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This study evaluated the use of gated versus nongated PET acqui-
sitions for absolute quantification of radioisotope concentration
(RC) in a respiratory motion–simulated moving phantom filled
with radioactive spheres and background for both 2-dimensional
(2D) and 3-dimensional (3D) acquisitions. Methods: An image-
quality phantom with all 6 spheres filled with the same 18F RC
(range, 19–62 kBq/mL) was scanned with PET/CT at rest and
in motion with and without gating. The background was filled
with 18F solution to yield sphere-to-background ratios of ap-
proximately 5, 10, 15, and 20 to 1. Both 2D and 3D acquisitions
were used for all combinations. Respiratory motion was simulated
by using a motor-driven plastic platform to move the phantom pe-
riodically with a displacement of 2 cm and a cycle time of 5.8 s. For
gated acquisitions, the phantom was tracked using a real-time
position management system. Images were reconstructed, and
regions of interest with the same sizes as the actual spheres
were manually placed on axial slices to determine maximum and
mean pixel RC. A threshold method (70% and 94% for 2D and
3D modes) was also used to determine a mean voxel RC. All
values were compared with the expected RC; percentage differ-
ences were calculated for each sphere. To reduce partial-volume
effects, only data for the 4 largest spheres were analyzed. Re-
sults: The mean pixel method was the only method with linear re-
sponses for all 3 scan types, enabling direct comparisons. The
ranges of RC percentage differences were underestimated for
all scan types (using the mean pixel method). The overall mean
percentage differences were 37, 49, and 41 in 2D mode and 40,
51, and 41 in 3D mode for static, nongated, and gated acquisi-
tions, respectively. Gated acquisitions improved quantification
(by reducing underestimation) over nongated acquisitions by 8%
and 10% for 2D and 3D modes. Conclusion: In the presence of
motion, the use of gated PET acquisitions appears to improve
quantification accuracy over nongated acquisitions, almost re-
storing the results to those observed when the phantom is static.
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Quantification of PET data is important in staging
disease, monitoring disease status, and assessing treatment
response (1–4). The presence of respiratory motion during
PET can cause blurring of the moving objects in the image.
This blurring can reduce the detection and image quality of
lesions by decreasing lesion contrast, which can lead to a
loss in the quantitative accuracy of radioactivity in the
lesions (5–8).

The gating of PET acquisitions to respiratory motion is
similar to cardiac gating and has been used to reduce the
degrading effects of motion (5–7). Motion-gated PET re-
quires the acquisition of many motion cycles over time and
the division of the cycles into several equal time bins. The
data for each bin of the cycle are stored separately, and at
the end of 1 cycle the process begins again. Hence, within a
single bin, motion blurring is reduced, and the series of bins
corresponding to different time points throughout the mo-
tion cycle reduces blur in the entire cycle.

Respiratory-gated PET has been performed in various
patient studies at different institutions (5–7,9–12). How-
ever, to evaluate the effectiveness of gating on PET, one
needs to know the true radioactivity distribution and amount
in the object being imaged without motion. A phantom with
a known radioisotope distribution can be imaged first with-
out motion (this is the gold standard) and then again in the
presence of known motion to model the effects of motion.
With a phantom, the parameters of motion such as direction,
displacement, and cycle time can be known and controlled.
Of the published phantom studies, some have been per-
formed to evaluate the effects of motion on radioisotope
quantitation (7,8), whereas others have evaluated the effec-
tiveness of gated PET (5,6,10,11). Some studies have used
high levels of radioisotope solutions exceeding clinical levels
(7,10,11), and all have used only 1 target-to-background
radioisotope concentration (RC) ratio. All have evaluated
motion in only 1 direction.

In this study, we used a standardized phantom filled with
a known RC (in both spheres and background) at levels that
match clinical conditions. Data were obtained at 4 different
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target-to-background RC ratios. The phantom was imaged at
rest and then moving in 2 orthogonal planes to simulate re-
spiratory motion. All data were acquired in both 2-dimensional
(2D) and 3-dimensional (3D) modes of PET acquisition.
The purpose of this study was to compare gated with nongated
PET acquisitions using absolute quantification of the RC in
a moving phantom simulating respiratory motion. A sec-
ondary purpose was to compare the 2D and 3D modes of
PET acquisition for both gated and nongated conditions.

MATERIALS AND METHODS

NEMA/IEC Phantom
A PET image quality phantom, the National Electrical Manu-

facturers Association (NEMA) 2001 International Electrotechni-
cal Commission (IEC) phantom (Data Spectrum Corp.), was
imaged in this study (Fig. 1A). The phantom contains 6 hollow
spheres with internal diameters of 10, 13, 17, 22, 28, and 37 mm
inside a water-fillable simulated body cavity (the lung insert was
not used). In a series of experiments, all the spheres were filled
with 18F solution that was measured in a dose calibrator and then
diluted with water to 100 mL using a volumetric flask to obtain an
RC of 19–62 kBq/mL. The phantom background was filled with
water, and then varying amounts of 18F solution were added to
obtain an RC of 0.9–10.2 kBq/mL, yielding sphere-to-background
(S/B) ratios of approximately 5, 10, 15, and 20 to 1. Three aliquots
each of both sphere and background solutions were also counted
in a g-well counter to determine the true S/B ratios (4.8, 9.7, 16.9,
and 21.2). The values of RC for the spheres and background, and
the S/B ratios, were chosen to simulate the ranges obtained from
clinical conditions based on the tumor concentration of 18F-FDG
and standardized uptake values (SUVs). These clinical values
were measured from PET/CT images of 10 different lung carci-
noma patients scanned on the same system (Table 1). A motor-
driven plastic platform drove the phantom up and down a ramp,
yielding oblique motion along the longitudinal axis of the scanner
(Fig. 1A). The 3 parameters of motion (direction, displacement,
and cycle time) were all chosen to match typical respiratory
conditions. Directions of motion were in both the craniocaudal
(longitudinal) and the anterior-posterior axes; displacement was 2
cm, and cycle time was 5.8 s.

Imaging
CT transmission (for attenuation correction) and PET emission

scans were performed using a PET/CT scanner (Discovery ST-16;
GE Healthcare) with a static and moving phantom. Scans of the

moving phantom were acquired with and without gating. The
helical CT scan was performed first (120 kV and 300 mA), and
then PET emission data were acquired for 500 s for 1 field of view.
All PET scan types (static, motion nongated, and gated) were
acquired in both 2D and 3D modes. The 3D data were first Fourier
rebinned, and then all emission scans were reconstructed into a
256 matrix, using ordered-subset expectation maximization algo-
rithms. The number of iterations and subsets was 2 and 30,
respectively, for the 2D mode and 5 and 32, respectively, for the
3D mode. The PET reconstructed slice thickness was 3.27 mm.
For the gated data, only bin number 3 of a total of 10 bins in the
cycle was reconstructed.

Motion Gating
The simulated respiratory motion was detected and recorded

using the real-time position management system (Varian Medical
Systems). This system uses an infrared camera and reflective
markers placed on the moving object (the phantom platform) to
track motion (5). The average motion cycle was measured and
then divided by 10 to obtain the fixed time bin used for each of the
10 bins of the motion-gated PET scan.

Data Analysis
The background RC was determined from the images by using

a modified version of the NEMA NU 2-2001 standard image
analysis. The method consisted of using 6 circular regions of
interest (ROI) of 30-mm diameter placed in standard locations on
the best-visualized central slice and 4 other slices at approxi-
mately 61 and 62 cm (exact values, 60.981 and 61.962 cm)
from the central slice. Mean pixel values in all 30 ROIs were
obtained to determine an average image-derived RC.

Two methods were used to measure the absolute RC in the
images of the spheres. First, the GE computer system (Xeleris; GE
Healthcare) was used to place circular ROIs equal to the known
sphere sizes on the 4 largest spheres on a single central
reconstructed axial slice as determined by visual assessment.
Maximum and mean pixel values of RC were obtained from
within the ROIs. Only the 4 largest spheres were used for all data
analyses because the 2 smallest spheres (10 and 13 mm) under-
estimated RC even in the standard static scan because of partial-
volume effects (Fig. 1B).

The second method used a radiation therapy planning system
(Pinnacle; Philips) to automatically contour volumes of interest
with predetermined thresholds relative to the maximum sphere RC
on multiple slices for volume quantification. For 2D acquisitions,
a threshold of 70% of the maximum sphere RC was used. This

FIGURE 1. (A) NEMA/IEC 2001 phan-
tom (Data Spectrum) on plastic platform.
(B) PET mid-transaxial slice through
static acquisition in 2D mode with 9.7
S/B ratio.
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threshold was determined such that the mean RC in the region
within the threshold yielded the expected RC from the 37-mm
sphere on a separate experiment using a high RC static scan.
Similarly, for 3D acquisitions, a threshold of 94% was determined
and then used.

To compare the image-derived RC of the background and
spheres (RCi) with the expected RC as measured on the dose
calibrator and then decay corrected to scan times (RCe), we
calculated percentage differences. These are defined as follows:

% difference 5
RCi 2 RCe

RCe

� �
· 100:

For the background RC, correlation coefficients r2 were also
determined for each scan type to evaluate the correlation between
the imaged-derived and expected RCs.

S/B ratios were also determined and compared with the true
ratios calculated from the g-well counter. The S/B ratios are more
clinically relevant than absolute values of RC, because S/B ratios
are directly comparable to the clinically useful SUV term. How-
ever, the absolute values of RC are important in that they
determine the S/B ratios and, for a phantom study, should be
based on clinical conditions. The S/B ratios alone could be within
the clinical range, but they do not indicate if the absolute RC
values are also within the range of clinical conditions. To compare
all the data, we calculated for each scan type the overall mean
percentage difference in image-derived RC from expected RC
averaged over all 4 sphere sizes and all 4 S/B ratios.

RESULTS

Images of CT and PET slices for all 3 scan types that
demonstrate qualitatively the effects of motion blur are
displayed in Figure 2. The spheres had an elliptic appearance
on CT and nongated PET when the phantom was in motion;
this appearance was due to the fact that the phantom was
moving in 2 orthogonal directions. The spheres appeared to
be less blurred in the gated PET image than in the nongated
image and were almost restored to the static condition.

The image-derived absolute RCs in the phantom back-
ground were strongly linearly correlated to the expected
RCs for all scan types, in both 2D and 3D modes of acqui-
sition, as illustrated in Figure 3. The squared correlation
coefficients r2 for all conditions had values of more than
0.99. The absolute values of the mean percentage differ-
ences were 1.8, 2.0, and 2.8 in 2D mode and 0.9, 0.6, and
2.2 in 3D mode, for static, nongated, and gated acquisi-
tions, respectively.

A comparison of the maximum, mean, and threshold
methods of determining sphere RC for all scan types in 2D
mode is shown in the 3 panels of Figure 4, which presents
data for the image-derived and expected RCs for the largest
sphere (37 mm). The mean pixel method was the only
method by which the results for the gated scan showed a
linear relationship (Fig. 4B). The underestimation of image-
derived RC (using the mean pixel value) is illustrated in
the histograms of Figure 5 for the 4 different sphere sizes
and S/B ratios in both 2D and 3D modes. The overall mean
percentage differences between image-derived and ex-
pected RC for the spheres (all values were underestimated)
were 37, 49, and 41 in 2D mode and 40, 51, and 41 in 3D
mode for static, nongated, and gated acquisitions, respec-
tively. This result demonstrates that gated acquisitions
improved quantification over nongated acquisitions by
reducing the underestimation by 8% (from 49% to 41%)
and 10% (from 51% to 41%), respectively, for 2D and 3D
modes of PET acquisition.

TABLE 1
RC, Uptake, and Size

Site kBq/mL SUV or S/B Centimeters

Patient (tumors)

Mean 36.5 20.7 4.1

Range 7.4–82 2.9–57 1.7–8
Phantom (spheres)

Mean 39.1 13.2 2.1

Range 19–62 4.8–21 1.0–3.7

FIGURE 2. (A and B) Sagittal images
acquired through 13- and 22-mm spheres
with phantom at rest in 2D mode and with
9.7 S/B ratio: CT (A) and PET (B). (C–E)
Images acquired with same phantom in
motion: CT (C), nongated PET (D), and
gated (1 of 10 time bins) PET (E). All PET
images have been scaled relative to each
other. On CT images, air in stems of
spheres appears black.
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The relationship between the image-derived and true S/B
ratios for the 3 types of PET scans (Fig. 6) was similar to
that between the image-derived and expected sphere RC
results in Figure 4B.

DISCUSSION

In this study, a phantom was used because it allowed the
expected RC to be measured without motion and then in
the presence of quantified motion, and because it allowed
the effects of gated acquisitions to be compared with the
effects of nongated acquisitions and with the gold standard
static acquisition.

All experiments in this study were conducted over
approximately 8 mo. During that time, the PET scanner
was cross-calibrated to the dose calibrator 3 separate times
as part of a routine quality control program. Because of the
strong linear correlation found between the image-derived
RCs and the expected RCs in both 2D and 3D modes (Fig.
3), the cross-calibration factors were accurate throughout
the experiments and the scanner was operating with high
quantitative accuracy.

Comparison of the methods for determining sphere RC
using the maximum and mean pixel values indicates that
maximum pixel values of RC were overestimated and,

under the gated condition specifically, did not provide a
good estimate of RC (Fig. 4A). The reasons for this over-
estimation and random behavior are varied and could be
related to the reconstruction algorithm, increased noise in
the gated images, or both. The noise in the gated images is
due to low count statistics (10,11), because each gated time
bin is acquired over only one tenth of the time of both the
static and nongated acquisitions. Histogram plots of RC in
voxels within a volume of interest surrounding the largest
sphere for both static and gated acquisitions (Fig. 7) dem-
onstrate an increased number of voxels with RC values that
are above the expected value in the gated acquisition (Fig.
7B). These voxels contain increased noise (due to the low
statistics), and therefore the maximum pixel method was
not used. Using the mean pixel method, RCs for all scan
types were underestimated, compared with the expected
values (Fig. 7); however, all scan types demonstrated linear
responses (Fig. 4B).

The threshold method of measuring sphere RCs was
successful in both static and nongated acquisitions, because
these are almost equal to the line of identity (Fig. 4C), but
again in the gated acquisition this method was of limited
use. To directly compare all 3 scan types, the method of
quantification should demonstrate a ‘‘predictable’’ response
for all 3 scans—that is, a response not affected by noise.

FIGURE 3. Image-derived and ex-
pected RC in phantom background, in
2D (A) and 3D (B) modes of PET acqui-
sition. The 3 types of scans were static
(S), motion nongated (N), and gated (G),
and each series was fitted with linear
regression.

FIGURE 4. Comparison of image-derived and expected sphere RC for data analysis methods: maximum pixel (A), mean pixel (B),
and threshold (C). Data are for largest sphere (37 mm) in 2D mode of PET acquisition for each scan type—static (S), motion
nongated (N), and gated (G)—and each series was fitted with linear regression.
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Thus, the mean pixel method is the only method enabling
direct comparisons. Using this method, all 4 sphere sizes in
the 4 different S/B ratios showed that gated acquisition
reduced the underestimation and demonstrated improve-
ment in absolute quantification of RC, as compared with
the nongated acquisition (Fig. 5). This same trend was
observed in both 2D and 3D modes of PET acquisitions and
also demonstrated that the underestimation was directly
related to sphere size (Fig. 5).

Use of the mean pixel method, the S/B ratios, which are
analogous to SUV, also demonstrated that gating improved
quantification at each S/B ratio over that for nongated
acquisitions in both 2D and 3D modes (Fig. 6).

The secondary purpose of this study, to compare 2D and
3D modes of gated acquisition, showed little difference in
improvement (8% and 10%, respectively) using the mean
pixel method of quantification. It is, however, difficult to
directly compare 2D and 3D modes of acquisition, because
different reconstruction methods and parameters were used.
The default parameters as recommended by the manufacturer
were used, changing only the matrix size from 128 to 256
to improve ROI resolution by having smaller pixel sizes.

The results of this study are comparable to the results of
other published phantom studies showing that motion causes
an underestimation of sphere RC that is directly related to
the sphere size (7,8). This study goes further by measuring
the improvement of quantification using gated acquisitions.

This improvement of quantification using gated acquisitions
was found using a phantom with RCs, S/B ratios, and sphere
sizes that closely matched those of patients (Table 1), in
both 2D and 3D modes. As well, this study evaluated simu-
lated respiratory motion in 2 directions (craniocaudal and
anterior-posterior axes)—motion that is closer to clinical
conditions than motion in only 1 direction (9).

In this study, we observed, as have others (10–13), the
limitation of increased noise when using gated acquisition.
Various new methods have been proposed to reduce the
noise, such as the use of reconstruction techniques (10,11)
or of motion correction before reconstruction (12,13). One
possible simple solution to reducing the noise would be to
scan for a longer time. However, because this solution is
not always practical with patients, another approach could
be to decrease the number of bins used for gating while
keeping the same acquisition time. For example, if the
number of bins were reduced from 10 to 6, there would be
1.7 times more data per bin, thus reducing the noise, at the
expense of increased motion blur. In this study, even with
the noise from using 10 bins, gated acquisitions were more
accurate in quantification than nongated.

Another possible limitation of gated PET for clinical use
is that respiratory motion in patients is assumed to be
regular; this is not always the case. However, list mode
gated acquisitions have been suggested as a solution for
patients with irregular respiratory motion cycles because

FIGURE 5. Underestimation of image-derived RC from expected value, in 2 modes of PET acquisition: 2D (A) and 3D (B). Data are
shown for all sphere sizes (17, 22, 28, and 37 mm), S/B ratios (4.8, 9.7, 16.9, and 21.2), and scan types (static [S], motion nongated
[N], and gated [G]).

FIGURE 6. Relationship between image-
derived and true S/B ratios in 2D (A) and
3D (B) modes of PET acquisition. Data
are shown for 2 sphere sizes (17 and 37
mm) and all scan types (static [S], motion
nongated [N], and gated [G]), and each
series was fitted with linear regression.
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the list mode data can be rebinned accordingly to remove
the irregular cycles (14).

The clinical implication from this phantom study is that
the use of gated acquisition in the presence of respiratory
motion can improve quantification of PET data. This im-
provement in PET quantification may potentially lead to
improvement in the ability to stage disease in patients and
monitor the effects of treatment response.

CONCLUSION

In the presence of motion, gated acquisitions improved
quantification over nongated acquisitions, almost restoring
the results to those observed when the phantom is static.
There appeared to be little difference between 2D and 3D
modes of gated PET when the default parameters of
reconstruction and the mean pixel values for quantification
were used. Thus, both 2D and 3D modes of gated PET
improved the absolute quantification of RC in a moving
NEMA phantom.
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