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Purpose: To minimize respiratory motion artifacts, this work proposes quiescent period gating
�QPG� methods that extract PET data from the end-expiration quiescent period and form a single
PET frame with reduced motion and improved signal-to-noise properties.
Methods: Two QPG methods are proposed and evaluated. Histogram-based quiescent period gating
�H-QPG� extracts a fraction of PET data determined by a window of the respiratory displacement
signal histogram. Cycle-based quiescent period gating �C-QPG� extracts data with a respiratory
displacement signal below a specified threshold of the maximum amplitude of each individual
respiratory cycle. Performances of both QPG methods were compared to ungated and five-bin
phase-gated images across 21 FDG-PET/CT patient data sets containing 31 thorax and abdomen
lesions as well as with computer simulations driven by 1295 different patient respiratory traces.
Image quality was evaluated in terms of the lesion SUVmax and the fraction of counts included in
each gate as a surrogate for image noise.
Results: For all the gating methods, image noise artifactually increases SUVmax when the fraction
of counts included in each gate is less than 50%. While simulation data show that H-QPG is
superior to C-QPG, the H-QPG and C-QPG methods lead to similar quantification-noise tradeoffs
in patient data. Compared to ungated images, both QPG methods yield significantly higher lesion
SUVmax. Compared to five-bin phase gating, the QPG methods yield significantly larger fraction of
counts with similar SUVmax improvement. Both QPG methods result in increased lesion SUVmax for
patients whose lesions have longer quiescent periods.
Conclusions: Compared to ungated and phase-gated images, the QPG methods lead to images with
less motion blurring and an improved compromise between SUVmax and fraction of counts. The
QPG methods for respiratory motion compensation could effectively improve tumor quantification
with minimal noise increase. © 2010 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3480508�
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I. INTRODUCTION

Positron emission tomography/computed tomography
�PET/CT� imaging of the lung and abdomen region is often
affected by patient respiratory motion, which can lead to a
tracer concentration underestimation of 30% or more, over-
estimation of tumor volume by a factor of 2 or more, and
mismatched PET and CT images that subsequently cause er-
rors in attenuation correction, registration and tumor
localization.1–5 Various motion compensation methods have
been proposed and some of them, such as phase gating, have
been implemented on clinical systems.

Respiratory-gated PET/CT divides PET data into different
gates based on either temporal phase or respiratory displace-
ment information with the potential for phase-matched CT-
based attenuation correction.6–16 Each gated frame contains

less motion but higher image noise. The challenge with this
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approach is the increased noise per respiratory phase and the
need for the physician to review all of the gated images. To
achieve similar image noise as that in the ungated image, one
can increase the acquisition time, which is not desirable in
current clinical practice.4 Depending on patient breathing
patterns, the quality of images within different gates may not
be comparable due to different degrees of intragate motion.
For patients with irregular breathing patterns with amplitude
variability, the gating methods, particularly those based on
phase information, can give unsatisfactory results.14

Proposed motion compensation methods using all the de-
tected coincident events typically start with respiratory-gated
PET and/or CT data and incorporate estimated image-based
motion information either into the image reconstruction17–22

or postprocessing.23–25 The image-based motion information

used in these methods can be derived either from respiratory-
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gated PET or CT images. Motion estimation from gated PET
is subject to the high levels of image noise, leading to poten-
tial error in the estimated motion that can propagate into the
motion corrected images. On the other hand, gated CT im-
ages have much lower noise, but the patient motion during
CT imaging can be very different from the motion during
PET imaging because of the respiratory variations between
PET and CT acquisitions. Both of these approaches may re-
quire nonrigid volumetric image registration, which is sensi-
tive to numerous free parameters and is computation-
intensive.

Alternatives to gating are breath-hold PET/CT methods,
which require patients to hold their breath during the PET
and/or CT acquisition.4,26–28 The breath-hold PET/CT images
have less respiratory motion-blurring effects and more accu-
rately aligned PET-CT images. However, this method is dif-
ficult to universally apply, as 40%–60% patients with lung
cancer are unable to tolerate breath holding.29

Therefore, a motion correction method that allows free
breathing, reduces motion blurring with minimal noise in-
crease, but does not involve image-based motion estimation
is desirable. Our previous analysis of 1295 patient respira-
tory traces showed that patients tend to spend more breathing
time dwelling at the end-expiration quiescent period and
breathe to the same end-expiration location.5 These results
indicate that imaging at end-expiration could include less
motion while still retaining a large fraction of detected
events. Based on these findings, we propose quiescent period
gating �QPG� techniques that extract PET data from only the
quiescent portions of patient breathing cycles to form a
single PET image volume for physician review that has the
optimal signal and noise tradeoff.

II. QUIESCENT PERIOD GATING METHODS

We developed and evaluated two quiescent period gating
methods to extract PET data to form PET/CT images during
the quiescent period of the patient’s respiratory cycle. Both
methods rely on external tracking of the respiratory motion.
In this work, we used the Real-Time Position Management
�RPM� gating system �Varian, Palo Alto, CA�, which records
the anterior-posterior �AP� chest displacement by optically
tracking a reflective block marker.30

II.A. Histogram-based QPG method

The histogram-based method first histograms the respira-
tory trace displacement data, which records the anterior-
posterior chest displacement and has arbitrary units deter-
mined by the RPM system. We then shift the displacement
data so the displacement location that corresponds to the
mode of trace histogram is set to zero. This provides the
reference point. Next, the PET list mode data with trace dis-
placement within a histogram window centered on the refer-
ence point are extracted to form the quiescent period gated
data set. This histogram-based QPG �H-QPG� data set is re-
constructed into the H-QPG image. The window is deter-
mined in such a way that the number of coincident events

included in the window is a predefined fraction of the total
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number of detected events with the minimum displacement
range within the window. For example, in Fig. 1�a�, to in-
clude 40% of the event counts, the window was set around
the histogram mode and the lower/upper boundaries were
chosen to minimize the displacement differences within the
window. This method allows the user to adjust the fraction of
counts as a threshold to optimize the tradeoff between the
intraframe motion and image noise.

II.B. Cycle-base QPG method

As shown in Fig. 1�b�, the cycle-based method extracts
the PET list mode data below a certain percent threshold
�e.g., 20%� of the amplitude in each cycle. This method re-
lies on cycle-dependent amplitude calculation. The percent
amplitude threshold for this method is parameterized, allow-
ing different motion blur-noise tradeoffs.

III. METHODS AND MATERIALS

We compared the performance of the two quiescent pe-
riod gating methods to the ungated and phase-gated �five-
bin� PET images using a computer simulation study and pilot
patient studies. For the cycle-based QPG �C-QPG� method,
we evaluated five amplitude thresholds of 10%, 20%, 30%,
40%, and 50%. For the H-QPG method, the thresholds of
fractions of counts for each QPG frame was chosen as 30%,

FIG. 1. �a� Illustration of histogram-based quiescent period gating. The his-
togram window contains 40% counts in this case. �b� Illustration of cycle-
based quiescent period gating.
40%, 50%, 60%, and 70%.
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III.A. Computer simulation

We collected 1295 patient respiratory traces using the
RPM system during routine PET/CT studies at University of
Washington Medical Center. We previously used these traces
to drive a computer simulation package using the NURBS-
based cardiac torso �NCAT� phantom to evaluate the impact
of respiratory motion on static PET/CT quantification.5 In the
previous study, we have validated the simulation by compar-
ing to a measured phantom experiment, where the respiratory
motion of the phantom was driven with the same patient
traces used in the simulation.5 In this study, we used the
same NCAT phantom whose diaphragm motion was driven
by the RPM traces with 11 mm amplitude to generate
motion-blurred data. Four lesions with 1 cm diameter and
8:1 contrast were inserted into upper lung, middle lung,
lower lung, and liver regions.

By using the same data simulation methods, we generated
the noise-free sinograms corresponding to the two quiescent
period gating methods with different thresholds, five-bin
phase gating, ungated acquisition, and motionless data for
ground truth. All the simulated noise-free sinograms were
reconstructed with OS-EM with four iterations and 20 sub-
sets. Attenuation maps at end-expiration phases were used
for attenuation correction. A Gaussian postfilter in transverse
direction with 8 mm FWHM was applied. The SUVmax was
measured as the maximum voxel value of each lesion and
used for quantitative evaluation.

For each simulation and patient data below, we have com-
puted the fraction of counts included in each gated image
with respect to the ungated images, based on the correspond-
ing durations of RPM trace signal. The fraction of counts is
a surrogate of image noise, as larger fraction of counts leads
to lower image noise.

For each reconstructed image, the change of lesion
SUVmax with respect to that of the ungated images were ana-
lyzed as

�SUV =
SUVgated − SUVungated

SUVungated
, �1�

where SUVgated denotes the lesion SUVmax measured from
one of the gated images of phase gating or QPG, as well as
the motionless image in the simulation study. The SUVungated

denotes to the lesion SUVmax measured from ungated im-
ages. We assume that increased �SUVmax correlates with less
respiratory motion and improved tracer quantification accu-
racy.

III.B. Patient studies

We evaluated the quiescent period gating methods with
patient data acquired through an IRB-approved retrospective
study. Patients were scheduled for routine FDG PET/CT
study using GE DSTE PET/CT scanner �GE Healthcare,
Waukesha, WI� operated in 2D mode at University of Wash-
ington Medical Center. The average injected dose was 10
mCi. In this study, we included patient data sets that had

visible lesions in the lung and abdomen regions. All the le-
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sions were confirmed by physicians to be potential tumors
with focal FDG uptake. Patient data sets, whose RPM traces
have operator errors, such as incorrect placement of optical
tracking block, were excluded from the study. 21 patient data
sets with a total number of 31 lesions were included in the
study. Patient characteristics are summarized in Table I.

For each patient, list mode data corresponding to a 7 min
PET bed position containing lesions were binned to form
sinograms for the different gating methods. All sinograms
were reconstructed into 128�128�47 image volumes with
voxel size of 5.47�5.47�3.27 mm3 using the OS-EM al-
gorithm using two iterations and 28 subsets. Corrections for
attenuation, scatter, randoms, dead time, and detector effi-
ciency normalization were included in the reconstruction. All
the reconstructed images were smoothed with an 8 mm
Gaussian postfilter. For each gating method with different
parameter sets, the mean and standard deviation of �SUVmax

and fraction of counts across all the 31 lesions were calcu-
lated and compared.

For QPG and phase-gating methods in this study, the
gated images contained less counts than the ungated images
and consequently had higher image noise. Image noise, due
solely to poorer statistics, may lead to overestimation of
�SUVmax in Eq. �1�. To evaluate the impact of noise on
lesion SUVmax change ��SUVmax� without any consideration
for motion, we binned the PET list mode data by picking
events separated by repeated short time intervals so that the
binned sinograms had a smaller fraction of counts but re-
tained the motion-blurring effect. We binned the data to have
fractions of counts of 14%, 20%, 25%, 33%, 50%, 67%,
78%, 80%, and 87% and reconstructed them by using the
same method for gated images. The lesion SUVmax change
due solely to increased image noise was analyzed.

To study the impact of patient breathing pattern on
SUVmax changes, we analyzed the shape of the displacement
histogram of RPM trace of each patient. We classified traces
into two groups: Those with a distinct displacement histo-
gram peak at end-expiration and those without such a peak.
As we have previously shown,5 patients with a distinct his-
togram peak have a significant quiescent dwelling time and
hence are expected to benefit more from quiescent period
gating. The SUVmax changes of the two groups were then
compared.

The statistical t-test was used to determine statistical sig-
nificance of any difference in the patient study. The differ-
ence was considered statistically significant if the p-values

TABLE I. Characteristics of patients in this study. The study included 15 male
and six female patients.

Characteristic Mean�SD Range

Age �yr� 58.7�8.5 45–75
Weight �kg� 78.9�17.8 53–120
Height �cm� 174.4�9.7 162–193

BMI 26.0�5.1 15.8–35.8
were less than 0.05.
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IV. RESULTS

IV.A. Impact of image noise on SUV

Tumor SUVmax changes as a function of fraction of counts
in ungated patient data are presented in Fig. 2. With fractions
of counts 50% or larger, the medians of �SUVmax were close
to 0% and their variances were small. Both the median and
variance of �SUVmax was larger for fractions of counts
smaller than 50%. Particularly for 20% fraction of counts,
where the five-bin phase gating operates, the noise alone
caused a median of 9% overestimation on SUVmax.

IV.B. Impact of QPG methods on SUV

Sample patient coronal images in Fig. 3 revealed that both
H-QPG and C-QPG reduced respiratory blurring with respect
to ungated image. Compared to the gate 3 of phase gating,
both QPG methods gave images with a similar reduction in
the blurring effect but with less image noise.

Figure 4 summarizes the results from computer simula-
tion and patient studies with different thresholds. In the
simulation results shown in Fig. 4�a�, for the middle lung
lesion as an example, the averaged five-bin phase gating,
based on 1295 patient traces, had an inferior trade-off be-
tween �SUVmax and fraction of counts as compared to the
QPG methods. The histogram-based QPG, on average, gave
consistently larger �SUVmax compared to the cycle-based
QPG. The motionless image, which corresponds to a hypo-
thetically perfect motion correction method, gave the highest
�SUVmax of 37.8%�17.4%. As shown in Fig. 4�b� with
patient data, the histogram-based and cycle-based QPG
method curves nearly overlap and both have a superior trade-
off between �SUVmax and fraction of counts compared to
five-bin phase gating. Compared to phase gating, all the
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FIG. 2. SUVmax change as a function of fraction of counts for motion-
blurred ungated patient data. The box stretches from the lower 25% quartile
to the upper 75% quartile with a line across the box representing median.
Whiskers extend from each end of the box to the most extreme values in the
data within 1.5 times the interquartile range, which is defined as the differ-
ence between the upper quartile and the lower quartile, from each end of the
box. Outliers with values beyond the ends of the whiskers are displayed with
a + sign.
H-QPG and C-QPG methods with different thresholds lead
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to significantly larger fraction of counts with p-values
smaller than 0.01. In the patient study, the differences in
�SUVmax between QPG and phase gating were not proven to
be significant for any case with p-values ranging between
0.21 and 0.95 for different thresholds. Compared to ungated
images, all the QPG methods with different thresholds lead
to significantly larger SUVmax with p-values smaller than
0.001.

As shown in Table II, patients whose RPM trace histo-
grams had a distinct quiescent peak at end-expiration had
larger SUVmax changes compared to those of patients whose
RPM traces do not have a quiescent peak, but the differences
were not statistically significant.

V. DISCUSSION

We proposed histogram-based and cycle-based quiescent
period gating methods and evaluated their performance using
21 patient data sets with 31 lesions and a computer simula-
tion driven by a large number of patient respiratory traces.
The rationale of quiescent period gating was to take the pa-
tient breathing pattern into account and form a single frame
with minimal respiratory motion and low image noise from
the portion of the respiratory cycle with the least motion.

In Figs. 4�a� and 4�b�, the upper-right corner of the plot
with larger SUVmax change and larger fraction of counts cor-
responds to a superior image quality with less motion and
lower noise. Compared to the phase gating, the curves of the
quiescent period gating methods are more toward the upper-
right corner, indicating superior image quality. In Fig. 4�a�,
the difference between QPG and motionless indicated that
the QPG methods effectively reduced motion blurring with-
out causing SUV overestimation. The differences in
�SUVmax between the motionless case and QPG methods are
due to the fact that each quiescent period still contains re-
sidual intragate motion.

Compared to the ungated images using all the detected
counts, the quiescent period gating methods and five-bin
phase gating contain only a fraction of the total detected
events. Therefore, each gated image is noisier than the un-
gated image and this noise will have an impact on the
SUVmax measurement. As shown in Fig. 2, the median and
variance of �SUVmax became much larger for fractions of
counts smaller than 50%. Particularly for the 20% fraction of
counts, as with the five-bin phase gating, the noise alone can
lead to a median 9% �SUVmax and at worst a 27%

TABLE II. Means, SDs, and statistical tests of �SUV max for the QPG
methods with sample thresholds stratified by breathing types. �QP: With a
distinct quiescent peak at end-expiration; non-QP: Without distinct quies-
cent peaks.� p-values �0.05 are considered statistically significant.

Breathing types H-QPG w/50% counts C-QPG w/20% threshold

QP �N=20� 11.5%�14.2% 11.0%�13.1%
Non-QP �N=11� 4.7%�4.7% 6.5%�6.3%

p-value 0.13 0.30
�SUVmax. This result was derived from the particular patient
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data set used in this study. The general trend that shows
higher image noise causes larger SUVmax overestimation can
be generalized. However, the exact quantitative numbers in
other studies may be different and highly depend on the im-
age noise, which is determined by factors such as total ac-
quisition time, 2D or 3D acquisition mode, and reconstruc-
tion and filter parameters.

Thus, in Fig. 4�b�, the increased �SUVmax for phase gat-
ing is due to a combination of increased noise and motion
correction. But for both QPG methods, the increased
�SUVmax primarily comes from motion correction with
minimal contribution from noise increase. According to the
statistical test, both QPG methods use significantly larger
fractions of counts to achieve nonsignificant �SUVmax dif-
ference as compared to phase gating. These statistical test
results indicate that QPG methods can give equivalent mo-
tion correction as compared to phase gating, but images have
much lower noise and thus higher image quality.

Recently, temporal phase gating has become available in
some clinical PET/CT scanners. We used this capability to
develop a pragmatic implement of quiescent period gating.
For a typical patient breathing curve with five-bin phase gat-
ing, gates 3 and 4 roughly correspond to quiescent period
and have less motion than gates 1 and 5. Thus we combined
the sinograms of gates 3 and 4 and reconstructed the com-
bined sinogram to form a single frame as a potential surro-
gate of quiescent period gating, containing 40% of the
events. As shown in Fig. 4�b�, the trade-off performance of
combined gates 3 and 4 is very close to that of quiescent
period gating. Therefore, combining gates 3 and 4 may be a
pragmatic implementation of quiescent period gating for cur-
rent clinical scanners. To refine this approach, it may be de-
sirable to bin the data into a larger number of frames, such as
eight or ten, and combine the gates corresponding to the
quiescent period with a greater flexibility.

In Table II, quiescent period gating leads to an improve-
ment, but nonsignificant due to the relatively small sample
size, for patients who spend more time breathing around end-
expiration �quiescent period phase�. This indicated that al-

FIG. 3. Sample coronal patient images from different methods. Both phase
methods have lower image noise than phase gating.
though intuitively QPG methods would benefit most for the
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patients with larger quiescent period fraction, the QPG meth-
ods could also make universal improvement for patients with
other breathing patterns.

For patients with very regular breathing patterns without
much end-expiration variation, both the histogram-based and
cycle-based methods should lead to similar improvements.
However, for the traces with significant variations on ampli-
tude and end-expiration location, if the internal tumor motion
correlates well with the external chest AP motion,31–34 the
histogram-based method is expected to yield images with
less motion than the cycle-based method. In noise-free simu-
lations �Fig. 4�a��, the curves of histogram-based QPG are
consistently higher than those of cycle-base QPG. But this is
not the case in measured patient data �Fig. 4�b��, where the
curves of both QPG methods roughly overlap. This discrep-
ancy may be due to the assumptions in the computer simu-
lation. We used the patient RPM traces to drive the dia-
phragm motion of the phantom. Therefore the external-
internal displacement correlation is perfect in our computer
simulation and the histogram-based method outperforms the
cycle-based methods for RPM traces with major respiratory
signal variations on amplitude and end-expiration location.
Studying patient data, however, we do not have exact knowl-
edge of the internal-external displacement correlations. That
is, the absolute internal tumor location may be different for
the same RPM displacement. In this case we would not ex-
pect to see a significant advantage for the histogram-based
methods. However, if we can find a way to directly estimate
internal tumor motion traces in a reliable way, as is demon-
strated as feasible in Refs. 35–40, we may use internal mo-
tion traces to guide respiratory gating, which would retain
the advantage of the histogram-based method over cycle-
based methods. Another consideration is that the histogram-
based QPG requires the entire respiratory trace histogram
and therefore must be applied as a retrospective gating
method. In contrast, the cycle-based QPG can bin the data
prospectively, allowing real time binning during data acqui-
sition to potentially save postprocessing time.

In each patient data set, a helical CT image was acquired

g and QPG methods lead to less-blurred images. The images using QPG
-gatin
during free breathing with the current clinical protocol at
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University of Washington. Therefore, the CT image corre-
sponds to an arbitrary breathing location. With CT-based at-
tenuation correction, this may lead to a larger improvement
of SUVmax in a particular phase frame if PET/CT images
match better, but smaller improvement in other frames with
more severe PET/CT mismatch, both in phase gating and
quiescent period gating. This may confound the results and is
a limitation in this study. Phase-matched attenuation correc-
tion would offer the most accurate PET quantification. With
cine CT acquired, a weighted-averaged CT image corre-
sponding to quiescent period of the selected PET data could
be generated. This quiescent period CT image has the poten-
tial to be nearly matched with the quiescent phase PET data
for accurate attenuation correction. Such evaluation needs

FIG. 4. �SUVmax as a function of fraction of counts for different gating
methods in �a� simulation study and �b� patient study. In the simulation
study, the �SUVmax for the motionless data is 37.8%�17.4%. For visual
clarity, the variances are not shown for histogram-based QPG, which does
not have variances regarding the fraction of counts. The magnitudes of
variances of histogram-based and cycle-based QPGs regarding the �SUVmax

are similar. In the patient study, statistical test showed that compared to
phase gating, all the QPG methods with different thresholds do not have
significant difference on �SUVmax with p-value range of 0.21–0.95, but all
have significantly larger fraction of counts with p-values smaller than 0.001.
further study.
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The QPG methods are intended for patients under free
breathing. They extract data from quiescent periods generally
during end tidal expiration with smaller lung volumes as
compared to end-inspiration. The expanded lung volume of
end-inspiration may improve the ability to detect small lung
lesions and represents one of the rationales for alternative
methods such as deep-inspiration breath-hold PET/CT.26,27

Using similar arguments, the expanded abdominal space dur-
ing end-expiration may improve the ability to detect abdomi-
nal lesions. To the best of our knowledge, it has not been
shown which respiratory phase is optimal for lesion detec-
tion with PET imaging.

VI. CONCLUSIONS

Quiescent period gating methods have the potential to im-
prove PET image quality in clinical studies by reducing the
respiratory motion effect with minimum image noise in-
crease. Compared to conventional phase gating, quiescent
period gating methods lead to an improved compromise be-
tween motion degradation and image noise.
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