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Purpose: Respiratory-correlated positron emission tomography (PET/CT) 4D PET/CT is used to
mitigate errors from respiratory motion; however, the optimal CT attenuation correction (CTAC)
method for 4D PET/CT is unknown. The authors performed a phantom study to evaluate the
quantitative performance of CTAC methods for 4D PET/CT in the ground truth setting.
Methods: A programmable respiratory motion phantom with a custom movable insert designed
to emulate a lung lesion and lung tissue was used for this study. The insert was driven by one
of five waveforms: two sinusoidal waveforms or three patient-specific respiratory waveforms. 3DPET
and 4DPET images of the phantom under motion were acquired and reconstructed with six
CTAC methods: helical breath-hold (3DHEL), helical free-breathing (3DMOT), 4D phase-averaged
(4DAVG), 4D maximum intensity projection (4DMIP), 4D phase-matched (4DMATCH), and 4D
end-exhale (4DEXH) CTAC. Recovery of SUVmax, SUVmean, SUVpeak, and segmented tumor volume
was evaluated as RCmax, RCmean, RCpeak, and RCvol, representing percent difference relative to the
static ground truth case. Paired Wilcoxon tests and Kruskal–Wallis ANOVA were used to test for
significant differences.
Results: For 4DPET imaging, the maximum intensity projection CTAC produced significantly more
accurate recovery coefficients than all other CTAC methods (p < 0.0001 over all metrics). Over
all motion waveforms, ratios of 4DMIP CTAC recovery were 0.2 ± 5.4, −1.8 ± 6.5, −3.2 ± 5.0,
and 3.0 ± 5.9 for RCmax, RCpeak, RCmean, and RCvol. In comparison, recovery coefficients for
phase-matched CTAC were −8.4 ± 5.3, −10.5 ± 6.2, −7.6 ± 5.0, and −13.0 ± 7.7 for RCmax, RCpeak,
RCmean, and RCvol. When testing differences between phases over all CTAC methods and waveforms,
end-exhale phases were significantly more accurate (p= 0.005). However, these differences were
driven by the patient-specific respiratory waveforms; when testing patient and sinusoidal waveforms
separately, patient waveforms were significantly different between phases (p < 0.0001) while the
sinusoidal waveforms were not significantly different (p= 0.98). When considering only the subset of
4DMATCH images that corresponded to the end-exhale image phase, 4DEXH, mean and interquartile
range were similar to 4DMATCH but variability was considerably reduced.
Conclusions: Comparative advantages in accuracy and precision of SUV metrics and segmented vol-
umes were demonstrated with the use of the maximum intensity projection and end-exhale CT atten-
uation correction. While respiratory phase-matched CTAC should in theory provide optimal correc-
tions, image artifacts and differences in implementation of 4DCT and 4DPET sorting can degrade the
benefit of this approach. These results may be useful to guide the implementation, analysis, and devel-
opment of respiratory-correlated thoracic PET/CT in the radiation oncology and diagnostic settings.
C 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4903282]
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1. INTRODUCTION

Positron emission tomography (PET) with 18F-fluorodeoxy-
glucose (FDG) is commonly used in the management of pa-
tients with lung cancer and is of considerable interest in quan-
titative imaging of the thorax. The addition of PET imaging is
useful in staging of atelectasis and the mediastinal nodes.1–3

The use of PET-guided segmentation may reduce interobser-
ver variability compared to CT-only-guided segmentation and
provide clinical benefit for radiotherapy target definition.4–7

FDG metrics have been shown to predict therapeutic outcome
early in the course of chemoradiotherapy in nonsmall cell lung
cancer.8–10 Radiation dose escalation to metabolically active
tumor subvolumes, so-called “dose painting,” has been pro-
posed as a strategy to increase tumor control.11,12

Mismatch of PET data with computed tomography attenu-
ation correction (CTAC) due to respiratory motion is a known
source of quantitative error in PET imaging.13–19 In theory, this
can be corrected by matching individual PET and CT phases
which have been generated by respiratory-correlated PET
(4DPET)20 and respiratory-correlated CT (4DCT).21–24 How-
ever, differences in the physics of image acquisition between
PET and fast CT imaging lead to challenges for this approach.
Namely, emission PET integrates motion over several minutes
with large (i.e., 15 cm) axial fields-of-view, while fast helical or
axial transmission CT has the effect of “freezing” motion over
several seconds with smaller (i.e., 2 cm) axial fields-of-view.
In practice, both imaging modalities are known to be suscep-
tible to respiratory imaging artifacts. Therefore, it is important
to understand the quantitative impact of CTAC methods for
respiratory-correlated PET imaging.

A small body of prior work exists regarding choice of CTAC
method for 4DPET quantification in the ground truth setting
with anthropomorphic phantoms. Nagel et al. found 4DPET
with phase-matched 4DCT attenuation correction was superior
to 3DPET with helical CT attenuation correction under sinu-
soidal respiratory motion.25 Ponisch et al. and Park et al. inves-
tigated 4DPET with phase-matched 4DCTAC and 4DPET with
helical CTAC under sinusoidal motion and found superior
recovery with phase-matched 4DCTAC.26,27 Killoran et al.
investigated artifacts at the lung–diaphragm interface with he-
lical CTAC, phase-averaged 4DCT, and phase-matched 4DCT
attenuation correction under sinusoidal motion.28 They noted
minor improvements in quantification with phase-matched

F. 1. Left: programmable respiratory phantom with custom anthropomorphic PET inserts. Right: patient-specific respiratory waveforms under investigation,
representing regular, irregular, and intermediate respiratory waveforms. Two sinusoidal waveforms were also investigated.

4DCTAC versus phase-averaged 4DCTAC or helical CTAC
in regions with lung-equivalent background density, but no
advantage to using phase-matched 4DCTAC at interfaces of
similar tissue density.

We present new work to comprehensively evaluate the
accuracy of six CTAC methods for 4DPET imaging using
measured data from a respiratory phantom. We report on 4DCT
maximum intensity projection (4DMIP) attenuation correc-
tion, which has shown advantages in accuracy of cardiac PET
(Ref. 29) but has not been previously investigated in thoracic
PET. While prior phantom studies considered only sinusoidal
motion cases, we investigate patient-specific respiratory wave-
forms, which more accurately represent clinical conditions
and may be expected to increase CT and PET mismatch due
to irregular respiratory patterns. Additionally, we report on
the recovery of metrics not previously investigated, including
SUVpeak, which is recommended over SUVmax by PERCIST
guidelines,30 and SUVmean, which is commonly used in the
literature. Finally, comparisons of accuracy between 3D and
4D PET are evaluated in context of CTAC method. These
results may be useful to guide the implementation, analysis,
and development of respiratory-correlated thoracic PET/CT in
the radiation oncology and diagnostic settings.

2. METHODS

2.A. Phantom design

A programmable respiratory motion phantom consisting
of the Quasar™ Multipurpose Torso Phantom and Respira-
tory Motion Assembly (Modus Medical Devices, Inc., Lon-
don, ON) was used for this study (Fig. 1). A custom movable
insert was designed to emulate a lung lesion (2.2 cm fill-
able NEMA sphere) and lung tissue (fillable chamber with
polystyrene beads to mimic lung tissue density). A static
control insert was similarly designed with a 3.7 cm NEMA
sphere and fillable chamber with polystyrene beads. Phantom
spheres and lung-equivalent backgrounds were filled with
18F-FDG solutions at nominal activity concentrations of 1.0
and 0.125 MBq/ml, respectively.

The moving insert was driven by one of the five waveforms:
two sinusoidal waveforms or three patient-specific respiratory
waveforms. The sinusoidal waveforms had 1.5 and 3.0 cm
peak-to-peak amplitude and 4 s period. The patient-specific
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waveforms were supplied by the vendor and had the follow-
ing parameters as depicted in Fig. 1: 3.0 cm peak-to-peak
amplitude; mean amplitude 1.86 ± 0.27, 2.00 ± 0.42, and
2.16 ± 0.31 cm; mean period 4.2 ± 0.7, 4.5 ± 0.7, 4.9 ± 0.7 s,
respectively. The Quasar phantom drives a platform which is
suitable for mounting a real-time position management (RPM)
marker (Varian Medical Systems, Palo Alto, CA). While surro-
gacy between motion of the RPM marker (i.e., the chest wall)
and tumor motion can be a source of error in patient imaging,
with the phantom this motion is mechanically coupled. As
a result, the motion tracking is only limited by the optical
performance of the system.

2.B. Image acquisition and reconstruction

PET/CT images were acquired on a Discovery STE PET/CT
scanner (GE Healthcare, Waukesha, WI) at a single 15 cm
axial field of view in 3D mode. PET emission data were
acquired for 5 min under the no-motion condition to define
the reference case. Then, PET data were acquired under the
five motion conditions with matched numbers of emission
coincidence counts to the reference case (261.5×106 events;
typical whole-body FDG fully 3D PET acquisitions acquire
200–300×106 prompt events for each bed position). Phantom
motion waveforms were captured in real-time with the RPM
infrared camera system. PET emission data were in-line tagged
at peak inspiration during list mode acquisition to enable 4D
data sorting.

Following PET acquisition, CT images were acquired. A
static helical CT (3DHEL) analogous to an idealized breath-
hold CT was used as the reference CTAC dataset. Then,
CT images were acquired for each respiratory waveform,
including a helical CT under respiratory motion (3DMOT)
analogous to a free-breathing CT and a cine CT series for
4DCT reconstruction. For 4DCT acquisitions, the cine dura-
tion parameter was defined as the breathing period plus 1 s
and the time between cine images parameter was defined
as the respiratory period in seconds divided by 10. All CT
imaging was acquired with 512×512×176 voxels, 0.0977
×0.0977×0.25 cm/voxel at 120 kV and auto mAs.

For 4DCT reconstruction, RPM traces were visually re-
viewed for accuracy of peak fitting retrospectively in the
RPM software. RPM traces were used to phase-define the
cine CT data in Advantage 4D (GE Healthcare). Five 4DCT
phase-defined images were selected with 10% phase shift for

phase-matched CTAC reconstruction (4DMATCH) so that
4DCT phases would be centered on 4DPET phases in the
respiratory cycle (Fig. 2). Additionally, 4DCT phase-binned
images were reformatted into average intensity projection
(4DAVG) and maximum intensity projection (4DMIP) CT
images, and the 4DCT phase image that corresponded to the
end-exhale phase was identified as 4DEXH. The protocols
are summarized in Table I.

CT data were then transferred from the Advantage work-
station to the PET/CT console for attenuation correction of
PET data. The static PET with static helical CTAC was used
to define the reference case. For the five motion cases, all
PET data were reconstructed in both 3D mode and 4D mode
with five equal phase bins unlisted from the tagged emission
data (Fig. 2). The choice of five phase bins was based on Park
et al., who found 5 bins to provide superior image quantifica-
tion versus 10 or 20 bins,27 in addition to the clinical practi-
cality of this approach. CT attenuation correction was applied
to both the 3D and to each phase of the 4D PET data with
3DHEL, 3DMOT, 4DAVG, 4DMIP, and 4DMATCH CTAC
methods, and to the end-exhale phase of the 4DPET data with
4DEXH (Fig. 3). For the 4DMATCH reconstruction, visual
inspection of image phases was required to assure optimal
matching between 4DPET and 4DCT images (i.e., PET bin 1
might best match the CT bin located between 10% and 30%
phase or 90%–10% phase). Note that in our naming conven-
tion, 3DPET refers to non-respiratory-correlated PET in 3D
mode, 4DPET refers to respiratory-correlated PET, 3DCT re-
fers to non-respiratory-correlated helical CT, and 4DCT re-
fers to respiratory-correlated cine CT.

In total, 24 3DPET and 125 4DPET images were recon-
structed over all motion cases. All PET images were recon-
structed with an ordered-subsets-expectation–maximization
(OSEM) algorithm (4 iterations, 28 subsets) using 128×128
×47 voxels, 0.547×0.547×0.327 cm/voxel, 0.8 cm full-width
at half-maximum filtration, and standard Z filtering.

2.C. Image analysis

Quantitative accuracy was evaluated with ratios between
the motion case and the reference case for the following met-
rics: SUVmax, SUVpeak, SUVmean, and fixed threshold volume
segmentation. Two reference methods were defined. In refer-
ence method I, activity of the 2.2 cm sphere under respira-
tory motion was compared to the activity measured from the

F. 2. Schematic representation of 4DPET and 4DCT phase range versus phantom displacement for each of the patient-specific respiratory waveforms. Phase
range for the 4DCT is depicted with the gray shading and centered within PET bins. Phase range for the 4DPET is depicted with vertical dashed lines.
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T I. Summary of investigated PET and CTAC methods.

PET
PET acquired
under motion? CTAC

CTAC acquired
under motion? Description

3DPET No 3DHEL No Motion-free 3DPET with motion-free helical CTAC (reference case)
3DPET Yes 3DHEL No 3DPET with motion-free helical CTAC (representing idealized breath hold)
3DPET Yes 3DMOT Yes 3DPET with helical CTAC (representing free-breathing helical CT)
3DPET Yes 4DAVG Yes 3DPET with average intensity projection 4DCTAC
3DPET Yes 4DMIP Yes 3DPET with maximum intensity projection 4DCTAC
4DPET Yes 3DHEL No 4DPET with motion-free helical CTAC (representing idealized breath hold)
4DPET Yes 3DMOT Yes 4DPET with helical CTAC (representing free-breathing helical CT)
4DPET Yes 4DAVG Yes 4DPET with average intensity projection 4DCTAC
4DPET Yes 4DMIP Yes 4DPET with maximum intensity projection 4DCTAC
4DPET Yes 4DMATCH Yes 4DPET with phase-matched 4DCTAC
4DPET Yes 4DEXH Yes End-exhale phase 4DPET with end-exhale phase 4DCTAC

2.2 cm sphere in the static reference scan. For method II,
activity of the 2.2 cm sphere under respiratory motion was
normalized to the activity of the static 3.7 cm sphere in the
same scan. Results reported are for method I unless otherwise
indicated and a comparison of reference methods is shown in
Appendix.

Activity and volume recovery coefficients, defined as the
ratio of uptake or segmented volume between the moving
sphere and the reference sphere, were calculated. Change
in recovery coefficients of maximum, mean, and peak ac-
tivity and segmented volume was defined as RCmax, RCpeak,
RCmean, and RCvol; for example, RCmax was defined as the ra-
tio of the voxel with maximum activity in the moving sphere
divided by the voxel with maximum activity in the reference
sphere minus 1. The lesion volume of interest was formed by
threshold segmentation (Fig. 4). The reference segmentation
threshold was defined on the no-motion reference PET image
to correspond to the internal volume of the 2.2 cm diameter
sphere. The threshold (320 kBq/mL) corresponded to 45.5%
of maximum activity. To test the impact of threshold choice
on segmentation results, threshold segmentation with 10%
change in threshold setting to 40.5% and 49.5% was also
investigated, which is in line with prior phantom studies.31,32

The segmentation thresholds were subsequently applied to
the cases under motion following decay correction. RCpeak
was defined as the ratio of the mean activity of a 1 cm
diameter sphere that is placed such that it encompasses the
greatest integral activity in the respective images. RCmean was
defined as the ratio of mean uptake in the reference threshold
segmentation volumes defined above. For 4DPET analysis,
recovery coefficients were averaged across all phase bins un-
less explicitly noted.

To investigate effects of CTAC on the low-activity back-
ground region surrounding the lesion, a 2 cm isotropic expan-
sion was performed around the reference segmentation vol-
ume on the static scan. Then, the segmented lesion volume
on each scan was subtracted from this expansion to form a
background volume of interest for each scan (Fig. 4). Ratios
of activity between the motion case and the static reference
case were evaluated.

Image analysis was done in MIM v.6.2.5 (MIM Software,
Inc., Cleveland, OH). To ensure robustness against non-
normal distributions, statistical testing was performed with
nonparametric paired Wilcoxon tests. To correct for the ef-
fect of multiple sampling with repeated hypothesis testing,
Bonferroni’s correction was applied such that the threshold

F. 3. Parameter space showing examples of all CTAC and PET acquisitions for a typical patient-specific respiratory waveform. 3DHEL: static helical “breath
hold” CTAC. 3DMOT: helical “free-breathing” CTAC under motion. 4DMIP: 4D maximum intensity projection CTAC. 4DAVG: 4D average intensity projection
CTAC. 4DEXH: 4D end-exhale phase CTAC. 4DMATCH: 4D phase-matched CTAC (one of five phases shown). 3D PET: non-respiratory-correlated PET. 4D
PET: respiratory-correlated PET (one of five phases shown).
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F. 4. Segmented volumes of interest in the reference case of no motion (A) and the case of 3.0 cm sinusoidal motion (B). The reference volume (left inner
contour) was defined by taking the percent threshold segmentation that yielded the known object volume on the reference PET/CT. Then, the same percent
threshold segmentation was applied to the object under motion (right inner contour). To investigate the effects of CTAC in the vicinity of the lesion, a 2 cm
isotropic expansion was applied to the reference case (left outer contour) and the same contour was used for all motion cases (right outer contour).

of significance was set at α = 0.002. To evaluate trends across
multiple variables, nonparametric Kruskal–Wallis ANOVA
was used.

3. RESULTS

Recovery of maximum, mean, and peak activity and seg-
mented volume is shown as RCmax, RCpeak, RCmean, and RCvol

in Tables II and III for patient-specific and sinusoidal motion,
respectively. Perfect recovery of activity under motion relative
to the reference case would result in percent difference of zero.
Box plots of recovery for 4DPET results as a function of CTAC
method and image metric are shown in Fig. 5.

3.A. 3D vs 4D PET

Activity and volume recovery were improved through the
use of phase-binned (4D) PET versus nonbinned (3D) PET,
especially for cases with large motion. In the worst case
of the 3.0 cm peak-to-peak sinusoidal waveform with the

helical CTAC under motion (3DMOT), errors on the order of
40%–50% were observed (−40.8%,−41.9%,−23.2%,−52.1%
for RCmax, RCpeak, RCmean, and RCvol, respectively). The best
results for 3DPET reconstruction of the 3.0 cm peak-to-peak
sinusoidal waveform were obtained with the 4DMIP CTAC,
but errors on the order of 30%–40% persisted (−33.5%,
−34.5%, −17.1%, −40.9%). For the 4DPET reconstruction,
errors were reduced to 10%–15% for the 3DMOT CTAC case
(−9.0 ± 3.0%, −11.2 ± 3.7%, −8.1 ± 2.8%, −13.5 ± 2.7%)
and to less than 5% for the 4DMIP CTAC case (2.3 ± 2.3%,
−0.3 ± 4.2%, −2.3 ± 3.9%, 3.1 ± 3.0%). Smaller differences
were measured between 3D and 4D PET under patient-specific
motion and the 1.5 cm sinusoidal motion, on the order of 10%
and 5%, respectively (Tables II and III).

3.B. Impact of CTAC on 4D PET

For 4DPET imaging, the maximum intensity projection
(4DMIP) CTAC produced significantly more accurate recov-
ery coefficients than all other CTAC methods (p < 0.0001 over
all metrics; Fig. 5). Over all waveforms, ratios of 4DMIP

T II. Percent difference of recovery of SUV and volume metrics as a function of PET reconstruction and
CTAC under patient-specific respiratory motion versus the no-motion reference case (recovery coefficients and
standard deviations are calculated across waveforms and image phases).

Patient waveform 1, 2, and 3

CTAC RCmax (%) RCpeak (%) RCmean (%) RCvol (%)

3DPET 3DHEL −15.5 ± 2.8 −18.5 ± 3.0 −14.1 ± 1.9 −19.2 ± 5.0
3DMOT −20.3 ± 3.2 −22.6 ± 3.1 −15.6 ± 0.7 −27.1 ± 7.9
4DAVG −15.8 ± 2.6 −18.6 ± 3.1 −14.5 ± 2.1 −17.9 ± 8.3
4DMIP −8.6 ± 2.7 −11.5 ± 3.2 −10.5 ± 2.0 −3.1 ± 3.5

4DPET 3DHEL −9.9 ± 4.0 −12.6 ± 4.9 −10.1 ± 2.8 −11.2 ± 9.2
3DMOT −14.1 ± 3.3 −15.9 ± 4.2 −11.9 ± 2.2 −15.1 ± 8.9
4DAVG −10.6 ± 5.5 −12.8 ± 6.1 −9.8 ± 3.5 −12.9 ± 11.1
4DMATCH −12.3 ± 5.7 −14.5 ± 6.5 −10.6 ± 3.7 −16.4 ± 11.6
4DEXH −6.8 ± 4.3 −8.9 ± 3.6 −7.2 ± 2.8 −9.7 ± 4.2
4DMIP −2.4 ± 5.3 −4.7 ± 6.2 −5.0 ± 5.2 0.2 ± 5.0

Medical Physics, Vol. 42, No. 1, January 2015
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T III. Percent difference of recovery of SUV and volume metrics as a function of PET reconstruction and
CTAC under sinusoidal respiratory motion versus the no-motion reference case (recovery coefficients and standard
deviations are calculated across image phases).

1.5 cm sine wave

CTAC RCmax (%) RCpeak (%) RCmean (%) RCvol (%)

3DPET 3DHEL −7.7 −10.9 −10.1 −9.9
3DMOT −9.6 −13.4 −12.1 −10.5
4DAVG −8.5 −11.5 −9.8 −12.3
4DMIP −1.7 −4.9 −7.1 3.6

4DPET 3DHEL −1.7 ± 1.0 −2.6 ± 0.9 −0.6 ± 1.1 −9.1 ± 1.9
3DMOT −4.3 ± 3.5 −4.7 ± 2.4 −2.1 ± 2.3 −10.1 ± 3.6
4DAVG −2.2 ± 1.4 −2.9 ± 1.3 −1.3 ± 1.3 −8.3 ± 1.2
4DMATCH −3.3 ± 0.6 −4.2 ± 1.2 −1.6 ± 1.0 −10.9 ± 5.4
4DEXH −4.1 −5.5 −1.5 −16.2
4DMIP 5.7 ± 0.8 5.4 ± 1.2 1.0 ± 1.3 11.2 ± 1.8

3.0 cm sine wave

CTAC RCmax (%) RCpeak (%) RCmean (%) RCvol (%)

3DPET 3DHEL −38.0 −39.6 −22.6 −48.1
3DMOT −40.8 −41.9 −23.2 −52.1
4DAVG −40.0 −41.1 −24.4 −48.1
4DMIP −33.5 −34.5 −17.1 −40.9

4DPET 3DHEL −8.0 ± 2.3 −10.4 ± 2.6 −8.6 ± 2.2 −9.9 ± 4.1
3DMOT −9.0 ± 3.0 −11.2 ± 3.1 −8.1 ± 2.8 −13.5 ± 2.7
4DAVG −9.0 ± 2.1 −11.2 ± 3.7 −8.8 ± 4.3 −11.4 ± 4.8
4DMATCH −6.3 ± 2.7 −9.1 ± 4.3 −6.7 ± 5.3 −12.1 ± 4.1
4DEXH −3.5 −3.9 −1.8 −8.3
4DMIP 2.3 ± 2.3 −0.3 ± 4.2 −2.3 ± 3.9 3.1 ± 3.0

CTAC recovery were 0.2 ± 5.4, −1.8 ± 6.5, −3.2 ± 5.0, and
3.0± 5.9 for RCmax, RCpeak, RCmean, and RCvol. In comparison,
recovery coefficients for phase-matched CTAC (4DMATCH)
were −8.4 ± 5.3, −10.5 ± 6.2, −7.6 ± 5.0, −13.0 ± 7.7 for
RCmax, RCpeak, RCmean, and RCvol. 4DMATCH CTAC recov-
ery was significantly more accurate than 3DMOT, the free-
breathing helical CTAC when evaluating RCmax (p= 0.001),
but not significantly more accurate than other CTAC methods
or when evaluating other image metrics. When considering
only the subset of 4DMATCH images that corresponded to
the end-exhale image phase, 4DEXH, mean, and interquartile
range were similar to 4DMATCH but variability was consid-
erably reduced.

When evaluating the distribution of recovery coeffecients
between RCmax, RCmean, RCpeak, and RCvol in Kruskal–Wallis
ANOVA, significant differences between recovery were found
between the different metrics (p= 0.001). These trends were
characterized by increased variability in the distribution of
RCvol recovery and decreased variability with RCmean recov-
ery; however, trends in mean and median recovery were similar
between metrics.

3.C. 4DPET recovery as a function of phase

Visual inspection of 4DPET/CT with 4DMATCH recon-
struction revealed mismatch between PET and CT images
phases (Fig. 6). When testing differences between phases

over all CTAC methods and waveforms with Kruskal–Wallis
ANOVA, significant differences between phases were revealed
(p= 0.005). However, these differences were driven by the
patient-specific respiratory waveforms; when testing patient
and sinusoidal waveforms separately with Kruskal–Wallis
ANOVA, patient waveforms were significantly different be-
tween phases (p < 0.0001) while the sinusoidal waveforms
were not significantly different (p= 0.98). The 70% and 90%
phases, which correspond to the inhale phases where motion
is typically greatest in a patient’s respiratory cycle, demon-
strated poorest accuracy and greatest variability in recovery
coefficients (Fig. 7).

3.D. Lesion periphery and threshold sensitivity

The effect of CTAC choice on peripheral enhancement of
RCmax and RCmean was measured within an isotropic 2 cm
expansion of the lesion (Fig. 4). For RCmax, a uniform elevation
of peripheral uptake for the motion case versus the static case
was observed, but no significant differences were measured be-
tween CTAC types (Fig. 8). For RCmean, a significant increase
in background uptake in the vicinity of the lesion was measured
for 4DMIP CTAC versus other CTAC methods on the order of
10% (p < 0.0001).

The effect of variance in segmentation threshold on RCvol

was also investigated by scaling the threshold obtained from
the ground truth comparison of sphere volume. Changes in

Medical Physics, Vol. 42, No. 1, January 2015
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F. 5. Box plots depicting 4DPET activity recovery over all investigated respiratory motion waveforms as a function of CTAC. 4DMIP CTAC produced
significantly more accurate recovery coefficients. The end-exhale case of 4DEXH demonstrated the least variability; however, note that 4DEXH (depicted in
gray) represents only a single PET/CT image phase versus five image phases for the other CTAC methods. Similar trends were seen between metrics. Box
represents median and interquartile range of distribution; x represents mean; hash marks represent minimum and maximum.

threshold setting led to proportional changes in recovered
volume (Fig. 9). For example, recovered volume for 4DMIP
was 5.05 ± 0.40 mL for 49.5% of maximum, 5.72 ± 0.33 mL
for 45.5%, and 6.45 ± 0.32 mL for 40.5%, while the recov-
ered volume for 4DMATCH was 4.06 ± 0.69 mL for 49.5% of

maximum, 4.83 ± 0.43 mL for 45.5%, and 4.06 ± 0.69 for
40.5%.Asaconsequence,while4DMIPdemonstrated thehigh-
est accuracyof the sixmethods for thresholdsof45.5%(derived
from the ground truth comparison) and 49.5%, it showed lowest
accuracy for the 40.5% threshold segmentation.

F. 6. 4DPET/CT images with phase-matched CT attenuation correction for two representative patient-specific respiratory motion cases. While good agreement
is generally seen at end-exhale phases (middle panel), phase mismatch is evident at other phases. CT phase number indicates center of phase bin.
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F. 7. 4DPET recovery coefficients for maximum uptake as a function of respiratory phase and CTAC method. Patient-specific respiratory waveforms result in
reduced accuracy and increased variability versus sinusoidal waveforms in the 70%–90% phase range, which corresponds to inhale phases.

4. DISCUSSION

CT attenuation correction method is an important consider-
ation for thoracic PET quantification in the presence of respi-
ratory motion. In this study, we have investigated the impact
of six CTAC methods on PET image quantification in the
presence of simulated patient-specific and sinusoidal respira-
tory motion. In contrast to previously published work, mini-
mal advantage from the use of phase-matched (4DMATCH)
CTAC was shown versus other methods such as helical CTAC.
Here, strong advantages in accuracy of SUV metrics and
thresholded volumes were demonstrated with the use of the
maximum intensity projection (4DMIP). These results indi-
cate that though respiratory phase-matched CTAC should in
theory provide optimal corrections, image artifacts and differ-
ences in implementation of 4DCT and 4DPET sorting can
reduce the benefits of this approach.

Despite the theoretical advantages of the phase-matched
CTAC method, this study noted significant advantages over

other methods in only a single case (significant improve-
ment in RCmax compared to helical CTAC in the presence of
motion). No significant differences were detected for RCpeak,
RCmean, or RCvol or versus other CTAC methods. This result
for RCmax was similarly reported in the literature by Ponisch
et al., though their work showed a substantially greater im-
provement in accuracy, and also an advantage in thresholded
volumes, which was not observed here.26 One distinction be-
tween this work and the prior work is the investigation of five
motion conditions, including three patient-specific respiratory
waveforms. By comparison, the prior work investigated only
a single eccentric sinusoidal waveform. The use of patient-
specific waveforms is hypothesized to lead to increased CTAC
artifacts due to changes in motion patterns over time (Fig. 2).
Additionally, the present work used a heterogeneous lung-
equivalent background, which leads to more substantial and
realistic 4DCT and 4DPET artifacts than the homogeneous
background used by the prior work. Killoran et al. investigated
four sinusoidal waveforms with heterogeneous background

F. 8. Effect of CTAC on background enhancement within a 2 cm volumetric expansion of the lesion. No significant differences in maximum uptake were
measured. For RCmean, 4DMIP CTAC resulted in higher uptake within the 2 cm expansion on the order of 10%. Box represents median and interquartile range
of distribution; x represents mean; hash marks represent minimum and maximum.
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F. 9. Volume recovery coefficients as a function of CTAC method and
threshold segmentation method. Volume recovery scaled proportionally as
a function of percent maximum threshold.

and noted mixed results in comparisons of phase-matched,
phase-averaged CTAC, and helical CTAC,28 which agrees
more closely with our results. More investigation is required
as differences in experimental design, including design of
phantom, respiratory correlation techniques, scanner vendor,
commercial or in-house reconstruction software, 2D or 3D
PET acquisition, and reconstruction settings will affect image
quantification. However, it is clear that 4DPET/CT accuracy
is limited by the difference in respiratory sampling during im-
age acquisition: long acquisition time of respiratory-correlated
PET integrates motion over many respiratory cycles per phase
bin, while the short acquisition time of respiratory-correlated
CT integrates motion over only 1–2 respiratory cycles per
phase bin, which in turn contributes to phase mismatch of CT
and PET images. These effects should be investigated before
implementing phase-matched 4DPET workflows for clinical
use.

The 4DMIP CTAC showed the highest accuracy in quan-
titative applications in this phantom study, and has similarly
been shown to be advantageous in cardiac PET.29 However,
other factors could lead to reduced accuracy depending upon
the application. One concern could be overcorrection at the
periphery of the lesion, though the results presented here
suggest this is a minor effect. The maximum uptake in the
periphery was not increased while the mean uptake in the
periphery was elevated on the order of 10%. This suggest
modest enhancement of uptake in the voxels closest to the ob-
ject in motion; however, this enhancement remains below the
lesion activity. Furthermore, many of the specific applications
of thoracic FDG PET, such as SUVmax or SUVpeak assessment
for treatment response, may be unaffected by minor enhance-
ment in the lesion periphery. Another factor that this experi-
ment is incapable of evaluating is the effect of the maximum
intensity projection on the external patient contour, which

may appear larger under respiratory motion and lead to over-
correction of photon attenuation and thus uniformly escalated
SUV values. Again, for response evaluation, this effect may
be reduced in importance assuming general consistency in
body habitus and respiration between scans. Despite these
limitations, these results motivate further study of the appli-
cation of the maximum intensity projection CT for thoracic
PET/CT attenuation correction.

While the use of a physical respiratory phantom offered
the benefit of a controlled experimental design, there are
additional limitations with this phantom. Considering that the
moving feature was surrounded by lung-equivalent material,
the presented results may be specific to PET imaging of le-
sions in low-density regions. Likewise, the sphere/tumor was
filled through a stem that retained modest amounts of resid-
ual activity (approximately 10% of the sphere activity) and
translated during motion in and out of the tumor position.
While this may bias results, the fillable area of the stem is
roughly 0.2 cm in diameter compared to the 2.2 cm sphere
and should have minimal impact on results. Similarly, the ef-
fects of tumor heterogeneity or tracer kinetics in the patient
could bias the results versus the uniform sphere used here and
cannot be evaluated. Furthermore, we evaluated only a fixed
count density and the standard caveats apply that results may
vary as a function of lesion-to-background ratio, count den-
sity, and noise levels. However, the previous investigation by
Park et al. of three different tumor-to-background ratios sug-
gests that phantom contrast does not strongly affect 4DPET
recovery, and thus the corresponding fractional changes as a
function of CTAC method are likely to be small.27 Counts
for 4DPET acquisition were matched to the reference 3DPET
acquisition per scan, not per bin, which most closely reflects
clinical practice, but could bias the results. However, an anal-
ysis of normalizing activities to reference objects defined on
3DPET or 4DPET with corresponding differences in count
levels (presented in Appendix) suggests this is not a signifi-
cant effect.

When considering 4DEXH, which consists of only the
end-exhale phase of the 4DMATCH dataset, considerably
reduced variability was seen with similar accuracy profiles
to 4DMATCH. While accuracy remained lower than 4DMIP,
4DEXH may be an appropriate strategy for response assess-
ment, where reduced variability may be of higher importance
than small gains in accuracy, and relative response rates may
wash out absolute bias. However, as 4DEXH only repre-
sents 20% of the entire respiratory waveform, it would not
be appropriate for applications where it is desired to encom-
pass motion, such as radiotherapy target definition in the
free-breathing setting.

Limitations of 4DCT image quality in the presence of
respiratory motion appeared to be a limiting factor in the per-
formance of various 4DCTAC approaches. Various methods
have been proposed to improve robustness and reduce arti-
facts in respiratory-correlated imaging, including long dura-
tion scanning with low dose CT (Ref. 33) and various mathe-
matical approaches such as amplitude-based sorting, deform-
able interpolation, and respiratory modeling through principle
component analysis.34–36 Similarly, new developments are
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underway for 4DPET. The use of linear surrogates such as
the camera-based or pressure belt-based systems has been crit-
icized for various reasons, including lack of correlation to
tumor motion at depth, and alternative methods under inves-
tigation include markerless tracking37 and full surface track-
ing.38

In this study, we evaluated four common PET image met-
rics. However, these metrics may not evaluate the impact
of attenuation correction methods on other important image
characteristics that are used for diagnosis or target defini-
tion. As an example, the effect of CTAC on lesion shape,
uniformity, heterogeneity, or textural features was not evalu-
ated. Similarly, the limitations of fixed threshold segmenta-
tion are well-known, for example, the seminal work of Nes-
tle et al.32 While other advanced segmentation techniques
such as adaptive thresholding, gradient methods, or statis-
tical modeling may provide more accurate lesion segmen-
tation,39–41 the purpose of this study was not to define the
optimal segmentation method, but to evaluate the quantitative
impact of CTAC choice on threshold segmentation because
it is the most commonly used volume metric in the litera-
ture. In this study, changes in threshold setting on the or-
der of 10% led to proportional changes in volume recovery,
with the magnitude of recovery between CTAC methods re-
maining roughly constant in proportion to each other. As a
result, by reducing the threshold setting below that which
was defined from the ground truth comparison, the 4DMIP
CTAC showed the poorest accuracy at the 40.5% threshold
despite greatest accuracy for all other threshold settings and
SUV metrics. This reinforces the challenges of defining an
optimal threshold setting outside of a ground truth phantom
study, such as for patient data in the clinical setting. Unfor-
tunately, no consensus exists on more optimal segmentation
techniques and they are not yet widely available in the clin-
ical environment. Further investigation is warranted on this
topic.

5. CONCLUSION

CT attenuation correction method is an important consid-
eration for thoracic PET quantification in the presence of
respiratory motion. While respiratory phase-matched CTAC
should in theory provide optimal corrections, image artifacts
and differences in implementation of 4DCT and 4DPET sort-
ing can degrade the benefit of this approach. Comparative
advantages in accuracy and precision of SUV metrics and
thresholded volumes were demonstrated with the use of the
maximum intensity projection and end-exhale CT attenua-
tion correction. These results may be useful to guide the
implementation, analysis, and development of respiratory-
correlated thoracic PET/CT in the radiation oncology and
diagnostic settings.
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F. 10. Comparison of reference method I (ratio of activity in moving
2.2 cm sphere to nonmoving scan) and reference method II (ratio of activity
in moving 2.2 cm sphere to 3.7 cm static sphere in same scan). No significant
differences were measured between methods.

APPENDIX: COMPARISON OF 3DPET AND 4DPET
REFERENCE CONDITIONS

Ratios of recovery for reference method I (normalizing
the 2.2 cm sphere in the moving insert to the 2.2 cm sphere
under static conditions) and reference method II (normalizing
the 2.2 cm sphere in the moving insert to the 3.7 cm sphere
in the nonmoving insert) were compared. Since the 4DPET
protocol results in 20% of the total number of counts in any
given image phase relative to the 3DPET reference case, it
can be hypothesized that increased noise in individual phases
could lead to differences in results for metrics such as RCmax.
However, no significant differences were found between the
two methods (Fig. 10).
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