion smearing but a higher level of noise due to the poorer
count statistics. The key to a good 4D scan is a highly sta-
ble breathing pattern that enables accurate data binning. Am-
plitude based binning methods17, 18 have been shown to give
better results than phase binning in situations when there are
breathing period or amplitude variations but is not widely
available commercially. Phase binning is particularly prone
to respiratory signal baseline drift and amplitude irregulari-
ties which lead to binning errors. More advanced sorting tech-
niques based on multiple points have been developed to im-
prove data binning in 4D CT.19

Clinical PET imaging systems have limited spatial reso-
lution typically in the range of 5–8 mm. This results in in-
accurate quantification of radiotracer concentration in tumors
measuring less than twice the spatial resolution of the imag-
ing system.20 This is known as partial volume effect (PVE),
and causes lesions to appear smeared, thereby leading to un-
derestimation of radiotracer uptake and an increase in the
apparent size of the object imaged. The combined effects
of PVE and motion can, in principle, be corrected if both
the tumor size and motion amplitude are known. In most
cases, tumor size can be estimated from an anatomical imag-
ing modality such as CT, but measurement of tumor res-
piratory motion amplitude can potentially be accomplished
through gating technology such as 4D CT or other advanced
imaging techniques such as dynamic magnetic resonance
imaging.

Several methodologies have been developed to correct for
PVE in oncological PET imaging.20 One of the simplest meth-
ods consists in the use of a table with precalculated correction
factors21 derived from simulation or phantom measurements
for a range of estimated tumor sizes and tumor-to-background
ratios. More advanced methods use a priori information pro-
vided by higher resolution anatomical images such as CT or
MRI offered by either stand alone or integrated multimodality
imaging systems to correct for the suboptimal spatial resolu-
tion of PET.22 Several authors have developed techniques to
correct for PVE using the point spread function information
within iterative image reconstruction or by postprocessing of
PET images via deconvolution.23, 24

In this paper, we investigate the combined effects of PVE
and breathing irregularities on 4D PET data binning and its
impact on the quantitative accuracy of SUVs in 4D PET. In
addition, we quantify the impact of respiratory motion on the
accuracy of nongated PET SUV estimates as a function of
tumor size and motion amplitude.

II. MATERIALS AND METHODS

II.A. Simulation study

In order to estimate the impact of motion blurring on SUV
measurements, a mathematical phantom was used to simu-
late spherical lesions of various diameters (8–48 mm; voxel
size = 1.0 × 1.0 × 1.0 mm3). Tumor-to-background ratios
of 5:1 and 15:1 were simulated. Each sphere was assigned
identical activity concentration and convolved with a three-
dimensional Gaussian point spread function of 8.0 mm full
width half max (FWHM) to simulate PVE. The digital im-
age was further smoothed by a top hat filter to simulate linear
motion in one dimension. The recovery coefficient, defined as
the maximum measured activity relative to the actual value,
was then calculated for a range of motion amplitudes ranging
from 5 to 30 mm.

II.B. 4D PET/CT phantom study

Experimental measurements were performed using a
22 cm diameter cylindrical phantom containing six fillable
spheres of inner diameters 9, 12, 14, 20, 29, and 47 mm.
All spheres were filled with identical activity concentration of
42.2 kBq/cc (SUV = 15) of 18F except for the 47 mm sphere
which had half of this concentration. The largest sphere had
half the concentration in order to reduce the total count rate
from the phantom and prevent count rate effects from im-
pacting the image quality. The results for the 47 mm sphere
measurements were rescaled accordingly for the analysis.
The background was filled with an activity concentration of
2.8 kBq/cc (SUV = 1). A programmable respiratory mo-
tion platform (Modus Medical Devices Inc., Ontario, Canada)
was used to drive the phantom along the scanner axial direc-
tion using representative patient respiratory waveforms cap-
tured with the real-time position management (RPM) system
(Varian Medical Systems, Palo Alto, CA). The RPM system
uses a camera based system that records the vertical displace-
ment of the chest wall during respiration. Three motion files
representing ideal breathing, average breathing, and highly
irregular breathing patterns were used. The motion file rep-
resenting ideal motion was a sinusoidal waveform generated
from software while those for the average (some random vari-
ations in phase or amplitude) and highly irregular breather
(large variations in phase or amplitude) were actual patient
breathing patterns. The PET/CT images were acquired on a
Philips Gemini TF Big Bore PET/CT (Philips Healthcare, An-
dover, MA). The 4D PET/CT protocol consisted of a non-
gated CT, a 4D CT with 8 gates (retrospective spiral with
phase binning) followed by a 4D PET (Varian RPM) ac-
quisition for 6 min in one bed position. Reconstructed PET
images (voxel size = 4 × 4 × 4 mm3) consisted of a non-
gated PET and gated 4D PET using 4 gates (phase binning).
Attenuation correction was performed using the average CT
for the nongated PET and phase matched 4D CT for the 4D
PET. An additional 4D PET with 8 gates was reconstructed to
study the effects of image noise due to fewer counts per phase
bin.
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FIG. 1. Simulated effect of motion on tumor SUV including PVE for a 5:1
(a) and 15:1 (b) tumor-to-background ratio.

II.C. Breathing pattern analysis

The respiratory signals acquired by the RPM system were
sorted into evenly spaced bins defined from 0% to 100% of
the respiratory cycle. A linear relationship between the phan-
tom displacement along the axis of motion and the external
respiratory signal was assumed. For each respiratory cycle,
the maximum inhale phase was designated as 0% (or 100%),
while the maximum exhale is usually close to 50% depending
on the breathing pattern. Each bin was labeled using the start-
ing phase of the bin. For example, if four bins are used, the
bin width will be 25% and the bin labeled 12.5% will consist
of data with phases between 12.5% and 37.5%. Phase sorting
accuracy was evaluated by plotting the phantom displacement
against the assigned phase for all respiratory cycles. For each
bin, the average and standard deviation of the displacement
were computed.

II.D. Statistical analysis

SUVmax was used for comparison between the gated and
nongated PET images. The mean and standard deviations of
the SUVmax for the 4D PET were determined as a function
of sphere diameter for the ideal, average, and highly irregular
breathing patterns.

III. RESULTS

III.A. Computer simulation

The simulated effects of partial volume and motion as a
function of sphere diameter are presented in Figs. 1(a) and
1(b) for 5:1 and 15:1 tumor-to-background ratios, respec-
tively. All curves exhibit a systematic decrease in recovery co-
efficient as the sphere diameter decreases owing to PVE. As
motion amplitude increases, the measured activity is spread
out over a larger volume resulting in a further decrease in ap-
parent SUVmax. One salient feature in the figures is that the
impact of motion on SUV can be considered small (less than
10%) unless the motion amplitude is comparable to the size of
the sphere. The main contribution for the loss in recovery co-
efficient is from PVE. For a 15:1 tumor-to-background ratio,
the additional decrease in recovery coefficients due to motion
for the 10, 15, 20, 25, and 30 mm diameter spheres subject to
motion equal to its size are 8%, 17%, 18%, 15%, and 12%,
respectively.

III.B. Motion evaluation for 4D PET/CT phantom study

The motion file used for the sinusoidal breathing pattern
representing ideal breathing with peak to peak motion am-
plitude of 1.5 cm is presented in Fig. 2(a) together with the
phase sorted displacement over the single bed PET acquisition
[Fig. 2(b)]. The binned displacement indicates good
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FIG. 2. (a) Phantom motion representing an ideal breather using sinusoidal
waveform. (b) Breathing analysis depicting the accuracy of phase binning
with the mean and standard deviation of tumor positions in each bin. There
is minimal interbin crossover.
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FIG. 3. (a) Phantom motion representing an average breather with some
variation in breathing amplitude and period. (b) Breathing analysis depict-
ing the accuracy of phase binning with the mean and standard deviation of
tumor positions in each bin. There is some interbin crossover.

separation and accuracy of the 4D PET data sorting between
consecutive bins with almost zero overlap between adjacent
phases. The peak inhale and exhale bins have the smallest
standard deviations while intermediate bins have the largest.
A more realistic breathing pattern has some variation in
breathing amplitude [Fig. 3(a)] resulting in a phase sorted dis-
placement graph that exhibits some degree of overlap between
adjacent phases as well as phase errors [Fig. 3(b)]. If breath-
ing is highly irregular [Fig. 4(a)], phase sorting error can re-
sult in poor separation between adjacent phases [Fig. 4(a)].

The 4D PET images using 4 and 8 gating bins for the
14 mm sphere are presented in Fig. 5. For both the ideal and
average breather, 4D PET was able to reduce motion blurring
thereby producing gated PET images which were closer in
size to a static phantom effect. For highly irregular motion,
the large phase binning error results in poorly separated PET
bins with apparent tumor sizes larger than those of the ideal
or average breather.

III.C. SUV measurements

4D PET SUVmax measurements were found to be system-
atically higher compared to the nongated PET SUVmax across
all tumor sizes. For the ideal breather [Fig. 6(a)], the best bin
(87%) had SUVs within (−5.4 ± 5.3)% of the static phantom
measurements compared to (−18.4 ± 17.0)% for the worst
(12%) bin and (−28.5 ± 18.2)% for the nongated scan when

FIG. 4. (a) Phantom motion representing a patient with highly irregular
breathing pattern. (b) Breathing analysis depicting the accuracy of phase bin-
ning with the mean and standard deviation of tumor positions in each bin.
There is substantial interbin crossover.

averaged over all tumor sizes. For the average breather
[Fig. 6(b)], the best bin (37%) had SUVs within
(−9.6 ± 13.0)% of the static phantom measurements
compared to (−15.7 ± 12.6)% for the worst (62%) bin and
(−25.9 ± 14.4)% for the nongated scan. For the highly
irregular breather [Fig. 6(c)], the best bin (12%) had SUVs
within (−17.1 ± 10.8)% of the static phantom measurements
compared to (−25.4 ± 17.1)% for the worst (37%) bin
and (−27.9 ± 18.2)% for the nongated scan. The 8 bin 4D
PET measurements (Fig. 7) resulted in SUVmax that was on
average larger than the 4 bin PET but with wider interbin
variability. For the 14 mm sphere in the good breather, the
4 bin PET SUVmax was (11.5 ± 1.2) compared to (13.1
± 1.9) for the 8 bin PET. Corresponding results for the aver-
age breather were (11.3 ± 0.4) for the 4 bin PET compared
to (11.6 ± 1.3) for the 8 bin PET, and for the poor breather
(9.7 ± 0.9) for the 4 bin PET compared to (10.3 ± 1.6) for
the 8 bin PET. The same 4D PET results are also presented in
Table I (4 bins) and Table II (8 bins).

IV. DISCUSSION

Achieving accurate and reliable quantification enhances
the role of PET/CT in diagnosis and for assessing response
to therapy. Motion is detrimental toward reaching this goal
but is, in principle, correctable so that true lesion activity
may be assessed. Results from computer simulations indicate
that motion adversely impacts PET quantification when its

Medical Physics, Vol. 39, No. 12, December 2012
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FIG. 5. Coronal 4D PET images using 4 gates for the ideal (a), average (b), and highly irregular breather (c) and using 8 gates for the ideal (d), average (e), and
highly irregular breather (f).

amplitude is comparable to or greater than the size of the le-
sion. Since most respiratory related motion is less than 2 cm,
the activity of small lesions is likely to be underestimated the
most. Simulations indicate that motion blurring alone reduces
the recovery coefficient by about 17% for a 15 mm tumor sub-
ject to 15 mm motion. The results presented in Fig. 1 facilitate
the estimation of the impact of motion on tumor SUV for a
range of lesion size and motion amplitude.

4D PET seeks to address respiratory motion blurring
through the use of respiratory correlated data binning. Phase
binning works well when breathing is highly regular, but am-
plitude and phase variations may result in binning error. De-
pending on the extent of breathing irregularities, 4D PET im-
ages with binning error are not completely motion free and
exhibit some degree of residual blurring and interbin mixing.
In practice, 4D PET SUVs lie somewhere between the “true”
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FIG. 6. 4D PET SUVmax using 4 bins for ideal (a), average (b), and highly irregular breather (c) compared to the nongated PET and no motion SUVmax. The
phantom true SUV was 15.
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FIG. 7. 4D PET SUVmax using 8 bins for ideal (a), average (b), and highly irregular breather (c) compared to the nongated PET and no motion SUVmax. The
phantom true SUV was 15.

(motion free) and nongated PET values. Nevertheless, even
for a highly irregular breather, lesion motion can be visual-
ized qualitatively using 4D PET as Fig. 5 depicts. As such,
4D PET SUVs should be used with caution as there is no sim-
ple means to assess the effects of breathing on the accuracy of
data generated.

The pattern of human breathing [Fig. 3(a)] is aperiodic,
exhibiting both breathing amplitude and rate variations from
breathing cycle to breathing cycle. Breathing pattern varia-
tions lead to phase binning error and results in imperfect sort-
ing of the PET data [Fig. 3(b)]. Phase binning error widens
the range of tumor positions in individual bins even at peak
inhale and exhale portions of the cycle, resulting in data mix-
ing and bin overlap. In the case of a highly irregular breather
[Fig. 4(a)], the bin overlap is comparable to the amplitude

TABLE I. 4D PET SUVmax using 4 phase bins as a function of sphere di-
ameter under different breathing conditions. The true SUVmax is 15.

9 mm 12 mm 14 mm 20 mm 29 mm 47 mm

No motion 7.9 11.6 12.6 16.3 17.0 17.1
Regular ungated 3.7 6.7 8.5 12.2 15.0 16.2
Regular 12% 4.3 8.0 10.8 14.2 16.0 17.1
Regular 37% 5.3 8.9 13.0 14.6 15.7 18.0
Regular 62% 5.9 9.5 10.4 15.0 16.0 16.8
Regular 87% 6.9 11.5 11.9 14.9 16.0 17.5
Irregular ungated 4.5 6.7 9.7 12.5 14.8 15.4
Irregular 12% 5.4 8.6 11.2 13.4 16.3 17.2
Irregular 37% 6.6 9.5 11.4 13.1 15.7 19.7
Irregular 62% 6.1 7.4 10.7 14.5 15.8 16.9
Irregular 87% 5.3 8.3 11.7 13.4 15.7 17.2
Highly irregular ungated 4.2 6.3 8.3 12.5 14.1 17.1
Highly irregular 12% 5.1 9.2 10.7 14.2 14.8 16.4
Highly irregular 37% 4.6 7.0 8.6 12.3 13.7 17.9
Highly irregular 62% 4.6 7.6 9.8 14.3 14.4 18.2
Highly irregular 87% 4.2 6.8 9.8 13.6 16.4 18.3

width in the bin [Fig. 4(b)]. Even though the average tumor
position in the bins exhibits a cyclical motion, the individual
PET bins are poorly sorted.

TABLE II. 4D PET SUVmax using 8 phase bins as a function of sphere di-
ameter under different breathing conditions. The true SUVmax is 15.

9 mm 12 mm 14 mm 20 mm 29 mm 47 mm

No motion 7.9 11.6 12.6 16.3 17.0 17.1
Regular ungated 3.7 6.7 8.5 12.2 15.0 16.2
Regular 0% 6.7 11.3 12.4 14.8 15.8 18.2
Regular 12% 5.3 9.4 11.9 14.9 16.3 18.4
Regular 25% 6.5 9.9 16.5 14.3 16.3 20.6
Regular 37% 5.7 9.1 13.1 15.4 15.5 17.9
Regular 50% 6.1 11.1 13.7 15.8 15.9 19.2
Regular 62% 7.3 10.8 10.8 15.8 15.8 18.7
Regular 75% 4.2 11.0 15.0 14.1 16.6 18.3
Regular 87% 8.0 11.0 11.4 15.2 15.7 16.5
Irregular ungated 4.5 6.7 9.7 12.5 14.8 15.4
Irregular 0% 5.5 7.2 12.5 13.0 16.3 16.8
Irregular 12% 5.2 10.2 13.1 14.1 17.1 17.2
Irregular 25% 7.6 10.8 13.8 17.1 17.1 20.6
Irregular 37% 6.2 10.0 11.0 14.9 16.6 21.5
Irregular 50% 5.6 7.2 10.0 11.4 16.1 17.8
Irregular 62% 6.9 8.1 11.3 14.4 16.0 17.4
Irregular 75% 5.6 7.9 10.6 13.8 19.1 20.9
Irregular 87% 4.9 8.3 10.9 14.4 15.8 17.7
Highly irregular ungated 4.2 6.3 8.3 12.5 14.1 17.1
Highly irregular 0% 6.0 11.7 13.1 15.2 17.7 21.5
Highly irregular 12% 5.5 9.4 11.2 15.1 16.3 18.8
Highly irregular 25% 6.1 6.5 9.0 16.6 17.0 21.7
Highly irregular 37% 4.5 7.0 8.6 12.4 13.4 17.5
Highly irregular 50% 4.3 8.4 10.3 14.6 15.7 22.7
Highly irregular 62% 4.1 7.4 8.5 13.8 14.4 17.9
Highly irregular 75% 5.9 8.2 11.1 17.5 18.7 23.1
Highly irregular 87% 4.2 6.5 10.3 14.1 15.3 19.2
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Other factors that affect the quantitative accuracy of 4D
PET include attenuation correction errors, correlation of in-
ternal and external motion, and image noise. One problem re-
lates to attenuation correction errors arising from the spatial
mismatch between the PET and CT data.10, 14 These errors can
impact clinical diagnosis and give rise to quantification er-
rors, especially for lesions near the diaphragm where there is
large heterogeneity in tissue attenuation and significant respi-
ratory motion. Using a slow or averaged CT (Ref. 25) for at-
tenuation correction has been suggested as a way to minimize
these errors for nongated PET, while a phase matched 4D CT
(Ref. 14) may be necessary for attenuation correction in a 4D
PET protocol. In our study, the phantom was filled homoge-
neously with water (both for the lesions and background), and
thus we were not able to simulate errors due to spatial mis-
match of CT and PET as is the case for thoracic lesions in
human studies. Inclusion of these errors is likely to further
decrease the accuracy of quantitative gated 4D PET.

Respiratory signals derived from external body surrogates
are assumed to have a direct correlation with internal respira-
tory motion. However, studies26 have shown that the correla-
tion using a single external landmark, as is used in the Varian
RPM system, may be poor depending on tumor location. In
the absence of real-time internal motion tracking such as from
MRI, a multipoint binning approach using clustering19 pro-
posed in 4D CT imaging may potentially be translated for use
in 4D PET. The choice of the number of 4D phase bins can
affect the noise level and hence the SUVmax. Increasing the
number of gates improves motion separation but biases tumor
SUVmax upward27 offsetting the drop in SUV arising from
decreased motion blurring. This is evidenced by the larger in-
terbin SUV standard deviations between the 4 bin and 8 bin
PET results.

The results presented in this phantom study demonstrate
the limitations of 4D PET under irregular motion. While only
lesions with uniform activity concentration and a fixed tu-
mor to background ratio could be simulated, the same adverse
impact on SUV quantification would be expected in human
studies but the effect of irregular breathing on 4D PET in le-
sions with inhomogeneous uptake is harder to quantify. The
SUVmax was used to demonstrate the systematic decrease in
quantitative accuracy as motion became more irregular. Other
measures such as SUVmean or partial volume corrected SUV,
while not presented in this phantom study, are likely to show
the same trend with motion irregularity as with the SUVmax.

While we have presented 4D PET results based only on the
more widely available phase binning technique, it has been
demonstrated that amplitude binning,17, 18 which is starting to
be offered by commercial vendors, is the more accurate bin-
ning method. By its nature, amplitude binning will not exhibit
the type of sorting errors arising from irregular breathing as
depicted in Figs. 3 and 4 using the phase binning approach.
An added advantage of amplitude binning is that the signal
to noise can be improved through the addition of bins corre-
sponding to the same amplitude but with opposing directions
of motion.

The main application of 4D PET is in thoracic imaging,
given the presence of respiratory motion. Since lesions lo-

cated inferiorly in the thorax are more prone to motion than
those located superiorly, the SUV measurements for these le-
sions are more likely to be underestimated owing to a com-
bination of motion blurring and PVE. As the effect of mo-
tion and PVE reduce the measured SUV, both factors should
be taken into account to achieve more quantitatively accurate
SUVs. 4D PET alone can reduce the effect of motion blur-
ring but PVE may still be the dominant source of quantitative
inaccuracy for small lesions as shown in the simulation with
a digital phantom. Motion blurring dominates only when the
motion amplitude is comparable to the lesion size. Thus, the
effect of motion blurring together with PVE is only likely to
impact quantification of uptake in small lesions.

V. CONCLUSION

The quantitative accuracy of current 4D PET systems using
phase binning can be affected by irregular breathing. Phase
binning error decreases interbin motion separation and results
in 4D SUVs that lie between the true (stationary) and non-
gated values. If the lesion is large compared to the amplitude
of the motion, the impact on SUV will be small and 4D PET
may not be necessary. 4D PET SUVs should not be taken at
face value, and evaluation of the acquired respiratory signal
may be required to ascertain the accuracy of SUVs obtained
from 4D PET. In order to use 4D PET quantitatively, better
data binning techniques have to be developed in order to de-
compose PET into multiple respiratory phases. The effect of
partial volume error is most likely to dominate over motion
effects for small lesions and both effects have to be consid-
ered in order to achieve quantitatively accurate SUVs.
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