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This study proposes a new method to reduce respiratory
motion artifacts in PET images of lung cancer. The method is
referred to as respiratory-correlated dynamic PET (RCDPET).
RCDPET enables the acquisition of 4-dimensional PET data
without the need for a respiratory tracking device. In this
article, we compare this method with respiratory-gated PET
(RGPET). Both methods provide the ability to correct for
motion artifacts and more accurately quantitate radiotracer
uptake within lung lesions. Both methods were evaluated in
phantom studies and 1 patient. Methods: With RCDPET,
data are acquired in consecutive 1-s time frames. A point
source attached to a rigid foam block is set on the patient’s
abdomen and is extended into the camera field of view at the
level of the lesion by means of a low-density rod. The position
of this source is used to track respiratory motion through the
consecutive dynamic frames. Image frames corresponding to
a user-selected lesion position within the breathing cycle, in
correlation with the point source position, are then identified
after scanning. The sinograms of the selected image frames
are summed and then reconstructed using iterative recon-
struction with segmented attenuation correction. Results:
The results from phantom studies with both RGPET and
RCDPET were within 10% agreement, for both activity quan-
titation and image noise levels. In a clinical application, the
quantitation of the SUVmax and the lesion’s size showed a 6%
and 2% difference, respectively, between RCDPET and RG-
PET measurements. Conclusion: RCDPET can be consid-
ered as a comparable, or alternative, method to RGPET in
reducing the smearing effects due to respiration and improv-
ing quantitation of PET in the thorax. One advantage of
RCDPET over RGPET is the ability to retrospectively recon-
struct the PET data at any phase or amplitude in the breath-
ing cycle.
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Tumor and organ motion due to respiration is a major
challenge in diagnostic imaging and in radiotherapy of lung
cancer. Several diagnostic imaging techniques have been
developed to improve the accuracy of determining 4-dimen-
sional tumor coordinates (x, y, z, t) during the course of
radiation therapy, including 18F-FDG PET studies (1,2), CT,
and external-beam radiotherapy (3–6). Using CT and radio-
therapy, breathing-synchronized radiotherapy has been de-
veloped, with modifications (7) such as deep inspiration
breath-hold (8,9), audio (4) gating, and audio (1,2) without
visual coaching. These methods both improve the reproduc-
ibility of the breathing motion and consequently increase
precision in setting the trigger in (PET and CT) acquisition
or external-beam delivery.

PET requires significantly longer scan times than CT
(typically 25 min for a whole-body scan). Previously (1,2),
we showed that respiratory gating may significantly im-
prove the accuracy of tumor volume determination and of
18F-FDG quantitation in the thorax. In this study, we pro-
pose a new technique to acquire the 4-dimensional PET
data, using respiratory-correlated dynamic PET (RCDPET).
The main advantage of RCDPET over respiratory-gated
PET (RGPET) is that it does not require a respiratory
motion detector, allowing respiratory motion correction to
be performed at institutions incapable of buying or devel-
oping such detectors. Moreover, RCDPET allows recon-
struction of PET images at any breathing phase, retrospec-
tively, permitting exclusion of data from irregular breathing
cycles. However, image processing is more time consuming
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for RCDPET than for RGPET and requires a system with
more memory.

This method has been validated in phantom studies and
compared with the results of RGPET, previously described
(1,2). As a proof of principle, RCDPET has been clinically
evaluated in a single lung cancer patient.

MATERIALS AND METHODS

PET/CT Scanner
Data referenced in this study were acquired on the Discovery

LS PET (Advance NXi)/CT(LightSpeed 4-slice) scanner (General
Electric Medical Systems). The LightSpeed CT scanner has a
50-cm transaxial field of view (FOV) and can acquire images with
slice thicknesses ranging from 1.25 to 10.0 mm. Tube current can
be varied between 10 and 440 mA, and tube voltage settings are
80, 100, 120, and 140 kVp. The table feed rate of the CT scanner
ranges from 1.25 to 30 mm per 360° rotation of the x-ray tube.
Maximum scan time per spiral is 120 s, with a spatial resolution of
0.32 mm.

The Advance PET scanner is a whole-body scanner with a
transaxial field of view of 55 cm and an axial field of view of 14.75
cm. The scanner contains retractable septa and can be used in
2-dimensional mode (septa extended) or 3-dimensional mode
(septa retracted) for higher sensitivity (0.032 kcps/Bq/cm3). The
image resolution is 4.2 mm in full width at half maximum
(FWHM). All results presented here are for scanning performed in
2-dimensional mode.

Respiratory Motion Tracking for RCDPET
In RCDPET, respiratory motion is tracked by an 18F-FDG point

source attached to one end of a low-density plastic rod, and the
other end of the rod is rigidly attached to a Styrofoam (The Dow
Chemical Co.) block. The block is secured to the abdomen of the
patient. As the patient breathes, the rod oscillates according to the
respiratory motion. The length of the rod extends the point source
into the FOV of the camera (Fig. 1), at a level corresponding to the
approximate position of the lesion. Consequently, the point source

tracing within consecutive PET frames correlates with the patient’s
breathing motion.

Respiratory Motion Tracking for RGPET
For RGPET, the Real-Time Position Management (RPM) Re-

spiratory Gating system (Varian Medical Systems) was used. This
device was initially designed for radiotherapy gating. The RPM
system monitors the motion of the chest wall of the patient (thus
the respiratory motion) by tracking the vertical position of 2
passive reflective markers rigidly mounted on a lightweight plastic
block. The block is stabilized on the patient’s abdomen, and its
motion is monitored and tracked using an infrared video camera
mounted on the PET table (Fig. 2). The motion of the block is
displayed by a graphic interface on the screen of the RPM work-
station.

A training session was performed before the scan to obtain a
prototype of the breathing motion as defined by the RPM system
and to determine whether the patient breathing cycle was regular.
The RPM system generates a trigger signal at a user-selected phase
or amplitude within the breathing cycle. A trigger is generated by
the RPM system every time the phase (amplitude) of the breathing
cycle is regular at the defined position, compared with the proto-
type. More details about the RPM system can be found in Kubo et
al. (4).

Data Acquisition and Processing
A CT scan was first acquired at 140 keV and used for attenu-

ation correction of the PET emission images. The 140-keV CT
data were then transformed to the corresponding values at 511-keV
energy and were reconstructed into CT attenuation correction
maps, using the software provided with the PET/CT scanner.

RCDPET data were acquired into 1-s (maximum temporal
resolution of PET) consecutive frames using the standard dynamic
scanning mode provided by the PET scanner software. Two hun-
dred 1-s frames were acquired. RCDPET studies did not require
any additional computer hardware. However, they required �200
times more memory per field of view than a standard emission
scan (�229 MB vs. �1.14 MB).

FIGURE 1. Patient setup in RCDPET acquisition mode. Point
source is at end of low-density rod, extending into lesion FOV,
and rigidly attached to Styrofoam (The Dow Chemical Co.) block
positioned on abdomen of patient.

FIGURE 2. Patient setup in RGPET acquisition mode. Plastic
block (arrow) with 2 infrared passive reflectors is positioned on
abdomen of patient. Infrared camera, positioned on PET table,
is used to trace motion of reflectors and, thus, patient breathing
motion.
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All 200 frames were reconstructed using an algorithm: iterative
reconstruction with segmented attenuation correction (IRSAC). A
square region of interest (ROI) was drawn and positioned over the
image of the point source, at a user-selected position within the
breathing cycle. In the phantom study, the simulated lesion was
contoured instead. The ROI was then copied over all 200 frames.
The frames in which the point source fell within the ROI were then
identified. The sinograms corresponding to the identified time
frames were added and then reconstructed using the IRSAC algo-
rithm.

In the gated acquisition mode, each oscillatory cycle was di-
vided into five 1-s bins, defined to encompass the respiratory cycle.
The RPM system was used to initiate the trigger at a defined phase
or amplitude during the oscillatory motion, as described in Neh-
meh et al. (1,2). The output was 5 images, each corresponding to
1 position of the lesion within the oscillatory motion.

For all PET studies, the data were reconstructed into 128 � 128
matrices using the IRSAC algorithm and then corrected for atten-
uation (using the CT attenuation correction data), scatter, and
randoms using the manufacturer-supplied software.

Phantoms
Phantom measurements were performed using a 68Ge rod source

(4.7-mm outer diameter) with an activity of 9.25 MBq distributed
over a length of 14.5 cm. This rod source was attached to a
breathing phantom (Varian Medical Systems) to simulate human
respiratory motion. The 68Ge rod source was pivoted at one end,
and the other end oscillated in the vertical plane along the PET
gantry axis (Fig. 3). The maximum amplitude was approximately
4.0 cm in the vertical plane, with a period of 5 s.

Thirty-five transaxial PET images, each corresponding to 1
oscillation amplitude, were reconstructed along the 68Ge rod
source. A 3-min nongated emission scan (static), a 5-min gated
emission scan (5 bins, 1 s each), and a 200-s dynamic scan (200
frames, 1 s each) were acquired. The period of the oscillatory
motion of the breathing phantom was adjusted to about 5 s,
comparable to a typical patient respiratory cycle.

Patient Data
We evaluated the RCDPET technique and compared it with

RGPET in 1 male patient with non–small cell lung cancer. The
patient had already undergone CT simulation for radiation treat-
ment planning on an AcQSim (Picker International). He was
positioned supine with the arms up, using a mold (Alpha Cradle
Molds) to assist immobilization.

During the PET session, the patient was instructed to breathe
regularly for 5 s by following audio breathing instructions origi-
nally generated and adapted to his breathing motion during the
simulation session. The audio coaching was created by Cool Edit
2000 software (Adobe Systems Inc.). The patient was then injected
intravenously with 0.45 MBq of 18F-FDG. This was followed by
an uptake phase with the patient recumbent for 45 min. The patient
was then repositioned as during radiotherapy simulation, under-
went a scout scan on the CT scanner, and then underwent a helical
CT scan, which was used for attenuation correction and anatomic
localization of the PET images. A static (nongated) whole-body
2-dimensional emission PET scan was then acquired for clinical
management and treatment planning. The standard lung PET pro-
tocol at our center consists of 5 fields of view (14.25 cm per field
of view). The total scan time is 20 min, with 4 min per FOV. An
RGPET study was then performed for just 1 bed position (at the
lesion site), using the RPM system to track the motion of the gating
block on the chest of the patient. This study consisted of a 5-min
gated emission scan, with 1 min per bin (i.e., 5 bins). This scan was
followed by a 200-s RCDPET study (1 s/frame), during which a
point source of �9.25 MBq was placed within the field of view to
track the diaphragm motion. The patient was continually coached
during both RGPET and RCDPET to minimize any irregularity in
the breathing cycle.

Analysis
In the static acquisition (both nonoscillating and oscillating

states), the lesion was contoured after setting the lower threshold
to 42% of the maximum activity concentration (Act_Concmax)
within the lesion, as recommended by Erdi et al. (10). This
contouring was done on an image-by-image basis. The Act_Concmax

within each ROI was measured. Because, in the phantom study, the
radioactive rod was pivoted at one end, each transaxial image corre-
sponded to a different amplitude.

In the RCDPET study, all frames that corresponded to a user-
selected lesion position were identified, and their corresponding sino-
grams were summed. Each set of summed sinograms was then re-
constructed. The lesion was contoured, and then the Act_Concmax

within each ROI in all transaxial slices containing the lesion was
recorded.

In the gated study, the images that corresponded to the most
highly synchronized bin (first bin) (1,2) were analyzed. Again, the
lesion was contoured, and then the Act_Concmax was determined in
all the transaxial slices.

To compare the relative efficiency of the RCDPET and RGPET
methods in recovering the correct activity concentration in the rod
or lesion, the percentage difference in Act_Concmax was defined as:

%Difference � abs� (Act_Concmax�RCDPET � Act_Concmax)�RGPET)

(Act_Concmax�RCDPET � Act_Concmax�RGPET)/2
�

� 100. Eq. 1

This percentage difference was calculated on a slice-by-slice basis.
For the phantom study, the SD (�) of the activity concentration

within the source was analyzed to compare the relative noise of the

FIGURE 3. 68Ge rod source is mounted to Varian breathing
phantom, pivoted at phantom side, and other end is free to
oscillate vertically. Rod source has activity of 9.25 MBq and
outer diameter of 4.7 mm.
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2 methods. The comparative noise level was evaluated by the
percentage difference in the SD between the 2 methods, given by:

%Difference � abs� (��RCDPET � ��RGPET)

(��RCDPET � ��RGPET)/2
� � 100. Eq. 2

RESULTS

The measured Act_Concmax for an oscillating rod source
is plotted in Figure 4A as a function of the amplitude for 3
acquisition modes: static, gated (RGPET), and dynamic
(RCDPET). Figure 4A also shows the Act_Concmax for the
stationary source, which is considered the reference standard.
With the RCDPET technique, the correct Act_Concmax, and
consequently the standardized uptake value (SUV), could be
recovered. In our previous publications (1,2), we proved that
the FWHM of the activity concentration distribution within a
lesion (lesion size) and the Act_Concmax are correlated. Thus,
a change in the apparent lesion size due to motion blurring will

result in, ideally, an equivalent change in the Act_Concmax.
Consequently, a correction in the Act_Concmax will allow
recovery of the stationary lesion size. The percentage differ-
ence in the Act_Concmax for different motion amplitudes be-
tween the 2 techniques shows an agreement within 10%. An
evaluation of the noise level within the source for the different
motion amplitudes is shown in Figure 4B. This figure shows
comparable noise levels (within 10%) by both approaches,
demonstrating that there are no significant statistical noise
penalties to respiratory phase rebinned dynamic scans.

In the clinical evaluation, the placement of the 18F-FDG
point source with �9.25 MBq of activity did not show any
pronounced streak artifacts in the patient emission images.
The point source position (which reflects the breathing
motion) through consecutive time frames is illustrated in
Figures 5 and 6, which show transaxial views of the lesion
in RGPET and RCDPET, respectively. The maximum SUV
and the lesion size in the corresponding slice were 3.56
g/mL and 2.54 cm2, respectively, as measured with RGPET.
The corresponding RCDPET measurements were within a
6% and a 2% difference from the RGPET measurements.
The amplitude of the lesion motion by both methods was
consistent within the PET axial spatial resolution (4.25 mm).

DISCUSSION

We have shown that RCDPET corrects for the motion
artifacts caused by respiration during PET imaging of lung
cancer. This was shown in phantom studies, and feasibility
was demonstrated in a single patient. Even though we intend
to use this technique in 18F-FDG PET imaging, the approach
is applicable to any PET tracer. Phantom studies showed
that RCDPET improves the accuracy of quantitating within-
lesion activity, which can be seriously underestimated be-
cause of respiratory motion. This rearrangement of the
counts within the apparent lesion volume is also accompa-
nied by images that more accurately reflect the lesion size
and shape, as we have shown in our previous studies (1,2).

The RCDPET method yields comparable results to the
respiratory gating technique in the ability to correct for the
activity concentration distribution within the lesion, SUV,
lesion size, and lesion shape. Phantom studies using both
techniques also show a comparable noise level, independent
of the smearing amplitude.

The major advantages of RCDPET are, first, that it does
not require any additional tracking hardware to monitor and

FIGURE 4. (A) Act_Concmax versus slice number (amplitude).
RCDPET technique shows capability comparable to that of
RGPET technique in recovering correct Act_Concmax, which is
distorted because of respiratory motion. (B) SD of activity con-
centration within multiple transaxial slices of lesion (thus motion
amplitudes), measured in both RCDPET and RGPET tech-
niques, shows comparable noise level. ACmax � Act_Concmax.

FIGURE 5. Position of point source as it moves in and out of
user-selected reference position (e.g., as defined by the 2 lines
according to position of point source in first frame) in consec-
utive 1-s time frames. Position of point source defines fourth
dimension (time) of lesion coordinates.
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trace respiratory motion. This may be a major benefit for
small institutions that do not have a gating system. A second
advantage is that no significant effort is required from the
patient, such as is the case when a spirometer is used. Third,
data selection is performed retrospectively, as compared
with before scanning in RGPET, which requires the selec-
tion of a trigger position a priori. An additional advantage is
that the method is less susceptible to irregular breathing and
allows the user to drop irregular data from the reconstructed
images. Finally, the data can retrospectively be recon-
structed for any breathing phase or amplitude. This ability
allows PET data to be selected to exactly match the phase of
the CT image data acquired on a PET/CT unit and during
radiotherapy CT simulation.

On the other hand, RCDPET requires significantly more
computer memory, postprocessing time, and image recon-
struction time than does RGPET. Another disadvantage of
RCDPET versus RGPET is that the time resolution (defined
by the PET software) is 1 s, compared with 0.013 s in the
PET gated acquisition mode.

The RCDPET method can allow more accurate matching
between the CT images (obtained during simulation for
radiotherapy patients) and the PET images, which may be a
great benefit both for PET/CT diagnostic scanning and for
PET/CT planned respiratory-gated radiotherapy. In both
instances, the respiratory phases can be matched between
PET and CT. This method has already been developed at
our institution to correlate CT slices with time. This corre-
lation, when associated with the RCDPET method, may
then allow after-scanning selection of the PET/CT phase at
which radiotherapy may be planned.

CONCLUSION

In our study we have shown the feasibility of using
RCDPET, as an alternative method to RGPET, to correct for
respiratory motion artifacts in PET images. RCDPET was
compared with RGPET in phantom studies and was evalu-

ated in a single patient. Like RGPET, RCDPET enabled
recovery of the static SUV and determined the tumor bur-
den. The main advantage of this new technique over
RGPET is that it does not require additional instrumenta-
tion. However, RCDPET does involve a greater computa-
tional overhead associated with retrospective image data
analysis.
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FIGURE 6. Transaxial view of lesion (ar-
row) in RGPET (A) and RCDPET (B).
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