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We compared 2-dimensional (2D) and 3-dimensional (3D) 82Rb
PET imaging in 3 different experiments: in a realistic heart–
thorax phantom, in a uniformity-resolution phantom, and in 14
healthy volunteers. Methods: A nonuniform heart–thorax phan-
tom was filled with 111 MBq of 82Rb injected into the left
ventricular (LV) wall. In the LV wall of the cardiac phantom, 3
inserts—1, 2, and 3 cm in diameter—were placed to simulate
infarcts. A standard rest cardiac PET imaging protocol in 2D and
3D modes was used. Following the same protocol, a uniformity-
resolution phantom with uniformly distributed activity of 1,998
MBq and 740 MBq of 82Rb in water was used to obtain 2D PET
images and 3D PET images, respectively. All 2D volunteer stud-
ies were performed by injecting 2,220 MBq of 82Rb intrave-
nously. For half the volunteers, 3D studies were performed with
a high dose (HD) (2,220 MBq) of 82Rb; for the remainder of the
3D studies, a low dose (LD) (740 MBq) of 82Rb was used. In the
2D and LD 3D studies, there was a delay of 2 min and 3 min,
respectively, followed by a 6-min acquisition. In the HD 3D
volunteer studies, there was a delay of 5 min followed by a
6-min acquisition. Circumferential profiles of the short-axis
slices and the contrast of the inserts were used to evaluate the
cardiac phantom PET images. The transaxial slices from the
uniformity-resolution phantom were evaluated by visual inspec-
tion and by measuring uniformity. The human studies were
evaluated by measuring the contrast between LV wall and LV
cavity, using linear profiles and visual analysis. Results: In the
cardiac phantom study, circumferential profiles for the 2D and
3D images were similar. The contrast values for the 1-, 2-, and
3-cm inserts in the 2D study were 0.19 � 0.03, 0.34 � 0.05, and
0.61 � 0.03, respectively. The respective contrast values in the
3D study were 0.15 � 0.02, 0.36 � 0.04, and 0.52 � 0.05. In the
uniformity-resolution phantom study, the coefficients of varia-
tion, calculated for a representative uniform slice, were 5.3%
and 7.6% for the 2D and 3D studies, respectively. For the 7
volunteers on whom HD 3D was used, the mean 2D contrast
was 0.33 � 0.08 and the mean HD 3D contrast was 0.35 � 0.08
(P � not statistically significant). For the other 7 volunteers, on
whom LD 3D was used, the mean 2D contrast was 0.39 � 0.06
and the mean LD 3D contrast was 0.39 � 0.10 (P � not
statistically significant). In the tomographic slices, the 2D and
3D images and polar plots were similar. Conclusion: When
obtained with a PET system having a high counting-rate perfor-
mance, 2D and 3D 82Rb PET cardiac images are comparable.

LD 3D imaging can make 82Rb PET cardiac imaging more af-
fordable.
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Recently, 3-dimensional (3D)-mode PET imaging has
gained considerable attention. It has been used mostly in
brain studies (1–3) and, most recently, for tumor imaging
(4). There is also interest in the use of 3D mode in myo-
cardial perfusion 82Rb PET imaging (5–9). Because of the
short half-life of 82Rb, cardiac images tend to be count poor.
Although the 2-dimensional (2D) mode is expected to have
slightly better axial resolution, the 3D mode is expected to
have a higher sensitivity. However, the 3D mode suffers
from high random events and scatter, including scatter from
activity outside the field of view (FOV), from saturation
problems because the PET camera is a paralyzable system,
and from a highly nonuniform axial FOV (10). The counting
rate performance characteristics of a PET system and the
ratio of true, scatter, and random events in the total detected
prompt events is expressed as a noise equivalent count
(NEC) rate (10,11). The NEC rate increases as a function of
activity concentration, measured in kBq/cm3 (�Ci/cm3);
reaches a peak; and declines as the system saturates at
higher activity concentrations. A PET system with a high-
counting-rate capability is essential for 3D imaging, be-
cause the system can easily become saturated with a high
number of random and scatter events in addition to true
events. For our system, DeGrado et al. (11) have shown that
the peak NEC is greater in 2D than in 3D scanning for a
uniform phantom. This finding may lead to the conclusion
that 2D imaging performs better than 3D imaging. A pos-
sible explanation is that the higher number of “counts” in
3D imaging does not necessarily mean better image quality,
because the increase in “counts” is mostly in scatter and
random events. A recent comparison of 2D and 3D 82Rb
PET cardiac images on a different dedicated PET system
(12) concluded that 2D images were superior. Because the
Advance PET system (General Electric Medical Systems)
has better counting rate performance (10–14), we wished to
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determine whether similar or different results would ensue
with this system.

MATERIALS AND METHODS

The same PET system was used for all acquisitions in both 2D
and 3D modes. The system has 18 detector rings and 12,096
bismuth germanate 4 � 8 � 30 mm crystals. In the 2D mode, the
system uses a tungsten collimator 1 � 120 mm in size. The axial
FOV is 15.2 cm covered by 35 image planes. The axial sampling
interval is 4.25 mm. The transaxial FOV is 55.0 cm. The coinci-
dence window width is 12.5 ns, and the energy window is in the
range of 300–650 keV. All 2D acquisitions were performed in
high-sensitivity mode. The 2D images were reconstructed using a
filtered backprojection reconstruction method and a Hanning
smoothing filter with a 0.5 cycle/mm cutoff. Three-dimensional
studies were reconstructed using an algorithm of Kinahan and
Rogers (15). The matrix size was 128 � 128, and the pixel size
was 4.29 mm. Attenuation correction using an 8-min transmission
scan was applied in all studies. In the 2D studies, the scatter
correction of Bergstrom et al. (16) was applied. For 3D data,
scatter correction was performed by fitting the tails of the sinogram
to a 2D gaussian distribution (17).

A nonuniform heart–thorax phantom (RH-2; Kyoto Scientific
Specimen Co., Ltd.) was filled with 111 MBq (3 mCi) of 82Rb
injected into the left ventricular (LV) wall using our remote filling
system (Fig. 1A). In the LV wall of the cardiac phantom, 3
inserts—1, 2, and 3 cm in diameter—were placed to simulate
infarcts (Fig. 1B). A standard cardiac PET imaging protocol was
used for the rest study, with the septa in (i.e., in 2D mode) and with
the septa out (i.e., in 3D mode). For the cardiac phantom studies,
emission and transmission scans were 8 min for both imaging
modes. Corresponding short-axis slices (Figs. 2A and 2B) were
used for comparison and analysis of the 2D and 3D data. In
addition, circumferential profiles of the short-axis slices (Fig. 2C)
and the contrast of the inserts were used to evaluate the cardiac
phantom 2D and 3D PET images (Table 1). The contrast value was
calculated as a ratio, C � (A � B)/(A � B), where A and B are
the average activities in the hot and cold areas, respectively.

A uniformity-resolution deluxe phantom (Data Spectrum) was
used to obtain 2D and 3D PET images. The volume of the phantom
with the inserts is 6.0 L. For both 2D and 3D studies, the emission
scan was 10 min and the transmission scan was 8 min. For the 2D
study, the phantom was filled with a uniformly distributed 1,998
MBq (54 mCi) of 82Rb and water, and in the 3D study, an activity
of 740 MBq (20 mCi) of 82Rb was used.

The levels of radioactivity for imaging the phantoms were
selected on the basis of our choosing a counting rate of less than
2,000 kcps for 2D and 3D PET acquisitions. This 2,000-kcps
counting rate was empirically selected because, on our PET sys-
tem, below this threshold the number of true counts was higher
than the number of random counts, resulting in reconstructed
images of good quality. In 2D phantom studies with applied
activities, the threshold was never reached. However, for the 3D
uniformity-resolution phantom study with an activity of 740 MBq,
the start of acquisition needed to be delayed until the counting rate
fell below 2,000 kcps.

The transaxial slices from the uniformity-resolution phantom
(Fig. 3) were evaluated by visual inspection and by measuring
image noise for uniformity sectors of the phantom. Second-row,
third-column images in Figures 3A and 3B are representative

uniformity sectors for noise calculations. Image noise was defined
as the coefficient of variation (COV, 100 � SD/mean [%]).

The phantom studies were performed to help us understand how
to optimally acquire and process 2D and 3D 82Rb myocardial
studies on our PET system. The results of the phantom studies, in
addition to providing necessary experience, gave us a guideline on
how to proceed with the volunteer studies. Seven male and 7
female healthy human volunteers participated in our study. None
of the volunteers had a history of cardiac disease. Written informed
consent was obtained from each volunteer. The human protocol
was approved by the Institutional Review Board of our Medical
Center. All volunteer 2D studies were performed by injecting
2,220 MBq (60 mCi) of 82Rb intravenously. For half the volun-

FIGURE 1. (A) RH-2 heart–thorax phantom. Teflon (Dupont)
rod simulates spine, and sawdust simulates lungs. Cardiac
phantom is placed in water. LV wall is connected by flexible
plastic tubing to remote filling system. (B) In LV wall, 3 in-
serts—1, 2, and 3 cm in diameter—were placed in same short-
axis plane. Three-centimeter insert was placed at 90°, 1-cm
insert at 200°, and 2-cm insert at 270°.
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teers, 3D studies were performed with a high dose (HD) (2,220
MBq [60 mCi]) of 82Rb; for the reminder of the 3D studies, a low
dose (LD) (740 MBq [20 mCi]) of 82Rb was used. In the 2D studies
and LD 3D studies, there was a delay of 2 min and 3 min,
respectively, from the time of injection, followed by a 6-min
acquisition. In the HD 3D volunteer studies, there was a delay of
5 min followed by a 6-min acquisition. Blood-pool activity and the
ratio of random versus true counts determined the delay. Attenu-
ation correction was performed using an 8-min transmission scan
in both 2D and 3D clinical studies. All studies were performed
while the volunteers were at rest. The clinical studies were eval-
uated by linear profiles in the transaxial slices (Fig. 4); by the
contrast between the LV wall and LV cavity; and by visual
inspection of the horizontal long-axis, vertical long-axis, and
short-axis slices and of polar plots.

RESULTS

Figures 2A and 2B show the 2D and 3D cardiac phantom
data, respectively. All 3 inserts are visible in the short-axis
slices. Comparing visually the 2D and 3D cardiac phantom
data, one can conclude that they are similar. Circumferential
profiles from the short-axis slices shown in Figures 2A and
2B, normalized to the same maximum value, are given in
Figure 2C. The true phantom profile is shown for compar-
ison. The contrast values for the 1-, 2-, and 3-cm inserts in
the 2D and 3D studies are given in Table 1. Three adjacent

slices on which all 3 inserts were seen the best were used to
calculate contrast values. The results showed that 2D im-
ages had slightly better contrast for the 1-cm and 3-cm
insert; for the 2-cm insert, contrast was similar.

Two-dimensional and 3D images from the uniformity-
resolution phantom are shown in Figure 3. In both the 2D
and the 3D transaxial slices, all 5 cold spheres were clearly
visible. In the cold rod area, 2 segments were clearly visible,
that is, the areas of the rods that were 12.7 and 11.1 mm in
diameter. The COV values for 2D and 3D data were calcu-
lated from the circular region of interest covering uniform
hot areas shown in the second-row, third-column images of
Figures 3A and 3B, respectively. Our results showed the 2D
COV to be 5.3% and the 3D COV to be 7.6%. Thus, the 3D
study was a little noisier.

The total number of counts (true, scatter, and random
events) in the 2D phantom study was 11,708.7 kilocounts,
and the number of random events was 4,669.2 kilocounts;
that is, randoms constituted 39.9% of the total counts. In the
3D study, the total number of counts was 20,355.1 kilo-
counts. The number of random events was 9,101.4 kilo-
counts; that is, randoms constituted 44.7% of the total
counts.

For each of the 14 healthy volunteers, the contrast values
between the LV wall and LV cavity for the same 2D and 3D
slices are given in Table 2. For the 7 volunteers who
underwent an HD 3D study, the mean 2D contrast was
0.33 � 0.08 and the mean HD 3D contrast was 0.35 � 0.08.
The paired t test analysis gave a P value of 0.37 (not
statistically significant). For the other 7 volunteers, who
underwent LD 3D studies, the mean 2D contrast was 0.39 �
0.06 and the mean LD 3D contrast was 0.39 � 0.10. The
paired t test analysis gave a P value of 0.90 (not statistically
significant). The analysis showed that the values of the
mean contrast in 2D and 3D studies were very close, re-
gardless of whether a high or low 3D dose was used.

The first volunteer, subject 1 in Table 2, was a relatively
lightweight (63 kg) 48-y-old, 177-cm-tall man. Figures 4A
and 4B show, respectively, clinical 2D and HD 3D 82Rb
PET images of transaxial heart slices. The profiles for 2D
and HD 3D 82Rb cardiac studies, normalized to the same
maximum values, along the line shown in Figure 4A are
shown in Figure 4C. The contrast between LV wall and LV

TABLE 1
Comparison of Contrast Values for 2D and 3D PET in

Cardiac Phantom Study

Type of
PET

Contrast value

1-cm insert 2-cm insert 3-cm insert

2D 0.19 � 0.03 0.34 � 0.05 0.61 � 0.03
3D 0.15 � 0.02 0.36 � 0.04 0.52 � 0.05

Contrast was calculated as (maximum � minimum)/(maximum �
minimum). Data are mean � SD.

FIGURE 2. Short-axis slices from 2D cardiac phantom 82Rb
study (A) and short-axis slices from 3D cardiac phantom 82Rb
study (B). (C) Circumferential profiles from short-axis slices
shown in A and B.
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cavity (Table 2) was 0.29 for 2D data and 0.27 for HD 3D
data. The reconstructed images are shown in Figure 5. The
images are similar in quality, that is, in contrast, noise level,
and scatter from adjunct activity. The same comparison was
repeated on a larger volunteer. Figure 6 shows the results for
a 54-y-old, 183-cm, 90-kg man. Again, in the 3D study, the
higher dose of 82Rb was used. The 2D and 3D images are
similar. Figure 7 compares the 2D and 3D PET images
when the lower dose of 82Rb was used in the 3D study. The
subject is a 75-kg, 188-cm, 32-y-old man. The 2D and 3D
images are comparable.

DISCUSSION

In all 3 experiments, that is, cardiac phantom, uniformity-
resolution phantom, and clinical studies, the 2D and 3D
images were comparable. In the cardiac phantom experi-
ment, the 3D PET images had a higher fraction of scatter
and random events in the total counts, causing slightly
higher background than in the 2D images. Our results indi-
cated that this increase in background, compared with that
in the 2D images, was minimized when the delay between
the time of injection and the start of acquisition was appro-
priately prolonged. In our uniformity-resolution phantom
experiment, by waiting until the counting rate dropped
below 2,000 kcps, we achieved a fraction of randoms in the
total counts very close between 3D and 2D imaging, that is,
44.7% and 39.9%, respectively. Circumferential profiles in
the cardiac phantom experiment and linear profiles in the
volunteer experiments, both normalized to the same maxi-

FIGURE 3. Transaxial slices from unifor-
mity-resolution phantom 82Rb study: 2D
images (A) and 3D images (B).

A B

C

FIGURE 4. Transaxial slices from clinical 82Rb study on vol-
unteer: 2D image (A) and HD 3D image (B). (C) Profiles of 2D and
3D volunteer data along line shown in A.

COMPARISON OF 2D AND 3D 82RB PET IMAGING • Knešaurek et al. 1353



mum counts, were very similar in the 3D and 2D studies, as
was measured contrast. The comparison of 2D and 3D (HD
and LD) studies indicated that clinical images in patients of
moderate weight (less than 80 kg) were also very close. The
results of phantom and clinical studies strongly indicated
that on a PET system having a high counting-rate perfor-
mance, one can obtain 2D and 3D 82Rb PET images of
comparable quality.

Our first clinical protocol specified activity of 2,220 MBq
(60 mCi) in 2D and 3D 82Rb PET myocardial studies, with
2-min and 5-min delays in 2D and 3D studies, respectively.
The delay of 2 min in the 2D mode is needed for blood-pool
clearance. One would at first expect HD 3D images to be of
higher quality than 2D images, because of the increased
number of counts in HD 3D imaging. However, high-
activity 3D-mode imaging results in higher randoms and
scatter fraction, and there is a saturation point. Conse-
quently, the HD 3D studies did not provide better images
than the 2D studies because of the 5-min acquisition delay
needed to reduce the high randoms rate and total counting
rate as required to maintain adequate image quality. This
offsets the increase in sensitivity for HD 3D imaging. Thus,
one can obtain similar results in 3D mode from a lower
dose, allowing acquisition to begin earlier. In volunteer 3D
studies for which we used the lower activity, a 3-min delay
was used because the initial counting rate was not as high as
in HD 3D studies. Because of the higher sensitivity of
3D-mode imaging, it has the advantage of having the same
counting rate as the HD 2D mode but with a lower injected
dose. This could lead to significant cost savings in the

purchase of an 82Rb generator and make myocardial 82Rb
PET imaging more affordable.

Further work is needed on finding optimal acquisition and
processing parameters for 82Rb PET myocardial imaging in
3D mode. Preliminary data show that the noise level ob-
tained in 3D studies is comparable to the noise level in 2D
studies. We speculate that a combination of several factors,
including blood-pool clearance, a high level of scatter and
random counts, timing of acquisition, the 75-s 82Rb half-life,
and patient size (18), plays a significant role in the deter-
mination of optimal acquisition and processing parameters
for 3D 82Rb PET myocardial imaging. A high level of
scatter and random counts, that is, the high level of noise as
a function of injected dose, can be addressed by a NEC
study in a similar manner to one recently performed for 18F
whole-body PET imaging (19). The NEC analysis is a
necessary step to investigate the influence of random and
scatter counts, and counting properties of the system, as a
function of activity used. However, the NEC analysis does
not provide all the information needed for protocol optimi-
zation, particularly in 82Rb PET myocardial imaging, be-

TABLE 2
Comparison of Contrast Values for 2D and 3D PET in

Cardiac Human Studies

Subject no.

Contrast value

2D PET 3D PET

1 0.29 0.27
2 0.41 0.41
3 0.38 0.36
4 0.42 0.41
5 0.20 0.22
6 0.30 0.35
7 0.34 0.41

Mean � SD 0.33 � 0.08 0.35 � 0.08
8 0.39 0.39
9 0.45 0.45

10 0.28 0.26
11 0.46 0.56
12 0.40 0.32
13 0.38 0.42
14 0.40 0.34

Mean � SD 0.39 � 0.06 0.39 � 0.10

Contrast was calculated as (maximum � minimum)/(maximum �
minimum). Subjects 1–7 underwent HD 3D PET; subjects 8–14
underwent LD 3D PET. P (by paired t test) � 0.37 for 2D PET vs. HD
3D PET and 0.90 for 2D PET vs. LD 3D PET.

FIGURE 5. Results of comparison for light (63 kg, 177 cm)
volunteer, for HD 3D and 2D studies. Subject is same as in
Figure 4.
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cause of rapidly changing blood-pool activity and the very
short 82Rb half-life.

At present, our routine myocardial 82Rb PET perfusion
studies are done in 2D mode. Three-dimensional studies
require significantly more acquisition and processing time
and disk space. Performing several 3D studies saturates the
storage capacity of our computer system quickly. However,
3D myocardial 82Rb PET perfusion imaging is feasible on a
PET system having a high counting-rate performance. With
further development, the 3D mode may become routine.
The full potential of 3D PET imaging will be achieved by
applying more accurate randoms and scatter corrections
(20), by using faster and better electronics, by reducing the
coincidence time window and improving counting charac-
teristics, by using optimal crystal detectors, and by improv-
ing reconstruction software and computer hardware (21).

CONCLUSION

Optimization of acquisition and processing parameters
for 82Rb PET myocardial imaging in the 2D and 3D modes
is a demanding task. It depends on the scanner counting rate
performance, usually described by NEC, and 82Rb kinetics
in a patient’s body, which are influenced by the short 82Rb

half-life, blood-pool clearance, and the patient’s size. Rel-
atively rapid 82Rb decay requires injection of a high activity
to avoid count-poor clinical images. However, initial activ-
ity is limited by the scanner counting rate performance, that
is, paralyzation; a high rate of random; and, to a lesser
extent, scatter events at a high counting rate. Balancing
these 2 mutually opposite activity requirements is even
more hampered by the required delay between injection of
82Rb and the start of myocardium imaging, because of
blood-pool clearance. This balance between the counting
rate limitations of PET systems and the desire for high-
count clinical images is more difficult in 3D-mode PET
imaging than in 2D mode because of the higher rate of
random and scatter events. However, 3D mode has appeal
because of the higher sensitivity and the possibility of using
lower doses. In 82Rb PET myocardial imaging, it is of
special interest to determine whether and when LD 3D 82Rb
PET myocardial imaging can replace more expensive 2D or
HD 3D 82Rb PET myocardial imaging. Clinical use of LD
3D 82Rb PET myocardial imaging could potentially reduce
the tracer costs and make 82Rb PET myocardial imaging
more affordable. This study represents a step forward in
resolving this important issue by comparing 2D and 3D

FIGURE 6. Results of comparison for heavier (90 kg, 183 cm)
volunteer, for HD 3D and 2D studies.

FIGURE 7. Results of comparison for normal-weight (75 kg,
188 cm) volunteer, for LD 3D and 2D studies.
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82Rb PET myocardial imaging on a PET system having a
high counting-rate performance. Our results are slightly
different from the results presented in the recent similar
comparison between 2D and 3D 82Rb PET myocardial im-
aging (12). This is not a contradiction, because of the
differences attributed to the PET systems used. We believe
that our PET system has adequate counting rate perfor-
mance and can provide images of relatively good counts in
both 2D and 3D modes. Further improvement of the char-
acteristics of the PET system will lead to better and more
affordable 82Rb PET myocardial imaging and will influence
the choice of the preferable clinical mode, that is, 2D versus
3D. However, presently, the results of this study suggest
that on a PET system having a high counting-rate perfor-
mance, 2D and 3D myocardial 82Rb perfusion studies pro-
vide images of comparable quality.
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