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Purpose: We present a method to correct respiratory motion blurring in PET/CT imaging using in-
ternal-external (INTEX) motion correlation. The internal motion of a known tumor is derived from
respiratory-gated PET images; this internal motion is then correlated with external respiratory sig-
nals to determine the complete information of tumor motion during the scan.

Methods: For each PET/CT data, PET listmode data were phase-gated into five bins and recon-
structed. The centroid of a targeted tumor in each bin was determined and correlated with the corre-
sponding mean displacement of externally monitored respiratory motion signal. Based on this
correlation, the external motion signal was converted into internal tumor motion information in the
superior—inferior direction. Then, the PET listmode data were binned sequentially to multiple 1-s
sinograms. According to the converted internal tumor motion signal, each 1-s sinogram was regis-
tered to a reference frame, which best matched the helical CT attenuation map based on consistency
conditions. The registered sinograms were summed and reconstructed to form an image, corrected
for the motion of the specific tumor. In this study, the proposed INTEX method was evaluated with
phantom and patient studies in terms of tracer concentration and volume.

Results: The INTEX method effectively recovered the tracer concentration to the level of the sta-
tionary scan data in the phantom experiment. In the patient study, the INTEX method yielded a
(17 = 22)% tumor volume decrease and a (10 = 10)% tumor SUVmax increase compared to non-
gated images.

Conclusions: The proposed INTEX method reduces respiratory motion degradation of PET tumor
quantification and delineation in an effective manner. This can be used to improve the assessment
of response to therapy for a known tumor by minimizing residual motion and matching the attenua-
tion correction, without increasing image noise. © 2011 American Association of Physicists in Med-

icine. [DOI: 10.1118/1.3582692]
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. INTRODUCTION

PET/CT has become an important tool to assess the response
to therapy for cancer patients.' However, respiratory motion
can have a major degrading impact on PET-based tumor
quantification and delineation.””> For clinically relevant tu-
mor sizes and motion, our previous study showed that respi-
ratory motion can lead to a tracer concentration
underestimation of 30% or more, and overestimation of tu-
mor volume by a factor of two or more.®

To correct for respiratory motion, the most widely used
method is respiratory-gated PET/CT, which divides PET
data into different gates based on either temporal phase or
respiratory displacement information with potential 4D CT
for phase-matched attenuation correction.””” However,
since each gated image contains only a fraction of the
detected coincidence events, the increased image noise can
lead to substantial overestimation of tracer concentration
measured by maximum standardized uptake value (SUV-
max). Our previous study showed that for typical phase gat-
ing schemes, increased noise could cause a 9% tumor
SUVmax overestimation on average.'®
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Another category of motion correction methods utilizes
all the detected coincident events, leading to no increase in
image noise compared to the static ungated PET image.
These methods typically start with respiratory-gated PET or
CT data and incorporate estimated image-based motion vec-
tors either into the image reconstruction'®** or postprocess-
ing.”>?’ The image-based motion vector used in these
methods can be derived either from respiratory-gated PET or
CT images. If estimated from gated PET images, the motion
vectors are subject to the high levels of image noise, and the
estimation errors can propagate into the motion-corrected
images. On the other hand, gated CT images have much
lower noise and can potentially generate more accurate
motion vectors, but the patient motion during CT acquisition
can be very different from the motion during PET acquisi-
tion because of respiration variations.”® In addition, these
approaches may require nonrigid volumetric image registra-
tion, which is sensitive to numerous free parameters and typ-
ically does not preserve PET tracer concentration.

Alternatives to gating are breath-hold PET/CT methods,
which require patients to hold their breath repeatedly

© 2011 Am. Assoc. Phys. Med. 2715



2716 Liu, Alessio, and Kinahan: Motion correction with internal—external correlation 2716

during the PET and/or CT acquisition.>***! The breath-hold
PET/CT images have the potential for less respiratory
motion-blurring effects and more accurately aligned PET/
CT images. However, this method is difficult to universally
apply, as 40%—-60% patients with lung cancer are unable to
tolerate breath holding.*?

The ideal motion correction method for PET tumor quan-
tification would be able to effectively correct for respiratory
motion with matched attenuation correction and use all the
detected events so that the image noise in the corrected
image is the same as the ungated static PET image. This
leads to our proposed INTEX method, which aims to provide
accurate PET tumor quantification and delineation for evalu-
ating the response to therapy. It should be noted that the
INTEX method is not designed for tumor detection tasks but
for tumor quantification, as this method requires tracking the
motion of known lesions. The first step of this method is
establishing a correlation between external chest/abdomen
motion, which can be tracked with high fidelity and temporal
resolution, and internal tumor motion, which is generally
more difficult to track. The high fidelity external motion is
converted to the internal tumor motion according to this cor-
relation. Then, based on this internal tumor motion informa-
tion, we correct for respiratory motion with a full utilization
of all the detected events.

II. METHODS
IILA. Phantom data sets

A Data Spectrum® anthropomorphic cardiac-torso phan-
tom including lungs and liver was used to acquire experimen-
tal data. A total activity of ~10 mCi F-FDG at the start time
of acquisition was injected into the phantom. The activity
ratios for liver: background: lungs were 25:5:1. Two spherical
“lesions” were inserted into the lung and liver, respectively.
The lung lesion had an inner diameter of ~1.1 cm and the
liver lesion had an inner diameter of ~1.4 cm. The lesion-to-
lung ratio for the lung lesion and the lesion-to-liver ratio for
the liver lesion were both 8:1. The phantom was positioned
on the QUASAR® programmable respiratory motion platform
from Modus Medical Devices Inc. (London, Ontario, Can-
ada). The phantom data were acquired on a General Electric
(GE) DSTE PET/CT scanner (Waukesha, WI) operated in 2D
mode with one bed position. We first scanned the stationary
phantom without motion and then scanned the moving phan-
tom driven by the QUASAR® platform. We used a regular
patient respiratory trace to generate two new traces, with
mean motion amplitudes across all the cycles scaled to 16 and
11 mm. We used them to drive the QUASAR® platform to
translate the phantom during scanning (shown in Fig. 1). The
phantom motion was monitored and recorded by the Real-
time Positioning Management (RPM) gating system (Varian,
Palo Alto, CA) by optically tracking a reflective block marker
on the holder of QUASAR® platform.* The total acquisition
time for both scans was 8 min. The PET listmode data were
saved for retrospective binning. CT images were acquired
when the motion platform was not moving for attenuation
correction with a CT technique used in our typical clinical
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Fic. 1. Experiment setup of the phantom study. Note that the RPM block
marker (white) was put on top of the motor of QUASAR platform (black
part).

PET/CT protocol (120 kVp, 120 mAs, pitch 1.375, 20 mm
collimation, 2.5 mm slice thickness).

I1.B. Patient data sets

Three wholebody PET/CT patient data sets with a total of
eight visible lesions in the lung and abdomen regions were
acquired with GE DSTE PET/CT scanner operating in 2D
acquisition mode. Nuclear medicine physicians identified all
lesions as potential tumors with focal FDG uptake. These
data sets were selected to include localized lesions close to
diagram. The motion signals of all three patients were regu-
lar without substantial long-term pattern change. The acqui-
sition time for each bed position was 7 min. The patients
were breathing freely during the acquisition. The patient
motion was monitored and recorded by the RPM system,
which records the anterior—posterior (AP) chest/abdomen
displacement by optically tracking the reflective block
marker on the patient chest/abdomen. The helical CT images
used for attenuation correction were acquired with the same
parameters as the phantom study at arbitrary breathing dis-
placements during free breathing.

II.C. Generation of internal tumor respiratory signal

The process of generating an internal tumor motion signal
is illustrated in Fig. 2. The proposed INTEX method is moti-
vated by studies demonstrating that the external chest/abdo-
men anterior—posterior motion is well correlated with the
internal tumor superior—inferior motion.*>** Based on the
external motion signal acquired by the RPM system, we
binned the PET listmode data for each study into five phase
frames with equal counts and reconstructed each frame using
OS-EM algorithm with two iterations and 28 subsets®> and
smoothed with an 8 mm Gaussian postreconstruction filter.
Corrections for attenuation, scatter, random coincidences,
deadtime, and detector efficiency were included in the recon-
struction. The lesion in each reconstructed frame was seg-
mented by a semi-automatic method>® and the centroids of
the segmented tumor were then determined. Only the supe-
rior—inferior direction component of the centroid was used in
this study. We discuss the use of information in left-right
and anterior—posterior directions in the Discussion section.
The mean displacements of the external RPM signal that cor-
responds to each phase frame were determined. Then we
compared the lesion centroid locations in the phase-gated
images with the mean displacements of corresponding RPM
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Fic. 2. The working flow of generating the internal tumor motion signal.
The tumor centroids in superior—inferior direction in the phase-gated images
and the corresponding mean displacements of external RPM signal are cor-
related. This relationship is then applied to the entire external motion signal
to generate the internal tumor motion signal.

signals. We estimated the relationship between lesion cent-
roids and RPM mean displacements with a linear function
for all phantom and patient studies in this paper, and one
patient example is shown in Fig. 3. This linear function was
subsequently used to convert the original external RPM sig-
nal into an internal tumor motion signal in the superior—infe-
rior direction with high temporal resolution.

I.D. Motion correction using internal tumor
respiratory signals

For the bed position containing the lesion of each phan-
tom and patient dataset, we binned the PET listmode data to
sequential 1-second (1-s) dynamic frames. Each frame was
precorrected for detector efficiency to avoid interpolating
gaps caused by detector efficiency variations during registra-
tion. Thus, no correction for detector efficiency was per-
formed during the final reconstruction. As illustrated in Fig.
4, according to the internal motion signal in the superior—
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Fi. 3. A sample correlation of lesion centroids and RPM mean displace-
ments derived from five-bin phase gating of a sample patient study. The five
data points came from five gated images. A linear relationship was fitted.
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Fic. 4. Tllustration of a portion of (a) precorrected and (b) postcorrected
sinograms based on the knowledge of internal tumor motion information.
Each box represents a 1-s sinogram and its vertical position corresponds to
the tumor location before and after correction. The reference location was
determined by methods in Sec. IT E.

inferior direction of a given tumor (generated with the pro-
cess in the previous section), each 1-s dynamic frame was
axially registered to a reference location using linear interpo-
lation. All the aligned frames were summed to generate a
motion-corrected sinogram, which was subsequently recon-
structed using OS-EM algorithm with corrections for attenu-
ation, scatter, and random coincidence to form a motion-
corrected PET image. The choice of reference frame was
determined with a consideration for axially-aligned attenua-
tion correction as described in the next section.

For comparison, five-bin phase-gated and ungated sino-
grams were generated and reconstructed with the same pa-
rameters in Sec. II C for the moving phantom and patient
data. The stationary phantom data were also reconstructed as
the gold standard “truth” for evaluation. To further compare
the proposed INTEX method with a motion correction
method that uses all detected events, we registered each
image frame of five-bin phase gating to a reference frame
according to the superior—inferior direction component of the
lesion centroid in each gated image. Finally, all registered
image frames were averaged to generate a final image. This
method is referred as “Register and Average” in this study.

Il.LE. Matched attenuation correction with consistency
condition

For each patient, the helical CT images for attenuation
correction are mismatched with the PET images due to
patient respiratory motion. To minimize the attenuation cor-
rection mis-match, the reference frame, to which other 1-s
dynamic frames are shifted, was chosen based on the 2D Ra-
don consistency conditions of the attenuation correction
data. We have employed this method to perform automated
alignment of PET and CT data for cardiac PET/CT and have
used it for selecting matched CT and PET phases for FDG
oncology imaging.*’-*

In brief, PET data with accurate attenuation correction
should meet the 2D Radon consistency conditions. These
conditions state the moments of the projections through the
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activity object are periodic with azimuthal angle. For exam-
ple, the zero-order moment describes the property that the
sum of the projection data for each view of a set of parallel-
beam projections is a constant, independent of the projection
angle. In this work, we applied the attenuation correction
from the single helical CT to each of the five phase gated
PET frames. The attenuation-corrected PET frame that best
matches the first three moments of the 2D Radon consistency
conditions was considered to have the best positional match
with the attenuation map. This approach evaluates the Radon
consistency condition in a global manner for the whole PET
bed position image. Therefore, small local nonrigid distor-
tions caused by respiratory motion and/or CT mismatch are
not expected to have a negative impact of this approach. The
mean displacement of this best-matched PET frame was
used as the reference position for the subsequent axial shifts
of all the 1-s frames.

Il.LF. Evaluations

The maximum lesion concentration in terms of MBg/cc
was measured in the phantom study. For patient studies, the
maximum standardized uptake value (SUVmax) of the lesion
was measured for ungated images, five-bin phase-gated,
Register and Average image, and INTEX images. For our
proposed INTEX method, phase-gating, and Register and
Average method, the lesion SUVmax change with respect to
that of the ungated images were calculated as:

SUVcorrected - SUVungated
SUVungaxed

ASUVmax = , (1)
where the SUV pgqca denotes the lesion SUVmax measured
from ungated images. SUV qreced denotes the lesion SUV-
max measured from our proposed INTEX images, or the
averaged lesion SUVmax across five phase-binned images,
or the lesion SUVmax obtained from Register and Average
method. We hypothesize that larger SUVmax increase corre-
lates with less respiratory motion degradation and improved
tracer quantification accuracy, if the methods being
compared have the same image noise level.® However, this
hypothesis does not apply for gated images as each five-bin
gated frame contains only 20% of the detected events
and the increased image noise leads to SUVmax
overestimation.'®

The lesion volume was measured using a semi-automatic
segmentation method®® for each image in the patient study.

Stationary

“Truth” Ungated

Moving Phantom (1.6 cm amplitude)

5-bin phase
gating

For motion-corrected images, the lesion volume change with
respect to that of the ungated images were analyzed as:

Volumecorrected — Volumeypgated
AVolume = £

Volumeypgated ’ )
where the Volume,pgacq denotes the lesion volume measured
from ungated images. Volume,eceq denotes the lesion vol-
ume measured from our INTEX images, or the averaged
lesion volume across five phase-binned images, or the lesion
volume obtained from the Register and Average method.

lll. RESULTS

Figure 5 shows images of the liver lesion in the phantom
study with 16 mm motion amplitude. Compared to the sta-
tionary image, the ungated image appears visually blurred.
The phase-gated images corrected for motion at the expense
of higher image noise, which can lead to overestimation of
SUVmax. Both the Register and Average method and the
INTEX method corrected for the motion without increasing
image noise. The INTEX method is visually closer to the
truth image than the Register and Average method.

Figure 6 shows the quantitative analysis of different
methods for lung and liver lesions in the phantom study with
16 and 11 mm motion amplitudes. For both amplitudes, the
phase-gating method generally gave lower mean concentra-
tion compared to those of the stationary truth images with
large variances across five bins, except for the lung lesion
with 11 mm motion amplitude. Without increasing image
noise, the Registration and Average method gave slightly
underestimated tumor concentration. The proposed INTEX
method nearly fully recovered the tracer concentration in
each lesion for both motion amplitudes.

In patient study, the PET gates that have the best match
with CT image are 5, 1, and 4 for patients 1-3, respectively.
Figure 7 presents sample liver lesion images from a patient
study. The proposed INTEX motion correction method led
to higher lesion SUV and smaller lesion volume indicated by
visual observation of the image. Compared to phase gating,
both the Register and Average method and INTEX method
led to improvement in tracer concentration and volume
reduction, but with much lower image noise. This image
noise was as low as in the ungated image, due to the utiliza-
tion of all detected event without data rejection inherent in
gating methods.

Table I summarizes the changes of tumor SUVmax and
tumor volume for all the patients and lesions. We compared

Register and
Average

Proposed INTEX
method

F1G. 5. Sample liver lesion images in the phantom study with different imaging methods. All images have matched color scale.
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FiG. 6. Maximum tracer concentrations in lung and liver lesion in the phan-
tom study for different methods with (a) 16 mm motion amplitude and (b)
11 mm motion amplitude. The maximum concentration values are shown
above to each data point. For phase gating, the data are shown as means and
standard deviations (indicated by error bar) across five phases. The proposed
INTEX method effectively recovered the tracer concentration to the level of
stationary “truth.”

INTEX method to the Register and Average method as both
utilized all detected events leading to same image noise
level. The INTEX method led to 10.1% SUVmax increase
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and 17.0% volume decrease on average with standard devia-
tions of 10.2 and 21.6%, respectively. The Register and Av-
erage method led to 9.5% SUVmax increase and 17.6%
volume decrease on average with standard deviations of 5.8
and 20.7%, respectively. Lesion volumes were measured by
methods in Ref. 36 from ungated images. Though the meas-
ured volumes are not accurate, it provides a rough idea of
the lesion sizes in this study. The lesion motion amplitudes
were determined as the largest superior—inferior centroid dif-
ferences among five gated image frames. With intragate
motion, this amplitude measurement is underestimated but
provides a rough idea of motion amplitude.

IV. DISCUSSION

In this study, we proposed and evaluated a respiratory
motion correction method for PET/CT using internal-exter-
nal motion correlation. The derived internal-external motion
correlations are used to align raw sinogram data, which is
then reconstructed into a single image with respiratory
motion of the tumors removed. The proposed INTEX method
was specifically designed to improve quantification and delin-
eation of known tumors in the lung and abdomen for assess-
ing response to therapy and treatment planning. This method
would not be appropriate for detection or staging studies,
since the first step is to segment a known tumor and deter-
mine the centroids. This tumor and centroid information then
undergoes the second-pass analysis described in this study.

Using all detected events, the images of the INTEX
method have the same image noise level as that of the
ungated images. Compared to other motion correction meth-
ods, such as respiratory-gating methods that include only a
fraction of the detected events and yield higher image noise,
the INTEX method corrects for respiratory motion without
increasing the image noise. This is particularly important for
tumor quantification, as we previously found that increased
image noise alone can cause 9% tumor SUVmax overestima-
tion on average across 31 tumors for five-bin phase gating.'®

In the phantom study, five-bin phase gating led to under-
estimated tracer concentration on average, due to the intra-
gate motion in each gated frame. This intragate motion
comes from two contributions: (1) the finite period of time
frames and (2) the long-term breathing pattern changes with
baseline variation. The only exception of concentration
underestimation in the phantom experiments was the study

Ungated Phase-gating

Register and Proposed INTEX Method

Average

FiG. 7. Liver lesion in sample patient images generated with different methods. All images have matched color scale.
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TaBLE I. Changes of tumor SUVmax and volume compared to static ungated images for the Register and Average method and the proposed INTEX method
for all patient lesions. Tumor volumes and motion amplitudes in the ungated images are shown.

Tumor SUVmax changes

Tumor volume changes

Register and INTEX Register and INTEX Motion Tumor
Average (%) method (%) Average (%) method (%) amplitude (mm) volume (cc)
Patient 1 lesion 1 7.8 9.0 —10.0 —11.7 13.18 16
Patient 1 lesion 2 12.3 —4.0 —-17.5 —8.4 8.12 11.3
Patient 2 lesion 1 53 8.1 14.7 -5.9 6.33 6.65
Patient 3 lesion 1 7.8 53 —6.5 —7.1 11.87 16.63
Patient 3 lesion 2 8.5 10.1 —19.0 —19.1 6.73 3.62
Patient 3 lesion 3 12.5 21.1 —28.1 —15.7 9.95 3.13
Patient 3 lesion 4 20.6 28.1 —62.4 —68.3 8.69 6.36
Patient 3 lesion 5 1.2 3.0 1.0 0.3 7.57 29.24
Mean = standard deviation 9.5+58 10.1 £10.2 —17.6 £20.7 —-17.0£21.6 9.06 = 2.44 11.62 = 8.81

of a lung lesion with 11 mm motion amplitude, where the
overestimation may have come from increased image noise.
The standard deviations were large, indicating nonuniform
performance of each gated frame. Even though each gated
frame contains less detected events and has higher image
noise that can cause overestimation, the magnitude of intra-
gate motion is generally large enough to cause underestima-
tion of the tracer quantification. These two competing effects
make prediction of the overall impact on quantification more
complicated. The Register and Average method, which was
derived from phase gating that contains intragate motion but
used all detected events without increasing image noise, also
led to tracer concentration underestimation. In contrast, the
proposed INTEX method nearly fully recovered the tracer
concentration to the level of the stationary “truth” images.
Even though the current implementation of INTEX method
is based on binned 1-s frames that still contain the first com-
ponent of intragate motion discussed above, the INTEX
method inherently eliminates the second component of intra-
gate motion due to long-term baseline variations, which are
present in phase-gating and the Register and Average
method. Considering each phase-gated image represents the
accumulation of many seconds (for example, a five-bin
phase gating of a 5 min acquisition means each gate contains
I min of information), intragate motion is larger than 1-s
intraframe motion in the INTEX method. We expect that fur-
ther improvement of the INTEX method with event-by-event
motion correction discussed below will fully eliminate all
the intraframe motion. Comparing the results of 11 and 16
mm motion amplitudes, the Register and Average method
and phase gating resulted in less bias for smaller motion am-
plitude (11 mm) than for larger amplitude (16 mm). This is
expected as larger motion amplitude lead to more intragate
motion. However, the INTEX method effectively recovered
the tracer concentration for both amplitudes, indicating that
the performance of the INTEX method is less sensitive to
motion amplitude. These phantom results with known truth
demonstrated proof of concept of the proposed INTEX
method.

For PET/CT patient studies, mismatched attenuation cor-
rection can cause tumor quantification errors, particularly
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with CT-based attenuation correction that can be acquired at
an arbitrary breathing displacement when the patient is under
free breathing during the acquisition.39 The attenuation
images of all patient data in this study were generated from
helical CT scans, and there are potential attenuation correc-
tion errors due to positional mismatch. To account for mis-
matched attenuation correction, the INTEX method
registered each 1-s sinogram to a reference frame. The refer-
ence frame was the one from the original five bin phase-
gated PET data that best aligned with the helical CT image
as determined by the Radon consistency conditions. There-
fore, after summing all the registered sinograms, the
summed sinogram is reconstructed with attenuation correc-
tion using a matched attenuation map. This leads to minimal
attenuation correction errors. As shown in results, the best-
matched gate is different for each patient, indicating that
patient-dependent consistency check is necessary to match
PET and CT data.

In patient study as shown in Table I, the proposed INTEX
method led to higher SUVmax for six lesions out of eight
compared to the Register and Average method. On average,
the INTEX method and the Register and Average method
provide similar improvement on SUVmax and volume esti-
mation. Without the known truth, it is hard to tell which
method has superior performance in this pilot study with
such a small number of patients. However in the phantom
study with known truth discussed above, we found that the
proposed INTEX method offers superior performance. Fur-
ther evaluation is needed in the future to fully investigate the
benefit of the INTEX method in patient studies.

We demonstrated that the proposed INTEX method
improves PET quantitative accuracy and volume estimation in
this proof-of-concept study. There are two potential refine-
ments: using listmode event-by-event positioning and fully 3D
motion correction. For this preliminary study, we first binned
the PET listmode data into multiple sequential sinograms
whose duration is 1 s. Therefore, each 1-s sinogram contains a
small amount of residual intraframe motion. Considering our
approach has high temporal-resolution knowledge of the tu-
mor motion (with same resolution as the external tracking de-
vice), we could virtually eliminate intraframe motion through
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repositioning each listmode event to the reference frame dur-
ing the listmode binning, instead of binning listmode data into
multiple sinograms first and registering each of them. List-
mode repositioning has been proposed for motion compensa-
tion in PET.*? These methods differ from our proposed
approach because the motion vectors are defined only for each
gate. Therefore, these methods are susceptible to intragate
motion. In this preliminary study, we showed that binning
coarse 1-s sinogram leads to superior performance in tumor
quantification and volume measurement. It is expected that
further improvement can be achieved by using the listmode
repositioning method in future work.

In this study, we implemented the INTEX method in the
superior—inferior direction, which for lung and abdomen
organs is roughly twice the magnitude of other directions on
average.”” We can extend this method in the left-right and an-
terior—posterior directions to achieve fully 3D correction for
the respiratory motion. It is more intuitive to perform 3D cor-
rection in image space. This requires individually reconstruct-
ing each 1-s frame first, then registering, and then averaging.
This is suboptimal primarily because of the computational
demand of multiple image reconstructions for each frame.
Therefore, we need to correct the motion in list-mode or sino-
gram space first. We could first convert the external RPM sig-
nal into three separate internal tumor motion signals in the
superior—inferior, left-right, and anterior—posterior directions,
respectively. To register the 1-s frames or to reposition list-
mode events, the motion vectors determined by internal
motion traces in the image space need to be forward-projected
onto the sinogram space to establish necessary motion infor-
mation to guide the sinogram registration or listmode reposi-
tioning. The fully 3-dimensional (3D) motion-corrected
sinograms could then be summed and reconstructed as
described in this study. This work is currently under investiga-
tion. We expect further improvement can be achieved with
fully 3D version of the proposed INTEX method and poten-
tially all the tumor motion can be eliminated.

The accuracy of the proposed INTEX method relies on
the correlation between internal tumor motion and external
AP motion monitored by the RPM system. This correlation
has been demonstrated in numerous studies.*>**'~** How-
ever, these studies also indicated that a small fraction of
patients whose tumor motion does not correlate well with
the external motion monitoring systems. In these cases of
poor internal—external correlation, the accuracy of the pro-
posed INTEX method may be limited. This may explain the
result of patient 1 lesion 2 in Table I, where the INTEX
method caused negative SUVmax change compared to
ungated image. To solve this potential challenge, estimating
the internal tumor motion signal directly from PET data
instead of converting from an external signal can be helpful.
While PET data-driven motion estimation has been shown to
be feasible,***" there is still a major challenge for estimat-
ing the absolute tumor displacement information with suffi-
cient temporal resolution, particularly for smaller lesions
with low contrast.

The processing time of the INTEX method, as currently
implemented, is in the order of hours, depending on the total
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acquisition time. The processing time is predominantly used
to bin each 1-s sinograms. Implementation of the listmode
event-by-event repositioning method will reduce the proc-
essing to several minutes. Also, since we are only interested
in accurately quantifying and delineating a known tumor,
both the interpolation and listmode repositioning methods
can be performed only for the positions corresponding to a
predefined volume-of-interest that contains the tumor. This
would significantly speed up the computation process with-
out degrading tumor quantification and delineation.

The internal-external correlation in this study was
derived from five-bin phase gating, which is often used in
clinical practice. By increasing the number of phase bins,
more accurate correlation relationship may be achieved.
However, with a larger number of respiratory phase bins,
each gated image will be noisier. This increased image noise
will negatively impact the centroid estimation from gated
image. Therefore, the optimal number of gated bins to esti-
mate internal-external correlation needs further investiga-
tion. It is expected that the optimal number depends on
lesion size, motion amplitude, and image noise level, which
is determined by factors such as patient weight, acquisition
protocol, and reconstruction parameters.

It should be noted that, although the human body deforms
nonrigidly during breathing, we assume the tumor moves
rigidly. Therefore, while the tumor, which is the only tissue
we are interested in quantifying here, will be arguably well
registered, the rigid registration of 1-s sinograms in this
study may lead to inaccuracies for the rest of body. The rigid
registration may also affect the attenuation correction, as the
PET and CT data may not be quite matched in other areas
outside the tumor where attenuation ray sums across through
the tumor as well as other remote regions. We do not expect
this limitation will significantly change the conclusion of
this study, because the local “self” attenuation of the tumors
is the dominant effect.”®

V. CONCLUSION

The proposed INTEX method determines the patient-spe-
cific relationship of internal tumor motion with external re-
spiratory tracking information. This relationship allows the
external tracking information to drive the repositioning of
raw data to compensate for respiratory motion. Phantom and
initial patient studies demonstrate that the proposed respira-
tory motion correction method improves quantification and
delineation for known tumors in PET images.
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