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M. Lamb, PhD*

*Department of Radiation Oncology, David Geffen School of Medicine, University of California,
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Abstract
Purpose—To compare quantitatively the accuracy of tumor volume segmentation in amplitude-
based and phase-based respiratory gating algorithms in respiratory-correlated positron emission
tomography (PET).

Methods and Materials—List-mode fluorodeoxyglucose-PET data was acquired for 10
patients with a total of 12 fluorodeoxyglucose-avid tumors and 9 lymph nodes. Additionally, a
phantom experiment was performed in which 4 acrylic spheres with inner diameters ranging from
1 to 4 cm were imaged as they underwent 1-dimensional motion based on 2 measured patient
breathing trajectories. PET list-mode data were gated into 8 bins using 2 amplitude-based (equal
amplitude bins [A1] and equal counts per bin [A2]) and 2 temporal phase-based gating algorithms.
Gated images were segmented using a commercially available gradient-based technique and a
fixed 40% threshold of maximum uptake. Internal target volumes (ITVs) were generated by taking
the union of all 8 contours per gated image. Segmented phantom ITVs were compared with their
respective ground-truth ITVs, defined as the volume subtended by the tumor model positions
covering 99% of breathing amplitude. Superior-inferior distances between sphere centroids in the
end-inhale and end-exhale phases were also calculated.

Results—Tumor ITVs from amplitude-based methods were significantly larger than those from
temporal-based techniques (P= .002). For lymph nodes, A2 resulted in ITVs that were
significantly larger than either of the temporal-based techniques (P<.0323). A1 produced the
largest and most accurate ITVs for spheres with diameters of ≥2 cm (P = .002). No significant
difference was shown between algorithms in the 1-cm sphere data set. For phantom spheres,
amplitude-based methods recovered an average of 9.5% more motion displacement than temporal-
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based methods under regular breathing conditions and an average of 45.7% more in the presence
of baseline drift (P<.001).

Conclusions—Target volumes in images generated from amplitude-based gating are larger and
more accurate, at levels that are potentially clinically significant, compared with those from
temporal phase-based gating.

Introduction
As early as 1999, positron emission tomography (PET) was shown to have a high impact on
the delineation of radiation therapy target volumes for lung cancer, primarily by altering the
inclusion of mediastinal and hilar lymph nodes and also for solid tumors having CT-
ambiguous morphology, such as those with tumor-associated atelectasis (1–4). Adaptive
PET imaginge—based dose-escalation techniques have been proposed in which tumor
subregions, identified by elevated metabolism or other functional signatures, are targeted
with increased dose (5, 6). Respiratory-gated PET is known to improve the measurement of
lesion uptake and tumor volume, making PET imaging more accurate for those applications
(7–10). More recent clinical studies have used four-dimensional (4D) PET (multiple gated
images correlated to respiratory motion) to derive internal target volumes for tumors subject
to respiratory motion (11, 12). 4D-PET requires the gating of coincidence data in a single
PET scan, acquired in list-mode format according to a surrogate of breathing, into multiple
images. Gating methods based on temporal phase and on breathing surrogate amplitude have
both been demonstrated in PET (13–16). Temporal-based gating methods have previously
been shown to be inferior to amplitude-based techniques using a metric of observed
displacement of the heart muscle due to respiration (16). An amplitude-based quiescent-
phase gating (14) has been reported to be superior to temporal phase-based gating in
recovering tracer uptake; however, this method produces a gated image only in the
quiescent, or resting end-exhalation, phase of breathing. Another resting-phase method was
reported to have SUVmax comparable to temporal phase gated 4D-PET (13). To the best of
our knowledge, no study has been performed to compare the accuracy of amplitude-based
and phase-based PET gating for the purpose of generating internal target volumes of tumors
subject to respiratory motion. This report uses phantom and patient data to compare 4 gating
techniquesd—2 amplitude based and 2 phase basedd—in the context of mobile lung tumors.
Our results can be used to guide selection of an appropriate gating algorithm to optimize the
accuracy of 4D-PET imaging in a clinical setting.

Methods and Materials
A hybrid PET/compute tomography (CT) scanner (Biograph TruePoint/TrueView 64;
Siemens Medical Solutions) was used for the experimental protocols, which included both
patient and phantom scans. The PET system used was a multiring LSO scanner that operated
in a 3-dimensional acquisition mode, characterized by a 21.6-cm longitudinal field of view
and a 67-cm transverse field of view. The CT system was a 40-slice scanner with 40 detector
rows and a rotation time of 0.37 seconds. The patient scanning protocol included a helical
CT scan, an axial 4D CT, and a PET list-mode acquisition.

Setup and data acquisition
The phantom consisted of 4 CAB plastic spheres (Phantom Laboratory, Salem, NY), with
inner diameters of 1, 2, 3, and 4 cm, affixed inside a 9.3-L acrylic cylinder. The spheres and
cylinder were filled with solutions of11 C and18 fluorodeoxyglucose (FDG), respectively, to
generate a time-varying signal-to-background ratio. The system was attached to a custom-
built robotic arm that underwent 1-dimensional motion in the superior-inferior direction.
Input motion was based on patient breathing trajectories acquired via a pneumatic bellows
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device (Philips Medical Systems; Fig. 1). The bellows is a small hollow rubber tube
strapped around the patient’s abdomen. As it expands and contracts from breathing motion,
the resultant pressure change is read by a transducer that provides a voltage signal
proportional to the bellows’ expansion.

The bellows signal was recorded synchronously with PET data acquisition using an external
data-acquisition (DAQ) system operating at a sampling frequency of 100 Hz (Labview;
National Instruments Corporation, Austin, TX). The respiratory trigger input of the PET
scanner accepts transistor-transistor logic (TTL) voltage levels and inserts trigger words in
the list-mode file when a high TTL level is received. Synchronization between the PET
scanner and the external DAQ system was achieved by using the DAQ system’s analog
output to generate TTL level pulses at random time intervals in the range of 1 to 5 seconds.
The pulses were then sent to the PET scanner and the DAQ system’s digital input. The PET
list-mode file was synchronized with the breathing DAQ file by computing the offset
between their 2 nominal timestamps such that the times of the randomly distributed triggers
matched.

Ten patients with a total of 12 FDG-avid lung tumors and 9 mediastinal and hilar lymph
nodes were also imaged as part of an institutional review board—approved study at XXXX.
Patients with relatively small lower-lobe tumors were selected for enrollment because the
purpose of the study was to image highly mobile tumors. All patients fasted at least 4 hours
before scanning. PET list-mode data was acquired 60 min after administration of
approximately 10 μCi of FDG activity. A single 21.6-cm bed position was imaged for 12
minutes for the 4D-PET scans to obtain sufficient coincidence event statistics after gating,
while simultaneously avoiding longer scans than what patients could easily tolerate, which
might increase the probability of patient movement during scans. Breathing surrogate traces
were examined for discontinuities that would arise from patient movement; no such
discontinuities were observed.

Image reconstruction
List-mode data were gated according to the abdominal bellows signal. Four gating methods
(2 phase-based and 2 amplitude-based, described subsequently) were compared. Each
method used 8 gating windows with 2 minutes of list-mode data for the phantom and 12
minutes for the patients. The gating was performed with custom software written in
MATLAB (Mathworks; R2010b). Gated list-mode files were reconstructed into emission
images using Siemens reconstruction software with the same algorithms used for clinical
image reconstruction (AW-OSEM, 4 subsets, 8 iterations). Pixel size was 4.07 × 4.07 × 2.03
mm3. Images were reconstructed without attenuation correction to avoid bias resulting from
incorrect phase-matching to amplitude or phase-gated 4D-CT Images were smoothed with a
5-mm Gaussian filter.

Gating method A1: amplitude-based gating, equal-amplitude windows
The amplitude range of the patient’s breathing surrogate signal during the PET acquisition
was divided evenly into 8 bins (Fig. 2a). This method limited the intrawindow motion to a
uniform level, which was advantageous for measuring tumor motion and volume. However,
some of the gating windows contained small numbers of coincidence events (typically at
end-inhalation), leading to excess image noise in those windows. To minimize the effect of
atypical high-amplitude breaths, only windows within the breathing amplitude range from
minimum amplitude to 99th percentile were used for image reconstruction.
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Gating method A2: amplitude-based gating, equal events per window
In this gating method, 8 amplitude windows were chosen such that each window contained
an equal number of coincidence events. This resulted in closely spaced gating windows in
the quiescent phase of breathing and greater amplitude spacing per window near inhalation
(Fig. 2b). Although this was expected to provide an approximately uniform noise
performance per image, there would also be an uneven amount of intrawindow motion.

Gating methods T1 and T2: temporal phase-based gating
For temporal phase-based gating, breathing peaks in the surrogate signal were first identified
using an automated method (17). The signal trace was examined visually, and any missing
or extraneous peaks were added and deleted, respectively. The breathing cycle was divided
into 8 gating windows with divisions between windows evenly spaced between breathing
peaks. By definition, this conventional gating method, denoted here as T1, split the data
from breathing peaks into 2 gating windows (Fig. 2c). We also examined a second temporal-
based method, called T2, where the divisions between gating windows were placed at the
midpoint between the gating window divisions of method T1, thus including data
surrounding a breathing peak into a single gating window (Fig. 2d). Both T1 and T2 resulted
in uniform number of events, but varying intrawindow motion, per gated image.

Image segmentation and analysis
Image segmentation and analysis was performed using a commercial software package
(MIM v5.6.4, MIM Software, Cleveland, OH). Gated phantom images were segmented
using MIM’s PET Edge tool, a semiautomatic gradient-based technique that defines tumor
edges using spatial derivatives (18), and a fixed 40% threshold technique (19, 20). Patient
images were segmented using only PET Edge because the fixed threshold technique failed
for lymph nodes, segmenting the entire mediastinum in several cases. Motion displacement
between end-inhale and end-exhale bins was calculated by measuring the distance between
sphere centroids (superior-inferior distance for phantom data, 3-dimensional distance for
patient data). Internal target volumes (ITVs) were generated by joining the 8 contours from
the individual 8 gated images via union operators. Tumor model ITVs in the phantom data
were compared with their calculated ground-truth ITVs based on the known sphere volume
and motion trajectory. To avoid the effects of outlier breaths, the top and bottom 0.5th
percentile of breathing amplitude was removed when defining the ground-truth ITV,
resulting in 99% of breathing amplitude coverage. For the phantom experiment, images with
varying signal-to-background ratios (SBRs) ranging from high to low (25:1, 13:1, and 5:1)
were examined.

Statistical analysis
To compare differences in segmented ITVs between algorithms for the patient and phantom
datasets, 2-way analysis of variance and Tukey’s range tests and their corresponding
nonparametric tests of Kruskal-Wallis and Mann-Whitney-Wilcoxon were used. Analysis of
variance was used to compare algorithm differences in recovering target motion amplitude
for the phantom data set. Because of target size variability in the patient data set, the ITV of
each tumor and lymph node was standardized for the purposes of the statistical analysis by
dividing the ITV generated by each algorithm by the T1 ITV.

Results
Table 1 shows the average percentage of recovered superior-inferior motion displacement of
end-exhale and end-inhale images (columns 1–2) for the phantom data. Amplitude-based
methods recovered motion ranges higher than temporal phase-based methods by an average
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of 9.5% (P<.001) and 45.7% (P<.001) for trajectories 1 and 2, respectively. A1
demonstrated the greatest robustness in the presence of irregular breathing with baseline
drift by recovering 94% of target motion displacement (P<.001).

The average ratio of measured to ground-truth ITVs using PET Edge (columns 3–5) and
40% threshold (columns 6–8) are also shown in Table 1. Values are averaged across both
trajectory types and the 3 SBRs. Selected SBR values did not have a significant effect on
algorithm performance (P=.160). Across both segmentation techniques, A1 demonstrated
the largest ITV segmentation for sphere groups 1 to 4 cm and 2 to 4 cm (P= .019, P=.002).
No significant difference was observed between algorithms for the 1-cm group. Figure 3
shows an example of gated end-inhale images of phantom spheres undergoing irregular
breathing motion for all the gating methods.

Across all tumors and lymph nodes, amplitude-based methods produced ITVs that were
significantly larger than temporal-based methods (P<.001; Table 2). The tumor data set
yielded the same results (P<.001). For the lymph nodes, A2 was significantly larger than T1
(P=.002) and T2 (P=.0323), and A1 was significantly larger than T1 (P=.009). Figure 4
shows gated images of a selection of tumors and lymph nodes.

Discussion
In the patient data set, amplitude-based gating produced significantly larger ITVs than
phase-based gating. Although no ground-truth target volume was available for the patient
images, we observed a consistent undersegmentation in the phantom data for sphere
diameters of ≥2 cm for both the gradient-based and fixed 40% threshold methods,
suggesting that larger ITVs are likely more accurate in the patient data set. Furthermore,
even lacking other information, given a choice between a possible under- or
oversegmentation, it would likely be preferable to err toward oversegmentation to prevent a
marginal miss of the target and thereby increase the probability of local tumor control.

For phantom spheres ≥2 cm in diameter, A1 was found to produce the largest and most
accurate ITVs. Because the fixed amplitude-range windows in A1 resulted in uneven
coincidence event statistics per gate, it also led to increased noise in images such as end-
inhalation. Methods T1 and T2 resulted in a uniform noise level in all gating windows, but
captured a smaller degree of target motion. Method A2 also produced gated images with
uniform noise but captured more motion than temporal-based methods, especially under
conditions of irregular breathing (Table 1). The ideal balance between image quality and
recovery of motion displacement is a clinical trade-off that depends in part on the preference
of individual physicians and as such cannot be answered by this study. Dawood et al (16)
showed that amplitude-based respiratory gating resulted in a larger measured heart motion in
cardiac PET. The present study not only confirms these results for lung tumors and lymph
nodes in both patient and phantom data, but goes beyond that work to quantify the benefit of
amplitude-based gating with respect to segmentation of target volumes.

We observed that volume segmentations of the small sphere and the larger (>1 cm) spheres
were qualitatively and quantitatively different, and so they were analyzed separately. The 1
cm sphere tended to be oversegmented by both segmentation techniques, and the degree of
oversegmentation was highly variable; this was likely due to the partial volume effect for
small targets in PET imaging (21). A statistical analysis showed that none of the gating
algorithms for the 1-cm sphere was significantly better than the others, although A2 had the
least variability and smallest amount of oversegmentation. In the patient data set, both
amplitude-based methods produced ITVs that were significantly larger than those from both
temporal phase-based methods for the solid tumors. Similar results were observed for the
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lymph nodes, with the exception being that A1 was not significantly different from T2 (P=.
12). Because the average motion and size of the nodes were smaller than that of the tumors,
all individual algorithm differences may be more difficult to detect. However, average
lymph node ITVs were greater than those of the 1-cm sphere and were less likely to be
susceptible to the partial volume effect in volume segmentation. Together, the lymph node
and 1-cm sphere results suggest that A2 could better represent volumes of small mobile
targets, but additional studies are needed to confirm these results.

Gradient-based PET image segmentation algorithms are generally regarded as more accurate
than fixed percentage threshold based segmentation (18, 22, 23). Because it is still used in
clinical practice, we included a fixed 40% threshold segmentation algorithm to show that the
comparison of amplitude and phase gating was robust to changes in the details of volume
segmentation. Determination of the optimal PET segmentation algorithm has been
thoroughly studied (24) but is yet undetermined and therefore beyond the scope of this
investigation.

One limitation of this study is that the effect of the number of gating windows was not
examined. Increasing the number of gating windows beyond 8 would be expected to
increase the motion recovery of both amplitude-based and phase-based gating at the expense
of increased image noise. We chose 8 gating windows because this was found to be effective
in capturing motion displacement in a cardiac PET study (15) and obtaining motion-free
images in a respiratory gated 4D-PET/CT study (25). In addition, only nonattenuation
corrected images were examined in this study, although segmentation can also be performed
on PET images with attenuation correction applied. If attenuation correction is performed on
gated PET using CT images, the CT images should be phase-matched to the PET images.
The quality of the 4D-CT images and the phase-matching could influence the segmentation
of target volumes differentially between amplitude-gated and phase-gated PET images. A
number of studies have shown that amplitude-based 4D-CT sorting is more accurate than
phase-based 4D-CT sorting (26–29), so it would be expected that use of attenuation
corrected images would not alter the conclusions of the present study; however, additional
studies should be performed to confirm these findings for phase-matched 4D-PET/CT.

Conclusions
Compared with phase-based gating, amplitude-based gating produced PET images that led
to larger ITVs for lung tumors. For lymph nodes and mobile phantom spheres ≥2 cm in
diameter, amplitude-based methods resulted in larger and more accurate ITVs but not at
statistically significant levels for both amplitude-based algorithms in all cases. Amplitude-
based gating resulted in ITVs approximately 10% and nearly 20% larger than phase-based
gating for the lymph nodes and the tumors, respectively. For moving 1-cm spheres, there
was no clear difference in ITV generation from the different algorithms. Amplitude-based
gating algorithms that use equal amplitude range windows produce the largest ITVs but also
result in images with more noise in the end-inhalation breathing phase.
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Summary

Respiratory-gated positron emission tomography has the potential to aid target volume
delineation for tumors subject to respiratory motion. Gating is performed on either the
amplitude or temporal phase of breathing. This work compares amplitude- and phase-
based gating methods for internal target volume segmentation using phantom and patient
images. We find that amplitude-based methods result in larger and more accurate internal
target volumes and should therefore be preferred for use in radiation therapy planning.
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Fig. 1.
Patient-derived breathing trajectories. Trajectory 1 represents a regular breathing pattern,
and trajectory 2 shows irregular breathing with baseline drift (varying end-exhale positions).
Breathing motion amplitude for trajectories 1 and 2 were 25.1 and 35.8 mm, respectively.
Phantom images were generated from 2 minutes of breathing motion.
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Fig. 2.
Illustration of gating algorithms on a part of patient 2’s breathing trace during positron
emission tomography acquisition: algorithm A1, amplitude-based with equal amplitude
windows; A2, amplitude-based with equal events per window; T1, temporal phase-based
with the first gating window starting at peak inhale; T2, temporal phase-based with the first
gating window centered on peak inhale. Dotted lines show the boundaries between gating
windows. For clarity, only the first gating window is shown for methods T1 and T2.
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Fig. 3.
End-exhale (yellow) and end-inhale (red) contours for a high signal-to-background ratio
image of phantom spheres undergoing irregular breathing motion (trajectory 2). A1
demonstrates the largest motion separation across all gating methods, although it also
produces the noisiest end-inhale bin. Pixel units are Bq/mL.
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Fig. 4.
Selected slices highlighting algorithm differences in image generation and segmentation.
Internal target volumes of tumor 3 (cyan), tumor 5 (green), lymph node 9 (blue), and tumor
9 (orange) registered to the end-inhale breathing phase. Pixel units are proportional to counts
per second. Gated images from temporal-based algorithms have increased motion blurring
artifacts.
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